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“God made the bulk; surfaces were invented by the devil.” 

Wolfgang Pauli
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Abstract 

In this thesis, electron transfer reactions were investigated in molecular systems with 

extended π-electron system that can serve as part of light harvesting devices. In the first 

part of the thesis redox activity and electronic transitions in absorption spectra of 

[(Cp2Ti)3HATN(Ph)6] complex were studied. This type of complex molecular systems 

are one of the model compounds that will eventually provide enough information about 

the synthesis of molecular systems that mimic electron transfer reactions with similar 

accuracy as in nature. This complex includes formally three titanocene(II) fragments. The 

voltammogram of [(Cp2Ti)3HATN(Ph)6] shows six oxidation and three reduction waves. 

Solution spectra of [(Cp2Ti)3HATN(Ph)6] and of the electrochemically formed oxidation 

products show electronic transition in the UV, visible and the NIR ranges. In the second 

part of the thesis, derivatives of 2,5-diaminoterephthalate (DAT) were investigated as 

redox-active molecules that can be functionalized with up to 4 effector groups. The 

electrochemical behaviour of seven DAT derivatives was studied by cyclic voltammetry 

in dichloromethane. In the absence of a proton donor, DATs should be oxidized in two 

one-electron steps. The first step is usually quasi-reversible while the second step is either 

quasi-reversible or irreversible. Some electrochemical properties such as the formal 

potentials and the ratio between the anodic and the cathodic current were determined from 

the cyclic voltammograms. Correlation between the formal potential of first oxidation 

and the absorption or the fluorescence emission wavelengths are established for this 

specific type of dyes. In the last part of the thesis four derivatives of DATs, which were 

functionalized with lipoic acid, were assembled on the Au surface together with 1-

decanethiol or 1-hexanethiol. Interestingly, layers of two derivatives are not redox-active 

in the potential range of 0-0.9 V (SHE). However, by a potential excursion to 1.15 V and 

1.10 V, the layer can be activated. Subsequently, they show a surface-immobilized redox 

couple (E°’ = 0.66 V and 0.65 V). Slightly different mechanisms of electrochemical 

activation were proposed for two derivatives of the DATs which are in agreement with 

the spectroscopic analysis. The activation of the surfaces can enable binding of an effector 

groups. As demonstrated by the addition of 3-(trifluoromethyl)aniline and XPS analysis 

of the modified monolayers. 
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Zusammenfassung 

In dieser Arbeit wurden Elektronentransferreaktionen in molekularen Systemen mit 

ausgedahnten -Elektronensystemen untersucht, die als Lichtsammeleinheiten dienen 

können. Im ersten Abschnitt der Arbeit wurden die Redox-Aktivität und elektronische 

Übergange in Absorptionsspektren des [(Cp2Ti)3HATN(Ph)6]-Komplexes untersucht. 

Derartige komplexe, molekulare Systeme gehören zu den Modellverbindungen, die 

hinreichend Informationen über die Synthese von molekularen Systemen, die 

Elektronentransferreaktionen in der Natur imitieren, liefern können. Dieser Komplex 

beinhaltet formal drei Titanocen(II)-Fragmente. Das Cyclovoltammogramm von 

[(Cp2Ti)3HATN(Ph)6] weist sechs Oxidations- und drei Reduktionssignale auf. Spektren 

von gelöstem [(Cp2Ti)3HATN(Ph)6] und dessen elektrochemisch gebildeten 

Oxidationsprodukte zeigen elektronische Übergange im UV, sichtbaren und NIR-

Bereich. Im zweiten Teil der Arbeit wurden Derivate des 1,2-Diaminoterephthalats 

(DAT) als redox-aktive Moleküle, die mit bis zu vier Effektorgruppen modifiziert werden 

können, untersucht. Das elektrochemische Verhalten von sieben DAT-Derivaten wurde 

mit zyklischer Voltammetrie in Dichlormethan studiert. Ohne einen Protonendonor 

sollten DATs in Zweielektronenschritten oxidiert werden. Während der erste Schritt 

gewöhnlicherweise quasi-reversible ist, ist der zweite Schritt entweder quasi-reversible 

oder irreversible. Elektrochemische Eigenschaften, wie die Formalpotentiale und das 

Verhältnis anodischer und kathodischer Ströme, wurden aus den Cyclovoltammogramm 

bestimmt. Das Formalpotential der ersten Oxidation dieser Farbstoffe konnte mit den 

Absorptions- oder Fluoreszenzemissionswellenlängen korreliert werden. Im letzten Teil 

dieser Arbeit wurden vier DAT-Derivate, welche mit Liponsäure funktionalisiert wurden, 

auf einer Goldoberfläche zusammen mit 1-Decanthiol oder 1-Hexanthiol assembliert. 

Zwei dieser Schichten sind im Potentialbereich von 0.9-1.1 V (vs. SHE) nicht redox-

aktiv, können jedoch bei einem Potentialscan bis 1.15 V bzw. 1.10 V aktiviert werden. 

Folglich weisen sie ein an der Oberfläche immobilisiertes Redox-Paar auf (E°’ = 0.66 V 

und 0.65 V). Geringfügig unterschiedliche Mechanismen für die elektrochemische 

Aktivierung wurden in übereinstimmung mit den Spektroskopischen Daten für zwei 

DAT-Derivate postuliert. An die durch Oxidation aktivierten DAT-Monolagen kann ein 

Effektor aus der Lösung mittels Additionsreaktion gekoppelt werden,wie am Beispiel von 

Zum Nachweis 3-Trifluoromethylanilin und der XPS-Analyse der modifizierten 

Monolagen demonstriert werden kann. 
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1 Introduction 

 

The electron transfer reactions are one of the most fundamental among all chemical 

transformations [1]. They are a crucial part of biological processes [1], like 

photosynthesis [1–3], organic synthesis [4], and occur in devices for energy storage [5], 

or in energy sources [6], etc. Because of its great importance, electron transfer reactions 

were the subject of numerous experimental studies devoted to mimic electron transfer 

processes in chemical [1] and biological [2] systems in the past few decades. In these 

studies, experimental results have been gathered on phenomena like reactions between 

molecules and electrodes [1], charge transfer spectra [7], photo induced electron transfers 

[8], chemiluminescent electron transfers [9], electron transfer through solid state [10] and 

electron transfer through thin films of molecular monolayers on electrodes [11]. 

 

Despite those efforts, many areas are not completely understood or cannot be 

controlled with sufficient precision in artificial systems. 

 

Energy conversion from photons to electrons is nearly perfect in efficiency in 

biological systems such as photosynthesis, while artificial systems are nowhere near that 

efficiency. Understanding the mechanism of electron and energy transfers in natural light-

harvesting systems can help develop highly efficient photovoltaic devices and artificial 

photosynthesis systems [12]. Also, energy conversion in biological light harvesting 

systems depends on structure and supramolecular orientation of molecular building 

blocks and can be influenced significantly by design of optimized building blocks. 

Because of this there is the necessity in developing new building blocks in science that 

can be part of highly efficient artificial light harvesting systems. 

 

In the last few years, a variety of synthetic approaches have been developed for 

combining multiple light-absorbing and redox-active centres for developing 

homogeneous photocatalysts for multi-electron redox processes [13]. While good 

understanding has been deployed to study the electronic excited states in mononuclear 

complexes, obtaining a clear picture of the multinuclear complexes in the same manner 

is more complicated. The spectroscopic properties of those entities are more complicated 



 

2 

 

mainly because of the different metal sites and the charge transfer between those sites and 

the ligand. 

In the first part of the thesis the electron transfer reactions were studied in the 

multinuclear transition metal complexes. The era of multinuclear transition metal 

complexes started with the work of Creutz and Taube [14] on mixed-valence compounds. 

They showed that the complexity of processes at binuclear complexes is conceptually 

similar to electron transfer reactions that happen in nature [3]. While a systematic 

understanding of the photochemical and electrochemical behaviour has been obtained for 

binuclear complexes [15–18], much less is known about trinuclear complexes [19]. 

Trinuclear complexes can be synthetized by using hexaazatriphenylene (HAT) [20], 

hexaazatrinaphthylene (HATN) ligands [21] or their backbone-substituted derivatives 

[22]. In this thesis the hexaphenyl substituted isomer (HATNPh6) and the corresponding 

titanocene complex have been investigated [23]. 

 

This type of trinuclear transition metal complexes are particularly interesting for 

investigation because they have bridging ligands with extended π-acceptor properties 

[22]. This type of complexes have been intriguing for supramolecular building block 

studies because the ligands have three chelating sites for metal ions [22]. Secondly, the 

ligands have electron-deficient π-systems which encourages charge transfer between 

metal centres of the complex and/or metal-to-ligand charge transfer [22]. Thirdly, the C3 

symmetry axis is responsible for degeneration of π* orbitals [22]. Fourthly, the ligands 

chemical and physical properties can be altered by modifying their substituent groups 

thereby changing their electronic structure of the ligand [22]. 

 

HAT, HATN and its derivatives also belong to the family of non-innocent ligands 

(ligands that are redox-active) [13]. One of the essential properties of the ligands is their 

capability to act as electron reservoirs, which allows electron transport from the metal to 

the ligand and the other way round [24]. This ability of the ligand is of great interest for 

the design of new homogeneous catalysts because many transformations involve the 

transfer of several electrons between the catalyst and the activated substrate. These 

transformations are common for noble metals such as Pd, Pt, Rh, etc. which are expensive, 

but almost impossible to achieve with cheaper and more abundant first-row transition 

metals. Non-innocent ligands actually allow first-row transition metals to mimic the 

catalytic properties of more noble metals [25–28]. 
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Because of multifunctionalities of HAT, HATN and its derivatives, their metal 

complexes have opened up a new field of HAT-based trinuclear compounds [22]. 

Complexes with ruthenium [29], rhenium [30], cobalt [13] and titanium [19] have been 

investigated due to their interesting electrochemical, photophysical and magnetic 

properties. 

 

In this thesis the redox properties and intramolecular charge transfer processes of 

the trinuclear titanium complexes with hexaphenyl-5,6,11,12,17,18-hexaazanaphtylene 

have been investigated [31]. The electrochemical results have been obtained by cyclic 

voltammetry and differential pulse voltammetry. Spectroscopic results of different 

oxidation states of the complex were obtained in this thesis by using 

spectroelectrochemistry in the ultraviolet (UV), visible (vis) and near infrared (NIR) 

spectral regions. 

 

In the second part of the thesis the focus is on the surface modification of electrode 

with complex molecular monolayers and electron transfer reactions of those layers. In the 

recent years interest in surface (electrode) modification has led to the study of electron 

transfer using electrodes modified with molecular monolayers [32–35]. The molecular 

monolayers provide an excellent platform for surface modification and electrochemical 

systems to study electron transfer processes [36–41]. The advantages of this method 

include the substantial ordering that such chemisorbed layers can exhibit and the ability 

to control the distance between the electrode and the redox centre. Due to the biological 

importance in photosynthesis, the redox properties of thiol-functionalized redox-active 

molecules immobilized on gold electrodes have received increasing attention in recent 

years [40]. 

 

The modification of surfaces on a molecular level raised interest significantly in 

the last century [40]. Self-assembly of monolayers become a particularly attractive 

method for surface modification because of the simplicity of the surface modification step 

[42]. At the beginning modification of surfaces was only used to change physical 

properties of the surfaces (contact angle, wettability…) [43, 44]. From that time until 

present day, surface modification evolved to more and more complex layers. Today, not 

only physical surface properties and associated functionalities can be modified, 
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monolayers can be used as platform for studying electron transfer reactions or as anchor 

for attaching surface molecular devices that can be used for different purposes, commonly 

called today integrated molecular systems [40]. These molecular systems are mainly used 

for pH [45–47], inorganic [48–50], organic and biosensors [38, 39, 51]. 

 

In this thesis derivatives of 2,5-diaminoterephthalate (DAT) were assembled on 

electrode surfaces with self-assembly technique. The common structural motif of this 

class of compounds is a chromophore with two carboxylates and two amino groups. These 

compounds are obtained by reactions of succinyl succinates with amines, followed by 

aerobic oxidation [52]. Most DATs are deeply orange to red coloured compounds [53, 

54] which usually exhibit strong fluorescence [55]. As consequence of their easy 

functionalization, this type of compounds found application in life science and material 

science [52]. However, they have never been assembled on an electrode surface before. 

Of great interest is the possibility to functionalize chromophore with up to four 

different effector groups [52]. DATs can be functionalized with the fullerene (C60) by 

cycloaddition reaction. Few dye-fullerene conjugates, called dyads, have been 

synthesised [56–60]. This dyads have been created with the purpose to mimic the 

photoinduced electron and energy transfer processes that occur in photosynthesis [61–

63]. 

 

Firstly, electrochemical behaviour of DATs with different functional groups was 

investigated in order to find the best functionalized structure for assembly on electrode 

surface. Four different DATs with lipoic acid as one of the functional groups were 

assembled on the surface by self-assembly. Than electrochemical investigations were 

carried out using cyclic voltammetry. The surfaces were characterized with surface 

sensitive techniques like X-ray photoelectron spectroscopy (XPS) and polarization 

modulation infrared reflection-absorption spectroscopy (PM IRRAS). This system was 

investigated as good platform for molecular devices such as electrochemically controlled 

sensors, or as platform for investigation of electron transfer reactions in integrated 

systems for light harvesting. 
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2 Applied characterization techniques for extended π-

systems 

 

Electroanalytical methods provide information about electron transfer reactions in a 

molecular system with high specificity and selectivity. The detection limit is also low 

[64]. Chapter 2.1 covers components of the electrochemical cell. Basic electrochemical 

methods that are used for characterization of the extended π-systems will be introduced 

in Chapter 2.2. Signatures of electrochemical mechanisms in the voltammograms are 

discussed in Chapter 2.3. Furthermore, electrochemistry can be combined with other 

characterization methods. Chapter 2.4 covers the combination of electrochemical and 

spectroscopic methods. 

 

Electrochemistry is a branch of chemistry that studies interrelation of chemical 

and electrical processes [64]. Modern electrochemistry started in 18th century when the 

first electrochemical experiment was conducted by Luigi Galvani [65, 66], in which he 

established the relation between electricity and chemical reaction in his famous 

experiment with the frog. Around the same time Alessandro Volta developed the “voltaic 

pile”. In the following years electrochemistry was developed for more practical purposes, 

such as power source and for metal plating. 

 

In this thesis the reactions that are happening at electrodes in electrochemical 

systems are commonly called the redox reaction. These reactions can be enforced by the 

application of an external voltage. 

 

O + e− ⇄ R (1) 

 

where O is the oxidized species and R is the reduced species. 

 

2. 1 Components of electrochemical cell 
 

Most electrochemical measurements are performed in specifically designed 

electrochemical cells. Depending of the type of the measurement and the measured 



 

6 

 

system, there is a variety of electrochemical cells. The simplest cell is a glass beaker 

where tree electrodes are immersed in electrolyte solution: 

1. The working electrode (WE) - this is electrode at which the electrochemical 

reaction of interest is observed. It can be made of inert metals like gold or 

platinum, carbon-based materials like glassy carbon, pyrolytic carbon or it can be 

a mercury drop. 

 

2. The reference electrode (RE) - has a constant and well-known electrode potential 

that is not affected by the electrolysis current. Most commonly, silver chloride or 

calomel electrodes are used as reference electrodes for aqueous solution. For non-

aqueous solution, pseudo-reference electrodes or Ag/Ag+ is used. These 

electrodes do not have a known potential. Moreover, it varies with the measured 

system. The relation to the thermodynamic electrochemical scale is found by 

measuring the potential of the electron transfer between ferrocene (Fc) and the 

ferrocenium (Fc+). The standard redox potential of this couple is 0.40 V vs. SHE 

and assumed to depend little on the solvent [67]. 

 

3. The counter electrode (CE) or auxiliary electrode (Aux) - is used for carrying the 

current flow through the cell. Usually, it has a large surface area and is made of 

well conductive and inert material like platinum. Typically, the reaction at that 

electrode is not known and it may involve solvent electrolysis. 

 

The choice of the electrodes mostly depends on the nature of the investigated systems. 

In addition, some other parameters of the measurement need to be adjusted like the choice 

of the most suitable electrochemical technique, electrochemical cell, appropriate solvent, 

supporting electrolyte, pH, temperature etc. 

 

2. 2 Voltammetry 
 

In a voltammetric experiment a potential program is applied between the working and the 

reference electrode and the resulting current is measured between the working and 

auxiliary electrode. The current in the electrochemical cell results from two different 

processes: 
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1. Faradaic current - The signal is caused by redox reaction (electrolysis) of the 

analyte in the solution, which can be described by Faraday’s law. 

2. Non-Faradaic signal - The signal is caused by other effects like charging of the 

electrical double layer of the electrode adsorption, desorption or reorientation. 

 

 Cyclic Voltammetry 

 

In cyclic voltammetry (CV), a triangular potential programme E1-E2-E1 (Fig. 1b) is 

applied between the working and the reference electrode, while the current is followed 

between working and auxiliary electrode. When the potential is swept only form value E1 

to E2 (Fig. 1a) it is called linear sweep voltammetry (LSV). Typically, the data are plotted 

in diagrams called cyclic voltammograms where the potential is plotted on the abscissa 

and the current on the ordinate. Oxidation or reduction of the electrochemically active 

species are recorded as a current peak at the specific potential which corresponds to the 

potentials, at which species are oxidized or reduced. A typical cyclic voltammogram is 

shown in Fig. 2. 

 
Fig. 1: Potential program for a) linear sweep voltammetry where the potential is swept form value E1 

to E2 and b) cyclic voltammetry where the potential is swept form value E1 to E2 and back to E1. 
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Fig. 2: Cyclic voltammogram of a reversible reaction where Epc and Epa are the cathodic and the anodic 

peak potentials, Ipc and Ipa are the cathodic and the anodic peak current (simulated cyclic 

voltammogram). 

 

The cyclic voltammogram of a reversible electrochemical reaction can be characterized 

with following parameters: 

1. Formal potential can be calculated as arithmetic mean between the anodic Epa 

and the cathodic Epc potential: 

𝐸o′ =
𝐸𝑝𝑎 + 𝐸pc

2
 (2) 

 

2. Separation between two peak potentials is expected for a reversible redox 

couple as: 

∆𝐸p = 𝐸pa − 𝐸pc = 2.218
𝑅𝑇

𝑛𝐹
 (3) 

 

Here, R is the gas constant (R = 8.314 J⋅mol−1⋅K−1), T is the temperature (K), n is the 

number of electrons involved in the Faradaic reaction and F is the Faraday constant (F = 

96 485A s mol-1). The peak separation is ca. 57 mV when n = 1 and T = 298 K. 

3. The ration between the anodic Ipa and the cathodic Ipc current is equal to one: 

|
𝐼pa

𝐼pc
| = 1 

(4) 
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Peak current Ip is proportional to square root of scan rate v1/2, and is described by the 

Randles-Sevcik equation: 

𝐼p = 0.4463𝑛𝐹𝑐𝐴 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1/2

 
(5) 

 

where c is the bulk concentration (mol cm-3), A is the electrode surface area (cm2), v is 

the scan rate (V s-1), D is the diffusion coefficient (cm2 s-1) and Ip is the peak current (A). 

 

Electrochemical reactions can also be irreversible or quasi-reversible. Criteria for 

all tree type of reactions can be determined from cyclic voltammogram as summarized in 

Tab. 1. 

 

Tab. 1: Criteria for reversible, irreversible or quasi-reversible electrochemical reaction 

Reversible Quasi-reversible Irreversible 

𝐼pa, 𝐼pc~𝑣1/2  𝐼pa, 𝐼pc~𝑣1/2 

|𝐼pa| |𝐼pc|⁄ = 1 |𝐼pa| |𝐼pc|⁄ = 1 No reversible peak 

∆𝐸p = 59𝑚𝑉 𝑛 (𝑇 = 298 𝐾)⁄  ∆𝐸p = 𝑓(𝑣)  

 

In some cases, the baseline for determining the reverse peak current cannot be 

determined. Nicholson [68] suggested that for determining the ratio Ipa/Ipc and Ipc value 

first Ipc,0 (the uncorrected cathodic peak currents to the zero-current baseline) should be 

used. and the current Iλ at Eλ (the vertex potential) as described in the following equation 

and shown in Fig. 3: 

|𝐼pc|

|𝐼pa|
=

|𝐼pc,0|

|𝐼pa|
+

0.485 𝐼λ

|𝐼pa|
+ 0.086 (6) 
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Fig. 3: Determination of the cathodic peak current Ipc using Ipc,0, the uncorrected cathodic peak currents 

to the zero-current baseline and current Iλ at Eλ (simulated cyclic voltammogram). 

