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Übersicht

Geordnete nanostrukturierte Oberflächen wie selbstorganisierte Monolagen (SAM)

sind aufgrund ihrer niedrigen Kosten, Einfachheit und Vielseitigkeit von hohem

wissenschaftlichem Interesse. SAMs findet man in zahlreichen Anwendungen

in der molekularen Elektronik, Biochemie und in optischen Vorrichtungen.

Phthalocyanin (Pc) Komplexe sind von besonderem Interesse für die SAM

Vorbereitung. Diese Moleküle weisen faszinierende physikalische Eigenschaften

auf und sind chemisch und thermisch stabil.

In dieser Arbeit wurde die Adsorption von Pc Derivaten (Subphthalocyanine

(SubPcB) und Terbium (2TbPc) Sandwichkomplexe) auf Gold untersucht.

Dabei wurde eine Reihe von Techniken verwendet, um den Einfluss

der Molekülkonzentration, Kettenlänge von peripheren Alkylgruppen und

Temperatur auf den Filmbildungsprozess zu untersuchen. Der SAM

Bildungsprozess wurde mit Hilfe von Optischer Frequenzverdoppelung (SHG)

und Oberflächenplasmonenresonanz (SPR) verfolgt. Die Qualität der bei

unterschiedlichen Temperaturen hergestellten SAMs wurde mit Hilfe von

Atomkraftmikroskopie (AFM) und Röntgen-Fotoelektronen Spektroskopie (XPS)

Messungen untersucht.

Diese Arbeit hat wertvolle Informationen über den Adsorptionsprozess von

SubPcB und 2TbPc hervorgebracht. Die kinetischen Daten zeigen die beste

Übereinstimmung mit der Langmuirkinetik 1. Ordnung. Bei der Analyse von

den SHG und SPR Ergebnissen wurde festgestellt, dass die Filmbildung früher

stattfindet, als die Bildung von chemischen Bindungen. So ist die maximale Menge

an Molekülen auf der Oberfläche für SubPcB nach 6 min und für 2TbPc nach 30

min erreicht. Jedoch entspricht die Anzahl der gebildeten chemischen Bindungen

zu diesem Zeitpunkt nur 10% für SubPcB und für 40% 2TbPc.

Das interessanteste Ergebnis wurde bei T = 2 ◦C , erzielt, als die Bildung der weniger

dichten SAMs mit SHG ermittelt wurde. Bei der Analyse der XPS und AFM-Daten,

wurde aufgedeckt, dass sich bei der Temperatur von T = 2 ◦C molekulare Aggregate

bilden und deswegen viele der verfg̈baren Ankergruppen ungebunden bleiben.
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Abstract

The ordered nano-structured surfaces, like self-assembled monolayers (SAMs) are

of a great scientific interest, due to the low cost, simplicity, and versatility of

this method. SAMs found numerous of applications in molecular electronics,

biochemistry and optical devices. Phthalocyanine (Pc) complexes are of particular

interest for the SAM preparation. These molecules exhibit fascinating physical

properties and are chemically and thermally stable. Moreover their complex

structure is advantageous for the fabrication of switchable surfaces.

In this work the adsorption process of Pcs derivatives, namely, subphthalocyanines

(SubPcB) and terbium (2TbPc) sandwich complexes on gold has been investigated.

The influence of the molecular concentration, chain length of peripheral groups,

and temperature on the film formation process has been examined using a number

of techniques. The SAMs formation process has been followed in situ and in

real time by means of second harmonic generation (SHG) and surface plasmon

resonance (SPR) spectroscopy. To investigate the quality of the SAMs prepared at

different temperatures atomic force microscopy (AFM) and X-Ray photoelectron

spectroscopy (XPS) measurements were performed.

Valuable information about SubPcB and 2TbPc adsorbtion process has been

obtained in the frame of this work. The kinetic data, obtained with SHG and

SPR, shows the best conformance with the first order Langmuir kinetic model.

Comparing SHG and SPR results, it has been found, that the film formation occurs

faster than the formation of chemical bonds. Such, the maximum amount of

molecules on the surface is reached after 6 min for SubPcB and 30 min for 2TbPc.

However, at this time the amount of formed chemicals bonds is only 10% and 40%

for SubPcB and 2TbPc, respectively.

The most intriguing result, among others, was obtained at T = 2 ◦C , where the

formation of the less dense SAMs have been detected with SHG. However, analyzing

XPS and AFM data, it has been revealed, that there is the same amount of molecules

on the surface at both temperature T = 2 ◦C , and T = 21 ◦C , but the amount

of formed chemicals bond is different. At T = 2 ◦C molecules form aggregates,

therefore many of available anchor groups stay unattached.





Introduction

Recently, scientific and economical interest in design and preparation of highly

ordered nano-structured surfaces increased significantly. Of particular interest are

processes in which desired structures can be realized through self-assembly. The

simple preparation and miniaturization potential of this technique may lead to a

number of interesting future applications, which previously were based on

lithographic methods. The process of film or monolayer (i.e., self-assembled

monolayer, SAM) formation via molecular self-assembly on surfaces is based

on molecular adsorption. Molecules first adsorb and then, due to intermolecular

interaction and interaction with the substrate, form highly ordered 2-dimensional

crystals, and thus altering the properties of the surface. The molecular properties

and functionalities are defined by their chemical structure which can be controlled

during molecular synthesis. This gives the possibility to prepare SAMs with

well-defined properties [1–5].

Compared with other techniques such as lithography or Langmuir-Blodgett,

self-assembly is the most promising, owing a number of advantages:

1. Simple preparation, since SAMs can be easily prepared under ambient

conditions without using expensive set-ups;

2. They are able to form objects of different sizes and forms (e.g., thin films,

nanowires or other nanostructures);

3. They may couple the external environment to the electronic (e.g.,

current-voltage responses) and optical properties (e.g., local refractive index

or surface plasmon frequency) of a metallic structure;

4. They connect the structures of molecular level to the macroscopic interfacial

phenomena (e.g., adhesion, friction, etc.) [5].

Organic molecules 1 that are used for the self-assembly often exhibit interesting

optoelectronical, mechanical, chemical, or other properties, which mostly can not

be provided by inorganic materials. This makes SAMs particularly attractive

1The terms organic molecules and ligands are used interchangeably in this work.
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for applications, e.g. in molecular electronics [6–11], biochemistry [10, 12–14] or

electrochemisty [15–17].

For the preparation of smart, i.e., switchable surfaces that are receptible to external

stimuli (e.g., magnetic, thermal, photo...) a sufficient free volume around the

functional groups is required [18, 19]. In this regard, the structure of the ligands

forming the SAM is important. The typical structure of the ligands involve one

anchor group (head group), which forms a chemical bond with the substrate, a

functional group that defines the properties of the resulting SAM, and a spacer

unit, which defines the distance between head group and functional group. A vivid

example of such a structure, are long n-alkanethiol chains. Those were proven to

form stable SAMs with a distinct lateral order. In the case of thiol SAMs the stability

is provided by the lateral interaction between neighboring spacer units. The main

disadvantage is, that the stability of the formed SAM can be easily broken. For

example, when the used functional units are too large. In this case the disorder

of the formed film is caused by the destruction of the intermolecular interaction

between the spacer units, leading to „diving“ of functional groups toward the

substrate surface or even to a direct contact, and thus to a strong reduction or total

quenching of the desired function. Big footprint molecules, i.e., macrocycles with

multiple anchoring and rigid spacer unit, so called molecular platforms, like for

example phthalocyanine (Pc) complexes and their derivatives [18, 20, 21], can be

used to avoid direct contact of functional groups and substrate. The structure of

these complexes enforce controlled orientation of the functional groups, but the

free space around them is defined by the platforms size, which is essential for the

preparation of smart SAMs [22]. Another important advantage of the Pcs is their

chemical and thermal stability. This makes Pcs very promising for preparation of

high quality SAMs. Furthermore, these macrocycles exhibit fascinating physical

properties, which can be flexibly modificated due to Pcs unique structure. Therefore,

Pcs are ideal candidates for development of novel SAMs for a variety of new

applications.

To prepare a high quality SAM, the film formation process must be well understood

and the investigation of the SAM adsorption kinetic is of crucial importance.

Therefore, adsorption kinetic of Pcs derivatives on gold has been studied,

in this work. Due to the mentioned advantages two Pc derivatives, namely,

subphthalocyanines with boron as a central atom and a terbium sandwich

complexes have been investigated.

Investigation of molecules of such a complex structure rise numerous of questions,

which are answered within this work: Is it possible to explain the Pcs SAM
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formation through classical kinetic models? Does the molecular concentration

influence the film formation process of investigated ligands? Does the chain length

of peripheral alkylthio groups influence the adsorption kinetics of a given complex?

Does a temperature variation affects the growth process and quality of the formed

SAMs?

Answers to these questions will help to understand a complex formation process

of the investigated SAMs. Information about how different conditions (molecular

concentration, chain length of peripheral groups, and temperature) influence the

SAMs adsorption process and their quality will allow controlled SAM growth, which

is beneficial for the design of novel SAMs with specific properties.

To answer the questions listed above, a number of techniques have been used.

The adsorption kinetics of Pc complexes as well as temperature and alkyl-chain

length influence on the film formation process were investigated using second

harmonic generation (SHG) and surface plasmon resonance (SPR) techniques.

Both techniques are highly surface sensitive and give the possibility to follow SAM

formation in situ and in real time. In order to compare the quality of the SAMs

prepared at different temperatures atomic force microscopy (AFM) and X-ray

photoelectron spectroscopy (XPS) measurements were performed.

This work is divided in five chapters. The first chapter gives insights to the

self-assembly process, containing information about SAM structure, properties and

their adsorption kinetics. A brief overview of possible applications is also given. The

next chapter deals with the theoretical basics and experimental methods, while the

detailed description of experimental set-ups, experiments performance, as well as

sample preparation techniques are represented in chapter three. The experimental

results are presented and discussed in chapter four. The final chapter gives a

summary and an outlook.





1 Self-assembled monolayers (SAMs)

In this chapter the fundamental issues related to SAM structure and monolayer

growth process are discussed. In the first section the importance of SAMs

in modern science and technology is emphasized. The structures, which are

commonly used for SAM preparation are also presented in section one, discussing

the aspects that influence efficiency and stability of SAMs. In the second section

SAM adsorption processes and a comprehensive explanation of the theoretical

Langmuir kinetic models are given. The final section of this chapter is devoted to

possible applications of SAMs.

1.1 Basic concept

Self-assembly is a spontaneous process in which molecules adsorb on surfaces

due to chemical affinity of their head groups to the substrate. On the surface

molecules may assemble to well-ordered arrays, which change the interfacial

properties [1, 2, 23]. As an example of natural self-assembly, the assembly of a lipid

bilayer membrane is mentioned [3]. In modern science, self-assembly became

one of the most important techniques in nanotechnology. Efficiently using the

same strategy as in natural self-assembly, it is successfully used for preparation of

surfaces with new desirable properties as well as smart surfaces.

Self-assembly is related to the bottom-up preparation techniques. Compared to

the top-down approach, it is more promising, since the waste of used materials is

minimized [24]. A self-assembled monolayer (SAM) of appropriately selected or

specially designed functional molecules on the substrate surface can predictably

change the physical and chemical properties of an interface. Such surface

properties as wettability, corrosion resistance, conductivity, optical characteristics

among many others can be selectively controlled. Moreover, the great diversity of

functionalized molecules and variety of substrates, gives rise for nearly unlimited

opportunities in the development of novel surfaces for numerous new applications.

SAMs already found applications in bioelectronics [25–27], optical devices [28–30],

or as molecular electronic components [8, 31, 32].
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The first spontaneous assembly of molecules on a noble metal substrate was

observed in 1983 by Nuzzo and Allara [33]. In their experiments they used

alkanethiol molecules, which formed a two dimensional crystalline-like monolayer,

i.e., a SAM on a gold surface by simply placing the gold substrate in the molecular

solution. Currently, alkanethiols are the most well studied system. Other important

systems of high scientific interest, which were also studied through the last

decades, are: organosilicon derivatives on hydroxilated surfaces [34], dialkyl

sulfides [35, 36], porphyrins [37, 38] or phthalocyanines [18, 39, 40] on gold, or

carboxylic acids [41–43] on silver.

In the last few decades SAMs of different functional molecules have been widely

investigated and characterized using variety of surface analytical methods. Several

of them are used in this work, specifically, second harmonic generation (SHG)

and surface plasmon resonance (SPR) are used for SAM adsorption kinetic

investigations, while X-ray photoelectron spectroscopy (XPS) and atomic force

microscopy (AFM) are used to characterize the SAM quality.

1.1.1 Structure and properties

The typical structure of organic SAMs on a substrate is represented in Fig. 1.1. In

this case the SAM is formed by immersing the substrate in the active solution, i.e.,

dissolved organic molecules in a proper solvent [44]. Adsorbate molecules for SAM

formation are usually build from 3 main parts: (1) head group; (2) spacer unit; (3)

functional (terminal) group.

Adsorption

Organisation

Functional group

Spacer unit

Head group Substrate

Figure 1.1: Main building blocks of the ligand and SAM structure [45].

The head group of the molecules forms a strong chemical bond to a substrate, i.e.,

the most exothermic process occurs. The energies involved in adsorption process

are in the order of tens of kcal/mol (ca. 15-100 kcal/mol), denoting molecular

chemisorption on the surface, which always occurs via a physisorption precursor

state. The interaction between molecules and a substrate is one of the crucial factors

for a successful formation of a stable monolayer. In this regard, headgroups are

chosen in a way that stable bonds with a substrate surface can be formed. Hence, a



11

covalent bond is usually required. One example, are the well known n-alkanthiols,

which form a slightly polar covalent Au-S bond with a gold substrate. However,

to avoid the formation of an incomplete SAM, a certain mobility of the molecules

along the surface is also required [1,3,5]. Therefore, the formation of slightly weaker

bonds, such as coordinative bonds can be more advantageous, providing improved

molecular mobility.

The second important building part is the terminal group, which defines the

properties of the resulting film and thus, of the covered surface. Even a small change

in a terminal group is able to change the physical and chemical properties of the

formed film significantly. In such a manner, for example, using —CH3 or —CF3

groups, a film surface become hydrophobic and anti-adherent, while —COOH and

—OH groups lead to hydrophilic surfaces [3, 18, 46].

The third building part is the spacer unit, typically an alkyl-chain, which connects

both, head group and terminal group. Spacer units define the distance between a

substrate and a molecule’s functional group. Furthermore, it assists the molecular

organization and formation of closely packed assemblies.

During the chemisorption process molecules tend to occupy every available

adsorption site on the surface. The increase in density of chemisorbed molecules

brings them so close to each other, that van-der-Waals interactions between

adjacent molecules become important. This process is also exothermic, with

energies in the order of few kcal/mol (< 10 kcal/mol). It should be noted, that the

molecular organization process occurs only after chemisorption, i.e., only when the

molecules find an adsorption site on the surface, the organization process can be

started [1, 5].

Figure 1.2: Schematic of different energies involved in SAM stability [3]. For

details see text.

The overall stability of a SAM is defined by all inter- and intramolecular forces

that are present in the film as shown in Fig. 1.2. ∆Eads is the adsorption energy,

∆Ecorr corrugation energy, also called migration energy barrier, which is caused by

lateral surface corrugation, and mainly has influence on molecular transport along
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the surface [47], ∆Ehyd van-der-Waals interaction of (hydrocarbon) tails, and ∆Eg

energy of gauche defect or deviation from a totally stretched spacer unit.

The typical structure of a SAM was shown and discussed above. A good example

of such a structure are thiolate-type SAMs, i.e., long-chain thiols or closely related

reactive sulfur-containing compounds like disulfides or thioacetates on gold [5].

These molecules form highly ordered arrays and are stable at room temperature in

air, water, salt solutions or ethanol [48–51]. Nevertheless, often the stability of such

SAMs is an issue, showing a tendency to deviate from the well ordered structure.

Thiol SAMs for example, exhibit low thermal stability. It was demonstrated that

decanethiol based monolayers start to „melt“ (i.e., undergo a transition to a phase

of lower order) at around 170 - 190◦C (see. Fig. 1.3 b) [3]. In addition, Nuzzo et al.

determined the desorption maximum at ≈ 220◦C for methanethiolate SAMs on gold

via temperature-programmed desorption of methanethiolate SAMs on gold [52].

(d)

(a) (b)

(c)

Figure 1.3: Structure of different SAMs. (a) Highly ordered SAM prepared

using alkanethiol-type molecules. The order of functional

groups within the formed monolayer is provided through lateral

interaction; (b) at higher temperatures the molecular order is

disturbed due to braking of the lateral interaction; (c) sterically

demanding functional groups limiting the lateral interaction of

spacer units, leading to molecular disorder; (d) phase separation

in a two-component SAM, that contains functionalized and

unfunctionalized molecules [45].

