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1 Introduction 
 

1.1 Nanoscience and nanotechnology 
 
The aim in nanoscience (Greek: nanos = dwarfish) is the creation and characterization of 

structures in the nanometer scale, that is 1 - 100 × 10-9 m.1 Objects in this scale – single 

atoms and molecules, as well as their super-structures – can lead to interesting new 

material properties, enabling specific technical applications.1-3 

 
 

 

Figure 1-1 Examples of nanostructures. a) TEM image of Ru catalyst particles that are 

used in ammonia synthesis. Copyright 2001, AAAS. From ref. 5. Reprinted with permission 

from AAAS. b) Scanning tunneling microscopy (STM) image of a quantum corral built from 

48 Fe adatoms on a Cu(111) surface by lateral manipulation with the STM tip at T = 4 K. 

From ref. 6. Reprinted with permission from AAAS. c) STM image of one monolayer of 

PTCDA molecules adsorbed on a Ag(111) surface. Reprinted from ref. 7, Copyright 2007, 

with permission from Elsevier. One Figure was removed due to copyright reasons. 

 

 

 

Nano-sized structures occur in nature4 and have also been used hundreds of years ago 

without knowing it.8 The development of methods that were able to detect nano-sized 

objects in the end of the 20th century has led to a boom and nanotechnology is regarded as 

the key technology of the 21st century. The broad range of fields in which nano-sized 

materials can be used, makes nanoscience and nanotechnology highly interdisciplinary 

involving physics, chemistry, biology and engineering.1 However, nowadays ‘nano’ is also a 
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buzz word that is used in fields which have nothing to do with science.† A large amount of 

interesting physical and chemical processes involving nano-sized structures occur at the 

interface between solid materials and gases or liquids. Examples are self-cleaning surfaces 

of insects and plants4, catalyst particles in heterogeneous catalysis5,9 (Figure 1-1a) or 

energy related applications such as fuel-cells,10 solar-cells10 and batteries.10,11 A typical 

example for nanotechnology used in electronics is the fabrication of electronic chips with 

the 32 nm technology12,13 (e.g. inside the Intel Core i3 processor, first produced in 201013). 

However, due to the complexity of such ‘real’ systems it is often difficult to understand the 

interface processes happening on the molecular scale. In order to learn something about 

the fundamental processes happening at the nano-scale, it is well established to use well-

defined model systems.9 

 

 

1.2 Model systems in nanoscience 
 

Good model systems are well-defined regarding their structure, chemical pureness and 

ambient parameters. In surface science, they often involve ultra-clean systems such as 

single crystalline surfaces prepared under ultra-high vacuum (UHV) conditions and in most 

cases at low temperatures.9 This approach can reduce the surface processes involved to 

only one14-16 or two dimensions17 (2D), which is comparably straight-forward compared to 

3D systems like gases, liquids or the bulk of solids. Of course, a reduction of complexity 

moves the investigated systems apart from realistic conditions, but the insight is deeper in 

case of the model systems and there are indeed studies that could directly connect 

macroscopic parameters with microscopic processes.18 In such model studies, the key role 

is often played by microscopic techniques, that allow displaying the involved structures in 

real space. These are electron microscopy (TEM, SEM) and scanning probe techniques 

such as atomic force microscopy (AFM) or scanning tunneling microscopy (STM). Since the 

Nobel prize for the invention of the STM has been granted to Heinrich Rohrer and Gerd 

Binnig in 1986,19 this technique has largely contributed to enhance our understanding of 2D 

systems on the atomic scale.6,7,9,14-17,19-48 By STM, it is possible to achieve resolutions in 

the Ångström range and thus image and manipulate6,36,37 atomic and molecular structures 

                                            
† This can be shown easily by a Google search, which yields ~60·106 websites for the keywords "nano -
technology -science", but only ~8·106 for "nano +science" or ~12·106 for "nano +technology ". (30.12.2010, 
only websites with English language where searched). 
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at single crystalline surfaces. E.g., the structure shown in Figure 1-1b was manufactured by 

moving 48 adsorbed Fe atoms on a Cu(111) single crystalline surface by an STM tip.6 

Interestingly, one observes standing waves inside this ‘quantum corral’, which are a direct 

visualization of a particle in a round 2D box predicted by quantum mechanics.6 Figure 1-1c 

shows an ordered monolayer (ML) of 3,4,9,10-perylene-tetracarboxylic-dianhydride 

(PTCDA) molecules adsorbed on a Ag(111) surface,7 a prototype model system for a ‘large’ 

molecule building self-ordered MLs which is also involved in organic devices.49 The 

knowledge gained from the investigation of model systems is very useful to improve one´s 

chemical intuition which in turn can be used for the development of applications in a more 

systematic and efficient way. 

 

 

1.3 Possible future applications 
 

In 1959, Richard P. Feynman predicted in his famous talk ‘There's Plenty of Room at the 

Bottom’ that nanostructures could be used to memorize data with ultra high storage 

densities.50 Until now, nanostructures are often discussed as possible candidates for future 

applications in electronics by using the ‘bottom up approach’,37-39,51-55 because the 

structures achieved by this method are smaller than the ones used in electronics today by 

the ‘top down approach’. On the single molecule level, storage densities could be further 

enhanced by different states of the molecules, e.g. different orientations.39 Furthermore, 

there are a number of working nano devices, such as a ‘molecular abacus’38 or different 

logic gates (AND, OR) made of CO molecules adsorbed on a Cu(111) surface by lateral 

manipulation by an STM tip.37 One problem here is the serial production process with only 

one STM tip, which works on very long time scales. An idea to overcome this problem was 

the ‘Millipede’ involving 1024 atomic force cantilevers working parallel in one chip with a 

storage density up to 1 Tb/in2.56 

Another approach to nanotechnology is the attempt to create ‘molecular machines’1 that 

have macroscopic mechanical devices or molecular biological systems like proteins as role 

models.47,57 Although this concept may sound like science fiction, there is a significant 

number of publications in this research field including nano-sized objects with the 

functionality of bearings,47 pendulum57 or switches.3,38 However, these ‘devices’ can not be 

used to perform continous work and they are in most cases fabricated under elaborate 
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conditions – ultra-high vacuum and liquid He temperatures – which still rules out a practical 

use. 

 

1.4 Adlayers of large organic molecules as 2D model  systems 

 

If ‘large molecules’‡ are deposited on single crystalline surfaces they often form highly 

ordered supramolecular monolayer (ML) crystal structures,42-48,51,52,54,58-61 as for example 

shown in Figure 1-1c. These self-assembled organic crystals represent a class of new 2D 

nano materials with interesting properties which are often discussed for future 

applications.3,51,52,54,62 Thicker organic films are already part of organic light-emitting diodes 

(OLEDs),63,64 organic thin-film transistors,63,65-67 organic solar cells,63 sensors68,69 or 

recordable CDs.70 Organic molecules are also important additives, which are used in 

electrochemical fabrication of computer chips.12 

Apart from technically relevant systems, it is interesting to gain basic knowledge about 

structures and dynamic processes of large adsorbates on surfaces as model systems. 

These fundamental insights can then be used to improve existing or invent new functional 

materials or devices. The advantage of the complexity of ‘large’ organic molecules is the 

possibility to tailor them in the chemical synthesis before allowing them to self-assemble on 

a surface. Since too complex molecules in terms of internal degrees of freedom can be 

contra-productive, molecules with a rather ‘rigid’ aromatic backbone are used in many 

studies.7,14,42-45,47,71 The self-assembly is then usually achieved by precipitation from 

solution44,45,52,62 or by evaporation under UHV conditions42,43,48,72,73 onto inorganic single 

crystalline surfaces. The limiting factors in this context are solubility and volatility, 

respectively. Since functional groups incorporated in the adsorbates influence their 

supramolecular structures significantly, one can elucidate basic principles for their behavior 

on surfaces. However, in order to predict supramolecular structures, a large variety of 

adsorbate/surface systems have to be treated theoretically and characterized 

experimentally. In the next chapter a brief overview on the state of research at the 

beginning of this thesis for relevant scientific fields will be given. This is followed by a 

description of the experimental techniques used in this work and the new results and 

insights that were obtained in the present thesis. 

                                            
‡ The adsorbates considered here are ‘large’ compared to traditional adsorbates used in surface science like 
CO, H2 or O2.

9 In other communities (e.g. polymer science and biology) they may be called ‘small’. 
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2 State of research at the beginning of this thesis  
 

The following chapter will give a brief overview on the state of basic research available in 

the literature at the beginning of this work in 2007. In particular, selected examples of STM 

studies of planar adsorbed large molecules on inorganic surfaces and the applied 

interaction models, observation of surface dynamics such as translation, rotations and 

reactions, are reviewed. 

 

2.1 Static structures 
 

The structure of single crystalline surfaces can be described by lattice vectors 1a
v

 and 2a
v

 

and their reconstructions41 by 1b
v

 and 2b
v

, which are related by59,60,74 
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where C is the transformation matrix. This concept can also be transferred to molecular 

adlayers. Different degrees of epitaxy were described for large adsorbates by Hook et al.59 

and Hillier et al..60 An earlier classification by Ertl and Küppers was designed for small 

adsorbates and is a subset of the newer description for larger adsorbates.75 

 

(i) point-on-point coincidence 

For commensurate unit cells p, q, r and s are integer numbers (p, q, r and s ∈ ℕ).59 This 

means, that all lattice points of the overlayer lie on similar lattice points of the supporting 

surface. Point-on-point coincidence is often observed for small adsorbates9 and in some 

cases also for larger molecules.59 

 

(ii) point-on-line coincidence 

In this case at least two of the variables p, q, r and s in one column of C are integer 

numbers. This means that certain lines of the overlayer unit cell coincide with primitive 

substrate lines.59 Point-on-line coincidence can be divided into two sub-cases. 

(iia)  p, q, r and s are all rational numbers (p, q, r and s ∈ ℚ). In this case, certain points 
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within the unit cell are energetically favored. In a certain direction, these favorable points 

repeat with a certain periodicity.59 

(iib)  At least one of the non-integer numbers is irrational (p, q, r and/or s ∈ ℝ \ ℚ). In 

contrast to (iia), the common unit cell of the substrate and overlayer is infinitely long in a 

certain direction. 

 

(iii) Geometrical coincidence 

All elements of C are rational (p, q, r and s ∈ ℚ), but no complete column of C consists of 

integer numbers.59 In this case only some of the overlayer lattice points coincide with 

primitive lattice lines of the supporting surface. 

 

(iv) Incommensurability 

At least one varialbe is irrational (p, q, r and/or s ∈ ℝ \ ℚ) and no complete column of C 

consists of integer numbers.59 This means, that the overlayer has not any registry with the 

substrate. Examples are layers of rare gases on graphite76 or supramolecular assemblies of 

rubrene molecules (Figure 2-2), where intramolecular forces dominate the self-assembly.77 

However, experimentally it is not possible to truly distinguish between incommensurate and 

higher order commensurate structures, since the ideal surface areas are too small. 

 

2.2 Chirality on surfaces 
 

In addition to the chirality terms defined for molecules in gas phase, a new classification 

has been introduced for adsorbates on non-chiral surfaces by Barlow and Raval.61 The fact, 

that molecules in the adsorbed state usually have less or the same amount of symmetry 

elements than in the gas phase, favors chirality on surfaces in general. Furthermore, there 

are only 5 Bravais lattices in 2D, compared to 14 in 3D. For example, a mirror plane of an 

adsorbate parallel to the surface vanishes after adsorption and thus can create chiral 

structures from molecules which are not chiral in gas phase (Figure 2-1). The two main 

categories can be divided into point chirality (chirality of single adsorbates) and 

organizational chirality (chiral supramolecular structures or chiral domains).61 
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(i) Adsorption induced chiral motives by non-chiral  molecules 

If a prochiral molecule adsorbs on a surface (e.g. propene, see Figure 2-1a), one of two 

mirror symmetric adsorbates can be formed after adsorption. Since both adsorbates have 

similar energies, the result is a 50:50 mixture of both enantiomers and a surface that is 

racemic on a macroscopic scale.61 

 

(ii) Adsorption induced chiral arrangements by non- chiral molecules 

It is also possible that non-chiral molecules form local chiral arrangements or domains on a 

surface. This form of organizational chirality (Figure 2-1b) also leads to surfaces that are 

racemic on a larger scale.43,61,78 

 

 

Figure 2-1 Classification of chirality on non-chiral surfaces by Barlow and Raval for 

molecules which are non-chiral in gas phase.61 a) Adsorption of propene. 

b) Chiral motives/domains, that are built of non-chiral molecules. Reprinted from ref. 61, 

Copyright Elsevier 2003, with permission from Elsevier. 

 

(iii) Chiral arrangements by chiral molecules 

For molecules which are already chiral in the gas phase, further classifications exist,61 

usually leading to overall chiral surfaces as shown by low energy electron diffraction 

(LEED)61 and STM.34,61 E.g., evaporation of pure (R,R)-tartaric acid onto a non-chiral 

surface leads to a chiral surface with a specific chiral overlayer structure and adsorption of 

(S,S)-tartaric acid on the same surface leads to the mirrored overlayer structure.34 For the 

achiral succinic acid (HOOC-CH2-CH2-COOH, ‘soldier’) it was also shown, that addition of 

small amounts (2 mol %) of chiral tartaric acid molecules (HOOC-CH(OH)-CH(OH)-COOH, 

‘sergeant’) leads to overall chiral surfaces via a ‘sergeant and soldier’ mechanism.79 
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Blüm et al. showed, that chiral L- / R-type rubrene (C42H28) enantiomers form a hierarchical 

chiral system of L- / R-type pentamers, from which again L- / R-type decagons are formed, 

respectively (see Figure 2-2).77 

 

 

Figure 2-2 Hierarchical enantioselective assembly from L-type rubrene monomers to L-

type pentagons and L-type decagons. From ref. 77. Copyright 2005 by WILEY‐VCH 

Verlag GmbH. Reprinted by permission of WILEY‐VCH Verlag GmbH.  

 

Apart from this, it is possible to make single crystalline surfaces themselves chiral by cutting 

them in certain directions. This was used for chiral recognition of D- and L-cysteine 

molecules at the chiral kink sites of an S-type Au(17 11 9) surface.80 

 
 

2.3 Interaction models 
 

It is commonly accepted that ordered supramolecular structures result from a sensitive 

balance between intermolecular (lateral) and molecule-surface (vertical) 

interactions.21,25,26,42,58,81-83 

 

(i) Lateral interactions  include dipole-dipole (δ+/δ-)lat
84-86 (Figure 2-3a), Van-der-Waals 

(VdW)lat
77,86,87 (Figure 2-3b) and hydrogen bonds (X...H)lat,

42-46,77,83,86 (Figure 2-3d) as well 

as covalent (C-C)lat
86,88 (Figure 2-3c) and metal-organic (X...M)lat bonds46,83,89,90 (Figure 

2-3e). Furthermore, substrate mediated interactions between adsorbates are described in 

the literature, which are based on perturbations of the substrate surface electron density in 

the vicinity of adsorbates.91,92 
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For ‘large’ molecules, it is often the case that certain reactive centers X in the adsorbates 

determine these interactions by (X...H)lat-type hydrogen-bonding42-45,83 or bonds with ad-

atoms (X...M)lat.
46,83,93,94 The reactive sites in the adsorbates are typically hetero-atoms such 

as X = O,78,95 S96 or N.42,46,83,89,97,98 For example, the N atoms in pyridine89,97 and its 

derivatives46,83,98 have a preference for bond formation with metal atoms. The strengths of 

these interactions show the following tendency: dipole-dipole ≈ hydrogen bond (N...H)lat < 

hydrogen bond (O...H)lat < metal-organic < covalent. 

  

(ii) Vertical interactions  can be divided into directed interactions between atoms X in the 

admolecules or adatoms (e.g. near on-top positions or 3-fold positions) of the supporting 

surface42,43,78,97,98,190  (Figure 2-3f) and more delocalized dispersion interactions between 

molecules and the surface99 (Figure 2-3g) or between molecules in different layers100 

(Figure 2-3h). In DFT calculations, these dispersion interactions are not included87,99,100 and 

MP2 calculations systematically overestimate their binding energies.100 However, it was for 

example suggested by Grimme et al. to include dispersion effects in an additional potential 

of the Hamiltonian.100 
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Figure 2-3 Illustration of lateral and vertical adsorbate/adsorbate and adsorbate/surface 

interactions (X = O, S or N, M = metal, typically Cu, Ag or Au). a) Dipole/dipole interaction, 

b) lateral Van-der-Waals interaction, c) covalent (C-C)lat bond, d) hydrogen bond of 

(X...H)lat-type, e) lateral metal-organic (X...M)lat-type interaction, f) vertical localized 

adsorbate-surface interaction of (X...M)vert-type, g) vertical dispersion interaction between 

an aromatic adsorbate and surface, h) vertical dispersion interaction between adsorbates 

in different layers. 

 

 

2.4 Direct observation of surface dynamics 
 

The basic processes taking place on surfaces like adsorption, desorption, surface diffusion, 

rotation or surface reactions are fundamental for our understanding of growth mechanisms 

and catalysis.9 Of course, the dynamic processes are related to time via rates k. Recording 

subsequent STM images of the same surface areas can reveal the dynamic behavior of 

single adsorbates. The identification of rates extracted from such sequences as a function 

of temperature can be used to evaluate energy barriers via Arrhenius plots.90 
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Using86 

 

( ) ( )
Tk

E
vk

B

a 1
lnln 0 ⋅−=  

(2.2) 

 

and plotting ln(k) versus 1/T gives a line in a certain temperature regime, where the 

activation barrier Ea is contained in the slope (Figure 2-9d). If data are available only for a 

certain temperature, the pre-factor ν0 (typically ~1013 s-1) has to be estimated.101 Of course, 

the processes which are subject of observation have to be in the right time scale. E.g., if the 

motion of an adsorbate is too fast, only streaks along the fast scan direction will be 

recorded by the STM (Figure 2-4a). However, it is possible to resolve these processes by 

either cooling down the sample102 (and thereby decreasing the rates of the processes) or by 

faster scanning (Figure 2-4b).101 The latter technique using scan rates in the second range 

is called video-STM. 

It has also been shown, that information about diffusion of adsorbates can also be gained 

by holding the STM tip at a constant position and measuring the fluctuations in the 

tunneling current.103,191 By counting the number of events in a time interval (= rate of 

diffusion of adsorbates diffusing under the tip), they showed that Arrhenius plots can also 

be derived by this method.103 

However, until the beginning of this thesis, there were only very few publications on direct 

observations of surface dynamics of large adsorbates (see below). 

 

 

2.4.1 Surface diffusion 
 
Surface diffusion processes have been subject of investigation for both small101 and large104 

adsorbates. E.g., Wintterlin et al. studied the diffusion of O adatoms on Ru(0001) at 300 K 

by video-STM.101 At low coverages, the O adatoms form islands held together by attractive 

interactions.101 The appearance of stripes between these islands in the slow scanning 

mode (4 frames per second (s-1)) correspond to mobile Oad diffusing faster than the 

movement of the STM tip (Figure 2-4a). Increasing the scan speed to 15 s-1 resolves the 

adsorbates (bright dots in Figure 2-4b). Series of subsequent images revealed, that the 

hopping rate of single Oad adatoms on Ru(0001) (14 ± 3 s-1) is close to the scanning 
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frequency.101 Assuming a pre-exponential factor of 1013 s-1, this yielded a diffusion barrier of 

0.7 eV.101 

 

 

Figure 2-4 STM images of O adatoms on Ru(0001) at 300 K.101 a) Fluctuations of mobile 

Oad (dark streaks) recorded at a scan speed of 4 s-1. b) Resolved Oad (bright spots) at a 

higher scan speed of 15 s-1 in constant height mode. Reprinted from ref. 101, Copyright 

1997, with permission from Elsevier. 

 

Barth et al. described the mobility of O2,ad on Ag(110) at temperatures between 60 and 100 

K.102 By determining hopping rates of single O2 adsorbates from subsequent STM images, 

they could also determine the pre-exponential of 1013 ± 3 s-1 by an Arrhenius plot.102 

Compared with small molecules and adatoms, it has to be expected that diffusion 

processes of large adsorbates are more complicated because the potential energy surface 

for diffusion depends also on the orientation of the adsorbate with respect to the surface 

and this causes the potential to be multi-dimensional. Weckesser et al. studied the diffusion 

of 4-trans-2-(pyrid-4-yl-vinyl) benzoic acid (PVBA) on Pd(110) between 300 and 450 K.104 

The diffusion was found to be strictly along the >< 011  surface direction within the 

observed temperature range.104 The diffusion barrier along this direction was determined to 

be 0.83 ± 0.03 eV with a pre-factor of 1010.3±0.4 s-1.104  

Kwon et al. showed that partial rotations (changes between rotational orientations of 

adsorbates) are involved in the diffusion of 9,10-dithioanthracene (DTA) on Cu(111) (see 

also Figure 2-5).16 With the previously described method they derived an activation barrier 

of only 0.13 eV.16 

This shows that principles deduced from former studies with small adsorbates are very 

useful also when large adsorbates are the subject of investigation. 
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Figure 2-5 Diffusion of DTA on Cu(111).16 The adsorbate performs a partial rotation (from 

a to b) when diffusing along the direction denoted with x. Copyright 2005 by The American 

Physical Society. 

 

 

2.4.2 Rotating adsorbates 
 
Unlike for small symmetric adsorbates like CO or adatoms, where surface rotations are less 

important or not possible, respectively, they become interesting for larger adsorbates. 

Gimzewski et al. showed that rotating HB-DC adsorbates (Figure 2-6) on Cu(100) can be 

observed in STM images at 300 K.47 Static adsorbates are resolved in their internal 

structure (six lobes in Figure 2-6b), while rotating molecules appear torus shaped (see 

Figure 2-6c).47 The internal structure of the latter is not resolved, because the rotation is 

faster than the line scan speed of the STM tip.47 The same authors performed also DFT 

calculations which showed that in the non-rotating state, the rotational barrier is 1.2 eV, due 

to strong interaction with the neighboring HB-DC molecules.47 If the HB-DC molecule 

considered moves 0.26 nm away from its neighbors, these interactions become weaker and 

the rotational barrier is lowered to only 0.3 eV allowing the adsorbates to perform rotations 

at 300 K.47 
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Figure 2-6  STM sequence of HB-DC on Cu(100) in UHV at 300 K.47 a) Model of HB-DC. 

In b) the molecule in the middle is not rotating in contrast to c), where it is rotating. 

Copyright 1998, AAAS. From ref. 47. Reprinted with permission from AAAS. 

 

Zinc-octaethylporphyrin (Zn-OEP) molecules were incorporated into holes of a covalently 

bonded 4,9-diaminoperylene-quinone-3,10-diimine (DPDI) network on Cu(111) by Wahl et 

al. (Figure 2-7a).71 The authors showed that rotational barriers (0.17 ± 0.03 eV) can be 

measured by recording the fluctuations in the tunneling current while the STM tip was 

placed at the periphery of the rotating Zn-OEP molecules (Figure 2-7b).105 From the 

recorded shot-noise (Figure 2-7c) life-times were extracted, that are a reciprocal measure 

of rates. 

These examples show that the heights of the measured barriers are in the range of the 

interaction strengths derived in chapter 2.3. 

Lin et al. showed that partial rotations of TMA molecules are involved in the formation of 

[Cu(TMA)4]
n- surface complexes (see also next section).90 
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Figure 2-7 a) STM image of rotating Zn-OEP molecules incorporated in a DPDI network 

on Cu(111) at 77 K.71 b) The red circle in the model shows the position of the STM tip in 

the measurement.71 c) Measurement of the shot-noise induced by the rotation of an Zn-

OEP molecule under the tip.71 From ref. 71. Reproduced by permission of The Royal 

Society of Chemistry. 

 

 

2.4.3 Surface reactions 
 
In 1997, Wintterlin et al. showed, that it is possible to follow chemical reactions on surfaces 

directly by STM.18 The investigated system was the catalytic oxidation of COad and Oad on 

Pt(111), resulting in the formation and immediate desorption of CO2.
18 In their experiments, 

a Pt(111) surface was dosed with O2 to produce sub-MLs of Oad, which form islands with a 

2x2 structure, as can be seen from Figure 2-8 at t = 0. The sample was cooled, in order to 

get a reaction rate that is in the range of the scan speed of the STM. The surface was then 

exposed to CO gas and monitored by STM to follow the reaction. The shrinkage of the (2x2) 

Oad islands gave the reaction rate, which was determined for different temperatures. The 
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resulting Arrhenius plot yielded an activation energy of Ea = 0.49 eV, which fits well to 

macroscopic measurements.18 Because of this agreement, these measurements 

quantitatively verify the macroscopic kinetics for the oxidation of CO on Pt(111) on the basis 

of experiments on the microscopic scale.18 

 

 

Figure 2-8 Sequence of subsequent STM images, recorded during the reaction of COad 

with Oad on Pt(111) to CO2 gas.18 The striped phase represents the COad structure, while 

the dark spots mark the positions of Oad adatoms, that cover the surface after the 

reaction. From ref. 18. Reprinted with permission from AAAS. 