 

 Differential pulse voltammetry 

 

Differential pulse voltammetry (DPV) is an electrochemical method derived from 

staircase voltammetry, which is useful to detect trace levels of organic and inorganic 

analytes. A series of rectangular voltage pulses is superimposed on the potential stairsteps 

(Fig. 4). The current is measured twice immediately before each pulse t1 and at the end 

of the pulse t2. The current at t1 is instrumentally subtracted from current at t2. This current 

difference ΔI is plotted as a function of staircase potential. Typical differential pulse 

voltammogram is shown in Fig. 5. DPV has a better potential resolution than CV and can 

be detected down to concentration of 10-8 mol dm-3 [69]. 
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Fig. 4: Potential program for differential pulse voltammetry where with t1 is marked first current 

sample (immediately before each pulse) and with t2 second current sample (the end of the pulse). 

 

 
Fig. 5: Differential pulse voltammogram of 0.3 mM [(Cp2Ti)3HATN(Ph)6] at an Au working 

electrode in 0.2 M TBAPF6 in THF. 
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2. 3 Signatures of electrochemical reaction mechanisms in 

voltammograms 
 

 EE and EEE mechanism 

 

In Chapter 2. 2 only reaction with the transfer of one electron were considered. This is 

commonly called E reaction mechanism. In the electrochemical measurements more than 

one electron can be transferred in consecutive one electron transfers reactions from/to one 

molecule. This mechanism is called EE when two electrons are transferred, EEE for three 

electrons, etc. In Fig. 6 a cyclic voltammogram is shown for an oxidation according to 

the EEE mechanism. 

 

Fig. 6: Simulated cyclic voltammogram of the EEE mechanism where three electrons are transferred in 

consecutive one electron transfers. 

 

Fullerenes [70] and the multi-nuclear transition metal complexes are examples of 

molecules that have many consecutive one-electron transfer reactions. Ghuamaan and co-

authors have shown that trinuclear bis(2,4-pentanedionato)ruthenium complexes with 

substituted diquinoxalino[2,3-a:20,30-c]phenazine ligands can have between six and 

seven one electrons transfers depending on the chemical modification of the ligand [29]. 

Piglosiewicz and co-authors found eight electron transfers in trinuclear 5,6,11,12,17,18- 

hexaazatrinamethylene (HATNMe6)‑bridged titanium complexes [19].  
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 Mechanisms with coupled chemical reactions  

 

Electrochemical electron transfer processes can be perturbed by a chemical 

reaction (C) that occurs in the solution close to the electrode. By coupling the electron 

transfer of the electrode with chemical reactions, an electrochemical reaction becomes a 

complicated electrode reaction. As a consequence, the concentration of reacting species 

on the surface of an electrode is changed. Numerous examples can be found in literature 

where electrochemical reactions are coupled with chemical reaction steps. These 

processes can be described with mechanisms such as CE, EC, ECE, and ECEC [71–76]. 

The solution composition (solvent, electrolyte ions, impurities or deliberately added 

compounds) exalt a large influence on the mechanism of electron transfer and coupled 

chemical reaction step.  

 

The CE mechanism describes process where a chemical reaction precedes the 

electrochemical reaction. The mechanism of CE reaction can be described as: 

Z → O (7) 

O + ne− ⇄ R (8) 

 

This is typical for electrochemical reactions happening in acidic aqueous 

electrolyte where pH = 0. The behaviour of N,N-dimethyl-p-phenylene-diamine in 

pH = 0 is an example for this mechanism, where firstly the molecule undergoes 

protonation followed by 2-electron, 2-proton oxidation [72]. N,N-dimethyl-p-phenylene-

diamine is a derivative of p-phenylenediamine (PPD), this family of compounds should 

have a similar electrochemical behaviour as DATs which are investigated in Chapter 6. 

In neutral aqueous solution PPD undergoes one 2-electron, 2-proton oxidation described 

by reaction (9) [74–76]: 

 

 

(9) 
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Interestingly N,N-dimethyl-p-phenylene-diamine changes its mechanism of 

electrochemical oxidation in aqueous solution when the pH of the solution is changed. In 

pH from 3-6, oxidation can be described by the EE mechanism. In cyclic voltammogram 

one can see two peaks which represent two one-electron transfer steps [72]. 

In basic solution this compound is oxidize in one step 2-electron, 2-proton 

oxidation. After the oxidation, the product is hydrolysed to the quinone-imine [72]. This 

process is a typical example of ECE mechanism, in which after electrochemical reaction, 

chemical reaction occurs, and the product of the chemical reaction can be 

electrochemically oxidized and reduced. The redox-active product of the chemical 

reaction is oxidized or reduced at a different potential than the starting compound. The 

ECE mechanism can be described as: 

R ⇄ O + e− (10) 

O → Z (11) 

Z +e− ⇄ Y (12) 

 

The ECE mechanism can be employed for the addition reaction of molecular 

species onto oxidized product of redox-active compound [73–76]. For example, 4-

methyl-1,2-benzoquinone is generated electrochemically, the oxidized compound 

performs 1,4-addition reaction with amines in acidic solution (0.1 M HClO4). The product 

of the chemical reaction is electrochemically active [73]. The cyclic voltammogram of an 

ECE mechanism is shown in Fig. 7. In the first scan of the cyclic voltammogram, the 

reduction peak is smaller than the oxidation peak because O is chemically converted to Z 

on the surface and it cannot be converted to R. In the first cycle one can see another 

reduction peak appearing at different potential value because Z, the product of chemical 

reaction, is electrochemically reduced to Y. In the second scan oxidation of Y to Z can be 

seen, as well as oxidation of R to O because diffusion resupplies R to the electrode 

surface. 
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Fig. 7: Cyclic voltammogram of ECE mechanism (0.1 mM 4-methyl-1,2-benzoquinone in 0.1 M HClO4 

as supporting electrolyte on GC working electrode with 1 mM amionobenzoic acid as nucleophile). 

 

Compton and co-authors [75] used the ECE mechanism to investigate 

electrochemically induced reaction of N,N’-diphenyl-p-phenylenediamine (DPPD) and 

sodium sulphide in aqueous solutions (pH 1–7). The DPPD forms a thin film on the 

electrode surface capable of an addition reaction with sulphide. Firstly, the DPPD film is 

oxidized in one 2-electron, 2 proton step. The oxidized compound undergoes 1,4-addition 

reaction with sulphide. The product of the chemical reaction is electrochemically active. 

 

The EC mechanism describes a reaction, where electrochemical modification is 

followed by a chemical reaction, but the product is not electrochemically active: 

R ⇄ O + e− (13) 

O → Z (14) 

 

The cyclic voltammogram of this mechanism will display a smaller reverse peak 

similar to the ECE mechanism. Because Z is not electrochemically active, the second 

reduction peak does not appear in the cyclic voltammogram of the EC reaction. 

 

From all said above, one can conclude that cyclic voltammetry can be used to 

study intermediate, unstable and exotic species. 
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2. 4 Spectroelectrochemistry 

 

 Experimental setup 

 

The term spectroelectrochemistry is used in general for spectroscopic methods conducted 

simultaneously with electrochemical experiments. The ability to follow the 

transformation of chemical species over the course of a reaction time is a crucial aspect 

for the study of chemical dynamics or characterization of electrochemically oxidized and 

reduced species which cannot be synthesized as stable compounds by bulk synthesis. 

Frequently, the electrochemical and the spectroscopic measurements are done in the same 

cell. The setup used in this thesis has an optically transparent working electrode, through 

which a light beam is passed. Examples are glass coated with layer of indium-doped tin 

oxide (ITO) which is optically transparent but electrochemically conductive, or metal grid 

electrode that transmits the optical beam (Fig. 8).  

 

Fig. 8: Scheme of the spectroelectrochemical cell: WE - optically transparent working electrode, RE - 

reference electrode, CE - counter electrode, yellow arrow - path of light beam. 

 

 Electronic transitions in multinuclear metal complexes 

 

In the UV-vis and NIR regions, electronic transitions can be observed in transition 

metal ions coordinated in complexes of widely varying structure and complexity. For 

transition metal complexes that involve the HATN systems, which are studied in this 

thesis, ligand field transitions and charge transfers can be observed in this spectral region.  

Most intra-ligand (also called ligand-centred) transitions will also occur upon 

coordination of the ligand to the metal centres, although their energies may be somewhat 
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perturbed, and the rates of intersystem crossing may be strongly affected by the metal 

centre due to the heavy atom effect. Examples of intra-ligand transitions are π→π* or 

n→π* transitions. 

 

There are few types of charge transfers characteristic for these compounds: charge 

transfer between the ligand and the metal centre (LMCT), charge transfer between the 

metal centre and the ligand (MLCT) or - in the case of multinuclear complexes - between 

various metal centres. If the participating metal centres have different oxidation states, 

this transfer is equal to an intervalence charge transfer (IVCT). 

 

LMCT. This type of transition occurs from an occupied, low-lying, ligand-localised 

orbital to a vacant orbital of the metal centre. It is most common if the metal centre is 

highly oxidized, and the ligand is a strong electron donor. 

 

MLCT. This type of transitions is common when the metal centre has a relatively low 

oxidation potential, and a relatively low-lying vacant molecular orbital is localised on the 

electron-accepting ligand. Thus, the metal centre acts as an electron donor, and the ligand 

as an electron acceptor, to give a charge-transfer excited state with an oxidized metal 

centre and a reduced ligand.  

 

IVCT. Intervalence charge transfer is an electron transfer between two metal centres that 

differ in oxidation states. Often this type of the electron transfer reverses the oxidation 

states of the centres. The phenomenon is observed in mixed-valence bi-, tri- and 

polymetallic coordination complexes. The IVCT band is usually broad and observed in 

UV-vis and NIR region of the spectral region. The strength of electronic interaction 

between the metal centres can be determined by analysis of the IVCT band [77]. The 

mixed valence complexes can be classified by Robin−Day classification into three 

groups: 

1. Class I - there is no interaction between the metal centres. The IVCT band is 

not observed. 

2. Class II - there is intermediate interaction between the metal centres. The IVCT 

band is observed in the spectra. The oxidation states of the two metal centres 
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are distinct, but they interchange. This represents the most common class of 

mixed valence complexes. 

3. Class III - there is very strong interaction between the metal centres. Usually 

these metal centres are considered one unit. The IVCT band is observed. The 

oxidation states of the two metal centres are equivalent.
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3 Assembly of molecules on surface  

 

3. 1 Chemically modified electrodes and self-assembled monolayers 

(SAMs) 

 

In the last century, the interest for developing chemically modified electrodes (CMEs) 

was stimulated by the success of the first amperometric biosensors [11, 78]. CMEs can 

be modified by adsorbing, coating or attaching specific molecules on electrode surface. 

Today this method allows modification of electrodes for sensitive and selective analytical 

application [36] in electrochemistry and for devices of molecular electronics [79]. Over 

time, a variety of methods for modification of electrodes became available [80].  

 

One of the most popular methods for modification of electrodes are self-

assembled monolayers [42]. SAMs are ordered molecular assemblies that are formed 

spontaneously on a surface. The popularity of layers can be explained by the simplicity 

of their formation. In literature, the first report of SAMs was in 1980, when Sagiv 

published a paper about molecular monolayer chemically attached to silicon dioxide [81]. 

In 1983, Nuzzo and co-workers published the preparation of thiolated SAMs on gold by 

the interaction between sulphur and gold [82]. The methods established by these two 

scientists resulted in spontaneously formed, highly ordered molecular monolayers on 

surfaces. A substrate is dipped in a solution containing the self-assembling molecules. 

With time, a monolayer is assembled on the surface in an ordered manner (Fig. 9) [42]. 
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Fig. 9: Preparation of SAMs: a) a substrate is immersed in a solution containing the self-assembling 

molecules, b) the substrate remains immersed in solution for more than 15 h in order that molecules 

achieve a dense packing on the surface, c) after taking out the substrate from the solution, the SAM 

adsorbed on substrate is ready for further modification or characterization d) a schematic representation 

of an assembled densely packed SAM. 

 

Molecules need to be constructed on special way to form SAMs (Fig. 10). They need 

to have a headgroup, a spacer and a tailgroup [42]: 

1. The function of headgroup is to bind molecules to the surface of substrate. The 

molecules are immobilized on the surfaces via the chemical bond formed between 

the headgroup and the substrate. Until today a wide variety of the headgroups is 

known that can bind to metals, metal oxides, and semiconductors [42]. For 

example, molecules which have thiols, disulfides, cyclic disulfides and sulfides 

can be bound to gold [42] and silanes on silicon dioxide or ITO [83].  

2.  The spacer or backbone has function to connects headgroup and tailgroup. This 

part also stabilizes the SAM because of van der Waals interactions between 

different molecules that cause a dense packing of the molecules. The spacer can 

influence the electronic conductivity of the layers. 

3. The tailgroup is the group that gives special functionality to the surface. In the 

simplest case it is a methyl- group. However, a lot of SAMs with other 

functionalized groups have been prepared so far [84–86]. The fact that the 

tailgroup of SAMs can be modified chemically or electrochemically makes them 

an extraordinary powerful system [85].  
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Fig. 10: Structure of the molecule that can be self-assembled on surfaces where colours in the table 

correspond to colours in the scheme below table: yellow represents the most common surface for self-

assembly of molecules, green are headgroups that can create a chemical bond with the surface. With red 

are marked the most common groups that spacer is built of, blue coloured is a head group that can be 

designed to provide any specific functionality of the surface. 

 

Since its discovery, SAMs found application in molecular sensing and production 

of nanodevices, like sensors [45–50], biosensors [38, 39, 51], molecular motors [87], as 

coating against corrosion [88, 89], in electronic devices [79, 90], and as inks in dip-pen 

lithography [91, 92]. 

The integration of multiple functionality in SAMs can lead to integrated molecular 

system [40]. These are complicated molecular systems on the surfaces, which are often 

built in several different steps [36] that include chemical and electrochemical 

modification [36, 40]. It is essential to characterize intermediate steps with various 

surface characterization methods. As stated in a review by Gooding and co-authors 

“characterise, characterise and characterise to really prove the molecular construct has 

been prepared as intended (that is, as the cartoons suggest). Good luck” [36]. This 

characterization is a substantial challenge compared to the structural characterization of 

dissolved organic molecules because different compounds potentially present on the 

surface cannot be separated. Some powerful techniques, especially nucleus magnetic 
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resonance and mass spectroscopy with soft ionization cannot be applied and finally the 

total amount of substance is extremely small (i. e. about 10-9 mol cm-2). 

3. 2  Electrochemistry of SAMs 

 

Voltammetry and various spectroscopic techniques are suitable for characterization of 

SAMs. Also, SAMs are powerful system for studying electron transfer properties. In this 

work, voltammetry was used to characterize and to modify SAMs and spectroscopic 

techniques as XPS (Chapter 3.3) and PM IRRAS (Chapter 3.4) were used for further 

analysis. 

 

 Voltammetry of SAMs 

 

A significant amount of information can be obtained from a cyclic voltammogram of the 

surface-bound redox-active species. A typical cyclic voltammogram, of redox-active 

immobilised species is shown in Fig. 11. The electrochemical response of the surface-

immobilised redox-active species is different from that of the same molecule diffusing in 

solution (described in Chapter 2.2.1). Firstly, immobilised redox systems show a linear 

dependence of the peak current Ip on the scan rate v as can be determined from equation 

(15). The charge under the anodic and the cathodic peak is proportional to the number of 

the redox-active species contributing to the electron transfer reaction on surface. The 

interfacial concentration Γ of the redox-active species can be calculated from charge Q 

underneath the anodic or the cathodic peak using equation (16). 
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Fig. 11: Cyclic voltammogram of the surface immobilised diethyl 2-((3-(5-(1,2-dithiolan-3-

yl)pentanamido)propyl)amino)-5-((tert-butoxycarbonyl)amino)terephthalate in 0.1 M HClO4, scan rate 

0.01 Vs-1 (Epc and Epa are the cathodic and the anodic peak potentials, Ipc and Ipa are the cathodic and the 

anodic peak current, FWHM is full width at half maximum of the peak and Q is charge underneath the 

peak) 

 

𝐼𝑝 =
𝐹2𝑛2

4𝑅𝑇
𝑣𝐴𝛤 

(15) 

 

 

𝛤 =
𝑄

𝑛𝐹𝐴
=

1

𝑛𝐹𝐴
∫ 𝐼(𝐸)𝑑𝐸

𝐸1

𝐸2

 (16) 

 

From the full width at half maximum (FWHM) of the peak, the homogeneity of 

monolayer can be evaluated by equation (17). Values of FWHM that are larger or smaller 

than theoretical value of surface bound reversible system can be attributed to electrostatic 

effects caused by neighbouring molecules in layer [93]. Separation between the potential 

of the anodic peak Epa and the cathodic peak Epc at slow scan rates is 0 because diffusion 

does not play a role (redox-active centres are adsorbed on surface of the electrode). With 

the increase of the scan rate, peak separation can be observed due to limitation of the 

electron transfer rate [64, 94]. 

 

𝐹𝑊𝐻𝑀 = 3.53
𝑅𝑇

𝑛𝐹
=

90.6

𝑛
 (17) 
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In 1979, Laviron published an experimental method to determine kET of the 

species adsorbed to an electrode using potential sweep methods [94]. Equation (18) 

includes the transfer coefficient α, which is ideally α = 0.5, however, in many cases 

deviates from this value. It can be determined as slope when the peak potential Epa and 

Epc are plotted versus the logarithm of scan rate log v [94]. An example is shown in Fig. 

53. Then kET can be determined from the following equation: 

 

𝑘ET =  
𝛼𝑛𝐹𝑣c

𝑅𝑇
=

(1 − 𝛼)𝑛𝐹𝑣a

𝑅𝑇
 

(18) 

 

Where va and vc are the intercepts of regression lines for the anodic and the cathodic 

branches from Ep = f (log v). 

 

 Electrochemical modification of the surfaces 

 

Except for characterization of SAMs described in previous Chapters, voltammetry can be 

used to trigger reactions on the surfaces. This “dynamic” type of monolayers has been 

developed recently where activities of molecular monolayers can be “turned on” from an 

inactive state to an active state just by applying potential. Example for electrochemically 

triggered reactions on the surfaces is deprotection of SAMs. This method is quantitative, 

rapid, and mild. Also, SAMs can have protective groups that are photodeprotectable [95] 

and acid/base-labile [96]. The limitations of those methods are that the quantification of 

the deprotection processes is not easy and the treatments for removal of the protecting 

groups can have severe physical and chemical steps that may cause a degradation of 

molecules on the surface. 

 

Kim and co-authors have electrochemically deprotected SAMs in what they called 

“electrochemical activation” for site-selective immobilization of biomolecules [97]. They 

have developed a system with monocarboxylic ester of hydroquinone as the 

electrochemically removable protecting group of SAMs on gold surfaces. Firstly, 

hydroquinone is electrochemically oxidized to quinone and this process is followed by 

chemical nucleophilic acyl substitution of quinone by H2O (Fig. 12). Electrochemically 

activated surfaces that are carboxylic acid terminated have be used as specific binding 

sites for amine-containing molecules. In cyclic voltammograms electrochemical 
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activation can be seen as an irreversible anodic peak at 0.2 V vs. Hg/Hg2SO4 in the first 

scan which disappear in the second cycle. This indicates fast and almost complete release 

of quinones from the surfaces. Electrochemical quartz crystal microbalance data recorded 

simultaneously with cyclic voltammogram supported the claim of deprotection of SAMs. 

Grazing angle Fourier transform infrared spectra also proved the electrochemical 

activation of SAMs. In the spectra the positions and intensities of the C-H vibrations 

revealed no significant change, the C=C stretch of 1509 cm-1 from hydroquinone was 

diminished. 

 

Fig. 12: Schematic representation of electrochemical activation of a SAM containing monocarboxylic 

esters of hydroquinone where ω-carboxylic acids is generated. In the first step hydroquinone is 

electrochemically oxidized to quinone and this process is followed by chemical nucleophilic acyl 

substitution of quinone by H2O. 

 

The same authors also used electrochemical activation for bioinactive surfaces 

with hydroquinone-caged biotin [98]. In this work the same mechanism of activation was 

used as in previous study, the hydroquinone was firstly oxidized (converted to a 

benzoquinonium cation). After the nucleophilic acyl substitution by H2O occurred, 

benzoquinone and CO2 are released, and the bioactive biotin surface is generated (Fig. 

13). Again, electrochemical activation was seen as an irreversible anodic peak at 0.20 V 

vs. Hg/Hg2SO4 in the first scan of a cyclic voltammogram which disappears in the second 

scan. The grazing angle Fourier transform infrared spectra of SAM surfaces showed no 

changes in intensity, as well as in the position of the C-H stretching region. The aromatic 

C=C stretching at 1511 cm-1 decreased in intensity, and the peak intensity at 1796 cm-1 
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(C=O stretching in urethane) was reduced to half of the initial intensity, which proves a 

mild electrochemical activation reaction. 

 

Fig. 13: Schematic representation of the electrochemical activation of hydroquinone-caged biotin-

modified gold surface where bioactive biotin is generated. Firstly, the hydroquinone was oxidized, after 

the nucleophilic acyl substitution by H2O occurred where benzoquinone and CO2 are released from the 

surface. 