For certain applications, like in molecular switches, a specific functionality of a

SAM with complex functional groups is required. For example, ferrocene [53–55] or
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switchable groups like photoresponsive azobenzene units [56, 57]. Such functional

units are sterically demanding and tend to cause molecular disorder on the surface

(cf. Fig 1.3 c). Due to their dimensions they keep adjacent molecules on a

certain distance from each other, reducing the molecular packing density and

thus, disturbing the lateral intermolecular interaction, which is necessary for the

molecular order in a SAM. Consequently, the lack of intermolecular bonds causes

„diving“ of the functional groups toward a substrate surface. As a solution of this

problem, several approaches have been proposed:

1. Two-component SAMs, where functionalized molecules are placed in a

matrix of identical, but nonfunctionalized molecules i.e., spacer molecules

(cf. Fig. 1.3 d) [58]. This approach faces the problem of phase separation [59].

2. Integration of bulky spacer groups [60, 61] or using large tripod-shaped

molecules [62, 63]. Using this technique, it is still difficult to provide

well-defined structures, because of the binding nonuniformity throughout

the SAMs, caused by steric interactions between molecules [63].

3. Use of molecules with multiple anchorgroups, so called molecular platforms

(cf. Fig. 1.4), which is the most recent and promising concept in preparation

of stable, highly ordered SAMs [18, 19, 62].

Figure 1.4: Schematic of the platform approach. As example triaza-

triangulenium salt is presented, which form stable, hexagonally

ordered adlayers on Au(111) surface. Functional molecules are

attached via C-C bond formation. The distance from the surface

can be varied by a spacer, and the distance of the functional units

from each other by the size of the platform [19].

For the latter approach, disk-shaped phthalocyanine (Pc) derivatives are of

particular interest. These molecular complexes exhibit outstanding physical

properties, which are explained by their large delocalized π -electron system.

Moreover, they have great chemical and thermal stability, making them
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exceptionally promising in the field of nanotechnology. Detailed overviews devoted

to Pcs properties and applications can be found in [64–66]. Since SAMs of Pc

derivatives are investigated in this work, those will be discussed in more detail in

Chapter 1.3.1.

1.1.2 SAM preparation

One of the most important advantages that makes the self-assembly approach so

popular is the relatively simple SAM preparation. The direct deposition of organic

ligands on the substrate is possible via two different techniques, i.e., preparation

from gas or liquid phase. With both techniques not only planar substrates can be

covered with a SAM, but also objects with an arbitrarily geometry [4]. Comparing

both approaches, deposition from the liquid phase is more simple, energy-efficient,

and cost-effective, since it does not require ultra high vacuum (UHV) conditions or

an expensive set-up [2, 4, 5]. For this reason, preparation from the liquid phase was

chosen for SAM preparation in this work. The preparation from the gas phase is not

discussed in the frames of this work. Information about it can be found in [3, 5].

In SAM preparation from the liquid phase, self-assembly occurs by immersing

the substrate into solution, which contains the adsorbate molecules. The main

driving force for SAM formation is chemical affinity between the substrate and

the adsorbate molecules. After SAM formation, structural changes in the film

still occur, i.e., molecular organization takes place. During this process, organic

molecules arrange to their optimal configuration, which may take from several

hours to days. The main factors which influence film formation and organization

processes are solvent purity, solvent nature, molecular concentration, temperature,

and adsorbate characteristics [3].

The purity of solution and substrate plays a crucial role in molecular self-assembly,

since the presence of contaminants causes a delay in film growth and have an

impact on adsorption kinetics [67, 68]. The solvent is usually chosen in accordance

with solubility properties of the organic molecules. Dannenberger et al. [69]

demonstrated that the solvent nature is also playing an important role. The use of

solvents with longer chains showed decreased adsorption rates, since the molecular

mobility in the solvent is reduced, and the interaction of the solvent molecules

with the substrate is larger, making their replacement with organic molecules more

difficult. Most commonly used solvents are ethanol, dichloromethane, and hexane.

The influence of the molecular concentration c on film growth was demonstrated by

numerous of groups [49, 67, 70]. In most cases the initial growth rate increases with
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c, however, above a certain concentration, this dependence is no longer valid [71].

Temperature is also very important factor that influences SAM formation process

[67]. Its influence on the SAM adsorption kinetics of Pcs derivatives and the

resulting SAM quality have been investigated in the frames of this work. Therefore,

temperature influence will be discussed in section 1.2.4.
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1.2 Adsorption process and kinetics

As already noted in Chapter 1.1, adsorption is a spontaneous process, in which

adsorbate molecules assemble on a solid or liquid surface forming ordered

structures. This process can occur from liquid or gas phase. In the SAM

formation process two types of adsorptions are important, i.e., chemisorption

and physisorption. In 1931 Taylor had shown that distinguishing between these two

different types of adsorption is of crucial importance [72]. In chemisorption

molecules form a direct chemical bond with the surface. Whereas, during

physisorption no chemical bonds between molecules and substrate take place,

only interaction through van-der-Waals forces. Therefore, no significant change

in the electronical structure occurs. To each adsorption type correspond

defined energy value: in the case of chemisorption it is 15-100 kcal/mol and

for physisorption ≈ 2-10 kcal/mol [73]. As examples of chemisorbed monolayer

systems n-alkanethiols on gold [49, 74], alkoxysilanes on silicon dioxide [75, 76] or

carboxylic acids on silver [74] can be mentioned. Usually chemisorption occurs

as a two stage process, i.e., with a physisorbed precursor state. In the case of

strong physisorption, molecules can stay on the surface for a relatively long time,

which consequently, increases the chance that chemisorption will occur. The

barrier that molecules must overcome for transition from the physisorption state

to chemisorption state is defined as activation energy ∆Epc. As an example, Fig. 1.5

represents the scheme of the interaction potential between thiol molecules and

bare Au (111). When an unbound molecule approaches the surface, it gets in the

physisorbed intermediate state first, with the energy Ephys. In order to get closer to

the surface and reach the chemisorbed state with energy Echem, the molecule needs

to overcome the activation barrier ∆Epc. The energy ∆Epc stands for the energy that

is necessary to break the S-H bond for thiols and S-S bond for disulfides.

SAM formation processes are relatively complex. During the formation adsorbate

molecules undergo in general 3 important steps, which include both above

mentioned types of adsorption:

1. Molecular diffusion towards the surface.

2. Physisorption of the molecules through van-der-Waals forces.

3. Chemisorption on the substrate surface through chemical reaction.

Each of the mentioned steps can be crucial for the adsorption process, but

the slowest one of them defines the total adsorption kinetic and is called

rate-determining step. One additional step is possible after adsorption, i.e.,
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Unbonded	molecule

Figure 1.5: Schematic of the interaction potential between molecule and a

surface on example of the thiol on Au(111) [3].

molecular desorption.

To characterize the SAM formation process Langmuir kinetic models can be

used. Although, these models are the most simplest ones, they yield important

information about the film growth kinetics and being considered as the most

significant ones for SAM adsorption kinetic interpretation. In the works of

numerous researchers it has been shown that Langmuir models are in a good

agreement with experimental data [53, 67, 70, 77].

In this work, 1st order, 2nd order, and diffusion limited Langmuir kinetic models

were used for analysis of the second harmonic generation (SHG) data (cf. Chapter

4.2). Description of each model is given in the following sections.

1.2.1 First order Langmuir kinetic

In accordance with Langmuirs assumptions, adsorption has to be described

as a reversible process between adsorbate molecules or their solution and a

substrate [78, 79]. This can be expressed as follows:

Aads +Ssub
ka−*)−
kd

AS,

in which Aads is the number of functional molecules in a solution, Ssub is the number

of adsorption sites on the solid surface, AS is the reaction product (the molecules

adsorbed on the substrate surface), ka is the rate constant for adsorption, and kd

is the rate constant for desorption. The 1st order Langmuir kinetic assumes direct
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chemisorption as the rate-determining step, which is fulfilled if:

• Each surface adsorption site can hold only one molecule. When the

adsorption process is finished, all sites are occupied and there is no growth

of multiple layers.

• All adsorption sites are identical.

• There is only one type of adsorbate molecule.

• There is no interaction between the molecules.

• The adsorption is reversible.

Taking these statements into account, the change of coverage Θa during the

adsorption process with time dΘ
dt , is proportional to the concentration c of the

molecules and the amount of free adsorption sites (1-Θ). It can be expressed by

[3, 73]:

dΘa

dt
= ka · c · (1−Θa). (1.1)

The coverage change for the opposite process, i.e., desoption Θd , is proportional to

the coverage itself:

dΘd

dt
=−kd ·Θd. (1.2)

The total change of coverageΘ is the sum of these two changes and can be expressed

as:

dΘ

dt
= ka · c · (1−Θa)−kd ·Θd. (1.3)

Through integration of equation 1.3 the 1st order Langmuir adsorption kinetic can

be obtained:

Θ(t ) = c

c +kd/ka

(
1−e−(kac+kd)t

)
. (1.4)

Since the adsorbate molecules used for SAM preparation usually have high bonding

energies, no desorption occurs. In this case adsorption is irreversible and ka À kd.

Thus, equation 1.4 can be simplified to:

Θ(t ) = 1−e−kFOct , (1.5)
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with kFO = ka, the rate constant of the first order (FO) Langmuir kinetic.

1.2.2 Second order Langmuir kinetic

The second order Langmuir kinetic model takes into account structural changes

of molecules during the adsorption process caused by adsorbate dissociation. The

bond is broken, thus requiring two free adsorption sites, and leading to the second

order reaction [68]:
dΘ

dt
= kSO · c · (1−Θ)2. (1.6)

The model is based on the same assumptions as the 1st order Langmuir kinetic

model. Again the molecular desorption is neglected and ka À kd. The coverage

Θ as a function of time can be obtained by integrating equation 1.6:

Θ(t ) = 1− 1

1+kSOct
, (1.7)

with kSO the diffusion rate constant of the second order (SO) Langmuir kinetic.

1.2.3 Diffusion limited Langmuir kinetic

During the adsorption process molecules must diffuse from the solution to the

substrate surface and only then the chemical reaction between molecules and

surface atoms takes place. The molecules which are closer to the substrate

surface will reach the surface faster than others molecules, causing the molecular

concentration near the surface to decrease. Hereby, a solution layer with a very

low molecular concentration is formed at the surface, leading to low adsorption

rates. Therefore, the molecular diffusion through the low concentration layer to the

substrate surface becomes the adsorption rate determinative step. The necessary

condition for diffusion limited adsorption to occur is that the chemisorption

activation energy E C
a should be smaller than diffusion activation energy E D

a . In this

case, the coverage is related to the square root of the diffusion constant D of the

molecules in the solution [79]:

dΘ

dt
= (1−Θ) · 2c

BL

(
Dt

π

)1/2

, (1.8)

where BL is the amount of the molecules per monolayer, and c is molecular

concentration. By integrating equation 1.8 the diffusion limited Langmuir kinetic

is obtained [67]:

Θ(t ) = 1−ekDLc
p

t . (1.9)
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with the kDL as the diffusion rate constant:

kDL = 2

BL

(
D

π

)1/2

. (1.10)

The Langmuir kinetic model discussed above will be fitted to the experimental

data and yield important information on the adsorption process. Since described

models assumes only ideal cases, the deviation from the theoretical model may

be observed. The total SAM coverage is influenced by the molecular mobility at

the surface. Therefore, low mobility of the molecules may lead to the formation

of gaps between adsorbed molecules. The size of these gaps is too small to allow

further molecular adsorption and as a result an incomplete SAM is formed. This

effect is called jamming-configuration [80, 81]. The surface coverage of such SAMs

is incomplete.

Another parameter, that influences SAM formation process and its quality is

temperature [45, 82]. Since temperature influence on SAM growth has been

investigated in this work, it will be discussed more detailed in the next section.

1.2.4 Temperature influence on the self-assembly process

Temperature has been found to play an important role in the SAM formation

process [45, 82]. Silberzan et al. [82] proved that even small changes in temperature,

i.e., a few degrees, may have a significant influence on the film formation

process and it’s quality. This was demonstrated, for example, for trichlorosilanes

on silicon wafers. It has been shown, that low temperatures influence the

physisorption step of the molecules, leading to an increased surface reaction

preference. Moreover, lower temperature decreases the reaction kinetics, and

results in reduced thermal disorder in a SAM. However, low temperature not

necessarily leads to a longer reaction time. For molecules with shorter chains,

specifically for octadecytrichlorosilane, this behavior was not observed.

Temperature influence on the SAM formation process was also proven by Weidner

[45]. Investigating the adsorption process of tripodal ligands, he has demonstrated,

that the adsorption time τ increases with temperature. This phenomena was

explained by a two-stage adsorption model. At lower temperatures the amount of

weakly physisorbed molecules is higher, leading to a higher number of transitions

to the chemisorbed state, and thus to formation of a more complete SAM.

From the discussion above follows that different SAM forming molecules not

necessarily show the same adsorption behaivor with temperature changes. The
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reason for that may be their molecular structure, their functionality, or nature of the

used solvent. Therefore, it is very important to investigate temperature influence

on the SAM adsorption kinetic and its quality. The obtained information can

be very useful for optimization of SAMs. In this work temperature dependence

measurements have been performed and its influence on the adsorption kinetics

has been monitored in situ with SHG and SPR techniques. In addition AFM and XPS

techniques have been applied to compare the quality of SAMs prepared at different

temperatures. The obtained results are presented and discussed in Chapter 4.
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1.3 Main applications of SAMs

As previously mentioned, there are numerous successful applications for SAMs in

different areas of technology, some of which are briefly discussed in this section.

Switchable interfaces (smart surfaces)

The production of smart interfaces is one of the most important applications of

SAMs in modern nanotechnology. The monolayers are designed in such a way, that

they are able to respond to external stimuli, like photoillumination [83,84], changes

in temperature or pH [85, 86], or electric or magnetic fields (cf Fig.1.6), by switching

their conformation [87, 88].

The switchability of the surfaces is usually based on reversible conformational

transitions of the functional molecules in a SAM. The change in the internal

morphology leads to a change, i.e., switch, of macroscopic properties of the

surface [89]. The main requirements for preparation of optimal SAMs for these

applications are spatial freedom around functional units, to allow molecules to

undergo a structural transitions and adsorption geometry, that avoids „diving“ of

the functional groups [18].

One prominent example are photoswitchable azobenzene molecules on gold

substrateSubstrate substrateSubstrate





Figure 1.6: Schematic of the photoswitchable SAM for the molecules with

double anchoring [77].

surface. These molecules have been studied extensively, where cis-trans

photoisomerization of azobenzene units can be observed by inducing

conformational transitions with UV light [77,90,91]. Another example of switchable

surfaces, obtained via self-assembly are mercaptohexadecanoic acid monolayers

on Au(111) [61], which allow external control of surface wetting properties. By an

applied positive voltage a conformational change from hydrophilic (standing) to

the hydrofobic (bent) state is caused.
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Nanolithography

The main strategy of this method is to obtain nanoscale structures, i.e., at least one

lateral dimension should be in the range between 1 Å and 100 nm. Nanolithographic

methods are widely used in manufacturing of miniature circuits on electronic

chips, nanoelectromechanical systems, submicron machinery, and other areas of

technology [92]. The films obtained by means of self-assembly are well suited

for patterning at the nanoscale. SAMs found applications in nanolithography as

resists for pattern transfers [93], and as templates to pattern different biosystems

[94]. Microcontact printing, photolithography and micromachining can be used

to prepare micro-sized structures build from SAMs. One of the most frequently

used methods is microcontact printing (µCP). The main principle is that prepared

polydimethylsiloxane stamps with defined surface reliefs are first loaded with

functional (SAM forming) molecules, i.e., similar to conventional „ink“. To create

the SAM’s pattern on the substrate surface, the stamp is brought into contact with it.

In such a way, a SAM can be „printed“ on the substrate in a specific pattern. Features

with the smallest size of approximately 50 nm and distributed on the surface at

around 10 µm can be achieved by means of this technique [95]. Multicomponent

SAMs obtained with µCP can be used as templates for selective deposition of

nanoscale materials [96].

An alternative technique to transfer molecules to selected surface regions is dip-pen

nanolithography, which was developed by Mirkin [97] and was demonstrated, e.g.,

for alkanthiol’s „ink“ deposited on gold substrates. For this purpose, an AFM tip,

is used as a „pen“ for molecular transfer from it’s surface to the substrate. This

is realized by capillary forces, which are formed in the space between a tip and a

substrate. Patterning of feature sizes below 100 nm is possible with this technique.

Many other methods for SAMs patterning on surfaces are widely used, like polymer

pen lithography, scanning probe lithography, ion and electron beam lithography

[92].

Biomolecular applications

Self-assembly techniques became very significant in the area of biotechnology.

SAMs are widely used for immobilizing of biomolecular species on surfaces. For

this purpose two main strategies are known: (1) direct deposition of properly

selected biomolecules on the substrate, which is based on grafting a biological

molecule into a conventional SAM and (2) the attachment of targeted molecules

to an appropriately modified SAM [92].
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One example for the first method are metallproteins on gold surfaces, which can

be embedded in a traditional SAM of alkanethiols. In order to support exchange

between biomolecules and molecules from a SAM at the chosen surface region an

AFM tip is used, as explained in [98].

For the second method functional molecules of a SAM are specially modified to bind

selectively to a biological target species. For instance, histidine-tagged proteins

bind to alkenthiol SAMs, with functional groups of a tetravalent chelate of Ni(II) [99].