 

Lin et al. used the same principle for studies of larger adsorbates. They investigated metal-

organic 2D complexes like Cu(TMA)4 by reaction of trimesic acid (TMA) with mobile Cu 

adatoms (Figure 2-9c).90 For a saturated ML, they found a static structure, because steric 

hindrance by the neighboring complexes prohibited decomposition of the 2D complexes.90 

In contrast, a limited life-time of these complexes was found at low coverage, where single 

Cu(TMA)4 units coexist with a 2D gas (Figure 2-9a and b). The decay rates of the 

complexes, that were extracted from sequences of STM images, were again found to obey 

an Arrhenius law (Figure 2-9d), that yielded an energy barrier for dissociation of Cu(TMA)4 

on Cu(100) of 0.31 ± 0.08 meV. 
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Figure 2-9 Cun(TMA)m complexes on Cu(100) in a dynamic equilibrium with a 2D adgas.90 

a) The Cu(TMA)4 complex on the upper left is marked by a circle (model shown in (c)). 

b) The same Cu(TMA)4 complex dissociated after 210 s. The plot in (d) shows an 

Arrhenius plot for determination of the dissociation barrier of Cu(TMA)4. From ref. 90. 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

Grill et al. showed that covalent (C-C)lat bonds can be formed by the chemical reaction 

between different adsorbed tetra(4-bromo-phenyl)-porphyrins (BrnTPP) by heating the 

sample.88 Figure 2-10 shows that Br-TPP forms (TPP)2 dimers, trans-Br2-TPP forms (TPP)n 

chains and Br4-TPP forms covalently bound 2D networks.88 

 



 

19 
 

 

Figure 2-10 Educts Brn-TPP (a-f) and products (TPP)m (g-i) after heating of the sample. 

Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology, ref. 88, 

copyright 2007. 

 

One other example was shown by Carley et al., who studied the reaction of pre-adsorbed 

Oad on Cu(110) with pyridine from the gas phase.106 By means of STM and XPS 

measurements, they determined the formation of an adsorbed pyridine-N-oxide species,106 

but they could not determine reaction rates from their STM images. 

 

 

2.4.4 Tip induced reactions and lateral manipulatio n 
 

Lateral manipulation of atoms and small molecules by the STM tip has been achieved for 

several systems.6,36,37 Famous examples are the build-up of the IBM logo from 35 Xe 

adatoms on Ni(110),36 of ‘quantum corrals’ (Figure 1-1b) composed of e.g. 48 Fe atoms on 

Cu(111)6 or COad based logic gates.37 In contrast to the imaging mode, the manipulation 

mode is typically at higher tunneling current IT and lower tunneling voltage UT (in both cases 
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the tip is closer to the surface), resulting in a lower tunneling resistance RT = UT/IT.6,36,37,88 

Typical RT values for imaging are in the MΩ and GΩ range, while for manipulation they are 

in the MΩ and kΩ range.6,36,37,42,43,47,88 

Hla et al. showed that chemical reactions such as breaking of covalent bonds and bond 

formation can also be induced deliberately by an STM tip.107 As model system they used 

Iodobenzene (I-Ph) adsorbed on Cu(111), which is known for the Ullmann coupling reaction 

with biphenyl (Ph-Ph) as product at room temperature.107 However, the experiments by Hla 

et al. were carried out at 20 K, where the molecules preferentially adsorb at step edges. In 

this position, they were dissociated by the STM tip into Ph and I.107 The unsaturated Ph 

units (C6H5) are bound to the step edge by a (C-Cu)lat bond and can be translated by the 

tip.107 By further injection of electrons, it was possible to from the reaction product Ph-Ph.107 

The stability of the (C-C)lat covalent bond was demonstrated by lateral manipulation of the 

whole Ph-Ph unit along the step edge via the STM tip.107  

The same principle was later applied for larger molecules.88 Grill et al. used this technique 

for transportation of (TPP)2 dimers on terraces (see also section 2.4.3 and Figure 2-11). In 

this case, lateral manipulation was useful to distinguish between covalently bound and 

weakly interacting dimers (Figure 2-11).88 The same group showed also that ‘wheel dimer 

molecules’ can be pushed, pulled or rolled over the surface by the STM tip.88 By recording 

the tunneling current vs. time they found characteristic signatures for these processes.88 

Rosei et al. used lateral manipulation to show that 1,4-bis(4-(2,4-diaminotriazine)phenyl)-

2,3,5,6-tetrakis(4-tert-butylphenyl)benzene (DAT, also called ‘Lander’) adsorbates on 

Cu(110) can be used to restructure step edges.26 

 

 

Figure 2-11 Lateral manipulation of (TPP)2 dimers by the STM tip along the arrow in (a) 

shows the stability of the covalent (C-C)lat bond.88 Reprinted by permission from Macmillan 

Publishers Ltd: Nature Nanotechnology, ref. 88, copyright 2007. 
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2.5 Adlayer structures based on bis(terpyridines) 
 

In this thesis, adlayers of the bis(terpyridine) derivative 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-

(pyridine-4-yl)pyridine-2-yl)pyrimidine (2,4’-BTP)45 (Figure 2-12 a and b) supported on 

Ag(111)-films on Ru(0001) and on Ag(111), Ag(100) and Au(111) single crystals were 

studied by STM under UHV conditions. 

 

 

 

Figure 2-12  Structures of bis(terpyridines). a) Space-filling model and b) Lewis formula of 

2,4’-BTP used in this thesis (nitrogen: blue, carbon: grey, hydrogen: white). c) Chemical 

structures of the other constitutional isomers synthesized before the beginning of this 

thesis (only the positions of the N atoms are different).44,45 

 

Back in 2002, Ziener et al. synthesized 2,4’-BTP, which was found to form [M4(2,4’-

BTP)4](BF4)8 complexes (M = Co2+ and Zn2+) in solution.45 STM measurements at the solid | 

liquid interface revealed that 2,4’-BTP also forms ordered MLs on a highly oriented pyrolytic 

graphite (HOPG) surface by self-organization. The resulting structure – in the following 

called α-phase – is shown in Figure 2-13a. The formation of the α-phase was attributed to 

(i) the HOPG surface that favors a planar arrangement of aromatic molecules via vertical π-
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π interactions and (ii) the intramolecular structure of 2,4’-BTP, stabilized by vertical intra-

molecular hydrogen bonds (Figure 2-13b).45 This results in (iii) four lateral inter-molecular 

(N...H)lat-type hydrogen bonds per molecule, as shown in Figure 2-13c.45 

 

 

Figure 2-13 a) The α-phase formed by self-assembly of 2,4’-BTP at the HOPG | liquid 

interface.45 The structure in the inset is partly overlayed with footprints of the 2,4’-BTP 

molecules. b) Illustration of intra-molecular (N...H)lat bonds. c) Model of the α-phase 

showing the four inter-molecular lateral (N...H)lat hydrogen bonds per molecule. The ‘voids’ 

in the α-phase are indicated by black ellipses. From ref. 45, Copyright 2002 Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

In 2005 Meier et al. from the same group synthesized three additional constitutional 

isomers of 2,4’-BTP, which differ in the positions of the nitrogen atoms but have the same 

‘footprints’ as shown in Figure 2-12c.44 The supramolecular structures formed by self-

assembly on HOPG depend on the respective constitutional isomer and the solvent.44 To 

give a more quantitative picture of the stability of the hydrogen bonds, Meier et al. 

performed MP2 calculations in which pyridine dimers in the gas phase were used as a 

model system for the (N...H)lat interactions in the bis(terpyridine) networks (Figure 2-14a).44 

These calculations at the MP2/6-31G(d,p) level showed that a ‘single hydrogen bond’ (one 

(N...H)lat bond between two pyridine rings) stabilizes the system by ~0.10 eV, while a 

‘double hydrogen bond’ (two (N...H)lat bonds between two pyridine rings) gives an energy 

gain of ~0.14 eV.44 
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Figure 2-14 Interaction between benzene/pyridine and pyridine/pyridine in gas phase as a 

model for lateral (H...H)lat and (N...H)lat interactions between 2,4’-BTP molecules. a) 

Structural models. b) Interaction energies as functions of H-H / N-H distance as derived by 

MP2 calculations. Reproduced in part with permission from ref. 42. Copyright 2007, 

American Chemical Society. 

 

Meanwhile, Matthias Roos in our group had built an UHV system (denoted as ‘video STM 

chamber’ in this thesis) including a fast scanning STM described in his diploma thesis.108 

This allows experiments (i) on clean metal surfaces at the solid | gas interface and therefore 

(ii) without solvent effects, (iii) with higher spatial and (iv) temporal resolution. Using 2,4’-

BTP material provided from the Ziener group, close-packed MLs on HOPG,42 Au(111)42 and 

Ag(111)-films on Ru(0001)42,43 were investigated at room temperature. Both metal surfaces 

have – apart from the herring-bone reconstruction41 and the moiré of the Ag(111)-films40 – 

the same geometry and approximately the same lengths of the lattice vectors.40 

The α-phase was found on all these surfaces (at a coverage of 0.4 molecules nm-2 for the 

metal surfaces) and is therefore the native structure of 2,4’-BTP42 with unit cell vectors of 

21 bb
vv

≈ = 3.18 ± 0.05 nm.42 The fact that the α-phase on HOPG is not only found at the 

solid | liquid interface, but also forms under UHV conditions, shows that the (N...H)lat bonds 

are largely independent from the solvent.42 The differences in the azimuth angles between 

adjacent rotational domains of the α-phase on HOPG are multiples of 60° and variations in 

the range of 6 ± 1° (see Figure 2-15a). 42 This is different for rotational domains of the α-

phase on Ag(111)-films, where exclusively three rotational domains with angle differences 
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of 60° are found (Figure 2-15b). 42 This means, that there are 12 azimuth orientations θ of 

the flat-lying 2,4’-BTP molecules if a Ag(111)-film or Au(111) sample is covered with the α-

phase. 

 

 

Figure 2-15 a) The α-phase on HOPG under UHV conditions. The inset shows the border 

between two rotational domains that differ in their azimuth angle by 6°.  

b) STM image of coexisting rotational domains of the α-phase on Ag(111)-films with 60° 

difference. Reproduced in part with permission from ref. 42. Copyright 2007, American 

Chemical Society. 

 

The relationship between the >< 211  direction of the Au(111) substrate and the organic 

overlayer was determined by simultaneous imaging of the subjacent (22√3) herringbone 

reconstruction41 and the α-phase as shown in Figure 2-16a. In the case of Figure 2-16b, the 

azimuth angles θ of the 2,4’-BTP molecules in the α-phase are 44°+n·90°. 42 The data 

revealed also that α-phase is commensurate with the Au(111) surface orthogonal to the 

>< 211  (point-on-line coincidence).
42 

However, if the α-phase would be truly quadratic, its unit cell would not fit to the hexagonal 

metal surfaces and therefore it was named ‘quasi-quadratic network’ (QQN).42 
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Figure 2-16 STM images of the α-phase on Au(111) under UHV conditions. The white 

square in both images marks the unit cell. a) Simultaneous imaging of the 2,4’-BTP 

adlayer and the subjacent (22√3) herringbone reconstruction. The image is low-pass 

filtered. b) Image with submolecular resolution, where the four azimuth orientations of 

2,4’-BTP in one rotational domain of the α-phase can be seen. Reproduced in part with 

permission from ref. 42. Copyright 2007, American Chemical Society. 

The preferred azimuth angles of the adsorbates occuring in the rotational domains of the 

ordered adlayers on Au(111) and Ag(111)-films can be understood by a model in which the 

N atoms of the adsorbates have the best fit to certain identical points in the lattice of the 

supporting surface, however, it was not clear if these points are e.g. on-top or threefold 

hollow site positions of the surface atoms.42 The dotted line in Figure 2-17a43 shows the 

sum of lateral distances d(N-Ag) between all N atoms of a single 2,4’-BTP molecule and the 

nearest Au atoms (model shown in Figure 2-17b).42 The difference between the lower and 

upper curve in Figure 2-17a does not directly represent the maximum variation of 

adsorption energy (corrugation) for 2,4’-BTP on a metal surface. However, the corrugation 

should have a similar form and was estimated to be ~0.05 meV in the case of Au(111) and 

Ag(111)-films.42 

The same procedure was applied to a (2,4’-BTP)3 trimer chain shown in Figure 2-17c (see 

also solid line in Figure 2-17a), which is a structural element of the ‘parallel chain structure’ 

(PCS), forming on Ag(111)-films.43 The PCS is commensurate to the Ag(111)-films and 

exists on two mirror symmetric domains (organizational chirality61, see chapter 2.2, (ii)), so 

the surface is non-chiral on a larger scale. The ideal coverage of the PCS is 0.37 ± 0.01 

molecules nm-2, but as shown in Figure 2-18a, it can also coexist with a molecular 2D 

adgas with a density of < 0.2 molecules nm-2.43 Due to the limitation to room temperature 
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measurements, the sub-ML structures could be not be resolved at that time, since the 

movement of the adsorbates is faster than the STM scan rate. 

 

 

Figure 2-17 Adaptation of a single 2,4’-BTP molecule to the subjacent Au(111) or Ag(111)-

film surface atoms. The reconstruction of the Au(111) surface was neglected. a) Average 

lateral distance d(N-Ag) as a function of azimuth angle θ of a single 2,4’-BTP molecule 

(dotted line) and for a (2,4’-BTP)3 trimer (full line).43 The corresponding structures with 

exemplary azimuth angles are shown in b)42 and c),43 respectively. Reproduced in part with 

permission from ref. 42. Copyright 2007, American Chemical Society. Reproduced in part 

with permission of the PCCP Owner Societies.43 

An akin situation was found on HOPG, showing the α-phase in coexistence with a 2D 

adgas at low coverage (Figure 2-18b).43 For the same temperature and coverage, this could 

not be observed on Ag(111)-films.43 However, in my diploma thesis109 it was shown 

qualitatively that at coverages of ~0.35 molecules nm-2 2,4’-BTP on Ag(111)-films forms the 

α-phase in coexistence with the β-phase, that contains partly rotating 2,4’-BTP molecules at 

room temperature. 

Furthermore, Breitruck et al. also showed that a metal organic 2D network can be obtained 

by evaporation of Cu atoms onto the α-phase supported on HOPG.46 This network, is called 

hexagonal metal organic network (HMON), is based on lateral (N…Cu)lat interactions.46 
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Figure 2-18 STM images of ordered 2,4’-BTP adlayers in coexistence with 2D adgas 

recorded at room temperature. a) STM image of the ‘parallel chain structure’ in 

coexistence with a molecular 2D gas on Ag(111)-films. b) The α-phase in coexistence with 

a 2,4’-BTP adgas on HOPG.43 Reproduced by permission of the PCCP Owner Societies. 
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2.6 Objective 
 
From the preliminary results on the 2,4’-BTP adsorption system,42-46 several questions 

arose. The primary question was, what happens in the sub-ML regime of 2,4’-BTP on metal 

surfaces, which could not be resolved by STM before, due to the limitation to room 

temperature and the fast adsorbate mobility.43 Which structures can be found at low 

coverage (ordered islands or disordered arrangements). 

Second, it would be interesting to elucidate whether the azimuth angles observed in 

rotational domains predicted for single 2,4’-BTP molecules on Ag(111)-films and 

Au(111),42,43 are also valid for disordered structures. This would confirm the previous 

assumption that 2,4’-BTP is a prototype model system for explaining its supramolecular 

structures by the vertical molecule-surface interactions of a single adsorbate. To prove the 

model, similar experiments to the previous findings are suggested Ag(111) and Ag(100) 

which has the same lattice constant but different symmetry. 

Third, the self-assembly of large molecules is so far only considered on perfect single 

crystalline terraces. However, it would also be interresting to study the adsorption behavior 

at defects such as steps, which are present on every single crystal. 

Forth, it is of interest if a chemical reaction of an surface supported ordered organic network 

(e.g. the α-phase) with gas (e.g. O2) is directly observable by STM. Since the α-phase is 

known to exist on different surfaces,42,43 it would also be interesting, if the activity of the 

supporting surface influences the reactivity of the α-phase. 

Fifth, for the rotating adsorbates in the β-phase on Ag(111)-films,109 it had been suggested, 

but not yet calculated to which extend this structure is stabilized by entropy and if such a 

stabilization can also be expected for other adsorbates.  

The main objective of this thesis is to enhance the understanding of processes involving 

large organic molecules on surfaces on the molecular scale. 
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3 Experimental 
 

3.1 Ultrahigh vacuum systems 
 
In order to achieve ultra-clean conditions, which are essential for the methods used in this 

work, all experiments were done in two separate ultra-high vacuum (UHV) systems with 

different capabilities. The first (‘Video-STM chamber’) contained a fast home-built scanning 

STM for measurements at room temperature, it is described elsewhere.108,110 The second 

(‘VT-STM chamber’) was built up during this thesis and houses a commercial ‘Aarhus-type’ 

variable temperature (VT)-STM purchased from Specs. This system is explained in detail in 

this chapter. 

 

3.2 Surface analysis 
 
In the ‘Video-STM chamber’, the samples were characterized by STM, Auger electron 

spectroscopy (AES) and low energy electron diffraction (LEED). STM, which is the most 

sensitive method used in this thesis was also the main method in the ‘VT-STM chamber’. 

Rest gas analysis was done by mass spectrometry (MS) in both chambers. 

 

3.3 The vacuum system ‘VT-STM chamber’ 
 
A commercial UHV-chamber (left hand side of Figure 3-1) containing the VT-STM (Specs 

STM-150) was attached to an existing UHV-chamber. In the next paragraphs, the system 

capabilities, as well as the most important procedures and tricks for working with the 

system will be described. More detailed material is provided in the appendix of this thesis. 

The description here will focus on the capabilities of the VT-STM chamber. Technical 

drawings can be found elsewhere.111 
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Figure 3-1 The UHV-system ‘VT-STM chamber’ built up during this thesis. The left part - 

which was built and used in this work - houses the Specs VT-STM, the load-lock system and 

the manipulator (with linear translational adjustment x) for sample preparation. 

 

 

3.3.1 Pumping system 
 
As schematically shown in Figure 3-2, the UHV system is pumped by the main 

turbomolecular pump (MTP, Pfeiffer TPU240), TP1 (Pfeiffer TMU071P) and a dry scroll 

pump (SP, Varian SH-110) connected in series. An ion pump (IP1, Varian VacIon Plus 500) 

is connected to the STM chamber, while a second one (IP2) is connected over a titan 

sublimation pump (TSP). Most pumps can be disconnected from each other by corner 

valves (CV1-CV4), while the individual parts of the chamber can be disconnected by gate 

valves (G1-G6). In case of a current breaking, G5 will close automatically (by a pneumatic 

mechanism) to prevent a contamination of the chamber with pump oil. 
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The pressures in the left and right part of the UHV system can be measured via ion gauges 

IG1 and IG2, respectively. Gas (here: O2) can be dosed into the STM chamber by leak 

valves LV1 and LV2. The gas section can be evacuated by the SP, via closing the corner 

valves CV1 and CV2 and then opening CV3 and V1 or V2. Ar gas for sample sputtering can 

be introduced directly at the sputter gun via LV1. The evaporator (Figure 7-1 in the 

appendix) which points towards the sample in the STM is pumped differentially by TP1 and 

is described elsewhere.108,110 

 

 

Figure 3-2 Schematic of the pumping system of the VT-STM chamber. See also the 

technical terms section of the abbreviation list in the beginning of this thesis. 
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3.3.2 Venting, evacuation and baking procedure 
 
Venting of the whole UHV system is done by opening G6, closing G5 and CV2 and 

switching off IP1 and IP2. TP2 (Pfeiffer TPU062) is then switched off and the system is 

flushed with N2 gas over V3. Note, that an overpressure in the chamber can easily be 

prevented by using a T-tube at the N2(g) inlet that is open at one end. 

Evacuation of the UHV system is done via TP2 (CV1 closed and CV2 open) until the 

pressure in the main chamber is lower than ~10-5 mbar (after ~15 min pumping), then the 

chamber is pumped again over MTP by opening G5. During evaluation, the STM must be 

switched off, otherwise it can be damaged.112 Baking can be started at a pressure of ~10-8 

mbar if no leak is detected by MS. For bake-out, the system is heated for ~12 h by three 

electronically controlled heating elements above the chamber and by the built-in heaters of 

the ion pumps. Note that the controller on top of the baking-box is set to a target 

temperature of 180 °C. However, the chamber will on ly heat to ~130 °C. This is enough to 

achieve UHV conditions and low enough to prevent damage of the STM (piezo ceramics, 

Viton, STM must stay below 150 °C). 112 The mechanical parts of G1 are also sensible to 

high temperatures and thus have to be cooled by water (Figure 7-3b in the appendix) during 

bake-out. The cooling flux must be adjusted to a minimum, e.g., by an ‘Aquamobil’ (Figure 

7-3a in the appendix), because otherwise the rest of the system will not get hot enough. A 

typical heating curve at different sites of the chamber is shown in the appendix (Figure 7-2). 

After bake-out, IP1 and IP2 can be switched on and all filaments in the chamber have to be 

degassed while the chamber is still hot. A pressure < 4×10-10 mbar was usually achieved 24 

h after the end of the bake-out. 

 

 

3.3.3 Sample holder 
 
Figure 3-3 shows a typical hat shaped single crystalline sample in a sample holder used in 

this work for the VT-STM chamber. Due to the relatively long travel range of the tip 

perpendicular to the surface (see Section 3.5.3), the accuracy of the thickness of the single 

crystal is not a critical point for the VT-STM. The crystals lie in the Ta sample holder on 

three contact points – a principle that was adapted from other sample holder systems in our 

lab.113 
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Sample holders can be reproduced using 1 mm thick Ta foil (Mateck) and the technical 

drawing in the thesis of Michael Roos111 (see also Figure 7-11 in the appendix). Two 

welded Ta wires (0.5 mm in diameter) on the backside prevent the sample from falling out if 

the sample holder is rotated. The single crystalline surface was covered with nail polish to 

prevent scratching, while inserting the crystal into the sample holder. The nail polish was 

removed by several 30 min baths of acetone and isopropyl alcohol. After drying on air, the 

samples were subsequently transferred into the load-lock system (see next section).  

 

 

Figure 3-3 Hat shaped Au single crystal inside the sample holder fixed to the transfer rod 

(TR) in the load-lock system of the VT-STM chamber. a) View on the Au(111) surface. 

b) Backside of the sample holder with welded Ta wires. 

 

3.3.4 Load-lock system 
 
Samples can be brought inside the STM-chamber without bake-out of the UHV system via 

a load-lock system. For this purpose, G2, CV4 and CV1 have to be closed (see Figure 3-1 

and Figure 3-2). If TP1 is shut down, the view-port of the load-lock system can be opened. 

After fixing the sample to transfer rod 1 (TR), the load-lock system is evacuated via SP 

(close CV2 and then open CV1), then TP1 can be started again. After ~1 h, the pressure in 

the load-lock system is usually sufficient to open G2 for several minutes and introduce the 

sample into the STM chamber. When the load-lock system is pumped for ~1 week by TP1, 

G2 can be opened permanently (with G3 closed) without disturbing the UHV conditions in 

the STM chamber. This has the advantage that the sample can be handled more easily. 
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3.3.5 Sample transfer 
 
Figure 3-4 shows the possible transfer paths of a sample inside the UHV system. The 

sample is fixed to the transfer rod TR1 by putting the small protrusion of the sample holder 

into the end of the transfer rod and turning it by 90° to the right (see also Figure 3-3 for 

mounted sample holder). 

The TR can perform translations of the sample to three planes that cross its way (see 

Figure 3-4). The first plane is used for introducing the sample to the load-lock system. The 

manipulator for sample heating and sputtering in stage two, serves also as sample storage 

and preparation facility. The third plane is the VT-STM, in which the sample can be 

introduced into the STM when the cooling piston is pressed against the Cu block (see 

section 3.5.1 and Figure 7-5). A port-aligner allows fine tuning of the angle of TR1. 

 

 

Figure 3-4 Transfer system of the VT-STM chamber. 

 
 

3.3.6 VT-STM manipulator 
 
The manipulator in the VT-STM chamber was purchased from Specs. It can also be used to 

store up to five samples and for sample preparation. The position of the manipulator can be 

altered by translation of the value x (see Figure 3-1) to choose between transfer or sample 
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preparation. The filament for sample heating in the manipulator was made out of a 0.15 mm 

thick W99Th1 wire with 10.5 windings. Filament current (< 2 A) and high voltage for the 

manipulator was provided by a Specs SH100 device. For annealing a sample to 770 K, 

currents of 2 A as well as acceleration voltages of < 300 V (depending on the sample) for 

electron bombardment were used. The adjustment of the sputter gun was done with a port-

aligner by maximizing the sputter current Isputt (without a sample holder) between the 

filament and system ground. The best position of the manipulator for sputtering is x = 55 as 

determined by maximizing Isputt(x) (Figure 7-4 in the appendix). Typical sputter currents for x 

= 55 were 4 µA as measured by a Keithley 169 multimeter between sample and ground. 

 

 

3.4 Sample preparation 
 

3.4.1 Preparation of single crystalline metal surfa ces 
 
Au(111), Ag(111) and Ag(100) single crystals (MaTeck GmbH, orientation accuracy < 0.1°, 

purity 99.999 %) were cleaned by repeated cycles of Ar+ sputtering (Specs IQE 11/35, 0.5 

keV, 15 min, 4µA cm-2 ion current, 2×10-6 mbar Ar), followed by annealing to 770 K for 5 

min. ~15 sputter/heating cycles on a new single crystal were enough to achieve clean 

samples as probed by STM. The described preparation led to atomically flat surfaces with 

terraces of ~500 nm width (Figure 3-5a-c, for models see Figure 3-5 e,f). 

