
 

 

 

Andreas Windischbacher 

Doctoral thesis 

 

 

 

 

 

 

 

 

 

 

Institute of Physics 

University of Graz 

 

 

 

Supervisor: Dr. Peter Puschnig 

 

October ʱʯʱʲ 

Investigating Ground and Excited State Properties  

of Complex Organic/Inorganic Interfaces  

With Ab-Initio Calculations 



 

  



 

 

 

 

 

 

 

 

 

 

 

Iôm an alien, Iôm a legal alien 

Iôm a chemist doing physics. 

based on lyrics by Sting 



 

  



 

Abstract 

A diverse ýeld of research ranging from photovoltaics to heterogeneous catalysis is based 

on the understanding of thin ýlms of organic molecules adsorbed at metal surfaces. Within the 

present work, we investigate the electronic properties of such interfaces utilizing quantum 

mechanical simulations. Our main experimental reference is photoemission spectroscopy, the 

simulation of which becomes a recurring topic throughout this thesis. 

The ýrst part of the thesis comprises our investigation of two members of the acene family, 

hexacene and heptacene, and their interaction with the coinage metal surfaces Ag(ʰʰʯ) and 

Cu(ʰʰʯ). Simulations of the molecule-metal interfaces within density functional theory reveal 

strong charge transfer from the substrates to the molecular layers. In addition, we ýnd that the 

amount of transferred charge is determined by the adsorption conýguration. Decoupling the 

molecules from the Cu-surface by oxygen passivation, we discuss how intermolecular pi-pi 

interactions display in photoemission spectroscopy and connect the intensity distribution in 

experimental data to the alignment of the acenes on the surface. 

In the second part, we focus on the electronic and geometric properties of metal-organic 

complexes belonging to the class of Ni-tetrapyrroles. To improve the description of the 

oxidation and spin state of the central Ni atom, we employ a Hubbard correction to our density 

functional theory calculations in the form of the GGA+U approach. For Ni-phthalocyanine, we 

ýnd that interaction with a Cu(ʰʯʯ) surface induces an axial displacement of the Ni ion from 

its coordination pocket, which, in turn, changes the spin state of the metal centre. At the hand 

of a Ni-tetraphenylporphyrin interface, we demonstrate how the adsorbateôs electron 

conýguration can be tuned by adsorption of external gas ligands. For instance, a redox-like 

interaction between nitrogen dioxide and the Ni centre leads to the formation of a stable, 

paramagnetic complex at room temperature. Furthermore, we propose the disproportionation 

of nitric oxide at the interface and elaborate on the possible role of the Ni centre in the reaction 

mechanism. Besides the properties of the central metal atom, we also brieþy address the 

interface-speciýc geometries of the carbon backbone of porphyrins. In speciýc, momentum-

resolved photoemission data is able to shed light on their rich conformational landscape. 

The third and ýnal part of the thesis is concerned with the simulation of time-resolved 

photoemission experiments to shed light on the excited states of extended molecular systems. 

In our calculations, we describe the excited states with linear-response time-dependent density 

functional theory as well as within the many-body perturbation framework of the Bethe-

Salpeter equation. As a ýrst step, we assess the sensitivity of the predicted photoemission 

spectrum towards diʡerent levels of theory for the underlying excited state calculation. Then, 

we apply our approach to a practical example of a fullerene multilayer ýlm. By comparing 

experimental data with our theoretical results, we examine the photoemission signals of four 

excitonic states, one of which is a charge transfer state speciýc to fullerene aggregates. 

  



 

Kurzzusammenfassung 

Das Hauptaugenmerk dieser Arbeit liegt auf der quantenmechanischen Simulation von 

Grenzþªchen zwischen organischen Molek¿len und Metalloberþªchen sowie dem Verstªndnis 

ihrer elektronischen Eigenschaften. Ein wiederkehrendes Leitmotiv ist dabei der Vergleich von 

experimentellen und berechneten Photoemissionsspektren. 

Der Hauptteil der Arbeit gliedert sich in drei Teile: Der erste Teil behandelt die 

Wechselwirkung zwischen zwei Vertretern aus der Reihe der Acene, Hexacen und Heptacen, 

mit Silber und Kupfer (ʰʰʯ)-Oberþªchen. Die Simulationen basierend auf der 

Dichtefunktionaltheorie zeigen einen ausgeprªgten Ladungstransfer von den Metallsubstraten 

zu den Molek¿len. Die Menge der ¿bertragenen Ladung wird dabei nicht nur vom jeweiligen 

Acene-Metall System bestimmt, sondern auch von der Adsorptionsgeometrie. Passiviert man 

die Kupfer-Oberþªche mit Sauerstoʡ, lªsst sich die Wechselwirkung zwischen Molek¿l und 

Substrat unterbinden. Dies erlaubt uns, die intermolekularen Wechselwirkungen und deren 

Auswirkungen auf die beobachteten Photoemissionsintensitªten zu untersuchen. Im 

Besonderen stellen wir eine Verbindung zwischen der experimentellen Intensitªtsverteilung 

und der Anordnung der Acene auf der Oberþªche her. 

Im zweiten Teil der Arbeit wenden wir uns metallorganischen Komplexen zu. Im Fokus 

stehen hier Nickeltetrapyrrol-Verbindungen auf Oberþªchen. Um den Oxidations- und 

Spinzustand des zentralen Nickelatoms besser zu beschreiben, verwendend wir eine Hubbard-

Korrektur zur Dichtefunktionaltheorie im Rahmen der GGA+U Methode. Wir beobachten, 

dass die Wechselwirkung mit einer Kupfer (ʰʯʯ)-Oberþªche das Nickelatom eines Ni-

Phthalocyaninkomplexes aus seiner Koordinationsumgebung in Richtung Substrat zieht. 

Dadurch ªndert sich der Spinzustand des Metallatoms. Anhand einer adsorbierten Ni-

Tetraphenylporphyrin Monolage zeigen wir weiters, wie sich der Spinzustand auch durch 

Interaktion mit externen Gas Liganden manipulieren lªsst. Hervorzuheben ist beispielsweise 

Stickstoʡdioxid, das durch eine redox-artige Wechselwirkung mit dem Ni-Zentrum einen 

stabilen, paramagnetischen Komplex bildet. Im Gegensatz dazu scheint Stickstoʡmonoxid zu 

zerfallen, wenn man es der gleichen Grenzþªche aussetzt. Wir diskutieren eine mºgliche Rolle 

des Ni-Zentrums in dieser Reaktion. Die Wechselwirkungen in Molek¿l-Metall Systemen 

beeinþussen aber nicht nur das Metallatom der Komplexe, sondern auch die Geometrie des 

Tetrapyrrol-Liganden. Die auftretenden Konformationen des Kohlenstoʡ-Ger¿sts lassen sich 

mit winkelaufgelºsten Photoemissionsmessungen unterscheiden. 

Im Zentrum des dritten und gleichzeitig letzten Akts steht die theoretische Beschreibung 

von zeitaufgelºster Photoemissionsspektroskopie, mit dem Ziel, Informationen ¿ber angeregte 

Zustªnde von organischen Molek¿len zu gewinnen. In unseren Rechnungen beschreiben wir 

angeregte Zustªnde entweder mit der Casida-Gleichung im Rahmen der zeitabhªngigen 

Dichtefunktionaltheorie oder mittels des stºrungstheoretischen Ansatzes der Bethe-Salpeter 

Gleichung. Zunªchst vergleichen wir den Einþuss unterschiedlicher Nªherungsverfahren zur 

Berechnung der angeregten Zustªnde auf die vorhergesagten Photoemissionsspektren. 

Danach analysieren wir die zeitaufgelºsten Daten eines Films aus Buckminster-Fulleren 

Molek¿len. Mit Hilfe unserer Simulationen gelingt uns die Identiýkation der vier 

experimentell beobachteten, angeregten Zustªnde. 
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1 Overview 

Since the groundbreaking development of the fundamental theory of quantum mechanics, 

its outcomes, obtained by numerical computations, have enabled us to understand our world 

on levels far beyond our eyes could grasp at the size of molecules, atoms, and electrons. The 

theoretical eʡorts also beneýted experimental progress, as a thorough understanding of even 

the smallest parts in the system is a fundamental aspect in the design of new materials. One 

such ever growing ýeld of research is covered by the loose term of organic electronics. It 

summarizes a broad range of electronic devices from transistors to diodes or solar cells [ïhʁ ], 

which are not solely based on the classic, inorganic components but also incorporate organic 

molecules. Besides the intrinsic properties of the molecule, the performance of such devices is 

largely determined by the interface between molecules and metal contacts ï a component of 

the device, which therefore has gotten increased attention [ï̫h ʰ]. However, the interaction 

between organic molecules and inorganic surfaces is not only interesting from a physical point 

of view. Finding its way into chemistry, controlling the interface of molecules and surfaces 

opened the door to new reactions for heterogenous catalysis and chemical sensors [ʰïɦh ʴ]. It 

is this large variety of applications that nowadays drives researchers to study the interplay 

between organic building blocks and solid surfaces, at which point, theoretical calculations 

provide insight into the processes on an atomistic level. Employing quantum mechanical 

simulations, in this thesis, I hope to contribute my share to the understanding of the electronic 

structure of molecular interfaces. 

We will start our journey into surface 

science by studying the molecular class of 

acenes. As depicted in Figure .hh., acenes 

consist of several benzene rings fused in a 

linear chain. Deposited onto metal surfaces, 

they have especially gained attention in the search for organic semiconductors, leading so far 

that one family member, pentacene (ʴ benzene rings), eventually became one of the most 

studied molecules in the ýeld [ʰʵ,ʰʶ]. Further increasing the aromatic system is allegedly 

accompanied by properties favourable for (opto)-electronic devices such as increasing carrier 

mobility and a decreasing band gap [ʰï̫ɦ ʲ]. However, going beyond pentacene in the series 

of acenes has so far been limited by the diʢcult experimental handling of longer molecules due 

to their high reactivity [ʱïrɦ ʷ]. Only recently, it has been able to overcome this diʢculty and 

to achieve a controlled growth of longer acenes on surfaces. The ýrst chapter of this thesis is 

dedicated to the characterization of such newly formed acene-interfaces. In particular, we 

study monolayer ýlms of hexacene (ʵ rings) and heptacene (ʶ rings) on metal surfaces of 

copper and silver [ʱïy̡ ʱ]. At the hand of the two acene representatives, we introduce density 

functional theory calculations of extended systems and get to know parameters, which are 

frequently analysed in such projects. Among others, we meet photoemission orbital 

tomography as one of the go-to surface science techniques to unravel the energy level 

alignment of the frontier molecular orbitals. Furthermore, we address several ways how 

photoemission spectroscopy can assist in the investigation and characterization of new acene-

interfaces. 

Figure 1.1: General structural formula for linear acenes with 

n+2 benzene moieties.



 

While the interaction between acenes and 

surfaces is rather straightforward due to 

their simple hydrocarbon structure, the 

second chapter deals with more complex 

systems ï quite literally ï by considering 

metal-organic complexes. In this broad class 

of molecular compounds, organic ligands 

coordinate a metal ion [ʲʲ]. For extended systems, this oʡers the possibility to not only 

inþuence the interface properties via an organic molecule but, simultaneously, exploit the well-

known spin and oxidation state versatility of transition metal ions. The promising ýelds of 

research resulting from the control and manipulation of spin states on a surface include 

spintronics or heterogeneous catalysis [ʲïr̡ ʵ]. Out of the almost inýnite pool of organic 

ligands, we focus on the molecular class of tetrapyrroles, where four pyrroles are connected in 

a ring-like structure, in the centre of which a metal can sit. Tetrapyrroles are perhaps better 

known from their most important representatives, the porphyrins, which even have been 

termed ñThe Pigments of Lifeò [ʲʶ] due to their abundance in nature. The porphyrin of interest 

in this thesis is tetraphenylporphyrin shown to the left of Figure .hɦ. As a second tetrapyrrole, 

we have chosen a molecule from the group of phthalocyanines sketched to the right of Figure 

.hɦ. While phthalocyanines cannot be found in nature, they are easy to synthesise and are 

closely related to porphyrins ï in fact, they could chemically go by the name 

tetrabenzotetraazaporphyrin. In general, the coordination pocket of a tetrapyrrole is able to 

incorporate various metal ions. Our main interest in this thesis is directed towards the possible 

spin and oxidation states of Nickel (Ni). Chelated by the dianionic ligand, Ni initially adopts a 

(+ʱ) oxidation state, Ni(II). The square-planar environment is responsible for a non-magnetic 

distribution of the metalôs ʷ valence electrons in its d-states. Even though Ni-tetrapyrrole 

complexes exhibit no initial spin, we will demonstrate how this electronic property can be 

tuned in contact with a surface [ʲʷ] or by external stimuli [ʲïyr ʰ]. In order to correctly 

describe the spin states at the interface, we have to extend our framework of density functional 

theory with the so-called Hubbard correction, which proves to be essential to account for 

experimental observations. 

The ýrst two chapters are mainly concerned with the understanding of ground state 

properties of speciýc molecular classes, predominantly, with the help of photoemission 

spectroscopy. In the ýnal chapter, we take one step further and enter the realm of excited states. 

We are inspired by the emerging interest in time-resolved photoemission spectroscopy, which 

has resulted from the combination of photoemission spectroscopy with femtosecond lasers. 

The short laser pulses allow to optically excite and monitor the behaviour of excited states over 

time with photoemission. Angle-resolved detection of the photoemission aims to ýnd 

characteristic ýngerprints of the excited states in momentum space [ʳʱ,ʳʲ]. Recently, a new 

formalism termed ñexPOTò has been developed to intuitively interpret such photoemission 

data [ʳʳ]. The method is based on the simulation of the optical absorption spectrum of the 

molecule connecting the photoemission signal to the calculated excited state wave functions. 

In this chapter, we intend to test the applicability of the exPOT approach. For this reason, we 

ýrst learn about two methods to calculate excited states of molecules, namely, linear response 

time-dependent density functional theory and the many-body perturbation framework of the 

Figure 1.2: Structural formula for Nickel tetraphenylporphyrin 
(NiTPP, right) and for Nickel phthalocyanine (NiPc, left).



 

Bethe-Salpeter equation. After evaluating exPOT at the hands of three test cases, we present 

the ýrst application of the new formalism to 

a real-life system. In our analysis, we discuss 

the absorption spectrum of the fullerene 

molecule Cʵʯ (structure in Figure .h̡) in a 

multilayer and interpret the relaxation of its 

excited states as measured with time-

resolved photoemission [ʳʴ]. 

Following this broad outline, the thesis is basically structured into the three parts 

mentioned above. Each of these three chapters starts with a general introduction into the 

theory, on which the chapter is focused. Afterwards, the main body of each chapter is formed 

by the respective publications, which cover the results of my research work. Most of the 

publications emerged from an interplay between several surface science approaches, the 

results of which all deserve to be treated explicitly. However, since this would go beyond the 

scope of this thesis, I discuss speciýcally my computational contribution. Consequently, this 

means that I do not simply reprint the published version of the manuscripts but have adapted 

text and ýgures and incorporated supplementary, computational results helpful over the 

course of the projects. Apart from some occasions, where discussion of measured data has 

proven necessary for the understanding of the text, further experimental details can be found 

in the respective publications. At the end of each chapter, I summarize, what we have learned 

on the way. Finally, we will end with a brief outline of ideas and future projects, which could 

beneýt from this thesis. 

Take-home message (THM): Throughout this thesis, the most memorable findings 
of each section will be summarized in such blue boxes to help the reader extract 

essential information. 

Figure 1.3: Structural formular of the three-dimensional 
buckminsterfullerene C60. 



 

  



 

2 Going Beyond Pentacene 

 

  

Summary: Numerous studies have unravelled the thin film properties of the 

prototypical semiconductor pentacene. In contrast, higher homologues of pentacene 

have only recently been synthesized and brought onto surfaces for the first time. In 

this chapter, we investigate the electronic structures of ordered monolayer films of 

hexacene and heptacene on coinage metals. To obtain information about the 

interfaces, we mainly utilize photoemission orbital tomography ð an approach, where 

we compare experimental and simulated photoemission data. In this way, we 

characterize the chemisorptive nature of the metal-molecule interaction on the pure 

metal surfaces (Ag and Cu). Decoupling the acenes electronically from the surface by 

passivation with oxygen, we also focus on intermolecular interactions and their impact 

on the photoemission spectra of the molecular monolayers. The results are 

summarized in the following four publications: 

¶ M.S. Sªttele et al., J. Phys. Chem. C (2022) (Hexacene on Ag and Cu) 

¶ M.S. Sªttele et al., J. Phys. Chem. C (2021) (Heptacene on Ag) 

¶ T.G. Bon® et al., J. Phys. Chem. C (2021) (Heptacene on Cu) 

¶ T.G. Bon® et al., J. Phys.: Condens. Matter (2023) (Heptacene on passivated Cu) 

Does Length matter? 

https://doi.org/10.1021/acs.jpcc.2c00081
https://doi.org/10.1021/acs.jpcc.0c09062
https://doi.org/10.1021/acs.jpcc.1c01306
https://doi.org/10.1088/1361-648X/acf105


 

2.1 Theoretical Background 

2.1.1 Introduction to DFT 

For any thesis attempting to simulate molecular properties on an atomistic scale, it is almost 

inevitable to start with one of the most famous equations in physics and chemistry: the 

Schrºdinger equation. Its main concept builds on the many-body wave function ‪ ●  with 

the set ● including the coordinates of all particles forming the system. In the idea of quantum 

mechanics, this entity fully describes the state of an isolated quantum system and encodes any 

physical property of this state. For instance, all possible, stationary energy states Ὁ of the 

system are given by the eigenvalues of the Hamilton operator Ὄ. The non-relativistic and time-

independent form of this equation, which we will be mostly concerned with in this chapter, is 

given in Equ. .ɦh. 

Ὄ‪ Ὁ‪ Equ. .ɦh 

In the case of molecules, the Hamiltonian considers all contributions to the energy of the 

interacting electron-nuclei system. Namely, this includes the kinetic energies Ὕ and Ὕ of both 

types of particles, the atomic nuclei and the electrons respectively, the nuclei-nuclei interaction 

ὠ , the electron-nuclei interaction ὠ  and the electron-electron interaction ὠ as in Equ. .ɦɦ. 

