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Zusammenfassung

Leitthema dieser Arbeit ist das Wechselspiel adsorbierter Moleküle untereinander so-
wie mit der Ober�äche im Ultrahochvakuum (UHV).
Kapitel 3 behandelt die molekulare Erkennung durch Wassersto�brücken (H-Brü-

cken). Aufbauend auf einem in Supramolekularer Chemie bekannten H-Brückenmotiv
wird die Selbstorganisation dreier Moleküle auf Ag(111) untersucht. In weiteren Expe-
rimenten, die sich auf eines dieser Moleküle konzentrieren, wird die durch Wärmezu-
fuhr verursachte Umformung eines porösen Netzwerks in ein dichtgepacktes Netzwerk
beobachtet. Untersuchungen mittels Rastertunnelmikroskopie (STM) und Beugung
langsamer Elektronen (LEED) zeigen, dass beide Ober�ächenstrukturen wohlgeordnet
und kommensurabel zum Ag-Substrat sind. Dabei ist der Übergang zur dichtgepack-
ten Struktur durch eine Änderung der Molekülkonformation gekennzeichnet, die in
Lösung nicht beobachtet wird.
Kapitel 4 widmet sich Untersuchungen des Perylenderivats 1,3,8,10-Tetraazapero-

pyren (TAPP) auf Cu(111). TAPP zeichnet sich durch Bildung verschiedener Ober�ä-
chenstrukturen aus, die durch unterschiedliche Wechselwirkungen zwischen den Mole-
külen charakterisiert sind. Ober�ächenstrukturen, die durch schwache van-der-Waals-
Kräfte zwischen den Molekülen ausgebildet werden, werden bei Wärmezufuhr durch
ein wohlgeordnetes, zum Cu-Substrat kommensurables poröses Netzwerk abgelöst, des-
sen Molekül-Molekül-Wechselwirkung auf der Koordination freier Cu-Adatome zu den
N-Atomen des TAPP basiert. Bei weiterer Wärmezufuhr bilden über kovalente C-
C-Bindungen verknüpfte TAPP-Moleküle Ketten. Röntgenphotoemissionsspektrosko-
pische Untersuchungen (XPS) und dichtefunktionaltheoretische Rechnungen (DFT)
weisen auch bei den Ketten auf eine Koordination zu Cu-Adatomen hin. Erste Versu-
che, die Polymerisation im UHV auf zwei Dimensionen auszudehnen, deuten an, dass
die fehlende Selbstkorrektur, die reversiblen Wechselwirkungen zu eigen ist, hier der
Ausbildung wohlgeordneter Ober�ächenstrukturen entgegenwirkt.
Die Wechselwirkung eines wohlgeordneten, porösen Netzwerks mit der Ober�äche

ist Gegenstand von Kapitel 5. Dabei zeichnet sich das vom Perylenderivat 4,9-Diami-
noperylen-chinon-3,10-diimin (DPDI) auf Cu(111) gebildete und auf H-Brücken basie-
rende Netzwerk durch eine für diese Bindungsklasse ungewöhnlich hohe Stabilität aus.
Insbesondere die durch spektroskopische Untersuchungen mittels stehender Röntgen-
wellenfelder (XSW) ermittelte Adsorptionshöhe der Moleküle spricht gegen eine starke
Wechselwirkung zwischen Perylenkern und Cu-Ober�äche. Zur Erklärung der Stabi-
lität wird darum angenommen, dass zusätzlich Cu-Adatome mit den N-Atomen der
Moleküle wechselwirken. Darüber hinaus zeigen rastertunnel- (STS) und winkelaufge-
löste photoelektronen-spektroskopische (ARPES) Untersuchungen, dass die periodi-
sche Störung des Cu(111)-Ober�ächenzustandes zur Bildung eines (elektronischen)
Energiebandes führt.
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Abstract