The Ru(0001) surface was cleaned by repeated cycles of Ar+ sputtering (0.5 keV, 4 µA, 30 

min), two times O2 adsorption (10 L) and flash-annealing to 1650 K. Evaporation of 3 MLs 

Ag and heating to 770K for 4 min lead to a surface with a similar geometry and lattice 

constant like Ag(111)40 and is thus called ‘Ag(111)-films’ in this thesis. The cleanliness of 

these surfaces was checked after all preparation steps by AES and STM (Figure 3-5d), 

indicating no significant contamination. 

Pyrometers (Impac IP140 (75-550°C) and IGA140 (300- 2000°C)) were used for 

temperature measurement during sample preparation. The distances between sample and 

pyrometer were 220 to 300 mm at the ‘Video-STM chamber’ and 200 to 250 mm at the ‘VT-

STM chamber’. The thermocouple of the manipulator should not be used for sample 

preparation since it is too far away to monitor the actual temperature of the sample. 
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Figure 3-5 STM images of clean terraces. Insets show atomic resolution of the 

respective surface. a) Au(111) (IT = 70 pA, UT = -1.9 V, 50 × 50 nm2), inset (IT = 920 pA, UT 

= -0.01 V, 5 × 5 nm2). b) Ag(111) (IT = 3980 pA, UT = 0.022 V, 50 × 50 nm2), inset (IT = 500 

pA, UT = -0.189 V, 2 × 2 nm2). c) Ag(100) (IT = 190 pA, UT = 0.59 V, 50 × 50 nm2), inset (IT 

= 70 pA, UT = -2.22 V, 2.3 × 2.3 nm2). d) Ag(111)-film on Ru(0001) (115 × 115 nm2), inset 

(IT = 1778 pA, UT = 1.0 V, 1.4 × 1.4 nm2). e) Model of non-reconstructed (111) and f) (100) 

surfaces of face centered cubic (fcc) single crystals. 

 

3.4.2 Preparation of organic monolayers 
 
The α-phase was prepared by evaporation of 2,4’-BTP at 528 K from a home-built Knudsen 

cell described elsewhere108,110 (see also Figure 7-1). At the VT-STM chamber it was 

possible to deposit 2,4’-BTP onto the sample while it was inside the (cooled down) STM 

(cooling piston and STM tip were always retracted during the evaporation process). With 

this setup a coverage of 0.4 molecules nm-2 corresponding to the α-phase was achieved 

within ~5 min, corresponding to an evaporation rate of ~1.3·1011 molecules·cm-2s-1. The 

temperature of 2,4’-BTP inside the evaporator was controlled by a filament (Ifil = 1 A) and a 

K-type thermocouple (display unit: Greisinger GTH 1150). 
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3.5 Scanning tunneling microscopy 
 

3.5.1 Cooling of the VT-STM 
 
The VT-STM (Specs ‘Aarhus type’ STM150, Figure 3-6) is built inside a 3 kg Cu block to 

achieve good temperature stability. Cooling is done via liquid nitrogen from a 160 l Dewar 

vessel (Cryo Anlagenbau GmbH CS160SK). For safety reasons, an O2 sensor (Greisinger 

GMH 3690) with an alarm function was used to monitor the O2 content of the lab air. N2(l) is 

pushed out of an isolated flexible tube (red hand gear of the Dewar is open) with a pressure 

≤ 1.5 bar which is generated by an evaporator built inside the Dewar vessel. The N2(l) 

evaporator is activated by opening the green hand gear on top of the Dewar. The Dewar 

vessel should only be transported after a complete pressure release via its yellow valve. 

For cooling of the STM, the flexible tube of the Dewar vessel is connected to the upper 

capillary tube of the cooling piston at the STM flange via a Teflon tube (inner diameter: 3 

mm, length: ~2.5 mm). The screw at the STM flange is used to push the cooling piston 

against the Cu block in order to cool it (Figure 7-5a in the appendix and Figure 3-6c). In 

order to achieve sufficient cooling, the screw has to be tightened several times with full 

hand power, using isolated gloves to prevent burnings (tools must not be used to prevent 

damage). Figure 7-6 in the appendix shows a typical cool-down curve as a function of time. 

If the desired temperature is achieved, the cooling-piston can be retracted and the Cu-block 

is then only connected to the cooling-piston via thin Cu braids (see Figure 7-5). This leads 

to a lowest temperature of the STM of 90 K. However, between 90 and 115 K the sample 

will always heat up to 115 K, which is the lowest stable temperature. The temperature of the 

Cu block and the STM can be monitored and controlled separately via the Specs VTC20 

device connected to feedthrough B of the STM flange (see Figure 3-6b). Since the VTC20 

displays temperatures only as voltages UTC of the thermocouples, the temperature T(UTC) in 

K must be calculated by equation (7.1) in the appendix. As indicated in Figure 3-6c, there is 

a region on the STM flange that will be covered with ice (from air moisture), if the cooling-

piston is retracted while N2(l) flows through it. Since this causes trouble when a further cool-

down is desired later, it is a good idea to flush this region with a dry gas (here N2(g) was 

used) and to cover the volume by a Teflon foil (Figure 7-7 in the appendix). 
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Figure 3-6 Specs ‘Aarhus type’ VT-STM used in this thesis. a) The STM-flange seen from 

the inner side of the chamber. b) Backside of the STM flange with feedthroughs A (tunneling 

current IT and voltage UT), B (temperature measurement) and C (inchworm motor control). 

c) Side view of the STM. The direction of movement of the cooling-piston is indicated by 

arrows. 
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3.5.2 Data recording 
 

All STM data in this work was acquired with electrochemically etched W-tips. An 

oscilloscope (Hameg HM408) and headphones were used to monitor and hear the 

tunneling current parallel to the STM imaging software, respectively. Typical tunneling 

parameters for all 2,4’-BTP covered metal surfaces are UT = 1.8 to -2.4 V and IT = 10 to 200 

pA. Brighter parts in the STM images correspond to higher apparent heights in constant 

current mode and to higher electron density in constant height mode. Analysis was done by 

a home-made IDL based software. Drift correction in STM movies was done with a software 

programmed in the diploma thesis of Simon Tiedemann.114 Calibration of the STM was 

done for the x and y scan directions by atomically resolved images of Ag(100) and for the z 

direction by monatomic steps of Au(111), Ag(111) and Ag(100). 

 

3.5.2.1 Video-STM 
 
All measurements at the Video-STM chamber were carried out at room temperature with a 

home-made Video-STM, and electronics/software to control it.115 As I-V converter, a 

commercial device (109 VA-1, RHK, IVP-type) was used. Scan speeds were fixed to 100 s 

frame-1 in constant current mode (= slow scan mode) or 1 s frame-1 in constant height mode 

(= Video-STM mode). On MLs of 2,4’-BTP on Ag(111)-films it was particularly 

straightforward to clean the STM tip by setting the tunneling voltage to -10 V and then 

subsequently changing the polarity to +10 V and back for several times. This procedure 

usually lead to the destruction of the organic film directly underneath the tip, but afterwards 

the sharpeded tip could be used to scan a few nm away from that area with high resolution. 

 

3.5.2.2 VT-STM 
 
Data acquisition with the VT-STM was done with commercial electronics (Specs SPC-260) 

and Software (SpecsProbe USB). The operation of the VT-STM is described completely in 

the manual.112 Scan speeds could be varied between 200 and 2 s frame-1. All STM images 

recorded on the VT-STM were measured in constant current mode. The tip inside the STM 

could be sputtered using a special plate in the shape of a sample holder with a hole in the 

middle.112 The tip can be driven thru this hole by the inchworm motor and then sputtered by 
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the sputter gun (Specs IQE11/35, 3 keV, ~1 µA sputtering current, 10-5 mbar Ar) above the 

STM.112 

 

3.5.3 Tip approach 
 
The STM-tip of the VT-STM can be approached to the sample surface by an inchworm 

motor that is controlled by the STM software. If the Cu-block is below 300 K, the inchworm 

motor has to be heated to room temperature by the Specs VTC20 device. The critical point 

here is that the tip may not move in some cases, so the movement has to be checked 

through the view-port before inserting a sample to the STM. Figure 7-8 in the appendix 

shows the tip in up and down positions. If the tip does not move, one can increase the value 

‘S’ to -100 in the STM software (if the tip moves afterwards, S should be set to 0 again). 

Broken cables inside the UHV chamber can be detected by measuring the capacities of the 

piezo elements, of the inchworm motor and of the scanner (see Figure 7-9 and Table 7-1 in 

the appendix). 

It is also important to mention that for approaching the tip to the sample, the STM has to 

hang free, otherwise the tip will be destroyed. Furthermore, during the approach, the 

tunneling voltage must be positive and the tunneling current setpoint must be adjusted to 

zero. A diagram for solving problems with the inchworm motor of the Specs VT-STM is 

given in Figure 7-10 in the appendix. 

 

3.6 Theory 
 

The ab-initio calculations shown in chapters 4.3 and 4.4 of this thesis were performed in the 

group of A. Groß by K. Tonigold and D. Künzel, respectively. Further descriptions about the 

methods can be found elsewhere.116,117 
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4 Results 
 

4.1 Substrate registry in disordered layers of bis( terpyridines) on 

Au(111) and Ag(111)-films 

This chapter is the pre-peer reviewed version of the following article: T. Waldmann, R. 

Reichert, H. E. Hoster, ‘Substrate registry in disordered layers of large molecules’, 

ChemPhysChem 11, 2010, 1513, which has been published in final form at 118. Copyright 

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. This chapter includes 

small grammatical changes compared to 118, the experimental part of 118 is not shown 

here. In section 4.1.2.3, a comment is added. The data shown in Figure 4-2 and Figure 4-4c 

was already shown in ref. 109. Data acquisition, evaluation and simulations as well as 

writing of the manuscript and figures were made by the author of this thesis. 

 

4.1.1 Introduction 
 
As shown in chapter 2.3 supramolecular structures on surfaces are controlled by i) the 

adsorbate-adsorbate interactions and ii) the adsorbate-substrate interactions, which both 

depend on position, orientation, and conformation of the individual adsorbates.61,82,119-121 

Both contribute to the total adsorption energy. According to the basic idea of bottom-up 

surface nanostructuring, periodic supramolecular adlayers are commonly explained as 

minimum energy arrangements of the underlying molecular building blocks.61,82,88,121 

Though lateral and vertical interactions partly depend on each other, the prediction and 

description of the structures is much easier if they can be disentangled. Many 

supramolecular structures are based on molecular building blocks that were designed in 

view of intermolecular bonds, whereas their interaction with substrates is less important. 

Ideally, such molecules will form the same ordered structures independent of the supporting 

substrate. 

In that picture, the adlayers are rather rigid, periodically ordered objects. Similar to the 

‘rotational’ or ‘orientational’ epitaxy observed for adlayers of point-like objects such as noble 

gases,76 optimization of the vertical interactions leads to preferred azimuth orientations of 

the adlayer lattices with respect to the substrates. As mentioned in chapter 2.1, it has 

become common to describe the registry between organic adlayer and substrate lattice in 
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terms of different degrees of coincidence,122 specifically, point-on-point, point-on-line, or 

geometric coincidence.59,60,63,123-128 This concept puts a high emphasis on a registry 

between the unit cells of adlayer and substrate surface, whereas the internal structure of 

the molecules and their distribution within the unit cells is considered as less important. This 

is based on the idea that any beneficial vertical interaction of an individual molecule can 

only lower the overall interface energy if its configuration is periodically repeated; otherwise, 

the effect will cancel over larger areas. 

This phase coherence, however, is only a necessary condition for an optimized substrate 

registry, not a sufficient one. To actually achieve an optimum, one also requires 

energetically favorable positions and orientations of the adsorbates within the unit cell. 

Looking only at the coherence will thus not be reliable in predicting an adlayer-substrate 

alignment if the vertical interaction energy of an individual molecule strongly depends on its 

azimuth orientation. This might be the case when certain sites within the molecule are 

specifically attracted by certain sites of the respective substrate.129,130 In a limiting case, the 

orientation of the individual molecules will then be decisive for the orientation of the entire 

adlayer. Any predictive analysis would then have to start with the preferences of an 

individual adsorbate, and would consider the aforementioned coincidence conditions in a 

second step. 

 

 

Figure 4-1  Illustration of the preference of the N atoms in 2,4’-BTP to atop sites of the 

metal atoms underneath them. 

 

An aligning lock-and-key interaction can be expected for larger molecules that include two 

or more particularly reactive centers X such as S, N, O, metal atoms, or even additional 

side groups (see also chapter 2.3 and Figure 4-1).88,129-131 Using 2,4’-BTP as example, it 
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was shown in chapter 2.5 that a distinct affinity of N to metal atoms46,93 can explain the 

orientation of ordered, adlayers formed by these molecules on Au(111) and on (111)-

films.42,43 The angles could be predicted by a geometric fit model requiring very few system 

specific details.43 

These conclusions, however, were based on the orientations found for the molecules within 

densely packed, ordered arrays (Figure 2-15b), where also the lateral interactions have an 

aligning effect, at least in a sense that they will favor uniformity.  

In this chapter, it will be shown that the same azimuth angles also play a distinct role for 

2,4'-BTP in disordered adlayers on the same two surfaces. In those adlayers, lateral 

interactions have much less influence than vertical ones, which allows us to cross-check 

the geometric fit model. In the following a statistical analysis of the azimuth angles within 

disordered adlayers formed at lower coverages, and a comparison of the observed 

preferences to the angles occurring in the ordered structures will be presented. After that an 

explanation of the aforementioned geometric fit model is given, that which should in 

principle be transferable to many other systems. 

 

 

4.1.2 Results and discussion 
 

4.1.2.1 2,4'-BTP in the αααα- and ββββ-phase 
 

Thermal desorption by short flash annealing to 620 K slightly reduces the number of 

adsorbed 2,4'-BTP molecules when starting with a Ag(111)-film surface covered by the α-

phase. The lower coverage gives rise to the formation of islands of a disordered β-phase in 

coexistence with unperturbed domains of the α-phase (Figure 4-2c and d). Part of the 

molecules in the β-phase are resolved in their shape, while others in the same scan line 

appear round (dotted circles in Figure 4-2c and d). These poorly resolved objects most 

likely perform (frustrated) in-plane rotations with too high frequencies for direct STM 

observation.47,101 Based on the relaxed molecule structure, free rotation of a single 2,4’-BTP 

molecule is estimated to require a circular site with a diameter of 2.1 nm (Figure 4-26). For 

free rotation of all molecules (Figure 4-2b), the packing density in the β-phase would have 

to be smaller than (2/√3)(2.1 nm²)-2 = 0.261 nm-2. Based on the number of molecules 
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counted per area in various STM images of the β-phase , the actual packing density in that 

phase is slightly higher, specifically, 0.35 ± 0.01 nm-2. 

 

 

Figure 4-2 STM images of 2,4’-BTP on Ag(111)-films (IT = 6.31 pA, UT = -2.6 V, T = 300 K, 

14 x 14 nm2). a) α-phase on Ag(111)-films, coverage 0.4 nm-2 b) Model of the α|β phase 

boundary, in the β-phase all molecules are rotating. c) STM image of α|β phase boundary, 

rotating molecules indicated by circles with dotted lines. d) Same scan area as c), but 100 s 

later. 

 

This explains why about 5 - 29 % (the fraction varies from image to image because the 

structure is dynamic at room temperature) of the molecules in the β-phase are hindered 
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from rotation by their neighbors and thus are resolved as still molecules. Some still and 

rotating molecules are marked in Figure 4-2c,d by white ‘footprints’ and dashed circles, 

respectively. A comparison of the two consecutively recorded images directly shows that 

the distribution of rotating and still molecules is not static, but varies in the time scale of 

seconds. 

When the coverage is too far below 0.3 nm-2, the molecules form a mobile 2D gas and can 

no longer be observed by STM at 300 K. For a coverage of 0.1 nm-2 on Au(111), this is 

demonstrated in Figure 4-3b, which shows only noise and featureless stripes. According to 

Figure 4-3c, this changes when the same sample is imaged at T = 115 K, which is 

obviously cold enough to keep the molecules trapped in disordered aggregates. The 

formation of spread, disordered phases instead of ordered islands can be explained by a 

gain in free energy due to rotational, translational, and configurational entropy. Interestingly, 

these stabilizing entropic effects can also be observed as coverage dependent peak shifts 

in thermal desorption spectra (see also chapter 4.5).132,133 

 

 

 

Figure 4-3 STM images of 2,4’-BTP on Au(111). a) α-phase on Au(111), coverage 

0.4 nm-2, T = 115 K. b) Coverage ~0.1 nm-2, T = 300 K. c) Coverage ~0.1 nm-2, T = 115 K. 

 

 

4.1.2.2 Molecule orientations in the ordered and disordered phases 
 
As shown previously42,43 and indicated in Figure 4-2a and Figure 4-3a, one fourth of the 

molecules in the ordered α-phase enclose an angle of θ = 45° between their own mirror 

plane and the the >< 211  direction of the Ag(111) or Au(111) substrate (see Figure 4-4a for 

definition of θ on surfaces with hexagonal order). Within a given rotational domain of the α-
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phase, three more orientations occur which differ by 90°. For symmetry reasons, the phase 

possesses two further rotational domains where all angles are shifted by ±60°. 42,43 Hence, 

the values of θ can be parameterized as 

 

( ) °⋅+°⋅+°= 906045, srphasesr αθ  (4.1) 

    

where r = 0…2 indicates the domain and s = 0…3 produces the four orientations within 

each domain. The orientations of the non-rotating molecules prefer angles similar to those 

in the α-phase. This is visualized for two examples in Figure 4-2d. The same holds for the 

low-coverage assembly of 2,4'-BTP on Au(111) at T = 115 K, as is depicted in Figure 4-3c. 

To verify this observation statistically, the azimuth orientations of about 103 molecules in 

STM images similar to those in Figure 4-2c and d and Figure 4-3c were evaluated. The 

results are summarized in Figure 4-4c and d for Ag(111) and Au(111), respectively. Both 

histograms show pronounced preferences for the same set of 12 angles θ, which can be 

sorted as θ = θ0 + m⋅30°, θ0 = 15°, m = 0…11. These angles actually reflect a s ingle 

alignment occurring in 12 equivalent variations. If θ0 was 60° or 90°, the molecule would 

share a symmetry plane with the substrate, concomitant with only 6 equivalents. Though 

the actual physical or chemical origin of the optimum alignment remains unknown, the data 

indicates that in the present system it is indeed the angle dependent adsorption energy for 

a single molecule that determines the azimuth orientation of the long-range ordered α-

phase. 

 

 

4.1.2.3 Predicting the azimuth alignment by points-to-lattice fitting 
 
One peculiarity about the found optimum angle of 15° is the low degree of symmetry of the 

adsorbate-substrate alignment. None of the two vertical symmetry planes of the adsorbed 

molecule coincide with a symmetry plane of the substrate (see Figure 4-4a), in contrast to 

the behavior of many other large molecules adsorbed on metal surfaces.61 The second 

interesting observation is the agreement of the preferred azimuth angles on Au(111) and 

the Ag(111)-films. 

As mentioned in chapter 2.5, a previously proposed simple model can explain the aligning 

effect of the vertical interactions.42 Similar to the approach of predicting trends in epitaxy by 
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lattice phase coherence analyses,124 the idea is to solve a geometric problem instead of a 

chemical one. The resulting geometrically optimized configurations can then be considered 

as likely candidates for the ‘true’ optimum. In contrast to coincidence tests of periodic 

lattices, however, one can try to achieve a geometric fitting of a finite, rigid set of points in 

the x-y-plane to an infinite, periodic lattice. Goal of this points-to-lattice fitting procedure is 

to minimize the average lateral displacement between the set of points Ni and the lattice Pik. 

This idea is based on the concept that the interaction of large molecules with metal substra-

tes is composed of rather delocalized van-der-Waals contributions on the one hand and 

(depending on the molecule) rather localized ones on the other. Finding the optimum 

adsorption position can then be reduced to finding an alignment where the total energy gain 

from the localized interactions is maximized. 

For molecules with pyridine groups on metal surfaces, one can expect the formation of 

localized bonds between the N atoms in the molecule and the periodically ordered metal 

atoms of the substrate. Based on DFT calculations for the flat or upright adsorption of 

pyridine on Au(111),97 a maximum energy gain should be expected when the nitrogen 

atoms are in atop positions above the substrate metal atoms. Similar localized (N...M)lat 

interactions between N-atoms in molecules and substrate metal atoms were proposed in 

some recent works (see also chapter 2.3).30,97,98,129,130 Even without deeper knowledge 

about the actual nature of the bonds between N-pyridyl in 2,4'-BTP and subjacent metal 

atoms, it is reasonable to assume that the overall gain in interaction energy per molecule 

can be maximized when the N atoms are sited as close as possible to atop positions above 

the substrate metal atoms. Local ‘fine tuning’ may then occur via the local vertical 

distances. Please note that dispersion corrected DFT calculations in chapter 4.4.2 indicate 

that the adsoption energy for terpyridine on Ag(111) is lower by ~0.1 eV if the N atoms in 

the adsorbate are near on-top positions with respect to the Ag atoms compared to N-atoms 

near the on 3-fold hollow sites of Ag(111).116 The calculations in chapter 4.3.2 showed the 

same trend for adsorbed pyridine on Ag(100) and revealed that additionally to the 

dispersion interaction, covalent or electrostatic interactions between the N atom in the 

adsorbate and the Ag atoms untherneath it is also present if pyridine is adsorbed parallel to 

a Ag(100) terrace.117 

Assuming flat adsorption, optimizing the alignment becomes a problem in only two 

dimensions, where the mean lateral displacement between the eight N atoms in 2,4'-BTP 

and their nearest metal atom must be minimized. This mean lateral displacement depends 

on the position of the molecule and its azimuth angle θ. The following definitions and 
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equations provide the tools to solve this geometric optimization problem. The complete 

Matlab algorithm is also given in the appendix of this thesis (chapter 7.6). 
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xi and yi represent the coordinates of the 8 nitrogen atoms in the x-y plane (equation (4.2)). 

They are derived from the relaxed molecule geometry as calculated by the internal force 

field in Hyperchem 7 (note that even the free molecule is predicted to be virtually planar, 

which can be rationalized via the internal hydrogen bonds, see Figure 2-13b45). As 

reference point, x1 and y1 are arbitrarily set to 0. jkP
r

 runs over all points of the hexagonal 

substrate lattice (see equation (4.3), NN distance a = 0.29 nm for Au(111) and Ag(111)). 

For a molecule rotated by θ (Figure 4-4a) and shifted by xshift,yshift, the value of 

d(θ,xshift,yshift) is the mean lateral displacement between a given N atom and the metal atom 

closest to that N atom. The matrix in the calculation of d (θ,xshift,yshift) yields a rotation of the 

nitrogen coordinates by θ about (0,0) (see rotary matrix in equation (4.4)). With a simple 

Matlab script (see chapter 7.6), d(θ,xshift,yshift) was calculated for θ in steps of 1° and x shift 

and yshift in steps of 0.001 nm, within the range of a whole substrate unit cell. For each 

angle, only the smallest and largest value of d , ( )θmind  and ( )θmaxd  are considered, which 

reflect (xshift,yshift) for the best and the worst substrate registry, respectively. These functions 

are plotted in Figure 4-4b. To assess a possible effect of the Au(111) herringbone recon-

struction on the predicted preferences, the procedure was repeated with the substrate 
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lattice compressed by a factor of 22/23 along the >< 011  direction.41 The result is plotted 

as dashed lines in Figure 4-4b. Though the lower symmetry of the reconstructed surface is 

reflected in this plot, the maxima and minima appear at virtually the same angles, i.e., the 

effect of the reconstruction on the predictions by the points-to-lattice fit are negligible. 