 

Electrochemistry can be also used for addition of various molecules on surfaces 

modified with redox-active SAMs. Yousaf and Mrksich [99] used a quinone 

tailgroup-terminated SAMs as platform for the Diels-Alder (D-A) reaction for the 

immobilisation of cyclopentadiene onto SAMs (Fig. 14). The design of surfaces allows 

the electrochemical control of the reactivity of the surfaces. The oxidized state of the 

molecule on the surfaces (quinone) is reactive and when the molecule is reduced on the 

surface to the hydroquinone, the SAM becomes inactive and D-A reaction cannot be 

performed. After the D-A addition of cyclopentadiene to the SAM, a decrease of the peak 

currents in cyclic voltammograms for the reduction and oxidation of the 

hydroquinone/quinone couple is indicative of the reaction progress. The reaction can be 

described with the EC mechanism on surfaces. 
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Fig. 14: Schematic representation a quinone tailgroup terminated SAMs as platform for the Diels-Alder 

(D-A) reaction. In the first step electrochemical oxidation of hydroquinone to quinone occurs. After 

electrochemical oxidation quinone react with cyclopentadiene to give the D-A adduct. 

 

Kwon and Mrksich [100] further investigated the influence of the steric 

environment around the reacting molecules on the D-A surface reaction. Their results 

showed that the activation parameters of the quinone groups that were positioned in a 

crowded environment and below the SAM | solution interface reacted with an enthalpy 

of activation that was 4 kcal/mol higher than that of quinones accessible at the interface.  

 

Furthermore Gawalt and Mrksich [101] measured rate constants for the D-A 

reaction of a series of dienes with a monolayer presenting benzoquinone groups at 10% 

density among hydroxyl-terminated alkanethiolates. A series of dienes were used that 

comprised molecules of different steric and electronic character: cyclopentadiene (Cp), 

methylcyclopentadiene (MeCp), 1,2,3,4,5-pentamethylcyclopentadiene (Me5Cp), 

tert-butylcyclopentadiene, 5,5-diemethoxy-1,2,3,4-tetrachlorocyclopentadiene and 

1,2,3,4,5,5- hexachlorocyclopentadiene were studied. Three of the dienes (Cp, MeCp, and 

Me5Cp) reacted efficiently with the immobilized mercaptobenzoquinone. They found that 

the dienes with electron-withdrawing groups or with the sterically demanding tert-butyl 

group did not undergo reaction with the quinone over the time course of a typical 

experiment. The molecules that reacted efficiently, Cp, MeCp, and Me5Cp, have a similar 

kinetic behaviour. 
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Shamsipur and co-authors [102] studied electrochemical Michael-addition 

reaction on surfaces of hydroquinone terminated SAMs with glutathione. When a suitable 

potential was applied to the SAM, the hydroquinone moiety of SAM generates o-

benzoquinone. This active intermediate undergoes a Michael-addition reaction with 

glutathione. This mechanism is a representation of the reversible oxidation of 

hydroquinone moiety to quinone followed by an interfacial chemical nucleophilic 

addition which can be described with the EC mechanism. In voltammograms the peak of 

oxidation and reduction of benzoquinone is diminishing with time, which is not the case 

when glutathione is not present in solution. In the interfacial IR spectra, a new absorption 

band appeared at 1725 cm-1 which is attributed to the C=O stretching of the immobilized 

glutathione on surface, which is evidence of the interfacial reaction on the surface. 

 

3. 3 X-ray photoelectron spectroscopy 
 

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis 

(ESCA) is a popular method for characterization of the surfaces [103]. The technique is 

enabled by key scientific achievement, five of them were honored by Nobel prices. The 

first one was given to Wilhelm Conrad Röntgen for discovery of X-rays [104]. Max von 

Laue was the second recipient for “his discovery of the diffraction of X-rays by crystals” 

[105]. The third one was awarded to Kai Siegbahn, the inventor of XPS, “for his 

contribution to the development of high-resolution electron spectroscopy“ [106]. His son 

Karl Manne Georg Siegbahn was honoured by the fourth one for “developed apparatus 

and methods for improving accuracy when mapping x-ray spectra” [107]. The fifth one 

was actually given to Albert Einstein “for his services to theoretical physics, and 

especially for his discovery of the law of the photoelectric effect” which is the main 

principle of XPS [108]. 

 

 Basic principle 

 

Today, XPS allows chemical identification and quantification of atoms on 

surfaces. The basic principle of XPS can be described as interaction of the photon with 

electrons of a specific atomic orbital. In this process, the photon transfers all its energy to 

the core level electron. If the photon energy is high enough, the electron is emitted. The 

kinetic energy 𝐸kin is analyzed, it is the difference between the photon energy ℎν and the 
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binding energy 𝐸B of the electron. Although, the kinetic energy Ekin of the electron is the 

experimentally measured by the spectrometer, this energy is dependent on the photon 

energy of the X-rays. The source of the primary radiation of X-rays are most commonly 

Al Kα or Mg Kα anode. Al Kα provides photons of 1486.6 eV and Mg Kα of 1253.6 eV. 

Because of this in spectra the binding energy of the electron EB is the parameter which 

identifies the electron specifically, and it can be calculated as: 

 

𝐸B = ℎ𝑣 − 𝐸kin − 𝜑 (19) 

 

φ is the work function and is specific to the spectrometer. Work function is described as 

the minimum energy necessary to remove an electron with the assumption that a 

conductive sample which is in physical contact with the instrument is analysed. 

 

The process of photoemission is shown schematically in Fig. 15 (1), where an 1s 

electron is ejected from the atom. The spectrum will reproduce the electronic structure of 

an investigated system because all electrons with a binding energy lower than the photon 

energy will be detected in the spectrum. The electrons which are excited and escape 

without energy loss contribute to the characteristic peaks in the spectrum. The electrons 

which suffer energy loss because of inelastic scattering contribute to the background of 

the spectrum. Once an electron has been emitted, the ionized atom that was created in this 

process must relax. This can be achieved by the emission of an X-ray photon, known as 

X-ray fluorescence shown in Fig. 15 (2). The other possibility is the ejection of an Auger 

electron, the process is shown in Fig. 15 (3). Thus, Auger electrons are produced as a 

consequence of the photoemission, these electrons can yield valuable chemical 

information about the investigated atom. The technique that uses Auger electrons for 

analysis is called X-AES (X-ray induced Auger electron spectroscopy). X-AES will not 

be further discussed in this thesis. 

 

With XPS is possible to identify the elemental composition of any solid (all 

elements from Li to U can be detected if their atomic % is above 0.05 and within a depth 

of 10 nm from the surface), as well as the chemical environment of elements in 

investigated sample. 
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Fig. 15: Processes happening in XPS: 1) photoelectron emission 2) X-ray emission 3) photoemission 

followed by emission of an Auger electron. 

 

 Binding energy 

 

Binding energy is described as the difference of the final state 𝐸𝑁-1 with 𝑁-1 electrons 

and the initial state 𝐸𝑁 with N electrons: 

  

𝐸B = 𝐸𝑁−1 − 𝐸𝑁 (20) 

 

According to the Koopmans’ theorem [109], the binding energy would be equal 

to the negative orbital energy, −εk, for the ejected photoelectron if there would be no 

rearrangement of the electrons in the atom or material during the photoemission process 

in the final state. This claim is written as: 

𝐸B = −𝜀k (21) 

 

The values of εk in equation (21) can be calculated with the Hartree–Fock method. Values 

of εk deviate 10–30 eV from the actual EB values. The deviation between EB and −εk 

comes from the fact that in Koopmans’ theorem and the Hartree–Fock calculation method 

it is assumed that the other electrons “freeze” during the photoemission process, which is 

not the case. During emission of the photoelectron, the other electrons in the sample will 
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respond to the creation of the core hole by rearranging to minimize the energy of the 

ionized atom. The reduction in energy caused by this rearrangement of electrons is called 

the ‘relaxation energy’. Except relaxation, electron correlation and relativistic effects are 

also neglected by the Koopmans theorem. Both terms are typically small and usually can 

be neglected. 

 

The initial state is the ground state of the atom before the photoemission process. 

The energy of the initial state of the atom can exhibit variation that result from the 

chemical environment of the atom (by forming chemical bonds with other atoms). The 

binding energy of electrons in the analysed atom will change for ΔEB and is commonly 

called the chemical shift. It is defined with equation (22): 

 

Δ𝐸B = 𝐸B (compound) − 𝐸B(element) (22) 

 

Almost all elements in the periodic table exhibit a chemical shift. Therefore, XPS 

allows not only to identify elements but also its binding states. 

 

This chemical shift can be a fraction of an eV to few eV depending of chemical 

species. If one takes carbon as an example, the C-O bond in an organic molecule is shifted 

1.6 eV [103] relatively to the carbon in graphite, while both C=O and O-C-O are shifted 

for 3.1 eV [103]. In principle, if there are bonds with electronegative atoms, the chemical 

shift in XPS is to higher binding energies. Said in simple words, the lower the electron 

density of the emitted atom the higher is EB. 

 

The final state is significantly impacted by relaxation effects, therefore also the 

measured EB. During photoemission the electron rearrangements lowers EB. The atom 

from which the electron is emitted (atomic relaxation) and its surrounding atoms (extra-

atomic relaxation) contribute to the relaxation energy. Most of the atomic relaxation 

comes from rearrangement of outer shell electrons. The inner shell electrons have a small 

contribution to the atomic relaxation energy and can be in most of the cases neglected. 

The extra-atomic relaxation depends on the nature of examined material. In the case of 

electrically conducting samples (metals), valence band electrons can move from one atom 

to the other to screen the core hole. For ionically bonded solids (for example alkali 
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halides), electrons cannot move freely from one atom to another. In these materials the 

electrons can be polarized by the presence of a core hole. The reduction of binding energy 

caused by extra-atomic relaxation in ionic materials is smaller than in metallic samples. 

Other types of final state effects such as shake-up satellites can contribute to EB. Shake-

up satellites originate from the photoelectron which lose part of its kinetic energy to excite 

a valence electron into an unoccupied orbital (e.g. π → π∗ transition). 

 

 Photo electron intensities 

 

The intensities of photoelectrons depend on several parameters and they can be divided 

into three main groups. The first group of parameters depends on the physics of 

photoelectron production. The second group of parameters depends on the interaction of 

the photoelectrons with the surrounding solid and the third group of parameters is 

dependent on the instrument geometry and will not be discussed further in this thesis. 

 

Photoelectron Cross Sections. The first parameter of a specific energy that is dependent 

on the physics of the photoemission process is the photoelectron cross section. The cross 

section describes the probability that a photon will cause a photoemission from a specific 

core level of a specific element. Scofield calculated the values for the photoelectron cross 

sections for all elements from Li to U when irradiated with Al Kα and Mg Kα [110]. They 

do not vary with the chemical environment of the emitter atom. This parameter is 

especially important for systems such as molecular monolayers assembled on surfaces. 

In these systems, the number of emitter atoms is small and sensitivity can be an issue. 

Therefore, atoms with larger cross sections like fluorine and chlorine are often included 

in the tailgroup of the molecule for easier XPS detection. Also, when specific reactions 

are followed on surfaces with XPS like addition of molecules and cleavage of specific 

groups this feature is especially employed as seen in Chapter 7. 

 

Attenuation length in SAMs. The parameters that describe the interaction of 

photoelectrons with the surrounding environment are those that result in a loss of the 

intensity of photoelectrons. While X-rays penetrate in the sample within few µm, only 

electrons that do not suffer energy loss contribute to peaks in the spectrum. Those 

electrons originate from a surface layer of a few nm thickness. This effect must be 

considered for precise application of electron spectroscopies in quantitative analysis of 
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molecular monolayers. For an accurate quantification, the attenuation length (λ) of 

electrons as a function of their kinetic energy Ekin and the density of the matrix must be 

known. Experimentally, it is often the escape depth of electrons which is measured. The 

escape depth is defined as the distance normal to the surface at which the probability of 

an electron escaping without significant energy loss due to inelastic scattering processes 

drops to e-1 of its original value (Fig. 16). This attenuation can be described with the 

following equation: 

 

𝐼(A) = 𝐼0(A)e−𝑑 λ sin 𝜃⁄  (23) 

 

Where I(A) is the intensity of a photoelectron peak from an element A in a 

substrate covered with a film of thickness d, I0(A) is the intensity of the same peak from 

a clean substrate, and θ is the angle between the plane of the substrate and the detector. If 

θ = 90°, the escape depth is equivalent to the attenuation length.  

 

 

Fig. 16: Schematic representation of the depth dependence of signal attenuation: 1) photoelectrons are 

emitted without kinetic energy loss, where de=λcosα (α is angle between de and λ), 2) photoelectrons are 

emitted from a larger depth, they reach the detector with a loss of kinetic energy and contribute to the 

background, 3) photoelectrons that are emitted from larger depths lose all their kinetic energy before 

reaching the surface. 

 

Attenuation length of photoelectrons in SAMs can also be used to evaluate the 

layer thickness [111–113]. For the application of this method, one has to assume that the 

value of λ in SAMs is equal to that of the bulk material. This is not always correct since 

λ is dependent of the substrate roughness, the crystallinity and the orientational order of 
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the molecular monolayers. This can be executed using equation (23) if one takes the 

intensity from the gold photoelectrons attenuated by the monolayer as I(A), the intensity 

from clean gold substrate as I0(A) and the film thickness, d, can be approximated by nl, 

where n is the number of carbon atoms in the chain, and l is the height equivalent to one 

C–C bond perpendicular to the surface. 

 

Laibinis et al. [114] have measured the attenuation of the photoelectrons from a 

gold substrate as a function of the thickness of an alkanethiol film in the kinetic energy 

range 500-1500 eV. Lamont et al. used the same method to estimate λ in the 140-1100 

eV energy range [115]. Their results [115] give values lower by 25% compared to those 

determined by Laibinis et al. [114] at comparable energies. This difference could be 

attributed to differences in preparation of SAMs or to the difference in the used substrates. 

The values of λ are only valid for a specific thiol for which they were determined (alkane 

chains in case of this two studies) and may vary with packing of molecules on the surface, 

which is influenced by preparation method [116]. Layers containing specific groups will 

show different organization and packing on the surfaces as a function of chain length 

[113]. To estimate λ by this method, the attenuation of the gold signal has to be measured 

for several layers with different chain lengths. This is not always possible, particularly 

when the investigated layers contain more complicated chemical species (like the ones 

used in Chapter 7) for which several chain lengths are not necessarily available. 

 

 Splitting of the energy levels 

 

One more important characteristic of XP spectra is splitting of the energy levels that is 

caused by spin-orbit coupling. Core levels in XPS are given by the notation as nlj, where 

n is the principal quantum number, l is the angular momentum quantum number and j = 

l+s, where s is the spin angular momentum number with values ±½. Only s levels have 

no splitting because l is 0. For the 2p spectra, n is 2 and l is 1, so j can be 1/2 and 3/2. The 

peaks have areas proportional to 2j+1. For p3/2 (j = 1.5) and p1/2 orbitals (j = 0.5), and the 

ratio between the peak area is 4:2 or 2:1. These ratios must be considered when the p, d 

and f core levels are analyzed. The splitting is detected in the high resolution XP spectra. 

Splitting of the S 2p photoemission line is shown in Fig. 17. The value of splitting is 

rather constant, for S 2p it is ≈ 1.15 eV. 
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Fig. 17: Sp 2 XP spectra of self-assembled monolayer of diethyl 2-(5-(1,2-dithiolan-3-yl) pentanamido) 

5-((tert-butoxycarbonyl)amino)terephthalate on gold substrate. 

 

The survey spectra of the fluorinated self-assembled monolayer on gold is shown 

in Fig. 18. Most commonly, the intensity is plotted against the binding energy, which is 

recalculated from the measured kinetic energy. The strongest signals in the spectra are 

the signals of the gold substrate underneath the molecular monolayer. Carbon, sulphur, 

oxygen and fluorine can be also seen in Fig. 18 as low intensity signals. For the analysis 

of this small signals, high-resolution spectra such as that in Fig. 17 must be recorded. 
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Fig. 18: Survey spectra of SAM of diethyl 2-(5-(1,2-dithiolan-3-yl)pentanamido)-5-((4-

(trifluoromethyl)benzyl)amino)terephthalate on gold substrate. 

 

 Radiation damage 

 

One of the common misconceptions associated with XPS is that it is a non-destructive 

technique. In many cases, samples are damaged during analyses. X-ray irradiation can 

induce desorption of the species bound to the surfaces, reduction or oxidation of atoms or 

ions of the sample by low energy electrons, phase changes in analysed area, migration of 

the specific elements in samples induced by an electric field. 

 

Molecular monolayers are the example of systems where radiation-induced 

damage occurs when analysed by XPS. It includes chemical and structural change that 

are caused by the X-ray photons and the emitted photoelectrons. The appearance of 

radiation-induced damage is well documented in literature [117–126].  

 

Until today it has been shown that damage done by X-ray irradiation of alkanethiol 

monolayers can induce new spectral components, line broadening and change in intensity. 

These spectral modifications have been attributed to a lower level orientation and 

conformation, modification of sulphur on the surface and desorption of parts of chains in 

molecular monolayers. The change in the sulphur spectra is assigned to a change in 
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bonding between sulphur and gold by photoelectrons that were slowed down by inelastic 

scattering. 

 

The new sulphur species generated from radiation-induced damage of 

alkanethiols have been assigned as disulphide species in some studies [117, 121, 127]. A 

photoelectron S 2p spectrum that contains species produced by radiation damage of X-

ray beam of self-assembled monolayer is presented in Fig. 19. A shoulder is observed at 

164.5 eV, which is characteristic of the S 2p1/2 signal from a radiation induced species 

[127]. The associated S 2p3/2 orbital (163.3 eV) is hidden by the S 2p1/2 peak of the sulphur 

bound to the gold. To evidence these two species, the S 2p spectrum needs to be fitted 

using two doublets with 2:1 peak area ratio and 1.15 eV spin-orbit splitting. The amount 

of radiation induced species increases when the X-ray power is increased. This 

occurrence of radiation-induced species is always observed in XP spectra after a longer 

accumulation time. 

 

In their study, Zubrägel et al. [128] found two chemically different sulphur species 

in a n docosanethiol monolayer. The difference in binding energy in S 2p spectra was 

interpreted as the presence of dialkyldisulphide species where one S atom interacts with 

the Au substrate and the other one is located slightly higher. In this study, it was proposed 

that either both S atoms were at different heights with respect to the surface or that the 

conformation of the chains was different for the two species. 

 

Lamont et al. [115] attempted to assign the species produced by radiation damage 

by analysis of Au 4f, C 1s, and S 2p spectra from a tetradecanethiol monolayer after 1 

min exposure to zero-order synchrotron radiation. They found an increase in the S 2p and 

Au 4f peak intensities and a decrease in the C 1s peak after irradiation. This was 

interpreted as a fission of the chains in the region of C–S bond. Even though they saw a 

new S 2p species at 163 eV, they excluded that this species could be disulphide species. 

This was based on the fact that production on disulphide would only cause a shift in the 

S 2p spectra, without any changes in the of C 1s and Au 4f spectra. In this paper the new 

sulphur species was assigned to atomic sulphur on gold, resulting from desorption of the 

parts of the chains. They concluded that 2–3% of the monolayer decompose in 10 min.  
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Heister et al. have shown in their research that the sulphide species are distributed 

over the alkyl chains [129]. In their study distribution of sulphide species is not in 

agreement with a fission of C–S bonds which results in atomic sulphur that was proposed 

by Lamont et al. [115]. The observations in these two papers agree very well, but the 

interpretation differ. The observations of Lamont et al. [115] can be explained by the 

model of sulphur incorporation into the alkyl chains.  

 

Zharnikov et al. [124, 125, 129] proposed an alternative interpretation for the new 

sulphur species at higher binding energies. They explain it as incorporation of sulphur 

into the alkyl chains via bonding to irradiation-induced carbon radicals in the chains [124, 

125, 129]. They have assigned the increase of the Au 4f intensity and broadening of the 

C 1s peak to desorption of film fragments. The FWHM of the fitted peaks for the 

irradiation-damaged film was about 30% larger than that of the C 1s peak from the intact 

film. Also, the FWHM of the S 2p peak continuously increased with the X-ray irradiation. 

They also observed an increase of the FWHM of the Au 4f peaks and interpreted it as a 

dissociation of S–Au bonds. 

 

 
Fig. 19: S 2p spectra of 1-hexanethiol monolayer on gold substrate. There are two S 2p3/2 signals with 

binding energies at 161.9 eV (red) and 163.5 eV (blue). The second signal, coloured blue represents 

XPS-induced radiation damage of sulphur in SAMs. 