Considering ὔ electrons and ὓ nuclei at positions ► and ╡ respectively, the operator may be 

written in its full form as Equ. .ɦr. Note that here as for the rest of this derivation we adopt 

atomic units where Ὡ ά ᴐ ρ. 

Ὄ Ὕ Ὕ ὠ ὠ ὠ  Equ. .ɦɦ 

Ὄ
ρ

ς

ρ

ὓ
ᶯ

ρ

ς
ᶯ

ρ

ς

ὤὤ

╡ ╡

ὤ

ȿ► ╡ȿ

ρ

ς

ρ

► ►
 Equ. .ɦ̡ 

The increasing complexity of this expression for many-body systems is easily apprehensible. 

The problem is usually approached in a ýrst step by utilizing the well-known Born-

Oppenheimer approximation. It is based on the diʡerent masses of the atomic nuclei and the 

electrons, assuming the latter to move considerably faster than the nuclei. With the positions 

of the nuclei eʡectively staying ýxed, the Hamiltonian can be reduced to its electronic part, 

where the repulsion ὠ  between the atomic nuclei becomes merely a constant term and their 

kinetic energy Ὕ can be neglected. However, even in this simpliýed form, we would still have 

to treat σὔ coordinates of the many-body wave function when applying the operator ï a task, 

which is virtually impossible. Among other theoretical approaches, the problem became 

tractable on a large scale with the development of density functional theory (DFT). In the 

following, I will summarize only the most basic concepts of DFT, in-depth explanations of 

which ýll numerous books and reviews [ʳïɻɹ ʱ]. 

The main idea of density functional theory is to replace the multi-coordinate dependency in 

the many-body Schrºdinger equation with an object, the electron density ὲ►, which only 

depends on three spatial coordinates. In two seminal theorems, Hohenberg and Kohn have 



 

formulated that this is indeed possible and that the total energy Ὁ  of an interacting many-

electron system can be obtained from Equ. .ɦr as 

Here, ὠ  is an external potential usually attributed with the attractive Coulomb potential of 

the nuclei ὠ , which is a unique functional of the electron density up to an additive constant 

(existence theorem). Ὂ ὲ is a functional independent of the speciýc ὠ  of the system, i.e., 

universally valid, and composed of the kinetic energy Ὕὲ and the electron-electron 

interaction ὠ ὲ. Then, one can show that following Rayleigh-Ritzôs minimal principle to ýnd 

the ground state energy by minimizing Ὁ  with respect to ὲ► automatically leads to the 

ground state electron density (variational theorem). 

Their realization further meant that also the full Hamiltonian and the many-body wave 

function are uniquely determined by the electron density and, as a consequence, knowing the 

density is suʢcient to obtain all properties of interest. However, to put the formalism to a test 

at real systems, we so far, unfortunately, lack an expression for the universal functional Ὂ  on 

how to treat kinetic energy and electron-electron interaction in terms of the density. Kohn and 

Sham proposed a practicable solution to this problem by introducing a ýctitious auxiliary 

system. This auxiliary system is composed of non-interacting electrons, which, by 

construction, yield the exact same electron density as in the interacting real system. Borrowing 

from Hartree-Fock theory, the many-electron wavefunction of this new system can then be 

constructed as a single Slater determinant from the single-electron wave functions •, which 

are better known to us as the electronic orbitals. 

In Kohn-Shamôs approach, the kinetic energy Ὕὲ equals the sum over the energies of the 

non-interacting electrons and can be expressed in terms of their orbitals • as Equ. .ɦɹ. 

Ὕὲ
ρ

ς
• ᶯ •  Equ. .ɦɹ 

Furthermore, since the ýctitious system is originally assumed non-interacting, we reintroduce 

electron-electron interaction with the classical self-repulsion of the electron density Ὁ ὲ 

(Equ. .ɦɻ). 

Ὁ ὲ
ρ

ς
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Finally, we rely on a last contribution Ὁ ὲ, termed the exchange-correlation energy, to 

account for all remaining diʡerences between the original and the Kohn-Sham auxiliary 

system. Namely, this includes non-classical electron-electron interactions not covered by our 

electrostatic term and the diʡerence between the kinetic energy of the real system and the non-

interacting one. Combining these three energies Ὕ, Ὁ and Ὁ , Kohn and Sham arrived at the 

universal functional in Equ. .ɦʁ 

Ὂ ὲ Ὕὲ Ὁ ὲ Ὁ ὲ Equ. .ɦʁ 

and proved that together with Equ. .ɦr, their auxiliary system is able to yield the exact electron 

ground state of the original system. 

Ὁ ὠ ►ὲ► Ä► Ὂ ὲ Equ. .ɦr 



 

With Equ. .ɦʁ and the external potential ὠ , we can further formulate single-electron 

Schrºdinger equations for the non-interacting electrons of our auxiliary system moving in an 

eʡective potential ὠ  (Equ. .ɦ̫). The Kohn-Sham potential ὠ  takes the form of Equ. .ɦy, 

where ὠ and ὠ are the functional derivatives of the respective energy terms in Equ. .ɦʁ. 

The eigenvectors of these Schrºdinger equations are the aforementioned single-particle 

wave functions •, the Kohn-Sham orbitals, with which we construct the electron density via 

Equ. .ɦh ʯ. Recall that as long as ὠ , or equivalently the energy functionals in Ὂ , are chosen 

appropriately, this density is designed to represent the true ground state density of the real 

system. 

The Kohn-Sham energies ‐ are the eigenvalues belonging to •. Janak proved that they further 

relate to the total energy as the derivate of the energy with respect to the fractional occupation 

Ὢ of orbital Ὦ (Equ. .ɦh )h. Although strictly speaking, in the ground state, his theorem only 

holds for adding or removing charge to the frontier orbitals. 

It should be emphasized that we have introduced the single-electron wave functions • as 

objects of a non-interacting auxiliary system. Hence, a priori, neither • nor ‐ should have 

physical origin with respect to the real system. Nonetheless, utilizing Equ. .ɦh ,h it can be shown 

that the energy of the highest occupied orbital, and only this energy, can be interpreted and is 

indeed the ionization potential of the system. 

Up to this point, we have outlined the framework of DFT, which links the ground state 

density to the ground state total energy and, ýrst and foremost, is theoretically exact. Note, 

however, that we have not yet stated the explicit dependency of the exchange-correlation 

functional on the density. This is simply because the exact expression is not known ï feeling 

like a d®j¨ vu. For DFT to actually work in practical applications, Ὁ ὲ currently needs to be 

approximated. Over the years, increasingly elaborate schemes have been suggested on how to 

approach this approximation, which we want to brieþy mention. The simplest one is the local 

density approximation (LDA) and has already been introduced in the work of Kohn and Sham. 

In essence, it assumes that at each point ► of the real system with density ὲ►, the ὼὧ-

contribution corresponds to the ὼὧ-energy of a homogeneous electron gas ‭ ὲ►  with the 

same density (Equ. .ɦh )ɦ. 
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Evaluating the homogeneous electron gas, the energy contribution ‭  per particle is split 

linearly into an exchange and a correlation term. While the exchange contribution can be 

derived analytically e.g., from Hartree-Fock theory, the correlation energy is typically obtained 

from a function ýtted to numerical Monte Carlo simulations over a range of densities. By 

construction, LDA works well for systems with an almost uniform electron distribution, i.e., 

where the electron density varies only slowly in space such as in metals. On the opposite, LDA 

should be expected to fail for molecules with much stronger spatial variations of the density in 

density. For the latter systems, agreement between LDA calculations and experiments often 

stem from fortuitous error cancelation rather than from physical reasons. 

A ýrst improvement to account for varying electron densities is considering not only the 

density but also its gradient in the expression of the exchange-correlation functional. Such 

approaches have become known as generalized gradient approximations (GGA) and take the 

general form of Equ. .ɦh .̡ 

Opposed to LDA, where exchange and correlation are uniquely deýned, there is no unique way 

to create a dependency on the two parameters, ὲ► and ὲɳ►. One such relation has been 

proposed by Perdew, Burke and Ernzerhof (PBE) and, since then, has become the most widely 

used GGA functional in solid state physics. This thesis being no exception, we have also treated 

our periodic systems mainly within PBE-GGA [ʴʲ]. 

While it can be tedious to derive density functionals for the exchange-correlation 

contribution, Hartree-Fock theory readily oʡers an exact expression for, at least, the exchange 

energy in many-electron systems. This orbital-dependent term is given by Equ. .ɦh  r

for the interaction between orbital Ὥ and Ὦ. As we have anyway introduced KS orbitals, Equ. 

.ɦh  rcan also be incorporated into DFT. It was argued that, in conjunction with the density-

dependent correlation energy, a linear combination of exact orbital- and approximate density-

dependent exchange (Ὁ  and Ὁ , respectively) should be applied. Hence, in the simplest 

form, a scaling parameter ‌ determines the weight of each contribution leading to the so-called 

global hybrid functionals for exchange-correlation (Equ. .ɦh )ɹ [ʴʳ,ʴʴ]. 

More sophisticated approaches include range-separated hybrid (RSH) functionals, where the 

description of exchange is additionally split spatially into a short-range (SR) and long-range 

(LR) contribution. In the two regions, the weights ‌ and ‍ control Ὁ  and Ὁ  [ʴïɻɹ ʷ]. 

The parameter ‎, in inverse length scale, essentially deýnes the spatial range at which the 

functional switches between both behaviours. 

Having focused on improving the exchange term, our approximate solutions to treat 

correlation are not ideal either. In fact, by applying the LDA or GGA (semi)locally for the 

Ὁ ὲ Ὢὲ►ȟȿɳὲ►ȿ ὲ► Ä► Equ. .ɦh  ̡
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density at each point ►, we miss a possible inþuence of a perturbation in another region ► on 

the potential at ►. Such non-local charge þuctuations arise from spontaneous polarizations in 

the system and may act over large distances in space. They are termed van der Waals- or 

dispersion-interactions. Exchange-correlation functionals have been developed, which 

speciýcally capture this long-range electron correlation, however, they are merely mentioned 

incidentally in this thesis. Instead, we predominantly employ a dispersion correction, which 

evaluates the dispersion energy atom-pairwise as in Equ. .ɦh  ʁ[ʴʸ,ʵʯ]. 

Ὁȟ Ὢ Ὑ
ὅ

Ὑ
 Equ. .ɦh  ʁ

For each atom-pair (ὃ ὄ) with a distance Ὑ  between them, the coeʢcient ὅ  speciýes the 

eʡective interaction strength. In the end, the correction energy is added to the total energy. 

2.1.2 Introduction to POT 

Besides density functional theory, a recurring topic in this thesis will be the interpretation 

of photoemission spectroscopy data utilizing the so-called photoemission orbital tomography 

(POT) approach. It is, therefore, worthwhile to introduce this technique, both, from an 

experimental as well as a theoretical point of view. 

Our understanding of photoemission centres around Einsteinôs award-winning explanation 

of some experiments ýrst conducted two decades earlier by Hertz. When a material is excited 

with light of suʢcient energy, electrons will be emitted from the material. The kinetic energy 

Ὁ  such an electron can possess, is determined by the energy of the incident light and the ‫ 

energy Ὁ  needed to remove the electron from the sample (Equ. .ɦh )̫. 

In this description, electromagnetic light is seen as quantized packages, the photons, and the 

energy of each package is dependent on the frequency of the light according to Planckôs 

formula. Following Equ. .ɦh ,̫ photoelectrons can be generated as soon as the energy of a 

photon package is large enough to overcome the electronôs binding energy. Conversely, the 

kinetic energy of a liberated electron contains information about the energy of its initial state 

in the material. By collecting the whole range of kinetic energies generated by a photon energy, 

we can map the distribution of electronic levels in the sample under investigation. 

However, counting electrons as a function of kinetic energy is not the only information that 

can be gained from photoemission. For ʱD-periodic systems, symmetry arguments suggest 

that the electronôs momenta parallel to the surface have to be conserved during the emission 

process. Assuming an electron leaves the surface under the azimuthal angle ‰ and the polar 

angle — with respect to a reference plane, its parallel momentum components ὴ and ὴ, or 

equivalently Ὧ and Ὧ in momentum space, are determined by Equ. .ɦh  yand Equ. .ɦɦ ʯ. 

ὴ Ὧ ςὉ ÓÉÎ—ÃÏÓ‰ Equ. .ɦh  y

ὴ Ὧ ςὉ ÓÉÎ—ÓÉÎ‰ Equ. .ɦɦ ʯ 

Thus, by measuring the photoemission intensity in an angle-resolved manner, that is, as a 

function of ‰ and —, we may not only link the energy of the electron before and after 

Ὁ ‫ Ὁ  Equ. .ɦh  ̫



 

photoemission but also its momentum. The resulting ʲ-dimensional data set, ὍὉ ȟὯȟὯ , 

happens to be a distinct ýngerprint for each electronic state and is the basis of angle-resolved 

photoemission spectroscopy (ARPES) experiments. 

At this point, we will not get into instrumental details how the experimental data is actually 

collected. Instead, we turn towards a more theoretical description of the photoemission 

process. For this purpose, we closely follow the quantum mechanical explanations by M.Dauth 

et al. [ʵʰ], which we will later also revisit in chapter ʳ.ʰ.ʲ. We start with the general expression 

of Fermiôs golden rule, which states the transition probability ὡᴼ  between an in initial state 

ɰ and a ýnal state ɰ as 

ὡᴼ ᶿ ɰ Ὄ ɰ ‫‏ Ὁ Ὁ  Equ. .ɦɦ  h

where Ὄ  describes a periodic perturbation with frequency responsible for the transition ‫ 

between an initial state with energy Ὁ and a ýnal state with energy Ὁ. The term ‏Ὁ ensures 

energy conservation during this process. Speciýcally in the case of photoemission 

spectroscopy, this perturbation is described by the electromagnetic ýeld of a photon interacting 

with an ὔ-electron system and exciting it from its initial state ɰ  to the ýnal ɰ . The 

electromagnetic ýeld is characterized by the vector potential ═ and is assumed to be constant 

in space. For photon wavelengths in the ultraviolet regime acting on molecules that are roughly 

two orders of magnitude shorter than the photonôs wavelength. Thus, this assumption is 

reasonable and corresponds to the so-called ñdipole approximationò, in which the originally 

space-dependent vector potential is reduced to the lowest-order term of its multipole 

expansion. With the perturbing potential transforming the original momentum operator ╟ to 

╟ ═, Ὄ  can ultimately be simpliýed to yield Equ. .ɦɦ .ɦ Note that in the evaluation of 

the operator expression, the term quadratic in ═ is neglected as it is considered to be small. 

ὡᴼ ᶿ ɰ ═ẗ╟ɰ ‫‏ Ὁ Ὁ  Equ. .ɦɦ  ɦ

In the context of photoemission, Equ. .ɦɦ  ɦis known as the one-step-model of 

photoemission, which we aim to understand further. Let us start by analysing the energy 

conservation during the process. At the start of the experiment, the investigated system is 

presumed to be in its electronic ground state, the energy of which is given by the expectation 

value of the ὔ electron Hamiltonian with the ground state wave function ɰȟ, i.e., 

Ὁ Ὁȟ Equ. .ɦɦ  ̡

For the ýnal state ɰ , we utilize the so-called ñsudden approximationò, which describes the 

photoemission as an instantaneous change to the system. Without correlation between the 

outgoing photoelectron and the remaining system, the wavefunction of the ýnal state can be 

factorized into the free electron ‎ and a (ὔ ρ) electron term, where a hole remains in the Ὦ-

th electronic level (Equ. .ɦɦ )r. Note that the operator ꜝ in Equ. .ɦɦ  rsimply ensures the correct 

anti-symmetrisation of ɰȟ to satisfy Pauliôs principle. As a consequence of the product ansatz 

and the associated separation of variables, the energy belonging to ɰ  can be split into the sum 



 

over the two independent contributions, i.e., the kinetic energy of the detached electron Ὁ  

and the energy of the Ὦ-th ionized (ὔ ρ) system. 

ɰ ꜝ ɰȟ  ‎ Equ. .ɦɦ  r

Ὁ Ὁȟ Ὁ  Equ. .ɦɦ  ɹ

With the help of Equ. .ɦɦ  ̡and Equ. .ɦɦ ,ɹ we rewrite the energy conservation of Equ. .ɦɦ  ɦ

to predict the measurable kinetic energy of a photoemitted electron. Equ. .ɦɦ  ɻshows the 

dependency of Ὁ  on the photoemission probe energy, the energy of the initial ground state 

and the energy of the ionized ýnal state. Assuming a solely vertical process during 

photoemission, we may neglect electronic and nuclear relaxation. Then, the energy diʡerence 

between the ὔ and (ὔ ρ)-electron system corresponds to the ionization potential ‐ of the Ὦ-

th state, from which the electron was removed, and we arrive at an expression very similar to 

our beginning statement in Equ. .ɦh .̫ As will be encountered throughout this thesis, the 

framework of POT is commonly applied to extended molecular ýlms. For periodic systems, the 

ionization energy ‐ in Equ. .ɦɦ  ɻcan equivalently be expressed by the work function ὡὊ and 

the binding energy of the Ὦ-th molecular level Ὁ with respect to the Fermi-level. 

Ὁ ‫ Ὁȟ Ὁȟ ‫ ‐ ‫ Ὁ ὡὊ  Equ. .ɦɦ  ɻ

After clarifying the energy conservation term, in a next step, we have to evaluate the 

transition matrix element of Equ. .ɦɦ .ɦ For the ýnal state, we assume the product ansatz of 

Equ. .ɦɦ .r In addition, we limit the perturbation to act only on the liberated electron and 

neglect terms describing indirect eʡects such as Auger transitions. After some algebra [ʵʰ], the 

matrix element can ýnally be written as Equ. .ɦɦ ,ʁ where for convenience, we have split the 

integration over the set of all electronic coordinates of the full system into the contribution of 

the emitted electron ὶ and the remaining set ●͵► . This mathematical gimmick reveals an 

expression for the overlap of the many-electron initial state ɰȟ with the ýnal state ɰȟ
ᶻ, 

which is known as the Dyson orbital Ὀ ►  (Equ. .ɦɦ )̫. 