In the work at hand the interplay between molecules as well as molecules and substrate
is studied in ultrahigh vacuum (UHV).
In Chapter 3 hydrogen-bond (H-bond) recognition, which is based on an H-bonding

motif well-known in supramolecular chemistry, is investigated on Ag(111) for a three
component system. Moreover, for one of the molecules a thermally induced phase tran-
sition from a porous network to a close-packed structure is found. Scanning tunneling
microscopy (STM) and low energy electron di�raction (LEED) show that both surface
structures exhibit long-range order and are commensurate with the Ag-substrate. In
particular, this transition involves a conformational change of each molecule that is
not observed in solution.
Chapter 4 deals with the study of intermolecular interactions of the perylene deriva-

tive 1,3,8,10-tetraazaperopyrene (TAPP) on Cu(111). Di�erent surface structures are
observed which exhibit di�erent types of intermolecular interactions. Surface struc-
tures formed by TAPP molecules interacting via weak van-der-Waals forces are trans-
formed into a long-range-ordered porous network upon annealing. For this network,
which is commensurate to the substrate, the intermolecular interactions are based on
the coordination of Cu-adatoms to the N-atoms of TAPP. Upon further annealing co-
valent C-C couplings between TAPP molecules result in the formation of chains. X-ray
photoelectron spectroscopy (XPS) and computational studies using density functional
theory (DFT) show that the N-atoms of the chains can coordinate to Cu-adatoms as
well. Moreover, in a preliminary study the attempt was undertaken to create poly-
merized structures in two dimensions. However, the formation of ordered structures is
a challenging task since self-correction that is inherent to weak reversible interactions
is missing.
The molecule-surface interaction of a long-range-ordered porous network formed by

the perylene derivative 4,9-diaminoperylene-quinone-3,10-diimine (DPDI) on Cu(111)
is studied in Chapter 5. This network whose molecular building-blocks interact via
H-bonds exhibits an extraordinary stability. In particular, the molecular adsorption
height above the Cu surface determined by X-ray standing wave experiments (XSW)
indicates that the molecular perylene core is not directly involved in a strong interac-
tion with the surface. Thus, it is assumed that Cu-adatoms interact with the molecular
N-atoms in order to explain the stability of the network. Moreover, scanning tunneling
spectroscopy (STS) and angle-resolved photoemission spectroscopy (ARPES) reveal
the formation of an electronic band which is induced by the periodic in�uence of the
molecular network on the surface state of Cu(111).
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Abbreviations and molecules

Abbreviations

ARPES Angle-resolved photoemission spectroscopy
DOS Density of states
EDC Energy dispersion curves
LDOS Local density of states
LT Low temperature
LUMO Lowest unoccupied molecular orbital
ML Monolayer
NIXSW Normal incidence X-ray standing wave
PES Photoemission spectroscopy
QMB Quartz crystal microbalance
QMS Quadrupole mass spectrometer
RMS Root mean square
RT Room temperature
SBZ Surface Brillouin zone
STM Scanning Tunneling Microscopy

Scanning Tunneling Microscope
STS Scanning Tunneling Spectroscopy
UHV Ultrahigh vacuum
UPS Ultra-violet photoelectron spectroscopy
vdW van der Waals
XPS X-ray photoelectron spectroscopy
XSW X-ray standing wave
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Abbreviations and molecules

Molecules

Abbr. Name of molecule Sketch

DIBOTAP N,N',N�,N� '-diborylene-3,4,9,10-
tetraaminoperylene

N

H

N

H

N

H

N

H

BH BH

DPDI 4,9-diaminoperylene-quinone-3,10-
diimine

TAP 1,3,6,8-tetraazapyrene

TAPP 1,3,8,10-tetraazaperopyrene

TMA Benzene-1,3,5-tricarboxylic acid
(Trimesic acid)

1 1-Hexyl-6-[(anthracen-9-
yl)ethynyl]uracil

N
NH

O

O

2 1,1'-hexyl-6,6'-
[(phen-1,4-diyl)diethynyl]bisuracil

N
NH

O

O

NH
N

O

O

3 4,4'-[(phen-1,4-diyl)diethynyl]
bis(2,6-diacetylaminopyridine)

N N

NH

NH

NH

NH

O

O O

O
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1 Introduction

Surprise and fortune may to a large extent de�ne scienti�c excitement while cu-
riosity may provide the motivation for scienti�c e�ort. This statement also applies to
the work at hand.
�New ideas, technologies and products are the happy by-products of research in

good times.� [1] From this viewpoint the transfer of scienti�c �ndings to technological
innovation may rather be considered as artful but important skill than mandatory
necessity. Organic and molecular electronics represent a fraction of such potential
technological innovation and are often related to studies of molecular adsorbates on
surfaces � the subject of this thesis.
The concepts of organic electronics are based on those of semiconductor device