 

Even though the effects of the induced damage by XPS analysis have been 

extensively characterized, as it can be seen from the previous text, the assignment of 

species produced during XPS analysis of SAMs is still controversial. 
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In order to minimise or avoid radiation damage in SAMs the method proposed in 

Ref. [130] can be used. In this method separate spots were measured for every scan to 

prevent the samples from becoming damaged by X-rays, each at minimum acquisition 

time. All spectra were finally added to one single spectrum. This method provides spectra 

as in Fig. 17 on the expense of a lower than optimal signal-to-noise ratio. In this work, 

this method was not applied because of the small electrochemically modified surface area 

due to construction of the electrochemical cell (Fig. 23). 

 

 Quantification of XP spectra  

 

XPS is widely applied for the characterization and quantification of molecular 

monolayers. For quantification in software that is used for the XP spectra analysis the 

peak areas are divided by standard sensitivity factors and normalized to obtain “raw” 

concentrations. These raw concentrations give only a rough indication of the relative 

amounts of elements that are present in the sample. For a more exact consideration, the 

heterogenous composition in analysed samples must be considered. The composition 

varies as a function of depth. This is even problematic with homogeneous materials 

because the concentrations determined form XPS results can be different from the actual 

concentrations because the XPS signal also depends on the inelastic mean free path 

(IMFP) of the photoelectrons. The IMFP is dependent of the Ekin and on the composition 

of the analysed material. The consequence is that the standard sensitivity factors from 

software packages are valid only for the material for which these factors have been 

determined. Even though XPS is not the most precise method for quantification, in this 

thesis, the quantity of different elements in SAMs are estimated from this data and the 

precision of this method is sufficient for the necessity of this thesis. 

 

3. 4 PM IRRAS of SAMs 
 

Polarization-modulated infrared reflection absorption spectroscopy (PM IRRAS) is a 

method for characterization of the molecules adsorbed on IR reflective surfaces [131]. 

The measured spectra provide information about the composition, structure and 

orientation of the adsorbed molecules. 
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 Principle 

 

Infrared reflection absorption spectroscopy (IRRAS) has been developed in the 1960s 

[132, 133] as one of the most surface-sensitive methods. The method allows investigation 

of surface structures [134], chemical states of adsorbates [134] and the orientation of the 

adsorbates on the surface [135]. However, the sensitivity of these measurements is often 

limited because the signals of interest from surface adsorbates are often camouflaged with 

atmospheric background absorption. Therefore, IRRAS is mostly applied under ultra-

high vacuum (UHV). The IRRAS technique was significantly improved by the use of a 

photoelastic modulator, PEM [136]. A photoelastic modulator is a CaF or ZnSe crystal 

which is periodically compressed and expanded so that s- or p-polarized light beam passes 

through the crystal. The main advantage of IRRAS with PEM - polarization modulation 

infrared reflection absorption spectroscopy (PM IRRAS) is the compensation of the 

background signal, which allows measurements under ambient conditions and even in 

liquids. 

 

PM IRRAS uses reflection of IR light from surfaces for investigation of the 

molecular monolayers [103, 134]. When electromagnetic radiation passes the border 

between two media, a portion of radiation is reflected and the other portion passes through 

the second medium (Fig. 20). Snell's law describes the relationship as: 

 

𝑛2sin 𝛾2 = 𝑛1 sin 𝛾1 (24) 

 

Here γ1 is the angle between the incident light and the surface normal as well as the angle 

of the reflected light to the surface normal, γ2 is the angle of the transmitted light and the 

surface normal. n1 and n2 are the refractive indices of the two media. The ratio between 

reflected and transmitted IR radiation is represented by Fresnel's law [137]. 
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Fig. 20: Reflection and transmission of light on a layered system. The gray part is a molecular 

monolayer, the yellow one is the reflective gold surface and white is air. 

 

Another important property of electromagnetic radiation which is the base of PM 

IRRAS the polarization. Polarized light can be separated into two orthogonal components 

of the electric field, p- and s-polarizations. In the case of p-polarization, the electric field 

vector is oscillating parallel to the plane of incidence. While, the electric field of s-

polarized light oscillates perpendicular to the plane of incidence. When an electric field 

vector of light beam is reflected from a metallic surface a phase shift of 180° occurs 

between the incident and reflected electric field vector of light. Also, electric field vectors 

of the light beam are mirror imaged at the interface. After reflection of p-polarized light 

a constructive interference with the incident light beam occurs (Fig. 21a), which results 

in an increased intensity of the electric field perpendicular to the surface. Phase-shift for 

s-polarized light is about 180° at the time of reflection and a destructive interference 

cancels the electric field directly at the surface (Fig. 21b). Consequently, only vibrational 

transition can be observed, whose transition dipole moment has a component 

perpendicular to the surface. This phenomenon is called the surface selection rule. 

Therefore, only p-polarized light can interact with a sample at the surface. The phase shift 

of the p-polarized light depends on the grazing angle which is maximized near grazing 

angle (>80°) due to the large z-component of the electric field. This angle for a gold 

surface is 85 °. 
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Fig. 21: Reflection of a) p- and b) s- polarized light at the interface. 

 

In PM IRRAS both p- and s-polarized light beams are measured. PEM switches 

quickly between p- and s-polarized light beams, so the spectrum (with p-polarized light) 

and a reference spectrum (with s-polarized light) are measured simultaneously with a 

lock-in amplifier. The two components are used to compensate the background. 

 

At the detector p- and light are not measured separately. The ratio of the difference 

of the reflected s- and p-polarized light and the average of both signals are measured 

[138]. This can be described as: 

∆𝐼

〈𝐼〉
=

𝐼𝑠 − 𝐼𝑝

(𝐼𝑠 + 𝐼𝑝) 2⁄
 

(25) 

 

Where ∆𝐼 = 𝐼𝑠 − 𝐼𝑝 is the signal difference and 〈𝐼〉 = (𝐼𝑠 + 𝐼𝑝)/2 is the averaged signal. 

The detected signal has to be demodulated to gain two intensities as a function of 

frequency 𝜔𝑚 of the PEM. They are linked to the Bassel functions of first 𝐽1(Ψ0) and 

second 𝐽2(Ψ0) order where Ψ0 is the maximum shift of incident light produced by PEM. 

 

𝐼𝐷(2𝜔𝑚) = ∆𝐼𝐽2(Ψ0) (26) 

 

𝐼𝐷(0) = 〈𝐼〉 +
∆𝐼

2
𝐽1(Ψ0) (27) 

 

Where 𝜔𝑚 is the excitation frequency of the PEM. The Bessel function describes how 

well the PEM can switch between the s- and p-polarized light. It also influences the 

background. 
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In this surface sensitive method, the absorption is dependent on the orientation of 

the transition dipole moments of adsorbed molecules with respect to the surface normal. 

The infrared radiation can interact only with the molecules that have a component of the 

transition dipole moment �⃗�. The interaction between infrared radiation and the sample 

becomes stronger the larger the overlap of �⃗⃗� and �⃗�. The intensity of the absorption 𝐴 

(equation (28)) depends on the angle θ between its transition dipole moment and the 

electric field vector of the light: 

 

𝐴 ∝ |�⃗⃗�𝑧|
2

|�⃗�|2 cos2 𝜃 (28) 

 

The absorption is at a maximum when the above-described vectors are parallel. 

The intensity of absorption spectra allows determination of the molecular orientation of 

the studied molecular monolayers. 

 

Typical PM IRRAS spectra are shown in Fig. 22. The ordinate shows the 

absorption, the abscissa the wavenumber in cm-1. The two regions of interest in PM 

IRRAS spectra are the CH stretching mode (from 2700 cm-1 to 3100 cm-1) in which 

orientation of the layers can be determined and the fingerprint region (1500 cm-1 to 

900 cm-1) where mainly vibrations of specific functional groups of SAMs are found. Both 

regions require different settings of half-wave retardation at the PEM. 

 

 



 

44 

 

 

Fig. 22: PM-IRRAS spectra of arachidic acid molecular monolayer on gold substrate in CH stretching 

and fingerprint region. 
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4 Experimental details 

 

4. 1 Chemicals 

In Tab. 2 are listed chemicals used in this thesis. If not stated otherwise, all chemicals 

were of analytical grade and were used without further purification. Aqueous solutions 

were prepared using deionized water (ELGA LabWater, Celle) with a resistance of 18.3 

MΩ cm at room temperature. All used solutions were freshly prepared from thoroughly 

dried solvents. Argon was used for deaeration of the solution. Tetrabutylammonium 

hexafluorophosphate and tetrabutylammonium perchlorate were dried in an oven at 100 

°C overnight. Acetonitrile and tetrahydrofuran were dried according to standard 

procedures [139] prior to use and stored under nitrogen. Ferrocene was resublimated two 

times. 
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Tab. 2: Chemicals used for surface preparation as well as for sample treatment and characterization. 

Product Formula Supplier Grade 

tetrabutylammonium 

hexafluorophosphate 

(CH3CH2CH2CH2)4N(PF6) 

 

Sigma 

Aldrich 

99.0% 

silver perchlorate AgClO4 Sigma 

Aldrich 

98.0% 

acetonitrile MeCN Fisher 

Chemicals 

HPLC grade 

tetrahydrofuran C4H8O Fisher 

Chemicals 

HPLC grade 

tetrabutylammonium 

perchlorate 

(CH3CH2CH2CH2)4N(ClO4) Sigma 

Aldrich 

99.0% 

ferrocene Fe(C5H5)2 Alfa Acer 99.0% 

dichloromethane CH2Cl2 Fisher 

Chemicals 

analytical 

grade 

silver nitrate AgNO3 Carl Roth 99.9% 

ethanol EtOH Fisher 

Chemicals 

analytical 

grade 

perchloric acid HClO4 ACS reagent 70.0-72.0 

%, p.a. 

potassium hydroxide KOH Riedel-de 

Haen 

analytical 

grade 

3-

(trifluoromethyl)aniline 

 

Sigma 

Aldrich 

99.0% 

4-aminobenzoic acid 

 

Sigma 

Aldrich 

99.0% 

1-decanethiol C10H22S Sigma 

Aldrich 

96.0% 

1-hexanethiol C6H14S Fluka 95.0% 
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[(Cp2Ti)3HATN(Ph)6] was synthesized as reported [31]. Compound 1, 2, 3, 4, 5, 6, 7 ,8, 

9, 10 and 11 were prepared by Leon Buschbeck and Lena Freimuth as reported in [140, 

141]. 

 

4. 2 Electrochemical measurements 

 

 Electrochemical measurements of the trinuclear titanium complexes 

 

Electrochemical setups have been installed in a glovebox and connected to instruments 

outside the box via gas-tight integration of cables into a flange connector (M. Braun). 

Cyclic voltammograms and differential pulse voltammograms were recorded at 295 K 

using a potentiostat (Compactstat, Ivium Technologies, Eindhoven, The Netherlands) 

with a three-electrode assembly with an Au disc as working electrode (WE, diameter d = 

2 mm), a Pt plate as auxiliary electrode (Aux, A = 1 cm2) and a Ag/Ag+ reference 

electrode filled with 0.01 M AgClO4 and 0.1 M Bu4NClO4 in THF. 

 

 Electrochemical measurements of DATs in solution 

 

The electrochemical experiments were carried out in a custom-made electrochemical cell 

that was air sealed. All solutions were purged with argon 45 min before measurements. 

Cyclic voltammograms were recorded at 295 K using a potentiostat (Metrohm Autolab, 

Utrecht, Netherlands) with a three-electrode assembly comprising a GC disc as working 

electrode (WE, diameter d = 3 mm), a Pt plate as auxiliary electrode (Aux, A = 1 cm2) 

and an Ag/Ag+ reference electrode filled with 0.01 M silver nitrate and 0.1 M Bu4NClO4 

in MeCN. 

 

 Determination of formal potentials 

 

The formal potentials E°’ were obtained from cyclic voltammograms using eq. (2). They 

are quoted with respect to the ferrocene/ferrocenium redox couple (Fc/Fc+) which was 

measured in the solution with the same concentration of supporting electrolyte and the 

concentration of the Fc (0.3 mM) as the compound under investigation. 
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 Electrochemical measurements on surfaces 

 

The electrochemical experiments were carried in a custom-made electrochemical cell 

(Fig. 23). All solutions were purged with argon 45 min before measurements.  

 

Fig. 23: Electrochemical cell made from Teflon in three different views a) from the front, b) from the 

top and c) the vertical cross-section area showing the arrangement of the reference, counter and working 

electrode. (prepared by the mechanical workshops of Carl von Ossietzky University of Oldenburg) 

 

Measurements were recorded at 295 K using a potentiostat (Metrohm Autolab, Utrecht, 

Netherlands) with a three-electrode assembly comprising a gold sample as working 

electrode pressed against an O-ring for sealing (WE, diameter of O-ring d = 6 mm), a Pt 

plate as auxiliary electrode (Aux, A = 1 cm2) and a mercury sulphate reference electrode. 

All potentials in the cyclic voltammograms were recalculated to standard hydrogen 

electrode (SHE). 

 

 Spectroelectrochemistry 

 

Spectroscopic setups have been installed in a glovebox and connected to instruments 

outside the box via gas-tight integration of cables and optical fibres into a flange 

connector (M. Braun). NIR spectra were measured with a fiber-coupled Matrix-F FT-NIR 

spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped with a halogen lamp 

as NIR source and an InGaAs detector. Spectra were taken in the range from 12000 to 

4000 cm-1 with a resolution of 8 cm-1. For each measurement 16 scans were accumulated. 

UV-Vis spectra were taken with a GetSpec 2048 CCD array spectrometer (GetSpec, 
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Sofia, Bulgaria). The device configuration allowed a resolution of 2.4 nm in the range of 

200 to 1000 nm. For the measurements, an integration time of 100 ms was used. Both 

spectrometers were coupled to a spectroelectrochemical cell (ALS Co., LTD, Tokyo, 

Japan) located inside an Ar-filled glove box (Fig. 24) using 600 µm-diameter N227 quartz 

fibers (Bruker Optik GmbH). 

 

 

Fig. 24: Experimental setup for spectroelectrochemical measurement: a) scheme of setup in the glove box 

and their connection with spectrometer (black lines) and potentiostat (blue line), b) magnification of 

spectroelectrochemical setup, c) magnification of spectroelectrochemical cell where WE is an optically 

transparent working electrode, RE is the reference electrode, CE is the counter electrode, yellow arrow 

represents the path of light beam. 

 

 Absorption and fluorescent spectroscopy of DATs 

 

The absorption spectra were measured at Spekol 2000 (Analytik Jena, Jena, Germany) 

and fluorescent emission spectra were measured at the FS5 spectrofluorometer 

(Edinburgh Instruments, Livingston, United Kingdom). All DAT compounds were 

dissolved in ethanol to a concentration of 0.9 µM. The reference spectra were taken from 

pure ethanol. 

 

 

4. 3 General cleaning procedure 
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Glass slides were ordered from VWR International (Darmstadt, Germany). In order to 

remove contaminations, glass substrates were washed with ethanol and water and dried 

in an argon stream. Subsequently, the surfaces were oxidized by UV/O3 for 15 min using 

the UV TipCleaner (UV.TC.EU.003, Bioforce Nanoscience, Inc. Ames, IA, USA). 

 

4. 4 Preparation of gold surfaces 

 

Gold surfaces were prepared onto cleaned glass slides as the support by depositing 0.5 

nm of chromium and 200 nm of gold using an evaporation chamber (minicoater, Tectra 

GmbH, Frankfurt, Germany) while monitoring the thicknesses of deposited layers with a 

quartz crystal microbalance (Tectra GmbH, Frankfurt, Germany). The gold substrates 

were freshly prepared prior to each experiment. 

 

4. 5 Preparation of SAMs 

 

Freshly evaporated gold/glass slides without any cleaning were put in 0.1 mM solution 

containing DAT of choice in ethanol. They were left in solution for 48 h. Then gold/glass 

slides were put in 0.1 mM solution of 1-decanthiol or 1-hexanethiol in ethanol for 24 h 

(the choice of the thiol was dependent of the DAT derivative that was previously adsorbed 

on gold/glass slide). Afterwards, samples were washed with ethanol and dried under an 

argon stream. 

 

4. 6 Characterization of surfaces 

 

 X-ray photoelectron spectroscopy (XPS) 

 

XPS was performed with an ESCALAB 250 iX (Thermo Fischer, East Grinsted, UK) 

using a monochromatized Al Kα excitation (1486.6 eV). Data acquisition and spectra 

processing were performed with the Avantage Software v.5.979. Au, O, F, N, C, S were 

detected in the samples, the most intense lines from those elements were obtained as high-

resolution spectra. Measurements of the SAMs were performed before and after 

electrochemical treatment. The spectra were fitted by applying a smart background and a 
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sum of Gaussian and Lorentzian contributions in the software Avantage (v.5.979, Thermo 

Fisher, UK). The used parameters are listed in Tab. 3. 

 

Tab. 3 Experimental parameters for the XPS measurement of SAMs 

Element Number 

of scans 

Pass energy 

/eV 

Spot size 

/μm 

Step size 

/eV 

Dwell 

time /ms 

C 10 30 900 0.05 50 

N 30 30 900 0.05 50 

S 15 30 900 0.05 50 

Au 3 30 900 0.05 50 

O 15 30 900 0.05 50 

F 15 30 900 0.05 50 

 

 Polarization modulation infrared reflection adsorption spectroscopy 

(PM IRRAS).  

 

This technique was used to characterize mixed SAMs prepared from derivatives of DATs 

and 1-decanethiol or 1-hexanethiol. PM IRRA spectra were acquired by the utilization of 

a Vertex 70 spectrometer and an external reflection setup (Bruker, Ettlingen, Germany) 

containing a photoelastic modulator (PEM) PMA 50 (Hinds Instruments, Hillsboro, OR, 

USA). The half wave retardation was set to 1600 cm-1 or to 2900 cm-1. For each 

measurement 1200 scans were accumulated. The resolution of the spectra was 4 cm−1. 

The PM IRRA spectra were baseline corrected by a Bessel function using the OPUS 

software version 5.5 (Bruker, Germany). A detailed procedure is described in Ref. [142]. 
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5 Electrochemical and spectroelectrochemical studies on 

electron transfer reactions of [(Cp2Ti)3HATN(Ph)6] 

 

The following chapter describes electrochemical and spectroelectrochemical 

characterization of the trinuclear 5,6,11,12,17,18- hexaazatrinaphthylene (HATNPh6)-

bridged titanium complex [(Cp2Ti)3HATN(Ph)6]. This complex and corresponding ligand 

were prepared by Pia Sander of the group of Prof. Dr. Rüdiger Beckhaus from the 

University of Oldenburg. The first part of collaborative work was published in Inorganic 

chemistry [31]. The electrochemical measurement of the complex and the spectroscopic 

measurement of chemically oxidized species in UV-vis and NIR region were carried out 

by the thesis author. The second paper is in preparation, for which the entire experimental 

work was performed by the thesis author. The thesis author also prepared the manuscript 

draft, which was checked by the co-authors. 

 

5. 1 Electrochemical studies of [(Cp2Ti)3HATN(Ph)6] 

 

Trinuclear titanocene(II) complexes include formally three titanocene(II) fragments with 

two d-electrons, i.e. they potentially contain six d-electrons. Piglosiewicz and co-authors 

could electrochemically achieve six oxidations and two reductions in the compound 

[(Cp2Ti)3HATN(Me)6] [19]. They have also measured the cyclic voltammogram of the 

ligand and found two reductions [19]. Because of its low solubility, further spectroscopic 

investigations for a deeper understanding of mixed-valent titanium complexes were not 

possible. In the [(Cp2Ti)3HATN(Ph)6] the methyl groups are replaced by phenyl groups. 

This increases the solubility of the complex, especially in toluene and THF. Using 

ferrocenium salts, Sander et al. [31] were able to oxidize [(Cp2Ti)3HATN(Ph)6] to the 3+ 

total charge, but chemical reduction of complex was not possible. 

 

As [(Cp2Ti)3HATN(Ph)6] is very sensitive to air and moisture all measurements 

were done in the glovebox. Although the neutral compound is not stable in air, its oxidized 

products are not sensitive to air and moisture. 
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The cyclic voltammetry and the differential pulse voltammetry of 

[(Cp2Ti)3HATN(Ph)6] were recorded in THF with 0.2 M Bu4NPF6 as supporting 

electrolyte. The differential pulse voltammetry was started at the OCP in positive 

directions in order to record the oxidations. The signals are shown in pink. Another scan 

was conducted in negative direction in order to record the reduction current (shown in 

blue). The potential range, in which the neutral complex was stable, is coloured in orange, 

the potential range of the negatively charged species are marked in blue and potential 

ranges in which the positively charged species are stable are marked in pink. The 

differential pulse voltammograms are overlaid with the cyclic voltammogram because 

they show a better resolution of the redox processes. Differential pulse voltammogram 

and cyclic voltammogram have separated ordinates in Fig. 25. 