ɰȟ═ẗ╟ ɰȟ ‎ᶻ►  ═ẗ╟ Ѝὔ ɰȟ
ᶻ ●͵►  ɰȟ ●  Ä●͵►  Ä► Equ. .ɦɦ  ʁ

Ὀ ►╝ Ѝὔ ɰȟ
ᶻ ●͵►  ɰȟ ●  Ä●͵►  Equ. .ɦɦ  ̫

Employing the construct of the Dyson orbital reduces the dependency of the matrix element 

from ὔ-electron coordinates to the single coordinate ► of the outgoing electron. 

ɰȟ═ẗ╟ɰȟ ‎ᶻ►  ═ẗ╟ Ὀ ►  Ä►  Equ. .ɦɦ  y

However, to arrive at a conceivable interpretation of the integral in Equ. .ɦɦ ,y we have to 

make an additional assumption about the ýnal state of the released photoelectron ‎. In line 

with the ñsudden approximationò, the electron is emitted immediately into the vacuum region 

and does not feel the potential of the remaining (ὔ ρ) system. The state of such a free electron 

can be characterized by a plane wave (Equ. .ɦ̡ ʯ). 

‎ Ὡ▓► Equ. .ɦ̡ ʯ 



 

Utilizing Equ. .ɦ̡ ʯ in Equ. .ɦɦ  yand applying the momentum operator reveals the integrand 

to be simply the Fourier transform of the Dyson orbital Ὀ, converting it from the real-space 

electronic coordinate ► to momentum space ▓. Following Fermiôs golden rule, the 

photoemission intensity in momentum space then relates to the absolute square of Fourier 

transform modulated by the light-polarization factor ȿ═ẗ▓ȿ. 

The k-resolved intensity pattern is, thus, mainly determined by the structure of the Fourier-

transformed Dyson orbital, which is evaluated along all momentum vectors ▓ with a certain 

length. Visualizing a -̡dimensional representation of the Dyson orbital, vectors of equal length 

correspond to a (hemi)spherical cut through its Fourier transform. The radius of the sphere ȿ▓ȿ 

is set by the kinetic energy, at which the photoelectron is detected. Combining the dispersion 

relation of a free electron with Equ. .ɦɦ ,ɻ the cut is taken according to Equ. .ɦ̡  ɦfor all ▓-

vectors with 

ȿ▓ȿ ς ‫ ‐  Equ. .ɦ̡  ɦ

While Dyson orbitals are the formally correct construct to describe photoemission, they are 

usually approximated with molecular orbitals in practical application and also throughout this 

thesis. Molecular orbitals of isolated systems or equivalently molecular bands of extended 

structures can be readily obtained from quantum mechanical calculations and have proven to 

be a reliable reference for the interpretation of photoemission experiments [ʵʰ]. Ultimately, 

the combination of angle-resolved photoemission data with feasible quantum mechanical 

predictions forms the heart of photoemission orbital tomography. 
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2.2 Longer Acenes on Coinage Metals 

2.2.1 Introduction 

The acene family is perhaps most prominently represented by its ýve-ring member, 

pentacene, in the search for organic semiconductors [ʰʵ,ʰʶ]. Marked as a potential target for 

electronic devices, the molecule has been intensively studied and is still considered as a 

prototypical example for this ýeld of research. Derivatives of pentacene, but also its shorter 

brother tetracene, are often linked to keywords such as organic light-emitting diodes, thin-ýlm 

transistors, or photovoltaic cells [ʰʷ,ʵʱïɻ ʷ]. 

Despite the rumoured range of applications in surface science, acenes longer than 

pentacene are scarcely deposited on metal substrates. In contrast to their smaller homologues, 

extensive use in experimental studies is limited by the moleculesô instability toward light and 

oxygen [ʱïrɦ ʵ,ʵʸ,ʶʯ]. Bypassing intricate working conditions, on-surface syntheses starting 

from stable precursors nonetheless provided access to acenes up to dodecacene and, thereby, 

revealed ýrst insights into the behaviour of higher acenes on surfaces [ʶïhʁ ʷ]. However, such 

strategies are mainly restricted to submonolayer coverages, where electronic properties are 

investigated on a single molecule level by scanning tunnelling microscopy (STM) or atomic 

force microscopy (AFM) [ʶʰ,ʶʱ,ʶʳ,ʶʶ,ʶʸ]. 

For applications in opto-electronic devices, it is often preferred to know the arrangement 

and electronic structure of full monolayer ýlms. The longest acene, for which controlled ýlm 

formation on a surface was achieved, is hexacene [ʷʯ,ʷʰ], albeit the corresponding studies 

were conducted on non-interacting substrates. The interaction of aromatic molecules with 

possible contacts like the coinage metal surfaces of copper and silver presumably leads to a 

distinct change in the electronic structure due to charge transfer and chemisorption [ʷïɦ̫ ʴ]. 

To get more detailed insight into higher acenes on coinage metals, we aim to provide a 

profound analysis of their geometric and electronic properties. 

Article Information and Author Contribution 
Our investigations have resulted in three publications, which are reviewed together in the 

following section. The acene thin ýlms are generally characterized in ref. [ɦ ʸ] and [ʲʯ] 

employing a variety of surface-sensitive techniques. Here, my calculations complement data 

measured by my experimental colleagues Marie S. Wagner (former Sªttele) and Larissa 

Egger. I was involved in discussion and interpretation of the results and provided the 

theoretical analysis, including text and Figures, for the manuscripts. More speciýcally focusing 

on charge transfer at an interface, the article of ref. [ʲʰ] can be regarded as a successful 

example of computer assisted experiment design and represents my main contribution to this 

project. Based on my simulations of the interface, Thomas G. Bon® kindly set up and 

conducted the corresponding experiments, which I then analysed. Putting calculated and 

measured data together, I have been responsible for designing the Figures and writing the ýrst 

draft of the manuscript. 



 

 

2.2.2 Results and Discussion 

Investigated Systems 
We expand the series of acenes towards the two next higher homologous of pentacene, i.e.: 

hexacene (ʵA) and heptacene (ʶA). Both molecules were deposited each onto a Cu(ʰʰʯ) and a 

Ag(ʰʰʯ) surface by evaporation. While this is without problems in the case of hexacene, for 

heptacene, due to its increased instability, the deposition is achieved via a precursor molecule. 

Heating of the precursor leads to a transformation into the acene via thermally induced 

cycloreversion. 

The (ʰʰʯ) surface of fcc-metals is characterized by close-packed metal atom rows in the 

ρρπ crystal direction. Analysis of LEED and STM images suggests that the molecules 

predominantly arrange along those rows on both surfaces. By doing so, ʵA and ʶA follow the 

path of smaller acenes on Cu(ʰʰʯ), which are all found facing the ρρπ direction [ʷʴ,ʷʵ]. 

However, for Ag(ʰʰʯ), our observation for the longer acenes is in contrast to previous studies, 

Figure 2.1: Headers of the three articles [29ð31] including all contributing authors. All studies 
were published in the Journal of Physical Chemistry C.



 

where tetracene and pentacene favourably 

orient along ππρ, i.e.: perpendicular to the 

metal rows [ʷʶ,ʷʷ]. To understand these 

diʡering trends for the acene series on the two 

metals, computational models should give 

further insight into the preferred adsorption 

conýguration of ʵA and ʶA on Cu and Ag. In 

our simulations of the interfaces, the acenes 

are oriented along the ρρπ and ππρ crystal 

direction in such a way, that the majority of 

their benzene units are either above a ñhollowò or a ñbridgeò adsorption site (for deýnition see 

sketch in Figure .ɦɦ). In addition to the adsorption site, we vary the molecular arrangement on 

the surface. Beside the experimentally determined unit cells for a full monolayer, we consider 

cells of diʡering coverage (small, medium and full coverage) and relative alignment of the 

molecules (parallel and shifted to each other). In total, we study ʱʯ adsorption conýgurations 

for each interface, the epitaxial matrices and molecular coverages of which are listed in the 

Appendix (Table .̫h). 

The adsorption energies of all optimized structures are summarized in Figure .ɦ̡a in the 

left panels for Ag(ʰʰʯ) and in the right panels for Cu(ʰʰʯ). In the case of Ag(ʰʰʯ), all 

adsorption conýgurations of either ʵA or ʶA are in the same energetic range (within ʯ.ʱ eV). 

As the width of a benzene-ring (ʱ.ʳʴ ¡) does not match a speciýc surface unit cell distance of 

Ag (Ag: ʱ.ʷʸ x ʳ.ʯʴ ¡), each conýguration along ππρ or ρρπ consists of benzene moieties 

above ñbridgeò and ñhollowò sites (e.g.: Figure .ɦ̡b left). The interplay of diʡerent interactions 

of the carbon backbone with the substrate, i.e.: favourable and unfavourable ones, results in a 

shallow energy landscape. For both acenes, ʵA and ʶA, there is one conýguration each along 

ππρ and ρρπ competing for the most favoured structure in an energetic range of about 

ʯ.ʯʴ eV. Thus, based on our calculations, we are not able to unambiguously conýrm the 

experimentally observation, where a ρρπ alignment is favoured over the ππρ] orientation. 

Instead, we would rather expect mixed domains. We suspect two possible reasons for this 

Figure 2.2: Schematic sketch illustrating possible adsorption 
sites for acenes on (110) surfaces. The long molecular axis 

might be oriented along the ρρπ (left) or the ππρ 
direction.

Figure 2.3: a) Adsorption energies of 6A and 7A on Ag(110) and Cu(110) for unit cells with different size and relative 
alignment of the molecules calculated with PBE-D3. The configurations are denoted as: i=small coverage, m=medium 

coverage, f1=full coverage with parallel order, f2=full coverage with shift between molecules, e=experimental unit cell  

b) Model of the acenes oriented along the ρρπ direction as determined from experiment.



 

discrepancy. First, we have to consider the accuracy of the theoretical approximations in our 

approach. For instance, we describe van der Waals interactions by Grimmeôs Dʲ dispersion 

correction, which may introduce errors in the same order of magnitude as the observed energy 

diʡerences between ππρ and ρρπ conýgurations. Indeed, it has recently been argued that 

many-body dispersion eʡects have to be accounted for to accurately describe the adsorption of 

acenes on some coinage metal surfaces [ʷʸ,ʸʯ]. Unfortunately, we were not able to converge 

these kinds of calculations. Secondly, the experimental observation of ordered layers with a 

single molecular orientation despite comparably small energetic diʡerences between the 

adsorption structures could also indicate kinetic eʡects during the ýlm growth. Processes such 

as adsorption at step edges or kinks of the Ag substrate, or diʡusion barriers on terraces and 

across step edges may play a role in the ýlm formation. Indeed, in a later section, we will ýnd 

further indications for the importance of the preparation conditions. It would certainly be 

interesting to shed light on all these inþuences with a high accuracy computational approach, 

however, this is not the scope of the present work. 

On the Cu-surface, we see a clearly preferred adsorption geometry irrespective of the chosen 

unit cell at the ñhollowò position along the ρρπ direction, which is energetically favoured to a 

ππρ alignment by at least ʯ.ʲ eV. The preferred orientation is in good agreement with 

experiments and is likely due to the high commensurability of acenes and Cu. In fact, the 

surface unit cell distance of Cu along the [ʰʰ←ʯ]-direction (Cu: ʱ.ʴʵ ¡) matches with the width 

of a benzene-ring (ʱ.ʳʴ ¡). Therefore, each benzene moiety occupies nearly the same surface 

site, e.g., ñhollowò (see Figure .ɦ̡b right), and the molecule is easily able to maximize the 

interaction with the substrate as we will further demonstrate below. 

Finally, comparing the two metal surfaces, 

Ag to Cu, we note the high adsorption 

energies on the Cu-surfaces compared to 

their Ag counterparts. In concordance with 

Cu being more reactive, this is a sign for 

increased interaction with the surface. 

Including the smaller homologues, tetracene 

and pentacene, in our calculations, we ýnd 

the trend of the adsorption energies given in 

Figure .ɦr. Under the assumption of 

chemisorption, it is accepted that the 

energies should scale linear with the size of 

the acene [ʸïhy ʴ], adding for each ring four-

times the bond energy of a C-metal bond to 

the energy of the next smaller aromatic unit. Comparing the straight lines ýtted to our 

calculated energies (dashed in Figure .ɦr), we ýnd the assumption valid in both cases, Ag and 

THM: Analysing the adsorption energies of different configurations of hexacene and 

heptacene on Ag(110), we cannot conclude on a clearly preferred adsorption 
orientation. In contrast on Cu(110), the commensurability between acenes and surface 

unit cell favours arrangements along the metal rows in the [110] direction. 

Figure 2.4: Adsorption energies of benzene and different 
acenes (4A, 5A, 6A, 7A) on coinage metals (Ag and Cu) in 

the most favourable configurations as obtained with PBE-D3. 
Dashed lines is a linear fit to the calculated adsorption 
energies approximate the linear behaviour of chemisorption, 



 

Cu. This would also be in line with the adsorption distances found in our simulations. The 

molecules approach the surfaces signiýcantly closer (Ag: ~ʱ.ʶ¡; Cu: ~ʱ.ʱ¡) than the estimated 

limit for physisorption given as the sum of the van der Waals radii of the metals and the 

molecule (on Ag: ʲ.ʳʱ ¡; on Cu: ʲ.ʰ ¡). 

ARPES 
To get a better understanding of the interactions at the interfaces, we turn to photoemission 

experiments. Connecting the idea of frontier molecular orbitals to experimental photoemission 

signals, POT has become an established technique to explain the energy alignment of 

adsorbate-systems. For our acenes, we introduce the approach at the example of ʶA in Figure 

.ɦɹ. Here, the ýve orbitals HOMO-ɦ  to LUMO+ʰ calculated for the gas phase molecule are 

displayed together with their corresponding simulated photoemission intensity distribution. 

Each orbital is attributed with a unique pattern in momentum space, which can be compared 

to measured momentum maps. By recording a stack of photoemission data over diʡerent 

binding energies, the energetic position of the orbitals in the valence region can, thus, be 

mapped (Figure .ɦɹ right). In the ýnal step, the assignment is conýrmed by comparison with 

calculations for the most stable adsorption structures from the previous section. 

The results of our evaluation are summarized in Figure .ɦɻ. Full analysis of the data sets for 

ʵA and ʶA on Ag and Cu can be found in the Appendix (Figure .̫h). To complete the picture, 

we also included the energy levels of tetracene and pentacene from previous investigations 

[ʷʴ,ʷʵ]. Most importantly, compared to the smaller acenes, POT reveals an increased charge 

transfer upon adsorption of ʵA and ʶA on both surfaces. In the case of Ag(ʰʰʯ), signatures of 

the LUMO can be found below the Fermi-energy. On Cu, even the LUMO+ʰ gets occupied by 

electron transfer from the substrate. This ýnding is fully supported by our computational 

models, where we see equally strong charge rearrangements for the respective interfaces. 

The complex redistribution of electrons at the interfaces contributes to a change of surface 

dipoles, which we can quantify via photoemission spectroscopy as a modiýcation to the work 

function of the sample. The measured changes with respect to clean Ag(ʰʰʯ) (WFexp = r .ʲʴ eV) 

and Cu(ʰʰʯ) (WFexp = ʳ.ʳʲ eV) upon adsorption of the molecules are summarized in Table .ɦh. 

We ýnd little diʡerence between the two acenes. For both, ʵA and ʶA, the work function change 

on Ag (-ʯ.ʱ eV) is signiýcantly smaller than on Cu (-ʯ.ʷ eV). The calculated electronic 

properties of our optimized structures reproduce the experimental results nicely. 

Figure 2.5: Real space images of the frontier Ù-orbitals of an isolated 7A molecule obtained with B3LYP-D3 and 

corresponding simulated photoemission momentum maps. On the right, the three-dimensional experimental data set is 
illustrated with the angle resolved photoemission intensity as a function of binding energy.



 

With the help of our simulations, we can 

rationalize these experimental results in 

more detail. For our analysis, we assume that 

the surface dipole is inþuenced by three 

major components. On the one hand, the 

approaching molecules push the electron tail 

of the metal surface back to the surface, 

leading to a reduction of the work function of 

the substrate, i.e.: Pauli repulsion, push-back 

eʡect (e.g. refs [ʸ,ʸʵ]). On the other hand, 

electron transfer from the metal to the 

molecular layer leads to a surface dipole 

pointing in the opposite direction and, hence, 

increases the work function. Finally, changes 

in the molecular structure induced by the 

adsorption may result in an intrinsic dipole of the molecule that also contributes to the overall 

work function change [ʰʰ]. 

Starting with the latter eʡect, we estimate it as the vacuum potential step of a freestanding 

monolayer of the molecule in its already distorted geometry. On both substrates, our initially 

planar acenes bend toward the surface, albeit to a diʡerent extent, being responsible for a 

reduction of the work function of about -ʯ.ʰʱ eV on Ag and -ʯ.ʲʴ eV on Cu. Note, how for the 

Ag-surface, the bend amounts already to almost the complete change of the work function, 

while for Cu, the inþuence of the other factors must become more important. 

Following our previous POT analysis, the observed charge transfer from the substrates to 

the molecules will certainly counteract the bending eʡect. For our model systems, the number 

of electrons in the acenes after adsorption are obtained via Bader charge analysis [ʸʶ]. The 

excess charge of about ʰ electron (Ag) and ʱ electrons (Cu) qualitatively represents the 

experimentally found occupation of the LUMO on Ag and, additionally, of the LUMO+ʰ on Cu. 

At the same time, it would suggest an increase of the work function, which is, at ýrst glance, 

contrary to what we measure. 

The overall decrease of the work function can be understood if the eʡect of the charge 

transfer is balanced by the push-back eʡect. On Cu(ʰʰʯ), the dipole caused by charge transfer 

must eʡectively be overcompensated by an opposite, very large dipole arising from push-back. 

We can rationalize this observation with the close distance of the molecules to the Cu-surface 

(~ʱ.ʱ¡). On Ag(ʰʰʯ), the interaction with the substrate is weaker. Remember that on this 

surface, the total change in work function would already be covered by bending of the molecule. 

Thus, the adsorption height of ~ʱ.ʶ¡ apparently induces just enough Pauli repulsion to 

equalize the charge transfer eʡect. 