Optimized interactions between the N-atoms and the substrate metal atoms should thus be 

achieved for the azimuth orientations at the minima of ( )θmind . Actually, these minima 

belong to a single configuration at θ = 16°, which is depicted in Figure 4-4a, and its 

symmetry equivalents. Equivalent alignments are obtained for θ = -16° and all positions that 

differ from θ = ±16° by multiples of 60°. Apart from small devia tions of ±1°, this is just the 

set of angles that was observed for the molecules in the disordered adlayers on Au(111) 

and the Ag(111)-films (Figure 4-4c and d). In the ordered α-phase, the hydrogen bond 

configuration favors angle differences of 90° betwe en neighboring molecules, which can 

also be achieved when the molecules are locally turned by ±1° from the predicted optimum 

orientations.  
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Figure 4-4  Observed and predicted azimuth angles of 2,4’-BTP on Ag(111)-films and 

Au(111). a) Definition of the angle θ between the mirror plane of 2,4’-BTP and the >< 211  

direction of (111)-surfaces; candidate for optimum azimuth angle is depicted (see text)42 b) 

Result of the points-to-lattice fitting analysis: mean lateral displacement between N-atoms 

in 2,4’-BTP and the metal atoms in Au(111) or Ag(111) as a function of θ. The upper / 

lower line indicate the maximum / minimum mean displacement attainable by translation of 

the molecule at each θ. Dashed line: prediction for reconstructed Au(111). c) Histogram of 

orientations of 2,4’-BTP on Ag(111) in the β-phase at T = 300 K. d) Histogram of 

orientations of 2,4’-BTP on Au(111) at T = 115 K; coverage: ~0.1 nm-2. 
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4.1.3 Conclusions 
 
The azimuth orientations θ of 2,4’-BTP molecules flatly adsorbed on Au(111) and Ag(111)-

films exhibit the same regularity not only on both surfaces but also in ordered and 

disordered adlayers. The found angles can be predicted by a simple points-to-lattice fitting 

approach, which only makes use of the substrate lattice and the positions of the N atoms 

within the flat-lying molecules. The results confirm the previous assumption that large 

bis(terpyridines) on metal surfaces are prototypes for systems where the epitaxial adlayer-

substrate alignment can be explained looking only at a single adsorbate. Points-to-lattice 

fitting is complementary to the frequently used lattice coherence analyses, since local 

effects are exclusively considered and their periodic repetition is only regarded in a second 

step. Both methods cannot replace system-specific calculations from theory, but they are 

definitely valuable tools for preliminary analyses and the qualitative identification of 

structure relevant effects. 
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4.2 Growth of an oligopyridine adlayer on Ag(100) 

This chapter is largely the peer reviewed version of the following article: T. Waldmann, C. 

Nenon, H. E. Hoster, R. J. Behm, ‘Growth of an oligopyridine adlayer on Ag(100) – A 

scanning tunneling microscopy study’, PCCP 13, 2011, 20724, which has been published in 

final form at 134. Reproduced by permission of the PCCP Owner Societies. This chapter 

includes small grammatical changes compared to 134, the experimental part of 134 is not 

shown here. Part of the data acquisition was done together with C. Nenon during her DAAD 

RISE internship which was supervised by the author of this thesis. Most of the data 

acquisition, and complete evaluation and simulations, as well as writing of the manuscript 

and figures were made by the author of this thesis. 

 

4.2.1 Introduction 
 
In the previous chapter it has been shown, that the azimuth angles of 2,4’-BTP in 

disordered regions on Au(111) and Ag(111)-films can be described by a points-to-lattice fit 

approach.42 Additional to these surfaces with hexagonal symmetry, this concept will be 

tested in this chapter for the quadratic Ag(100) surface. In chapter 2 we have seen, that 

adlayers composed of large molecules have received much attention in recent years, due to 

their self-assembly properties, which depend strongly on the chemical groups of the 

involved adsorbates.51,52,81,82 The supramolecular structures result from a delicate balance 

between molecule-molecule and molecule-substrate interactions,82,135 where the relevant 

interactions decrease in strength in the following order: intramolecular covalent bonds > 

single molecule adsorption energy > metal-ligand bonds (where applicable) > hydrogen 

bonds > (or ≈) corrugation amplitude of the adsorption energy82 (see chapter 2). While 

these bond concepts were successful in explaining experimentally observed structures by 

fitting the magnitude of the different contributions, predictions of the adsorption 

configuration are still scarce. Ab-initio methods are computationally demanding for systems 

involving the adsorption of large molecules on surfaces136 More recently, Monte Carlo 

simulations using a limited set of adsorption geometries, in the so-called coarse-grained 

interaction-site model,93,137-139 have shown that adlayer structures can be rationalized and 

predicted at reduced computational costs.138-140 A key issue in the coarse-grained 

interaction-site model is the way of including molecule-substrate interactions and their 

lateral variation. Without certain restrictions for the molecule conformation and its alignment 

with respect to the substrate, the parameter space would be too large for successful 
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structure simulations within a reasonable time scale.137-139 Accordingly, only few 

conformations were allowed for each molecule, and the number of allowed azimuth 

orientations was assumed to be identical to the symmetry of the surface, e.g., 6 orientations 

with angles of 60° in between for a hexagonal surfa ce lattice. These assumptions severely 

limit the potential of such kind of simulations. For instance, a supramolecular structure with 

a rectangular unit cell on a hexagonal substrate, as described in refs. 42,43,44,45,118, 

would not be predictable at this level of simplification. Hence, there is a need for more 

detailed, quantitative information on the relation between substrate-adsorbate interactions 

(‘single molecule adsorption energy’) and the orientation of adsorbed molecules or 

complete adlayers. In chapter 4.1 a simple scheme has been proposed for estimating the 

variation in molecule-substrate interaction energy (‘points-to-lattice scheme’42,43,43,118,118) 

upon rotation and translation of individual admolecules, which leads to system specific 

preferential azimuth angles that could in a next step be used in Monte-Carlo type structure 

simulations. The physical/chemical basis of this model is the rather localized interaction 

between hetero atoms such as O,14,130 S,141 or N29,30,42,43,97,98,118 in the admolecules and the 

underlying surface (see also chapter 2.3). The validity of this model was demonstrated for 

adsorption of 2,4’-BTP45 (see Figure 4-5a) on hexagonal Ag(111) films and Au(111) 

surfaces in chapter 4.1, where predictions based on this model were found to fully agree 

with experimental findings.42,43,118 
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Figure 4-5 a) Lewis formula of 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-(pyridine-4-yl)pyridine-2-

yl)pyrimidine (2,4’-BTP). The N atoms of the pyridyl moieties serve as donors for N...H-type 

hydrogen bonds and for ‘vertical’ N...Ag interactions. b) Definition of the azimuth angle θ for 

2,4’-BTP relative to the <110> direction on the Ag(100) surface. The chiral supramolecular 

building blocks are represented by c) a ‘row-like’ (internal azimuth differences of 180°) and 

d) a ‘windmill-like’ (internal azimuth differences: 90°) molecular aggregate. 

In the present chapter, the potential of this approach will be further substantiated by 

applying it to a system with a different surface symmetry, using the adsorption of 2,4’-BTP 

on Ag(100) as example. Firstly an overview on the evolution of structures with increasing 

coverage in the sub-monolayer regime, up to the formation of a close-packed, well ordered 

monolayer (2D crystal) will be given. Secondly the structural motifs formed on the terraces 

at intermediate and high coverages, focusing on the azimuth alignment of the adsorbates 

with respect to the <110> direction of the Ag(100) surface will be analyzed. Finally, the pre-

dictions for 2,4’-BTP orientation on Ag(100) derived from the points-to-lattice model will be 

compared to the experimental findings and consequences of these results will be 

discussed.  
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4.2.2 Results and discussion 
 

Up to a coverage of ~0.07 nm-2 (molecules per nm2), the 2,4’-BTP molecules are 

exclusively adsorbed at step edges (see Figure 4-6a and chapter 4.3117). This is due to the 

stronger adsorption at low coordinated sites,142 a phenomenon described for many other 

adsorption systems.21-26,107 This observation was made with the sample (placed inside the 

STM) cooled down to 124 K during evaporation.117 Isolated (2,4’-BTP)n, n = 1 adsorbates on 

defect-free Ag(100) terraces were never observed. This indicates a rather low diffusion 

barrier for 2,4’-BTP admolecules on the Ag(100) terraces, which is important for the self-

assembly process of the structures described in the following. Accordingly, similar results 

were obtained also for adsorption at 300 K and subsequent cool down.117 

 

 

Figure 4-6 STM images of 2,4’-BTP adsorbates on Ag(100) at different coverages. a) Step 

edge decoration starts at low coverage (< 0.07 nm-2, T = 175 K, IT = 40 pA, UT = -2.22 V, 

14 × 14 nm2), b) formation of 1D-chains and 2D-clusters on terraces (0.1 nm-2, T = 133 K, IT 

= 80 pA, UT = -2.22 V, 14 × 14 nm2), c) 2D grid network with its molecular building blocks 

oriented in the azimuth angle group µ (0.2 nm-2, T = 125 K, IT = 40 pA, UT = -2.15 V, 10 × 

10 nm2), d) 2D crystal structure (azimuth angle group κ) (0.4 nm-2, T = 207 K, IT = 60 pA, 

UT = -2.22 V, 10 × 10 nm2). 

Increasing the coverage, 1D chains or 2D islands ((2,4’-BTP)n, n > 1) start to grow on the 

terraces (Figure 4-6b), where the BTP admolecules are connected by (C-H…N)-type 

hydrogen bonds (see also Figure 4-15).44 The chains can also be attached to molecules 

adsorbed at steps, but only from the lower side of the terraces (see also chapter 4.3). 

These local arrangements remain as dominant structural element up to coverages around 

0.2 nm-2, where the chains align into rectangular grids similar to that shown in Figure 4-6c. 

The grids consist of individual chains, with the molecules linearly aligned as shown in 
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Figure 4-5c, and intersections of two chains, which results in the structural motif depicted in 

Figure 4-5d. Both motifs were observed also for densely packed 2,4’-BTP phases42-44 on 

hexagonal metal surfaces45 (see chapter 2.5) or in chains formed on the moiré structure of 

graphene/Ru(0001).135 They can be rationalized by their relatively strong hydrogen 

bonding, due to a high number of hydrogen bonds per molecule. Once the 2,4’-BTP 

coverage on Ag(100) reaches the regime beyond ~0.25 nm-2, the crossing motif (Figure 

4-5d) becomes dominant, eventually leading to the formation of the well-known α-phase42-44 

shown in Figure 4-6d.45 Evaluation of the azimuth orientations θ of the 2,4’-BTP 

admolecules in the different structures (for definition see Figure 4-5b, in analogy to Figure 

4-4a) with respect to the Ag(100) surface lattice, where the latter is known from atomically 

resolved images of Ag(100) terraces, reveals that the majority of admolecules is oriented 

with their symmetry axis at multiples of 30° angles  to the <110> direction (Figure 4-8b and 

Figure 4-8c). Symmetrically equivalent are orientations with the mirror axis of the molecules 

aligned along the <110> direction, which shall be denoted as angular group κ, and 

orientations, where the molecules are rotated by ∆θ = ±30° with respect to the <110> 

direction (see Figure 4-8c). The latter form the angular group µ. Hence, two geometrically 

different azimuth orientations are observed, which exist in four and eight symmetrically 

equivalent variations, respectively. This adds up to twelve possible orientations in total (for 

statistic evaluation see Figure 4-8b). These orientations not only govern the disordered 

assemblies, but also the grid-like and 2D ordered phases in Figure 4-6c and Figure 4-6d, 

respectively. The molecules in the ordered α-phase adopt the angles from group κ, 

whereas the grid-like structures seem to prefer the orientations from group µ (see, e.g., 

Figure 4-8d). As will be shown below, this can be explained by the more favorable substrate 

registry of the row-like (Figure 4-5c) and windmill-like (Figure 4-5d) motifs in the angular 

group µ and κ, respectively. 

In analogy to the previous analyses of 2,4’-BTP adlayers on Au(111) and Ag(111) in 

chapter 4.1, the points-to-lattice model is used now to determine the optimum orientation of 

the admolecules on Ag(100).42,43,118 This assumes that the orientation of the molecules is 

mainly governed by effective, pairwise interactions between the metal surface atoms and 

reactive centers within the molecules. Even without specific assumptions about the actual 

interaction potentials it is reasonable to assume that the optimum alignments are 

characterized by a minimized average distance between the reactive centers and the 

closest subjacent metal atoms.97 This was further simplified by minimizing the average 
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lateral distance, neglecting the actual local height of the molecules. One prerequisite for 

such an approach is a rather rigid shape of the molecule, which in the case of 2,4’-BTP 

should be warranted by intramolecular hydrogen bonds (see Figure 2-13b).45 

The average lateral distance between each N atom in the molecule and the nearest 

subjacent Ag atom in the (100) surface is minimized. For a given azimuth angle, the 

minimum average lateral distance was calculated for each lateral adsorbate position within 

the surface unit cell in steps of 1.445×10-3 nm. For each angle in steps of 1°, the highest 

and lowest value found for all tested translational positions is calculated. These results are 

plotted in Figure 4-8a. Local minima of the resulting curve are considered as candidates for 

minimum energy alignments. As evident from Figure 4-8a, minima occur at multiples of θ = 

90° and at the symmetry equivalent angles of 30° (0 °+30°) and 60° (90°-30°) etc.. These 

are just the angular groups κ and µ, respectively, that were found in the STM data (see 

Figure 4-8b). The difference in observed orientations for 30° and 60°, despite of their 

identical energetics (Figure 4-8a), is due to the still low number of molecules available. 

 

 

Figure 4-7 Output of the points-to-lattice fit approach for the azimuth angle of one 2,4’-BTP 

molecule in building blocks shown in Figure 4-5c and Figure 4-5d with respect to the <110> 

direction of the surface. Both chiral forms of the arrangements were taken into account 

(dotted line corresponds to mirror arrangement of solid line). 

a) For the ‘row-like’ arrangement (see also Figure 4-5c) there is a preference for azimuth 

angle group µ is preferred, while for b) the ‘windmill-like’ arrangement (see Figure 4-5d), 

angular group κ is favored. 
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Figure 4-8 a) Average lateral Ag-N distance in the points-to-lattice fit approach for a 

single 2,4’-BTP admolecule on Ag(100). The plot shows seven minima with ∆θ = 30° 

difference, corresponding to 12 minima for 360°. Fo ur (eight for 360°) equivalent 

orientations (marked with µ) are slightly lower in their dN-Ag distance (0.074 nm) and thus 

in energy. The three (four for 360°) orientations κ, where the mirror plane of the molecule 

and <110> direction of the substrate coincide, have a negligibly higher dN-Ag distance (∆dN-

Ag = 0.077 nm). b) Histogram showing the probability for different azimuth angles of 2,4’-

BTP on Ag(100), equivalent orientations were combined (171 orientations were 

evaluated). c) - e) STM images of disordered and ordered supramolecular structures of 

2,4’-BTP on Ag(100), showing multiples of ∆θ = 30°, the different angle groups κ and µ 

are marked exemplary. c) Azimuth orientations in disordered regions of 2,4’-BTP on 

Ag(100); (T = 133 K, IT = 60 pA, UT = -2.22 V, 30 × 30 nm2), the inset shows atomic 

resolution of Ag(100) (IT = 70 pA, UT = -2.22 V, 0.23 × 0.23 nm2) measured at the same 

orientation of the sample and the same scan direction. d) 2D grids in coexistence with 2D 

crystal; The azimuth differences between both structures are ∆θ = 30° (T = 106 K, I T = 10 

pA, UT = -2.22 V, 30 × 30 nm2). e) 2D crystal in coexistence with a disordered region 

showing ∆θ = 30° (T = 215 K, I T = 500 pA, UT = -2.22 V, 16 × 16 nm2). 
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Similar type simulations, using the row-like dimer in Figure 4-5c and the windmill-like 

tetramer (Figure 4-5d) with relaxed intermolecular spacings,43 were performed to determine 

the optimum orientations of these configurations. This way, optimum orientations with θ = 

30°, 60°, 120°, 150° etc. were obtained for the row -like motif, equivalent to the angular 

group µ (Figure 4-7a). The full and dashed lines in that Figure denote the results for the two 

mirror symmetric versions of this motif. On the other hand, for the windmill-like motif (Figure 

4-5d), optimum orientations of θ = 0°, 90°, 180°, and 270° (Figure 4-7b) were deriv ed, 

equivalent to the angular group κ.  In agreement with the more pronounced minima for the µ 

oriented chains in Figure 4-7a, as compared to the minima at 0°, 90° etc., the molecular 

chains are observed only in the µ orientation. Here they have the best fit of the N atoms to 

the surface atoms. Further (theoretical) analysis revealed that the 1D molecular chains are 

commensurate with the surface lattice, both in the µ and κ orientation (Figure 4-9). The 

commensurate unit cell vector along the chain, however, is twice as long for the κ 

orientation (Figure 4-9b) as for the µ orientation.  

 

 

Figure 4-9 Commensurate 1D vectors and 2D unit cells of 1D chains and 2D structures for 

2,4’-BTP adsorbates on Ag(100). a) Commensurate vector of 1D chains with µ orientation. 

b) Enlarged commensurate vector of 1D molecule chains in κ orientation. c) 2D unit cell of 

the ordered structure that was not observed because of the unfavorable molecule-surface 

alignment. d) Commensurate (3×3) unit cell for the ordered 2D structure with all 2,4’-BTP 

molecules in κ orientation. 
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The close-packed α-phase, which is formed as the adsorbate coverage is raised, consists 

of windmill motifs arranged in a periodic structure. In agreement with the simulations 

(Figure 4-7b), only the orientations belonging to the angular group κ are observed. This 

adlayer phase would be incommensurate if it belonged to the µ angular group (not 

observed). In contrast, it is commensurate with an enlarged unit cell containing 3 × 3 × 4 = 

36 molecules in the angular group κ (experimentally observed, Figure 4-9d). 

A third possible structure, created by rotating the unit cell of the ordered α-phase (κ- 

orientation) by 45°, which is also commensurate (Fi gure 4-9c), was not observed 

experimentally, despite of the simpler structure. This is easily rationalized by the rather bad 

fit of the N atoms to the surface atoms in that structure, which is evident from the maxima at 

the relevant orientations of θ = 45°, 135° etc. in Figure 4-8a and Figure 4-8b. Th is result 

nicely illustrates that commensurate structures do not always correspond to an energy 

minimum, but instead can also correspond to an energy maximum. 

The good agreement between simulations and experimental findings in the present and 

previous42,43,118 systems provides further support for the general applicability of the points-

to-lattice scheme to adsorption systems involving large organic molecules with 

heteroatoms, provided that the admolecules are rigid and planar, and that the lateral 

variation in the molecule-surface interactions and the lateral molecule-molecule interactions 

are of comparable strength. The preferred azimuth angles derived from the points-to-lattice 

fit approach can be used to save computing time in predictive Monte-Carlo simulations, 

where the (variation in) molecule-substrate interactions is included by allowing only the 

preferred orientations (‘coarse grained interaction-site models’).  
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4.2.3 Conclusions 
 

Combining low-temperature STM observations and simulations it was shown in this chapter 

that 2D structure formation upon adsorption of the planar organic 2,4’-BTP molecules on 

Ag(100), specifically the orientation of individual admolecules, adlayer islands and 2D 

adlayer phases with respect to the surface lattices, can be rationalized and predicted by the 

points-to-lattice approach. The optimum orientation depends on the dimension and 

structure of the adsorbed species, with the azimuth angle θ between the symmetry axis of 

the molecules and the <110> surface direction assuming multiples of 30°. These belong to 

two angular groups, the κ group (θ = 0°, 90°, etc.) and the µ group (θ = 0 ± 30°, 90 ± 30°, 

etc.). The 2D grid-like structures prefer to assume the orientation of the µ group, while the 

2D α-phase preferentially occurs in the four orientations of the κ group. The excellent 

agreement between experimental observation and simulation also on a square lattice, after 

similar observations on hexagonal lattices, further supports the applicability of the points-to-

lattice fit procedure for structural predictions for this type of adsorption systems and hence 

the applicability to other adsorbates.  
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4.3 The role of surface defects on large organic mo lecule adsorption 

 

This chapter is largely the peer reviewed version of the following article: T. Waldmann, C. 

Nenon, K. Tonigold, H. E. Hoster, A. Groß, R. J. Behm, ‘The role of surface defects on 

large organic molecule adsorption: Substrate configuration effects’, PCCP 14, 10726, 

2012.117 Reproduced by permission of the PCCP Owner Societies. This chapter includes 

small grammatical changes compared to 117. The experimental part of 117 is not shown 

here, the supporting information is included in the text. DFT-calculations were done by K. 

Tonigold (Institute for Theoretical Chemistry, Ulm University, Prof. A. Groß). Part of the data 

acquisition was done together with C. Nenon during her DAAD RISE internship which was 

supervised by the author of this thesis. Most of the data acquisition and data evaluation, as 

well as writing of the manuscript and figures were made by the author of this thesis. 

 

4.3.1 Introduction 
 
Supramolecular organic assemblies provide a promising class of materials that can be used 

in a variety of applications such as organic sensors, LEDs, transistors or solar cells.63,64 In 

order to specifically tailor their structural, chemical, physical, electronic properties, a 

fundamental microscopic understanding of the crucial factors underlying these properties is 

needed, which can for example be gained by studying well-defined two-dimensional (2D) 

supramolecular structures. For this reason, supramolecular structures and structure for-

mation of large organic molecules on single crystalline surfaces have been intensely 

studied during the last two decades (see chapter 2).81,143,144 Detailed structural information 

obtained from (partly temperature dependent) scanning tunneling microscopy (STM) 

studies, in combination with theoretical work, provided a sound basis for the understanding 

of the energetic driving force responsible for these structures, and it is generally accepted 

that a subtle balance between molecule-molecule and molecule-substrate interactions is 

responsible for the self-assembly of these molecules in ordered 2D structures.21-23,26,42,81-83 

Most of these studies, however, concentrated on structure formation on idealized surfaces, 

i.e., on extended atomically smooth terraces, while the role of defects such as steps and 

kinks, which are abundant on more realistic surfaces, has found little interest, despite of its 

practical relevance in applications and despite of their often higher affinity to adsorbates 

compared to smooth terraces.21-23,26,142 
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This is topic of the present chapter, where general principles of the interaction of large 

organic molecules with steps and kinks are elucidated, using the adsorption of 2,4’-BTP 

(see Figure 2-12b) on Ag(100) as example. In chapter 4.2 the same surface/adsorbate 

system had been examined, focusing on the growth of ordered structures.134 In this chapter 

the occupation of specific adsorption sites with defined atomic configurations, at steps and 

defects, is quantitatively evaluated by STM measurements, followed by an analysis of the 

rotational orientation of the molecules and their association with adsorption at specific kink 

site configurations. Comparison with the results of dispersion corrected density functional 

theory (DFT-D) calculations on the adsorption of behavior of pyridine derivatives and 

benzene, which are similar to the phenyl and pyridyl moieties in 2,4’-BTP, on stepped 

Ag(100) surfaces, provide further insight into the nature of the relevant interactions. Finally, 

the results are discussed with findings on the structure of 2D ordered 2,4’-BTP adlayers on 

Ag(100) terraces. 

 

4.3.2 Results and discussion 
 
Up to a coverage of ~0.07 nm-2 (molecules per nm2), the 2,4’-BTP molecules were found to 

exclusively adsorb at step edges. This preference is due to the stronger adsorption at low 

coordinated sites,142 which has been observed for many other adsorption systems.21-23,26,145 

Most striking structural features of the molecules adsorbed at steps are the small bright 

dots on the upper side of the step edge close to each molecule (see Figure 4-10a). Closer 

inspection of the STM data reveals that these protrusions most likely represent one of the 

peripheral rings (phenyl or pyridyl) of the 2,4’-BTP molecules, which is located on the upper 

terrace (see also the molecule marked as F in Figure 4-10a). This is supported by height 

profiles as the one in Figure 4-10b, which belongs to the dashed white line in Figure 4-10a. 

The height profile represents the apparent position of the STM tip, which is higher if the tip 

is located over an 2,4’-BTP adsorbate or a Ag(100) terrace that is above a rising step. For 

further explanation, the points A-E are used throughout in Figure 4-10. Points B and E are 

related to 2,4’-BTP adsorbates on the lower or upper terrace, respectively. They have the 

same apparent height of ~0.15 nm with respect to the lower (A) and upper (D) Ag(100) 

terrace. The molecules E on the upper terrace and the protrusions C have very similar 

apparent heights. Therefore, protrusion C most likely belongs to one of the peripheral rings, 

and this ring has a similar vertical distance to the upper terrace as the rest of the molecule 
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with respect to the lower one. This would mean that the 2,4’-BTP molecules are actually 

lying across the step edges, as illustrated in Figure 4-10c. Similar to the behavior reported 

previously for some other polyaromatic adsorbates21,22 or graphene monolayers on metal 

surfaces.146,147 It should be noted that the same behavior can also be observed for 2,4’-BTP 

on Au(111) at low coverages (see inset of Figure 4-10a). 
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Figure 4-10 a) STM image of monatomic step on a Ag(100) surface saturated with 2,4’-

BTP adsorbates, as well as two molecular chains located on the lower and upper terrace 

(T = 177 K, IT = 52 pA, UT = -2.22 V, 16×16 nm2). The inset shows a similar phenomenon 

for 2,4’-BTP on a Au(111) step edge (T = 142 K, IT = 50 pA, UT = -2.02 V, 4×4 nm2). b) 

Cross-section along the dashed line in the STM image (a). z is the apparent height 

position of the STM tip, which is higher if the tip is located above an adsorbate or on an 

upper step edge. c) Schematic drawing (side view) of the adsorption configuration along 

the A-E in b) (red = on upper terrace). The points A-E mark the same points in (a), (b) and 

(c). A: lower terrace (bare Ag), B: molecules on lower terrace, C: position of the phenyl 

ring of a typical molecule (type Χ3) on the step edge, D: upper bare Ag terrace, E: 

molecule on the upper terrace. C and E have similar apparent heights compared to D. For 

F, a molecule bridging the step is marked exemplarily. 