 

The voltammogram of [(Cp2Ti)3HATN(Ph)6] shows multiple electron transfer 

reactions, three reduction waves and six oxidation waves. All steps are one electron 

processes (Fig. 25). The six oxidations correspond to the six valence electrons of the three 

Ti(II) centre. The half-wave potentials extracted from these voltammograms are shown 

in Tab. 4 and are compared to those of the [(Cp2Ti)3HATN(Me)6] [19]. The three 

reduction waves can be described as well-separated one-electron-reduction steps. In 

comparison to [(Cp2Ti)3HATN(Me)6] [19] one additional redox step is observed. The 

formal potential for the different redox processes of [(Cp2Ti)3HATN(Me)6] are more 

negative than their equivalents in [(Cp2Ti)3HATN(Ph)6] in 0→-1 and -1→-2 steps. A 

third reduction step is not so unusual in this field of HAT or HATN complexes [22]. Until 

the +3→+4 oxidation step, the oxidation waves are well separated, while the couples 

+4→+5 and +5→+6 overlap slightly. In analogy to the reduction steps, also the formal 

potentials have higher values when compared to those of [(Cp2Ti)3HATN(Me)6] [19]. 

Therefore, [(Cp2Ti)3HATN(Ph)6] is more stable than [(Cp2Ti)3HATN(Me)6]. Until today 

the nine reversible redox steps of [(Cp2Ti)3HATN(Ph)6] are unprecedented in literature. 
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Fig. 25: Cyclic voltammogram (black) and differential pulse voltammogram (pink, blue) of 0.3 mM 

[(Cp2Ti)3HATN(Ph)6] at an Au working electrode in 0.2 M Bu4NPF6 in THF. 

 

Tab. 4: Formal potentials (vs. Fc/Fc+) for electron transfer reactions of [(Cp2Ti)3HATN(Ph)6] from the data 

in Fig. 25. 

change of overall charge 
E°’/V 

Ti3-HATN(Ph)6 

E°’/V 

Ti3-HATN(Me)6 [19] 

-3/-2 -2.66  

-2/-1 -2.19 -2.21 

-1/0 -1.61 -1.74 

0/1 -1.08 -1.27 

1/2 -0.49 -0.54 

2/3 -0.12 -0.30 

3/4 +0.06 +0.11 

4/5 +0.24 +0.18 

5/6 +0.49 +0.40 

 

Cyclic voltammogram and differential pulse voltammogram of ligand alone are 

recorded in a mixture 50% THF and 50% MeCN due to the low solubility of the ligand 

with 0.2 M Bu4NPF6 as supporting electrolyte. The ligand shows two reduction steps at -

1.50 V and -1.66 V vs. Fc/Fc+. By comparison of the voltammetric data of the complex 

(Fig. 25) with the ligand HATN(Ph)6 (Fig. 26), the reductions 0→-1 and -1→-2 can be 

tentatively assigned to the reduction of the ligand. The reductions in 

[(Cp2Ti)3HATN(Ph)6] occurs at more negative potentials than in the isolated ligand 

HATN(Ph)6 because the complexation increases the electron density at the ligand and 
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makes further reductions more difficult. For the reduction -2→-3, the assignment is not 

certain from voltammetric data alone. 

 
Fig. 26: Cyclic voltammogram (black) and differential pulse voltammogram (blue) of 0.1 mM 

[HATN(Ph)6] at an Au disc working electrode in 0.2 M Bu4NPF6 in mixture of 50 vol-% THF and 50 

vol-% MeCN. 

 

5. 2 Spectroelectrochemical measurements 

 

The solution spectra of [(Cp2Ti)3HATN(Ph)6] (Fig. 27b) and its oxidation and reduction 

products [(Cp2Ti)3HATN(Ph)6]
3- (Fig. 32b), [(Cp2Ti)3HATN(Ph)6]

2- (Fig. 31b), 

[(Cp2Ti)3HATN(Ph)6]
1- (Fig. 30b), [(Cp2Ti)3HATN(Ph)6]

1+ (Fig. 28b) and 

[(Cp2Ti)3HATN(Ph)6]
2+ (Fig. 29b) show electronic transitions in the UV, vis and NIR 

spectral ranges. 

 

From the magnetic measurement of our collaboration partners and their 

conclusion based on the results from the magnetic measurement [31], there are two Ti(II) 

centers, one Ti(III) center and a single occupied molecular orbital (SOMO) of the ligand 

in the ground state of [(Cp2Ti)3HATN(Ph)6]. The SOMO is populated by a single electron 

transferred from one of the Ti centers to the HATN(Ph)6 ligand. This electronic structure 

allows several very characteristic electronic transitions. Spectra in UV-vis and NIR region 

are shown in Fig. 27b and the schematic representation of orbitals with the proposed 

transitions which is in correspondence with spectra is shown on the Fig. 27a. The 

assignment of the transitions for all states of charge was obtained by comparing spectra 
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and orbitals of the complex in the same charge state. For a confirmation of the assignment, 

theoretical calculations are necessary. In the ground state of the complex in the UV-vis 

part of the spectra one can see the π-π* transition from the HOMO to the LUMO orbital 

of the ligand at around 3.0 eV. In this region, there are also the π-πr transition from the 

HOMO to the SOMO orbital at around 1.9 eV, ligand to metal charge transfer (LMCT) 

from the HOMO orbital of the ligand to Ti(t) at around 2.3 eV, and the degenerated 

intervalence charge transfer (IVCT) from the Ti(II)(e) to the LUMO orbital of the ligand 

at around 2 eV. For the same oxidation state, the NIR region of the spectra shows the πr-

π* transition from the SOMO to the LUMO orbital at 1.1 eV, LMCT at 0.6 eV and 0.75 

eV and the IVCT from the Ti(II)(e) to the SOMO orbital of the ligand at around 0.9 eV 

which can be relaxed to the Ti(II)(e) or the Ti(III)(e) orbital. The signals at 0.50 eV, 0.68 

eV and 0.90 eV are overtones of molecular vibration of the solvent, which are not fully 

compensated. 

a) 

 

b) 

 
 Fig. 27: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible 

and NIR range for [(Cp2Ti)3HATN(Ph)6], b) the spectra from the spectroelectrochemical 

measurements of [(Cp2Ti)3HATN(Ph)6] in THF; UV/Vis in blue and NIR in red. 

 

In the first oxidation (change from overall charge 0 to +1), we assumed that an 

electron is removed from the SOMO orbital which becomes the new LUMO orbital 
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(denoted as LUMO’ in Fig. 28a). This charge state has two π-π* transitions from the 

HOMO to the LUMO’ and the LUMO orbital at around 2.5 eV and 2.9 eV (Fig. 28b). 

The NIR part of the spectra is characterized by two IVCTs from the Ti(II)(t) and Ti(III)(t) 

to the LUMO’ at 0.9 eV and 1.1 eV, and two IVCTs from the Ti(II)(t) and Ti(III)(t) to 

the LUMO at 1.05 eV and 1.25 eV. 

 

a) 

 
b) 

 
Fig. 28: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible and 

NIR range for [(Cp2Ti)3HATN(Ph)6]1+, b) the spectra from the spectroelectrochemical measurements of 

[(Cp2Ti)3HATN(Ph)6]1+ in THF; UV/Vis in blue and NIR in red. 

 

In the next oxidation step (overall charge +1 to +2), an electron is removed from 

one Ti(II)(t) orbital (Fig. 29a). All transitions which are assigned in this charge states are 

also assigned in previously discussed one (Fig. 28a). Transitions in Fig. 29b are slightly 

shifted to lower energies. The IVCT cannot be seen clearly as in the previous charge state 

(Fig. 29b), there is only a general rise in absorption in the NIR part of the spectra which 

indicates those transitions. 
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a) 

 
b) 

 
Fig. 29: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible and 

NIR range for [(Cp2Ti)3HATN(Ph)6]2+, b) the spectra from the spectroelectrochemical measurements of 

[(Cp2Ti)3HATN(Ph)6]2+ in THF; UV/Vis in blue and NIR in red. 

 

In the first reduction (overall charge 0 to -1), an electron is added to the Ti(III)(t) 

orbital and as a consequence in this charge state the complex is not a mixed valence 

system (Fig. 30a). Therefore, all the IVCT are metal-ligand charge transfers (MLCT). In 

the NIR part of the spectra, one can see the MLCT at 0.75 eV, the πr-π* at 1.1 eV. The 

LMCT from the SOMO orbital of ligand to the Ti(t)(II) orbital is not observed in the 

recorded wavelength range, but one can see the rise in absorption which indicates that 

there is a transition in the energy range below 0.5 eV (Fig. 30b). In the UV-vis range, one 

can see the π-π* transition at 2.8 eV, the π-πr at 1.7 eV and the LMCT from the HOMO 

orbital of the ligand to the Ti(t)(II) orbital at 2.4 eV. 
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a) 

 
b) 

 
Fig. 30: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible and 

NIR range for [(Cp2Ti)3HATN(Ph)6]1-, b) the spectra from the spectroelectrochemical measurements of 

[(Cp2Ti)3HATN(Ph)6]1- in THF; UV/Vis in blue and NIR in red. 

 

In the second reduction (overall charge state -1 to -2), an electron is transferred 

into the SOMO orbital of the ligand and this orbital becomes the new HOMO orbital 

(denoted as HOMO’ orbital in Fig. 31a). In this charge state, some transitions are lost 

(Fig. 31b). One can still see two π-π* transitions from the HOMO and the HOMO’ to the 

LUMO orbital at 2.6 eV and 0.8 eV as well as the MLCT from the Ti(e)(II) to the LUMO 

orbital at 1.7 eV. The LMCT from the HOMO to the Ti(t)(II) is at 2.2 eV. However, the 

LMCT from the HOMO’ to the Ti(t)(II) cannot be observed, yet there is a rise in 

absorption which indicate that there is the transition at energies below 0.5 eV. 
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a) 

 
b) 

 
Fig. 31: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible and 

NIR range for [(Cp2Ti)3HATN(Ph)6]2-, b) the spectra from the spectroelectrochemical measurements of 

[(Cp2Ti)3HATN(Ph)6]2- in THF; UV/Vis in blue and NIR in red. 

 

In the third reduction, an electron is accepted by one of the Ti centers (Fig. 32a). 

In this charge state there are two Ti(II) and one Ti(I). The accepted electron in orbitals of 

Ti(I) can be in low or high spin configuration. A magnetic measurement for this charge 

state of the complex was not performed and because of that the exact placement of the 

electron cannot be determined. In literature the magnetic moment for tris‐2,2′‐dipyridyl‐

vanadin(0) ([VDipy3]) [143] is known in which titanium is in Ti(I) state. This 

measurement suggests that the low spin configuration of [VDipy3] is preferable. From 

this literature data it can be tentatively concluded that for [(Cp2Ti)3HATN(Ph)6] the low 

spin state is also preferable. The assignment of transitions is similar to that of the -2 charge 

state. The only difference is the IVCT from the Ti(e)(II) to the LUMO orbital (Fig. 32b), 

which was in previous charge state MLCT because the complex again becomes the mixes 

valence system. 

 

Because of the complexity of [(Cp2Ti)3HATN(Ph)6] and the spectroscopic data 

for confirmation of transition assignment theoretical calculations are necessary. 

Calculations would provide relatively accurately insight into the electronic properties of 



 

61 

 

such systems. Orbital diagrams constructed from theoretical calculation data could 

confirm the accuracy of the orbital diagrams in Fig. 27a, Fig. 28a, Fig. 29a, Fig. 30a, Fig. 

31a and Fig. 32a that were constructed using experimental data of [(Cp2Ti)3HATN(Ph)6] 

and the orbital energy diagrams of similar compounds. 

a) 

 
b) 

 
Fig. 32: a) orbital energy diagram and transitions (in eV) observed in electronic spectra in the visible and 

NIR range for [(Cp2Ti)3HATN(Ph)6]3-, b) the spectra from the spectroelectrochemical, measurements of 

[(Cp2Ti)3HATN(Ph)6]3- in THF; UV/Vis in blue and NIR in red.  

 

In paper published with our collaboration partners [31], the Hush formula for IVCT in 

trinuclear systems [144] was used for the calculation of the coupling constant HTi(II)−Ti(III) 

for [(Cp2Ti)3HATN(Ph)6]. The value of HTi(II)−Ti(III) indicates delocalization between the 

metal centres but no full delocalization, which indicates that [(Cp2Ti)3HATN(Ph)6] is 

Robin−Day class II. 
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6 Electrochemical and spectroscopic characterization of 

DATs in the solution 

 

The following Chapter describes the electrochemical characterization of 

derivatives of 2,5-diaminoterephthalate (DAT). Derivatives of DATs were prepared by 

Dr. Leon Buschbeck and Dr. Lena Freimuth from the group of Prof. Dr. Jens Christoffers 

from the University of Oldenburg. Different derivatives of DATs were electrochemically 

investigated in dichloromethane (DCM) due to their low solubility in other solvents. The 

electrochemical data were corelated to electronic spectra. The publication from this data 

is in preparation where all experimental work and writing of the manuscript was 

performed by this thesis author.  

 

6. 1 Electrochemistry of DATs 

 

The DAT derivatives (Fig. 33) that are investigated in this Chapter have different 

substituents (marked in red in Fig. 33) that influence the electron density and modify the 

properties of the diamine/diimine group that is the redox-active group for this type of 

compounds. These molecules were used to uncover a systematic variation of the DAT 

electrochemical and spectroscopic properties with the variation of substituents. 

Compounds 2 and 7 were synthesized by Lena Freimuth [141], compounds 1, 3, 4, 5 and 

6 were prepared by Leon Buschbeck [140]. 
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Fig. 33: Structures of DAT derivatives investigated in this study (differences in N-substitutions that 

influence the electrochemical behaviour are marked in red; differences at the ester groups are marked in 

blue). 

 

Cyclic voltammetry was performed at the concentration of 0.3 mM of DAT 

derivatives in DCM solution with 0.1 M concentration of Bu4NClO4 as supporting 

electrolyte at glassy carbon (GC) working electrode. Formal potentials (E°’) extracted 

from voltammograms recorded at the scan rate 0.1 V s-1 (Fig. 34, Fig. 36, Fig. 38, Fig. 

40, Fig. 42, Fig. 44 and Fig. 45) are summarized in Tab. 5. The cyclic voltammograms of 

the DAT derivatives in all scan rates between 0.01 V s-1 and 1 V s-1 show different features 

of the cathodic and the anodic peaks that depend on the particular molecular structure 

(Fig. 35, Fig. 37, Fig. 39, Fig. 41, Fig. 43 and Fig. 46). From the recorded cyclic 

voltammograms, some voltammetric parameters including the peak potentials Epc and Epa, 

difference in peak potentials ΔEp, the formal potential E°’ and the ratio between the 

anodic and the cathodic current Ipa/Ipc for the entire set of compounds at different scan 

rates were evaluated (Tab. 6). As is obvious from the data in Tab. 6, both the redox 

potentials and the redox behaviour of the DAT molecule are strongly dependent on the 

nature of the substituting groups on the mother molecule. In most cases, the first peak is 

quasi-reversible while the second peak is quasi-reversible or irreversible. This is 
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concluded from the dependence of ΔEp on the scan rate as well as by the change of Ipa/Ipc 

with scan rate. The ratio of anodic to cathodic peak currents (Ipa/Ipc) is not constant in the 

most of the cases (Tab. 6). The formal potentials E°’ are independent of the scan rate. In 

addition, absorption and emission spectra of the compounds are shown in Fig. 47. 

 

Compound 1 has two unsubstituted aromatic amino groups as redox-active moiety 

(Fig. 33). In the potential range from -0.65 V to 0.45 V, there is one pair of oxidation and 

reduction peaks where a radical cation is formed and reduced to the initial compound in 

the negatively going scan (Fig. 34a). The value of the formal potential is 0.15 V. At slower 

scan rates, there is more time for the radical cation, created in oxidation peak, to enter in 

a chemical reaction. As a consequence, the reduction currents significantly decrease with 

lower scan rate (Fig. 35a). When the potential range is extended to 1.00 V vs. Fc/Fc+, a 

second oxidation peak appears at 0.82 V accompanied by a reduction peak at 0.43 V (Fig. 

34b). With appearance of the second oxidation peak, the reduction current of the first 

redox couple are reduced indicating the consumption of the oxidation product by an 

irreversible reaction. 

  

Fig. 34: Cyclic voltammetry of compound 1 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 

 

-0.6 -0.4 -0.2 0.0 0.2 0.4

-3

0

3

6

9 a)

I 
/ 


A

E / V vs. Fc/Fc+

-1.0 -0.5 0.0 0.5 1.0
-5

0

5

10

15

20
b)

I 
/ 


A

E / V vs. Fc/Fc+



 

65 

 

  

Fig. 35: Scan rate dependence for voltammetric signals for compound 1 (0.3 mM concentration) in DCM 

and 0.1 M Bu4NClO4 as supporting electrolyte, (a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1, (c) v = 0.2 Vs-1,  

(d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

In compound 2 the redox-active DAT is substituted by two methyl group. There 

is one oxidation peak (Epa = 0.11 V) in the potential range from -0.50 V to 0.30 V and the 

reduction peaks occurs at Epc = 0.03 V, the formal potential is at 0.07 V (Fig. 36a). Only 

one electron is transferred, i.e. a radical cation is formed and reduced to the initial 

compound in the negatively going scan. From the parameters in Tab. 6 it is obvious that 

this is a quasi-reversible reaction. When extending potential range to 1.00 V vs. Fc/Fc+, 

a second one-electron oxidation peak is observed at 0.69 V (Fig. 36b). At the lower scan 

rates, some side reaction occurs (additional reduction peak at 0.44 V, Fig. 37b), but at 

scan rate larger than 0.5 V s-1 this feature disappears. 

  

Fig. 36: Cyclic voltammetry of compound 2 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 

 

-0.6 -0.4 -0.2 0.0 0.2 0.4

-20

-10

0

10

20

30
a)

I 
/ 


A

E / V vs. Fc/Fc+

e

d

c
b

a

-0.5 0.0 0.5 1.0
-20

-10

0

10

20

30

40
b)

I 
/ 


A

E / V vs. Fc/Fc+

e

d

c
b

a

-0.4 -0.2 0.0 0.2

-4

-2

0

2

4

6

I 
/ 


A

E / V vs. Fc/Fc+

a)

-1.0 -0.5 0.0 0.5 1.0

-3

0

3

6

9
b)

I 
/ 


A

E / V vs. Fc/Fc+



 

66 

 

  

Fig. 37: Scan rate dependence for voltammetric signals for compound 2 (0.3 mM concentration) in 

DCM and 0.1 M Bu4NClO4 as supporting electrolyte(a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1,  

(c) v = 0.2 Vs-1, (d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

Compound 3 has trifluormethyl benzamide and 3-(aminopropyl)amino as 

substituents. This molecule shows two oxidation peaks (0.03 V and 0.18 V) and one 

reduction peak (0.11 V) in the potential range between -0.50 V and 0.40 V (Fig. 38a). 

When the potential range is extended to 1.10 V vs. Fc/Fc+, one more oxidation peak 

appears at 0.82 V and one narrow reduction peak at 0.63 V (Fig. 38b). At higher scan 

rates (Fig. 39b, v> 0.2 Vs-1), a second oxidation peak appears at 0.68 V and the narrow 

reduction peak becomes broader. 

  

Fig. 38: Cyclic voltammetry of compound 3 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 
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Fig. 39: Scan rate dependence for voltammetric signals for compound 3 (0.3 mM concentration) in 

DCM and 0.1 M Bu4NClO4 as supporting electrolyte, (a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1,  

(c) v = 0.2 Vs-1, (d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

Compound 4 has trifluormethyl benzamide and 3-

(allyloxycarbonylamino)propylamino as substituents. In the potential range from -0.65 V 

to 0.40 V, there is a quasi-reversible redox couple with the formal potential of 0.13 V vs. 

Fc/Fc+ couple (Fig. 40a). As here amine groups have protection, the radical cation is not 

chemically consumed at lower scan rates and the ratio Ipa/Ipc does not decrease with 

decreasing scan rate (Fig. 41a). When the potential range is expanded to 0.90 V, the 

molecule behaves very similar to compound 1 (Fig. 40b, Fig. 41b). All peaks of 

compound 4 are shifted by -0.02 V against the corresponding signals of compound 1. 

  

Fig. 40: Cyclic voltammetry of compound 4 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 
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Fig. 41: Scan rate dependence for voltammetric signals for compound 4 (0.3 mM concentration) in 

DCM and 0.1 M Bu4NClO4 as supporting electrolyte, (a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1,  

(c) v = 0.2 Vs-1, (d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

Compound 5 is with trifluormethyl benzamide and acetyl group as substituent 

groups. There is one irreversible peak at 0.64 V in the potential range from -1.15 V to 

0.76 V (Fig. 42a). When the range is extended to 1.05 V vs. Fc/Fc+, a second irreversible 

peak appears at 0.90 V, and one reduction peak appears at -0.54 V which disappears after 

one cycle in the potential range from -1.15 V to -0.15 V (Fig. 42b). Upon change the scan 

rate there is no significant change in features of cycle voltammogram (Fig. 43). 