Nonlinear optics

One of the main concerns in modern electro-optical technology is the replacement

of the traditional optical materials with alternative ones, that exhibiting nonlinear

properties. SAMs of chromophores can be potentially used for this purpose,

since they demonstrate large macroscopic second-order nonlinearities, which

derives from a highly polarizable charge asymmetry of a π-conjugated system

[65]. One example is hemicyanine disulfide on gold, which exhibits a strong

intermolecular charge transfer from the alkylamino groups to the pyridinium

ion groups [30]. Another example is subphthalocyanines (SubPcs) with their

intrinsically non-centrosymmetric C3v cone-shaped structure [65], which are also

investigated in this work. The SAMs of phthalocyanines can be also used in the

field of optical limiting, since Pcs behave as nonlinear absorbers, showing high

transmission between the Soret and Q bands [100].

Molecular electronics

Tunneling of electrons through a monolayer of aliphatic chains was first

demonstrated by Mann and Kuhn in 1971 [101], which led to the foundation of

the field of molecular-scale electronics. Since then the electronic properties of

molecular-scale devices based on single molecules or SAMs have been extensively

studied.

One method how SAMs can be exploited as electronic circuits, is to arrange them

between two electrodes, in a so called metal-insulator-metal (M-I-M) system. In

this case, molecular layers act as large bandgap insulators, which usually lead to

well-defined tunneling. The main parameters that control the electronic properties

in such systems are charge transfer and band lineup, i.e., the energy position of

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular

orbital (LUMO) with respect to the Fermi energy of the electrodes [8, 102].
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One prominent example, are short chain alkanethiols arranged between two Au

electrodes. It was shown that at room temperature the tunnel conductivity is

dominating [103]. One of the most common applications of SAMs in molecular

electronics is the fabrication of organic field effect transistors (OEFTs). For instance,

SAMs of n-alkyltrichlorosilanes, which exhibit remarkably low current leakage

(<10−8 A/cm2) are used for this purpose [104]. Further applications of SAMs in

molecular electronics are as an anode of a top-emission organic light-emitting

device (OLED) or as a cathode of an organic photovoltaic (OPV) device [105].

1.3.1 Phthalocyanine derivatives and their SAMs

Phthalocyanines (Pcs) and their derivatives, which were investigated in this work,

are a class of aromatic macrocycles and are synthetic analogues of porphyrins.

These complexes consist of isoindole units, presenting an 18 π-electron aromatic

cloud delocalized over an arrangement of alternated carbon and nitrogen atoms.

Pc molecules are able to coordinate metal cations in their centers, which are able

to carry additional ligands [65, 106, 107]. The first metal-free phthalocyanines

were synthesized in 1907 by Braun and Tcherniac [108], while the first metal

phthalocyanine with copper [CuPc] was prepared in 1927 by de Diesbach and von

der Weid [109].

Nowadays, phthalocyanine complexes are in the focus of scientific attention,

because of their fascinating properties. Pcs complexes are organic semiconductors

and their conductivity is dependent on the intrinsic properties of a distinct

phthalocyanine complex. For example, bis(phthalocyaninato) lutetium (Pc2Lu)

is a typical narrow-, and lithium phthalocyanine (PcLi) is a typical broad-band

intrinsic molecular semiconductor. Those can be used in devices such as

field-effect transistors [110]. With phthalocyanines doping by electron acceptors,

p-type columnar semiconductors can be obtained [111]. Another interesting

and extensively studied property of Pcs are their nonlinear optical properties,

which are easily tunable through Pcs structure modification, making them perfect

candidates for incorporation into optical devices [112]. Furthermore, Pcs can

be applied as optical limiters, since they exhibit optical limiting (OL) behavior

in the visible and NIR spectral range [113]. Pcs have widespread applications

in organic solar cells [114, 115], dying industry [65], or as active components

in semiconductors [116, 117]. The diversity in applications is explained by Pcs

versatility, which in turn, is provided by their architectural flexibility. Pcs can be

modificated by replacing the central atom, or incorporating substituents at both,
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the periphery of the macrocycle and at the axial positions, suchwise tailoring their

physicochemical parameters. Moreover, modification of the phthalocyanine ring

is possible, for example, varying the number of isoindole units, and thus, creating

so-called Pc’s analogous [65].

Pc complexes are able to interact with each other via supramolecular interactions

forming ordered columnar structures on the surfaces [64, 107], making them

exceptionally interesting for self-assembly. Therefore, the interest in Pc SAM

preparation and incorporation into devices increased significantly, thereby

encouraging numerous of investigations in this area. The Pc SAMs were extensively

studied for applications as components of solar cells [115, 118, 119] due to

their strong red and near-IR absorbance. Pc’s SAMs are also frequently used in

optical sensing devices [21, 120, 121], demonstrating fluorescence, which can be

reversibly quenched by exposure of external molecules (for example NO2 gas) [122].

Finally, they are used in electronic conductance sensors [121] (semiconductive or

field-effect transistor, FET), which are based on changes in electrical properties.

As discussed above Pc complexes and especially their SAMs are very promising

for a wide range of application. Therefore, the investigation of SAM formation

processes of Pcs and their derivatives is of crucial importance. In this work two

different types of Pcs have been studied, subphthalocyaninatoboron(III) and

diphthalocyaninatoterbium(III) complexes. Both complexes exhibit outstanding

physical and chemical properties. Moreover, due to their unique structure they

can be used for preparation of smart surfaces, which makes them exceptionally

interesting. Subphthalocyanines (SubPcs) are very important class of Pcs

with extraordinary electrical and optical properties. These macrocycles consist

of three diiminoisoindole units, which are N-fused around a boron atom,

presenting an aromatic delocalized 14 π-electron system [106, 107]. SubPcs are of

particular interest due to their nonlinear properties, provided by their intrinsically

non-centrosymmetric C3v cone-shaped structure [123]. Because of their purple

color, their are interesting for application as dyes for electrolithography or for

printing [124]. Furthermore SubPcs can be potentially used as a recording media,

which can be employed for rewriting at short wavelength [66]. The fist SubPc have

been synthesized in 1972 by Meller and Ossko [125].

The investigated diphthalocyaninatoterbium(III) complex belongs to the group of

single molecular magnets (SMMs), because it exhibits large magnetic anisotropy,

slow relaxation of the magnetic moment, and quantum tunneling of magnetization

[126]. Such Pcs complexes have a sandwich-type structure, where a lanthanide

ion is located between two phthalocyanine ligands. Due to their properties SMMs
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are considered to be potential candidates for high-density information storage

devices [127] and quantum computing applications [128].





2 Methods

2.1 Second harmonic generation

Second harmonic generation (SHG) spectroscopy is one of the most important

techniques in nonlinear optics. First SHG experiments were performed by Franken

et al. in 1961 [129].

SHG is a nonlinear optical process, where two photons with frequency ω are

coupled to produce a single photon of the doubled frequency 2ω due to an

interaction with a nonlinear medium. In the electric dipole approximation, SHG

requires a noncentrosymmetric medium. It can be generated on the boundary of

two centrosymmetric media. In this case, only the first few atomic or molecular

layers contribute to the SHG-signal. This makes SHG a highly surface-selective

technique. Therefore, it is widely used for the investigation of surfaces [130–132]. In

this work SHG was applied to monitor the film formation process of Pc derivatives

on gold substrates.

Nonlinearity and second order nonlinear susceptibility

Nonlinear optics is a technique to study the nonlinear response of matter to

electromagnetic fields, e.g. incident light. In the field of optics, nonlinear effects

became interesting a short time after the invention of the laser. Only laser can

generate high electric fields of about 1 kV/cm (corresponding light intensities of

some kW/cm2) that are required to observe these effects [133].

Generally, when a beam of light is propagating through matter it excites the

electrons, causing oscillations at the frequency of the incident light. In linear optics

electron oscillation can be explained using the classic harmonic oscillator. Each

single electron has its own dipole moment and the sum of all dipole moments per

volume unit defines the polarization ~P of the medium. When the intensity of the

incident electric field is significantly lower than the internal electric field of atoms

or molecules in the medium, ~P is proportional to the electric field ~E :
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~P =χ(1)~E , (2.1)

where χ(1) is linear susceptibility of the medium.

For higher electric fields, like in case of laser light, the displacement of the electrons

is so high, that anharmonic components of the electron oscillations must be taken

into account. The medium response to the light field becomes nonlinear and the

induced polarization intensity can be expanded as a power series of E [134, 135]:

~P =χ(1)~E +χ(2)~E~E +χ(3)~E~E~E + . . . . (2.2)

In this equation χ(2) and χ(3) are second and third order nonlinear susceptibilities,

respectively. χ(2) is a tensor of third order, which is responsible for the generation

of light with doubled frequency 2ω and halve wavelength λ/2, i.e., generation of

second harmonic. χ(3) is a tensor of fourth order, which is responsible for generation

of light with frequency 3ω and wavelength λ/3, i.e., third harmonic. Since, for SHG

experiments only χ(2) is relevant, terms of higher order are neglected in this work.

Assuming the incident light as a plane monochromatic wave, propagating in the

matter along the z-axis, its field can be written in a simple form [133]:

~E = ~A(z)cos(ωt −kz) , (2.3)

where A is the wave amplitude,ω is the frequency, k is the wavenumber, and t is the

time. By substituting eq. 2.3 into eq. 2.2, one obtains:

~P =χ(1)~A(z)cos(ωt −kz)+χ(2)~A(z)~A(z)cos2 (ωt −kz) , (2.4)

which yields:

~P = 1

2
χ(2)~A(z)~A(z)+χ(1)~A(z)cos(ωt −kz)+ 1

2
χ(2)~A(z)~A(z)cos(2ωt −2kz) . (2.5)

From eq. 2.5 one can see, that three components contribute to the polarization:

1. direct current (dc) component, which is independent from the frequency,

2. the component, which is dependent from the frequency ω,

3. the component, which depends on doubled frequency 2ω.

The third component is the source of doubled frequency radiation. Suchwise, from

each dipole, besides radiation with frequency ω, radiation with doubled frequency
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2ω will be emitted.

In surface analysis, the most important property of χ(2) is, that it disappears in

materials with inversion symmetry. For better understanding of frequency doubling

process at the surface, the mathematical properties of χ(2) should be considered. As

a tensor of third order χ(2) is a linear map, which with constant α is given as:

χ(2) (α~x) =αχ(2) (~x) . (2.6)

For inversion symmetric media it holds:

χ(2) (~x) =χ(2) (−~x) =−χ(2) (~x) . (2.7)

Eq. 2.7 can only be fulfilled, when susceptibility disappears, i.e., χ(2) (~x) ≡ 0. This

statement is correct only in the electric dipole approximation1, since magnetic

dipole and electric quadrupole contributions may also exist. For the systems

discussed in this work those are too small and can be neglected [131]. Consequently,

SHG can not be generated in crystal volume with inversion symmetry. It is strictly

forbidden in all isotropic media, like gas, polycrystalline materials and liquids

[131, 132, 137]. However, at the interface between such centrosymmetric media the

symmetry is necessarily broken, resulting in χ(2) different from 0.

The second order nonlinear susceptibilityχ(2) is a tensor of third order and generally

has 27 independent elements. Very often the number of independent elements

can be significantly reduced by the symmetry properties of the sample. For the

gold surface, which is used in this work, due to its azimuthal isotropy, only three

independent tensor elements remain [138–140]:

χ(2)
zzz

χ(2)
zxx =χ(2)

z y y

χ(2)
xzx =χ(2)

xxz =χ(2)
y y z =χ(2)

y z y

The coordinates x and y are in the surface plane, while z is perpendicular to it. The

SHG-signal is generated by electron oscillations, which are perpendicular to the

surface, i.e., in the spill-out region [131,139]. Therefore, for the systems investigated

in this work, the signal is mainly contributed by the tensor element χ(2)
zzz .

1 The dipole approximation assumes that the wavelength of incident light is such, that the

distance, which electron travels in time 1/ω is significantly shorter than the distance in which

electromagnetic fields are noticeably changed. Suchwise, electric fields are assumed to be

spatially homogeneous, i.e., the induced polarization depends only from electric fields in the

given point [136].
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2.1.1 Influence of adsorbates

Adsorbate molecules cause changes in the surface nonlinear properties. Generally,

to describe the interaction between an adsorbate and the substrate surface it can

be assumed, that attachment of electronegative adsorbate molecules to the surface

cause partial localization of free electrons from the spill-out. These electrons are not

available for SHG signal generation, and thus, leading to a signal decrease [141,142].

In contrast, the presence of electropositive adsorbate molecules lead to an increase

of the number of charge carriers in the spill-out, which in turn causes a signal

increase [143]. χ(2)
zzz is generated by the electrons from the spill-out. Therefore,

chemical interactions between adsorbate molecules and the surface are mainly

expressed by χ(2)
zzz change.

Since there is no existing microscopic theory for the description of the nonlinear

susceptibility χ(2), usually a phenomenological theory is used [144]. For molecule

adsorption on surfaces the total second-order nonlinear susceptibility χ(2)
tot is given

as a sum of three contributions:

χ(2)
tot(Θ,λ) =χ(2)

sub(λ)+χ(2)
ads(Θ,λ)+χ(2)

int(Θ,λ). (2.8)

χ(2)
sub is the substrate contribution and depends on the electronic structure of the

surface, χ(2)
ads is the intrinsic contribution of adsorbate molecules, and χ(2)

int is the

contribution of chemical interaction between adsorbate molecules and substrate.

Θ is the surface coverage, λ the wavelength of the incident light.

χ(2)
tot is a complex quantity with a phase ϕ and for each contribution can be written

as:

χ(2) = ∣∣χ(2)
∣∣e iϕ, (2.9)

where ϕ describes a phase shift with which the polarization of second harmonic

light ~P (2ω) follows the electric field ~E(ω) of fundamental light, and i is imaginary

unit. χ(2)
tot can be best explained using a vector diagram (cf. Fig 2.1), where it is a

vector sum of all contributions. If phase of any given contribution changes, the shift

in total phase of χ(2)
tot will be observed.

For SHG experiments the selection of a proper fundamental wavelength avoids

unwanted resonant excitations of the adsorbate molecules. Furthermore, correct

selection of the wavelength of incident light, χ(2)
tot can be reduced to two

contributions. Either molecular χ(2)
ads or chemical interaction χ(2)

int contribution

may become dominant, so that one of them can be neglected. For example, if at
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Figure 2.1: Schematic of different susceptibilities, which contribute to the total

susceptibility χ(2)
tot and the corresponding individual phases, which

influence the total phase ϕtot.

the chosen wavelength the adsorbate molecules have a vanishing nonlinearity, χ(2)
ads

can be neglected, and χ(2)
int will be dominant in SHG-signal. This should be a case

for investigated molecules at the chosen wavelength of λ = 1064 nm. Thus, the

intensity of the SHG-signal is given by:

ISHG ∝
∣∣∣∣∣∣χ(2)

sub(λ)
∣∣∣+ ∣∣∣χ(2)

int(Θ,λ)
∣∣∣e iϕint(Θ,λ)

∣∣∣2
. (2.10)

As mentioned above, the phase of the substrate contribution is usually constant

during the measurement and therefore, it has been set to zero in eq. 2.10. The

phase of the complex interaction contributionϕint is written relative to the substrate

contribution. For the relation between coverageΘ and contributionχ(2)
int the phase is

of crucial importance. To avoid SHG-signal interpretation errors, both magnitude

and phase of χ(2)
int must be determined experimentally. The phase measurements

will be discussed in sec. 2.1.2.

Adsorbates with thiol, thioether, or disulphide withϕint = 180 ◦, show linear relation

between χ(2)
int and Θ [45, 144]. Hence, an increasing surface coverage leads to a

directly proportional decreasing SHG-signal. The dependance of the SHG-signal

from the coverage simplifies to:

ISHG = A
∣∣∣χ(2)

sub −χ(2),(Θ=1)
int Θ(t )

∣∣∣2
I 2
ω (2.11)

A is a constant, which depends on the set-up geometry, wavelength, and dielectric

constant of the substrate [131], Iω is intensity of the incoming fundamental beam.

Term Θ = 1 in the exponent of χ(2)
int, indicates the susceptibility for a complete
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monolayer. A common way to evaluate the data, is normalization of the measured

SHG-signal to the substrate signal [67]:

I rel
SHG = (1−RΘ(t ))2 , (2.12)

where R is given by:

R = χ(2),(Θ=1)
int

χ(2)
sub

Thus, the detected SHG data can be transformed to the coverage as a function of

time:

Θ(t ) =
1−

√
I rel

SHG

R
(2.13)

This dependance can be further analyzed by fitting with the theoretical kinetic

models, which have been described in section 1.2.

2.1.2 Phase measurement of susceptibility tensor χ(2)

The first SHG phase measurement was performed by Chang et al. in 1965 [145].

Nowadays, three methods for phase detection are known: (1) interference method

[145, 146], (2) compensation method [147], and (3) measurement of the absolute

phase [144]. In this work the interference method was chosen for phase detection.