Visual inspection of STM images such as those shown in Figure 4-10a or Figure 4-11b 

reveals that the rotational alignment of the molecules with respect to the steps is not at all 

arbitrary. Figure 4-11a shows the results of a statistical evaluation of the orientations of 250 

molecules, which are grouped according to the schemes shown in Figure 4-11c and Figure 

4-11d. A first set of configurations Χi includes molecules reaching across the steps, which 
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are identified by the characteristic protrusion in the upper terrace ring, while in another set 

Λi, the entire molecule rests on the lower terrace and attaches to the ascending step. The 

phenyl rings, which are coordinated to metal atoms of the upper terrace, have the same 

apparent height as molecules located on the lower terrace. Among the step crossing 

configurations, the orientation Χ3 is by far the most favorable one (~79 %). In this 

configuration, only the phenyl ring rests on the upper terrace, while the remaining part of 

the molecule is adsorbed on the lower terrace. About 7% of the molecules are found in 

other step crossing configurations (Χi), while the remaining 14% are distributed over 

configurations Λi, solely adsorbed on the lower terrace. Here a preference for configurations 

was observed, where at least one of the peripheral pyridyl rings is in touch with the 

ascending step edge. Specifically, this is the case for configurations Λ1, Λ4 and Λ5 (see 

Figure 4-13a and Figure 4-11b), which together account for ~90% of the Λi alignments (see 

inset of Figure 4-11a). This preference can be explained by an interaction between the N 

atom and the Ag atoms of the ascending step, in accordance with findings in the DFT 

calculations (see below). 

This interaction and the resulting attachment of the molecule to the ascending step is very 

similar to the tendency of pyridine derivatives without peripheral phenyl groups, which 

attach to ascending metal step edges via their pyridyl groups.94 Similar type lateral N-metal 

interactions are responsible also for the formation of metal-organic networks involving 2,4’-

BTP46,93 or other pyridine derivatives.83 Based on DFT calculations of a Ag2-pyridine cluster, 

Wu et al. determined a binding energy of -0.46 eV per pyridine-N…Ag2 interaction,148 which 

is of the same order of magnitude as obtained for 2,4’-BTP stabilization by hydrogen bonds 

in ordered networks formed at higher coverages on Ag(100) (-0.46 eV per molecule).42 On 

the other hand, the N atoms in pyridine97,149 and 2,4’-BTP42,118 also interact with metal 

atoms which are located directly underneath them. Such kind of local interaction was found 

both theoretically and experimentally for adsorption of these molecules on different metal 

surfaces. DFT calculations revealed that the N atoms of pyridine favor the positions on top 

of metal atoms.97,149 For larger molecules like 2,4’-BTP this results in preferred azimuth 

orientations on the terraces of Ag(111) and Au(111).42,118 Similar trends were also found for 

2,4’-BTP adsorption on Ag(100) terraces at higher coverages (see chapter 0). 
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Figure 4-11 Statistic evaluation of the experimentally found configurations of 2,4’-BTP 

molecules at step edges on Ag(100); bright protrusions in the STM images are marked red 

in the model. 252 molecules at steps were evaluated. a) Histogram of all observed 

configurations (Χi and Λi). The inset shows the histogram only for the configurations Λi. 

The error bars are 95% confidential intervals. b) STM image showing different exemplary 

configurations at a step edge. c) Schematic representation of configurations Χ1 - Χ7 with 

pyridyl and/or phenyl rings of 2,4’-BTP lying on step edges, while the rest of the 

adsorbates is located at the lower terrace. d) Configurations Λ1 - Λ7 where the adsorbate is 

fully located on the lower terrace. 

Under thermodynamically controlled conditions, the preference for the configurations Χi is 

most simply explained by a chemical affinity of the upper terrace metal step edge to the 

aromatic rings. This closely resembles the behavior reported for benzene adsorption on 

Au(111), where STM imaging at 4 K (deposition also at 4 K), revealed a clear preference for 

adsorption at upper step edges.92 That behavior was attributed to the nucleophilic character 

of benzene, which results in a preference for the positive partial charge at the upper step 

edge (Smoluchowski effect150).92 For the phenyl rings, which are chemically similar to 

benzene, one would expect a similar behavior. This explanation, however, does not explain 

why the remaining parts of most molecules obviously prefer to adsorb on the lower terrace. 

A possible reason, following the Smoluchowski picture, may be that the pyridyl rings them-

selves are electrophilic due to the electronegativity of their N atoms. Furthermore, it can be 

assumed that similar to the behavior of pyridine (see above) the pyridyl groups prefer to 
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horizontally attach to ascending step edges, stabilized by the (N…Ag)lat interactions. This 

explanation is supported by the observation that none of the molecules adopts a 

configuration as shown in Figure 4-13c (Χ3
∗), where the mirror plane of the molecule is 

perpendicular to the step edge (δ = 0°). In that configuration, N …Ag interactions are absent, 

at least for straight steps. Instead, rotation by an angle of δ = ±15° seems to be most 

favorable, where both orientations were observed. Though this is not directly visible in the 

STM data, one may speculate that the molecules are actually attached to kink sites as 

depicted in Figure 4-13d, which allows to considerably enhance the number of Ag-N 

interactions. Looking at the rather irregular shape of the step edges in Figure 4-10a and 

Figure 4-11b, the presence of kink sites near the molecules is likely (see also Figure 

4-12a). In Figure 4-12b, the presence of kinks at bent steps is illustrated. A clear decision 

on the importance and magnitude of the different energetic contributions to the preference 

of Χi configurations, however, is not possible on the basis of these experimental data alone. 

 

 

Figure 4-12 a) Ordered region (continuous line, left hand side) and approximate 

progression of the step (dashed line, middle). The continuous line on the right hand side is 

a tangent to the dashed line to guide the eye. b) Atomic model of the Ag atoms at the step 

(not drawn to scale). The kink atoms, which are a direct consequence of bent steps are 

colored orange. 
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Figure 4-13 Models of 2,4’-BTP molecules adsorbed at (a,b) or across (c,d) linear (a,c) and 

kinked (b,d) steps on Ag(100) (upper terrace metal atoms: dark grey, lower terrace metal 

atom: white, C: light gray, N: blue, H: white). a,b) Adsorption at the ascending step, with the 

admolecule fully located on the lower terrace, in configurations Λ4. c,d) Adsorption across 

the ascending step, with c) configuration (Χ3*) with δ = 0°, which was not observed, and d) 

energetically favorable configuration Χ3 of adsorbed 2,4’-BTP with the phenyl ring on the 

upper terrace of the Ag(100) surface. Ag atoms 2 and 3 represent the kink atoms. The latter 

configuration is stabilized by 3 N…Ag interactions (marked red) involving Ag atoms 1, 2 and 

3 and the neighboring pyridyl moieties. 

Considering the high mobility of Ag surface atoms and steps, it is tempting to speculate on 

the origin of the kink configurations, i.e., whether the 2,4’-BTP admolecules are bound to a 

preexistent kink configuration or whether this configuration is created during the attachment 

process, via an adsorbate induced restructuring of the step, to maximize the number of 

N…M bonds. Such a re-structuring of steps was observed also for the adsorption of other 

large molecules on Cu(110).23,26,145,151 This question was investigated by measurements at 
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different surface temperatures, with the sample placed in the STM during evaporation. 

When 2,4’-BTP is deposited on the surface at 300 K, the re-structuring could be due to 

detachment and attachment processes of Ag adatoms from and to the steps.152 However, 

also measurements at 124 K were performed, where these processes are frozen. (The 

exact temperature for immobilization on the clean Ag(100) surface is not known, but since 

Ag adatoms on Ag(100) terraces are already frozen at 160 ± 5 K, as determined from low 

energy ion scattering (LEIS) measurements,153 the steps are definitely herefrozen at 124 

K.) The observation that the distribution of the arrangements of 2,4’-BTP molecules at steps 

is comparable for deposition temperatures of 124 K, 156 K and 300 K (STM measurements 

always at 124 K), can be understood in the following picture: The distribution of adsorbed 

molecule-step configurations measured at 124 K reflects a thermodynamic equilibrium at a 

temperature somewhere around 130 K - 140 K (‘freezing temperature’). This is based on 

STM observations indicating that the lifetimes of adsorbed molecule-step configurations are 

in the ms range at 300 K, whereas at 130 K they are in the range of minutes. Neglecting 

that these are average values, which due to the different stabilities will differ for the various 

configurations, this means that similar distributions of configurations will be frozen during 

cool down from 300 K or 156 K, respectively. Obviously, even for deposition at 124 K, the 

time between deposition and STM imaging (minimum 1 h) and the remaining mobility, in 

particular of the more weakly bond configurations, are sufficient to reach a distribution of 

molecule-step configurations which within the statistical error is identical to that obtained 

during cool down. 
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Figure 4-14 Adsorption energies from DFT-D calculations of a) benzene and b) pyridine 

on Ag(100), Ag(711) and Ag(18 3 -2). The first four images in (a) show a top view of 

different adsorption configurations of benzene on a Ag(100) terrace, the last three images 

correspond to side views of benzene adsorbed in different configurations at a step edge 

(Ag(711)). The energies shown in (a) represent total adsorption energies. (b) shows the 

adsorption geometries of pyridine on a terrace (I-III, Ag(111)), step edge (IV,V, Ag(711)) 

and kink site (VI, Ag(18 3 -2)) considered in the calculations. The upper row of images 

represents top views, the lower one side views, respectively. In (b) the total adsorption 

energies are split into dispersion interactions Ead,vdW and covalent interactions Ead,DFT. 

In order to gain more insight into the physical origin for the preferred adsorption at step 

edges and specifically for the dominance of configuration Χ3, DFT calculations were 

performed. It is well-known that the adsorption of many aromatic molecules on surfaces is 

dominated by weak van der Waals forces which are not well-described in current DFT 
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functionals.149 In order to take these effects into account, a dispersion-corrected DFT (DFT-

D) scheme was used.154 The adsorption of benzene (Figure 4-14a) and pyridine (Figure 

4-14b) on Ag(100), Ag(711) and Ag(18 3 -2) was used to model the adsorption of phenyl 

and pyridyl moieties on flat terraces, steps and kink sites, respectively, of the Ag(100) 

surface since the first-principles description of the adsorption of the whole BTP molecule on 

metal surfaces is still computationally too costly. In order to explain the bonding nature in a 

more detailed fashion, the total adsorption energy Ead (gained from DFT-D calculations) is 

split into two contributions stemming from covalent or electrostatic interactions (Ead,DFT from 

DFT calculations without dispersion correction) and contributions caused by dispersive 

interactions (Ead,vdW) (see Figure 4-14b). 

The potential energy surface for the adsorption of benzene on Ag(100) shows a rather low 

corrugation (∆Ead = 0.09 eV, maximum difference between flat adsorbed benzene 

configurations in Figure 4-14a). Moreover, the adsorption at step edges is not strongly 

favored. This can be explained by the fact that the main contribution to the total adsorption 

energy (Ead = -0.58 eV, leftmost image Figure 4-14a) stems from the dispersion interaction 

between benzene and the Ag surface (Ead,vdW = -0.53 eV, not shown in Figure 4-14a). 

Pyridine prefers an upright configuration (configuration I in Figure 4-14b) on Ag(100) 

terraces, in which the N atom is located atop of an Ag atom, although the difference with 

respect to flat lying geometry (Figure 4-14b, III) is low (0.12 eV). In that configuration, the 

electrostatic and covalent interactions (Ead,DFT, Figure 4-14b, I) are maximized as an Ag-N 

interaction is formed. In contrast, the slightly smaller adsorption energy of flat adsorption 

geometries is dominated by dispersion interactions (Figure 4-14b, II-III). As the dispersion 

interactions get more important for larger molecules like 2,4’-BTP, a clear preference for flat 

adsorption can be expected in the latter case, in full agreement with the experimental 

observations. 

Comparing the adsorption energies of tilted pyridine on the terrace (II) and on the upper 

part of a step edge (IV) shows hardly any difference. Hence, there is essentially no 

stabilization by the different electronic properties at the step in this configuration. However, 

if pyridine is adsorbed flatly at the lower part of a step (V), it is stabilized by 0.27 eV 

compared to adsorption on a terrace in a flat orientation (III). In configuration (V), pyridine is 

adsorbed parallel to the terrace, it thus benefits from the dispersion interaction on the one 

hand and on the other hand its covalent/electrostatic interaction with the Ag atoms of the 
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step is comparable to that in configurations (I), (II) and (IV), where the adsorbate is standing 

upright. 

An additional stabilization of 0.1 eV is obtained if adsorption occurs at a kink site (VI). This 

is mainly due to the fact that the Pauli repulsion between the H atoms next to the N atom 

and the Ag atoms in the step edge is reduced and thus the absolute amount of Ead,DFT is in-

creased. 

These results clearly answer the question on the origin of the preferred step adsorption and 

preferential azimuth orientations raised before. The preference of pyridine to adsorb at 

steps or kink sites, perfectly explains the dominance of configuration Χ3 observed in 2,4’-

BTP adsorption experiments. In this configuration, two pyridyl rings and the pyrimidine are 

coordinated towards kink sites (Figure 4-13d). Considering the absence of a measurable 

stabilization for benzene adsorption on the upper step edge, the preference for 

configuration Χ3 cannot be rationalized by a stronger interaction of the phenyl ring with the 

upper part of the terrace. 

Hence, the driving force for BTP adsorption at step edges results from the interaction be-

tween the N atoms in the pyridyl moieties with the Ag atoms of the ascending step, with the 

new bond being parallel to the terrace surface. Additionally, covalent or electrostatic 

interactions are also present between the N atoms of an adsorbate and the atoms 

underneath them (see Figure 4-14b, III), though this contribution is less than that from 

bonds parallel to the surface, as well as dispersion interactions that stabilize the parallel 

configuration of the adsorbate on a terrace of a slightly tilted adsorption over a step. For Λi 

configurations, this leads to typically one N…Ag interaction. Only for the Λ5 configuration, 

two interactions are possible for a specific kink configuration. The driving force for 

adsorption across the step edges (Χi configurations), which includes a shift of at least one 

ring to the upper terrace, originates from the same lateral interactions. In these 

configurations, the number of horizontal N-metal bonds per molecule is higher than in the Λi 

configurations, reaching up to 3 Ag…N bonds per molecule (Χ3 configuration). Stabilization 

due to adsorption of phenyl rings on the upper terrace plays little role, it is rather considered 

to be a necessary move for increasing (Ag…N)lat interactions. 

The model described above is supported by measurements at higher 2,4’-BTP coverage, 

where 2,4’-BTP chains, stabilized by (N…H)lat hydrogen bonds, are formed. A model of 

these interactions between the molecules is shown in Figure 4-15. These chains are in 
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some cases connected to those parts of adsorbates at steps which rest at the lower side of 

steps (left-hand side of Figure 4-10a) via N…H-type hydrogen bonds.44 

 

 

Figure 4-15 STM image of a molecular 1D chain (left hand side) and corresponding 

model (right hand side). The (N…H)lat interactions between the adsorbates are marked in 

orange. 

 

These findings provide valuable insight into the role of defects such as steps and kinks in 

the adsorption and structure formation behavior of large organic molecules on metal 

surfaces, and on the competition between contributions from covalent/electrostatic in-

teractions on the one hand and from dispersion interactions on the other hand. The relative 

strength of the interactions with these defects compared to the molecule-molecule interac-

tions will be decisive for the formation of closed, defect-free molecular monolayers, which is 

particularly important when going to more realistic metal surfaces and metal-adsorbate 

systems. 
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4.3.3 Conclusions 
 
Based on quantitative STM observations and DFT-D calculations, preferred adsorption 

geometries of large adsorbates have been shown to be able to exist at specific defect sites. 

In particular, ~79% of adsorbed 2,4’-BTP molecules at step edges of a Ag(100) surface are 

oriented with an angle of ±15° with respect to the <110> direction, while the rest of the 

adsorbates occurs in other well defined geometries. All adsorption geometries are governed 

by the trend for maximizing the number of interactions between intra molecular moieties 

and metal atoms in the surface parallel to the surface. In the model system used here, this 

leads to a pronounced preference for configurations where the adsorbates are bridged 

across the steps, with at least one aromatic ring located on the upper terrace, while the re-

maining ones are positioned on the lower terrace. For certain kink configurations, up to 3 

Ag…N interactions are possible per molecule. Contributions from a preferential adsorption of 

phenyl moieties on the upper step edges can be neglected. The resulting adsorption 

behavior is significantly different from that on atomically flat terraces. A similar behavior can 

be expected for other large adsorbates with peripheral moieties that are able to form 

interactions with metal atoms.  

These findings provide valuable insight into the adsorption and structure formation behavior 

of large organic molecules at nano-scaled defect sites, which are present on every real 

metal surface. Moving away from idealized surfaces can yield important information when 

thinking about nano-scaled functional devices based on organic adsorbates. 
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4.4 Oxidation of an organic adlayer - a bird's eye view 

 
The content of this chapter is the peer reviewed version of the manuscript  'Oxidation of an 

Organic Adlayer: A Bird's Eye View', T. Waldmann, D. Künzel, H. E. Hoster, A. Groß, R. J. 

Behm, Journal of the American Chemical Society, 2012, 134, 8817.116 Adapted with 

permission. Copyright 2012 American Chemical Society. This chapter includes small 

grammatical changes compared to 116. The experimental part of 116 is not shown here, 

the supporting information is included in the text. DFT-calculations were done by D. Künzel 

(Institute for Theoretical Chemistry, Ulm University, Prof. A. Groß). The Monte-Carlo 

simulations were done by T. Waldmann by use of a software programmed by M. Roos. 

Complete data acquisition and evaluation as well as writing of the manuscript and figures 

were made by the author of this thesis. 

 

 

4.4.1 Introduction 
 
Organic MLs supported on conducting surfaces can serve as model systems for interfaces 

between organic regions and inorganic electrodes in macroscopic devices, such as 

OLEDs,63,155-157 where charge is transferred at these interfaces and thus the operation 

properties of the devices are affected strongly by the interface properties. Chemical 

modifications of these contact regions by O2 from the surrounding air, that can also diffuse 

through organic layers which are much thicker than a ML, can lead to aging and failure of a 

device.155 

Studies of such reactions and in particular on the mechanism and kinetics of these 

processes, however, are scarce.158-161 One reason for that is the generally very low 

concentration of reactive centers on the surface, which essentially precludes the detection 

and observation of these processes by standard spectroscopic surface techniques. This 

problem can be overcome by direct observation of the reaction process, using microscopy 

techniques. STM has been successfully used for the observation of surface reactions or at 

least of the related structural changes on a molecular scale.18,162,163 However, this 

technique has never been utilized to study the reaction of organic adlayers (or films) with 

small molecules present in the atmosphere with temporal resolution. 

In this chapter, the direct in situ STM observation of the reaction of an adlayer of large 

organic molecules, in of the α-phase formed by 2,4’-BTP44 (see Figure 4-16 and Figure 
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2-12b) on Ag(111), with O2 under ultrahigh vacuum (UHV) conditions is analyzed. For 

comparison, similar experiments were performed on Au(111) and HOPG substrates. 

Adlayers composed of 2,4’-BTP are particularly interesting because this molecule belongs 

to a group of pyridine derivatives with the same backbone (only the positions of the N 

atoms in the pyridine rings are different, compare Figure 2-12) that can be used as electron 

transport materials in highly efficient OLEDs, because of their ability to form hydrogen 

bonds.156,157 Thus the well-known 2,4’-BTP adlayers42,44,45 utilized in this thesis be used as 

a model system to study the reaction of an electrode | organic interface with O2 on the 

molecular scale. 

 

 

4.4.2 Results and discussion 
 
Prior to the reaction, the surface is covered by the α-phase (Figure 4-16a), which is formed 

upon vapor deposition of ~0.4 molecules nm-2.42,43 In the α-phase, the 2,4’-BTP adsorbates 

have azimuth angles (see Figure 4-4a) of ±15° with respect to the >< 211  direction of the 

Ag(111) and Au(111) surfaces (see Figure 4-16c for comparison with the atomically 

resolved structure of the clean Ag(111) surface) resulting in the same overlayer structure on 

both surfaces.42  

Exposing the α-phase supported on Ag(111) to O2 (p = 1.3×10-5 mbar, t = 120 s, T = 298 K) 

leads to obvious modifications. While the overall structure and orientation of the adlayer is 

largely maintained, with the molecules essentially remaining at their sites, a more detailed 

inspection resolves local modifications of certain moieties in the individual 2,4’-BTP mole-

cules (see Figure 4-16b, Figure 4-17 and video 2). 
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Figure 4-16 STM images (9.6 x 9.6 nm2) of the α-phase prior to (a) and after (b) exposure 

to 1.3×10-5 mbar O2 for 120 s. To guide the eye, footprint models of the molecules are 

superimposed in the top rows of both images. N...H interactions: orange colored, N-O...H: 

green. For larger area images see Figure 4-17. c) Atomic resolution (2.9 x 2.9 nm2) of the 

clean Ag(111) surface with the sample in the same orientation as in (a) and (b). Tunneling 

conditions: IT = 40 pA, UT = -2.20 V (a), IT = 10 pA, UT = -1.68 V (b) and IT = 80 pA,  

UT = -2.15 V (c). 
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Figure 4-17 Large scale STM images a) α- phase on Ag(111) (154 s frame-1, IT = 60 pA, 

UT = -2.29 V, 48 x 48 nm2) b) Oxidized α-phase on Ag(111) (176 s frame-1, IT = 70 pA,  

UT = -1.96 V, 45 x 45 nm2) c) α-phase on Ag films (100 s frame-1, IT = 5 pA, UT = -2.20 V, 

36 x 36 nm2) d) Oxidized α-phase on Ag films (100 s frame-1, IT = 15.8 pA, UT = -2.25 V,  

28 x 28 nm2). 

 

Specifically, they develop a bright spot at the position of one of the peripheral 2-pyridyl 

groups (Figure 4-16b), which remains also after the O2 exposure is turned off. A 

modification of the STM tip by an O atom as observed by Cheng et al.,164 with both tip and 

sample at 5K is very unlikely in the measurements presented here since (i) tip and sample 

are at 300 K, (ii) the structure of the α-phase on Au(111) and on HOPG did not change 

upon oxygen exposure, and (iii) imaging of the oxidized α-phase on Ag(111) did not change 

after voltage pulses of 10 V applied between tip and sample, which would have changed 

the tip configuration (compare section 3.5.2.1). Since the spots observed in the experiments 
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were found to follow the movements of the admolecules in cases where the latter are locally 

mobile, these spots do indeed reflect modifications of the molecules and not of the 

underlying substrate (see Figure 4-18 and video 1). 

This kind of modification was observed upon O2 exposure of the α-phase on Ag(111) and 

on the very similar (111) oriented Ag films165 on Ru(0001), but not on Au(111) and HOPG 

(graphite). Please note that bulk material of 2,4’-BTP is not even oxidized when exposed to 

air at a pressure 1 bar as shown previously by 1H NMR, 13C NMR and mass spectrometry.45 

Since very thick layers are comparable to bulk material, one finds a different reactivity for 

2,4’-BTP than for observations on the oxidation of thicker pentacene films in organic 

transistors.166 Instead the results of 2,4’-BTP on Ag(111) agree with a degradation 

mechanism in OLEDs where O2 diffuses through thicker organic layers and oxidizes parts 

of the inorganic | organic interface. 

 

 

Figure 4-18 2,4’-BTP(2-O) molecule (large circle) switching between two orientations (a) 

and (b) and corresponding models (c) and (d). The bright spots (= 2-pyridyl rings) that are 

moving with the molecule are marked by arrows in (a) and (b) and by a red circle in (c) and 

(d). Tunneling conditions: 1 frame s-1, p = 10-10 mbar, IT = 158 pA, UT = -2.25 V. The whole 

STM sequence can be found in video 1. 
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The chemical nature of the reaction products is not directly obvious. The changes are 

tentatively associated with N-oxide formation on the peripheral 2-pyridyl moieties, although 

direct proof is not possible from the STM images (see DFT calculations below). A closely 

related reaction involving adsorbed pyridine is the formation of pyridine N-oxides.106 These 

species, which consist of upright standing pyridine rings bound to the surface via an oxygen 

atom, were found to form readily upon pyridine adsorption on oxygen pre-covered Cu 

surfaces.106,167 The presence of the pyridine species on the surface was visible only 

indirectly, indicated by a change of the oxygen adlayer structure during in situ STM 

observation.106 A similar interaction with oxygen covered metal surfaces was proposed also 

for other amines such as dimethylamine.106 

The situation is different in the experiment shown here, since the reacting pyridyl rings (see 

Figure 4-20) are part of the flatly adsorbed 2,4’-BTP molecules in the ordered α-phase on 

Ag(111) (Figure 4-16a) which are exposed to O2 gas, while in previous cases ordered 

oxygen adlayers were exposed to gaseous pyridine or dimethylamine.106 In analogy to the 

experiments on oxygen covered Cu surfaces,106,167 a reaction following that in Figure 4-20 

is expected if adsorbed atomic oxygen (Oad) is available on the surface. On Ag(111), this 

should be possible due to dissociative adsorption of O2 from the gas phase.168,169 Simulated 

STM images, comparable to STM images at negative bias (see Figure 4-20, details of the 

DFT calculations are described in the experimental section), which also exhibit a 

characteristic ‘protrusion’ at the oxidized pyridine ring in the product molecule 2,4’-BTP(2-

O), further support this assignment. Finally, it is important to note that the STM data never 

showed an oxidized 4-pyridyl ring (2,4’-BTP(4-O)), and a second oxidized 2-pyridyl ring 

(2,4’-BTP(2-O)2) was observed only in a few occasions (see inset in Figure 4-19d). Possible 

reasons for that will be discussed below. 
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Figure 4-19 a) MP2 (6-31G(d,p)) based O...H,116 N...H44 and H...H42 potentials used in the 

MC based structure relaxations. (b) - (e): Relaxed structures of the periodic MC based 

calculations. Hydrogen bonds are marked for one molecule per structure (C: grey, N: blue, 

O: red, N...H bonds: orange, N-O...H bonds: green). b) α-phase (model for the structure in 

Figure 4-16a). c) Network of 2,4’-BTP(2-O) (model for the structure in Figure 4-16b). d) 

Network of 2,4’-BTP(2-O)2 (rarely observed). The inset shows an STM image of one 2,4’-

BTP(2-O)2 molecule (4.5 x 4.5 nm2, 1 frame s-1, IT = 50.1 pA, UT = -1.75 V). e) Network of 

2,4’-BTP(4-O) (not observed). 
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Figure 4-20 Reaction of adsorbed 2,4’-BTP to possible 2,4’-BTP N-oxides (here: R-form 

of 2,4’-BTP(2-O) and 2,4’-BTP(4-O)) catalyzed by Ag(111) at p = 1.3×10-5 mbar. The 

regions marked in orange correspond to the structures in Figure 4-23. Insets show 

simulated STM images by summation of the two highest occupied molecular orbitals 

(HOMO and HOMO-1) of the experimentally observed structures of 2,4’-BTP and 2,4’-

BTP(2-O) at iso-values of 10-5 e/Å3 (geometry optimization and energy calculations: 

B3LYP/TZVP with Gaussian03, planar molecules in gas phase). 