  

Fig. 42: Cyclic voltammetry of compound 5 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 
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Fig. 43: Scan rate dependence for voltammetric signals for compound 5 (0.3 mM concentration) in 

DCM and 0.1 M Bu4NClO4 as supporting electrolyte, (a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1,  

(c) v = 0.2 Vs-1, (d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

Compound 6 is structurally related to compound 5. The trifluormethyl benzamide 

group is exchanged with the Boc group. This molecule has no oxidation or reduction 

peaks in the potential range from -1.00 V to 1.05 V. One can see a slight current increase 

at around 0.95 V (Fig. 44). This does not allow further conclusion as this potential range 

overlaps with the onset of solvent oxidation. 

 

 

Fig. 44: Cyclic voltammetry of compound 6 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 

 

Compound 7 has phenyl substituents directly attached to the amino groups of the 

DAT scaffold. Here, one quasi-reversible pair of peak appears with a formal potential of 

0.27 V in the potential range from -0.50 V to 0.50 V (Fig. 45a). When the range is 

extended to 1.00 V vs. Fc/Fc+, the second pair of peak appears at 0.69 V (Fig. 45b). The 

second peak is also quasi-reversible. With a change of scan rates there is no significant 

change in cyclic voltammograms (Fig. 46). 
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Fig. 45: Cyclic voltammetry of compound 7 (0.3 mM concentration) in DCM and 0.1 M Bu4NClO4 as 

supporting electrolyte, v = 0.1 Vs-1. 

 

  

Fig. 46: Scan rate dependence for voltammetric signals for compound 7 (0.3 mM concentration) in DCM 

and 0.1 M Bu4NClO4 as supporting electrolyte, (a) v = 0.01 Vs-1, (b) v = 0.1 Vs-1, (c) v = 0.2 Vs-1,  

(d) v = 0.5 Vs-1, (e) v = 1 Vs-1. 

 

Tab. 5: Formal potentials, wavelength of emission and absorption maximums and Stokes shifts for the 

different structures of the DAT molecules. 

Compound E°’1st_peak 

/V 

E°’2nd peak 

/V 

λem, max 

/nm 

λabs, max 

/nm 

λem, max-λabs, max 

/nm 

1 0.15 0.82 581 434 147 

2 0.07 0.69 598 478 120 

3 0.14 / 583 465 118 

4 0.13 0.77 587 467 118 

5 0.64 0.90 503 409 94 

6 / / 445 367 78 

7 0.27 0.69 589 475 114 
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Tab. 6: Electrochemical properties of the DAT derivatives. 

 v/(Vs-1) Epa/V Epc/V E°’/V ΔEp/V Ipa/Ipc 
1
(1

st
 p

ea
k
) 

0.01 0.19 0.08 0.14 0.11 1.74 

0.1 0.19 0.11 0.15 0.08 1.22 

0.2 0.20 0.11 0.15 0.09 1.02 

0.5 0.21 0.10 0.15 0.11 0.86 

1 0.22 0.09 0.15 0.13 0.77 

2
(1

st
 p

ea
k
) 

0.01 0.10 0.03 0.06 0.07 1.20 

0.1 0.11 0.03 0.07 0.08 1.02 

0.2 0.10 0.03 0.06 0.08 0.99 

0.5 0.12 0.02 0.07 0.10 0.94 

1 0.13 0.01 0.07 0.12 0.88 

2
(2

n
d
 p

ea
k
) 

0.01 0.76 0.63 0.70 0.13 1.47 

0.1 0.74 0.66 0.70 0.08 1.00 

0.2 0.74 0.64 0.69 0.09 0.89 

0.5 0.74 0.63 0.69 0.11 0.73 

1 0.75 0.62 0.69 0.13 0.64 

3
(1

st
 p

ea
k
) 

0.01 0.17 0.10 0.13 0.08 / 

0.1 0.18 0.11 0.14 0.06 / 

0.2 0.17 0.11 0.14 0.06 / 

0.5 0.19 0.10 0.15 0.09 / 

1 0.21 0.10 0.15 0.11 / 

4
(1

st
 p

ea
k
) 

0.01 0.16 0.09 0.12 0.08 1.28 

0.1 0.17 0.08 0.12 0.08 1.01 

0.2 0.17 0.08 0.13 0.09 0.94 

0.5 0.18 0.07 0.13 0.11 0.95 

1 0.20 0.07 0.13 0.12 0.84 

7
(1

st
 p

ea
k
) 

0.01 0.31 0.24 0.27 0.08 1.19 

0.1 0.31 0.24 0.27 0.08 0.94 

0.2 0.32 0.23 0.28 0.09 0.89 

0.5 0.33 0.22 0.28 0.11 0.81 

1 0.34 0.21 0.28 0.13 0.76 

7
(2

n
d
 p

ea
k
) 

0.01 0.75 0.64 0.70 0.11 1.09 

0.1 0.74 0.64 0.69 0.10 1.05 

0.2 0.74 0.657 0.69 0.11 0.92 

0.5 0.75 0.62 0.69 0.13 0.84 

1 0.76 0.61 0.69 0.15 0.68 
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6. 2 Fluorescence and UV-vis spectroscopy of DATs 

 

 

Fig. 47: Absorption (in purple) and emission spectra (in green) of 9 µM DAT derivatives in ethanol;  

a) compound 1, b) compound 2, c) compound 3, d) compound 4, e) compound 5, f) compound 6 and g) 

compound 7. 

 

Absorption and emission spectra are shown in Fig. 47. As these compounds have 

typical push−pull aromatic system, the absorption and emission wavelengths are sensitive 

to the nature of substituent group. The shifts in absorption and emission wavelengths and 

change in Stokes shifts are shown in Tab. 5. Compound 1 carries two NH2 groups and 

shows absorption and emission at 434 nm and 581 nm (Stokes shift of 147 nm). This 

compound has the largest Stokes shift from all seven investigated compounds. Compound 

2 has two electron-donating groups and the Stokes shift is lower (120 nm). Because of 

electron-donating groups absorption and emission wavelengths are red-shifted to 478 nm 

and 598 nm. Compounds 3 and 4 have similar electron-donating substituents so their 

Stokes shift is the same (118 nm) although their absorption and emission wavelengths 

differ a bit (for compound 3 465 nm and 583 nm, compound 4 467 nm and 587 nm). 

Compound 5 has one electron donating and one electron-accepting group, the Stokes shift 

is significantly lower (94 nm). Absorption and emission wavelengths are blue-shifted to 

409 nm and 503 nm. Compound 6 has two electron-accepting groups, absorption and 

emission are even more blue-shifted than in compound 5 to 367 nm and 445 nm (Stokes 

shift 87 nm). Compound 7 has again two electron-donating groups and absorption and 
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emission are in the same range as for compounds 3 and 4 at 475 nm and 589 nm. Stokes 

shift is 114 nm, which is probably due to the influence of the side groups attached to ring. 

 

Fig. 48 shows a plot of the wavelength of emission maximum for compounds 1, 

2, 3, 4, 5 and 7 versus the formal potential of the first oxidation. Except for compound 7, 

the DAT derivatives exhibit a quite strict correlation between those quantities despite the 

fact that the electrochemical data had to be obtained in DCM for solubility reasons and 

the emission spectra were recorded in ethanol. Compound 7 is an exception because its 

phenyl substituent is directly attached to aromatic amine while all other aromatic 

substituents are separated by an aliphatic methylene group from the aromatic amine. The 

phenyl group in compound 7 stabilizes the nonbonding orbital of nitrogen. Because of 

this, the formal potential of compound 7 is significantly higher than those of others. 

Emission wavelength are not so strongly different. From this data one can conclude that 

by measuring fluorescence one can predict potentials of the first oxidation. However, all 

compounds that are plotted in Fig. 48 have at least one amine group. As one can see from 

the structure, compound 6 has two amide groups, which are weaker donors (compared to 

amines). Therefore, the electronic delocalization is weakened causing a hypsochromic 

effect (Fig. 47). Because of this, the formal potential of the first oxidation for compound 

6 cannot be determined in Fig. 48. 

 

 

Fig. 48 Correlation between the formal potential and the wavelength of the emission maximum for 

compound 1, 2, 3, 4, 5 and 7. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

480

510

540

570

600

630

660

5

7
1

3
4


e
m

,m
a

x
 / 

n
m

E°' / V vs. Fc/Fc+

2



 

74 

 

The correlation between the wavelength of absorption maximum and the redox 

potentials of first oxidation for compound 1, 2, 3, 4, 5 and 7 is shown in Fig. 49. Compared 

to the correlation in Fig. 48, there are two exceptions, compound 1 and 7. Compound 7 

has been discussed as exception already in connection to Fig. 48. As compound 1 is 

carrying two NH2 groups, the Stokes shift has a significantly larger value compared to 

the other compounds (with substituent groups). As a consequence, the wavelength of the 

absorption maximum of compound 1 is significantly blue-shifted compared to all other 

investigated compounds. 

 

Fig. 49 Correlation between the formal potential and the wavelength of the absorption maximum for 

compound 1, 2, 3, 4, 5 and 7. 
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7 Self-assembled monolayers of DATs on electrode surface 

The following Chapter describes assembly of derivatives of 2,5-diaminoterephthalates on 

gold surfaces as SAMs, their electrochemical and spectroscopic characterization and 

electrochemical activation for binding. Derivatives of DATs that were assembled on 

surface were prepared by Dr. Leon Buschbeck from the group of Prof. Dr. Jens 

Christoffers from the University of Oldenburg.  

 

7. 1 Electrochemical activation of SAMs 

 

Derivatives of the DATs described in the previous Chapter were functionalized with 

lipoic acid in order to be assembled on the gold surfaces by self-assembly. Firstly 

compound 8 and 9 (structure in Fig. 50) were adsorbed from 0.1 mM solution in ethanol 

for two days and then surfaces were backfilled with 1-decanthiol and 1-hexanethiol 

(because of different chain length of compound 8 and 9), from 0.1 mM solution also in 

ethanol for one day. The backfilling method was used to fill potential defects in the 

monolayers. As derivatives of DATs can be described as bulky molecules, monolayers 

composed from these molecules only can have defects like pinholes. The smaller 

molecules (1-decanthiol and 1-hexanethiol) were used to fill pinholes on the surfaces and 

help that molecular monolayer is closely packed and well ordered. 

 

 

Fig. 50: Structure of compound 8 (up) and compound 9 (down). 

 

Fig. 51 shows the cyclic voltammogram of backfilled surfaces of compound 8 in 

0.1 M perchloric acid as electrolyte. In the potential range from -0.35 V to 1.20 V in the 
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first cycle (green line in Fig. 51) one can see that these layers have no redox activity until 

1.04 V vs. SHE, where a large irreversible oxidation peak appears (marked IIIa in Fig. 

51). In the second potential cycle the current has significant decreased and is absent in 

the third cycle totally. This peak is typical peak for electrochemical reaction of 

immobilized redox systems (described in Chapter 3.2). Here molecules of compound 8 

are electrochemically oxidized which is followed by nucleophilic attack by H2O. The 

proposed reaction mechanism is shown on Scheme 1. After electrochemical activation a 

reversible peak appears with a formal potential of 0.66 V in second cycle (blue line). Ia 

marks the anodic peak and Ic marks the cathodic one in Fig. 51. An irreversible peak also 

appears at 0.87 V (IIa in Fig. 51), which is quite surprising. In the third cycle (red line) 

the behaviour of those two peaks changes differently, the current for reversible system 

increases (Ia and Ic), while the current for the irreversible system decrease (IIa), which 

disappears in further cycles. After the third cycle, the behaviour of the reversible peak (Ia 

and Ic) at 0.66 V is stable, which can be seen from cyclic voltammogram in Fig. 52 in the 

potential range from 0.45 V to 0.85 V  

 

 

Fig. 51: Cyclic voltammogram of SAMs composed of compound 8 and 1-decanethiol on gold substrate 

in 0.1 M HClO4
 in range from 0.45 V to1.15 V, v=0.05 Vs-1. 
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Fig. 52: Cyclic voltammogram of SAMs composed of compound 8 and 1-decanethiol on gold substrate 

in 0.1 M HClO4 after electrochemical activation of SAMs in range from 0.45 V to 0.85 V, v = 0.05 Vs-1. 

 

 

Scheme 1: The reaction mechanism of the electrochemical activation of the compound 8. 

 

The area under activation peak at 1.04 V (IIIa in Fig. 51) and the area under the 

reversible peak (Ia in Fig. 52) were integrated in order to determine the charge, Q. The 

number of electrons transferred in the electrochemical reaction, n, was estimated to be 2 

using equation (17). The interfacial concentration of species that is activated and redox-

active was calculated with equation (16): 
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𝛤 =  
𝑄

𝑛𝐹𝐴
=

9.65 x 10−6C

2 · 28.26mm2 ·  96485.32Cmol−1
= 1.77 x 10−12

mol

mm2
 

𝛤 = 1.77 x 10−10
mol

cm2
 

(29) 

 

𝛤 =  
𝑄

𝑛𝐹𝐴
=

9.20 x 10−8C

2 · 28.26mm2 · 96485.32Cmol−1
= 1.69 x 10−13

mol

mm2
 

𝛤 = 1.69 x 10−11
mol

cm2
 

(30) 

 

The interfacial concentration Γ of species that are activated (IIIa, Fig. 51) is 

calculated in equation (29) and the ones that are redox-active (Ia, Fig. 52) in equation (30). 

Literature value of interfacial concentration of SAMs with lipoic acid is 7.1 10-10 mol cm-

2 [145] which is in good agreement with interfacial concentration calculated from 

electrochemical activation in equation (29). By comparing the interfacial concentrations 

in eq. (29) and (30), it was determined that only 10% of molecules that are activated form 

the reversible redox couple in Fig. 52. 

 

Laviron’s theory (plot of Ep versus log v in Fig. 53) was used for determining kET 

as described in Chapter 3.2.1. The average value of electron transfer coefficient, α is 

estimated to be 0.36. Under these conditions the average kinetic parameter kET was 

obtained as 16.17 s−1 when calculated from the cathodic potentials and 35.14 s−1 when 

calculated from the anodic potentials. 
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Fig. 53: Plot of peak potential (Ep) of peak Ia and Ic vs ln(v) for electron transfer in cyclic voltammogram 

in Fig. 52. 

 

Because the results of electrochemical activation in perchloric acid are quite 

interesting and unexpected, we wanted to see whether the monolayers show a similar 

behaviour in other solvents. Electrochemical activation was also tried in sulphuric acid. 

Cyclic voltammogram in Fig. 54 shows the behaviour of the backfilled surfaces of 

compound 8 in 0.1 M sulphuric acid. An irreversible oxidation peak at 1.1 V can be 

observed in the potential range from -0.35 V to 1.15 V vs. SHE (marked IIa in Fig. 54) in 

the first cycle of backfilled SAMs of compound 8 in 0.1 M sulphuric acid. The position 

of this peak is shifted by 0.06 V compared to electrochemical activation in perchloric 

acid. However, no significant peaks can be seen in cyclic voltammogram after activation. 

This means that activation of this self-assembled system with the appearance of a 

reversible redox couple is exclusive for perchloric acid. 
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Fig. 54: Cyclic voltammogram of SAMs composed of compound 8 and 1-decanethiol on gold substrate 

in 0.1 M H2SO4
 in range from 0.45 V to1.15 V, v=0.05 Vs-1. 

 

Electrochemical activation was also tried for compound 9 which has a shorter 

chain. In Fig. 55 is shown a cyclic voltammogram of this system in perchloric acid. As 

compound 9 has two electron-withdrawing groups connected to the ring (urethane and 

amide) it was not possible to activate this SAM in the potential window in which SAMs 

are stable on gold in perchloric acid. The current increase at 1.4 V in Fig. 55 is probably 

due to oxidation of the gold [146]. 

 

Fig. 55: Cyclic voltammogram of SAMs composed of compound 9 and 1-hexanethiol on gold substrate 

in 0.1 M HClO4 in range from 0.45 V to1.50 V, v = 0.05 Vs-1. 
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As the behaviour of SAMs that contain compound 8 and 1-decanethiol in 

perchloric acid is quite unusual, further spectroscopic characterization of this surfaces 

were initiated. 

 

7. 2 Surface spectroscopic characterization 

 

After preparation, surfaces were characterized with XPS and PM IRRAS. The basics of 

both techniques are summarised in Chapter 3.3 and Chapter 3.4, respectively. 

 

XPS was used for determination of the chemical information from the molecular 

monolayers. The peak-fit analysis was performed by using the sum of Gaussian and 

Lorentzian contributions and smart background from Avantage software. The 

convolution combination of Gaussian and Lorentzian contributions may give an improved 

peak fit in some cases, but it involves more calculations and is slightly slower. In this case 

it was not necessary. In Fig. 56 are shown the results of the peak fit analysis obtained for 

the C 1s, O 1s, N 1s and S 2p spectrum of a molecular monolayer composed of compound 

8 and 1-decanthiol. The assignment of the peaks and binding energies is summarized in 

Tab. 7. The C 1s spectrum is composed of two main peaks, one at 284.6 eV (marked 1) 

and one at 285.4 eV (marked 2). The first peak at 284.6 eV (marked 1) corresponds to the 

carbon atoms of the alkyl chains, the aromatic ring and the carbon bound to the sulphur 

atoms. In contrast the peak at 285.4 eV (marked 2) corresponds to the carbon atoms with 

a higher binding energy due to the bond to one more electronegative atom (C−O and 

C−N) [147]. This higher binding energy comes from the higher electronegativity of the 

oxygen and nitrogen atom compared to sulphur, carbon and hydrogen atoms. Fig. 56, also 

shows the presence of four small peaks lying at binding energies of 286.8 eV (marked 3), 

287.9 eV (marked 4), 289.1 eV (marked 5) and 290.7 eV (marked 6). The first of those 

peaks (marked 3) corresponds to carbon in amide and ester group which have two 

electronegative atoms bound to carbon (O=C−O and O=C−N) which shifts binding 

energies to even higher values. The peak at 287.9 eV (marked 4) corresponds to carbon 

bound to three electronegative atoms in the urethane group. The peaks at 289.1 eV 

(marked 5) is attributed to contamination of the sample during preparation of compound 

or contamination of the surfaces during handling in the laboratory. Multi-electron 
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excitation, i.e. to shake-up is assigned to peak at 290.7 eV [148] (marked 6). Because of 

the contamination, the C 1s peak will not be discussed further in the thesis. The O 1s 

spectrum of surfaces with compound 8 is composed of two main peaks at 531.7 eV 

(marked 1) and 533.3 eV (marked 2). These peaks are attributed to the oxygen atoms 

involved in the O=C and O−C bonds, respectively [149]. Moreover, binding energy of 

533.00 - 533.50 eV corresponds to binding energy of oxygen in adsorbed water molecules 

at surface [150]. This means peak at 533.3 eV (marked 2) which corresponds to oxygen 

in O−C group, can also be attributed to adsorbed water. As there is high probability of 

adsorbed water molecules on these surfaces, the oxygen peak cannot be taken for further 

evaluation of the surfaces. Although, S 2p spectra was recorded first there is still radiation 

damage doublet at 163.3 eV [151]. The main doublet is at 161.8 eV corresponds to 

sulphur gold bond [127]. There is only one N 1s component at 399.6 eV which 

corresponds to all nitrogen atoms in SAMs [152]. Atomic ratios of the SAM surface 

normalized to sulphur are C: O: N: S = 16.5: 4.2: 1.7: 1. The ratios of the same elements 

in the molecule are C: O: N: S = 14: 3.5: 1.5: 1, which is in good agreement with the ratio 

on the surface. The higher amount of carbon on the surface can be explained by the 

presence of diluent and contamination on the surface. Also, the higher content of oxygen 

can be explained by adsorbed water molecules on the surface. The amount of the diluent 

on the surface is insignificant. This is proved by the fact that the ratio of nitrogen 

compared to sulphur is almost identical in the compound and on the surface. 
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Fig. 56: XP spectra of SAMs with 1-decanethiol and compound 8 on gold substrate in the C 1s, N 1s, 

O 1s and S 2p region. The experimental data points are plotted as dots, the envelope as a dark grey line, 

single components as red, blue, orange, green, purple and pink lines and the background a light grey 

line.  
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Tab. 7 Assignment of fitted XPS spectra from Fig. 56 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.8 1.00 [127] 

S 2p1/2 R-S-Au 162.9 1.00 [127]  

S 2p3/2 radiation damage 163.3 1.00 [151] 

S 2p1/2 radiation damage 164.4 1.00 [151] 

C 1s C-C, C-S 284.6 1.21 [147] 

C 1s C-N, C-O 285.4 1.27 [147] 

C 1s ester and amide 286.8 1.53 [147] 

C 1s urethane 287. 9 1.21 [147] 

C 1s contamination 289.1 1.53 / 

C 1s shake-up 290.7 2.62 [148] 

O 1s O=C 531.7 1.53 [149] 

O 1s O-C, H2O 533.3 1.53 [149] 

N 1s R-N-H 399.6 1.63 [152] 

  

The infrared-reflectance spectra in the region (1800 cm-1 to 900 cm-1) of the 

SAMs which contain compound 8 is shown in Fig. 57. The peak assignment is shown in 

Tab. 8, which was done according to literature [153, 154]. The first two bands at 

1727 cm-1 and 1688 cm-1 are the most interesting for these SAMs. They originate from 

C=O stretching modes. The mode at 1727 cm-1 (marked 1 in Fig. 57) comes from C=O 

stretching modes in ester groups and the one at 1688 cm-1 (marked 2) corresponds to 

stretching modes of the urethane and the amide group in compound 8. In plane CC 

stretching vibrations from the ring are located at 1544 cm-1 (marked 3), 1421 cm-1 

(marked 4) and 1393 cm-1 (marked 5). The band at 1368 cm-1 (marked 6) correspond to 

CH3 bending modes and C-O stretching modes in urethane group. The signal at 1266 cm-1 

(marked 7) is assigned to overlapping C-N stretching modes, C-O asymmetric stretching 

modes CC ring stretching modes and CH2 twisting modes. Also, C-N stretching modes 

are located at 1243 cm-1 (marked 9) which overlap with C-C stretching modes. C-O 

asymmetric stretching modes are located at 1224 cm-1 and overlap with CC ring 

stretching mode. Vibration at 1175 cm-1 (marked 10) with shoulder at 1158 cm-1 

corresponds to out of plane CC ring stretching modes. Two bands at 1130 cm-1 (marked 
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11) and 1109 cm-1 (marked 12) are C-O symmetric stretching modes in the Boc group 

and ester groups. Due to the overlap of bands in this region and the complicated structure 

of compound 8, this assignment is tentative. 