For the interference method the SHG-signal from the sample is superimposed with

a reference signal, which is generated by y-cut quartz crystal, placed after the

sample (cf. Fig 2.2). Both signals are adjusted in such a way that they interfere

with each other. A variation of the optical phase delay between both sources is

provided by a phase shifting unit (PSU). Afterwards, the phase of the nonlinear

susceptibility can be extracted from the obtained interference patterns. If the

adsorbate contribution can be neglected, the SHG-signal intensity yields:

ISHG ∝
∣∣∣χ(2)

tot

∣∣∣e iϕtot =
∣∣∣χ(2)

sub

∣∣∣e iϕsub +
∣∣∣χ(2)

int

∣∣∣e iϕint +
∣∣∣χ(2)

quartz

∣∣∣e i(ϕquartz+ϕd ), (2.14)

where
∣∣∣χ(2)

quartz

∣∣∣e i(ϕquartz) is the contribution of the quartz crystal to the total signal.

The additional phase ϕd is given by the distance d between sample and quartz.

For interference method four different PSU realization possibilities are known:
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Figure 2.2: Schematic for second-harmonic phase measurements. ϕ is the

total phase difference, ϕsam and ϕref are the contributions form the

sample and reference crystal, respectively, and ϕPSU is a variable

phase shift [146].

(1) gas cell, (2) variation of the distance between both SHG sources, (3) rotating

plate and (4) a pair of glass wedges [146]. Use of a gas cell PSU avoids moving

parts, beam displacements, or generation of additional beam divergence. Moreover,

interference patterns obtained with this method can be readily interpreted [146].

Due to this, a gas cell PSU filled with air was used in performed experiments.

The gas cell PSU with variable pressure p, provided by gas evacuation, is placed

between sample and reference crystal. By varying the pressure in the glass cell the

interference periodicity parameter ∆p is obtained:

∆p = λp0

2∆n0L
, (2.15)

where p0 is normal pressure, L is the length of the PSU, ∆n0 the difference between

refractive indices in PSU, when it is filled with air or evacuated [146, 148]. When

changing the pressure inside the PSU, the SHG-signal takes the form:

ISHG = B sin

(
2π

∆p
p0 +ϕ

)
+ I0, (2.16)

where B is a constant and I0 the intensity offset at the start of the measurement.

Fitting eq. 2.16 to the data measured before and after molecular adsorption on

the substrate, it is possible to detect the change ∆ϕ of the total phase ϕtot. ∆ϕ is

relative value, since its initial value is unknown. Therefore, for simplification in the

performed experiments, the initial value is set to 0.

To summarize, using the method described above, superimposing both SHG-signals

from the sample and from the reference crystal, the relative change ∆ϕ of the total
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phase ϕtot of χ(2)
tot can be detected. Moreover, information about the individual

components of χ(2)
tot can be obtained.
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2.2 Surface plasmon resonance

Surface plasmon resonance (SPR) is a physical phenomenon, which first was

observed by Wood in 1902 [149]. However, the complete explanation of the

phenomenon was not possible until 1968, when Otto [150], Kretschmann, and

Raether [151] published their works in research of surface plasmons through optical

excitation [152]. As a consequence of their findings, the SPR method found

applications in modern optics. Generally, different surface plasmons have been

investigated through the years, like in thin films [153], metallic nanoparticles

[154, 155], or solids [156]. In this work, SPR in thin films is relevant, investigating

the film formation process of SubPcB and 2TbPc molecules.

Surface plasmon (SP) is a propagating longitudinal charge density wave, which

is excited by light. SP occurs at the metal-dielectric interface, i.e., a media with

dielectric constants of opposite signs [157, 158]. In SPR sensors the most common

used metals are gold or silver, where the amount of free conduction electrons

is sufficient [159], while the second media is usually a molecular solution. The

most used method for SP excitation is the Kretschmann configuration (cf. Fig 2.3),

which is based on attenuated total reflection. Surface plasmons are exited using

Figure 2.3: Kretschmann configuration for SPR. Surface plasmon resonance is

excited at the metal/air interface when the angle of incidence of

light is such that the evanescent component of its wave vector (K ev)

is equal to the wave vector of the propagating surface plasmon (K sp)

[157].

p-polarized light, which shines through a prism on a sensor chip covered with a

thin metal film. Since the metal film acts as a mirror the light is reflected and the

intensity of the reflected light is measured in the detector. At a certain angle of

incidence the light excites surface plasmons, inducing surface plasmon resonances

(SPR), thus, causing a dip in the intensity of the reflected light. The wave vector of
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the evanescent field Kev is given by [157, 160]:

Kev =ω0/c ·np sinθ, (2.17)

where ω0 is the frequency of incident light, np is refractive index of the prism, θ the

angle of the incident light with respect to the metal film normal and c is speed of

light in vacuum. The wave vector of the SP can be expressed by [157, 160]:

Ksp =ω0/c

√
εmn2

s

εm +n2
s

, (2.18)

where εm the dielectric constant of the metal and ns the refractive index of the

molecular solution [161].

The SP is resonantly excited at the condition when Kev = Ksp. At this condition the

energy of the incident light will be strongly absorbed by the metal film and, thus,

leads to a reduced intensity of the reflected light [157, 160]. The angle at which the

lowest intensity is observed is called SPR angle or resonance angle θR and is given

by:

sinθR =
√

εsεm

(εs +εm)εp
, (2.19)

where εs is the dielectric constant of the molecular solution that is in contact with

the metal film, and εp is the dielectric constant of the prism [162].

The SPR angle θR is very sensitive to changes of the refractive index of the medium

close to the metal-film surface. Since molecules adsorption causes a change in

the refractive index, it is possible to follow the adsorption process by monitoring

the change in the value of SPR angle. In this work, minimum tracking method

has been used for the adsorption curves detection. In this method the signal

intensity minimum I (θ)R is determined, by recording I (θ) at three points close to

the resonance angle θR of minimum intensity. Subsequently, fitting the parabola

the minimum position θR is obtained:

I (θ) = Ioffset +w(θ−θR)2, (2.20)

where Ioffset is the intensity offset at the minimum and w is the width [163].

The mass of the adsorbed molecules is proportional to the refractive index on the

film surface, hence a change in SPR angle ∆θR can be directly related to the mass
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change. The adsorbed mass density Γ on the surface, which is typically given in

ng/cm2 can be directly calculated according to de Feijterś formula:

Γ= (nmol −nsol)d

dn/dc
, (2.21)

with nmol refractive index of the organic molecules, nsol refractive index of the

solvent, d thickness of the adsorbed film, dc/dn is the increment in the refractive

index of the solution with increasing molecular concentration on the surface [158,

164].

Detecting the SPR angle change in time during the adsorption process, information

about the molecules adsorption kinetic can be obtained, in real time and in situ.

In contrast to SHG experiment, not only molecules, which form strong chemical

bonds with the surface, but also molecules in physisorbed state, contribute to the

SPR signal change. Therefore, giving additional information about film formation

process. With SPR obtained data will be presented and discussed in sec. 4.3.

2.2.1 Determination of the refractive index increment

The determination of the refractive index increment dn/dc is important, since it

gives the possibility to determine the refractive index of the investigated molecules.

Furthermore, it is useful for further evaluation of the SPR data, enabling to extract

the thickness d of the SAM and the adsorbate density Γ on the gold surface.

Figure 2.4: Scanning Michelson interferometer [165].

dn/dc is usually determined using a Michelson Interferometer. The Michelson

interferometer is a two-beam interferometer, which was originally invented by

Albert Abraham Michelson in 1891 [166]. Nowadays it consists of a laser, a beam
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splitter, two mutually perpendicular plane mirrors and a photodiode (cf. Fig. 2.4).

A laser beam is splitted by a cubic beamsplitter into two beams with equal intensity.

Each is reflected by a mirror and subsequently superimposed on a photodiode.

By scanning one of the mirrors (piezo mirror), the phase relation of the two

beams changes, resulting in an interferometric pattern, which is detected with

the photodiode. For the refractive index increment determination dn/dc of the

sample, the sample cell is placed in the path of one of the optical arms. When the

optical path length is changed by varying the optical density in the sample cell (e.g.,

changing the molecular concentration of the solution), it leads to a phase change,

thus changing the interferometric pattern. Measurements with different molecular

concentrations allow the calculation of dn/dc [165].
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2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for

chemical analysis (ESCA), is an important and widely used technique to study the

electronic structure of molecules, solids, and surfaces.

  K

 K 

Figure 2.5: Schematic of electrons escape from the solid, irradiating it with

photons of energy hν. Only those electrons created near the surface

escape without energy loss. Figure by [167].

In this work this technique was applied for the determination of chemical

compositions, binding ratios, and thicknesses of the self assembled monolayers.

XPS is based on the photoelectric effect, measuring the energy spectrum of

electrons emitted from material. Exposing the sample to a flux of monochromatic

photon radiation of characteristic energy hν, it interacts with electrons in the

atomic shell, resulting in electron excitation and ejection, i.e., photoemission,

from the analyte. In solids, electrons have a relatively short inelastic mean free

path (IMFP), i.e., the distance that electrons of a well-defined energy Ekin can

travel without losing energy (see Fig 2.5). Therefore, only photoelectrons that are

produced in near-surface regions, i.e., only several nm underneath the surface,

can escape from a solid without loosing kinetic energy EK in the material. This

explains the surface sensitivity of XPS. For example, emitted electrons with energies

of 100 eV have escape depths on the order of nanometers. The electrons that are

deeper from the surface, undergo inelastic collisions with energy loss δE and, thus,

leave a sample with lower energies. These photoelectrons appear as a background

signal on a energy spectrum [167–169]. The XPS parameter IMFP ignores elastic

scattering, therefore often the effective attenuation length (EAL) parameter is used.

The difference between EAL and IMFP can be up to 30% (λ/λin), and the average is

15-20% [170].
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Figure 2.6: Principle of an XPS spectrometer [171].

The characteristic kinetic energy Ekin of unscattered and elastically scattered

electrons detected by the spectrometer can be converted into the corresponding

binding energy EB, using the relation:

EB = hν−Ekin −φA, (2.22)

where φA is the work function. This equation is fundamental for XPS.

The main elements of an XPS instrument are an X-Ray source, an electron energy

analyzer, and an electron detector, as shown in Fig 2.6. Monochromatic photons

with energy hν hit the sample surface under angle ψ with respect to the surface

normal. The kinetic energy E kin of the photoelectrons can be analyzed by use of

electrostatic analyzer (usually by an additional retarding field) as a function of the

experimental parameters, e.g. emission angles (θ,φ), the electron spin orientation

σ, the photon energy, or polarization. The whole setup is evacuated to ultra high

vacuum (typically around 10−9 - 10−11 mbar) [171].

XPS is an useful tool for chemical analysis of the surface. Comparing the obtained

energy spectrum with a reference spectrum of the pure element, chemical shifts, i.e,

the change of the binding energy, caused by different local chemical bonds, can be

detected. Therefore, differently bounded chemical components on the surface can

be identified [170].
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2.4 Atomic force microscopy

The atomic force microscope (AFM) belongs to the broad family of scanning probe

microscopes (SPM). The first AFM was developed in 1986 by Binning et al. [172],

a few years after the scanning tunneling microscope (STM) development. The

aim was to overcome STM limitations, since only conducting and semiconducting

samples can be investigated with it. Today AFM is widely used for surface analysis,

providing high-resolution visualization of structures at atomic and nanometer

scales. It is also used for investigations of mechanical, chemical or functional

properties of matter.

The main components of an AFM are probe, optical detection system,

piezo-scanners, and electronics for measurement performance and data

acquisition. A proximal probe, which represents a flexible microcantilever with

a sharp tip at one end, is used for surface imaging. When the tip is brought to

interaction with the sample surface, it causes cantilever deflection. Measuring

the cantilever deflection, the interaction level between the tip and the sample can

be determined. For this purpose, a laser beam is reflected from the cantilever

backside towards a four segment positional photodetector, which is capable to

measure normal and lateral deflections of the cantilever. The surface scanning

with the probe is provided by a piezo-scanner, which moves the sample in the (x-y)

plane. A feedback loop controls the vertical z-position of the tip on the sample

surface, keeping the force between the tip and a sample constant. In such a way

three-dimensional data is obtained, which later can be analyzed through computer

processing.

For a typical AFM, the cantilever deflection is in the range from 0.1 Å to a few

µm, which corresponds to forces of 10−13 to 10−5 N [173]. Lateral resolution

below 1 Å can be achieved via AFM [174]. An AFM can be operated in three

different modes (cf. Fig 2.7): (1) contact mode, (2) tapping or intermittent mode,

and (3) non-contact mode. In contact mode, the probe is brought in contact with

the sample. During imaging in this mode the probe or sample can be easily

damaged, due to the frictional and adhesive forces, which is the main disadvantage

of this mode.

In non-contact mode the space between oscillating probe and a surface is relatively

large, from 1 to 10 nm. Therefore, the probe does not have direct contact with the

sample, i.e., neither sample nor tip can be damaged. Using a feedback loop the

changes in the amplitude, caused by attractive van-der-Waals forces, the surface

topography can be measured. Generally, lower resolution is provided by this mode.
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In tapping mode the distance between probe and surface is in the range of 0.5-2

nm. In this mode the cantilever is oscillating at or near its resonant frequency. By

moving the tip over the sample only intermittently touching or „tapping“ occurs

on the sample. This method takes advantage of the two above, providing high

resolution with minimal sample damage.

In this work tapping mode was used to investigate the quality of the formed SAMs.

Figure 2.7: Forces between the AFM tip and a scanned surface [175].
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2.5 Ultraviolet-visible spectroscopy (UV-Vis)

Ultraviolet-visible spectroscopy (UV-Vis) refers to transmittance or absorption

spectroscopy in the ultraviolet-visible spectral region. In organic compounds

optical absorption mainly occurs due to the presence of unsaturated π bonds.

For the SHG measurements performed in this work, only quantitative

determination of the optical extinction at the wavelength of 532 is of interest. Since

the investigated molecules are absorbing significantly at the second harmonic

wavelength. In this work, UV-Vis was used for this purpose. According to the

Beer-Lambert-Bouguer law, the transmittance T = I /I0, which relates to the

absorbance as A = −log10·T, of a molecular solution depends exponentially from the

path length d , concentration c, and extinction coefficient ε [176, 177]:

I = I0 ·e−ε·c·d , (2.23)

where I is the transmitted intensity, I0 is the incident intensity.

The absorbance is given by:

A = lg
I

I0
= ε · c ·d . (2.24)

In general, the optical extinction spectrum is obtained by measuring the amount

of radiation transmitted through a sample as a function of the incident radiation

wavelength.
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In this chapter informations about the used substrates, chemicals, and equipment

cleaning procedures are given. Furthermore, the experimental procedures and

set-ups for each of the used methods are described in details.

3.1 Materials

3.1.1 Substrates

Gold is one of the most commonly used substrates for SAM preparation due to its

inertness and ability to form strong bonds with organic molecules. Therefore, gold

samples were used exclusively for this work.

The gold substrates used in my experiments were produced at the Institute of

Nanostructure Technologies and Analytics (INA) of the University of Kassel in the

group of Prof. Dr. Reithmaier by Florian Schabel. A gold film with a thickness of

200 nm was deposited on a silicon (111) surface, obtained by thermal evaporation

under ultra high vacuum conditions. A titanium interlayer with a thickness of 15 nm

was used as adhesion promoter between the silicon and the gold film. The wafer

with the gold film was stored under vacuum conditions in a desiccator. For each

SHG measurement a substrate of 1 cm2 was cut from the wafer.

In addition, commercially available gold substrates produced by Arrandee [178]

were used in this work. They consist of a 0.7 mm thick borosilicate glass slide, a

chromium interlayer of 2.5 nm and a gold film of 250 nm. Arrandee substrates

have very smooth surface, which is very important for XPS and AFM measurements.

Before these substrates were placed in the molecular solution for SAM formation

they were flame annealed. This procedure was performed, in order to provide the

formation of gold (111) terraces [178].
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3.1.2 Molecules and solvent

The molecules used in this work have been synthesized in the group of Prof. Dr.

Ulrich Siemeling, „Metallorganische Chemie“ University of Kassel, by Dr. Ulrich

Glebe and Philipp Reintanz. Details about the synthesis procedure can be found

in [179]. Two different phthalocyanine derivatives have been used for SAM

preparation in this work: subphthalocyaninatoboron(III) (SubPcB) (cf. Fig 3.1, left)

and diphthalocyaninatoterbium(III) (2TbPc) (cf. Fig 3.1, right) complexes.

Figure 3.1: Molecular structures of subphthalocyaninatoboron(III): SubPcB-1

and SubPcB-2 on the left, and diphthalocyaninatoterbium(III):

2TbPc-3 and 2TbPc-4 on the right

SubPcB consists of three diiminoisoindole units, with boron as central atom.

In contrast to conventional Pcs, it does not lay flat on the surface, but forms

dome-shaped platforms. 2TbPc consists of two Pcs ligands. Each of them are build

from four diiminoisoindole units, which are connected to each other through a

terbium ion, forming a sandwich-type structure.