fabrication in which di�erently doped semiconductors, metals and insulators are com-
bined to passive (e.g. resistors and capacitors) or active (e.g. transistors) electronic
components. Their assembly to logic gates that perform Boolean logic operations
represent the heart of current microprocessors. In organic electronics the basic ele-
ments, especially (inorganic) semiconductors, are replaced by organic molecules [2,3].
Potential advantages like speci�c tuning of the electronic properties (such as band
gaps and charge carrier mobility) and the combination with �exible or transparent
substrates are accompanied by a generally lower charge carrier mobility compared to
(poly-)crystalline silicon [3, 4]. Currently, printed (i.e. low-cost) and �exible elec-
tronics1 [6], as well as illumination [7] and display technologies [8] based on organic
materials (Organic Light Emitting Diode, OLED) or organic photovoltaics [9] are con-
sidered as (potentially) emerging technologies. Also the nano.de-Report 2009 of the
German Federal Ministry of Education and Research (BMBF) [10] identi�es organic
electronics as potential future technology of nanoelectronics.
The aforementioned report also mentions molecular electronics in which active elec-

tronic components or even whole logic gates would be replaced by molecules [11]. An
often cited capability of this approach involves space requirements: Currently, the
estimated area of a logic gate2 is 1.3 µm2 whereas the projected area in 2022 amounts
to 0.08 µm2 [13]. However, at this level of miniaturization the question arises, whether
the use of electrons as information carrier and Boolean logic operations as basic el-
ements of data-processing are still suitable [11]. The relevance of this aspect is also
emphasized in the International Technology Roadmap for Semiconductors 2007 which
dedicates a whole paragraph to these �alternative information processing devices� [14].

1It is noted that the implementation of �exible electronics is not constrained to organic electron-
ics [5].

2In the currently used 45 nm semiconductor manufacturing process the area of a SRAM cell (con-
taining 6 transistors) is 0.35 µm2 [12]. The area of a logic gate (containing 4 transistors) is
approximately 3.7 times larger than the SRAM cell area [13].
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1 Introduction

Studies of molecular adsorbates are nowadays a vital part of surface science.
This includes studies on single molecules [15, 16] as well as on the formation of long-
range-ordered surface assemblies [17�20]. In particular, the use of �large� molecules
with �exible functional groups involves conformational issues [21�24] which may in�u-
ence molecular adsorption and intermolecular interactions. In Chapter 3 an example is
studied in which a thermally induced transition between two long-range ordered struc-
tures is accompanied by a conformational change of the molecular building blocks. The
formation of such molecular surface networks is mainly based on reversible (�weak�)
intermolecular interactions.
The Nobel Prize in Chemistry for 2007, awarded to G. Ertl, has drawn much atten-

tion to surface chemistry and re�ects the strong relationship between the industrial
need for e�cient chemical processes and the scienti�c importance of studies on chemi-
cal processes at surfaces and interfaces [25]. The implementation of a well-de�ned and
ultra-clean surface in ultrahigh vacuum (UHV) as a workbench which chemical reac-
tions occur on also o�ers the potential to create stable surface templates [26]. Recently,
the extension of �weak� intermolecular interactions to �strong� covalent bonds between
molecules on surfaces in UHV has drawn much attention in surface science [27�33].
The polymerization of a perylene derivative on Cu(111) is one of these examples which
is discussed in detail in Chapter 4. For this system the interplay between the metal
substrate, its free adatoms and the molecules is intended to provide insight in poten-
tial processes being relevant for the formation of covalent couplings. For this purpose,
detailed studies of this molecular adsorbate in dependence of the annealing tempera-
ture of the sample were performed which revealed further intermolecular interactions
(van-der-Waals forces and metal coordination).
A major drawback in the creation of long-range-ordered two-dimensional surface

structures based on covalent bonds is the missing self-correction that is inherent to
reversible intermolecular interactions [34]. This ongoing challenge, e.g. [31, 33], is
addressed in Chapter 4 as well. However, the creation of such surface structures in
two dimensions o�ers an overlap with organic electronics, in particular if it is possible
to create conjugated polymers in two dimensions [34]. This step may increase the
inherently slow charge carrier mobility of organic semiconductors and includes the
possibility of tuning their electronic properties [3, 34].
Ordered ad-layers in two dimensions may also involve new cooperative properties,

resulting from the high periodicities of the ad-layers which are expected to signi�cantly
in�uence the electronic structure of either predominantly the ad-layer itself or the
whole system consisting of ad-layer and substrate, e.g. [35]. The latter case is addressed
in Chapter 5 in which the cooperative in�uence of a porous molecular network [36,37]
on the free-electron-like surface state is studied which results in the formation of a
weakly dispersed electronic band.
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2 Fundamentals