 

The progress of the reaction was monitored in real-time by STM measurements with a 

frame rate of 1 s-1 (see Figure 4-21 and video 2). This sequence of STM images shows 

directly that the orientation of the adlayer does not change during the reaction. The fraction 

xox of oxidized species relative to the total number of admolecules imaged, as obtained 

from counting in the sequence of STM images, is plotted as a function of time in Figure 

4-21, together with some selected snapshots as insets. The data show an essentially 

constant increase of xox as a function of time until ~72 % of the admolecules are oxidized. 

The 'noise' in the data set is mainly due to a slight drift of the STM scan region, though 

there were few occasions (e.g. t = 49 s, 72 s, 73 s or 77 s) where a bright spot disappeared 

again. It should be noted that STM images recorded in other areas of the sample (in the 

same experiment) revealed a slightly higher maximum yield of oxidized molecules (83±6%). 

This indicates that the reaction itself is not induced by the STM tip. Instead, the actual local 

O2 exposure might be reduced via shielding by the STM tip. Energetically, the incomplete 

oxidation of the organic adlayer may be related to the weakening of the hydrogen bonds 

due to the introduction of compressive stress (see below). 
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Figure 4-21 The fraction of oxidized 2,4’-BTP molecules xox as a function of time, as 

derived from a sequence of Video STM images (1 frame s-1, IT = 15.85 pA, UT = -2.45 V, 

9.6 x 9.6 nm2) recorded during exposure of the α-phase on an Ag(111) film to O2 (p = 

1.3×10-5 mbar). The plotted line shows the linear behavior indicating a 0th order reaction. 

The insets show typical STM images recorded during the transformation 2,4’-BTP → 2,4’-

BTP(2-O). t = 0 s: α-phase (p = 2×10-10 mbar), t = 33 s: the leak-valve is opened (p(O2) = 

1.3×10-5 mbar) and the first bright spot appears, t = 90 s: translational domains appear 

from one STM image to the other, t = 148 s: saturation (dashed line). The entire STM 

sequence can be found in video 2. 

 

The linear slope of the increase of oxidized molecules corresponds to zero order kinetics, 

the slope reflects a reaction rate of r = (0.33 ± 0.01) x 1012 cm-2 s-1. Considering the 

impingement rate Z of O2 at 1.3×10-5 mbar and 298 K, calculated using kinetic gas theory 

 

( ) 1214

1

1222
2 1035

][][

][
1063.2 −−

−

−− ⋅≈
⋅⋅

⋅≈ scm
KTmolgM

mbarp
scmOZ  (4.7) 

 

and assuming that two 2,4’-BTP molecules are oxidized (two additional bright spots are 

created) by each reactively adsorbed O2, we attain an initial reactive sticking coefficient of  
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This value agrees reasonably well with the initial sticking coefficient reported for 

dissociative O2 adsorption on clean Ag(111).168 Since the Ag(111) surface is covered by a 

closed adlayer of the α-phase, dissociative O2 adsorption must occur either at defect sites 

of the ordered adlayer, e.g., at steps of the Ag substrate, or in the cavities of the α-phase. 

Dissociation at clean steps of Ag(111) is possible, however the Ag steps are covered with 

2,4’-BTP (see chapter 4.3).117 The dimensions of the cavities of approximately 0.78 nm × 

0.45 nm44,45 should be large enough to accommodate an adsorbing O2 molecule (Figure 

4-22b). The STM sequences obtained during O2 exposure indeed resolved bright 

protrusions in some of the cavities, with an apparent mean life time of ~1 s (Figure 4-22a 

and Figure 4-22c). Neglecting the possibility of an abstraction mechanism for oxygen 

adsorption (see below), these protrusions are tentatively assigned to a molecularly 

adsorbed O2 precursor of Oad formation. Since the life time is in the time scale required for 

a single STM image, one has to assume a considerable number of undetected events, so 

that one cannot quantitatively correlate the numbers of temporary protrusions (adsorbed O2 

precursors) and permanent spots (2,4’-BTP(2-O) molecules). It should be pointed out that 

the stable protrusions neither showed a preference for appearing in pairs nor for forming in 

the neighborhood of the temporary protrusions (see video 2 in Supporting Information). In 

principle, this can be explained by two possibilities: either Oad is highly mobile within the 

organic adlayer or Oad is formed via abstraction from O2, similar to the mechanism pro-

posed for Oad formation on Al(111).170 The first model is more likely. This is supported by 

the reaction kinetics: zeroth order adsorption kinetics can be rationalized by a rate limiting 

dissociative adsorption step, followed by fast reaction with one of the adsorbed molecules. 

In that case, the number of O2 accepting cavities remains constant. In contrast, for the 

abstraction mechanism the number of reactive molecules decreases during reaction, which 

would point to first order kinetics. Further evidence for a rate limiting dissociative adsorption 

step comes from the calculations discussed below.  
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Figure 4-22 a) Series of subsequent STM images showing bright spots inside the voids of 

the α-phase on Ag films with life times in the range of seconds (p = 1.3×10-5 mbar O2, 

1 frame s-1, IT = 15.85 pA, UT = -2.45 V, 9.6 x 9.6 nm2) b) Model of the α-phase showing the 

voids with a size of ~0.78 x 0.45 nm2 (orange rectangles), where bare Ag(111) can be 

accessed by O2. c) Statistics of the life times of O2 in the voids of the α-phase on Ag films. 

 

In addition to the adsorption kinetics, the STM data also resolve details on the spatial 

organization of the oxidized 2,4’-BTP(2-O) admolecules. First of all, these form statistically 

on the surface; there is no indication for a reaction process proceeding via formation and 

2D growth of islands. Second, detailed analysis of the STM images reveals a clear order of 

the chiral 2,4’-BTP(2-O) molecules in the α-phase. R- and L-version of the oxidized mole-

cules, with O at the R1 or R3 position, respectively, arrange in a strict alternating order along 

the adlayer lattice orientations (see Figure 4-16b), with an enantiomeric excess (e.e.) of 

only ~1.0% derived from more than 1700 molecules in the STM images, corresponding to a 

racemate. Possible origins will be discussed below. 

The energetics of the proposed reaction were explored via dispersion corrected density 

functional theory (DFT-D)154 calculations, using the smaller molecules (2,2:4,4)-Terpyridine 
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(Terpy) and (2,2:4,4)-Terpyridine-2-oxide (Terpy(2-O)) (see Figure 4-23) as models for 

reactant (2,4’-BTP) and product (2,4’-BTP(2-O)) molecules, since the original molecules 

would have been computationally too expensive. The Terpy and Terpy(2-O) are parts of 

2,4’-BTP and 2,4’-BTP(2-O), respectively, and can give useful trends regarding the 

reactivity in Figure 4-20, though they do not provide exact values for the situation in the 

experiment. However, the reactive chemical moieties (pyridine-N groups) in Terpy and 

Terpy(2-O) are very similar and thus comparable to those in 2,4’-BTP and 2,4’-BTP(2-O) or 

other pyridyl compounds.171 
 

 

Figure 4-23 Model for the reaction shown in Figure 4-20 (compare the marked regions in 

Figure 4-20). In the DFT-D154 calculations, Terpy and Terpy(2-O) were considered in the 

gas phase and adsorbed on Ag(111) and Au(111). The insets show the adsorption 

geometries on Ag(111) (see text). 

 

Terpy and Terpy(2-O) were considered adsorbed on Ag(111) and Au(111) (for adsorption 

geometry see Figure 4-23) and in the gas phase. With products and reactants in the gas 

phase, the reaction shown in Figure 4-23 is exothermic by -0.62 eV. When Terpy (reactant) 

is adsorbed on either Au(111) or Ag(111), its reaction towards the adsorbed species 

Terpy(2-O) is exothermic by -0.84 eV and -0.93 eV, respectively. Energetically, the reaction 

is thus less favorable on Au(111) than without a supporting surface, whereas on Ag(111) 

the product Terpy(2-O) is additionally stabilized. Apart from the energetic stabilization of the 
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product, its formation is further facilitated by the lower dissociation barrier of O2 on Ag(111) 

(~1 eV172) as compared to Au(111) (~2 eV172) which is, like HOPG, known to be inactive for 

O2 dissociation.168,169 

Having confirmed that the formation of an N-oxide at a peripheral pyridyl moiety is an 

energetically favorable process and that Ag catalyzes this process, the experimental data 

still leaves an open question. Only the formation of 2,4’-BTP(2-O) molecules is observable, 

while 2,4’-BTP(2-O)2 is found rarely (inset of Figure 4-19d) and 2,4’-BTP(4-O) is totally 

absent, though all pyridyl moieties should in principle be similarly reactive for N-oxide 

formation. This can be rationalized by looking at the molecule-molecule interactions before 

and after oxidation of the BTP adlayer. As shown in Figure 4-16 (see also Supporting 

Information, Figure 4-19), the oxidized pyridyl groups form N-O...H type hydrogen bonds 

with neighboring molecules.171 The N-O bond length of ~ 0.13 nm, however, is now 

introduced as additional ‘spacer’ (see Figure 4-24), which compressively stresses the 

adlayer. 

 

 

Figure 4-24 Illustration of the oxygen ‘spacer’ introduced in the α-phase. 

 

Since a DFT-D description of four molecules (2,4’-BTP or 2,4’-BTP(2-O)) on three slabs of 

Ag would already consist of over 1500 atoms it would be computationally much too 

expensive. To estimate the possible effect of the changed hydrogen bond configuration on 

the adlayer stability, the hydrogen binding interaction energy of the α-phase in the initial 

and oxidized state is estimated in a pairwise interaction model (~0.1 eV per hydrogen 

bond),44 in which the molecules are regarded as rigid objects in a 2D plane without a 

supporting surface. Using a Metropolis Monte Carlo algorithm and MP2 based, distance 

dependent C-H…H-C and N…H-C interaction energies,44 the system configuration is varied 

until a minimum energy configuration is attained for 2,4’-BTP, 2,4-BTP(2-O), 2,4’-BTP(2-O)2 

or 2,4’-BTP(4-O) (for details see Figure 4-19a).42 By using periodic boundary conditions, the 
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packing density of the molecules is fixed to the experimentally found value. The stability of 

an adlayer consisting of 2,4’-BTP(2-O) admolecules (-0.44 eV per molecule, Figure 4-19c) 

is comparable to the one consisting of 2,4’-BTP (-0.47 eV, Figure 4-19b). In contrast, if 

each molecule in the α-phase consists of 2,4’-BTP(2-O)2 admolecules (Figure 4-19b) or 

2,4’-BTP(4-O) admolecules (Figure 4-19e), the total hydrogen bond energies were only -

0.38 eV and +0.18 eV (= destabilization) per molecule, respectively, in perfect agreement 

with the experimental findings (see above). Hence, the molecule-molecule interactions 

provide a clear energetic driving force for the observed regiospecifity of the oxidation 

reaction. Regarding the alternating occurrence of the L- and R-version of the oxidized mole-

cule, the pairwise interaction model did not indicate a significant energetic effect of the 

lateral enantiomer distribution of 2,4’-BTP(2-O) in the α-phase. Therefore, the observed 

order is tentatively assigned to substrate registry effects, i.e., to a better fit of the oxidized 

adlayer to the substrate lattice. Indeed, the DFT-D adsorption energies of Terpy and 

Terpy(2-O) on Ag(111) tend into this direction. Terpy has the same orientation with respect 

to the >< 211  direction of the Ag(111) surface as 2,4’-BTP in previous experimental 

studies.42,134 This adsorption geometry, where all N atoms of Terpy are near on-top 

positions with respect to the Ag atoms (see left hand side of Figure 4-23), is favored by ~0.1 

eV compared to that geometry where all N atoms are near the on 3-fold hollow sites of 

Ag(111) (adsorption energies 1.72 eV and 1.62 eV, respectively). Since the STM 

sequences in Figure 4-21 clearly demonstrate that the adsorbates do not change their 

orientations during the reaction, the adsorption energy of Terpy(2-O) should be also 

calculated in the orientation that is the best for Terpy. This adsorption geometry, where the 

N atoms of Terpy(2-O) are on-top of Ag atoms (right hand side of Figure 4-23), results in an 

adsorption energy of 1.83 eV. The fact, that this is not the lowest energy for Terpy(2-O) 

indicates an effect of the substrate, additional to the stress in the adlayer induced by the N-

O spacer (see above). 
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4.4.3 Conclusions 
 
In total, the spatial progress of the oxidation process of an ordered oligopyridine adlayer on 

Ag(111), upon exposure to O2 under UHV conditions, could be followed by direct STM 

observation, dispersion corrected DFT calculations and Monte Carlo simulations. The 

findings in this chapter point to a reaction mechanism proceeding via dissociative 

adsorption of O2 in the cavities of the ordered phase, and subsequent reaction of the 

resulting Oad species with 2,4’-BTP. Stress minimization has been identified as the driving 

force for the observed regiospecifity of the oxidation reaction, whereas the distribution of 

the resulting oxidized enantiomers is attributed to molecule-substrate interactions. The data 

reveals a distinct difference in reactivity of the organic monolayer with O2 depending on the 

supporting surface. Similar reactions can in principle take place with other types of 

molecules and on other catalytically active surfaces. The sensitivity of the tested organic 

network to the reactive gas shows that in cases of similar reactivity, the inorganic | organic 

contacts in organic devices would have to be fabricated under high vacuum conditions and 

protected to avoid aging processes. On the other hand, similar reactions may lead to 

desired interface properties and the same principle may be useful for ultra-sensitive gas 

sensors. 

The approach described in this chapter shows that surface reactions involving large 

adsorbates can be followed with ultimate sensitivity, reaching down to the single-molecule 

level, by using Video STM and that detailed, quantitative reaction data can be collected by 

statistic evaluation. This way, the method can gain insight into other surface catalytic 

systems or aging processes at electrode | organic interfaces which occur in organic devices 

or in batteries. 
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4.5 Stabilization of large adsorbates by rotational  entropy 
 

The content of this chapter is the pre-peer reviewed version of the manuscript ‘Stabilization 

of large adsorbates by rotational entropy – A time resolved variable temperature STM 

study’ by T. Waldmann, J. Klein, H. E. Hoster, R. J. Behm, ChemPhysChem, 2012.192 

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. The 

experimental part of the manuscript is not shown in this chapter. Part of the data shown in 

Figure 4-26 was already shown in ref. 109. Part of the data acquisition and evaluation of 

Figure 4-25 were done by J. Klein during his bachelor thesis which was supervised by the 

author of this thesis. The rest of data acquisition, data evaluation and all calculations, as 

well as writing of the manuscript and figures were made by the author of this thesis. 

 

4.5.1 Introduction 
 
As shown in the previous chapters, the structure, growth and thermodynamic stability of thin 

films of large organic molecules has attracted large interest in the last two 

decades.63,66,67,81,143 Focusing on the interface between substrate and organic adsorbates, it 

has soon been realized that self assembly of organic adlayers is driven and controlled by a 

subtle balance of molecule – molecule interactions, which includes both repulsive and 

attractive interactions, and by the variation of the single molecule adsorption energy as a 

function of lateral position and rotational orientation.47,81,82,118 The former include, e.g., 

attractive and repulsive interactions via hydrogen bonding (N···H bonds) and H··H 

repulsions.42,47,81,82 The latter is often described as a corrugation of the adsorption 

potential.173,174 Most of these studies focused on the static structure of the adlayers, while 

dynamic aspects have found much less interest. Recent temperature programmed 

desorption studies have shown that at not too high coverages the organic adlayer can be 

stabilized by rotational entropy, which shifts the desorption peak to much higher 

temperature.133,175 This was demonstrated and discussed for thermal desorption of 

hexaazatriphenylenehexacarbonitrile (HAT-CN) on Au(111) by Frank et al.133 and of the 

bisterpyridine derivative 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-(pyridine-4-yl)pyridine-2-

yl)pyrimidine (2,4’-BTP45) (see Figure 4-26) on graphite (HOPG) in our group.175 Applying 

transition state theory (TST),176 this shift was rationalized by a drastic change in the 

preexponential factor for desorption,  ν0, from very large values, up to 1024 s-1 for desorption 

of large adsorbates from immobile states to ‘normal’ prefactors around 1015 s-1 for 
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desorption from mobile states with rotating admolecules.132,133,175,177,178 This pronounced 

shift results from the distinct change in the entropy difference ∆S≠ between the adsorbed 

state and the transition state. Compared to an immobile adsorbed state, the transition state 

of a desorbing molecule has two additional translational and three additional rotational 

degrees of freedom. For molecules with larger masses and moments of inertia this leads to 

the mentioned large prefactors. If the adsorbed molecules can perform rotations and lateral 

movements the respective degrees of freedom cancel out with their counterparts in the 

transition state, thus lowering the prefactors.176  

It has to be emphasized that the lower prefactor for desorption of rotating adsorbates is not 

a kinetic phenomenon but reflects a higher thermodynamic stability of their adsorbed state. 

While rotational mobility of large organic admolecules may be considered normal at 

desorption temperature, rotating admolecules were observed also at 300 K or even well 

below. For many model systems, direct STM observations of surface diffusion15,16 and 

surface rotation39,47,71,179,180 processes have been reported. Surface rotation without 

translational mobility can be obtained by confining isolated rotators to the surface by 

chemical bonds (e.g., S-metal bonds),179,180 by placing them into cavities,71,181 or upon 

adsorption on top of ordered organic monolayers (ML).39 

 

 

Figure 4-26 a) Lewis formula of the oligopyridine 2-phenyl-4,6-bis(6-(pyridine-2-yl)-4-

(pyridine-4-yl)pyridine-2-yl)pyrimidine (2,4’-BTP).45 The dotted circle indicates the area 

required for rotation around the center of gravity of 2,4’-BTP, including the Van der Waals 

radii of the outermost atoms. b) Illustration of 2,4’-BTP rotating on a surface about the z-

axis.  
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The dynamic behavior in an adlayer of large organic molecules is topic of the present 

chapter. Results of a quantitative STM study on the dynamics in a 2,4’-BTP adlayer on 

Ag(111) at 300 K are reported, which was performed under conditions, where part of the 

admolecules are rotating. From quantitative evaluation of the fraction of rotating molecules 

in STM sequences, the focus is on quantitative information on the energies stabilizing the 

molecules against rotation, and on the entropy gain (entropic stabilization) obtained for 

rotating molecules. These numbers are compared with values obtained from MP2 

calculations of pyridine dimers.42,44 (intermolecular interaction energies), DFT studies using 

pyridine97 and terpyridine molecules116 (corrugation in the substrate-adsorbate potential) 

and from statistical mechanics (rotational entropy). In the end, a semiquantitative 

understanding of the dynamic processes in this adlayer is targeted, which can be 

considered as a model system for adlayers of large organic molecules. 

In the following, the structural characteristics of the adlayer will briefly described (section 

4.5.2.1). In the following section (4.5.2.2) data on the dynamic equilibrium between rotating 

and non-rotating molecules in the β-phase118 (2D liquid, see chapter 4.1.2) of the adlayer 

close to a phase boundary to the well known, ordered α-phase42,45 (2D solid, see previous 

chapters) will be presented. Subsequently, the stabilization by rotational entropy by 

statistical mechanics is derived and discussed (section 4.5.2.3). Furthermore, detailed 

numbers on the energetic and entropic stabilization from the variation of the ratio of rotating 

to non-rotating molecules with increasing temperature are extracted and compared with 

calculated numbers (section 4.5.2.4). Finally, the relevance of the concept derived here for 

other adsorbed molecules which had been observed to rotate at room temperature or lower 

is demonstrated (section 4.5.2.5). 

 

4.5.2 Results and Discussion 
 

4.5.2.1 Structure of the β−β−β−β−phase 
 
The β-phase of 2,4’-BTP adsorbed on Ag(111), which is formed at coverages below that of 

the well ordered α-phase (≤0.40 adsorbates per nm2), can be considered as a two-

dimensional (2D) liquid with a short-range order, but no long-range order.118 It contains 

islands of disordered molecular arrangements, surrounded by hexagonally ordered areas 

with lower density. At coverages slightly below that of the α-phase, the β-phase coexists 

with the α-phase. Because of the different densities of the two adlayer types, the ratio of the 
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fractional coverages of both types depends on the total coverage. At local coverages below 

~0.26 nm-2 it converts into a 2D gas phase where the adsorbed molecules are too mobile to 

be resolved by STM at 300 K (see Figure 4-3b). 

 

     

Figure 4-27 Large scale STM image (T = 300 K, IT = 6.31 pA, UT = -2.6 V, 33 × 33nm2) of 

the α-phase in coexistence with the β-phase on Ag(111)-films. Dashed line: α | β phase 

boundary. The indicated surface direction is also appropriate for the inset. The FFT of the 

STM image in the inset shows the hexagonal and quadratic symmetries of the β- and α-

phase, respectively. The spots are marked with the periodicities of the associated phases. 

 

The β-phase on Ag(111) can be created in different ways: (i) by preparation of the α-phase 

with a total 2,4’-BTP coverage of ≥ 0.4 nm-2 (nm2) and subsequent desorption of a small 

amount of adsorbates at 620 K (Figure 4-27),118 (ii) by direct evaporation of 2,4’-BTP to 

coverages between 0.35 and 0.40 nm-2 (Figure 4-28) and (iii) by evaporation of ~0.40 nm-2 

where the β-phase is formed between rotational domains of the α-phase (Figure 4-29). In 

all three cases, rotating 2,4’-BTP adsorbates ((2,4’-BTP)rot,β) in the hexagonally ordered 

regions are observed, which are displayed as round objects, while static 2,4’-BTP 

adsorbates ((2,4’-BTP)static,β) are resolved in their shape. The non-rotating adsorbates 
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occurring in the (2,4’-BTP)static,β islands are sufficiently close to each other that they can 

form attractive N...H type hydrogen bonds between neighbored molecules. In addition, 

rotation of these molecules is sterically hindered, repulsive H...H interactions prevent them 

from rotating.  

2D Fourier transformation (FFT) of large scale STM images of coexistent α-  and β-phases 

(see inset of Figure 4-27) reveals the hexagonal order of the ((2,4’-BTP)rot,β) molecules and 

shows that the periodic length in the >< 101  direction (see Figure 4-27) is the same as for 

the α-phase. Such a hexagonal order is typical for the close packed round objects in 2D, 

which in this case are rotating 2,4’-BTP adsorbates with diameters of ~2.1 nm (see Figure 

4-26a).118,175 Consequently, the hexagonal order of the ((2,4’-BTP)rot,β) molecules is 

perturbed in areas where (2,4’-BTP)static,β islands are formed. In such areas also a slightly 

higher local packing density compared to the density in the hexagonally ordered regions is 

observed, which increases the mean overall packing density of the β-phase to 0.35 nm-2.118 

A hypothetical β-phase consisting only of round shaped 2,4’-BTP rotators should exhibit a 

theoretical packing density of only 0.26 nm-2.118  

Packing density and structure of the β-phase are identical on Ag(111)-films on Ru(0001) 

and single crystalline Ag(111), and no effect of the Ag/Ru(0001) moiré can be seen in the 

present experiments at 300 K. This is somewhat in contrast with STM measurements by 

Bellisario et al., who studied adsorbed dibutylsulfide rotors on the Ag/Cu(111) moiré at 78 K 

.They found a 7-fold higher preference for adsorption on hcp sites compared to fcc sites.182 

Using a Boltzmann distribution, they calculated an energy difference between the two 

adsorption sites of 0.013 eV. In the present measurements at 300 K, however, states with 

such small energy differences are populated essentially equally. 

 

4.5.2.2 Dynamics in the ββββ-phase 
 
Figure 4-28 shows a sequence of subsequent STM images of an area at a boundary 

between α- and β-phase, where typical 2,4’-BTP adsorbates (A-D) are highlighted. 