Both SubPcB and 2TbPc ligands are substituted on the periphery with thioether

groups (SCmH2m+1) of two different lengths, i.e., R = n − C8H17 (m = 8) and

R = n-C12H25 (m = 12). Thioethers improve the solubility of Pcs in organic

solvents and their mobility on the surface. The latter is important for the

lateral diffusion of the molecules during self-assembly. In total four different

molecules have been investigated in this work: (1)
[
BClSubPc(Sn −C8H17)6

]
, (2)

[BClSubPc(Sn −C12H25)6], (3)
[
Tb

{
Pc(Sn −C8H17)8

}
2

]
, (4)

[
Tb

{
Pc(Sn −C12H25)8

}
2

]
,

which are indicated as SubPcB-1, SubPcB-2, 2TbPc-3, and 2TbPc-4, respectively, in

this work.

Comparing SubPcB and 2TbPc complexes, they have significantly different
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structure. They have different amount of anchor groups and a different geometry

of the spacer unit (cf. Fig. 3.1). A SubPcB ligand contains six thioether anchor

groups, while the 2TbPc sandwich complex has 16 equal thioether groups, but only

8 of them can act as anchor. The other 8 groups are available for further reactions

or modifications and can be regarded as functional groups. However, it should be

noted, that only the adsorption process of complexes 1-4 is investigated in this work.

Since the functional groups define the properties of the final film, the functionality

of the molecules is not important in the frames of this work.

Both types of Pcs derivatives, SubPcB and 2TbPc, are considered as building

platforms, which can be further modificated/functionalized and, thus, used for

preparation of smart surfaces (cf. platform approach in Chapter 1.1.1). However,

the first step to achieve this goal, the adsorption process of the platforms, which

do not exhibit any specific functionality, must be well understood. Therefore, this

work is mainly focused on investigation of the Pc complexes adsorption process.

In the experiments performed in the frames of this work, dichloromethane CH2Cl2

(DCM) was used as a solvent. It was chosen in accordance with solubility of the used

molecules. Since purity of the solvent is important in the SAM formation process

(see chapter 1.1.2) DCM of high purity, i.e., pro analisy (PA) grade, was used.

3.1.3 The cuvette

The cuvette (cf. Fig 3.2) used in the SHG experiments was produced in the workshop

of the University of Kassel, and is made completely out of Polytetrafluorethylen

(PTFE or Teflon ®). On the backside of the cuvette the gold substrate is held by a

narrow strip of PTFE, which is fastened with two stainless steel screws. The cuvette

has a quartz glass window, which is sealed with a Chemraz O-ring. Both the PTFE

cuvette and the O-ring are resistant to a broad range of organic solvents, including

DCM. This prevents damaging of the cuvette material due to the solvent. Syringes

and tubing used for the solution exchange are also DCM resistant. Before each

measurement, all equipment is cleaned using the procedure described in the next

section.

3.1.4 Cleaning procedure

The used equipment was always cleaned by the same procedure. All equipment,

except of the glass window of the used cuvette, the O-ring and internal screws, were

first immersed in a potassium hydroxide (KOH) bath for 12 hours. Afterwards it was
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Figure 3.2: Schematic of the cuvette crossection, which was used in SHG

measurements [45].

rinsed with hot water and placed in a bath of hydrochloric acid (HCl) for two hours.

Finally, the equipment were rinsed with deionized water and dried in an oven at

40◦C.

The cuvette glass window, O-ring, and internal screws were cleaned in H2O2 (30%)

for 12 hours. As a final step, before each measurement all necessary equipment were

placed in acetone for 45 min and subsequently in ethanol for 10 min, to remove all

possible impurities.
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3.2 SHG measurements

3.2.1 In situ kinetic measurements

The SHG technique is used to investigate the SAM adsorption kinetics of complexes

1-4. The experimental set-up is depicted in Fig. 3.3. As radiation source a Nd:YAG

laser (Spectra Physics,GCR-170) with a fundamental wavelength of 1064 nm is used.

The laser is operating in Q-switch mode with a pulse duration of 8-9 ns and a

repetition rate of 10 Hz.

The fluence and polarization state of the incident laser light is set by a Fresnel

Figure 3.3: Schematic of the SHG set-up [45].

rhombus („Halle Nachfolger “, RFR 400) and a polarizer („Halle Nachfolger “, PGH

10). Eventually generated double frequency light of these optical components

are filtered from the fundamental beam by several color glasses (4 x Schott OG

590 : 3 mm). Therefore, only light of the fundamental wavelength reaches the

sample surface and the reference crystal.

In order to adjust the desired beam diameter, which is reflected from the sample

surface, an iris diaphragm is used. In the performed experiments a diameter of

5 mm is chosen. The fluence is measured using a bolometer (Scientech, Mod.

AC1501), placed in the laser beam directly before the investigated sample. At the

chosen beam diameter the used fluence is between 20 - 30 mJ/cm2. The fluence is

far below the damage threshold, which is in the order of 400 mJ/cm2 for a SAM of

organic molecules deposited on gold substrate [45].

Ahead of the sample, a part of the fundamental beam is branched off by a dielectric
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beam splitter (LaserComponents BS1064/54 S65P30/AR), to produce a reference

beam. The second harmonic of the reference beam is generated by a y-cut quartz

crystal. The reference signal minimizes the influence of light intensity fluctuations

of the laser, which appear during measurement. Before the reference signal is

detected with a photomultiplier (PM) (EMI 9818QB), light with the fundamental

wavelength is filtered out by color glasses (Schott BG39 : 3 mm) and an interference

filter (AMKO CWL 532 nm). The detected signal is forwarded via a boxcar integrator

to a computer, where the data for later analysis are recorded.

A boxcar integrator allows to process only PM signals, which are measured during

a well defined time period after the laser pulse. Therefore, making it possible to

separate fluorescent light from the actually measured signal. The time window

(~25 ns) of the measurement is given by the laser trigger pulse. The measurement

starting point and measurement duration can be set manually with an oscilloscope

(Tektronix TDS 2022B).

The sample, which is placed in the teflon cuvette, is irradiated with the laser light at

the fundamental wavelength under an angle of incidence of 45◦. The light beam is

reflected from the sample surface and light withλ = 1064 nm is filtered out by several

color glasses (Schott BG39 : 3 mm). After the color glasses follows a polarisator and a

monochromotor (AMKO LTi). The latter being the last wavelength selective element.

Finally, the generated SH-signal is measured with a photomultiplier (Hamamatsu

E717.21). The SH-signal is forward via boxcar integrator (Stanford Research Systems

SR250) to the computer.

In order to follow the monolayer formation process in situ and in real time, a gold

substrate is placed in the teflon cuvette, which is filled with pure solvent. As initial

step, the signal from the sample surface is measured for 90 min. This is necessary

for the signal stability check. When the solvent is free from contaminants the

signal is expected to be stable, otherwise present impurities may adsorb on the

substrate surface causing a signal decay. After the stability measurement the solvent

is replaced with the molecular solution. This is taken as the starting point of the

molecule adsorption process.

3.2.2 Temperature control

Used solvent is highly volatile and has relative low boiling point (T = 39.6◦C).

Therefore, measurements only at room temperature and below in the range from

2◦C to 21◦C have been performed in this work. The temperature of 2◦C was

the lowest possible under experimental conditions. For temperature control, the
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solvent is placed inside an intensive cooler. The desired temperature is achieved

with a thermal cryostat. Through special tubing and with a peristaltic pump, the

solution is circulating from the cooler to the cuvette and back during the whole

measurement. In order to prevent condensation of water on the cuvette window,

caused by temperature difference between room and cuvette, a continuous flow of

air is directed on it.

The molecular solution is placed in a second intensive cooler. For the exchange

of the solvent with the molecular solution, the connecting tubes are disconnected

form the first cooler and connected to the second one. The solution temperature is

followed with the thermocouple placed in the solution in the cooler.

3.2.3 Phase measurement

For the phase change measurements the set-up shown in Fig. 3.3 was modificated.

Figure 3.4: Schematic of the phase measurement set-up [45].

The changed set-up is schematically presented in Fig. 3.4. The reference signal

is not measured in this case, since measurement time is short enough to neglect

possible intensity fluctuations. The main difference in the signal beam path is

after the cuvette. A glass cell, i.e., phase shift unit (PSU) with a length of 30 cm is

placed between the sample and a y-cut quartz crystal. The PSU can be evacuated

via a three-way valve with a vacuum pump and subsequently filled with air via a

needle valve. The air pressure in the PSU is measured with a piezoresistive sensor

(Motorola MPX 5100). The signal from the pressure sensor is recorded by the

computer simultaneously with the signal from the PM. Behind the PSU a y-cut

quartz crystal is placed, which generates an additional SHG-signal (see sec.2.1.2).
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The superimposed signal of sample and reference is passing through color filters to

eliminate the fundamental wavelength. Finally after passing through the polarizer

the superimposed SHG signal reaches the PM.

For the phase measurements performed in this work the PSU is first evacuated and

then slowly filled with the air via the needle valve, which allows controlled flow of

air into the PSU. The voltage signal, which is delivered from the pressure sensor,

corresponds to a pressure change in the PSU during its filling with an air. In this

process it comes alternately to constructive and destructive interference between

sample and reference signals. As a result, the signal intensity is a function of the

pressure voltage in the PSU and is obtained as sinusoidal curve, which can be

evaluated using eq. 2.16. The conversion of the voltage signal from the pressure

sensor into an absolute pressure value can be omitted, since only a relative phase

change is investigated.



55

3.3 Surface plasmon resonance

The SPR measurements were performed at the Max Planck Institute for Polymer

Research in Mainz in the group of Prof. Dr. Tobias Weidner. The used SPR

instrument is schematically shown in Fig. 3.5. A p-polarized HeNe-laser beam

with λ = 633 nm, is reflected from a gold coated glass prism (n = 1.846), which is

attached to a flow cell. The reflected signal is detected with a photodiode, which

rotates at 2θ relative to the fixed excitation laser beam. The angular control of the

photodiode is performed via a computer-operated 2 circle goniometer. The whole

set-up is controlled by a PC. The used flow cell is a teflon cuvette, which is pressed

against an Au-coated (d ≈ 50 nm) glass (LaSFN9) slide, which is index-matched to

a glass (LaSFN9) prism, using an O-ring for sealing. The molecular solutions of

complexes 1-4 in DCM have been prepared with concentration of c = 25 µmol/l.

The measurements were performed at room temperature.

Figure 3.5: Schematic of the SPR experimental set-up [180].

3.3.1 Determination of the refractive index increment

To be able to determine the refractive indices of the investigated ligands (SubPcB

and 2TbPc) as well as the thicknesses d of the formed SAMs and adsorbate

densities Γ on a gold surface, dn/dc has to be derived. These measurements have

been performed using a Scanning Michelson interferometer (at λ = 633 nm) at
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the Max Planck Institute for Polymer Research in Mainz by Beate Mueller [165].

For this purpose first highly concentrated molecular solutions of SubPcB-2 and

2TbPc-4 have been prepared (c = 0.6 g/l and 0.3 g/l, respectively). Subsequently,

the prepared solution was diluted stepwise to obtain data points for different

concentrations. The slope of the obtained linear regression function corresponds

to dn/dc value (given in ml/g). The accuracy of the refractive index increment

determination is of the order 10−5.
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3.4 X-ray photoelectron spectroscopy

In order to analyze the temperature influence on the quality of the formed SAMs,

XPS measurements were performed for monolayers of complexes 1-4 prepared at

room temperature and at T = 2◦ C. XPS measurements for all samples were carried

out at room temperature and under UHV conditions.

XPS measurements for formed SAMs characterization were performed in Karlsruhe

at the Institute of Technology in by Dr. Michael Bruns. XPS spectra were obtained

using a K-Alpha XPS spectrometer (Thermo Fisher Scientific, East Grinstead, UK).

All prepared SAMs were analyzed using a microfocused, monochromatic Al Kα

X-ray source with a spot size of 30-400 µm. The kinetic energy of the electrons

ejected from the sample was measured with a 180◦ hemispherical energy analyzer.

The analyzer was operated in constant analyzer energy mode (CAE) at a 50 eV pass

energy for elemental spectra. Data acquisition and processing were performed

using the Thermo Avantage software [181]. The obtained spectra were fitted with

one or more Voigt profiles (Binding energy uncertainty: ± 0.2 eV) and Scofield

sensitivity factors. Effective attenuation lengths (EALs) for photoelectrons were

applied for quantification. EALs were calculated using the standard TPP-2M

formalism [182, 183]. All spectra were referenced to the C1s peak of hydrocarbon

at 285.0 eV binding energy, controlled by means of the well-known photoelectron

peaks of metallic Cu, Ag, and Au.

3.5 Atomic force microscopy (AFM)

The AFM measurements were performed at the Max Planck Institute for Polymer

Research in Mainz in the group of Dr. Rüdiger Berger, using a Multimode Nanoscope

III (Digital Instruments). The system was operated in tapping mode under ambient

conditions and room temperature. As a probe etched silicon tips with resonant

frequencies between 300 and 350 kHz have been used. Images on 2-3 different

places at a sample have been taken and evaluated. The evaluation has been

performed via Gwyddion 2.30 software.
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3.6 Ultraviolet-visible spectroscopy (UV-Vis)

The absorption spectra of Pc solutions have been recorded using a double beam

UV/Vis spectrophotometer (Varian, Cary 100). The instrument is equipped with a

Czerny-Turner monochromator. As light sources a quartz-halogen lamp for visible

light and a deuterium arc lamp for UV light were used, to generate wavelengths from

200 to 800 nm. The signal from the sample is measured by a photomultiplier R928

and recorded on a PC. All absorption spectra of molecular solutions were measured

in a 1 cm path length quartz cuvette. Data evaluation has been performed with

WinUV software.
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In this chapter the results obtained using UV-Vis, SHG, SPR, AFM and XPS

techniques are presented and discussed in detail. The first section contains

information about the absorption properties of the investigated ligands 1-4,

examined with UV-Vis. In the second section SHG results are presented, analyzing

the influence of molecular concentration, length of the alkylthio groups, and

temperature on the molecules adsorption kinetic, respectively. The third section is

dedicated to SPR results and a comparison with the SHG results from section two.

In sections four and five the quality of SAMs prepared at different temperature is

shown and compared, presenting XPS and AFM results.

4.1 Ultraviolet-visible spectroscopy
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Figure 4.1: Absorption spectra for molecular solutions of SubPcB-1 and

SubPcB-2 in DCM (c = 25 µmol/l).

The extinction coefficients of molecules 1-4 are determined from the obtained
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absorption spectra (cf. Fig. 4.1 and 4.2). Their determination is important for

a quantitative evaluation of the SHG data, since they give the possibility to

calculate, what part of the SHG-signal is absorbed by the molecular solution. The

data represented in sec. 4.2 is corrected accordingly to the obtained extinction

coefficients.

The absorption spectra of SubPcB-1 and SubPcB-2 (cf. Fig. 4.1) exhibit two intense
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Figure 4.2: Absorption spectra for molecular solutions of 2TbPc-3 and 2TbPc-4

in DCM (c = 25 µmol/l).

bands, which are typical for SubPcB complexes [184]: a Q band at around 600 nm

and a B band in the UV-region of the spectrum at around 300 nm. An additional

broad band is observed at around 400 nm, which usually appears for substituted

SubPcB and is attributed to a n-π∗ transition [184]. The two 2TbPc-3 and 2TbPc-4

Sample ε in l
mol·cm A at λ = 532 nm in %

SubPcB-1 6.47 33.1

SubPcB-2 5.47 28.5

2TbPc-3 8.07 41.9

2TbPc-4 6.84 35.6

Table 4.1: Extinction coefficients and absorbance at λ = 532 nm for complexes

1-4 (c = 25 µmol/l).

(cf. Fig. 4.2) demonstrate intense bands as well: a Q adsorption band at around 700

nm, a n-π∗ transition at around 400 nm, and a B band at around 300 nm.
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For the SHG-data interpretation, only the absorption at 532 nm, i.e., the wavelength

of SHG-light, is important. The calculated extinction coefficients for molecules

1-4 and absorption contributions to the total signal for the molecular solutions at

c = 25 µmol/l are presented in Tab. 4.1. The relatively high absorbance is obtained

at concentration c = 25 µmol/l (around 30% and 40% for SubPcB and 2TbPc,

respectively). Therefore, it is of crucial importance to take the absorbance into

account by SHG data evaluation. The absorbance for all investigated concentrations

has been calculated using ε values specified in the Tab. 4.1.

The extinction coefficients ε of SubPcB given in the literature [184–186] are in the

range from 5.45 to 6.45 l
mol·cm , which agrees well with the detected values.
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4.2 Second harmonic generation

The adsorption kinetic investigations with SHG have been performed

for SubPcB (SubPcB-1 and SubPcB-2) and 2TbPc (2TbPc-3 and 2TbPc-4)

molecules with peripheral alkylthio (SR) groups of two different chain lengths

(SubPcB-1, 2TbPc-3: m = 8 and SubPcB-2, 2TbPc-4: m = 12). Different molecular

concentrations were investigated, c = 25, 50 and 100 µmol/l for SubPcB and

c = 15, 25 and 50 µmol/l for 2TbPc. In addition, to verify a temperature influence

on the film formation process, SHG measurements at different temperatures

(T = 2, 11 and 21◦C) have been performed (see sec. 4.2.4). As already mentioned

in sec. 3.2.1, the signal from a clean gold substrate in pure DCM is detected for

90 min before each measurement, to prove the solvent purity. Afterwards, the pure

solvent is exchanged with a molecular solution and the SHG-signal is measured in

situ and in real time. For the evaluation, the signal from a clean gold substrate, i.e.,

before adsorption (t < 0), is normalized to 1. At t = 0 the DCM is exchanged with the

molecular solution.