 
Fig. 57: PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate in region 

from 1800 cm-1 to 900 cm-1.  
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Tab. 8: Assignment of bands from Fig. 57 

Number Wavenumber / cm-1 Assignment Reference 

1 1727 (C=O) stretch ester [153, 154] 

2 1688 (C=O) stretch amide and urethane [153, 154] 

3 1544 in plane (CC) ring stretch [153, 154] 

4 1421 in plane (CC) ring stretch [153, 154] 

5 1393 in plane (CC) ring stretch [153, 154] 

6 1368 (CH3) bending + (C-O) stretch 

urethane 

[153, 154] 

7 1266 (C-N) stretch+ (C-O) asym 

stretch+ (CC) ring stretch + (CH2) 

twisting 

[153, 154] 

8 1243 (C-N) stretch + (C-C) stretch [153, 154] 

9 1224 (C-O) asym stretch + (CC) ring 

stretch 

[153, 154] 

10 1175 + 1158 (sh.) out of plane (CC) ring stretch [153, 154] 

11 1130 (C-O) sym stretch [153, 154] 

12 1109 (C-O) sym stretch [153, 154] 

 

The C–H stretching region of the same surface is shown in Fig. 58 with the peak 

assignments shown in Tab. 9. The degree of crystallinity and packing density of 

molecules in the SAM can be interpreted through PM IRRAS spectra in this region [155, 

156]. The CH3 stretching modes from 1-decane thiol (marked 3) can be distinguished 

from the CH3 stretching modes in Boc group (marked 2). The asymmetric stretching 

modes at 2983 cm-1 originate from the Boc group in compound 8 and the mode at 

2972 cm-1 are from 1-decanthiol. Asymmetric CH2 vibrations are at 2927 cm-1 (marked 

4) and symmetric ones at 2854 cm-1 (marked 6). This value is the indication of a less 

crystalline, more liquid-like packing of the SAM [157, 158]. Well-packed crystalline 

SAMs have an asymmetric CH2 stretching band located at around 2919 cm-1 [159]. 

Symmetric CH3 stretching mode in Boc group is usually very week and cannot be 
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assigned due to overlap with CH2 asymmetric stretching modes and CH3 symmetric 

stretching modes [160, 161]. 

 

 

Fig. 58 PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate in region 

from 3150 cm-1 to 2700 cm-1. 

 

Tab. 9 Assignment of bands from Fig. 58 

Number Wavenumber / cm-1 Assignment Reference 

1 3010 (CH)ar. stretch [162] 

2 2983 (CH3)Boc asym stretch [163] 

3 2972 (CH3) asym stretch [155] 

4 2927 (CH2) asym stretch [155] 

5 2876 (CH3) sym stretch [155] 

6 2854 (CH2) sym stretch [155] 

 

After characterization of freshly prepared SAMs, spectroscopic measurements 

were performed for SAMs that were only immersed in perchloric acid for 15 min without 

any kind of electrochemical treatment. Spectroscopic characterization of this surface was 

done in order to determine whether exposure to perchloric acid without applied potential 

modified the structure of molecules on the surface. XP spectra of N 1s and S 2p are shown 

in Fig. 59 with assignment of fitted peaks in Tab. 10. In these spectra one can see no 
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change compared to spectra of unmodified surfaces (Fig. 56). Ratio of nitrogen compared 

to sulphur, also did not change and is: N: S = 1.7: 1. 

  

Fig. 59: XP spectra of SAMs with 1-decanethiol and compound 8 on gold substrate in the N 1s and 

S 2p region after imersion in 0.1 M HClO4 for 15 min. The experimental data points are plotted as dots, 

the envelope as a dark grey line, single components as red and blue lines and the background a light 

grey line.  

 

Tab. 10 Assignment of fitted XPS spectra from Fig. 59 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.70 1.00 [127] 

S 2p1/2 R-S-Au 162.84 1.00 [127] 

S 2p3/2 radiation damage 163.30 1.00 [151] 

S 2p1/2 radiation damage 164.45 1.00 [151] 

N 1s R-N-H 399.60 1.62 [152] 

 

PM IRRAS spectra of samples that were only immersion in perchloric acid for 15 

min are shown in Fig. 60 (1800 – 900 cm-1 region) and in Fig. 61 (CH stretching region) 

with assignment in Tab. 11 and Tab. 12, respectively. Compared to the spectra in Fig. 57 

and Fig. 58 one cannot see any significant change. 
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Fig. 60: PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate after 

immersion in perchloric acid in region from 1800 cm-1 to 900 cm-1. 

 

Tab. 11: Assignment of spectra from Fig. 60 

Number Wavenumber / cm-1 Assignment Reference 

1 1727 (C=O) stretch ester [153, 154] 

2 1689 (C=O) stretch amide and urethane [153, 154] 

3 1546 in plane (CC) ring stretch [153, 154] 

4 1423 in plane (CC) ring stretch [153, 154] 

5 1393 in plane (CC) ring stretch [153, 154] 

6 1369 (CH3) bending + (C-O) stretch 

urethane 

[153, 154] 

7 1268 (C-N) stretch+ (C-O) asym 

stretch+ (CC) ring stretch + (CH2) 

twisting 

[153, 154] 

8 1244 (C-N) stretch + (C-C) stretch [153, 154] 

9 1225 (C-O) asym stretch + (CC) ring 

stretch 

[153, 154] 

10 1176 + 1161 (sh.) out of plane (CC) ring stretch [153, 154] 

11 1132 (C-O) sym stretch [153, 154] 

12 1110 (C-O) sym stretch [153, 154] 
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Fig. 61: PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate after 

immersion in region from 3150 cm-1 to 2700 cm-1. 

 

Tab. 12: Assignment of bands from Fig. 61 

Number Wavenumber / cm-1 Assignment Reference 

1 3090 (CH)ar. stretch [162] 

2 2982 (CH3)Boc asym stretch [163] 

3 2973 (CH3) asym stretch [155] 

4 2928 (CH2) asym stretch [155] 

5 2878 (CH3) sym stretch [155] 

6 2854 (CH2) sym stretch [155] 

 

Until this point one can conclude that freshly prepared SAMs that were 

characterized with XPS and PM IRRAS are composed mostly of compound 8. The 

amount of diluent on the surface is insignificant. These layers are not densely packed. 

They have a more liquid like structure. Further evaluation, that was done on the surfaces 

only immersed in perchloric acid without any potential applied shows that neither the 

structure of the molecules on the surface nor the packing of the SAMs did change.  

 

XPS measurements were also performed to investigate electrochemical and 

chemical conversion on surfaces during electrochemical activation. N 1s and S 2p spectra 
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of surfaces after activation are shown in Fig. 62 and the assignment of the signal 

components can be found in Tab 13. S 2p spectra did not change, one can still see the 

S 2p3/2 signal at 161.7 eV and S 2p1/2 at 162.8 eV which correspond to sulphur bound to 

gold. This data show that the molecules were still bound to the gold surface after 

electrochemical activation. The doublet at S 2p3/2 at 163.3 eV and S 2p1/2 at 164.4 eV is 

caused by radiation damage as discussed in Chapter 3.3.5. Neither the binding energy of 

the N 1s peak (399.6 eV), nor the intensity changed. From this, one can conclude that all 

nitrogen atoms remained in the adsorbed layer on the surface. The ratio between nitrogen 

and sulphur did not change. ( N: S = 1.5: 1) 

 

  

Fig. 62: XP spectra of SAMs with 1-decanethiol and compound 8 on gold substrate in the N 1s and S 

2p region after electrochemical activation in 0.1 M HClO4. The experimental data points are plotted as 

dots, the envelope as a dark grey line, single components as red and blue lines and the background a 

light grey line. 

 

Tab 13: Assignment of XPS peaks form Fig. 62 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.7 1.00 [127] 

S 2p1/2 R-S-Au 162.8 1.00 [127] 

S 2p3/2 radiation damage 163.3 1.00 [151] 

S 2p1/2 radiation damage 164.4 1.00 [151] 

N 1s R-N-H 399.6 1.70 [152] 

 

The PM IRRAS spectra that are recorded after the electrochemical activation are 

shown in Fig. 63 and Fig. 64 and bands are assigned in Tab. 14 and Tab 15, respectively. 
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In the region 1800 – 900 cm-1 (Fig. 63), the intensities of all bands are significantly 

decreased compared to the spectra in Fig. 57. One can still see the C=O stretching modes 

at 1729 cm-1 (in ester group) which has an almost constant intensity and one at 1689 cm-

1 (in amide and urethane group) that significantly decreased. In the CH region (Fig. 64), 

the CH3 asymmetric stretching modes of the Boc group decreased in intensity, while the 

other bands did not change their intensities. Spectroscopic data after electrochemical 

activation support the reaction mechanism described in Scheme 1. The decrease in 

intensity of most of the bands in the 1800 - 900 cm-1 region can indicate that molecules 

after electrochemical activation could react with their neighbouring molecules and 

polymerize on the surface. This claim also supports the fact that the end product in 

Scheme 1 is in the oxidized form and as there is no reduction peak corresponding to the 

electrochemical activation peak (IIIa in Fig. 51), this reactive oxidized product of the 

electrochemical activation is likely to cause polymerization on the surface. From the 

spectroscopic data it was not possible to explain the formation of the reversible redox 

couple (Ia and Ic in Fig. 52). Tentatively, it can be concluded that a small fraction of the 

molecules on the surface remains unpolymerized after the electrochemical activation and 

can perform the reversible electrochemical reaction. 

 

Fig. 63: PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate after 

electrochemical activation in HClO4 in region from 1800 cm-1 to 900 cm-1. 
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Tab. 14: Assignment of bands from Fig. 63 

Number Wavenumber / cm-1 Assignment Reference 

1 1729 (C=O) stretch ester [153, 154] 

2 1689 (C=O) stretch amide and 

urethane 

[153, 154] 

 

 

Fig. 64: PM IRRAS spectra of SAMs with compound 8 and 1-decanethiol on gold substrate after 

electrochemical activation in HClO4 in region from 3150 cm-1 to 2700 cm-1. 

 

Tab 15: Assignment of bands from Fig. 64 

Number Wavenumber / cm-1 Assignment Reference 

1 3009 (CH)ar. stretch [162] 

2 2985 (CH3)Boc asym stretch [163] 

3 2963 (CH3) asym stretch [155] 

4 2929 (CH2) asym stretch [155] 

5 2878 (CH3) sym stretch [155] 

6 2855 (CH2) sym stretch [155] 
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7. 3 Electrochemical characterization of DAT derivatives with a 

fluorinated protecting group 

 

The structure of compound 8 and 9 (described in Chapter 7.1) was modified and instead 

of the Boc group compounds 10 and 11 have trifluoromethylated benzamine as a potential 

leaving group. Such a surface reaction can be detected more elegantly with XPS (structure 

in Fig. 65). SAMs were prepared in the same way as in the previous Chapter. 

  

 

Fig. 65: Structure of compound 10 (up) and 11 (down). 

 

Cyclic voltammograms of compound 10 and 11 are shown in Fig. 66. Compound 

10 shows an activation peak at 1.1 V (marked IIa in Fig. 66) but no redox-active reversible 

couple is formed after electrochemical activation. While compound 11 shows in the first 

cycle (green line) two irreversible oxidation peaks at 0.78 V (marked IVa in Fig. 66) and 

0.98 V (marked Va), both peaks are not present in the second cycle. In the second cycle 

(blue line) a reversible peak appears (anodic and cathodic peak marked as IIIa and IIIc) at 

0.64 V, which did not change in the third cycle (red line) and remained stable since (Fig. 

67). As this compound does not have typical urethane group where nucleophilic 

substitution of H2O is likely to happen, the mechanism of activation of the surfaces with 

compound 11 is not the same as for surfaces with compound 8 and is proposed in Scheme 

2. The reaction product is the oxidized form of compound 10 and there is no reduction 

peak that corresponds to the activation peak in cyclic voltammogram. As the final product 
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in Scheme 2 is in the oxidized form and taking into account the conclusions in the 

previous Chapter, it can be concluded that the molecules react with the neighbouring 

molecules and polymerize on the surface after electrochemical activation. A small 

fraction of the molecules remains unpolymerized and can perform reversible 

electrochemical reaction similar to mechanism described in the previous Chapter. It 

remains unclear why there are two oxidation peaks in the electrochemical activation 

reaction of surfaces with compound 11 and further spectroscopic analysis of the system 

were performed to clarify this. 

 

 

 

Fig. 66: Cyclic voltammogram of SAMs composed of compound 10 and 1-hexanethiol (up) and of 

compound 11 and 1-decanethiol (down) on gold substrate in 0.1 M HClO4
 in range from 0.45 V to1.15 

V v=0.1 Vs-1. 
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Fig. 67: Cyclic voltammogram of SAMs composed of compound 11 and 1-decanethiol on gold substrate 

in 0.1 M HClO4 after electrochemical activation of SAMs in range from 0.45 V to 0.85 V, v=0.1 Vs-1. 

 

The area under the activation peaks (marked IVa and Va in Fig. 66, down) and the 

peak marked IIIa in Fig. 67 was integrated and the charge, Q, was calculated. Afterwards 

the interfacial concentration Γ of species that are activated and redox-active were 

calculated with equation (16). The number of electrons transferred in the electrochemical 

reaction, n, was estimated to be 2 using the equation (17). 

𝛤 =  
𝑄
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mol

mm2
 

𝛤 = 1.42 x 10−10
mol

cm2
 

(31) 

 

𝛤 =  
𝑄

𝑛𝐹𝐴
=

4.91 10−9C

2 · 37.05mm2 · 96485.32Cmol−1
= 0.69 x 10−14

mol

mm2
 

𝛤 = 0.69 x 10−12
mol

cm2
 

(32) 

 

The calculation for the interfacial concentration of the activated species is 

specified in the equation (31) and for the formed reversible redox couple in the equation 

(32). The interfacial concentration of molecules that were activated electrochemically at 

surfaces prepared with compound 11 has similar values as the one prepared from 

compound 8. By comparing values of calculated interfacial concentration, it was 
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determined that only 5 % of molecules that are activated contribute to the reversible peak 

(marked IIIa and IIIc in Fig. 67). This number is lower for the half compared to ratio 

calculated from equations (29) and (30) in Chapter 7.1. 

 

 

Scheme 2: Mechanism of the electrochemical activation reaction for the compound 10 and 11. 
 

The heterogenous standard rate constant k°ET as determined from Laviron’s theory 

has a value of 14.60 s−1 when calculated from the cathodic peak potentials and 39.21 s−1 

when calculated from the anodic peak potentials. The average value of electron transfer 

coefficient, α is 0.32. These values are in good agreement with values for k°ET for 

structurally similar compounds determined in Chapter 7.1. 

 



 

98 

 

 

Fig. 68: Plot of peak potential (Ep) of peak IIIa and IIIc vs log(v) for electron transfer in cyclic 

voltammogram in Fig. 67. 

 

7. 4 Spectroscopic characterization of surfaces 

 

The XP spectra of a molecular monolayer of compound 11 and 1-decanthiol were 

recorded before any kind of modification of the surfaces. Fig. 69 shows the results of the 

peak fit analysis obtained for the C 1s, O 1s, N 1s, F 1s and S 2p spectra. The assignment 

of the peaks and binding energies are summarized in Tab. 16. The two main peaks in the 

C 1s spectrum at 284.7 eV (marked 1) and at 285.7 eV (marked 2) have the same 

assignment as for the surfaces described in previous Chapter. The C 1s spectra contain 

four smaller peaks lying at binding energies of 287.1 eV (marked 3), 288.8 eV (marked 

4), 290.1 (marked 5) and 292.9 eV (marked 6). The first three peaks have the same 

assignment as ones in Chapter 7.2. The one at 292.9 eV (marked 6) corresponds to carbon 

bound to fluorine. Because of the high electronegativity of fluorine, the binding energies 

are shifted to high values. The O 1s spectrum has two main peaks at 531.8 eV (marked 1) 

and 533.7 eV (marked 2). These peaks have the same assignment as the one in previous 

monolayer. Because of the similarity of binding energies of the oxygen in adsorbed water 

molecules at surface, this will not be included in further discussion [150]. The S 2p spectra 

has the main doublet at 161.8 eV and 163.0 eV (marked 1) corresponding to sulphur 

bound to gold and a doublet at 163.5 eV and 164.8 eV (marked 2) which is caused by 
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radiation damage of the monolayers. There is only one type of nitrogen at binding energy 

of 399.7 eV. It corresponds to all nitrogen atoms in compound 11. Fluorine in the 

compound 11 is detected at binding energies of 688.5 eV which is typical for the F3-C 

group [164–166]. Atomic ratios of the surface normalized to sulphur are: C: O: N: F: S =

16.7: 3.1: 1.3: 1.8: 1. The elemental ratios in the molecule are: C: O: N: F: S =

16: 2.5: 1.5: 1.5: 1 which is in good agreement with the ratio on the surface. The higher 

amount of carbon can be explained by the presence of diluent and contamination on the 

surface. The higher amount of oxygen can be explained by adsorbed water molecules on 

the surface. The amount of diluent is not significant on the surface and that can be proven 

by the fact that ratio of nitrogen compared to sulphur is almost the same in the compound 

and on the surface. 
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Fig. 69: XP spectra of SAMs with 1-decanethiol and compound 11 on gold substrate in the C 1s, N 1s, 

F 1s, O 1s and S 2p region. The experimental data points are plotted as dots, the envelope as a dark 

grey line, single components as red, blue, orange, green, purple and pink lines and the background a 

light grey line. 
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Tab. 16: Assignment of fitted spectra from Fig. 69 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.8 1.00 [127] 

S 2p1/2 R-S-Au 163.0 1.00 [127]  

S 2p3/2 radiation damage 163.5 1.00 [151] 

S 2p1/2 radiation damage 164.8 1.00 [151] 

C 1s C-C, C-S 284.7 1.32 [147] 

C 1s C-N, C-O 285.7 1.32 [147] 

C 1s ester and amide 287.1 1.32 [147] 

C 1s contamination 288.8 1.32 / 

C 1s shake-up 290.1 1.70 [148] 

C 1s C-F3 292.9 1.32 [164–166] 

O 1s C=O 531.8 1.86 [149] 

O 1s C-O, H20 533.7 1.27 [149] 

N 1s R-N-H 399.7 1.58 [152] 

F 1s F3-C 688.5 1.70 [164–166] 

 

After immersion in perchloric acid for 15 min, XP spectra were recorded (Fig. 70). The 

peak assignment is summarized in Tab. 17. One cannot see significant changes in the 

spectra. The normalized atomic ratio to S 2p peak is: N: F: S = 1.4: 1.4: 1. Here one can 

see that the amount of fluorine is lower by the factor of 0.4 compared to Fig. 69. This 

value is in the error range of a quantitative analysis of XPS. 
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Fig. 70: XP spectra of SAMs with 1-decanethiol and compound 11 on gold substrate in the N 1s, F 1s 

and S 2p region after immersion in HClO4. The experimental data points are plotted as dots, the 

envelope as a dark grey line, single components as red and blue lines and the background a light grey 

line. 
 