 

THM: Photoemission spectroscopy reveals charge transfer from the metal substrates 

to the acene molecules. The Ag(110)-surface provides electrons to occupy the LUMO 
of hexacene and heptacene. The interaction on Cu(110) is stronger, filling not only the 

LUMO but also the LUMO+1. 

Figure 2.6: Experimental energy alignment of the frontier 
molecular orbitals of different acenes (4A [86], 5A [85], 6A, 

7A) at the valence region on Ag (left) and Cu (right) 
determined from POT analysis (bars). Data for 4A and 5A 
was taken from literature. The DFT calculated values (PBE-

D3) are marked by the star shaped symbols.



 

 Ag(110) Cu(110) 
 6A 7A 6A 7A 

Exp. change [eV] -0.2 -0.15 -0.8 -0.83 

Calc. change [eV] -0.16 -0.11 -0.88 -0.91 

Charge transfer [e-] 

(exp) 

0.70 

(LUMO) 

0.92 

(LUMO) 

1.51 

(LUMO+1) 

1.89 

(LUMO+1) 

Ad.-distance [¡] 2.67 2.66 2.17 2.14 

 

So far, we have treated the systems, as they 

would be unambiguously described by a 

single adsorption geometry. Since the 

calculated adsorption energies of diʡerent 

acene conýgurations in particular on Ag(ʰʰʯ) 

are close in energy, it is reasonable to expect 

mixed arrangements on the surface. 

Especially without providing additional 

energy to the systems, i.e.: without annealing, 

the molecules should be able to rest in local 

minima along both crystal directions, ρρπ 

and ππρ. Such a situation might be inferred 

from STM images, where occasionally regions 

of ʵA or ʶA along ππρ on Ag(ʰʰʯ) can be 

found, besides the aforementioned 

predominant orientation of ρρπ. STM, 

however, displays only local arrangements. 

More conclusive arguments come from 

ARPES measurements, which collect data 

averaged over a larger crystal area. Measured 

momentum maps for the ʶA/Ag interface are 

shown in Figure .ɦʁa. The k-values of the 

emission features uniquely associate the 

maps to the LUMO (top) and HOMO 

(bottom) of the molecule. Comparing with the simulations in Figure .ɦɹ, the experimental 

intensity distribution cannot be explained by a single molecular orientation. Instead, the 

square pattern of the LUMO or the star shaped feature in the HOMO region reveals the 

existence of indeed two perpendicular ʶA molecules, i.e.: along both crystal directions. 

Fitting the measured momentum maps of several binding energies against the simulations 

[ʸʷ] results in the deconvolution curves in Figure .ɦʁb, where we see the HOMO and LUMO 

peaks appearing for the ρρπ and ππρ direction. The diʡerent heights of the peaks reþect the 

diʡerent occupations along the directions in agreement with STM. Interestingly, the maxima 

Table 2.1: Comparison between experimentally determined and calculated (PBE-D3) work function changes for the 
adsorption of 6A and 7A on the Ag and Cu surface. Charge transfer from the substrate to the acenes is quantified by 

Bader charge analysis as the excess charge after adsorption. Brackets give the highest molecular orbital seen in POT. The 
adsorption distance is given as the mean distance of the carbon backbone to the surface of our optimized structures. 

Figure 2.7: a) Experimental momentum maps attributed to 

the LUMO (top) and HOMO (bottom) of a 7A monolayer 
deposited on a cold Ag(110) surface. b) Energy dependent 
deconvolution of the experimental data set using gas phase 

orbitals with perpendicular orientation. c) Density of states 
projected onto the molecular orbitals for four different 
adsorption configurations sampling the overlayer structures of 

Figure 2.3. Boxes mark the binding energy range of the 
respective orbital contributions. The spectrum at the bottom 

corresponds to the òbridge ρρπó configuration in the 

experimental unit cell. All data calculated with PBE-D3.



 

of the peaks are shifted by ʯ.ʯʴ eV and ʯ.ʰ eV for the HOMO and LUMO, respectively, 

indicating slightly diʡerent electronic properties for both adsorption geometries. Our DFT 

calculations of diʡerent ʶA/Ag conýgurations fully conýrm this ýnding. Projecting the density 

of states onto the molecular orbitals, we equally observe a variation of the binding energies of 

the frontier orbitals (Figure .ɦʁc). Note that our computational analysis includes several 

molecular coverages, and the interpretation is independent of the unit cell size. 

For Cu, the calculated adsorption energies 

more clearly favour the alignment of the 

acenes along the ρρπ rows. However, our 

DFT calculations suggest that ýlms with a 

perpendicular arrangement of molecules 

could be of particular interest. Analysing the 

calculated electronic properties of ʶA/Cu 

(Figure .ɦ̫a top, equivalently also ʵA), a 

possible occupation of the LUMO+ʰ strongly 

depends on the adsorption conýguration of 

the molecules, which in turn would reþect in 

the binding energy at which the 

corresponding ARPES momentum maps 

could be observed in experiment. Except for 

the most stable conýguration, i.e., the 

ñhollowò conýguration along ρρπ, the 

LUMO+ʰ is empty, while the HOMO and 

LUMO levels shift to about ʯ.ʴ eV lower 

binding energies. 

By modifying the growth conditions, 

speciýcally by cooling the substrate with 

liquid nitrogen during the evaporation, we 

are able to produce ýlms in which a 

substantial fraction of heptacene molecules 

orient perpendicular to the most favourable 

ρρπ row direction, i.e., along ππρ. The 

characteristic emission signatures of the 

momentum maps allow us to disentangle the 

contributions from the two molecular 

species, either oriented parallel or 

perpendicular to the Cu rows. As 

demonstrated in the bottom part of Figure 

.ɦ̫a, deconvolution of the experimental data stack nicely recovers the theoretical predictions, 

resulting in the observed signiýcant shift of the energy levels and the orientation dependent 

ýlling of the LUMO+ʰ. 

To highlight the importance of the chosen preparation conditions, Figure .ɦ̫b compares 

measurements for a sample with a cooled (top) and a heated (bottom) substrate during 

deposition of the molecules. For the comparison, we have chosen a binding energy of ʯ.ʵʶ eV 

Figure 2.8: a) (top) Density of states of 7A/Cu projected onto 

the molecular orbitals for four different adsorption 
configurations sampling the overlayer structures of Figure 2.3. 
Boxes mark the binding energy range of the respective orbital 

contributions. The spectrum at the bottom corresponds to the 

òhollow ρρπó configuration in the experimental unit cell. All 
data calculated with PBE-D3. (bottom) Energy dependent 
deconvolution of the experimental data set using gas phase 

orbitals with perpendicular orientation. b) Experimental 
momentum maps of a 7A monolayer prepared on a cold and 
a hot Cu-surface (same binding energy EB=0.67eV) c) Line 

scans along the white lines in b) corresponding to the ρρπ 
(solid line) and the ππρ (dashed line) direction. 
Experimental data points (grey) are fitted with Gaussian 
curves.



 

as, at this energy, the LUMOôs emissions of molecules along both directions are visible. For the 

heated sample, almost no emissions along ππρ are visible, while with decreasing substrate 

temperature, emissions along the ππρ direction can be recognized. The same conclusion can 

be inferred from Figure .ɦ̫c, which shows the intensity proýles obtained from linescans along 

both k-directions (white lines in Figure .ɦ̫b). The peak connected to the minority ππρ 

alignment of heptacene (dashed lines) clearly increases with decreasing temperature, while the 

majority alignment with heptacene parallel to ρρπ prevails. As a side note, it should be 

mentioned that on repeating the experiment with another Cu crystal, we ýnd the same 

qualitative trend with temperature, but the ratio between majority and minority orientations 

deviates slightly. This suggests that in addition to the substrate temperature, peculiarities of 

the used Cu crystal, e.g., the density of step edges and/or kinks, are also important parameters 

governing the growth of heptacene on Cu(ʰʰʯ).  

Albeit in the previous examples, the momentum patterns of two perpendicular species are 

easily distinguished, POT has proven on several occasions to have high sensitivity to the 

alignment of the molecules with respect to the crystal directions [ʸïyh ʯʰ]. Considering the 

symmetry of our (ʰʰʯ)-surfaces, the technique should be able to detect rotations in the range 

of ÑʰʯÁ, which visibly change the simulated intensity distribution (Figure .ɦya). When 

depositing a monolayer of ʵA (or equivalently ʶA [ʷʶ]) on a hot Ag-substrate, i.e.: avoiding 

perpendicular orientations, STM images show a predominant alignment of the acenes rotated 

by ÑʶÁ oʡ the ρρπ direction (right of Figure .ɦyb). Comparing measured momentum maps 

for the ýlms (left of Figure .ɦyb) to simulated maps, we observe no indication of such a rotation, 

but instead, a better agreement with molecules oriented directly along the ρρπ rows. The 

contrasting ýndings are not necessarily an experimental artefact or a shortcoming of POT. In 

fact for tetracene, it was found, that the 

rotation of the molecules varies within a small 

coverage window and is induced when 

changing the dosage somewhere between ʯ.ʷ 

and a full monolayer [ʰʯʱ]. As the ýlms for 

STM and ARPES measurements were 

prepared independently in diʡerent 

chambers with diʡerent equipment it is 

plausible that the measurements also 

correspond to two slightly diʡerent 

monolayer coverages, witnessing the 

rotational change close to a full monolayer. 

Figure 2.9: a) Simulated HOMO momentum map of isolated 
6A calculated with B3LYP applying 2-fold symmetry of the Ag-
surface. The long molecular axis is oriented directly along a 

main crystal direction (left) and slightly rotated to it (right). b) 
Experimental momentum map of 6A/Ag(110) attributed to 
the HOMO (left). STM image of a full monolayer 6A/Ag, red 

arrows indicate the molecular axis with respect to the ρρπ 
direction.

THM: Acenes on metal(110) surfaces exhibit a different energy level alignment 
depending if the molecules orient along the [110] or [001] crystal direction. This is 
particularly evident for 7A on Cu(110), where charge transfer from the surface fills 

either only the LUMO (along [001]) or both, the LUMO and LUMO+1 (along [110]). 



 

Beside energy alignment and geometric 

structure, POT is also able to contribute to 

the understanding of the chemical nature of 

our acene-interfaces. As mentioned in the 

beginning, the deposition of ʶA starts from a 

precursor molecule. First suggested by 

Einholz et al. [ʰʯʲ], the heating of a mixture 

of diheptacenes, i.e.: heptacene-dimers 

coupled at a benzene-unit (see Figure .ɦh ʯa), 

should result in the sublimation of ʶA 

following a cycloreversion reaction. If the C-

C bond breaking were not completely 

successful, we would expect to observe a 

photoemission distribution such as 

simulated for the HOMO of an isolated dimer 

in Figure .ɦh ʯb. The momentum map of 

diheptacene is rich in features, characterized 

by four major lobes at very low ky-values and additional minor lobes in the outer rim. In 

essence, since the C-C bridges break the extended ɸ-conjugated system of each ʶA moiety, the 

split of features originates from the small ɸ subsystems bent to either side. However, no such 

pattern is observed in the experimental momentum map of ʶA in Figure .ɦh ʯc exemplary 

shown for the HOMO region of a monolayer on Cu (nor in the experimental maps of any other 

molecular emissions). Instead, the k-positions of the photoemission lobes nicely agree with 

those of a simulated momentum map of a single ʶA HOMO (Figure .ɦh ʯd). As POT is an area-

averaging technique, we measure the accumulated photoemission response of an ensemble of 

molecules on a macroscopic scale and thereby can conýrm the formation of ʶA molecules or, 

using a chemical term, a high reaction yield. The quality of the experimental momentum map, 

thus, demonstrates the chemical purity of the synthesized ʶA. 

XPS 
In the previous section, we investigated the signiýcant charge transfer between the metal 

substrates and the acenes. By measuring X-ray photoemission spectroscopy (XPS), we 

demonstrate the eʡect of this metal-molecule interaction on the core electrons of the molecule. 

To introduce the C h s spectra of acenes, we ýrst discuss the spectrum of a multilayer thick ýlm 

of ʵA and ʶA as reference samples without inþuence of the surface (Figure .ɦh ah top). While 

the experimental spectra display only one broad peak, calculations suggest that they are in fact 

composed of three carbon species with diʡerent chemical environments. The calculated core 

level binding energies for ʶA are exemplary included in Figure .ɦh ah as coloured bars following 

the colour scheme of the carbon atoms in Figure .ɦh bh. The assignment for ʵA is analogue. 

Aromatic carbons bonded only to other carbons (C-C, orange) appear at the highest binding 

Figure 2.10: a) Structure of the precursor, diheptacene 
(heptacene-dimer). b) Simulated momentum map of the 

HOMO emission of a single diheptacene molecule. c) 
Experimental momentum map attributed to the HOMO 
emission, (exemplary 7A/Cu). d) Simulated momentum map 

of the HOMO emission of a single 7A molecule. Calculations 
in the gas phase with B3LYP-D3.

THM: Since especially longer acenes are difficult to synthesize, formation of acene-
interfaces sometimes involves precursor molecules. ARPES provides a possibility to 

monitor the conversion from a precursor molecule to the actual acene and investigate 

subtleties during the monolayer growth. 



 

energy. The terminal C-H bonded atoms (yellow) are next in line, while the inner C-H (green) 

are at lowest binding energies. Their relative energetic ordering is in perfect agreement with 

combined experimental and theoretical data of pentacene [ʰʯʳ]. Using these three components 

in their stoichiometric ratio (ʰʯ:ʷ:ʷ for ʵA and ʰʱ:ʷ:ʰʯ for ʶA), the C h s spectra can be well 

described.  

The monolayer spectra in Figure .ɦh ah (middle and bottom) are distinctly diʡerent from 

those of the thick ýlms, as intensity develops especially at the low-binding energy side. 

Noteworthy however, on the same surface, the spectra of ʵA and ʶA exhibit similar shapes, 

which we attribute to the similar ways both acenes interact with the substrates (compare also 

energy alignment Figure .ɦɻ). 

For our monolayers on Ag(ʰʰʯ), the whole XPS spectrum shifts to lower binding energies 

compared to the bulk originating from the described charge transfer from the metal to the 

acenes. Final state screening eʡects in photoemission at the interface to metal substrates may 

additionally cause a lowering of binding energies (e.g., refs. [ʰʯʴ,ʰʯʵ]). However, not only an 

overall shift of the C ʰs binding energy is observed in Figure .ɦh ah, but also a change of the 

peak shape that could be caused by a relative shift of the diʡerent components. Assuming a 

local charge transfer to certain carbon atoms at the interface, an energetic shift of the respective 

component toward a lower binding energy would be expected. Recall that on Ag(ʰʰʯ), the 

LUMO of both, ʵA and ʶA, gets ýlled. The electron density of the LUMO is mainly located at 

the inner CïH (green) with less contributions on the terminal CïH (yellow, compare Figure 

.ɦh bh). Indeed, we observe a stronger shift for these components leading to the visible shoulder 

of the spectrum at lower binding energies. 

 

 

Figure 2.11: a) Experimental C 1s spectra of an hexacene multilayer, and monolayers of 6A and 7A on Ag(110) and 
Cu(110). Bars mark calculated binding energies, rigidly shifted by 0.8 eV for better comparison with experiment. b) Electron 

density of the LUMO and LUMO+1 obtained from a B3LYP-D3 calculation. Carbon atoms are coloured according to their 
chemical environment: C-C (orange), terminal C-H (yellow), inner C-H (green) c) Simulated XPS spectrum of a singly 
charged 6A molecule. Binding energies are rigidly shifted for comparison with panel a). All calculated values are obtained 

from the ȹKS approach in GPAW (PBE-D3). 



 

To further substantiate our ýndings, we perform an additional calculation, where we 

simulated the C h s spectrum of a singly charged acene species in the gas phase. As seen in 

Figure .ɦh ch, we nicely recover the relative positions of the three carbon species. The 

simulation without a substrate reaʢrms our interpretation that the kink in the emission 

spectra is not dependent on the surface environment but a direct consequence of the additional 

charge in the LUMO. 

On Cu(ʰʰʯ), the electron transfer from the metal into ʵA and ʶA is even more pronounced, 

and so the LUMO+ʰ becomes gradually ýlled. The higher binding energy of the C ʰs spectrum 

compared to that of ʵA on Ag(ʰʰʯ) is most likely caused by the diʡerent energy level alignment 

at the interface (pinning at the LUMO+ʰ). We also note that the inner and terminal CïH atoms 

now appear at the same binding energy according to the calculations. In general, we attribute 

this to the stronger chemisorptive nature of the adsorption on Cu. However, contrasting to Ag, 

it cannot solely be rationalized by the ýlling of another orbital, since the increase in electron 

density would aʡect both C-H species alike (Figure .ɦh bh). Instead, we point to the 

aforementioned commensurability between the acenes and the Cu-surface unit cell, where 

both atom species are located at the same position along the Cu rows. Apparently, the strong 

C-Cu bond dominates the chemical environment over the relative position within the acene, 

making the diʡerent C-H more similar. 

This hypothesis is diʢcult to conýrm 

theoretically, but we have attempted to 

disentangle the inþuence of charge and 

chemical environment by utilizing the 

adsorption site dependent amount of charge 

transfer. Here, we shift the molecule by half a 

unit cell along ρρπ from the preferred 

ñhollowò to the ñbridgeò position. Due to the 

commensurability, the C-Hs of each benzene 

unit again feel an equal chemical 

environment and, moreover, are located at 

approximately the same distance to the Cu-surface (~ʱ.ʲ¡) as before. However, compared to 

the òhollowò conýguration, the LUMO+ʰ is not ýlled anymore (see Figure .ɦh  ɦleft). Thus, if 

charge transfer would be the dominant parameter, we would naively expect a spectrum like on 

Ag. Instead, the simulated Cu-ñbridgeò XPS spectrum (Figure .ɦh  ɦright) exhibits the same 

characteristics as the Cu-ñhollowò spectrum (bottom in Figure .ɦh ah) with all C-H species close 

in binding energy. This would support our assumption that despite being diʡerently charged 

systems, the short distance to the surface is an important eʡect for the explanation of the acene 

spectra on Cu. 