4.2.1 General observations

In this section the general features of the SHG signal will be discussed, while a
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Figure 4.3: SHG-signal as a function of time for SubPcB-1 and SubPcB-2 at

c = 50 µmol/l and 2TbPc-3 and 2TbPc-4 at c = 15 µmol/l.
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detailed discussion of the obtained data for SubPcB and 2TbPc ligands is given in

sec. 4.2.2 and 4.2.3, respectively.

The obtained SHG data for molecules 1-4 is presented in Fig. 4.3. Due to the signal

path readjustment during the exchange, a brief, intensive dip in the signal is

observed for all curves at t = 0 s. After the adsorption starting point (t > 0 s),

the signal intensity decreases slowly for all investigated molecules. Such an effect

has been observed earlier by other groups, investigating the adsorption kinetic of

thiols [67,138] and thioethers [142]. This can be explained by localization of surface

electrons, due to the formation of chemical bonds between molecules and gold

atoms. These electrons are no longer available for SHG-signal generation, causing

its decrease. Consequently, all complexes investigated in this work, form strong

chemical bonds with gold, as expected. After a certain time the SHG-signal becomes

constant, indicating that the SAM formation process is completed. This time is

called signal saturation time ts. To prove the stability of the formed SAMs after

each measurement, the molecular solution was exchanged with pure DCM. Since no

SHG-signal increase caused by molecular desorption was observed, it is concluded

that all formed SAMs are stable.

The SAM formation process is asymptotic and can be described quantitatively by

the rate constant, k. The rate constants for ligands 1-4 extracted from the detected

SHG curves will be given and discussed in the following sections 4.2.2-4.2.5.

4.2.2 SubPcB molecules 1 and 2

In this chapter the results obtained for SubPcB ligands using SHG are presented,

analyzing the influence of the molecular concentration and SR unit lengths on the

adsorption process. Furthermore, the kinetic information extracted from the fits

with Langmuir kinetic models is given.

SubPcB adsorption at different concentrations

In this work, measurements at different concentrations (c = 25, 50, and 100 µmol/l)

have been performed for SubPcB. The concentration dependent measurements

have been performed for SubPcB-2 only, since it can be assumed, that the behavior

is very similar for both molecules, i.e., for different SR units.

As demonstrated in sec. 4.1 the used molecules are absorbing significantly at the

second harmonic wavelength (λ = 532 nm). It turned out that for a concentration

of c = 100 µmol/l, the absorbance masks the weak SHG-signal. Therefore, only the

SHG-data obtained for c = 25 and 50 µmol/l are presented in Fig. 4.4. It can be seen,

that SubPcB molecules show noticeably different behavior at different molecular
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Figure 4.4: SHG-signal as a function of time for SubPcB-2 at c = 25 and

50 µmol/l.

concentrations. The signal drop is more intense for c = 50 µmol/l, reaching a signal

saturation of 0.69 ± 0.02, while for c = 25 µmol/l the signal saturation amounts

to 0.74 ± 0.02. Furthermore, signal saturation times ts are influenced by c. For

c = 50 µmol/l signal saturation is reached after approximately (9000 ± 1000) s, while

for c = 25 µmol/l after approximately (11000 ± 1000) s. At lower concentration,

there are less molecules in the solution, thus more time is required for molecules

to reach the substrate surface. This in turn, retards the film formation process,

explaining the difference in ts. Since the coverage Θ is proportional to the square

root of the SHG-signal, the total relative coverage for c = 50 µmol/l is slightly

higher (Θ = 0.31 ± 0.07) than for c = 25 µmol/l (Θ = 0.26 ± 0.05). Obviously, for

higher concentration more chemical bonds between molecules and the substrate

are formed, resulting in a film with higher density.

Peripheral alkylthio group length influence on the adsorption process

Comparing the SHG curves of SubPcB complexes SubPcB-1 and SubPcB-2

(cf. Fig. 4.5), it is obvious that the SHG-signal drop is more intensive for molecule

SubPcB-1 with a shorter SR unit, i.e., with m = 8. It reaches a saturation value of

0.59 ± 0.02, while a SHG-signal saturation of 0.69 ± 0.02 is detected for SubPcB-2

(m = 12). This phenomenon can be explained by the fact, that molecule SubPcB-2

with a longer SR unit, requires more space on the surface due to their enlarged
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Figure 4.5: SHG-signal as a function of time for SubPcB-1 and SubPcB-2

(c = 50 µmol/l).

footprint. Consequently, more gaps, that are smaller than a molecule are formed,

thereby increasing the amount of jamming-configurations (see sec. 1.2.3) and

thus, causing the formation of a less complete SAM. Subsequently, less chemical

bonds are formed with the surface, and more surface electrons are available for the

SHG-signal generation. The SR unit length does not have an influence on the signal

saturation time ts. A signal saturation for both SubPcB-1 and SubPcB-2 is reached

after (9000 ± 1000) s.

Phase shift and fit with the Langmuir kinetic model

For a more detailed investigation of the adsorption kinetics, the coverage Θ can

be calculated from eq. 2.13. As mentioned in sec. 2.1.1, two main conditions must

be fulfilled for correct SHG data interpretation, i.e., the molecule contribution χ(2)
ads

must be negligible and the relative phase ϕtot must be constant. Due to the highly

polarizable π-conjugated system of Pc molecules, the nonlinear behavior at the

used fundamental wavelength and, thus, molecular contributions to the total signal

are possible [186]. To verify, whether molecular contributions exist, the relative

phase change ϕtot has been examined by means of an interferometric method (see

sec. 2.1.2).

Since a similar behavior of molecules with different SR unit lengths is expected,

only phase measurements for SubPcB-2 have been performed in this work. The
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interferometric pattern, i.e., the SHG-signal as a function of the pressure sensor

voltage before and after adsorption of SubPcB-2 are presented in Fig. 4.6. By fitting

eq. 2.16 to the obtained data, the shift of the total relative phase ∆ϕtot of the

SHG-signal can be determined. For SubPcB-2 an insignificant phase shift of

∆ϕtot,2 = 2◦± 10◦ has been extracted. Within the error the relative phaseϕtot remains

constant. Consequently, the adsorbate contribution χ(2)
ads to the total susceptibility

phase χ(2)
tot is negligible. As mentioned above, one can assume, that SubPcB-1

shows a similar behavior and, thus, the SHG-signal change for both molecules can

be explained completely by the chemical interaction χ(2)
int between the molecules

and the surface. Thus, the necessary conditions for a linear correlation between

SHG-signal and coverage Θ are fulfilled.
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Figure 4.6: SHG-signal as a function of voltage, recorded during phase

measurements before and after adsorption of SubPcB-2

(c = 50 µmol/l).

By fitting the kinetic models to the coverage data, obtained using eq. 2.13,

information about the adsorption kinetics can be extracted. Coverage Θ as a

function of time along with the three Langmuir kinetic models fitted to the

experimental data for SubPcB-1 are depicted in Fig. 4.7 a). From this depiction it is

not clear which of the models fits best to the obtained data. Hence, a more distinct

depiction of the model fits is given in Fig. 4.7 b)-c). The abscissas are chosen such,

that the calculated data should follow a straight line (cf. sec. 1.2). For the first order
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(FO) and diffusion limited (DL) Langmuir models the slope is +1 (cf. Fig 4.7 b)),

while for the second order (SO) kinetic model the slope is -1 (cf. Fig 4.7 c)).

Figure 4.7: Adsorption kinetic of SubPcB-1 at concentration c = 50 µmol/l.

a) Coverage Θ and kinetic models as a function of immersion time.

b)-c) Linear depiction of the kinetic models and coverage

Θ relations.

Figure 4.8: a) Coverage data for SubPcB-2 fitted with the FO Langmuir kinetic

model (c = 50 µmol/l). b) Linear depiction of the fit.

Comparison of the kinetic fits of SubPcB-1 presented in Fig. 4.7 b)-c) reveals,

that the FO Langmuir kinetic model shows the best overall agreement with the
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experimental data, while SO and DL kinetic models fail to describe the adsorption

process of SubPcB. The SO kinetic model predicts a slower reaction for Θ < 0.3 and

a significantly higher surface coverage for the final stages of the adsorption process,

with Θ > 0.6. The DL kinetic model deviates significantly from the experimental

data for Θ < 0.5. Only the FO kinetic model, which assumes chemisorption as the

rate-determining step in the adsorption process (cf. sec. 1.2), is consistent with the

experimental data. Since the same behavior can be assumed for all investigated

molecules, solely the FO Langmuir model is used for the data analysis of 1-4. In

Fig. 4.8 the data fit with the FO Langmuir kinetic model for SubPcB-2 is presented,

showing good agreement with the experimental data.

From the fits the adsorption rate constant kFO, which is an important kinetic

parameter (see sec. 1.2), has been extracted. It amounts to i.e., kFO,1 = (6.13 ± 0.04)
l

mol·s for SubPcB-1 and kFO,2 = (5.93 ± 0.05) l
mol·s for SubPcB-2. Additionally, another

important kinetic parameter, i.e., the reaction time τ = 1/ck, which is independent

from concentration, has been determined. For SubPcB-1 it is τ1 = (3260 ± 21) s and

for SubPcB-2 it is τ2 = (3370 ± 28) s.

4.2.3 2TbPc molecules 3 and 4

In this chapter the results obtained for 2TbPc ligands using SHG technique are

presented. The influence of the molecular concentration and SR unit lengths on

the adsorption process is discussed. Furthermore, the kinetic information obtained

from the experimental data fits with Langmuir kinetic model are presented.

2TbPc adsorption at different concentrations

As mentioned previously, 2TbPc are absorbing significantly at the SHG-light

wavelength (λ = 532 nm), constraining the use of high concentrations. It turned

out, that for concentration of 50 µmol/l and higher no measurement is possible.

Therefore, measurements only at concentrations of c = 15 and 25 µmol/l have been

included in this part. As for SubPcB the concentration dependent measurements of

2TbPc have been carried out only for one SR unit length. The obtained SHG curves

for 2TbPc-4 are presented in Fig. 4.9. 2TbPc-4 molecule the same as SubPcB shows

slightly different adsorption behavior at different concentrations. The SHG-signal

drops more rapidly and more intensive for a concentration of c = 25 µmol/l. The

saturation values amount to 0.68 ± 0.02 and 0.63 ± 0.02 for c = 15 and 25 µmol/l,

respectively. Hence, monolayers of higher density are obtained at c = 25 µmol/l.
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Figure 4.9: SHG-signal as a function of time for 2TbPc-4 (c = 15 and 25 µmol/l).

In addition, the saturation time for 2TbPc decreases with c, for c = 15 µmol/l it

reaches saturation after (8500 ± 1000) s and for c = 25 µmol/l after (6000 ± 1000) s.
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Figure 4.10: SHG-signal as a function of time for 2TbPc-3 and 2TbPc-4

(c = 15 µmol/l).
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These results can be explained in the same way as for SubPcB. Since there are less

molecules in the solution at c = 15 µmol/l, the film formation process is retarded,

explaining the different saturation times.

Peripheral alkylthio group length influence on the adsorption process

The SHG spectra for 2TbPc complexes 2TbPc-3 and 2TbPc-4 at molecular

concentration c = 15 µmol/l are depicted in Fig. 4.10. The lower concentration

has been chosen, because 2TbPc complexes absorbance at λ = 532 nm is larger

than for SubPcB (see sec. 4.1). Thus, its influence is less at c = 15 µmol compared

to c = 25 µmol. 2TbPc-3 with a shorter SR unit, similar to SubPcB yields a more

intensive SHG-signal drop. Saturation values of 0.56 ± 0.02 for 2TbPc-3 and 0.68

± 0.02 for 2TbPc-4 were determined. These results again can be explained in the

same way as for SubPcB, i.e., due to jamming-configurations. The SR unit chain

length of 2TbPc has no influence on a final saturation time ((8500 ± 1000) s for both

2TbPc-3 and 2TbPc-4).

Phase shift and fit with Langmuir kinetic model
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Figure 4.11: SHG-signal as a function of voltage, recorded during phase

measurements before and after adsorption of 2TbPc-3

(c = 15 µmol/l).

In the same manner, as described in the previous section for SubPcB molecules, the

shift of the total relative phase ∆ϕtot for 2TbPc has been determined. Exemplarily,
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Fig. 4.11 depicts for the 2TbPc-3 the obtained interferometric patterns before

and after molecular adsorption. The phase shift is ∆ϕtot,3 = 10◦± 11◦, which is,

within the error limits, assumed to be constant. Therefore, a possible adsorbate

contribution χ(2)
ads will be neglected. Thus, SHG-signal and coverage Θ are linearly

correlated, and the adsorption kinetic can be extracted from the obtained SHG data.

The FO Langmuir kinetic model shows good agreement with the experimental data

for 2TbPc-3 and 2TbPc-4, as expected (cf. Fig. 4.12). The determined rate constants

amount to kFO,3 = (27.1 ± 0.12) l
mol·s for 2TbPc-3 and kFO,4 = (22.01 ± 0.15) l

mol·s for

2TbPc-4, with respective reaction times of τ3 = (2460 ± 11) s and τ4 = (3030 ± 20) s.

Figure 4.12: a) and c) Coverage data for 2TbPc-3 and 2TbPc-4 fitted with the

FO Langmuir kinetic model. b) and d) Linear depiction of the fit.
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4.2.4 Temperature influence on SubPcB and 2TbPc adsorption

kinetic

In this section the temperature influence on the film formation process of SubPcB

and 2TbPc will be discussed. The alkylthio group length influence on the molecular

adsorption process is expected to be similar at different temperatures. Therefore,

the measurements for only one type of SubPcB and 2TbPc each, i.e., for ligands

SubPcB-2 and 2TbPc-3, have been performed at different temperatures.

SubPcB

The SHG spectra at three different temperatures T = 2, 11 and 21 ◦C are depicted

in Fig. 4.13. The data reveals, that decreasing the temperature from T = 21 ◦C to

T = 11 ◦C no difference in adsorption behavior occurs. Decreasing the temperature

to T = 2 ◦C leads to an overall higher SHG-signal, i.e., to a less dense SAM.

Moreover, at low temperature signal saturation occurs nearly two times faster

(after (6000 ± 1000) s) than at T = 21 ◦C (after (11000 ± 1000) s).

Since at T = 2 ◦C and c = 25 µmol/l only a slight SHG-signal drop (≈10%) is observed,
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Figure 4.13: SHG-signal as a function of time for SubPcB-2 at T = 2, 11 and

21 ◦C (c = 25 µmol/l).

additional measurements at c = 50 µmol/l have been carried out (cf. Fig. 4.14).
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These measurements also show that a less dense SAM is generated at T = 2 ◦C ,

with a signal saturation of 0.88 ± 0.02 (signal drop 12%), while at room temperature

the signal saturates at 0.65 ± 0.01 (signal drop 35%). Furthermore, similar to the
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Figure 4.14: SHG-signal as a function of time for SubPcB-2 at T = 2 and 21 ◦C

(c = 50 µmol/l).

measurements at c = 25 µmol/l, the SHG-signal saturates faster at T = 2 ◦C than

at T = 21 ◦C and yields a saturation times of (6000 ± 1000) s, while for T = 21 ◦C

it amounts to (9000 ± 1000) s. In other words, the film formation occurs faster at

T = 2 ◦C than at room temperature.

To obtain information about the adsorption kinetic at low temperature, the FO

Langmuir kinetic model is fitted to the data, in the same manner as described in

sections 4.2.2 and 4.2.3. Exemplary, the fits for SubPcB-2 at c = 50 µmol/l are

presented in Fig. 4.15. It can be seen that still the FO Langmuir kinetic model

explains the obtained data well. The calculated rate constant kFO and reaction

time τ for SubPcB-2 are kFO,2◦C = (9.8 ± 0.13) l
mol·s and τ2◦C = (2040 ± 27) s which is

1.7 times higher than at T = 11 ◦C or T = 21 ◦C , where kFO,21◦C = (5.93 ± 0.05) l
mol·s

and τ21◦C = (3375 ± 29) s. The adsorption time τ dependance from the solution

temperature is shown in Fig. 4.16. It can be clearly seen, that τ increases with the

temperature. Note, an increase of the reaction time τ indicates the deceleration in

the film formation process, but it does not give information about the film density.