In this chapter the main experimental techniques used for the thesis at hand are
introduced with a focus on X-ray standing wave (XSW) absorption. Besides an in-
troduction to scanning tunneling microscopy (STM) and spectroscopy (STS), angle-
resolved photoemission spectroscopy (ARPES) is brie�y described with an emphasis
on its complementarity to STS. The combination of both techniques allows for detailed
studies of the electronic structure of the surface. For further techniques that are used
in this work � in this case X-ray photoemission spectroscopy (XPS) and low energy
electron di�raction (LEED) � it is e.g. referred to [36, 38]. In the last section of this
chapter the di�erent experimental setups are described and information on the sample
preparation is given.

2.1 X-ray standing wave absorption

In this work X-ray standing wave (XSW) absorption was used to gain information on
distances between molecular adsorbates and the surface of the underlying substrate
with high accuracy (the typical error in this work is in the order of 0.05Å). With this
technique not only the distance (or height) of an adsorbate but the heights of di�erent
chemical species making up the adsorbate can be determined. However, as XSW is a
laterally averaging technique a reasonable order of the adsorbate with respect to the
parameters under investigation (height and possibly the lateral position) is necessary.
This section is based on the reviews by J. Zegenhagen [39] and D.P. Woodru� [40]

that include beside experimental issues a detailed theoretical background. After a
very brief introduction to the basic theoretical ideas this section will concentrate on
how the data analysis is carried out.
The basic principle of XSW is shown in Figure 2.1. If a single crystal is irradi-

ated with X-ray photons whose energy matches a Bragg condition the superposition
of incident and re�ected beam results in a standing wave �eld (Fig. 2.1.a). The phase
di�erence between incident and re�ected beam can be tuned by tuning the photon
energy in a small range around the Bragg energy (here: ± 2 eV) (Fig. 2.1.c). This
means that the nodes and antinodes of the standing wave �eld will move (arrow in
Figure 2.1.a). Thus, the intensity of the standing wave �eld depends on both the
height hG 1 (of the adsorbate where the intensity is measured) and the photon energy.
Therefore for each height (mod dG)2 a unique function (intensity vs. photon energy)

1The index G, e.g. G = (111), speci�es the Bragg planes that are used to form the standing wave
�eld.

2The distance between neighboring Bragg planes dG corresponds to the periodicity of the intensity
of the standing wave �eld. Thus the functions (intensity vs. photon energy) are identical for
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2 Fundamentals

Figure 2.1: Basic idea of XSW. a) The superposition of incident and re�ected beam
creates a standing wave �eld at an energy that matches a Bragg condition. b) Intensity
(normalized by the intensity of the incident beam) of the standing wave �eld vs.
photon energy at two di�erent heights. Beyond the Bragg condition the normalized
intensity approximates the expected value 1. c) Re�ectivity and phase di�erence
between incident and re�ected beam vs. photon energy.

is obtained as illustrated in Figure 2.1.b. The experimental goal is the determination
of these functions (the intensity pro�les in Fig. 2.1.b) which are used to calculate
the heights of the adsorbates. These intensity pro�les are determined indirectly by
measuring the photoelectrons that are emitted by the adsorbate in a setup for X-ray
photoemission spectroscopy (XPS). This approach makes sense because the photoelec-
tron yield of the core-levels of an adsorbate directly depends on the intensity of the
standing wave �eld at the adsorbate position. Moreover, this approach includes the
above-mentioned possibility of determining the height hG of each chemical species of
the adsorbate.
In the following this section will focus on normal incidence XSW (NIXSW). For

NIXSW the X-ray beam is perpendicular to the Bragg planes, i.e. the Bragg condition
is met at a Bragg angle of close to 90◦.3 An important prerequisite for performing
NIXSW measurements is the possibility to tune the photon energy to meet the Bragg
condition. Thus, synchrotron radiation is necessary. By using di�erent Bragg planes
it is in principle possible to triangulate the position of the adsorbate, i.e. to determine
beside the height also the lateral position with respect to the underlying substrate.
It is noted that instead of tuning the photon energy changing the angle between

sample and X-ray beam basically results in the same e�ect of traversing the Bragg
condition. In this way the �rst successful XSW measurements were carried out. In
this case the Bragg condition is met in an o�-normal setup and thus laboratory X-ray

all heights hG + n · dG (n ∈ N) and the determined height of an adsorbate always contains the
unde�ned o�set n · dG.