Molecule (A) in the α-phase can not rotate since it is sterically hindered by its neighbors 

(mainly by H...H interactions) and since it is stabilized by hydrogen bonds (N...H interactions) 

with neighboring molecules.42-44,118 Furthermore, it is stabilized by the corrugation in the 

substrate - adsorbate potential, which shows minima with 30° difference in the azimuthal 
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orientations (the azimuthal angles of the adsorbates in the α-phase are 3×30°=90°). 

Therefore, the shape of these molecules is always well resolved in the STM images. At the 

α | β phase boundary, exchange processes can occur, as shown for adsorbate (B). This 

molecule belongs to the β-phase in Figure 4-28a and Figure 4-28b, while it is attached to 

the α-phase in Figure 4-28c and Figure 4-28d. Such exchange processes lead to 

fluctuations of the phase boundary. Unlike for other dynamic 2D phase boundaries, where 

the exchange processes are fast,43,132,175 the α | β phase boundary does not appear frizzy. 

This means that the exchange processes must be slower than the scan-speed of the STM 

scan lines (55.6 ms·line-1). Indeed, single adsorbate exchange processes between the α- 

and β-phase can be observed by video STM (1 frame·s-1, see video 3). Hence, these 

exchange processes occur on a time scale of seconds. Sequences of STM images show 

that averaged over longer times, none of the phases grows, indicating that at least on a 

local scale dynamic equilibrium is reached.  

 

 

Figure 4-28 a)-d) Sequence of subsequent STM images taken on Ag(111) in the same 

area (T = 300 K, IT = 50 pA, UT = -2.29 V, 11 × 11 nm2) and e)-h) corresponding models. t = 

time when of image scan start (topmost scan line). Dashed line: α|β phase boundary.. 

Dashed circles in e)-h): rotating adsorbates. Blue circles (A-D): selected 2,4’-BTP 

adsorbates whose behaviour can be tracked for better understanding (see text). Average 

packing density of the β-phase: 0.36 nm-2. 
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Adsorbate (C) in Figure 4-28 shows the behavior of an adsorbate in the β-phase, which is 

at the perimeter of a (2,4’-BTP)static,β island in Figure 4-28a and detaches from it to perform 

rotations in Figure 4-28b. In Figure 4-28c, this adsorbate has re-attached to the same island 

again, but with another azimuthal angle θ. The differences of the azimuth angles ∆θ on 

Ag(111) between nearly all (2,4’-BTP)static,β adsorbates (97%, 145 adsorbates were 

evaluated) are multiples of 30°. Furthermore, four of these 12 orientations (see for example 

adsorbate C in Figure 4-28c) fit also to the main orientations in the coexistent α-phase. This 

preference for certain rotational orientations results from maximizing vertical N...Ag 

interactions,97,118,134 it was also reported previously for 2,4’-BTP adsorbed on Ag(111)-films 

and Au(111).118 Adsorbate (D) in Figure 4-28 is rotating in all four images of this sequence. 

This can be understood by missing attractive interactions with neighboring admolecules, 

which are in this case mostly also rotating, and by the lack of steric hindrance due to a 

sufficiently low density. 

The non-rotating and rotating adsorbates in the β-phase form a dynamic equilibrium, which 

can be described by 

 

.     

 

From an evaluation of 3000 adsorbate molecules in STM images one arrives at an 

equilibrium constant K = nrot/nstatic = 7.0 (87.6% of the adsorbates are rotating at the 

coverage shown in Figure 4-28 and T = 300 K. At higher/lower temperature (and/or 

lower/higher coverage), one can expect a tendency towards larger/smaller values for K, as 

will be shown in section 4.5.2.4. 

 

4.5.2.3 Stabilization of rotating adsorbates by rotational entropy 
 
The rotation of adsorbed 2,4’-BTP molecules around the z-axis (normal to the surface 

plane, see Figure 4-26b) leads to a significant stabilization by rotational entropy, due to 

their large moments of inertia (IZ=3.43·10-43 kg m2).175 Neglecting the surface potential 

(higher rotational barriers lower the entropy of a rotor183) and treating the 2,4’-BTP 

admolecule as a free rigid rotator that can only rotate about the z-axis, one obtains for the 

rotational partition function175 
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a value of 285=ads
rotz  at 300 K. This value has to be regarded as an upper limit, because the 

surface potential is neglected (the same is true for T·
ads
rotS , see below). The stabilization 

gained by rotational entropy is then calculated via 
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to 
ads
rotST ⋅ = 0.159 eV per 2,4’-BTP adsorbate at 300 K, where 

ads
rotS  is the mean value of a 

large ensemble of rotators. Considering that 285=ads
rotz  was an upper limit (see above), this 

value for the rotational entropy stabilization is an upper limit with respect to the absolute 

value. 

The calculated value of the entropic stabilization at 300 K of 
ads
rotST ⋅  = 0.159 eV exceeds 

the energetic stabilization of two neighboring 2,4’-BTP adsorbates by a N...H-type hydrogen 

bond, which based on MP2 calculations was estimated to be ~-0.1 eV for an ideal bond 

length.44 Even when considering that free rotation requires also to overcome barriers for 

rotation, which are given by the corrugation of the adsorption potential (see next section), it 

is not surprising that the (2,4’-BTP)rot,β and (2,4’-BTP)static,β adsorbates coexist at 300 K. 

 

4.5.2.4 Semi-quantitative analysis 
 
More quantitative insight into the contributions from entropic and energetic stabilization in 

the 2,4’-BTP adlayer and specifically in the β-phase can be obtained from a quantitative 

evaluation of the equilibrium between (2,4’-BTP)rot,β and (2,4’-BTP)static,β admolecules. Since 

the adlayer system is in a dynamic equilibrium, at least on the length scale of the STM 

images, one can use the relation 

 

( ) STKTkU B ∆+−=∆ ln        (4.11) 
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to calculate the energetic stabilization of the (2,4’-BTP)static,β admolecules. Here, ∆U and ∆S 

are the differences in internal energy and entropy between reactant (2,4’-BTP)static,β and 

product (2,4’-BTP)rot,β, respectively. ∆U is the sum of the mean adsorbate-adsorbate 

interaction HNU −  (only present in the reactant) and the contribution from the corrugation of 

the substrate – adsorbate interaction potential. Since only the product is rotating, ∆S is 

equal to the mean rotational entropy 
ads
rotS  of the (2,4’-BTP)rot,β adsorbates. Using the 

calculated value of the entropic stabilization of the (2,4’-BTP)rot,β adsorbates and the value 

of the equilibrium constant K=7.0 for the equilibrium (2,4’-BTP)rot,β and (2,4’-BTP)static,β 

adsorbates, both at 300 K, one obtains an energetic stabilization of the (2,4’-BTP)static,β 

adsorbates of 0.1 eV relative to the (2,4’-BTP)rot,β adsorbates. 

The different contributions to the energetic stabilization (2,4’-BTP)static,β are not directly 

accessible, but can be estimated. A mean value for the attractive interactions between 

neighboring molecules via N··H bridge bonds, HNU − , was determined by counting 

hydrogen bonds between scaled 2,4’-BTP models overlayed with STM images (0.1 eV per 

hydrogen bond from MP2 calculations for pyridine dimers97).44,44 For larger domains of the 

β-phase on Ag(111) (see Figure 4-27) at 300 K, one finds that HNU − = -0.056 eV 

(evaluated from counting ~450 non-rotating adsorbates, packing density 0.35 ± 0.01 nm-2). 

HNU −  is smaller than the value for a single (N...H)lat interaction (~-0.1 eV)44 because there 

are also non-rotating adsorbates in the islands, which do not have hydrogen bonds. 

Attractive H...H interactions are neglected in this case, because of their small size 

(attractions are approximately 0.01 eV per H…H interaction42). 

The corrugation in the adsorption potential describes the variation of the adsorption energy 

upon translation and rotation of an individual adsorbate molecule. Such a variation arises 

from a preference of N atoms in oligopyridines to be sited on top of substrate metal atoms. 

Dispersion corrected DFT calculations (see chapter 4.4.2) indicate that the energy 

difference between least and most stable position of 2,4’-BTP is about 0.1 … 0.25 eV.116 
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Figure 4-29 a) - c) selected STM images taken at different T in the same surface area. A 

triangular domain of the β-phase in the center is surrounded by three rotational domains of 

the α-phase. White circles mark rotating molecules. d) van’t Hoff plot of the equilibrium 

constant K = nrot / nstatic as a function of T in the range 277 K … 305 K. Average packing 

density of the β-phase: 0.40 nm-2. 
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So far, we have not considered the effect of steric hindrance, which may prevent 

admolecules from free rotation. While it appears hard to assess the consequences of steric 

hindrance on a quantitative scale, one may argue that it reduces the fraction of rotating 

admolecules., which can effectively be described by an increase of the corrugation. Indeed 

much higher corrugation values were reported for adsorbates where rotation is sterically 

hindered by their neighbors (e.g. 1.2 eV for hexa-tert-butyl decacyclene (HB-DC) on 

Cu(111)47). This is also expected for 2,4’-BTP adlayers at higher local coverages, e.g., in 

the α-phase or, to a lesser extent, in (2,4’-BTP)stat,β islands in the β-phase. 

In order to better separate entropy and energy contributions, the change in equilibrium 

between (2,4’-BTP)static,β and (2,4’-BTP)rot,β adsorbates upon varying the temperature was 

evaluated. Using relation (4.11) again, one can get the experimental values for ∆U and ∆S 

by plotting ln K vs. 1/kT. Figure 4-29a - c show selected STM images (out of a sequence of 

62 images) measured between 277 and 320 K at the very same scan area. This 

measurement was performed by slowly heating the sample in the STM during scanning. 

The images show an area with β-phase, which is enclosed between three rotational 

domains of the α-phase. The area of the enclosed area with β-phase is nearly constant for 

277 K < T < 304 K, with a standard deviation of 5.3 %. The packing density within this 

instance of the β-phase is 0.37 ± 0.02 nm-2. (For T > 304 K the β-phase could no longer be 

resolved in sufficient detail.) The equilibrium constant K = nrot / nstatic as a function of the 

sample temperature was evaluated from this STM sequence (Figure 4-29d, >8000 

adsorbates were evaluated). The scatter in Figure 4-29d arises from fluctuations of the 

packing density in β-phase, which are also present in measurements at constant 

temperature.118 The data demonstrate that the number of rotating molecules increases with 

temperature (Figure 4-29d). For example, K is more than three times higher at 304 K 

(K = 0.29) than at 277 K (K = 0.075). It should be noted that the value of the equilibrium 

constant K differs from the value obtained on larger domains of the β-phase (Figure 4-28, 

see above), because the local density in the β-phase in Figure 4-29 is higher than in the 

previous experiment, 0.37 ± 0.02 nm-2. Based on these results it is likely that for coverages 

below monolayer saturation large fractions of large adsorbates are rotating at the onset of 

desorption in TPD experiments involving large adsorbates, where desorption temperatures 

>500 K are common.133,175,178 By extrapolation of the curve fitted in Figure 4-29d the 

temperature where all rotations are frozen is estimated to be ~220 K (T at the intersection 

of fitted curve and K = 10-3).  
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Quantitative evaluation of the data in Fig. 4d results in values of ∆U = 0.375±0.025 eV and 

∆S = 113±10·10-5 ev K-1, for the transition from static to rotating admolecules in the β-

phase, where the latter corresponds to an entropic stabilization of 0.34 eV at 300 K. The 

higher energetic stabilization of the non-rotating molecules compared to the above estimate 

(∆U = 0.21 eV) can be easily explained by the higher density in the area evaluated, due to 

the higher effective value of the potential corrugation due to steric hindrance (see above), 

as observed, e.g., for hexa-tert-butyl decacyclene (HB-DC) on Cu(111).47 The difference 

between the value of ∆S derived here and the rotational entropy 
ads
rotS  calculated from 

statistical mechanics is less easy to explain, in particular the fact that the measured ∆S is 

larger than the calulated rotational entropy. Most likely, this is due to the limited sample 

area and data base, and other finite size effects affecting the temperature dependence of 

the equilibrium between static and rotating admolecules. Nevertheless, both values are in 

the same order of magnitude, underlining the principal validity of the present approach. 

 

4.5.2.5 Entropic stabilization of large surface rotators 
 
In the previous section it was demonstrated that adsorbed BTP molecules can rotate more 

or less freely already at room temperature, despite considerable energetic stabilization of 

rotationally confined adsorption configurations, due to the significant entropic stabilization of 

the rotating molecules. This concept of entropy-stabilized low temperature rotations should 

apply to large adsorbed molecules in general. In fact, rotating adsorbates at temperatures 

far below desorption, have been reported for both, “large”27,39,47,71,118,132,175,179,180,182,182,184,184 

and “small”185,186,187 adsorbed molecules. To estimate the contribution from entropic 

stabilization and hence the energetic stabilization of non-rotating molecules which could be 

overcome for rotation, the moments of inertia for rotation around the z-axis for 11 molecules 

(see Figure 4-30) were calculated. Most of them (except benzene) are known to perform 

surface rotations at 300 K,27,39,47,118 at lower temperatures132,175,179,180 or if they are excited 

by the STM tip.187 Benzene was chosen because of its 6-fold symmetry. The calculation 

was done by first determining the equilibrium geometries via the MM2 method188 

implemented in ChemDraw. MM2 was used because it is not too expensive and gives 

satisfactory results for the moments of inertia, at least at the precision required here. The 

coordinates of the atomic positions (origin: center of gravity) were then used to determine 

the moments of inertia Iz via  
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( )22
ii

i
iz yxmI +=∑          (4.12) 

 

and 
ads
rotST ⋅  via equations (4.9) and (4.10). Figure 4-31 shows the entropic stabilization at 

300 K, 300 K· 
ads
rotS , for the different molecules. 

 

 

Figure 4-30 Lewis structures of the molecules, for which the moments of inertia were 

calculated. 

 

Besides Iz, the symmetry factor σ is a major factor affecting the entropic stabilization 

ads
rotST ⋅ . If the respective adsorbate rotates from 0° to 36 0° (in this case around the z-axis), 

then σ describes the number of orientations within this interval where the molecular 

coordinates are congruent. Figure 4-31 shows the entropic stabilization of the rotating 

molecules at 300 K, 
ads
rotST ⋅ , as a function of the moment of inertia. In addition, the impact 

of the symmetry factor by indicating the trends for the limiting values of the symmetry factor, 
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σ = 1 and σ = 6 for molecules rotating only about the z-axis is illustrated. Note that -
ads
rotST ⋅  

can go below the value for σ = 1 if the molecule does not rotate around its center of gravity. 

This is shown exemplary for the asymmetric buthyl-methyl-thioether, where the parallel axis 

theorem189 was applied for calculating the moment of inertia, since the rotation axis goes 

through the S atom, which is bound to a surface atom180 and not through the center of 

gravity of the molecule. 

 

 

Figure 4-31  Entropic stabilizations -T
ads
rotS⋅  at 300 K for different adsorbates rotating about 

the surface normal z. The lines are derived from equations (4.9) and (4.10) and mark the 

extreme cases for asymmetric molecules (σ = 1) and molecules with 6-fold symmetry (σ = 

6). Note that Methyl-buthyl thioether is above the line for σ = 1 because its center of gravity 

and the rotation axis do not coincide. 

 

 

For typical small molecules (O2, or acetylene), one obtains 3≈ads
rotz , and the corresponding 

entropic stabilization at 300 K is negligible, below |-0.05 eV|. For the mid-size molecules 
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benzene and symmetric alkyl-thioethers (H2n+1Cn)S(H2m+1Cm) with n=m=1...2, which can be 

considered as being in the transition region between small and large adsorbates, the 

partition function ads
rotz  is one order of magnitude larger than for the small adsorbates, but 

ads
rotST ⋅  is still below |-0.1 eV|. Only for the asymmetric buthyl-methyl-thioether (n=1, m=4), 

the entropic stabilization at 300 K exceeds |-0.1 eV|, because of the higher moment of 

inertia as discussed above. Both, di-buthyl-thioether (n=m=4) and buthyl-methyl-thioether 

have ads
rotz  values, which are comparable to those of molecules like C60, which is also known 

to rotate already at 300 K on Ag(111)27 despite its rotational barrier of 0.3 eV.27,27 The 

typical large molecules such as metallo-phthalocyanines (CuPc, CoPc), hexa-tert-butyl 

decacyclene (HB-DC), C60, PTCDA, 2,4’-BTP and 3,3’-BTP are stabilized by |
ads
rotST ⋅ | 

values which exceed 0.1 eV at 300 K. These values are larger than typical intermolecular 

interactions like (N...H) hydrogen bonds (~-0.1 eV for 2,4’-BTP44). At higher temperatures, 

e.g., at 800 K, the entropic stabilization for these molecules is between -0.3 eV (for C60) and 

-0.46 eV (for 2,4’-BTP), which is even comparable to the sum of lateral interactions in a 

close-packed 2D-crystal (~0.47 eV for 2,4’-BTP in the α-phase with 4 N···H bridge bonds 

per molecule42). Hence, for these latter molecules rotation is facile at room temperature 

even in cases with a considerable lateral corrugation of the adsorption potential. Close to 

desorption, rotations will be frozen only in adlayer phases with strong intermolecular 

interactions, as in the α-phase of the for 2,4’-BTP adlayer mentioned above, or in cases of 

sterical hindrance, where rotation is hindered by strongly repulsive interactions. As shown 

in previous TPD experiments, the transition from desorption from a non-rotating adsorption 

state, e.g., a 2D crystalline phase, to a rotating adsorption state leads to a considerable 

lowering of the pre-factor ν0 for desorption, which in turn results in a considerable up-shift of 

the desorption peak.175 
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4.5.3 Conclusions 
 
The dynamics in an adlayer of the oligoyridine 2,’4’-BTP was investigated by direct STM 

observation. Quantitative evaluation of time-resolved sequences of STM images (video-

STM) revealed the presence a two-dimensional (2D) liquid phase (β-phase) and that 

rotating 2,4’-BTP adsorbates coexist in a dynamic equilibrium with static adsorbate 

molecules in that phase. Furthermore, exchange between an ordered phase, the well 

known α-phase, and the β-phase leads to fluctuations of the domain boundary on a second 

time scale. Taking the 2,4’-BTP admolecules as free rotators, statistical mechanics show 

that the rotating molecules are stabilized by -300 K 
ads
rotS⋅  ≈ -0.159 eV per adsorbate, due to 

their large moment of inertia Iz, which is sufficient to overcome attractive interaction on the 

order of magnitude of one N··H type hydrogen bond of ca. 0.1 eV at optimum distance 

between the molecules. For the coexistent (2,4’-BTP)static,β and (2,4’-BTP)rot,β adsorbates in 

the β-phase, large counting statistics from STM images recorded at 300 K yield a value of 

K=7.06 for the equilibrium constant of at a molecule density of 0.35 nm-2. Assuming 

chemical equilibrium, this and the above value of the rotational entropy result in an 

energetic stabilization of the (2,4’-BTP)static,β molecules relative to the (2,4’-BTP)rot,β 

adsorbates of ~0.1 eV. Similar measurements, performed over a temperature range of 277 

– 304 K, reveal that the fraction of rotating adsorbates increases by a factor of ~3 with 

temperature, and that the measured entropy stabilization of the rotating molecules is of the 

same order of magnitude as the rotational entropy calculated from statistical mechanics. 

The measured energetic stabilization is significantly higher in this case because of the total 

coverage in the β-phase in this casewhich is mainly associated to an increase of the 

effective potential corrugation due to steric hindrance. 

Finally, the general validity of this concept of entropic stabilization of large rotating 

molecules, facilitating rotation already at rather low temperatures, was tested for a number 

of molecules. It showed that for large organic molecules the moment of inertia is sufficiently 

high to overcome typical barriers for rotation for individual molecules at 300 K. 
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5 Summary 

 

In this thesis, hydrogen bonded adlayers of the bis(terpyridine) derivative 2,4’-BTP on 

different single crystalline gold and silver surfaces were studied by variable STM and Video-

STM. The STM data is evaluated quantitatively, mainly by large counting statistics. The 

results are supported by DFT-D calculations from the group of Prof. Groß and Monte-Carlo 

simlulations. 

 (i) 2,4’-BTP is used as a model system for self-organization. The influence of localized 

vertical N...M interactions between N-atoms in the 2,4’-BTP adsorbates and metal atoms of 

Au(111), Ag(111), Ag(111)/Ru(0001) and Ag(100) surfaces underneath was shown. These 

N...M interactions produce 12 preferred azimuth orientations of the adsorbates with respect 

to the surface in disordered areas at low coverage, in agreement with previous results on 

ordered adlayer structures at high coverage. 

(ii) At low coverages, a preference for metallic step edges was found for 2,4'-BTP, which 

can be explained by N...M interactions between the N-atoms of the adsorbates and the 

metal atoms of the step edges, which is supported by results of DFT-D calculations. These 

interactions favor one specific configuration at kink sites that is found with a probability of 

~79%. In the preferred configuration the molecules are lying across the step edge. 

(iii) It was shown that ordered 2,4’-BTP based MLs on Ag(111) can be used as a model 

system to directly monitor the reaction with O2 gas on the molecular scale by Video-STM, 

which is much more sensitive than other techniques. Additionally, DFT-D calculations give 

insight into the structure and adsorption energetics of the product of the reaction. In 

contrast, the same organic network supported on Au(111) and graphite surfaces does not 

react with O2 gas, because unlike Ag(111), both surfaces are not active for O2 dissociation. 

The sensitivity of the tested organic network to the reactive gas shows that inorganic | 

organic contacts in organic devices would have to be fabricated under high vacuum 

conditions and protected to avoid aging processes. On the other hand, similar reactions 

may lead to desired interface properties and the same principle may be useful for ultra-

sensitive sensors.  

(iv) Adlayers of a two-dimensional liquid phase involving rotating 2,4’-BTP adsorbates were 

studied by video-STM and variable temperature STM. Taking the admolecules as 

free rotators, statistical mechanics show that the system is stabilized by  
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-300 K 
ads
rotS⋅  ≈ -0.159 eV per rotating adsorbate, due to their large moment of inertia Iz, 

which is sufficient to overcome attractive interactions in the order of magnitude of one N··H 

type hydrogen bond of ca. 0.1 eV at optimum distance between the molecules. The general 

validity of this concept of entropic stabilization of large rotating molecules, facilitating 

rotation already at rather low temperatures, was tested for a number of molecules. It was 

shown that for large organic molecules the moment of inertia is sufficiently high to 

overcome typical barriers for rotation for individual adsorbates at 300 K. 

The results gained in this thesis give considerable new insight into the interactions involved 

in metal | organic contacts and their reactivity. 
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6 Zusammenfassung 
 

In der vorliegenden Arbeit wurden Adschichten des Bis(terpyridin) Derivats 2,4‘-BTP auf 

einkristallinen Gold- und Silberoberflächen als Modellsystem für die Selbstorganisation von 

großen organischen Molekülen benutzt und mittels Video- und VT-STM untersucht. Die 

Datenauswertung erfolgte haupsächlich quantitativ, durch Auszählen einer großen Anzahl 

von Molekülkonfigurationen aus STM-Bildern. Die Ergebnisse werden durch DFT-D aus der 

Gruppe von Prof. Groß und Monte-Carlo-Rechnungen unterstützt. 

(i) Es wurde der Einfluss der lokalisierten vertikalen N…M Wechselwirkungen zwischen N-

Atomen in 2,4‘-BTP und den darunterliegenden Metallatomen der untersuchten Au(111)-, 

Ag(111)-, Ag(111)/Ru(0001)- und Ag(100)-Oberflächen gezeigt. Diese N…M 

Wechselwirkungen erzeugen 12 bevorzugte Azimuthwinkel der flach adsorbierten Moleküle 

bei niedriger Bedeckung bezüglich der jeweiligen Oberflächerichtung. Dies ist im Einklang 

mit Ergebnissen von geordneten Adschichten desselben Moleküls. 

(ii) Bei niedrigen Bedeckungen adsorbiert 2,4‘-BTP über die Stufenkannten der 

Metalloberflächen. In ~79% der Fälle liegt dabei ein Phenylring auf der oberen Terrasse, 

während sich der Rest des Moleküls auf der unteren Terrasse befindet. Dies konnte durch 

laterale N…M Wechselwirkungen erklärt werden, die mit DFT-D berechnet wurden. 

 (iii) Außerdem konnte gezeigt werden, dass 2,4‘-BTP Adschichten auf Ag(111) mit O2 Gas 

reagieren. Diese Oberflächenreaktion konnte auf Grund der Sensitivität des STMs auf 

molekularem Maßstab direkt verfolgt werden. Zusätzlich gaben DFT-D Rechnungen 

Einsicht in die energetischen Verhältnisse und in die Struktur des Reaktionsprodukts. Im 

Gegensatz zur Reaktivität der 2,4‘-BTP Adschichten auf Ag(111) zeigte sich, dass das 

gleiche organische Netzwerk auf Au(111) sowie Graphit, auf Grund der Inaktivität dieser 

Oberflächen für die O2-Dissoziation, nicht mit O2 Gas reagiert. Die Sensitivität der 

untersuchten organischen Monolage auf Ag(111) zeigt, dass technisch genutzte organische 

Schichten, die eine ähnliche Reaktionsfreudigkeit aufweisen, unter Hochvakuum-

bedingungen gehandhabt und entsprechend geschützt werden müssen. Andererseits 

können ähnliche Reaktionen zu wünschenswerten Reaktionsprodukten führen oder als 

ultra-sensitive Sensoren dienen. 