 

Figure 2.12: (left) Density of states of 7A/Cu in the òρρπ 
bridgeó configuration projected onto the total molecule (grey) 
and the molecular orbitals calculated with PBE+D3. Note that 

the LUMO+1 is not filled. (right) Simulated XPS spectrum of 
this species obtained with the ȹKS approach in GPAW. 
Binding energies are shifted for comparison with Figure 2.11.

THM: The interaction between surface and molecule does not only affect the frontier 
orbitals but also the core levels of the acenes. On Ag, the charge transfer is responsible 

for a visible shoulder in their C 1s XPS spectra, which we rationalize by a local increase 
of electron density at specific carbon atoms. The even stronger interaction on Cu leads 
to a more uniform chemical environment of the carbon atoms. 



 

2.3 Intermolecular Dispersion of Heptacene 

2.3.1 Introduction 

As we have seen in our characterization so far, the assembly of higher acenes on coinage 

metals is largely dominated by the interaction of the molecule with the substrate. Thus, it is 

also diʢcult to extract and elaborate on electronic properties intrinsic to the molecular 

monolayer. Information on molecule-molecule interaction may be gained by studying thicker 

ýlms, where the inþuence of the substrate is weakened. The molecular arrangement in the 

crystalline material, however, does not necessarily represent the geometry of the ýrst wetting 

layer. Sticking to the monolayer regime, passivating the substrate via oxygen has proven an 

eʡective way to electronically decouple the adsorbed molecules [ʰʯʶ]. Conveniently, the 

passivation layer also serves as a patterned template for the growth of the molecular structures 

[ʷʰ,ʰʯʷïh ʰʯ]. 

In the context of organic semiconductors, a molecular property of interest is the dispersion 

of the molecular bands as a measure how eʡectively charges are transported through the 

material. The strength of the dispersion depends on the intermolecular interaction, which in 

turn is related to the overlap between orbitals of adjacent molecular units. Therefore, it comes 

without surprise that the dispersion varies with the structural arrangement, i.e.: the relative 

alignment between the molecules [ʰʰʰ,ʰʰʱ]. Conversely, measured band dispersion should 

encode information about the structure, from which it originates. A ýngerprint of dispersing 

molecular bands in momentum space is provided by ARPES [ʰʰʲ,ʰʰʳ]. Utilizing such 

experiments, we want to investigate the connection between band dispersion and molecular 

alignment in monolayers of acenes. 

Article Information and Author Contribution 
In the following, I summarize the computational work of the article [ʲʱ] extended by 

additional thoughts to the topic. The analysis is based upon measurements of Thomas G. 

Bon®. In the course of the project, I set up all calculations, discussed my simulations with our 

experimental partners and converted the calculated data into Figures for the manuscript. 

 

Figure 2.13: Header of the article [32] including all contributing authors. The study was 
published in the Journal of Physics: Condensed Matter.



 

2.3.2 Results and Discussion 

Investigated System 
To form an interface that suʢciently decouples the adsorbates from the substrate, a Cu(ʰʰʯ) 

surface was oxidized covering it with a passivating Cu(ʰʰʯ)-(ʱxʰ)-O layer. The oxygen 

reconstruction adds O-Cu rows along the ππρ crystal direction, at which elongated molecules 

preferably orientate [ʷʰ,ʰʯʷïh ʰʯ]. Building upon previous studies on pentacene [ʰʯʷ] and 

hexacene [ʷʰ], we investigate the behaviour of the longest acene accessible to us, heptacene 

(ʶA). Like its smaller relatives, STM images show the alignment of ʶA monolayers along the 

troughs of the O-Cu rows. 

Utilizing photoemission spectroscopy, we gain insight into the electronic structure at the 

interface. The experimental valence band spectrum reveals two peaks below the Fermi level 

(binding energy of -ʯ.ʶ and -h .ʶ eV), which are attributed to emissions from molecular orbitals. 

The angle resolved intensity distribution of the highest occupied level at -ʯ.ʶ eV is shown in 

Figure .ɦh ar (top). While the emission pattern, at ýrst glance, reminds of the momentum 

ýngerprint of the ʶA LUMO discussed in the previous section, it appears at a k-value (ʰ.ʱ ¡-h) 

characteristic for the HOMO. The unusual shape of the feature can be explained by assuming 

that the molecules do not lie þat, i.e., with their aromatic planes parallel to the surface, such as 

for pure coinage metals, but adopt a tilted geometry sketched in Figure .ɦh br. Simulating 

momentum maps of molecules with varying tilt angles and accounting for the mirror symmetry 

on the surface, we ýnd best agreement with the experimental data for an angle of ʲʶÁ. The 

determined adsorption structure for ʶA is in line in with measurements for ʴA and ʵA, which 

all show indications of a molecular tilt in the range of ʲʯÁ [ʷʰ,ʰʯʷ]. 

Periodic calculations of the full interface 

further support our interpretations. 

Relaxation of the system favours tilted 

molecules rotated by ʲʴÁ within the O-Cu 

rows, agreeing with experiments. Subsequent 

analysis of the electronic properties conýrms 

the passivating nature of the O-Cu surface. In 

the molecular orbital projected density of 

states (Figure .ɦh cr), the highest occupied 

level is the original HOMO of the molecule, 

while the charge transfer from the Cu to the 

ʶA is suppressed. Note that for the passivated 

Cu surface out of all investigated surfaces in 

this thesis, the experimentally observed and 

theoretically predicted binding energies 

diʡer the most, e.g.: for the HOMO 

EB (exp) = -ʯ.ʶ eV vs. EB (calc) = -ʯ.ʰ eV. 

Such a deviation in the energy alignment of 

already the frontier orbitals often hints 

towards general shortcomings in the 

theoretical description of the system. As the 

Figure 2.14: a) Experimental momentum map of 7A on 

passivated Cu (top) compared to simulated HOMO map of 
isolated 7A tilted around the long molecular axis by 37Á. b) 
Model of the adsorption geometry on the surface, where the 

molecules lie tilted along the O-Cu rows. Isosurfaces of 
orbitals illustrate how the close intermolecular spacing 
facilitates Ù-Ù interaction. c) Density of states of the 7A/O-Cu 

interface projected onto the HOMO and HOMO-1 of the 
molecule obtained with PBE-D3.



 

weak interaction between ʶA and O-Cu is likely to be dominated by dispersion, we have 

reoptimized the interface with the van der Waals functional optPBE-vdW [ʰʰʴ], which, 

however, did not change our ýnding. Furthermore, we computed the density of states at the 

level of hybrid functionals (HSEʯʵ [ʰʰʵ]) mitigating the self-interaction error of semi-local 

GGA. This step has shown to improve the orbital energies of adsorbate systems [ʷʴ,ʰʰʶ,ʰʰʷ] 

and also in the present case, it considerably improves the HOMO binding energy, EB (calc) = -

ʯ.ʳ eV, however a signiýcant deviation remains. As a possible reason we suggest that especially 

with the physisorptive interaction at the O-Cu surface, screening eʡects, which are not covered 

in DFT, may become important. 

To complete our characterization of ʶA/O-Cu, we turn to the work function of the samples 

as a parameter characteristic for the interface. Determined from photoemission spectroscopy, 

the work function drastically decreases when depositing a molecular monolayer of ʶA  

(ǧū = -ʯ.ʵʳ eV, listed in Table .ɦɦ). Since we claim that the molecules are electronically 

decoupled from the surface, this result is perhaps counterintuitive, in particular, as we have 

associated an equally large change in the work function with strong charge rearrangements in 

the previous chapter. However, our calculations of the system likewise reproduce the large 

decrease. With no charge transfer anchoring the molecules to the surface, we attribute the 

change fully to the Pauli pushback eʡect. Here, the eʡective repulsion of the electron tail out 

of the substrate should depend on the adsorption distance of the monolayer. Despite the 

decoupling, the tilted arrangement between the corrugated O-Cu rows allows ʶA to approach 

similarly close as on, for example, the Ag surface (~ʱ.ʷ¡). 

 Exp. WF [eV] Sim. WF [eV] 

Clean Cu(110)-(2x1)-O 4.82 4.91 

7A monolayer 4.18 4.14 
Change -0.64 -0.77 

 

Intermolecular Dispersion 
The close intermolecular spacing enforced by the Cu-O rows, along with the associated 

tilting of the aromatic planes, enables strong interaction between neighbouring molecules. As 

a consequence of the overlapping of frontier ɸ-orbitals, the former discrete molecular levels 

now form dispersive energy bands. The momentum dependent binding energy of these bands 

can be observed in our experimental ARPES data. As the band structure will only be observable 

in k-space regions where there is signiýcant photoemission cross-section, the experimental 

band maps (E vs. k) for the HOMO and HOMO-h  are obtained by slicing through the measured 

stack of momentum maps at the respective intensity maxima of k = h .ʱ ¡īh (HOMO) and 

k = h .ʯ ¡īh (HOMO-h ) (left of Figure .ɦh aɹ). Directly mimicking the experimental approach, 

we have calculated a stack of momentum maps for our ʶA/O-Cu model system and cut along 

the mentioned k-values resulting in simulated band maps for both orbitals (right of Figure 

Table 2.2: Experimental work function and relative change of the passivated Cu-surface and after deposition of a 7A 

monolayer compared to the absolute work function and relative change for the corresponding simulations with PBE-D3. 

THM: On Cu-surfaces passivated with oxygen, heptacene adopts a tilted geometry 
within the O-Cu rows along the [001] crystal direction. We observe no charge transfer 

from the substrate to the molecule, what we label as òelectronically decoupledó. 



 

.ɦh aɹ). Correcting the binding energy in the simulation by a constant shift of ʯ.ʵ eV, we ýnd 

good agreement between experiment and theory. The HOMO derived band shows a small 

dispersion (ʯ.ʲ eV) in a fuzzy shape, whereas the more distinct ñVò-shape of the HOMO-h  band 

extends beyond ʯ.ʴ eV. The comparison suggests that although the energy alignment at the 

interface is not captured correctly, we are able to model the intermolecular interactions. 

With the help of our calculations, we can further rationalize the extent and intensity pattern 

of the dispersion on a molecular level. Firstly, the strength of the dispersion originates from 

the degree of ɸ-overlap between orbitals of neighbouring ʶA molecules. The sketch in Figure 

.ɦh bɹ illustrates the arrangement of ʶA on the O-Cu surface suggested by STM results. Figure 

.ɦh cɹ, then, shows the consequences of the lateral shift for the frontier orbitals. For the HOMO, 

the given displacement leads to an unfavourable intersection of nodes and maxima in the 

electron density resulting in comparably small transfer integrals, hence in a weak interaction 

and consequently in small dispersion. In contrast, for the HOMO-h  of two adjacent molecules, 

maxima overlapping with maxima facilitate interaction, i.e.: stronger dispersion. Secondly 

regarding the shape of the signature, as already mentioned, the observation of any dispersion 

in ARPES experiments depends on the availability of an appreciable photoemission cross 

section and, therefore, is eʡectively determined by the momentum map of the respective 

orbital. Figure .ɦh dɹ displays the symmetrized dispersion relations, i.e.: energy as a function 

of k, calculated for a freestanding layer of ʶA, superimposed with the momentum maps of the 

HOMO and HOMO-h . The white dashed line represents the cut for the band maps. In case of 

the HOMO-h , this cut goes through clear ñhillsò of high and ñvalleysò of low energy regions 

responsible for the ñVò feature. On the other hand, in the region of the HOMO, the energy 

variation is smaller in agreement with what we observe in the experimental data. It is 

important to note, however, that the symmetrized energy dispersion in Figure .ɦh dɹ can only 

Figure 2.15: a) Experimental and theoretical band maps of the HOMO and HOMO-1 bands at k=1.2¡-1 and k=1.0 ¡-1, 

respectively. Simulated maps are obtained from a freestanding monolayer, the binding energies are shifted for comparison 
with experiment. b) Structural model of the 7A/O-Cu surface suggested from the STM results. This arrangement was used 
in the simulations. c) Isosurfaces of the HOMO and HOMO-1 orbitals of 7A with the lateral shift between neighbouring 

molecules from STM. d) 2-dimensional representation of the symmetrized energy dispersion of the HOMO and HOMO-
1. White dashed lines show the cut of the band map, solid lines are an isosurface of the calculated momentum map of 
the respective orbital of a tilted 7A. All calculations are with PBE-D3.



 

serve as an approximative illustration of the eʡects due to intermolecular interactions. Precise 

information about the energetic substructure of the ARPES pattern, for instance in case of the 

HOMO, is lost. Ultimately, the shape of the dispersion can be traced back to the size of the unit 

cell as will be discussed in the next section. 

 

Dependence on the Molecular Arrangement 
For the previous comparison, adopting the experimental arrangement of ʶA is crucial to 

satisfactorily model the measured dispersion. In the following, we want to elaborate how 

changes in the alignment of the molecules impact our predictions. Again, we will focus on the 

two quantities, which mostly determine the appearance of the band map, namely the strength 

and the shape of the dispersion features. In this context, it is also important to note that we do 

not examine only a single band but especially the diʡerences of these quantities between the 

frontier orbitals HOMO and HOMO-h . As often in computational studies, such relative 

comparisons are more robust. 

For our discussion, we have chosen three arrangements with diʡerent lateral shifts of the 

tilted molecules, which are summarized in Figure .ɦh .ɻ They represent three prototypical cases 

for the overlap of adjacent ɸ-orbitals. To break free of the commensurability constraint of the 

full surface calculations, we model freestanding monolayers. As introduced above, the overlap 

determines the strength of interaction between neighbouring ʶA molecules. In a parallel order 

without any shift (shift ʯ, top), regions of electron density of both, the HOMO and HOMO-h , 

will simply interact with the same regions on the next molecules. Consequently, the interaction 

between the orbitals can be maximized and we observe the largest possible dispersion. In 

contrast, shifting the next acene by two benzene units (ʳ.ʸ ¡, middle) positions the regions of 

high electron density of one HOMO-h  exactly at nodes of the next orbital. The dispersion for 

the HOMO-h  diminishes, while it stays strong for the HOMO, as portrayed by the diʡerent 

contrasts of the ʱ-dimensional dispersion map and the extent of the simulated ARPES features. 

The reverse situation can be induced by shifting ʶA by ʱ.ʶʴ benzene units (ʵ.ʷ ¡, bottom), 

where now the HOMOs interact unfavourably. 

THM: The specific geometry of 7A on the O-Cu surface facilitates interaction between 

neighbouring molecules giving rise to intermolecular band dispersion. ARPES band maps 
can visualize this dispersion, the shape and strength of which we can satisfactorily 

reproduce by simulating a freestanding monolayer. 



 

Understanding the basic origin of the dispersion, we will now touch upon the parameters, 

which determine its shape. The overlap of orbitals is not only dependent on nodes and maxima, 

but also on the relative phase between interacting lobes. Lobes with diʡerent phase will result 

in a state of lower binding energy (more unfavourable) than interactions of the same phase. In 

the context of periodically extended molecular systems, we can visualize the possible states 

resulting from favourable and unfavourable interaction in momentum space as energy 

dispersion. An example of such a ʱD representation (E vs. k) for a ʶA arrangement is given in 

Figure .ɦh aʁ, where lower binding energies are coloured yellow and higher binding energies 

blue. In the present example, the molecules are shifted such that lobes with diʡerent phases 

overlap between the HOMOs of neighbouring molecules, i.e., we ýnd unfavourable interaction 

at the Gamma point. Due to the symmetry of the substrate, there will also be a mirror domain 

present on the surface. 

 

Figure 2.16: Simulated dispersion of HOMO and HOMO-1 derived bands for a free-standing layer of 37Á tilted 7A 
molecules with different lateral shifts (in units of benzene rings). Each panel contains the isosurface of the two orbitals in 

the respective arrangement, the calculated 2-dimensional energy dispersion, and the photoemission band map (E vs. k) at 
the maximum of the ARPES feature applying the 2-fold symmetry of the surface. All data calculated with PBE-D3.

THM: Analysing molecular dispersion in ARPES experiments, we focus on two major 

parameters. The dispersion strength is determined by the overlap between orbitals of 
adjacent molecules. The dispersion shape is determined by the relative phase shift of 

those orbitals. 



 

Let us now consider the informative value of dispersion in ARPES experiments in more 

detail. We will ýrst evaluate the shape of the dispersion features in ARPES band maps 

speciýcally for our ʶA interface. Superimposing the two dispersion patterns of Figure .ɦh aʁ is 

sketched in Figure .ɦh bʁ, where the ýlled and unýlled points represent the ñhillsò and ñvalleysò 

of higher and low binding energy. The symmetrisation due to the mirror domains has little 

inþuence on ARPES band maps around k = ʯ ¡-h. Repeating the reciprocal unit cell to larger k-

values will gradually change the dispersion pattern and substructures in the ARPES band map 

will appear. We can see this, for instance, for the HOMO in the experimental arrangement back 

in Figure .ɦh aɹ. However, we also note, that realistically such predicted substructures will 

often be lost within the broadening of experimental data. Repeating the unit cells further will 

result at some point in a reciprocal distance, ή, where the edges of the two mirror domains 

cross and corresponding maxima meet. This distance in momentum space can be expressed by 

the angle ‌, and the reciprocal lattice vector ὦ (Equ. .ɦ̡ )̡. In real space, ‌ and ὦ are 

determined by the lateral shift of adjacent molecules and the distance between them. The 

latter, we assume to be ýxed by the pattern of the O-Cu rows. To observe a distinct feature 

without substructure, the k-value of the measured band map cut, kfeature, must be an integer 

multiply of ή (Equ. .ɦ̡ )r. 

ή ÔÁÎ‌ẗ
ὦ

ς
 Equ. .ɦ̡  ̡

Ὧ ὲẗή Equ. .ɦ̡  r

Figure 2.17: a) 2-dimensional energy dispersion maps for 7A in a shifted arrangement showing the two possible symmetries 

on the O-Cu surface. Reciprocal unit cell is highlighted in white. b) Sketch of superimposing both symmetry orientations. 
Filled and unfilled points represent the energetic òhillsó and òvalleysó of the dispersion. c) Dispersion relation of the HOMO 
of freestanding 7A monolayers with different lateral shifts evaluated around the Gamma point of the first Brillouin zone 

along a cut of ky = 0.0¡-1. Colour code follows the gradual transition from favourable (lower energy, blue) to unfavourable 
(higher energy, red)  overlap at Gamma. d) Dispersion relation now evaluated at the k-value with ARPES intensity of 

the HOMO (ky = 1.2¡-1). Colour code same as in c).