The same behavior for τ was observed in [45], where its dependency from the
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temperature was investigated in the range from 0 to 60 ◦C . The increase of τwith the

Figure 4.15: a) Coverage data fit with the FO Langmuir kinetic model for

SubPcB-2 (c = 50 µmol/l, T = 2 ◦C ). b) Linear depiction of the fit.
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Figure 4.16: τ as a function of T for SubPcB-2 (c = 25 and 50 µmol/l).

temperature was explained by the fact, that with increasing temperature the amount

of weakly bound molecules in the physisorbed state decreases, therefore, reducing

the number of transitions to the chemisorbed state. In turn, at lower temperatures,

the weakly bound molecules stay near the surface until they chemisorb. In [45]

the adsorption process occurred faster at lower temperatures, resulting in SAMs of

higher density. The latter contradicts with the results obtained in this work. For

SubPcB ligands it has been revealed that at low temperature SAMs of lower density
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are formed. However it should be noted, that only the formation of chemical bonds

is followed with SHG. Since the investigated molecules have complex molecular

architecture and multiple anchor groups, the amount of formed chemicals bonds

does not correlate directly with the amount of adsorbed molecules, and thus,

surface coverage. Considering a two stage adsorption process, during the first

adsorption step, the molecules physisorb on the surface. The probability, that all

anchor groups will attach to the surface simultaneously is quite low. To attach all

anchor groups of such a complex molecule they need to undergo an organization

processes, i.e., lateral organization and molecular rotations until an optimal

adsorption geometry is obtained. Since, at low temperatures these processes are

retarded, the formation of less chemical bonds may take place, explaining lower

coverages detected with SHG.

2TbPc

Since no change in adsorption behavior of SubPcB-2 has been observed by

decreasing the temperature from T = 21 ◦C to T = 11 ◦C , no measurements at

T = 11 ◦C have been performed for 2TbPc. This assumption is rational due to
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Figure 4.17: SHG-signal as a function of time for 2TbPc-3 at T = 2 and 21 ◦C

(c = 15 µmol/l).

the similar adsorption processes for both types of molecules at T = 2 ◦C . The SHG

spectra for 2TbPc-3 detected at T = 2 and 21 ◦C are shown in Fig. 4.17. As for
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Figure 4.18: a) Coverage data for 2TbPc-3 fitted with the FO Langmuir kinetic

model (c = 15 µmol/l). b) Linear depiction of the fit.

SubPcB, the temperature has an impact on the film formation process. The signal

saturation value of 0.83 ± 0.02 is notably higher at low temperature compared to the

value of 0.57 ± 0.02 at room temperature, indicating the formation of a less dense

SAM.

Contrary to SubPcB, the saturation time ts changes insignificantly with the

temperature. At low temperature ts amounts to (7500 ± 1000) s and at room

temperature to (8500 ± 1000) s. The rate constants kFO and reaction times τ

calculated from the fits similarly do not vary much with the temperature. For

T = 2 ◦C , the values are kFO,2◦C = (30.2 ± 0.1) l
mol·s and τ2◦C = (2210 ± 7) s, while

for T = 21 ◦C one derives kFO,21◦C = (27.1 ± 0.1) l
mol·s and τ21◦C = (2460 ± 9) s. The

adsorption process for 2TbPc-3 is clearly different than for SubPcB-2. One possible

reason could be the different number of anchor groups, as well as the molecular

architecture of 2TbPc-3. Another reason could be the difference in SR unit length,

although this was not expected initially. Further more thorough investigations have

to be performed, to clarify this different behavior.

4.2.5 Discussion of the SHG data

For all investigated complexes no change in relative phase ϕtot has been detected,

proving the linear relation between SHG-signal and coverage Θ. Adsorption kinetic

data calculated from eq. 2.13 for SubPcB and 2TbPc complexes is well explained

by FO Langmuir kinetic model. The most important kinetic parameters, which
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characterize the adsorption process, i.e., the rate constant k and reaction time τ

has been determined from the fits for all investigated molecules 1-4 (cf. Tab. 4.2).

Investigated molecule k in l
mol·s (c in µmol/l) τ in s ts in s

SubPcB-1 6.13 ± 0.04 (50) 3260 ± 21 9000 ± 1000

SubPcB-2 5.93 ± 0.05 (50) 3370 ± 28 9000 ± 1000

2TbPc-3 27.1 ± 0.12 (15) 2460 ± 11 8500 ± 1000

2TbPc-4 22.01 ± 0.15 (15) 3030 ± 20 8500 ± 1000

Table 4.2: Rate constant k, reaction time τ and saturation time ts for 1-4.

Comparing the τ values for different SR unit lengths (cf. Tab. 4.2), it can be seen,

that slightly higher values of τ are obtained for molecules SubPcB-2 and 2TbPc-4

with longer SR units (m = 12), in contrast to molecules SubPcB-1 and 2TbPc-3

(m = 8). Similar measurements have been performed by Dannenberger et al. [67]

for n-alkanthiols with different chain length, observing the same phenomenon. For

instance, they determined reaction times for short chain butanethiol (m = 4) and

long chain dodecanethiol (m = 12), where τ = 135 s and τ = 190 s, respectively. The

significantly lower values of τ for n-alkanthiols in comparison with Pc molecules

1-4 are explained by the huge difference in molecular structure. In contrast to the

investigated Pc macrocycles, n-alkanthiols are long chain ligands, which require

significantly less area on a surface. Due to this the adsorption process occurs more

rapidly, providing lower values of τ.

Comparing the SHG spectra of SubPcB and 2TbPc (cf. Fig 4.5 and Fig. 4.10,

respectively), shows that SR unit length has the same influence on the adsorption

process of both types of molecules. The SHG-signal saturation values are lower

for the molecules with m = 8, compared to the molecules with m = 12. However,

the signal saturation time ts remains independent from the SR unit length. Note

that, due to the large error, only a significant change in saturation time can be

distinguished from the obtained curves.

The comparison of the concentration dependent measurements of SubPcB and

2TbPc show, that the SHG-signal saturation time ts and calculated reaction time

τ = 1/kc decrease (cf. Tab. 4.3) with the concentration. For instance, a change

of c from 25 to 50 µmol/l for SubPcB-2, leads to a τ decrease to 3370 s, i.e., 1.9

times. Changing c from 15 to 25 µmol/l for 2TbPc-4, τ decreases to 1290 s, i.e.,

2.3 times. The obtained results are in a good agreement with findings of other

scientists [45, 67, 70, 77], where adsorption delay for lower concentrations was also

observed. For example, in [45] tripodal molecules in the concentration range from

3 to 200 µmol/l, show a linear relation between τ and concentration. For higher
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concentrations (c > 200 µmol/l), τ remains roughly constant.

The temperature dependent measurements proved that temperature has an

Investigated molecule c in µmol/l τ in s ts in s

SubPcB-2 25 6300 ± 60 11000 ± 1000

SubPcB-2 50 3370 ± 28 9000 ± 1000

2TbPc-4 15 3030 ± 20 8500 ± 1000

2TbPc-4 25 1290 ± 12 6000 ± 1000

Table 4.3: Reaction time τ and saturation time ts for SubPcB-2 and 2TbPc-4.

influence on the adsorption process of the investigated ligands. The formation

of less dense SAMs at T = 2 ◦C took place for both SubPcB and 2TbPc, with

relative coverages of Θ = 0.10 ± 0.02 and Θ = 0.17 ± 0.03, respectively. Increasing

temperature from T = 2 ◦C to T = 21 ◦C, a notable increase in reaction time τ for

SubPcB is observed. Contrary, for 2TbPc τ changes only insignificantly in the same

temperature range.

It can be summarized, that very important kinetic data for SAMs of SubPcB and

2TbPc has been obtained using SHG technique, mostly showing a good agreement

with the published data for other molecules. It has been proven that several

parameters, such as concentration, SR unit length, and temperature play a crucial

role in the SAM formation process.
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4.3 Surface plasmon resonance

In this section the adsorption kinetics investigations with SPR are presented and

subsequently compared with the SHG data.

4.3.1 Determination of the refractive index increment

The refractive index increment dn/dc determination for SubPcB and 2TbPc was

necessary for refractive indices extraction and for thorough SPR data analysis. The

determined refractive index increment amounts to 0.292 ml/g and 0.188 ml/g

for SubPcB and 2TbPc, respectively. Since dn/dc approximately equals the

difference of refractive indices of the adsorbate molecules and the solvent (for

DCM nsol = 1.42 [187]), i.e., dn/dc ∼ nmol −nsol, the refractive indices of the

molecules can be determined [188]. Such, the refractive indices of n = 1.71 for

SubPcB and n = 1.61 for 2TbPc have been obtained. The n value for SubPcB is in

good agreement, with published results for a similar molecule, i.e., bromoboron

trinitro-subphthalocyanine [189], where n = 1.7 with dielectric constant imaginary

part of ε′′ = 0.2 at λ = 633 nm were detected.

The determined dn/dc values will be used in the next section for SPR data

evaluation, extracting SAMs thickness d and adsorbate density Γ on the gold

substrate.

4.3.2 Adsorption kinetic. Comparison of SPR and SHG results

To obtain additional information about the monolayer formation process of SubPcB

and 2TbPc complexes, SPR measurements have been performed. The kinetic

measurements for the molecules with only one SR unit length, i.e., SubPcB-2 and

2TbPc-4 have been performed with SPR. The adsorption kinetic curves (cf. Fig 4.19

and 4.20) have been obtained using a minimum tracking method, described in sec.

2.2. The obtained curves can be divided in three main parts: a base line (reference

signal from clean gold), the adsorption process, and the partial desorption.

First, to obtain a base line, the SPR signal from a clean gold substrate in DCM is

measured. The signal must be stable for at least 10 min (P1) before the adsorption

process is initiated. Next, the DCM is exchanged with the molecular solution

(adsorption process starting point) and a signal change is observed (P2). After

signal saturation is reached, the substrate is rinsed with pure solvent, to remove

physisorbed molecules. The final signal drop is usually observed after this step (P3).
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Figure 4.19: SPR adsorption kinetic for SubPcB-2 fitted with FO Langmuir

kinetic model (c = 25 µmol/l).

To compare the obtained SPR and SHG spectra for SubPcB-2 and 2TbPc-4, both are

plotted in one graph (cf. Fig. 4.21 and 4.22, respectively). An abrupt increase of the
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Figure 4.20: SPR adsorption kinetic for 2TbPc-4 fitted with FO Langmuir

kinetic model (c = 25 µmol/l).
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SPR signal is observed for both molecules and saturation occurs notably earlier

in comparison to the SHG coverage data. The maximum SPR signal intensity is

reached after ca. 1800 s for SubPcB-2 and ca. 300 s for 2TbPc-4, which is 6 and 30

times faster to the corresponding SHG data. The reaction times τ, calculated from

the SPR data fit with the FO Langmuir kinetic, are significantly lower compared

with the SHG data (τSPR = 222 and 120 s and τSHG = 3030 and 3370 s, for SubPcB and

2TbPc, respectively).

Moreover, when SPR signal saturation is reached, the relative surface coverage

determined with SHG, is only 40% for SubPcB-2 (after 1800 s) and 10% for 2TbPc-4

(after 300 s). As mentioned in sec. 2.2, the SPR-signal change is caused by

both, molecules in the physisorbed and chemisorbed states, while with SHG

only molecules in chemisorbed state can be detected. Obviously, the SPR signal
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Figure 4.21: SPR angle and SHG coverage as a functions of time for SubPcB-2

(c = 25 µmol/l).

saturation time, is the time, which is necessary for for the molecules to diffuse from

the solution near the substrate surface. However, initially most of the molecules

still stay in a physisorbed state. Generally, the chemisorption process occurs

rather slowly for the investigated molecules, which can be derived from SHG

coverage data. SubPcB and 2TbPc are rather large and complex molecules, with a

complicated structure and several anchor groups. When the molecules approach
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the surface, first only few anchor groups attach to the surface. The remaining

anchor groups bound to the surface during the self-organization and assembly

processes. These considerations can easily explain the significant difference in SPR

and SHG saturation times.

Due to the experimental conditions the SPR spectra were recorded only for

ca. 3000 s. To compare the results successfully, the molecular solution was

exchanged with the pure solvent. After the exchange, the SPR-signal decreases,

and remains constant. Now, only chemisorbed molecules on the surface generate

the SPR-signal. As it shown in Fig. 4.21 and 4.22 the SPR and SHG data are in an

excellent agreement for the same adsorption time. After the solution exchange

(3050 s for SubPcB-2 and 2650 s for 2TbPc4), the SPR and SHG relative surface

coverages are nearly equal and are around 45% and 70% for SubPcB-2 and 2TbPc-4,

respectively.

SPR data fits with the FO Langmuir kinetic show once again that for investigated

molecules chemisorption is the rate-determining step.
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Figure 4.22: SPR angle and SHG coverage as functions of time for 2TbPc-4

(c = 25 µmol/l).
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4.3.3 I(θ) scans

In addition to the kinetic measurements, the signal intensity as a function of

the incident angle, i.e., I (θ) has been recorded before (reference scan) and after

molecular adsorption for 1-4 (cf. Fig 4.23-4.26). A position shift of the intensity

Figure 4.23: I (θ) scan before and after molecular adsorption for SubPcB-1

(c = 25 µmol/l).

Figure 4.24: I (θ) scan before and after molecular adsorption for SubPcB-2

(c = 25 µmol/l).

minimum, due to the change of dielectric environment, which is caused by

molecular adsorption, is observed for all investigated molecules. Generally, the

I (θ) dependance can be described by Fresnel’s equations as the reflectivity R of a

multilayered system (in this particular case: glass, chrome, gold, molecular film,

DCM) for p-polarized light [163, 190]. When the thickness d , real and imaginary
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parts (ε′ and ε′′, respectively) of the dielectric constant of each layer are known,

R(θ) can be calculated using a transfer-matrix approach (see detailed description

in [191]). In this work, to determine d , ε′ and ε′′ of the molecular film, the

Figure 4.25: I (θ) scan before and after molecular adsorption for 2TbPc-3

(c = 25 µmol/l).

Figure 4.26: I (θ) scan before and after molecular adsorption for 2TbPc-4

(c = 25 µmol/l).

obtained experimental data has been fitted by curves modeled using the Winspall

program [163]. Both, ε′ and ε′′ of the glass prism and DCM are taken from the

literature [163, 187] (cf. Fig. 4.23-4.26, layers 1 and 5) and d for DCM and glass

are set to 0. The first step is to determine the unknown parameters of the gold

substrate, i.e., d , ε′ and ε′′ of the chrome and gold layers. Those parameters have

been varied iteratively, until the best fit to the I (θ) reference curve has been found.

Next, the adsorbate film parameters can be detected by iterative variation of its
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d , ε′ and ε′′, respectively (cf. Fig. 4.23-4.26). The refractive index values amount to

n =
p
ε′+ε′′ = 1.71 for SubPcB and n =

p
ε′+ε′′ = 1.61 for 2TbPc, calculated from the

detected dn/dc values (cf. previous section), have been used for these fits. Since the

investigated SubPcB and 2TbPc molecules are absorbing at the given wavelength

(λ = 633 nm), high values of ε′′ have been determined for 1-4 (ε′′ from 0.39 to

0.44 for SubPcB and ε′′ from 0.11 to 0.29 for 2TbPc). The obtained average film

thicknesses are in the range from 0.51 to 0.69 nm, which means that in all cases

incomplete films are formed, since thicknesses of around 1.0-1.3 nm have been

Sample Γ in ng/mm2

SubPcB-1 0.51

SubPcB-2 0.64

2TbPc-3 0.49

2TbPc-4 0.70

Table 4.4: The adsorbate molecules density on the gold surface Γ, extracted

from the SPR data.

expected for the investigated molecules [179]. However, one has to keep in mind,

that the SHG data has revealed, that after 3000 s after adsorption start, the total

relative coverage Θ is only 45 - 70% for 1-4 (cf. Fig. 4.21 and 4.22). Therefore, it is

expected that after 3000 s the adsorbate density on the surface, is also only 45 - 70%.

Thus, the Γ values calculated from the SPR data (cf. Tab. 4.4) are in accordance with

the SHG measurements.
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4.4 X-ray photoelectron spectroscopy

XPS investigations for SubPcB and 2TbPc have been performed in this work.

Monolayers of the same ligands on gold (prepared at room temperature) have been

investigated in detail with XPS earlier by Glebe [179]. In his work, the presence

of sulfur, carbon and nitrogen has been detected for all investigated ligands. The

molecular environments of samples were probed by collected high-resolution

spectra from N 1s C 1s and S 2p regions in [179]. The main peaks of SubPcB and

2TbPc have been obtained at binding energies (BE) of ca. 163 eV (coordinatively

bound or unbound sulfur) and ca. 162 eV (covalently bound sulfur) for S 2p3/2

spectra, at ca. 398.2 eV (N-C bonds) for N 1s spectra, and at ca. 284.5 eV (C atoms

in alkyl chains and aromatic rings) and ca. 286.8 eV (C-N species and impurities of

C-O) for C 1s spectra. The main goal of XPS investigations in this work is to compare

the quality of SAMs prepared at different temperatures (T = 21 and 2 ◦C ).

The results obtained for the SAMs at room temperature (cf. Fig 4.27) are in a good

overall agreement with results from [179]. The normalized C 1s, S 2p and N 1s

spectra with corresponding fits for SAMs of 2TbPc-3 and 2TbPc-4, prepared at

T = 21 ◦C are presented in Fig. 4.27. Similarly as in [179], the presence of sulfur,

carbon and nitrogen on the gold surface has been detected for all investigated

molecules. All obtained binding energies (BE) were detected with precision of

± 0.2 eV.