(iv) Weiterhin wurden Adschichten in einer zweidimensionalen flüssigen Phase, die 

rotierende 2,4’-BTP-Moleküle beinhalten, mit Video-STM und VT-STM untersucht. Mit Hilfe 

der statistischen Mechanik und der Annahme, dass die Admoleküle frei um eine Achse 
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rotieren, wurde eine entropische Stabilisierung von -300 K 
ads
rotS⋅  ≈ -0.159 eV pro 

rotierendem Molekül berechnet, die sich aus dem großen Trägheitsmoment der Moleküle 

ergibt. Dieser Wert ist höher als die attraktiven Wechselwirkungen zwischen den 

Molekülen, die in der Größenordnung von -0.1 eV bei einer optimalen N...H Bindungslänge 

liegt. Weiterhin wurde die generelle Gültigkeit dieses Konzepts der entropischen 

Stabilisierung in Schichten rotierender großer organischer Moleküle bei Temperaturen unter 

300 K gezeigt. 

Die Ergebnisse dieser Dissertation geben neue Einblicke in die Wechselwirkungen an 

Grenzflächen zwischen Metallen und organischen Schichten und deren Reaktivität. 
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7  Appendix 
 

7.1 Evaporator 
 

 

 

 

Figure 7-1 The evaporator used in this thesis for deposition of the organic molecules. 
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7.2 Bake-out procedure 
 

 

Figure 7-2 Plot of temperatures at different points of the vacuum system from the 

start of bake-out to the time, when equilibrium conditions were reached. The target 

temperature at the upper cover of the bake-out box was set to 180 °C. The data points 

are connected to guide the eye. 

 

 

 

 

Figure 7-3 a) Aquamobil for controlling the flux of cooling water for the gate G1 (b) 

while baking the VT-STM chamber. 
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7.3 VT-STM manipulator 
 
 

 

Figure 7-4 Sputter current Isputter measured between the filament and ground as a 

function of the VT-STM manipulator position x (no sample inserted, p = 2.3×10-6 mbar Ar, 

0.5 keV). 

 

7.4 Cooling of the VT-STM 
 

 

Figure 7-5 Side view of the VT-STM with cooling piston retracted (a) and pressed 

against the Cu block (b). The difference is marked by the green rectangle. 
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Figure 7-6 Typical cool-down curves of the Cu block and the inchworm motor using 

N2(l) from the CS160SK Dewar vessel. At t = 150 min the heating of the inchworm 

motor was started and the cooling piston was retracted. 

 

 

Since the VTC20 displays temperatures only as voltages UTC of the thermocouples (K-type) 

the temperature in K must be calculated by equation (7.1), which was deduced from table 2 

in the Specs VT-STM manual112 fitted by a 6th order polynomial. 

 

T(UTC) = -1.309483384135·10-18·UTC
6 + 2.5745444534582·10-15·UTC

5 

+ 3.09358765984758·10-13·UTC
4 + 1.41078918703447E-09·UTC

3 

- 7.890481356498·10-6·UTC
2 + 0.103515706040529 · UTC + 272.72092556497 

(7.1) 

 

For convenience there is the Excel file ‘Temperature_Calculation_VT-STM.xls’ on the CD 

enclosed to this thesis. 
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Figure 7-7 The cooling piston can be prevented from freezing by covering it with a 

Teflon foil and flushing it with dry N2(g). 

 

 

7.5 Inchworm motor 
 

 

 

Figure 7-8 Tip of the VT-STM (green rectangle) driven up (a) and down (b). 

 

 



 

116 
 

 

Figure 7-9 Pin assignment of the Plugs A and C (view onto the disconnected socket at 

the STM flange). 

 

 

 

Table 7-1  Typical capacities of scanner and inchworm motor of the VT-STM. 

 
Operation Plug C / pF Measured between pins 

(see also Figure 7-9) 

scanner A 303 A/C 

scanner A 282 A/D 

scanner A 283 A/E 

scanner A 294 A/F 

inchworm motor C 330 I/G 

inchworm motor C 581 I/H 

inchworm motor C 343 I/J 
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Figure 7-10 Diagram for solving problems with the Specs VT-STM inchworm motor. 

 

 

 

 

Figure 7-11 Cross section of the sample holder with the single crystal. Note that the 3-point 

bearing is drawn exemplary. 
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7.6 Algorithm for minimization of (X-M) vert  distances 
 
The program ‘Grid2DBTP_100_rev.m’ creates ‘Gitter2DBTP_DistanceSum.mat’ as output 

file, which can then be used by the other two programs to visualize the geometric positions 

of the N- and the substrate atoms (‘Show_DistanceSum.m’) and for output of the ‘best’ and 

‘worst’ positions of the molecule in the unit cell ‘MinMax_plot_save_rev.m’. Green text 

behind ‘%’ signs are annotations or exemplary program code. All three programs can be 

found on the CD attached to this thesis. All program and output files must be in the same 

folder. Use Matlab version 7.5.0 or higher. 

 

7.6.1 Programm code ‘Grid2DBTP_100_rev.m’ 
 
% Grid2DBTP_100_rev.m  

% Version 1.3_rev  

% 
% Optimization of azimuth angles for 2,4'-BTP on Ag (100)  
% This program creates the ‘Gitter2DBTP_DistanceSum .mat’ file  
  
  
% Creation of 2D-surface-grid  
clear all ; 
  
Accuracy=200;   %accuracy of calculation  
                %100 or 200 are good values (for quick tests choose  10 or 20)  
                %accuracy^2 = Number of points used to scan the uni tcell  
                 
AngleAccuracy=360;  %Calculation of azimuth angles between 1° and ‘Angl eAccuracy°’  
                    %steps are 1°  
  
% Definition of variables  
DistanceSum=zeros(Accuracy,Accuracy,360); 
  
%----------------------------  
% Define lengths of lattice Vectors (for square lat tice)  
a1 =[1;0] * 2.884;     % lattice vector in x-direction /Angstroems  
a2 =[0;1] * 2.884;     % lattice vector in y-direction /Angstroems  
  
%use the following for hexagonal lattice:  
%a1=[cos(60/180*pi);sin(60/180*pi)]*2.884;  % x-dir ection /Angstroems  
%a2=[1;0]*2.884;                            % x-dir ection /Angstroems  
  
% Define size of lattice (smaller lattice --> calcu lation faster)  
N=10;   % Number of lattice points in x-direction  
M=10;   % Number of lattice points in y-direction  
  
Pos=[5;5]*2.884;     % vector ‘Pos’ translates the lattice;  
                     % good values for square lattice are[N/2;M/2]  
%----------------------------  
                     
% Define coordinates of reactive centers in the mol ecule (here N-atoms)                     
  
% N-coordinates for 2,4'-BTP / Angstroems  
N1=[-1.1694;    2.0959750]; 
N2=[1.169394;   2.0959780]; 
N3=[2.520228;   -1.219523]; 
N4=[4.824311;   -3.958937]; 
N5=[-4.824305;  -3.958947]; 
N6=[8.601851;   2.4325740]; 
N7=[-8.601845;  2.4325760]; 
N8=[-2.520227;  -1.219528]; 
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% Calculate balance point of N-coordinates  
S(1)=(N1(1)+N2(1)+N3(1)+N4(1)+N5(1)+N6(1)+N7(1)+N8( 1))/8; 
S(2)=(N1(2)+N2(2)+N3(2)+N4(2)+N5(2)+N6(2)+N7(2)+N8( 2))/8; 
S 
  
% Set balance point to origin by translation of N-c oordinates  
N1(1)=N1(1)-S(1); N2(1)=N2(1)-S(1); N3(1)=N3(1)-S(1 ); N4(1)=N4(1)-S(1); 
N5(1)=N5(1)-S(1); N6(1)=N6(1)-S(1); N7(1)=N7(1)-S(1 ); N8(1)=N8(1)-S(1); 
N1(2)=N1(2)-S(2); N2(2)=N2(2)-S(2); N3(2)=N3(2)-S(2 ); N4(2)=N4(2)-S(2); 
N5(2)=N5(2)-S(2); N6(2)=N6(2)-S(2); N7(2)=N7(2)-S(2 ); N8(2)=N8(2)-S(2); 
  
 
% Check balance point of N-coordinates  
S(1)=(N1(1)+N2(1)+N3(1)+N4(1)+N5(1)+N6(1)+N7(1)+N8( 1))/8; 
S(2)=(N1(2)+N2(2)+N3(2)+N4(2)+N5(2)+N6(2)+N7(2)+N8( 2))/8; 
S   %--> should be[~0;~0]  
  
% Plot coordinates (should be used to adjust ‘Pos’,  such that the  
% N-coordinates are on the surface lattice for ever y azimuth angle)  
figure(1); hold on; 
plot(N1(1),N1(2), 'bo' ); 
plot(N2(1),N2(2), 'bo' ); 
plot(N3(1),N3(2), 'bo' ); 
plot(N4(1),N4(2), 'bo' ); 
plot(N5(1),N5(2), 'bo' ); 
plot(N6(1),N6(2), 'bo' ); 
plot(N7(1),N7(2), 'bo' ); 
plot(N8(1),N8(2), 'bo' ); 
plot(S(1),S(2), 'ro' ); 
  
  
% Make surface lattice  
for  i=0:N 
  for  j=0:M 
    Gitter{i+1,j+1}=i*a1+j*a2-Pos(1); 
  end  
end  
  
for  i=0:N 
  for  j=0:M 
    plot(Gitter{i+1,j+1}(1),Gitter{i+1,j+1}(2), 'k' ); 
    hold on; 
  end  
end  
  
  
% Scan the N-coordinates over one surface unit-cell  
% Total number of scanned points = Accuracy squared  
% Azimuth angles tested: 1° ... AngleAccuracy  
  
for  xstep=1:Accuracy %EZ-Längen werden später zur Abrasterung in ‘Genau’ -tel unterteilt  
  for  ystep=1:Accuracy 
    for  angle=1:AngleAccuracy 
       
    % Rotate N-coordinates around balance point  
      N1b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N1; 
      N2b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N2; 
      N3b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N3; 
      N4b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N4; 
      N5b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N5; 
      N6b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N6; 
      N7b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N7; 
      N8b=[cos(angle/180*pi) -sin(angle/180*pi); si n(angle/180*pi) cos(angle/180*pi)]*N8; 
  
       
    % Devide unit cell in scan points  
      MolPos(1)=xstep*a1(1)/Accuracy+ystep*a2(1)/Ac curacy; 
      MolPos(2)=xstep*a1(2)/Accuracy+ystep*a2(2)/Ac curacy; 
  
    % Translate rotated N-coordinates in unit cell  
      N1c(1)=N1b(1)+MolPos(1); N2c(1)=N2b(1)+MolPos (1); N3c(1)=N3b(1)+MolPos(1); 
N4c(1)=N4b(1)+MolPos(1); 
      N5c(1)=N5b(1)+MolPos(1); N6c(1)=N6b(1)+MolPos (1); N7c(1)=N7b(1)+MolPos(1); 
N8c(1)=N8b(1)+MolPos(1); 
      N1c(2)=N1b(2)+MolPos(2); N2c(2)=N2b(2)+MolPos (2); N3c(2)=N3b(2)+MolPos(2); 
N4c(2)=N4b(2)+MolPos(2); 
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      N5c(2)=N5b(2)+MolPos(2); N6c(2)=N6b(2)+MolPos (2); N7c(2)=N7b(2)+MolPos(2); 
N8c(2)=N8b(2)+MolPos(2); 
  
    % Calculate the sum of distances of all 8 N-atoms t o every surface atom  
      for  i=0:N 
        for  j=0:M 
          Abs1(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N1 c(1))^2+(Gitter{i+1,j+1}(2)-N1c(2))^2); 
          Abs2(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N2 c(1))^2+(Gitter{i+1,j+1}(2)-N2c(2))^2); 
          Abs3(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N3 c(1))^2+(Gitter{i+1,j+1}(2)-N3c(2))^2); 
          Abs4(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N4 c(1))^2+(Gitter{i+1,j+1}(2)-N4c(2))^2); 
          Abs5(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N5 c(1))^2+(Gitter{i+1,j+1}(2)-N5c(2))^2); 
          Abs6(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N6 c(1))^2+(Gitter{i+1,j+1}(2)-N6c(2))^2); 
          Abs7(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N7 c(1))^2+(Gitter{i+1,j+1}(2)-N7c(2))^2); 
          Abs8(i+1,j+1)=sqrt((Gitter{i+1,j+1}(1)-N8 c(1))^2+(Gitter{i+1,j+1}(2)-N8c(2))^2); 
        end  
      end  
       
    % Take only the shortest distances  
    % --> nearest neighbor distance for every N-atom  
      AbsMin1=min(min(Abs1)); 
      AbsMin2=min(min(Abs2)); 
      AbsMin3=min(min(Abs3)); 
      AbsMin4=min(min(Abs4)); 
      AbsMin5=min(min(Abs5)); 
      AbsMin6=min(min(Abs6)); 
      AbsMin7=min(min(Abs7)); 
      AbsMin8=min(min(Abs8)); 
       
    % The 3D matrix ‘DistanceSum’ contains all translat ions in x- and y-  
    % direction and all angles  
      
DistanceSum(xstep,ystep,angle)=(AbsMin1+AbsMin2+Abs Min3+AbsMin4+AbsMin5+AbsMin6+AbsMin7+AbsMin8)/8; 
       
    end  
  end  
end  
  
  
    % Search for every angle the minimum distance(xstep ,ystep) and write into  
    % MinWinkel(angle)  
  for  angle=1:AngleAccuracy 
    MinWinkel(angle) = min(min(DistanceSum(:,:,angl e))); 
  
  end  
   
% Plot ‘MinWinkel’  
figure(3); 
plot(1:AngleAccuracy,MinWinkel); 
  
MinWinkel=transpose(MinWinkel); 
  
% Save Output file ‘Gitter2DBTP_DistanceSum.mat’ to  program folder  
% this file can be used for further evaluation by t he programms  
% ‘Show_DistanceSum.m’ and ‘MinMax_plot_save_rev.m’  
save 'Gitter2DBTP_DistanceSum.mat'  DistanceSum  -MAT; 
 

 

 

7.6.2 Programm code ‘MinMax_plot_save_rev.m’ 
% MinMax_plot_save_rev.m  
% Version 1.0  
 
% This script opens an existing DistanceSum File cr eated by  
% the program ‘Grid2DBTP_100_rev.m’ and saves the ‘ best’ and ‘worst’  
% azimuth angles to the files ‘plot_min.txt’ and ‘p lot_max.txt’,  
% respectively  
  
clear all ; 
load( 'Gitter2DBTP_Abstandsumme.mat' ); 
  
AngleAccuracy=360;  % This has to be the same value as in ‘Grid2DBTP_10 0_rev.m’  
  
for  angle=1:AngleAccuracy 
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  MinAngle(angle) = min(min(AbstandSumme(:,:,angle) )); 
  MaxAngle(angle) = max(max(AbstandSumme(:,:,angle) )); 
end  
  
figure(1); hold on; AXIS([0 120 0.3 1.4]); 
plot(1:AngleAccuracy,MinAngle); 
plot(1:AngleAccuracy,MaxAngle); 
  
MinAngle=transpose(MinAngle); 
MaxAngle=transpose(MaxAngle); 
  
save 'plot_min.txt'  MinAngle  -ASCII  -TABS -DOUBLE; 
save 'plot_max.txt'  MaxAngle  -ASCII  -TABS -DOUBLE; 
 

7.6.3 Programm code ‘Show_DistanceSum.m’ 
% Show_DistanceSum.m  
% Version 1.1  
  
% Show the N-coordinates together with surface atom  coordinates  
% for defined azimuth angles  
  
% This script opens an existing ‘Gitter2DBTP_Distan ceSum.mat’ file created by  
% the program ‘Grid2DBTP_100_rev.m’. It has to be i n the same folder as  
% this program  
  
clear all ; 
load( 'Gitter2DBTP_Abstandsumme.mat' ); 
  
  
% Define azimuth angles to display  
% (Use 360° instead of 0°)  
HandAngle=[29,61,119,151,209,241,299,331, 90,180,27 0,360]; 
  
MinAngleMatrix01=AbstandSumme(:,:,HandAngle(1)); 
MinAngleMatrix02=AbstandSumme(:,:,HandAngle(2)); 
MinAngleMatrix03=AbstandSumme(:,:,HandAngle(3)); 
MinAngleMatrix04=AbstandSumme(:,:,HandAngle(4)); 
MinAngleMatrix05=AbstandSumme(:,:,HandAngle(5)); 
MinAngleMatrix06=AbstandSumme(:,:,HandAngle(6)); 
MinAngleMatrix07=AbstandSumme(:,:,HandAngle(7)); 
MinAngleMatrix08=AbstandSumme(:,:,HandAngle(8)); 
  
MinAngleMatrix09=AbstandSumme(:,:,HandAngle(9)); 
MinAngleMatrix10=AbstandSumme(:,:,HandAngle(10)); 
MinAngleMatrix11=AbstandSumme(:,:,HandAngle(11)); 
MinAngleMatrix12=AbstandSumme(:,:,HandAngle(12)); 
  
  
Min01=min(min(MinAngleMatrix01)); 
Min02=min(min(MinAngleMatrix02)); 
Min03=min(min(MinAngleMatrix03)); 
Min04=min(min(MinAngleMatrix04)); 
Min05=min(min(MinAngleMatrix05)); 
Min06=min(min(MinAngleMatrix06)); 
Min07=min(min(MinAngleMatrix07)); 
Min08=min(min(MinAngleMatrix08)); 
  
Min09=min(min(MinAngleMatrix09)); 
Min10=min(min(MinAngleMatrix10)); 
Min11=min(min(MinAngleMatrix11)); 
Min12=min(min(MinAngleMatrix12)); 
  
  
[x{1}(1),x{1}(2)]=find(MinAngleMatrix01==Min01); 
[x{2}(1),x{2}(2)]=find(MinAngleMatrix02==Min02); 
[x{3}(1),x{3}(2)]=find(MinAngleMatrix03==Min03); 
[x{4}(1),x{4}(2)]=find(MinAngleMatrix04==Min04); 
[x{5}(1),x{5}(2)]=find(MinAngleMatrix05==Min05); 
[x{6}(1),x{6}(2)]=find(MinAngleMatrix06==Min06); 
[x{7}(1),x{7}(2)]=find(MinAngleMatrix07==Min07); 
[x{8}(1),x{8}(2)]=find(MinAngleMatrix08==Min08); 
  
[x{9}(1),x{9}(2)]=find(MinAngleMatrix09==Min09); 
[x{10}(1),x{10}(2)]=find(MinAngleMatrix10==Min10); 
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[x{11}(1),x{11}(2)]=find(MinAngleMatrix11==Min11); 
[x{12}(1),x{12}(2)]=find(MinAngleMatrix12==Min12); 
  
% Define lengths of lattice Vectors (for square lat tice)  
a1 =[1;0] * 2.884;     % lattice vector in x-direction /Angstroems  
a2 =[0;1] * 2.884;     % lattice vector in y-direction /Angstroems  
  
%use the following for hexagonal lattice:  
%a1=[cos(60/180*pi);sin(60/180*pi)]*2.884;  % x-dir ection /Angstroems  
%a2=[1;0]*2.884;                            % x-dir ection /Angstroems  
  
% Define size of lattice  
N=10; 
M=10; 
  
Pos=[5;5]*2.884;     % vector ‘Pos’ translates the lattice;  
                     % good values for square lattice are[N/2;M/2]  
  
% N-coordinates for 2,4'-BTP / Angstroems  
N1=[-1.1694;    2.0959750]; 
N2=[1.169394;   2.0959780]; 
N3=[2.520228;   -1.219523]; 
N4=[4.824311;   -3.958937]; 
N5=[-4.824305;  -3.958947]; 
N6=[8.601851;   2.4325740]; 
N7=[-8.601845;  2.4325760]; 
N8=[-2.520227;  -1.219528]; 
  
% Calculate balance point of N-coordinates  
S(1)=(N1(1)+N2(1)+N3(1)+N4(1)+N5(1)+N6(1)+N7(1)+N8( 1))/8; 
S(2)=(N1(2)+N2(2)+N3(2)+N4(2)+N5(2)+N6(2)+N7(2)+N8( 2))/8; 
S 
  
% Set balance point to origin by translation of N-c oordinates  
N1(1)=N1(1)-S(1); N2(1)=N2(1)-S(1); N3(1)=N3(1)-S(1 ); N4(1)=N4(1)-S(1); %von x-Koo. Mol. --> x-Koo. 
von S subtrahieren  
N5(1)=N5(1)-S(1); N6(1)=N6(1)-S(1); N7(1)=N7(1)-S(1 ); N8(1)=N8(1)-S(1); %von x-Koo. Mol. --> x-Koo. 
von S subtrahieren  
N1(2)=N1(2)-S(2); N2(2)=N2(2)-S(2); N3(2)=N3(2)-S(2 ); N4(2)=N4(2)-S(2); %von y-Koo. Mol. --> y-Koo. 
von S subtrahieren  
N5(2)=N5(2)-S(2); N6(2)=N6(2)-S(2); N7(2)=N7(2)-S(2 ); N8(2)=N8(2)-S(2); %von y-Koo. Mol. --> y-Koo. 
von S subtrahieren  
  
% Check balance point of N-coordinates  
S(1)=(N1(1)+N2(1)+N3(1)+N4(1)+N5(1)+N6(1)+N7(1)+N8( 1))/8; 
S(2)=(N1(2)+N2(2)+N3(2)+N4(2)+N5(2)+N6(2)+N7(2)+N8( 2))/8; 
S   %--> should be[~0;~0]  
  
% Make surface lattice  
for  i=0:N 
  for  j=0:M 
    Gitter{i+1,j+1}=i*a1+j*a2-Pos(1); 
  end  
end  
  
for  i=0:N 
  for  j=0:M 
    plot(Gitter{i+1,j+1}(1),Gitter{i+1,j+1}(2), 'k' ); AXIS([-20 20 -20 20]); 
    hold on;     
  end  
end  
  
% Rotate N-coordinates by ‘HandAngle’ and translate  in unit cell  
  
for  i=1:length(HandAngle) 
  winkel=HandAngle(i); 
   
  % Rotate N-coordinates around balance point  
  N1b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N1; 
  N2b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N2; 
  N3b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N3; 
  N4b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N4; 
  N5b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N5; 
  N6b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N6; 
  N7b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N7; 
  N8b=[cos(winkel/180*pi) -sin(winkel/180*pi); sin( winkel/180*pi) cos(winkel/180*pi)]*N8; 
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  Genauigkeit=200; xstep=x{i}(1); ystep=x{i}(2); 
  
  MolPos(1)=xstep*a1(1)/Genauigkeit+ystep*a2(1)/Gen auigkeit; 
  MolPos(2)=xstep*a1(2)/Genauigkeit+ystep*a2(2)/Gen auigkeit; 
  
  % Translate rotated N-coordinates in unit cell  
  N1c(1)=N1b(1)+MolPos(1); N2c(1)=N2b(1)+MolPos(1);  N3c(1)=N3b(1)+MolPos(1); N4c(1)=N4b(1)+MolPos(1); 
%zu x-Koo. Mol. --> x-Koo. von MolPos addieren  
  N5c(1)=N5b(1)+MolPos(1); N6c(1)=N6b(1)+MolPos(1);  N7c(1)=N7b(1)+MolPos(1); N8c(1)=N8b(1)+MolPos(1); 
%zu x-Koo. Mol. --> x-Koo. von MolPos addieren  
  N1c(2)=N1b(2)+MolPos(2); N2c(2)=N2b(2)+MolPos(2);  N3c(2)=N3b(2)+MolPos(2); N4c(2)=N4b(2)+MolPos(2); 
%zu y-Koo. Mol. --> y-Koo. von MolPos addieren  
  N5c(2)=N5b(2)+MolPos(2); N6c(2)=N6b(2)+MolPos(2);  N7c(2)=N7b(2)+MolPos(2); N8c(2)=N8b(2)+MolPos(2); 
%zu y-Koo. Mol. --> y-Koo. von MolPos addieren  
  Sc(1)=S(1)+MolPos(1); Sc(2)=S(2)+MolPos(2); 
  
  figure(i); hold on; title(HandAngle(i)); 
  plot(N1c(1),N1c(2), 'bo' ); 
  plot(N2c(1),N2c(2), 'bo' ); 
  plot(N3c(1),N3c(2), 'bo' ); 
  plot(N4c(1),N4c(2), 'bo' ); 
  plot(N5c(1),N5c(2), 'bo' ); 
  plot(N6c(1),N6c(2), 'bo' ); 
  plot(N7c(1),N7c(2), 'bo' ); 
  plot(N8c(1),N8c(2), 'bo' ); 
  plot(Sc(1),Sc(2), 'ro' ); 
  
  
  % Plot Output  
  for  i=0:N 
    for  j=0:M 
      plot(Gitter{i+1,j+1}(1),Gitter{i+1,j+1}(2), 'k' ); AXIS([-20 20 -20 20]); 
      hold on;     
    end  
  end  
   
end  
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