 

To illustrate the impact of Equ. .ɦ̡ ,r we have extended our investigation to a variety of 

molecular shifts and monitored the dispersion around the Gamma-point as well as at the k-

value with ARPES intensity. The data is shown exemplary for the HOMO in Figure .ɦh cʁ 

(kx = ky = ʯ ¡-h) and Figure .ɦh dʁ (kx = ʯ ¡-h, ky = h .ʱ ¡-h), but the ýnding is equally true for the 

HOMO-h  (ky = h .ʯ ¡-h). Note that the colour code does not correspond to the molecular shifts 

but follows the gradual transition from favourable (lower energy, blue) to unfavourable (higher 

energy, red) ɸ-ɸ overlap at the Gamma-point (A connection between colour code and shifts can 

be made from Figure .ɦh a̫). As seen in Figure .ɦh cʁ around the Gamma point, the chosen 

shifts cover the full range of possible dispersion in the unit cell, i.e., arrangements with varying 

ɸ-interactions. Thus, in ARPES band maps, we would expect to also ýnd varying shapes of ñVò 

and ñLò by simply cutting along k = ʯ ¡-h. However, recall that the ARPES feature of the HOMO 

does not show intensity around the Gamma point. Instead, it is most interesting to note, that 

recovering the dispersion relation from the ýrst Brillouin-zone at the actual k-position of the 

ARPES feature is rather an exception than a rule (cut at ky = h .ʱ ¡-h in Figure .ɦh dʁ). There is 

a general tendency for a ñVò shape in the predicted ARPES pattern rather independent of the 

molecular arrangement. We can rationalize this by employing Equ. .ɦ̡  ̡and Equ. .ɦ̡  ras will 

be demonstrated here exemplary for the molecular arrangement with the most unfavourable 

ɸ-interaction between neighbouring HOMOs (dark red ñLò dispersion curve in Figure .ɦh cʁ). 

This structure corresponds to a molecular 

shift of ʰ.ʱʴ benzene units, or equivalently 

the angle ‌ υωЈ, with the reciprocal lattice 

distance ὦ ρȢσᴠ . We compare the 

resulting, critical distance ή to the k-value 

with ARPES intensity of the HOMO 

(Ὧ ρȢςᴠ ) and ýnd that the latter is 

almost an integer multiply of ή (ὲ ρȢρ). 

Thus, our example represents the stylized 

case depicted in Figure .ɦh bʁ, corresponding 

to a change of the dispersion shape: Even 

though the ɸ-interaction gives rise to a ñLò 

shaped dispersion around the Gamma point, 

the dispersion recorded at the k-value of the 

HOMO would show the opposing ñVò shape. 

For the remaining molecular arrangements, 

we can argue in a similar way. Additionally, 

for shifts, where a ñLò shape could indeed 

emerge, the predicted dispersion strength is 

in the range of experimental resolution 

probably making actual observation diʢcult. 

For illustration of this statement, the 

simulated symmetrized ARPES dispersion of 

Figure 2.18: a) Energy dispersion (band width) of the HOMO 
and HOMO-1 derived bands in the first Brillouin zone as a 

function of the lateral shift in the 7A layer. Energy of each 
shift at the edge of the Brillouin zone relative to the energy 
at the Gamma-point. Colour code references Figure 2.17. 

b) Energy dispersion (band width) of the simulated ARPES 
band maps of the HOMO and HOMO-1 as a function of the 
lateral shift in the 7A layer. The grey region marks the shift 

agreeing with STM, which was used to simulate the 
experimental data. 



 

all molecular arrangements can be found in the Appendix (Figure .̫ɦ). 

While the shape of the band map is more uniform than expected, the energetic width of the 

dispersion feature can still serve as an informative parameter for our ʶA monolayer 

investigation. Figure .ɦh a̫ summarizes the relative bandwidths of the energy dispersions 

around the Gamma point for both orbitals, the HOMO and HOMO-h. The relative values are 

obtained by taking the energy diʡerences between peak maxima and minima (peak-to-peak 

amplitude) of the same arrangements as in Figure .ɦh cʁ. The colour bar in Figure .ɦh a̫ directly 

links the bandwidths to the respective dispersion curves in Figure .ɦh .ʁ A negative relative 

bandwidth corresponds to lower energy at Gamma, i.e., favourable ɸ-ɸ overlap of the orbitals 

(blue in Figure .ɦh )ʁ. As a comparison, Figure .ɦh b̫ shows the bandwidth taken from 

simulated ARPES maps for the HOMO (at ky = h .ʱ ¡-h) and the HOMO-h  (at ky = ʰ.ʯ ¡-h). Note 

that we want to focus especially on the general ARPES dispersion width, i.e., the absolute peak-

to-peak amplitude. Due to the diʡerent nodal structure of the two orbitals, their dispersion 

strengths modulate with diʡerent frequencies. As a consequence, each molecular shift exhibits 

a unique pair of (HOMO, HOMO-h ) widths. In other words, each shift should be determined 

by the ARPES dispersion strengths of its orbitals. In a perfectly ordered monolayer, comparing 

the dispersion of diʡerent molecular orbitals should allow the characterization of the 

arrangements of the molecules. The grey area in Figure .ɦh b̫ marks the shift of our ʶA/O-Cu 

monolayer determined from the experimental POT analysis discussed above and conýrmed by 

STM. 

Finally, it should be noted that calculations of the electronic structure of a molecular 

monolayer on the O-Cu substrate show no 

appreciable diʡerence to that of a free-

standing monolayer (compare example in 

Figure .ɦh )y. This also demonstrates that, 

although the speciýc surface reconstruction 

mediates the ɸ-ɸ overlap between adjacent 

orbitals in the ýrst place, the dispersion of the 

bands is solely governed by intermolecular 

interactions. 

Stripe Phase 
An interesting property of the O-Cu surface is the possibility to tune the reconstruction 

pattern via the oxygen pressure during manufacturing. Depending on the amount of oxygen, 

the surface is covered in diʡerently thick stripes of alternating clean Cu and passivated Cu. 

Combining our understanding of the electronic properties of acenes on the clean coinage metal 

and on the fully oxygen-passivated substrate, we have investigated a monolayer of ʶA on a 

Figure 2.19: Simulated ARPES band map of the HOMO-1 
obtained from a full on-surface calculation as well as a 

freestanding monolayer (both PBE-D3).

THM: We have investigated the connection between the molecular arrangement and 
the predicted dispersion in ARPES experiments for heptacene on passivated Cu. The 
dispersion shape is only weakly dependent on the arrangement in the monolayer. For 
most molecular shifts, we find the same òVó shape. The dispersion strength is a more 
informative value. In particular, an n-tuple of dispersion strengths obtained from n 

different molecular orbitals is characteristic for a specific arrangement. 



 

stripe phase of equally large stripes. Here, the width of the Cu-regions along the ρρπ direction 

is exactly large enough to host one row of ʶA molecules. Indeed, STM images after deposition 

suggest that on the clean Cu stripes, the acenes orientate in the favoured ρρπ position (see 

chapter ʱ.)ɦ, while on the passivated stripes the molecules arrange along the ππρ O-Cu rows 

(see chapter ʱ.)̡. In addition, POT analysis conýrms that on each area, the molecules retain 

their corresponding electronic properties, which we have elucidated previously, i.e.: strong 

charge transfer occupying up to the LUMO+ʰ on clean Cu and electronic decoupling from the 

substrate with no charge transfer on passivated Cu. 

  

THM: On nanopatterned surfaces with alternating stripes of clean Cu and passivated 

Cu, charged and uncharged heptacene molecules coexist on the same surface. 



 

2.4 Concluding Remarks 

Longer Acenes on Coinage Metals 
We have started our investigation on acenes by studying the electronic properties of 

hexacene and heptacene on the coinage metal surfaces Ag(ʰʰʯ) and Cu(ʰʰʯ). Utilizing POT, 

we give insight into their frontier molecular energy levels revealing strong charge transfer from 

the surfaces to the monolayers. While the LUMO of the acenes gets occupied on Ag, also the 

LUMO+ʰ is at least partially ýlled in the case of Cu(ʰʰʯ). Furthermore, we demonstrate how 

the electronic properties of the molecules can be tuned with suitable growth conditions. 

Controlling the temperature of the substrates during deposition, the molecules can move along 

their shallow potential energy landscape occupying diʡerent adsorption conýgurations. 

Especially on Cu, varying the adsorption geometry results in drastic consequences for the 

energy alignment, ultimately deciding about a potential charge transfer into the LUMO+ʰ. 

Finally, the strong inþuence of geometric and electronic eʡects for the diʡerent metal surfaces 

is also reþected in the peak shapes of the C ʰs XPS spectra, leading to diʡerent energetic shifts 

of non-equivalent carbon atoms. 

Even though for each substrate, both members of the acene family behave very similar, our 

results present hexacene and heptacene in a much diʡerent state than usually found in noble 

gas matrices or current on-surface synthesized arrangements. We, further, interpret the 

signiýcant net charge transfer in the present systems as stabilization of the labile acenes and 

thereby hope to initiate more in-depth studies about the reaction behaviour of these formerly 

unapproachable molecules. 

Intermolecular Dispersion of Heptacene 
In a next step, we have studied the behaviour of ʶA molecules on a Cu(ʰʰʯ)-p(ʱxʰ)-O 

reconstructed surface. The oxygen passivation decouples the acenes from the Cu substrate and 

introduces O-Cu rows, in which the molecules adopt a tilted geometry. The rotation induces 

strong ɸ-ɸ interaction between adjacent molecules and gives rise to ɸ band dispersion 

observable in ARPES experiments. 

Given that the intermolecular interaction outweighs the molecule-substrate interaction, it 

is suʢcient for the case of decoupled surfaces to model a freestanding monolayer. By doing so, 

we were able to discuss the connection between the dispersion in ARPES band maps and the 

molecular arrangement in more detail. Notably, the experimental dispersion pattern is not 

necessarily equal to what might be expected for a speciýc arrangement simply based on ɸ-

overlap of the moleculeôs orbitals as photoemission intensity is usually measured beyond the 

ýrst Brillouin zone. More importantly, by analysing band dispersion stemming from diʡerent 

molecular orbitals, the relative alignment of the molecules can be assessed and compared to 

STM. 

Furthermore, the O-Cu surface oʡers a platform to manipulate the extent of the passivation 

in a controlled way. Forming alternating Cu and O-Cu stripes, the acene molecules arrange in 

completely diʡerent electronic environments leading to neighbouring arrays of neutral and 

charged species. We propose that the amount of charge transfer might be governed by the size 

of the stripes. At low oxygen pressure, large regions of pristine Cu prevail, on which ʶA has 

enough space to orientate along the favoured ρρπ Cu-rows getting doubly charged. In 



 

contrast, at high doses of oxygen, the stripes of pure Cu will be smaller than the length of ʶA, 

forcing the molecule to adsorb perpendicular to the ρρπ Cu-rows. In such a conýguration, ʶA 

would only be singly charged. Thus as a next step, adjusting the size of the stripes could connect 

the O-Cu-stripe phase with the direction dependent charge transfer of ʶA on Cu. 



 

  



 

3 Controlling Spin at Interfaces 

 

  

Summary: For surface scientists, tetrapyrrole compounds are an appealing class of 

metal-organic molecules. They form stable complexes with a wide variety of transition 

metals and, thus, allow for the incorporation of tuneable electronic properties in the 

long-range order of extended systems. This chapter specifically centres around the 

simulation of Nickel containing phthalocyanines and porphyrins adsorbed on metal 

substrates. Our calculations employ the DFT+U approach especially focusing on the 

description of the oxidation and spin state of the central metal atom. We address the 

interaction of the molecules with the surfaces as well as with additional gaseous ligands 

and explore the potential to integrate these interfaces in molecular spin-switches or 

heterogeneous catalysis. Furthermore, we investigate the influence of the chemical 

nature of the metal centre on the geometry of the organic backbone. The results are 

summarized in the following five publications: 

¶ I. Cojocariu et al., Adv. Sci. (2023) (NiPc on Cu) 

¶ A. Windischbacher et al., Inorg. Chim. Acta (2023) (NiTPP-complexes) 

¶ H.M. Sturmeit et al., Small (2021) (Adsorption of NO2 to NiTPP) 

¶ M. Stredansky et al., Angew. Chem. (2022) (Adsorption of NO to NiTPP) 

¶ D.M. Janas et al., Inorg. Chim. Acta (2023) (Conformation of porphyrins) 

A Hitchhikerõs Guide to 

Ni-Tetrapyrrole Chemistry 

https://doi.org/10.1002/advs.202300223
https://doi.org/10.1016/j.ica.2023.121719
https://doi.org/10.1002/smll.202104779
https://doi.org/10.1002/ange.202201916
https://doi.org/10.1016/j.ica.2023.121705


 

3.1 Theoretical Background 

3.1.1 Shortcomings of DFT 

Before focusing on the next target system of this thesis, we will continue with discussing 

some basic properties of density functional theory. In principle, DFT provides an exact 

framework to predict ground state properties and, so far, we have applied the theory 

extensively to describe the interfaces between basic hydrocarbon molecules and metal 

surfaces. However, the approximations enabling the computational practicability of DFT 

introduce errors to the theory, which we should be aware of, especially when moving to more 

complicated systems. In the following, we want to give an overview on the shortcomings of 

density functional theory regarding the interpretation of orbital energies and their 

consequences in practical applications. For this purpose, we will mainly follow the 

explanations of Kronik and K¿mmel in their review on the topic [ʰʰʸ]. 

In DFT, a serious amount of trouble is related to spurious electron interactions, which 

complicate the comparison of simulations with experimental data. Let us start by considering 

a single electron system. Without electron-electron interaction, the energy of such a system 

can only consist of the kinetic energy of the electron and the inþuence of an external potential. 

Consequently, the many-electron contributions to the energy functional, the Hartree term Ὁ 

and the exchange-correlation Ὁ , have to cancel each other for any one-electron density ὲ . 

The relation in Equ. .̡h holds true for the exact functional, however, not in the framework of 

practicable approximations like LDA or GGA.  

Ὁ ὲ Ὁ ὲ π Equ. .̡h 

The error that arises is known as the one-electron self-interaction error and can intuitively be 

visualized from the expression of the Hartree potential (Equ. .̡ɦ). Here, the electron feels the 

whole density and, hence, also itself. 

ὠ Ὠ► 
ὲ ►

ȿ► ►ȿ
 Equ. .̡ɦ 

As our KS orbitals, which we intend to interpret, are eʡectively constructed as one-electron 

densities, they are likewise prone to this error. In particular, the self-interaction introduces an 

orbital-dependent shift of the energy levels. In conjunction with the distance dependency in 

Equ. .̡ɦ, especially molecular orbitals with a strongly localized character, i.e., where the single 

electron picture prevails, are aʡected. They are destabilized in an eʡort to minimize the 

electron-electron repulsion. Conversely, the system favours delocalization. For systems, in 

which both types of orbitals occur, the self-interaction error can ultimately lead to a wrong 

ordering of the orbital eigenvalues [ʰʰʶ,ʰʰʷ,ʰʱʯ,ʰʱʰ]. 

Moving from the single electron picture to the system as a whole is accompanied by what is 

sometimes referred to as the many-electron self-interaction error [ʰʱʱ]. Albeit diʢcult to 

distinguish from the one-electron self-interaction error, this name usually signiýes the 

infamous ñband gap problemò of DFT. To illustrate the problem, we start by introducing a true 

property of the exact functional in Equ. .̡̡. When Perdew et al. [ʰʱʲ] generalized the energy 

functional to densities with non-integer particle numbers, they noted that the total energy of 



 

any fractionally occupied system can be obtained by a linear interpolation between the total 

energies of its integer electron neighbours. 

From the condition in Equ. .̡̡ follows, that the function of the total energy dependent on the 

electron number ή connects the energies of any ὔ and (ὔ ρ) electron system in a straight 

line. Hence, the exact functional leads to an expected piecewise linear behaviour of the total 

energy as sketched in Figure .̡h. 

As the slope of any linear segment is 

constant between two integer electron 

numbers, we may evaluate the quantity for 

the change of one full electron. For the 

removal of one electron, the slope of the 

energy functional between the (ὔ ρ) and ὔ 

electron system simply equals the diʡerence 

of their energies Ὁὔ ρ and Ὁὔ. This 

diʡerence is nothing else than the deýnition 

of the ionization potential Ὅὖ. Analogously for 

adding an electron, we ýnd the slope to be the 

diʡerence between Ὁὔ and Ὁὔ ρ, which 

corresponds to the electron aʢnity Ὁὃ. For all systems with a band gap, i.e., where the 

ionization potential is larger than the electron aʢnity, it follows that the slopes left and right 

of the ὔ electron system must be diʡerent. Mathematically speaking, even though the energy 

functional is continuous, the derivative of the curve at point ὔ must have a discontinuity. By 

analysing the contributions to the KS potential, it was concluded that this abrupt change at 

integer points stems from the exchange-correlation potential and the constant compensating 

for the jump was termed exchange-correlation derivative discontinuity ɝ . 

Recalling Janakôs theorem (chapter ʱ.ʰ.ʰ), the derivative of the total energy with respect to 

the occupation of an orbital equals the orbitalôs eigenenergy. Thus, combining the theorem with 

the arguments discussed above, Equ. .̡̡ implies that the slope between ὔ ρ and ὔ, i.e., 

the ionization potential, corresponds to the energy of the highest occupied KS orbital ‐. The 

expression is given in Equ. .̡r, where we take the slope at point ὔ approaching it from below 

by an inýnitesimal occupation change ‏. Although the Janak theorem is formally only valid for 

the highest occupied orbital, the energy of the lowest unoccupied orbital ‐ can be related to 

the slope of the ὔ to ὔ ρ segment, i.e., the electron aʢnity, by Equ. .̡ɹ. Here, we take the 

slope to the right of point ὔ, but have to correct it for the aforementioned derivative 

discontinuity. 

‐ ὔ ‏ Ὅὖ Equ. .̡r 

‐ ὔ ‏ ɝ Ὁὃ Equ. .̡ɹ 

Ὁὔ ή ρ ήὉὔ ήὉὔ ρ Equ. .̡̡ 

Figure 3.1: Sketch of the total energy as a piecewise linear 
function of non-integer electron numbers. Definition of the 
ionization potential (IP) and electron affinity (EA) is indicated.