Single doublets of S 2p3/2,1/2 can be observed on spectra of SAMs from molecules

2-4 (cf. Fig. 4.27 (left)), with S 2p3/2 BE of 163.0, 162.5, and 162.5 eV for

SubPcB-2, 2TbPc-3, and 2TbPc-4, respectively. The obtained energy of 163 eV

are characteristic for intact thioethers. They refer to unbound sulfur or sulfur

coordinated to the gold substrate [18, 179, 192]. In [179] it has been found, that

in most cases the investigated ligands bound partially covalent and partially

coordinative to the gold surface, and only in some cases completely coordinative.

The amount of covalently bound molecules has been assumed to be independent

from the molecular structure [179]. For the C 1s spectra (cf. Fig. 4.27 (middle)) main

peaks are observed at 284.3, 284.2 and 284.5 eV for SubPcB-2, 2TbPc-3, and 2TbPc-4,

respectively, which are attributed to carbon atoms in alkyl chains and aromatic

rings. Near each of these peaks a shoulder is visible at 286.4, 286.4 and 286.7 eV,

respectively. These shoulders correspond to N-C species in the rings and C-O

impurities on the substrate surface [18]. In each N 1s spectra (cf. Fig. 4.27 (right)) a

peak at 399.3, 399.4 and 399.5 eV is detected for SubPcB-2, 2TbPc-3, and 2TbPc-4,

respectively, which corresponds to the C=N-C bonds [193].
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Figure 4.27: S 2p (left), C 1s (middle) and N 1s (right) XPS spectra for

SAMs of SubPcB-2, 2TbPcB-3, and 2TbPcB-4 prepared at room

temperature.
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Figure 4.28: S 2p (left), C 1s (middle) and N 1s (right) XPS spectra for SAMs of

SubPcB-2, 2TbPcB-3, and 2TbPcB-4 prepared at T = 2 ◦C .

Comparable results are obtained for 2TbPc monolayers prepared at T = 2 ◦C

(cf. Fig. 4.28). For 2TbPc peaks at 162.1 and 162.2 for S 2p3/2, at 284.3 and

284.2 ±0.2 eV for C 1s, and 399.3 and 399.5 ±0.2 eV for N 1s have been detected

for 2TbPc-3 and 2TbPc-4, respectively. The obtained S 2p/Au and C 1s/Au ratios

for SAMs prepared at two different temperatures are nearly equal (cf. Tab. 4.5),

indicating that the same amount of molecules are on the surface after the SAM is

formed. At the first glance this seems to contradict with SHG data, where relative

surface coverages for the SAMs prepared at T = 21 ◦C are higher in comparison

with SAMs prepared at T = 2 ◦C . However, for binding a molecule with multiple
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anchoring (SubPcB with 6 and 2TbPc with 8 anchor groups) to the surface one

anchor is enough. Moreover, with XPS it can not be distinguished whether sulfur

is bound on the gold surface or it stays unattached, since BE for those are equal.

Therefore, even if the same amount of the molecules has been detected at both

temperatures with XPS, the number of the formed chemical bounds can be

significantly different. Consequently, it can be concluded, that temperature has

no influence on the amount of the adsorbed molecules on the surface, but on

molecular organization and reorientation processes and, thus, on the amount

of chemical bonds. These XPS results show how important it is to use different

investigation techniques, for better understanding of the complicated adsorption

process.

Comparing the 2TbPc molecules with different alkylthio group lengths, it can be

C 1s/Au S 2p/Au

Molecule T = 21 ◦C T = 2 ◦C T = 21 ◦C T = 2 ◦C

2TbPc-3 1.26 ± 0.1 1.22 ± 0.5 0.05 ± 0.017 0.07 ± 0.006

2TbPc-4 0.76 ± 0.2 1.03 ± 0.2 0.06 ± 0.005 0.06 ± 0.003

Table 4.5: C 1s/Au ratio values for molecules 2TbPc-3 and 2TbPc-4 at T = 2 and

21 ◦C .

seen that compared to 2TbPc-4, the C 1s/Au ratio for 2TbPc-3, with shorter SR

unit is slightly higher (cf. Tab. 4.5). This indicates that the surface coverage is

slightly higher for 2TbPc-3, which is in a good agreement with SHG data discussed

in sec. 4.2.
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4.5 Atomic force microscopy

With SHG it has been proven that temperature has an influence on the adsorption

process of the molecules. In order to compare quality and molecular order of the

SAMs with different SR unit lengths prepared at room temperature and at T = 2 ◦C,

the amplitude and phase images (size of 500 nm x 500 nm) have been recorded

under ambient conditions operating in tapping mode. The reference measurement,

i.e., the image of clean gold, with a corresponding surface height profile are shown

in Fig. 4.29. The reference measurement is necessary for correct data interpretation,

since the height of the flat lying molecule is only around 1-1.2 nm [179]. The

measured amplitude images of SAMs are shown in cf. Fig. 4.30. SAMs of 1-4 have

been prepared on a flat gold surface, with detected root mean square roughness Rq

of 0.5 nm.

After SAM formation Rq slightly increases (obtained Rq values are in the range

Figure 4.29: AFM image of gold (left) and its profile (right).

from 0.7 to 1.0 nm) demonstrating, that molecules are present on the surface.

Furthermore, circular features with diameters of 10-15 nm and average heights of

2-5 nm have been detected for all samples. The amount of circular features, has

been calculated for each image. From these images the average values of feature

density θ and diameter d have been extracted and summarized in Tab. 4.6. The

measured diameter is about two times larger than the diameter of the investigated

molecules, which can be assumed to be a result of molecules agglomeration. Thus,

the amount of circular features corresponds to agglomerate density. The height of

the detected features is significantly higher than the height of a flat lying molecule.

This may indicate that not all of the anchor groups are attached and molecules do

not lay flat on the surface, but standing on the „side“ in the formed agglomerates.
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From the images in Fig. 4.30 it can be seen, that under the used conditions no

well-ordered SAMs are obtained. In all cases the surface is not fully covered with

molecules and they tend to form islands on the surface. However, there is a clear

difference between SAMs prepared at room temperature and at T = 2 ◦C. It can be

seen, that in SAMs prepared at room temperature molecular islands are distributed

more homogeneously on the surface than those at T = 2 ◦C (cf. Fig. 4.30). Since at

lower temperature molecular mobility on the surface is lowered, the observed effect

can be easily understood. Furthermore, the circular features show the tendency

to have a higher diameter and larger height at T = 2 ◦C than at room temperature.

Therefore, the formation of larger agglomerates can be assumed at T = 2 ◦C, thus it is

possible that the same amount of molecules is on the surface at both temperatures.

This assumption agrees well with XPS results, where the same amount of molecules

have been detected at T = 2 ◦C and T = 21 ◦C. Furthermore, due to the formed

agglomerates molecules do not achieve their optimal configuration on the surface

and some part of anchor groups stay unbound. The part of unbound anchor

groups is higher at T = 2 ◦C . This explains the different relative coverages extracted

with SHG at different temperatures. Summarizing the results obtained using three

different techniques, i.e, SHG, XPS, and AFM, it can be concluded, that there is the

same amount of the molecules on the surface at both temperatures, but different

amount of chemical bonds is formed.

T = 21 ◦C T = 2 ◦C

Molecule θ · 1010·1/cm2 d , nm θ · 1010·1/cm2 d , nm

SubPcB-1 19.13 ± 1.3 12.4 ± 3.2 11.42 ± 2.9 14.1 ± 3.2

SubPcB-2 17.76 ± 3.0 12.8 ± 3.8 6.9 ± 2.7 14.4 ± 4.0

2TbPc-3 8.56 ± 1.5 11.2 ± 4.2 5.05 ± 1.4 16.2 ± 3.6

2TbPc-4 13.48 ± 3.1 12.4 ± 4.4 5.62 ± 2.8 15.0 ± 4.6

Table 4.6: Molecular density on the surface θ and detected molecular diameter

d for SAMs of 1-4 at T = 21 ◦C and T = 2 ◦C.

Comparing AFM images for molecules with different SR unit lengths, no clear

difference is observed. The detected average surface densities θ are roughly equal

for both, SubPcB and 2TbPc, and at each temperature (cf. Tab. 4.6). However, SHG

and XPS results show that SR unit length has an impact on surface coverage. The

SHG measurements demonstrated higher coverages Θ for molecules SubPcB-1 and

2TbPc-3 with shorter SR unit (m = 8). Similarly, XPS demonstrated higher C 1s/Au

ratio for 2TbPc-3 compared to 2TbPc-4. However, the observed effect is quite weak.

For example, with SHG a decrease of Θ of only 10%, is measured, which is hardly to
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Figure 4.30: AFM images for 1-4 films prepared at T = 21 ◦C (left) and T = 2 ◦C

(right). For details see text.
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detect with AFM.

To summarize, the AFM results give very valuable information about SubPcB and

TbPc SAMs quality prepared at different temperatures, which complements the

findings obtained using other investigation techniques. Moreover, due to the AFM

measurements, the puzzling and partially contradictorily results obtained with SHG,

SPR, and XPS could be brought into conformity.



5 Summary and outlook

In this work the adsorption process of SubPcB and 2TbPc molecular platforms

on gold have been investigated. For this purpose SHG and SPR approaches have

been applied in situ and in real time. Since the main used method, i.e., SHG,

requires some certain conditions for reliable data acquisition, first some general

information about the investigated ligands have been determined. For this purpose

UV-Vis and phase measurements have been performed. Additionally, for more

detailed evaluation of the SPR kinetic data, prior to SPR measurements, dn/dc

values of SubPcB and 2TbPc have been detected. In combination with additional

investigation techniques, i.e., XPS and AFM, several important informations about

the SAM formation process and its quality have been obtained.

The pre-investigations by UV-Vis revealed that SubPcB and 2TbPc molecules absorb

significantly at the SHG-signal wavelength of λ = 532 nm. The detected absorbance

is more than 80% at c ≥ 75 µmol/l for SubPcB-1 and SubPcB-2 and more than

70% at c ≥ 50 µmol/l for 2TbPc-3 and 2TbPc-4. Due to this high absorbance, only

concentrations up to 75µmol/l and 50µmol/l, respectively, can be investigated with

SHG. Furthermore, the linear relation between SHG signal and surface coverage Θ,

has been proven by phase measurements, where no shift in the relative total phase

ϕtot has been detected for any of the investigated ligands. With this knowledge a

direct extraction of the coverage out of the SHG data is possible.

With a Michelson interferometer detected dn/dc values amount to 0.292 and

0.188 ml/g for SubPcB and 2TbPc, respectively. Consequently, using these data the

refractive indices of the investigated molecules have bee calculated to n = 1.71 for

SubPcB and n = 1.61 for 2TbPc.

The adsorption kinetic has been analyzed for molecules 1-4 by fitting the obtained

SHG coverage data by different kinetic models. It turned out that the FO Langmuir

kinetic model explains best the adsorption process. The kinetic curves, obtained

with SPR showed best agreement with the FO Langmuir kinetic model as well. This

reveals that chemisorption process is a rate-determining step and thus, defines the

total adsorption kinetic.

Comparing the kinetic curves obtained with SHG and SPR, it has been found, that
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the film formation process of SubPcB and 2TbPc on the surface occurs faster than

chemisorption process. With SPR it was detected, that the maximum amount

of molecules on the surface is reached after 6 min for SubPcB-2 and 30 min for

2TbPc-4. However, with SHG it was shown that after this time, the majority of

molecules are still in the physisorbed state, since the amount of formed chemical

bonds is only 10% for SubPcB-2 and 40% for 2TbPc-4. Summarizing the SPR and

SHG findings, the main steps of the molecular adsorption can be imagined as

represented in Fig. 5.1. On the example of SubPcB it shown, that on the early stages

of the adsorption process molecules physisorb on the surface. First, the attachment

by only few anchor groups occurs. In the end of the adsorption process nearly all

anchor groups are chemically bound on the surface.

Figure 5.1: SubPcB molecules in the physisorbed and chemisorbed state.

Due to the complex structure and multiple anchoring, it was expected that

the adsorption process of phthalocyanine derivatives SubPcB and 2TbPc occurs

significantly slower in comparison with alkanthiols. This was successfully proved

in this work. Comparing the obtained data for Pc derivatives with m = 12,

i.e., SubPcB-2 and 2TbPc-4 with published data for alkanthiols with m = 12

(dodecanthiol) [67], it could be demonstrated that reaction times τ are 16-17 times

higher for SubPcB-2 and 2TbPc-4.

The important questions that were posed at the beginning (see Introduction),

concerning different parameter influence on adsorption process, e.g., molecular

concentration, peripheral alkyl chain length, and temperature, have been answered

in this work and are summarized below.

The concentration dependent measurements, revealed that for both SubPcB and

2TbPc the reaction time τ decreases with the concentration. For SubPcB-2 τ

decreases 1.9 times, increasing c from 25 to 50 µmol/l. For 2TbPc-4 it decreases 2.5

times, increasing c from 15 to 25 µmol/l. Furthermore, the detected relative surface
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coverages are higher at larger concentrations (for SubPcB Θ25 = 0.26 and Θ50 = 0.34;

for 2TbPc Θ15 = 0.32 and Θ25 = 0.37). However, due to the specific properties of

the investigated ligands mentioned above, i.e., high absorbance at λ = 532 nm,

measurements only at relatively low concentrations have been performed (SubPcB

up to 50 µmol/l, and 2TbPc up to 25 µmol/l).

For further analysis, the molecules with different SR unit lengths have been

investigated with SHG, XPS, and AFM. However, the AFM results did not show

clear difference due to the SR unit length, the SHG and XPS results are obvious.

SHG shows, that the adsorption process of ligands with a shorter SR unit (m = 8),

i.e., SubPcB-1 and 2TbPc-3, occurs faster than for SubPcB-2 and 2TbPc-4.

Consequently, slightly higher values of τ have been obtained for ligands SubPcB-1

and 2TbPc-3 (τ1 = 3260 s, τ3 = 2460 s) in comparison with SubPcB-2 and 2TbPc-4

(τ2 = 3370 s, τ4 = 3030 s). Furthermore, the formation of higher density SAMs

for SubPcB-1 and 2TbPc-3 took place, which reveals from the higher values of

relative surface coverages Θ detected with SHG (Θ1 = 0.41, Θ2 = 0.34, Θ3 = 0.44, and

Θ4 = 0.34). The C 1s/Au ratios determined with XPS for 2TbPcB at room temperature

confirms the obtained results once again, since a higher ratio for ligand 2TbPc-3 in

comparison to 2TbPc-4 has been observed (1.26 for 2TbPc-3 and 0.76 for 2TbPc-4).

The SHG measurements performed at different temperatures (T = 2, 11 and 21 ◦C )

have shown, that by decreasing the temperature from T = 21 ◦C to T = 11 ◦C , no

difference in the adsorption behavior of SubPcB has been observed. A further

temperature decrease to T = 2 ◦C , a significant difference in the adsorption behavior

has been measured. The relative surface coverage Θ detected at T = 2 ◦C indicated

a significantly lower coverage than at T = 21 ◦C for both SubPcB and 2TbPc (for

SubPcB Θ2◦C = 0.12 and Θ21◦C = 0.34; for 2TbPc Θ2◦C = 0.17 and Θ21◦C = 0.43).

From this result one may conclude a formation of less dense SAMs. However, XPS

measurements have shown the same amount of carbon, i.e., the same amount of

molecules on the gold surface for both temperatures T = 2 and 21 ◦C . With XPS it

can not be distinguished, whether sulfur is bound coordinatively to the surface or

stays unbound. Since at low temperature the molecular rotation and organization

processes are retarded, it is possible that SubPcB and 2TbPc molecules are bound

only by one or several anchor groups, but they do not have enough energy to achieve

their optimal configuration on the surface. Since only the formation of chemical

bonds can be detected with SHG, it can be assumed, that at both temperatures

the same amount of the molecules are on the gold surface, however, the amount

of the formed chemical bonds is different. This conclusion is supported by AFM

investigations, which show the formation of larger agglomerates at T = 2 ◦C than at
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T = 21 ◦C .

The detected reaction time τ for SubPcB is lower at T = 2 ◦C than at T = 21 ◦C

(τ2◦C = 2210 s, τ21◦C = 2460 s), which is in a good agreement with the findings from

[67, 194]. For 2TbPc it stays roughly constant in the investigated temperature range.

The reason for this behavior is still under investigation.

The current study, for the first time, presents a comprehensive study of the SubPcB

and 2TbPc SAMs adsorption process on gold. Applying a variety of techniques the

film formation process has been mostly understood. Most importantly essential

information for the SAM preparation optimization have been obtained.

Despite, valuable information about SubPcB and 2TbPc adsorption process have

been obtained, several questions remain open. Due to the high absorbance

of the investigated molecules, it was not possible to investigate the adsorption

behavior at high concentrations (c > 100 µmol/l) with SHG. Therefore, further

investigations using other techniques, for example XPS ex situ or SPR, should

be done. Moreover, some results for SubPcB and 2TbPc at T = 2 ◦C have been

obtained, which are not fully understand yet. Thus, some additional investigations

at low temperature should be performed, using other techniques. In general, the

expansion of the investigated temperature range for both SubPcB and 2TbPc for

better understanding of the molecules adsorption process is very interesting.
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