Tab. 17: Assignment of fitted spectra from Fig. 70 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.8 1.00 [127] 

S 2p1/2 R-S-Au 163.1 1.00 [127]  

S 2p3/2 radiation damage 163.0 1.00 [151] 

S 2p1/2 radiation damage 164.20 1.00 [151] 

N 1s R-N-H 399.7 1.64 [152] 

F 1s F3-C 688.4 1.70 [164–166] 

 

After the first oxidation peak at 0.78 V, XPS analysis of the surfaces was performed. 

Fitted spectra of N 1s, S 2p and F 1s are shown in Fig. 71. The peak assignment and 

405 402 399 396 393

I 
/ 
a
rb

. 
u

n
it
s

EB / eV

N 1s

168 166 164 162 160 158

I 
/ 
a
rb

. 
u
n
it
s

EB / eV

S 2p 1

2

694 692 690 688 686 684

I 
/ 
a
rb

. 
u
n
it
s

EB / eV

F 1s



 

103 

 

binding energies are shown in Tab. 18. The atomic ratios normalized to sulphur are 

N: F: S = 1.3: 0.9: 1. When comparing these values to the ones from unmodified surfaces, 

one can see that the amount of fluorine is reduced by one half. This means that in the first 

activation peak, part of the surface was electrochemically activated. On the other hand, 

the amount of nitrogen did not change. By the reaction mechanism part of nitrogen should 

also be removed from the surface, but this could not be detected by quantitative analysis 

of XPS data because the technique is not sensitive enough for this change of surface 

concentration. 

 

  

 

 

Fig. 71: XP spectra of SAMs with 1-decanethiol and compound 11 on gold substrate in the N 1s, F 1s 

and S 2p region after oxidation peak at 0.78 V. The experimental data points are plotted as dots, the 

envelope as a dark grey line, single components as red and blue lines and the background a light grey 

line. 
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Tab. 18 Assignment of fitted spectra from Fig. 71 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.8 1.00 [127] 

S 2p1/2 R-S-Au 163.0 1.00 [127]  

S 2p3/2 radiation damage 163.4 1.00 [151] 

S 2p1/2 radiation damage 164.7 1.00 [151] 

N 1s R-N-H 399.6 1.54 [152] 

F 1s F3-C 688.4 1.74 [164–166] 

 

Fitted spectra of fully activated surfaces are shown in Fig. 72 with summarized 

peak assignment in Tab. 19. One can see a significant loss of fluorine from the surface 

(N: F: S = 1.3: 0.5: 1). From quantitative analysis, it is estimated that around one third of 

fluorine is left on surface when compared with the unmodified surfaces. Here loss of 

nitrogen from the surface could not be detected. With rough calculation it is estimated 

that a fraction of 0.28 of the original nitrogen content was removed from surface. Such 

small change cannot always be detected with XPS. 
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Fig. 72: XP spectra of SAMs with 1-decanethiol and compound 11 on gold substrate in the N 1s, F 1s 

and S 2p region after the oxidation peak at 0.98 V. The experimental data points are plotted as dots, the 

envelope as a dark grey line, single components as red and blue lines and the background a light grey 

line. 

 

Tab. 19: Assignment of fitted spectra from Fig. 72. 

Signal Interpretation EB / eV FWHM / eV Reference 

S 2p3/2 R-S-Au 161.8 1.00 [127] 

S 2p1/2 R-S-Au 163.0 1.00 [127]  

S 2p3/2 radiation damage 163.3 1.00 [151] 

S 2p1/2 radiation damage 164.6 1.00 [151] 

N 1s R-N-H 399.5 1.64 [152] 

F 1s F3-C 688.5 1.90 [164–166] 

 

After electrochemical and spectroscopic analysis of the SAMs that contain compound 

11, one can ask the questions why 1/3 of the original fluorine content is left on the surface. 
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This can be explained by the fact that the tailgroup in compound 11 is hydrophobic and 

as electrochemical activation is carried out in aqueous solution, a certain portion of the 

tailgroups is buried in layer and others are sticking out from the surface. These two 

conformations can have different oxidation potentials as their electrochemical 

environment is different. Therefore, two well separated oxidation peaks are present in 

cyclic voltammogram of the electrochemical activation of surfaces. The part of the 

tailgroups that is buried in the layer cannot leave surface after electrochemical activation, 

which is the reason why after activation one can still see one third of the fluorine left on 

the surface. 

 

7. 5 Addition reaction on surface  

 

The redox-active species (Ia and Ic Fig. 52) that were generated at surfaces containing 

compound 8, described and characterized in Chapter 7.1, can be used for binding effectors 

to the surface. The surfaces undergo an addition reaction with an effector from the 

solution when the surface is in its oxidized state. As a proof of concept, we used 3-

(trifluoromethyl)aniline to simulate an effector because the fluorine group function in this 

compound can easily be detected by XPS in the modified monolayers.  

 

A cyclic voltammogram of the electrochemically controlled addition reaction is 

shown in Fig. 73. It displays the typical behaviour of the EC reaction mechanism of 

surface-immobilized species. Firstly, the molecules at the surface are oxidized. This form 

of the molecule is active and it binds 3-(trifluoromethyl)aniline in an 1,4-addition 

reaction. (Schematic representation of the 1,4-addition reaction is presented in Fig. 74.) 

With each cycle more molecules are attached to the surface and the oxidation and 

reduction peak of couple Ia/Ic decrease. Experiments without 3-(trifluoromethyl)aniline 

show almost constant oxidation and reduction peak current (Fig. 52). 
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Fig. 73: Cyclic voltammogram of surface addition reaction of SAMs containing compound 8 on gold 

substrate in solution of 0.1 M 3-(trifluoromethyl)aniline in 0.1 M HClO4, v=0.02Vs-1.  

 

 
Fig. 74: Schematic representation of 1, 4-addition reaction: in the first step molecule is activated by 

applying potential, in the second step effector is attached to the molecule bound to the surface by 1, 4-

addition reaction. Brown/orange part of surface immobilized species represents the part of the molecule 

where effector is bound, the yellow part of effector is group with which effector is bound to the surface 

immobilized species. 

 

XP spectra of F 1s peaks are shown in Fig. 75. The spectra in Fig. 75a is from the 

surface where the addition reaction was performed. The spectra in Fig. 75b was obtained 

from a surface where the monolayers were exposed to electrolyte for 15 min without 

potential cycling. One can see that in Fig. 75a fluorine is present on the surface while this 

is not the case for spectra in Fig. 75b. This exclude the possibility of physisorption of the 

nucleophile on the surface. XP spectra in Fig. 75 are proof that 3-(trifluoromethyl)aniline 

was bound to the surface by an addition reaction with the oxidized form of the redox 

couple Ia/Ic formed during electrochemical surface activation. When the atomic ratios of 

sulphur and fluorine from XPS signals are compared, it was determined that 10% of 
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surface molecule underwent the addition reaction with the nucleophilic molecule. In 

Chapter 7 the interfacial concentration of activated species (IIIa in Fig. 51) and formed 

redox-active couple (Ia/Ic in Fig. 52) was calculated with equation (29) and (30). From 

the interfacial concentrations from these two equations it was determined that 10% of 

molecules that are activated are redox-active, which can be estimated to be 10% of the 

surface since the amount of diluent molecules is insignificant. As stated earlier in this 

paragraph, it was determined that in fact 10 % of surface was modified with 1, 4-addition 

reaction, one can conclude that the majority of molecules that were redox-active have 

performed addition reaction with the nucleophilic molecule. 

a) b) 

Fig. 75: XP spectra of SAMs with 1-decanethiol and compound 8 on gold substrate in the F 1s region of 

surfaces a) after addition reaction, b) of surfaces that were in solution of 0.1 M 3-(trifluoromethyl)aniline 

in 0.1 M HClO4. The experimental data points are plotted as dots, single component as red line and the 

background a black line. 
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8 Summary and Outlook 

 

The aim of this project was to investigate molecules which can be potentially used in light-

harvesting device. The molecules were investigated with electrochemical and spectroscopic 

methods. The molecules were also assembled on the surfaces and it was demonstrated that 

those surfaces can perform addition reaction when a potential was applied. This Chapter 

summarizes all results and gives a conclusion with suggested direction for future 

investigations. 

 

8. 1 Summary of investigated systems 
 

The initial part of the research was focused on the electrochemical and 

spectroeletrochemical characterization of [(Cp2Ti)3HATN(Ph)6] (Chapter 5). In 

voltammograms of [(Cp2Ti)3HATN(Ph)6] three reduction waves and six oxidation waves 

are observed. All electron transfers are one electron processes clearly separated on the 

potential scale. The six oxidations correspond to the sequential removal of six valence 

electrons of the three Ti(II) centres. The two reductions for the overall charging states 

0→-1 and -1→-2 result from the reduction of the ligand, which was in agreement with 

voltammogram from the ligand only. The third reduction (-2→-3) cannot be assigned 

from voltammetric data only. Until today in literature the nine reversible redox steps of 

[(Cp2Ti)3HATN(Ph)6] are unprecedented. 

 

The solution spectra of [(Cp2Ti)3HATN(Ph)6] and their oxidation and reduction 

products [(Cp2Ti)3HATN(Ph)6]
3-, [(Cp2Ti)3HATN(Ph)6]

2-, [(Cp2Ti)3HATN(Ph)6]
1-, 

[(Cp2Ti)3HATN(Ph)6]
1+ and [(Cp2Ti)3HATN(Ph)6]

2+ show electronic transitions in the 

UV, vis and NIR spectral ranges. The existence of the SOMO in the ground state of 

complex gives several characteristic electronic transitions. The most characteristic 

transition in the UV-vis part of the spectra is the π-π* from the HOMO to the LUMO 

orbital of the ligand at 3.0 eV. In this region, there are also the π-πr transition at 1.7 eV 

and the degenerated intervalence charge transfer (IVCT) from the Ti(II)(e) to the LUMO 

orbital of the ligand. In the NIR region of the spectra the πr-π* transition can be seen at 

1.1 eV, LMCT at 0.6 eV and 0.75 eV and the IVCT from the Ti(II)(e) to the SOMO 

orbital of the ligand at around 0.9 eV. In the -1 and the -2 oxidation state one loses IVCT 
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because all Ti atoms are in the same oxidation state. Now a MLCT is observed. In the -1 

oxidation state all transitions are shifted to lower energies, in the -2 some transitions are 

lost because the SOMO orbital is filled with an electron. In the -3 oxidation state, one 

orbital of the Ti atom is filled with an electron so the complex is in the mixed valence 

state again. In the +1 oxidation state an electron is removed from the SOMO orbital, some 

transitions are lost compered to ground state of complex. In the +2 oxidation state one 

can see all transitions as in the +1 oxidation state. In NIR part of spectra the MLCT 

transitions cannot be resolved so exact energies of the transitions cannot be determined.  

 

As a second focus of the thesis, the derivatives of 2,5-diaminoterephthalate were 

characterized electrochemically and spectroscopically as a molecular scaffold, which can 

be functionalized with up to four different effector groups. The alternation of functional 

groups on the DAT moiety influences not only the formal potentials, but also the 

mechanism of the electrochemical reaction. Functional groups can act as protection, so 

the radical cation that is created in first oxidation does not react immediately with the 

environment and it is reduced in further cycle. Functionalization with electron 

withdrawing groups (such as Boc group) leads to oxidation at really high potentials, 

which cannot be followed in the potential range of the voltammograms. Surprisingly, 

DATs with completely different substituents at the DAT core (compound 1 and 

compound 4) show completely identical redox behaviour with a difference in formal 

potential E°' of 0.02 V. Variation of functional groups at the DATs moiety can also be 

seen in shifts of the wavelength of maximum of absorption and emission. Electrochemical 

and spectroscopic data, the formal potential of the first oxidation and the wavelength of 

emission and absorption maximum were correlated. This correlation for wavelength of 

maximum absorption and emission holds with high precision for DATs with methyl or 

acetyl functionalities attached to the DAT scaffold. The formal potential of the first 

oxidation can be established by measuring the wavelength of emission and absorption 

maximum. 

 

In the next step, DATs were functionalized with lipoic acid in order to be assembled 

on the surfaces as self-assembled monolayers. Four different DAT molecules were 

assembled onto surface with backfilling method and their electrochemical behaviour was 

investigated in perchloric acid. Depending on the structure of the tail group of the 

molecules, cyclic voltammograms exhibit different features. In the first cycle compound 
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8, 10 and 11 were electrochemically activated, firstly oxidizing the chromophore 

followed by a nucleophilic attack by H2O where the protecting group is removed. 

Interestingly on the surfaces with assembled compound 8 and 11 that have longer spacer, 

a stable and reversible redox couple is formed after electrochemical activation. Although 

the molecules have similar structure and cyclic voltammograms, the mechanism of 

electrochemical activation is not the same. 

 

In electrochemical activation of compound 8, the Boc group was cleaved as 

proven by XPS and PM IRRAS spectra of the surfaces. In XP spectra of surfaces without 

modification, surfaces that were in perchloric acid without applied potential and after 

electrochemical activation, one could not see changes in intensities or binding energies 

of N 1s and S 2p spectra. On the other hand, PM IRRAS spectra in region 1800 – 900 cm-

1 of activated surface exhibit significant changes compared to surfaces that were in 

perchloric acid without applied potential and surfaces without modification. Most of the 

intensities of the bands in 1800 – 900 cm-1 region significantly decreased, only the 

intensity of C=O stretching modes at 1729 cm-1 and 1689 cm-1 could be seen clearly. The 

ratio of the intensities of C=O stretching modes is changed after activation reaction. In 

the CH region, only the intensity of asymmetric CH3 stretching modes in the Boc group 

decreased upon electrochemical activation. This proved that chains of monolayer stayed 

intact during activation. 

 

SAMs which contain compound 11 have fluorine in the potential leaving group 

and electrochemical activation could be followed elegantly with XPS. Firstly, in cyclic 

voltammogram of the electrochemical activation one can see two activation peaks instead 

of one which was present for compound 8 and 10. When comparing spectra of surfaces 

without any kind of modification and spectra of surfaces which were in perchloric acid 

without any electrochemical treatment the amount of fluorine is almost doubled 

comparing to those after the first oxidation peak. The surfaces after complete 

electrochemical activation have lost two thirds of fluorine originally present. 

 

The activation of the surfaces that contain compound 8 enables binding of effector 

groups. The modified surfaces undergo an 1, 4-addition reaction with an effector from 

the solution when the surface is in its oxidized state. As a proof of concept, 3-

(trifluoromethyl)aniline was used as an effector. In cyclic voltammogram in solution of 
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perchloric acid with 3-(trifluoromethyl)aniline, one can see the typical behaviour the EC 

reaction mechanism for the surface immobilized species. From the XPS data, one can 

conclude that around 10% of the DAT molecules were modified with addition reaction. 

 

 

8. 2 Conclusion and outlook 

 

In conclusion, this thesis carries on investigation of two different part of light harvesting 

systems, [(Cp2Ti)3HATN(Ph)6] and eleven derivatives of DATs. DAT chromophore 

proved to be a versatile tool which can be functionalized by up to four effector groups. 

Even though their structure is only slightly modified, the behaviour of the DAT changes 

significantly. Based on the results of this thesis, the two investigated systems compound 

8 and [(Cp2Ti)3HATN(Ph)6] can act as parts of light harvesting devices. However, a 

breakthrough in building such light harvesting device requires improvements in several 

interdependent aspects of the system. 

 

Firstly, HATN complexes or similar multicentre complexes should be further 

modified so that they can be stable in air and soluble in aqueous solutions. Then, this type 

of complexes could be bound to the surface investigated in Chapter 7.5. Afterwards, 

interaction between these two entities and electron transfer reactions could be 

investigated with electrochemical and spectroscopic techniques. 

 

Self-assembled monolayers that were created with derivatives of DATs could be 

activated in local patterns by scanning electrochemical microscopy. This could be 

achieved with microelectrodes which would be positioned above the sample. At the 

microelectrode, a potential would be applied to cause the oxidation, in the electrolyte, of 

a mediator present in the solution. The oxidized mediator would diffuse to the self-

assembled monolayer and oxidize the DAT moiety. In this way surface can be activated 

in a patterned way and different molecular entities could be assembled on different 

regions of the surfaces. The interaction of this molecular entities could be investigated 

electrochemically. Depending on the nature of the entities bound to the surface, the 

energetic interaction in this system could also be studies by spectroscopic methods. These 

systems would provide an excellent basis for electron transfer reactions in energy 
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harvesting processes used for electricity generation, selective chemical conversions or 

sensory purposes if biological or biomimetic receptors are bound to the surface.  

 

Even though DATs are fluorescent molecules, fluorescence spectroscopy of the 

monolayers could not be recorded because fluorescence was quenched by the gold 

substrate[167, 168]. Further modification of the DAT backbone is necessary, to anchor 

the system on oxidic surfaces like conducting glass (rather than gold). In this way surfaces 

could be characterized by fluorescent spectroscopy. Because the emission spectra 

changes with the binding of effectors, the progress of surface modification could be 

monitored spectroscopically which is independent on the applied potential by which the 

activation itself is externally switched on or off. 

 

Overall, a modification of the multicentre complexes and DATs investigated in 

this thesis in the above-mentioned way followed by their characterization and building of 

light harvesting devices composed of these two entities of would be of interest. Especially 

because the electron transfer processes between these two remarkable molecular units can 

be investigated which could maybe contribute to efficiency in electron transfers in 

artificial light harvesting devices. 
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9 Appendix 

 

Abbreviation 

Aux auxiliary electrode 

CE counter electrode  

CME chemically modified electrode 

Cp cyclopentadiene 

CV cyclic voltammetry 

DAT 2,5-diaminoterephthalate 

D-A Diels-Alder reaction 

DCM dichloromethane 

DPV differential pulse voltammetry 

DPPD N,N’-diphenyl-p-phenylenediamine 

ESCA electron spectroscopy for chemical analysis  

FWHM full width at half of the peak maximum height 

GC glassy carbon 

HAT hexaazatrinaphthylene 

HATN hexaazatriphenylene 

IMFP the inelastic mean free path 

IR infrard 

IRRAS infrared reflection absorption spectroscopy 

ITO indium doped tin oxide 

IVCT intervalence charge transfer 

LMCT charge transfer between the ligand and the metal centre 

LSV linear sweep voltammetry 

MLCT charge transfer between the metal centre and the ligand 

NIR near-infrared 

OCP open circuit potential 

PEM photoelastic modulator 
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PM IRRAS polarization modulation infrared reflection-absorption 

spectroscopy 

PPD p-Phenylenediamine 

RE reference electrode 

SAM self-assembled monolayer 

THF tetrahydrofuran 

UHV ultra-high vacuum 

UV-vis ultraviolet–visible 

WE working electrode 

X-AES X-ray induced Auger electron spectroscopy 

XPS X-ray photoelectron spectroscopy 

  

Symbols 

A electrode surface area 

c bulk concentration 

d thickness 

d diameter 

D  diffusion coefficient 

E°’ formal potential 

�⃗⃗� the electric field 

𝐸B binding energy 

𝐸kin kinetic energy 

Ep peak potential 

Epa anodic peak potentials 

Epc cathodic peak potentials 

�⃗⃗�𝑧 𝑧-component of electric field 

Eλ vertex potential 

ΔEp separation between two peak potentials 

F  Faraday constant 

ℎν photon energy 
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∆𝐼 = 𝐼𝑠 − 𝐼𝑝  signal difference of s- and p-polarized light 

〈𝐼〉 = (𝐼𝑠 + 𝐼𝑝)/2  averaged signal of s- and p-polarized light 

I(A) intensity of a photoelectron peak from an element A in a 

substrate covered with a film of thickness d 

I0(A) intensity of the same peak from a clean substrate 

Ip peak current 

Ipa anodic peak current 

Ipc  cathodic peak current 

Ipc,0 uncorrected cathodic peak currents to the zero-current baseline 

Iλ current at the vertex potential 

𝐽1(Ψ0) Bassel functions of first order 

𝐽2(Ψ0) Bassel functions of second order 

kET rate of electron transfer 

l angular momentum quantum number 

n principal quantum number 

n number of electrons 

n1 refractive indices of the media 1 

n2 refractive indices of the media 2 

Q charge under the peak 

R  gas constant 

s  spin angular momentum number 

T  temperature 

v scan rate 

va  regression lines for the anodic and branch 

vc regression lines for the cathodic branch 

α transfer coefficient  

Γ interfacial concentration of the redox-active species 

γ1 angle of the incident light 

γ2  broken angle of the transmitted light 
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θ angle between transition dipole moment and the electric field of 

the light 

θ angle between the plane of the substrate and the detector 

λ attenuation length 

�⃗�. transition dipole moment  

φ work function and is specific to the spectrometer 

Ψ0 maximum shift of incident light produced by PEM 

𝜔𝑚  excitation frequency of the PEM 
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