 

Comparing Equ. .̡r and Equ. .̡ɹ, we see that the fundamental gap, i.e., the diʡerence 

between ionization potential and electron aʢnity of a system, must diʡer from the gap between 

the frontier KS eigenenergies by the derivative discontinuity ɝ . 

ὍὖὉὃ ‐ ‐ ɝ  Equ. .̡ɻ 

Unfortunately, early approximations to the KS potential like semi-local LDA or GGA 

functionals neither respect the piecewise linearity of the total energy nor the exchange-

correlation derivative discontinuity. As a consequence, interpreting the respective orbital 

energies as experimental excitation energies often leads to poor results.  

3.1.2 The Hubbard Correction 

The pitfall of ñself-interactionò can be partly avoided by the use of hybrid functionals (see 

chapter ʱ.ʰ.ʰ). The explicit orbital-dependent treatment of exchange instead of a dependence 

on the whole electron density prevents interaction of the electron with itself and has also been 

shown to improve piecewise linearity. However, despite the development of several advanced 

techniques, hybrid functionals are used cautiously in surface science due to the computational 

cost of such calculations. For the simulation of extended systems, it is much more applicable 

to add correction terms on top of LDA or GGA and thereby enhance the physical behaviour of 

these ñlow-costò functionals. A common approach is the so-called ñὟò method, which we 

outline below. A more detailed discussion on the topic can be found in recent reviews [ʰʱʳï

ʰʱʵ]. 

The general DFT+U scheme is based upon the explicit treatment of a subset of electrons 

with an additional model Hamiltonian [ʰʱʶ], which describes their electron-electron 

interaction within a Hubbard model. The remaining valence electrons are treated by standard 

DFT. To obtain the total energy functional Ὁ , the usual DFT energy Ὁ  of the system is 

simply extended by the Hubbard energy Ὁ . A term Ὁ  then compensates for double 

counting the energy contribution of the chosen electron set in DFT and the Hubbard correction 

(Equ. .̡ʁ). 

Ὁ Ὁ Ὁ Ὁ  Equ. .̡ʁ 

In its most complete formulation, the double-counting term explicitly corrects for the 

Coulomb energy Ὗ and the exchange energy ὐ of the subset of electrons [ʰʱʷ]. In the following, 

we will introduce the simpliýed variant of the DFT+U formalism proposed by Dudarev et al. 

[ʰʱʸ], which is mainly employed in this thesis. Its derivation combines the Hubbard model 

and double-counting term so that the correction to the electron interaction can be 

characterized by a single parameter Ὗ, which relates to the Coulomb energy Ὗ and the exchange 

energy ὐ via Equ. .̡̫. It can be thought of as the eʡective energy barrier to ýll an orbital with 

a second electron. Once chosen, the Hubbard parameter acts on all atoms ὥ of a speciýc atom 

species correcting the electrons in the subshell with quantum numbers ὲὰ. The Hubbard 

functional added to the pure DFT energy functional is given in Equ. .̡y. Note that expression 

Equ. .̡y is evaluated for each spin channel separately, but the spin index „ was omitted to 

avoid crowding superscripts. 

Ὗ Ὗ ὐ Equ. .̡̫ 
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 Ὕὶ▼ ▼  ▼  Equ. .̡y 

Here, ▼  corresponds to the occupancy matrix. Its matrix elements are obtained by projecting 

the molecular KS orbitals • onto localized atomic states ‰  giving the element with indices ά 

and άᴂ as in Equ. .̡h ʯ. In practice, ‰  is represented by a spherical harmonic belonging to the 

set of ά functions with angular momentum ὰ. The projection is additionally weighted by the 

occupation Ὢ of • according to a smearing function, e.g., a Fermi-Dirac distribution. 

ί Ὢ• ‰ ‰ •  Equ. .̡h ʯ 

The eigenvalues of the occupancy matrix can be interpreted as the occupations of the localized 

orbitals, where ʰ corresponds to a fully occupied and ʯ to a completely unoccupied level. The 

sum over the eigenvalues correspond to the number of electrons, which are distributed in the 

subshell ὲὰ of either spin channel. 

To illustrate the consequences of the Hubbard correction for quantum chemical 

simulations, it might be helpful to analyse its contribution to the KS potential. For a 

diagonalized occupation matrix, i.e., where the matrix elements ί equal the occupation 

eigenvalues, the Hubbard potential can be derived from the energy functional in Equ. .̡y as 

ὠ
Ὗ

ς
ρ ςί

ȟ

ȿ‰ ἃἂ‰ ȿ Equ. .̡h  h

To start the interpretation, it should be recalled that the U-term only aʡects electrons of atom 

species ὥ in the subshell ὲὰ. The interaction within the remaining system stays untouched. With 

this in mind, for orbitals with a less than half-ýlled occupation (ί ), the Hubbard potential 

will be positive, i.e., repulsive. Figuratively speaking, electrons get discouraged to localize in 

this particular state. Considering Equ. .̡h ʯ, there might be two possible reasons for such a 

situation. First, the occupation Ὢ of the underlying molecular orbital is initially small, which 

would translate to the orbital being above the Fermi-level and, hence, unoccupied. Second, the 

projection • ‰ ‰ •  of the Ὦ-th molecular orbital onto the ά-th localized state shows 

little atomic character. The second case corresponds to strongly delocalized ï sometimes called 

hybridized ï orbitals. On the contrary, occupied molecular orbitals with strong contribution of 

one atomic state will give a larger occupation number (ί ). As a consequence, the Hubbard 

potential will be attractive, and electrons are more likely to localize on this site. Evaluating the 

eʡect of the augmented KS-potential on the energies of the molecular orbitals, the Hubbard 

correction stabilizes occupied, localized orbitals and penalties both, delocalized and 

unoccupied orbitals. From a chemistôs perspective, the degree of localization is usually high for 

non- or anti-bonding states and low for bonding ones, meaning while the ýrst are lowered in 

energy within DFT+U, the latter are shifted upwards compared to pure DFT. 

With regard to the total energy in Equ. .̡y, a system will strive to reduce the penalty on the 

energy inþicted by the Hubbard-correction and, thus, to minimize the trace of the matrix 

expression ▼ ▼  ▼. Employing linear algebra, it can be shown that the trace minimizes 



 

when the occupancy matrix ί becomes idempotent, i.e., if ▼ ▼  ▼ applies. A special 

property of such an idempotent matrix is that its eigenvalues are either ʯ or ʰ. Interpreting this 

in context of the occupancy matrix ▼  means that the calculation drives towards either 

completely occupying or emptying the localized orbitals considered in the U-correction. 

By propagating the localization of electrons, the DFT+U approach directly counteracts the 

self-interaction error. At the same time, the correction often changes the orbital level 

placement and, when aʡecting the frontier orbitals, adjusts the band gap. A molecular 

compound class, which ýts the scope of application of DFT+U, are metalorganics. Especially 

the d-orbitals of the chelated metal are imagined in chemistry as rather localized orbitals and 

proýt from the Hubbard correction. In determining the degree of hybridization between the 

subsystems, a vital aspect of modelling metal-organic complexes is the correct energy 

alignment between ligand and metal-d orbitals.   



 

3.2 Spin States in a NiPc Layer 

3.2.1 Introduction 

Being able to incorporate various metal ions, the tetrapyrrole moiety is famously attributed 

with the ability to host ions with diʡerent spin and oxidation states. When extended to well-

ordered surfaces, this property becomes appealing for sensing, heterogeneous catalysis, or 

molecular spintronic devices [ʰʱ,ʲʳï̡ ʵ]. 

In the context of interfaces, variable spin states of the central metal can be introduced either 

as an intrinsic property of the metalorganic complex, i.e., the coordination environment of the 

organic backbone induces the spin, or as a consequence of a post-synthetic interaction, i.e., 

interaction with other molecules after formation of the interface [ʰʲʯïh ʲʳ]. Both times, 

research strives to ýnd external stimuli such as light, pressure, temperature or electric current 

to transition between diʡerent electron conýgurations on the potential energy surface. 

Preferably, such a spin change should be switchable and capable to be executed under ambient 

conditions. In this regard, utilizing metalorganics, for which two spin states are already 

inherently close in energy, presents a rather challenging task on a surface. Often, the strong 

interaction with the substrate locks the complex in a speciýc magnetic moment and, in that 

way, deactivates the spin switching functionality. 

It is also for this reason, why there are only few realizations of intrinsic spin-complexes as 

periodic arrays [ʰʲʯ,ʰʲʳ,ʰʲʴ], even though, for example metal-phthalocyanines, are 

frequently associated with magnetic interfaces [ʲʴ]. Our aim is to further ýll this gap with an 

investigation of Ni-Phthalocyanine (NiPc) on a Cu-surface, where we demonstrate a purely 

surface mediated bistability of magnetic and non-magnetic molecules in a monolayer. 

Article Information and Author Contribution 
The following summary covers the computational work included in the article [ʲʷ] and is 

extended by complementary data analysis. The corresponding experiments of this project were 

mainly conducted by Iulia Cojocariu. I was responsible for the computational modelling of 

the system. In coordination with the experiments, I set up the calculations, analysed the data 

and discussed the results with our experimental partners. They drafted the ýrst version of the 

manuscript, for which I then provided text and ýgures for the theoretical part.  

 

Figure 3.2: Header of the article [38] including all contributing authors. The study was published in 
Advanced Science.



 

3.2.2 Result and Discussion 

Investigated System 
We start the computational characterization of NiPc on the Cu(ʰʯʯ) surface with a broad 

screening for the most favoured adsorption geometry of the system. Our search includes the 

three most common adsorption sites of the (ʰʯʯ) lattice, i.e. ñtopò, ñbridgeò and ñhollowò, on 

top of which the Ni center of the molecule is placed. Additionally, the starting structures 

consider various azimuthal rotations of the molecule with respect to the crystal directions. 

Optimization of the systems leads to the relative energetic ordering listed in Table .̡h. The 

azimuthal rotation is given as the angle between the N-Ni-N axis of NiPc and the main crystal 

direction πρρ. 

Adsorption site 

(rotation) 

Relative energy 

[eV] 

Ni-surface 

distance [¡] 

Macrocycle-surface 

distance [¡] 

Top (0Á) 0.87 2.91 2.96 

Top (30Á) 1.01* 3.10* 3.00* 

Top (45Á) 0.11 2.81 2.58 

Bridge (0Á) 0.58 2.79 2.71 

Bridge (30Á) 0.66* 2.82* 2.72* 

Bridge (45Á) 0.56 2.87 2.77 

Hollow (0Á) 0.15 2.78 2.51 

Hollow (30Á) 0.00 2.33 2.34 

Hollow (45Á) 0.90 3.00 3.01 

*These values correspond to structures, which were relaxed on loose convergence settings (forces 

below ʯ.ʯʴ eV/A). Tightening the convergence criteria to ʯ.ʯʰ eV/¡ revealed that these adsorption 

conýgurations are not local minima, but lie on a þat plateau region of the potential energy surface. With 

further optimization, Top (ʲʯÁ) transitioned into Top (ʳʴÁ) and Bridge (ʲʯÁ) relaxed to Hollow (ʲʯÁ). 

As will be described in more detail in a later section, the molecular arrangement at the 

interface is dominated by the interaction between the organic macrocycle and the surface. NiPc 

favours conýgurations where the benzene ring of the isoindole units lies above a ñhollowò site 

of the Cu lattice (Top(r Áɹ), Hollow(ʯÁ), Hollow(̡ ʯÁ)), which allows for best hybridization 

between molecule and surface and, correspondingly, for the shortest adsorption distance (cf. 

Table .̡h). Among these candidates, the Ni on a hollow site with the molecule rotated by ʲʯÁ 

(shown in Figure .̡̡a) seems to be most favourable, as the molecule is positioned almost 

perfectly þat on the surface. 

Table 3.1: Relative energies and molecule-surface distances of NiPc adsorbing at different adsorption sites and rotated by 
various angles in reference to the main crystal direction [011]. 

Figure 3.3: a) Most favourable adsorption configuration of NiPc on a Cu(100) surface. The molecule is adsorbed at the 
òhollowó-site and rotated 30Á to the [011] crystal direction. The sites òtopó and òbridgeó of Table 3.1are marked as well. 

b-d) Unit cells simulating the increasing coverages in experiment going from an isolated molecule to a full monolayer. 



 

STM images conýrm the theoretically predicted rotation of the molecule with respect to the 

main crystal directions. For this conýguration, we constructed three unit cells of diʡerent size 

in accordance with the experimental study, thereby varying the molecular coverage of the 

monolayer. The three coverages are shown in Figure .̡̡b-d and are represented from left to 

right by the epitaxial matrices: isolated 
ψ π
π ψ

, loose 
χ ρ
σ φ

, dense 
υ ς
ς υ

 with an 

increasing molecular density of ʯ.ʱʴ, ʯ.ʲʴ and ʯ.ʴʴ molecules/(nm).ɦ 

Spin of Metal Centre 
Chelated in the square-planar environment of the phthalocyanineôs coordination pocket, the 

Ni-centre adopts a diamagnetic (+ʱ) oxidation state. The electrons of the metal occupy the d-

states in a d̫ conýguration with an empty dx-ɦy ɦorbital as shown on the left of Figure .̡r. Such 

an electronic conýguration is inferred from gas phase calculations and expected for NiPc. This 

is, however, not the only spin solution that can be found for the ñHollow (ʲʯÁ)ò adsorption site. 

Due to the close distance between molecule and surface, charge can be transferred from Cu to 

the molecular layer ýlling the Ni dx-ɦy ɦwith a single electron (see Figure .̡ra right). As a result, 

a spin is induced on the molecule and the chelated Ni changes to a Ni(I) dy conýguration. Our 

calculations, thus, suggest two local minima for the same adsorption site, which diʡer in the 

spin of the system (spin and no-spin). This prediction is conýrmed experimentally by XPS 

measurements, where two peaks arise in the Ni spectrum matching the binding energy of a Ni 

d̫ and dy species. 

For an isolated molecule on the surface, the spin on the Ni provides an additional energy 

gain of ʯ.ʯʷ eV. Upon increasing the coverage to a loose packing, the dy state is still favoured 

by ʯ.ʯʶ eV. Finally, the stability of Ni(I) is reduced to ʯ.ʯʰ eV, when the molecules are adsorbed 

in a closely packed arrangement. Assuming the molecular states follow a Boltzmann 

distribution [ʰʲʵ] in thermodynamic equilibrium at room temperature (Equ. .̡h )ɦ, 

ὔ ὔϳ Ὡ ϳ
 Equ. .̡h  ɦ

the calculated energy diʡerence, ɝὉ, between the spin and no-spin conýguration suggests the 

spin-polarized species to be predominantly found at low coverage (population ratio of ʸʵ:ʳ% 

and ʸʳ:ʵ% for isolated and loose, respectively). In a saturated monolayer, both Ni states should 

exist almost equally on the surface (ratio ʵʯ:ʳʯ%). Indeed, a similar trend can be observed in 

coverage dependent XPS experiments. Evaluating the areas of the two photoemission lines 

with increasing molecular packing, the Ni(I) species is more abundant than Ni(II) in the less 

dense layer, while in saturated coverage almost equal numbers of molecules adopt both spin 

conýgurations. 

THM: The interaction between Ni-Phthalocyanine and a Cu(100) surface is maximized 
when the molecule adsorbs with the Ni at a òhollowó site and the N-Ni-N axis is 

oriented 30Á to the main crystal direction [011]. 



 

In this regard, it should be stressed that the occurrence of a spin species is closely connected 

to the utilization of DFT+U. In the present study, we have chosen an eʡective Hubbard 

parameter of ʲ eV. Note that ab initio calculation of Ὗ for isolated NiPc suggest a much higher 

value (Ὗ = ̫  eV [ʰʲʶ,ʰʲʷ]), however, due to the screening of surrounding electrons, Ὗ can be 

expected to decrease on surfaces compared to the pure gas phase. Without the Hubbard 

correction, it was not possible to optimize a stable minimum of Ni(I)Pc on Cu. Instead, 

estimating from single point calculations, pure PBE favours the diamagnetic Ni(II) state by 

ʯ.ʯ  ɹeV.  

Apart from the energetic diʡerence of the spin states, our ýndings are robust with respect 

to the NiPc coverage. A detailed analysis of the molecular properties now follows exemplary 

only for the loose arrangement. For the central Ni atom, changing its spin has in particular 

geometric consequences. The interaction with the Cu substrate pulls the Ni out of the 

molecular plane towards the surface (from ʱ.ʲʲ ¡ to ʱ.ʯʶ ¡), while the molecular macrocycle 

is locked at approximately the same height (~ʱ.ʲ ¡). Figure .̡rb shows a scan of the potential 

energies of the two species as a function of the molecule-surface distance, i.e.: obtained by 

gradually adjusting the adsorption height of the molecules. In ýrst approximation, we thereby 

estimate the transition between the two stable spin states during deposition. Once Ni(II)Pc 

approaches a certain height above the surface, the energetic barrier towards the distorted Ni(I) 

structure mainly concerns the Ni leaving its coordination pocket. 

 

 

 

 

THM: Employing DFT+U, we find that the surface stabilizes two, almost isoenergetic 
spin states of the central Ni atom ð a diamagnetic Ni(II) and a paramagnetic Ni(I). To 
accept the additional electron for a d9 configuration, the Ni atom moves out of the 

tetrapyrrole environment towards the surface. 

Figure 3.4: a) Density of states projected onto the Ni d-states for the non-magnetic and magnetic Ni species.  Energies are 
in reference to the Fermi-energy shown as dashed line. b) Potential energy scan for both NiPc complexes obtained by 

varying the adsorption height of the two molecules. Energies are relative to the energetically lowest structure. All calculations 

utilize PBE+U-D3 (Ὗ=3 eV). 



 

Charge Transfer to Macrocycle 
The almost identical heights of the macrocycle for both adsorption conýgurations already 

indicates a strong interaction, binding the carbon backbone to the Cu substrate. Charge density 

diʡerence analysis indeed reveals a charge transfer from the surface to the molecules. 

Independent of the spin on the Ni, regions associated with the degenerate LUMO and LUMO+ʰ 

of the molecule get populated upon adsorption (compare Figure .̡ɹa for Ni(I) and Figure .̡ɹb 

for Ni(II)). Projecting the density of states of the total system onto the molecular orbitals of 

NiPc further supports our ýnding. Illustrated in Figure .̡ɻa, on the surface, the formerly 

unoccupied states LUMO/+ʰ shift below the Fermi level. The charge transfer is accompanied 

by a large decrease in the work function from ʳ.ʵ eV for the pristine Cu-surface to ʲ.ʸ eV for 

the molecular monolayer. In this regard, it might be interesting to note that the work function 

change is not uniform for both spin-species. Instead, our calculations suggest that the work 

function for a ýlm with Ni(I) is ʯ.ʯʴ eV larger than for the Ni(II) species. In other words, the 

additional electron transfer to form the spin-polarized Ni(I)Pc eʡectively increases the work 

function. This could be a further explanation why we observe both spin-species on the surface 

as such local work function increases during ýlm growth might prevent neighbouring 

molecules to adopt the Ni(I) state as well. 

Experimental insight into the energy level alignment of the frontier orbitals is provided by 

photoemission spectroscopy. The valence band spectra acquired for NiPc/Cu show the 

presence of three peaks located at binding energies of ʯ.ʱ, ʰ.ʯ and ʰ.ʵ eV. Employing the 

approach of photoemission orbital tomography (POT), the angle resolved momentum maps at 

these binding energies are compared to simulations obtained from the interface (top panel 

Figure .̡ɻb). Note that due to intense bands of the substrate at low k-values, the simulated 

intensities inside a circle of radius = ʯ.ʯy ¡-h have been suppressed for better contrast. Also 

note that the ʳ-fold symmetry of the substrate and the concomitant presence of rotational 

domains has been taken into account in the simulated momentum maps. The peak at highest 

binding energy (ʰ.ʵ eV) can be attributed to emissions from the HOMO, while the peak just 

below the Fermi level (EB = ʯ.ʱ eV) belongs to the LUMO/+ʰ of NiPc. Averaging over a large 

area within the molecular assembly, the sharp photoemission features suggest one speciýc 

orientation of the molecules on the substrate, consequently conýrming the ʲʯÁ rotation of the 

N-Ni-N axis to the main crystal direction [ʯʰʰ] seen in STM images. 

Figure 3.5: Charge density difference analysis and spin density for the complex hosting Ni(I) (panel a) and Ni(II) (panel b) 

as obtained with PBE+U-D3.



 

As we cannot straightforwardly associate the third feature arising at ʰ eV with a molecular 

orbital, we label it tentatively as an intermediate state (iS). Searching through the 

corresponding energy range in the simulated momentum maps, we ýnd indeed an intensity 

pattern originating from both spin species that ýts the experimental maps. In order to 

understand the origin of the peak on a molecular level, we utilize simulated maps of NiPc in 

the gas phase (Figure .̡ɻ bottom panel). While a suitable emission pattern cannot be found for 

the gas phase molecule, the intensity distribution of the iS can indeed be reproduced by a 

superposition of HOMO and LUMO emissions. In contrast to energetically localized states in 

a gas phase molecule, a consequence of the strong interaction of the molecule with the 

substrate is a broadening of the electron density between the HOMO and LUMO states. The 

resulting overlap between both orbitals gives rise to the observed ARPES map, which is, 

therefore, a true interface feature. 

Annealing 
Next, we investigate the thermal stability of the Ni(I) conýguration observed in the pristine 

NiPc layer. According to measured data the spin conýguration is stable up to relatively elevated 

temperatures. Only upon annealing to ʴʶʴ K, spin sensitive methods like XMCD and NEXAFS 

detect no signal related to the Ni dy species any more suggesting full conversion to a Ni(II). 

Simultaneously in photoemission spectroscopy, both molecular features associated with 

HOMO and LUMO are shifted by ʯ.ʱ eV toward the metal Fermi level and the intermediate 

state vanishes. This points towards a decreased molecule-substrate interaction going to a more 

decoupled molecular system after annealing. 

We can mimic the experimental ýndings by artiýcially increasing the adsorption height of 

NiPc. As inferred from the potential energy scan (Figure .̡rb), above a Ni-surface distance of 

ʱ.ʲ ¡, the distorted spin-polarized species quickly becomes unfavourable and transitions into 

the planar molecule without spin. Lifting the molecule further from the surface not only 

Figure 3.6: a) Density of states of the NiPc/Cu interface projected onto the HOMO, LUMO and LUMO+1 of the molecule. 
The intermediate state found in photoemission experiments is denoted òiSó. b) Comparison of experimental momentum 

maps (top) to simulated maps of the periodic interface (middle, PBE+U-D3) and in the gas phase (bottom, B3LYP-D3). 
Note that for the periodic interface, the simulated intensities inside a circle (radius = 0.09¡-1) have been cut to suppress 
intense substrate features at low k-values and increase contrast. 

THM: Strong charge transfer from Cu(100) to the tetrapyrrole backbone anchors the 

macrocycle on the surface regardless of the spin state of the Ni. Photoemission orbital 
tomography suggests the occupation of the degenerate LUMO and LUMO+1 molecular 
levels. 



 

changes the spin but then also aʡects the 

interaction of the macrocycle with the 

surface. As the molecule is moved upwards, 

the charge transfer, or in other words, the 

molecule-surface hybridization at the 

interface is gradually suppressed. The 

inþuence on the frontier orbitals is illustrated 

in Figure .̡ʁ by the density of states 

projected onto the atoms of the macrocycle. 

Our calculations indicate that already an 

upward shift of the macrocycle backbone by 

Ó ʯ.ɹ ¡ leads to a downshift of     -ʯ.ʱ eV of 

the HOMO and LUMO levels in good 

agreement with the experimental observations. Furthermore, the intermediate state, which is 

seen as a clear peak in the projected density of states of the optimized interface, diminishes by 

increasing the molecule-surface distance. 

Supporting our above statements, increasing the adsorption height in the simulations also 

nicely reproduces the relative changes in the work function of the samples. The observed trend 

points towards the qualitatively diʡerent interactions before and after annealing. First, the 

work function decreases compared to clean Cu(ʰʯʯ) due to the strong interaction of NiPc with 

the surface (~ -ʯ.ʶ eV). By annealing, this interaction is reduced (or even completely broken), 

thereby increasing the work function (~ +ʯ.ʰ eV), which we recover in our simulations by 

lifting the molecule away from the surface. 

Experiment WF [eV] Change [eV] Simulation WF [eV] Change [eV] 

clean Cu(100) 4.70  clean Cu(100) 4.56  

NiPc monolayer 4.00 -0.7 opt. NiPc 3.87 -0.69 

annealed 4.10 +0.1 dist. Ó 0.4 ¡ 3.95 +0.08 

 

Complementary to the NEXAFS and POT experiments, we have performed X-ray 

photoemission spectroscopy (XPS) to study the eʡect of annealing on the core levels of NiPc. 

As the frontier orbitals of NiPc, which are involved in the switchable substrate-molecule 

interaction, are mainly localized on the carbon macrocycle, we expect the largest inþuence on 

the C h s spectra. To establish the main peaks in our NiPc C h s analysis, we start with the 

experimental data of NiPc on an oxygen-passivated Cu surface as a reference system (Figure 

.̡̫a). Similar to the investigation of heptacene in chapter ʱ.,̡ we ýnd that the molecule 

behaves gas-phase-like and is electronically decoupled from the surface. The experimental 

spectrum consists of two dominant peaks, which can be attributed to emissions from carbons 

bound to other carbons (ʱʷʳ.ʵ eV) and to nitrogen (ʱʷʵ.ʯ eV), respectively. The small peak at 

ʱʷʶ.ʷ eV has previously been identiýed as a ɸŸɸ* satellite [ʰʲʸïh ʳʰ]. In accordance with the 

stoichiometric ratio of C-C and C-N in NiPc (ʱʳ:ʷ), we obtain a ratio of the experimental peak 

intensities of ʲ:ʰ. The electronic decoupling from the surface further allows us to compare the 

Table 3.2: Experimental work function and relative change of the clean Cu-surface, after deposition of NiPc and after 

annealing to 575K compared to the absolute work function and relative change for the corresponding simulations with 
PBE+U-D3. 

Figure 3.7: Density of states projected onto the atoms of the 
macrocycle for different molecule-substrate distances. The 

inset sketches the artificial shift of the molecule from its 
optimized position upwards.



 

experimental spectra to C h s core-energies of 

the gas phase molecule calculated with the 

ǧK-S approach. Here, we ýnd excellent 

agreement in the relative peak positions 

between experiment and theory, thus, 

supporting our assignment (Figure .̡̫c top, 

the absolute calculated values are shifted for 

comparison). 

Going from the non-interacting passivated 

to the above discussed, pure Cu surface, the 

as-deposited NiPc receives charge from the 

substrate. According to our calculations, the 

additional occupation of the LUMOs 

increases especially the electron density at the 

C-N component (seen in Figure .̡̫b). 

Assuming such a local charge transfer would 

also imply a shift of the respective C ʰs 

component toward lower binding energies. 

Indeed, we see a decrease of the peak distance 

in the experimental XPS spectrum from 

ʰ.ʲʶ eV (O-Cu) to ʰ.ʰʯ eV (Cu) (Figure .̡̫c middle). This relative shift between the two C 

components is nicely reproduced in the XPS simulation for the NiPc/Cu interface, where the 

relative peak distance of ʰ.ʲʯ eV for the molecule in the gas phase reduces to ʰ.ʯʱ eV on the 

Cu-surface. 

Upon annealing, the experimental XPS spectrum broadens, and the two main peaks move 

further apart again (ʰ.ʰʸ eV). We can explain these ýndings by the decrease of the electron 

density in the LUMO, pointing toward a reduced charge transfer between the NiPc and the 

surface. Artiýcially lifting the molecule upwards from its optimized adsorption height yields a 

similar relative shift in the simulated XPS spectrum (ʰ.ʰʴ eV) as was found in measured data 

(Figure .̡̫c bottom). Thus, the comparison between XPS experiments and theory additionally 

supports our idea of a change in interaction between molecule and substrate upon annealing. 

 

Figure 3.8: a) C1s XPS of NiPc/O-Cu(100) with experimental 
peak fits. b) Calculated electron density summed over LUMO 

and LUMO+1. c) Experimental C1s spectra of NiPc on 
passivated Cu and deposited on bare Cu before and after 

annealing; lines mark the calculated energies using the ɲK-S 
approach; absolute values are shifted for comparison with 
experiment.



 

In our simulations, increasing the molecule-surface distance is necessary to reduce the 

calculated charge transfer and, consequently, aʡect properties such as the work function or the 

Cʰs XPS spectra. However, it should also be mentioned that above temperatures of ʴʶʴ K, STM 

images show the occasional formation of new supramolecular structures with estimated 

distances between adjacent molecules smaller than van der Waals radii. Similar high 

temperatures (close to ʴʶʴ K) have been reported for on-surface reactions in metal porphyrin 

molecules on metal substrates [ʰʳʱ,ʰʳʲ]. While we cannot unambiguously identify the 

processes taking place upon heating, our combined experimental and theoretical approach 

most importantly provides strong evidence that annealing breaks the molecule-surface 

interaction. 

 

THM: Upon annealing, experiments suggest a reduced interaction of NiPc with the 

surface. In our calculation, we are able to mimic this situation by deliberately moving 

the molecule away from the substrate, thereby, recovering the experimental energy 
level alignment, work function change and XPS spectrum. Hence, it is reasonable to 
believe that the interaction is indeed reduced after the heating, albeit the underlying 
mechanism remains to be solved. 



 

3.3 Adsorption of Small Gases at NiTPP 

3.3.1 Introduction 

Besides moving on an intrinsically shallow energy landscape as the metal complex in the 

previous example, an alternative means of switching the spin state of the Ni atom may be 

external stimuli leading to actively modifying the ligand ýeld around the metal centre 

[ʰʲʲ,ʰʳʳ,ʰʳʴ]. Such modiýcations may include conformational changes in the molecule or the 

adsorption of axial ligands. Especially the latter method is frequently exploited in natural 

processes, which utilize the molecular structure of porphyrins ï the biological pendant to the 

synthetic phthalocyanines and the second important group of tetrapyrroles. The most 

prominent example of a ligand induced spin-change is the adsorption of oxygen to the haem-

group to transport the life sustaining gas in the bloodstream [ʰʳʵïh ʳʷ]. Stimulated by its 

success in nature, the adsorption of small gases to porphyrins has also repeatedly attracted 

attention in the playground of surface science [ʰʳʸïh ʴʴ]. 

While various experimental techniques can give insight into the electronic and magnetic 

changes induced by the additional ligand, thorough understanding on a molecular level comes 

from comparison with theoretical simulations. Here, density functional theory (DFT) is almost 

exclusively the method of choice from the theoretician's toolbox. Its practical implementation, 

however, relies on several approximations, which in turn may limit the informative value of 

the calculation. At the moment, modelling surface chemistry is realistically feasible within the 

generalized gradient approximation (GGA). This level of prediction suʡers from well-known 

and ýercely discussed problems [ʰʰʸ,ʰʴʵïh ʴʸ], nonetheless, it allows accurate insights into 

the electronic structure of porphyrins for extended molecular layers [ʰʵʯïh ʵʲ]. On the 

opposite, the adsorption of small molecules at porphyrin interfaces has also been successfully 

modelled by applying a cluster approach, where the surface is replaced by a cluster of metal 

atoms, or at the extreme, by a single atom [ʰʵʳ,ʰʵʴ]. Missing the eʡect of periodic replica 

comes at the advantage of allowing for a higher-level theory, e.g.: in the form of hybrid 

functionals, for the description of a rather localized property such as oxidation and spin state 

of the central metal atom. On the other hand, neglecting intermolecular interaction or 

simplifying the molecule-substrate interactions may as well lead to a poor description of the 

electronic structure when compared to actual experiments. 

Either way, careful analysis within the limitations of the method is needed to obtain reliable 

interpretations. Therefore in this section, we ýrst aim to deepen our understanding of actual 

and spurious interactions that may arise when investigating porphyrin-interfaces and, in 

particular, molecular switches before evaluating experimental data. 

Article Information and Author Contribution 
The following section summarizes our search for a ligand induced spin-switch interface. The 

investigation eventually culminated in two publications, in which I was involved. The article 

[ʳʰ] represents my main contribution, as it speciýcally covers the theoretical aspects and 

complexity of modelling periodic spin-interfaces. Beside the calculations, I have created the 

underlying concept of the manuscript and written the ýrst draft. In [ʲʸ], a molecular spin-

switch has been realized in close collaboration with especially Henning M. Sturmeit and 

Giovanni Zamborlini, who conceptualized the study and conducted the experiments. We 



 

discussed the results together and I contributed the computational part ï including text and 

ýgures ï of the manuscript, as well as revised it. 

 

3.3.2 Results and Discussion 

Adsorbents (NiTPP) 
Our investigation centres around the metal-organic complex Ni-tetraphenylporphyrin 

(NiTPP), which we will study in three diʡerent environments. First, to introduce the electronic 

properties of NiTPP, we present gas phase simulations. Here, we can also explain the 

adsorption behaviour of additional ligands in the form of chemically intuitive metal-ligand 

interactions. Building the bridge to surface science, we then focus on two diʡerent surfaces, 

which control the oxidation state of the Ni centre, since the electron density at the Ni should 

reþect the way how additional ligands adsorb at the metal atom. So as the second system, we 

have chosen NiTPP on an oxygen-passivated Cu(ʰʯʯ) surface with a (ʱxʱ)Rʳʴ reconstruction 

(O-Cu, Figure .̡h ʯa). In a previous study, on O-Cu, the Ni-complex was found to be decoupled 

from the surface, essentially retaining its gas phase behavior [ʰʯʶ]and chelating a low spin 

Ni(d̫) (cf. Figure .̡h ʯc). Our third system consists of a monolayer NiTPP adsorbed on a pure 

Cu(ʰʯʯ) surface (Figure .̡h ʯb). Previous studies on this system have shown a strong charge 

Figure 3.9: Headers of both articles [39,41] including all contributing authors. The computational study was 

published in Inorganica Chimica Acta, the experimental work in Small.



 

transfer from the substrate to the NiTPP, 

resulting in a strongly distorted adsorption 

geometry [ʰʳʱ,ʰʵʵ]. Simultaneously, the 

diamagnetic Ni(ʱ+) is reduced to a 

paramagnetic Ni(dy) species (cf. Figure 

.̡h ʯd). 

Adsorbates (Small Gases) 
As ligands, we have chosen six small gases 

(CHr, HɦO, NH̡, CO, NO and NOɦ), which are 

typically associated with diʡerent 

coordination behaviour in organo-metallic 

chemistry. At this point, it may be helpful to 

revisit the bonding concepts of coordination 

complexes before we look into their 

properties at the above-mentioned hybrid 

interfaces. Usually, the interaction of the 

metal centre with its surrounding ligands can 

be understood as a redistribution of electrons 

between the involved species. Assuming that 

mainly valence electrons contribute to bond 

formation, the ligands are then classiýed according to the ability of their frontier orbitals to 

donate/accept electrons to/from the d-orbitals of the metal. The strength of this interaction is 

governed by the energy level alignment and symmetry of the interaction partners. To better 

understand the classiýcation of our adsorbate gases, we will ýrst describe their highest 

occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, cf. Figure .̡h )h. For 

the bonding, we will adopt the common notation of sigma and pi-orbitals depending if a nodal 

plane passes through the bonded nuclei (“) or not („). 

 

Figure 3.10 Side and top views of the adsorption structure of 
NiTPP on oxygen-passivated Cu(100) (a) and clean Cu(100) 

(b), respectively. Panel (c) and (d) display the density of states 
projected onto the Ni d-states for both systems. The energy 
is in reference to the vacuum energy, the dashed lines mark 

the Fermi energy EF. 

THM: Adsorption on a pure and a passivated Cu-surface controls the oxidation and 
spin state of Ni-tetraphenylporphyrine interfaces forming molecular monolayers with a 

Ni(I) and a Ni(II) species, respectively. We will investigate the consequences of both 

initial spin states for the adsorption of external gas ligands. 
























































































































































