3Depending on the Bragg planes that are used NIXSW does not necessarily imply that the X-ray
beam is perpendicular to the surface.
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2.1 X-ray standing wave absorption

sources can be used whose energy cannot be tuned. However, such an approach makes
high demands on both the experimental setup (angles have to be tuned in a range
signi�cantly smaller than 1◦) and the quality of the crystal (small mosaicity). To a
certain extent these constraints are overcome with NIXSW as the width of the curves
(Fig. 2.1.b and c) exhibit a maximum at a Bragg angle of 90◦.

2.1.1 X-ray di�raction

In the introduction it is already indicated that a detailed knowledge on the quantitative
behavior of the standing wave �eld with respect to the photon energy and the height
hG is necessary to calculate the latter value. For this purpose theories on X-ray
di�raction are used. A very well known approach is the kinematical theory of (X-ray)
di�raction in which an incoming plane wave interferes with spherical waves arising
from each point (atom) of the crystal under study. This interference is calculated
at a distance that is large compared to the dimensions of the crystal. Including the
periodicity of the crystal lattice and the information on its basis, the determination of
both the Laue condition which is equivalent to the Bragg condition and the structure
factor which describes the relative �intensity of the Bragg points� is possible. One
drawback of this approach is the negligence of the extinction of the incoming plane
wave: A spherical wave that departs from the inside of the crystal has the same weight
as a wave departing from an equivalent position of its surface. Moreover, each atom
�generates� only one spherical wave. Thus, multiple scattering events are neglected.
The constraints of the kinematical theory of (X-ray) di�raction are overcome in

the theory of dynamic (X-ray) di�raction which allows an accurate description of the
di�raction at the crystal. Within this theory the intensity of the wave �eld at a speci�c
height hG and at an energy E is:

IWF
G (hG, E) = 1 +R (E) + 2 ·

√
R (E) · cos

(
ν (E)− 2π

hG
dG

)
(2.1)

IWF
G Intensity of the (standing) wave �eld (WF) normalized by the

intensity of the incident beam (cf. Fig. 2.1.b)
R (E) Re�ectivity (cf. Fig. 2.1.c)
ν (E) Phase between the incident and re�ected beam (cf. Fig. 2.1.c).

The re�ectivity and the phase can be extracted from the ratio of the electric �elds:

EG (E)

E0 (E)
=
√
R (E) · eiν(E) (2.2)

EG Electric �eld of the wave re�ected at the Bragg planes
characterized by G

E0 Electric �eld of the incident wave.

As the re�ectivity approximates 0 outside the Bragg condition (Fig. 2.1.c) the nor-
malized intensity of the wave �eld approximates 1 (Equation 2.1). In other words:
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2 Fundamentals

Outside the Bragg condition the intensity of the wave �eld corresponds to the inten-
sity of the incident wave and the standing wave �eld ceases to exist. If the energy
dependent intensity at the position of the adsorbate is known Equation 2.1 can be
used to �t this curve with the parameter hG.

2.1.2 Relation between the intensity of the standing wave �eld
and the photoelectron yield

The intensity of the standing wave �eld at the adsorbate position is determined indi-
rectly by measuring the photoelectron yield for the core levels of the di�erent chemical
species making up the adsorbate. In �rst order the intensity of the standing wave �eld
is assumed to be proportional to the photoelectron yield, i.e. the intensity (area) of
the XPS peak. However, XPS measures the signal of every element (of the same chem-
ical species) with the (probably varying) height hG,i. The XPS intensity at a photon
energy E should then be proportional to the sum of the intensities IWF

G (hG,i, E) at
the element positions hG,i:

IXPSG (E) ∝
∑
i

IWF
G (hG,i, E) (2.3)

IXPSG (E) Intensity of an XPS core level peak measured at the photon
energy E

IWF
G (hG,i, E) Intensity of the standing wave �eld at the position of element i

(cf. Eq. 2.1).

The sum of the cos-terms in Equation 2.3 (cf. Equation 2.1) containing the same
variable ν but di�erent phases 2π · hG,i/dG results in a cos-term with a new phase h̄G
and a new amplitude FG. The XPS signal is then proportional to:

IXPSG (E) ∝ 1 +R (E) + 2 ·
√
R (E) · FG · cos

(
ν (E)− 2πPG

)
(2.4)

FG Coherent fraction
PG Coherent position: PG = h̄G/dG.

The coherent fraction FG indicates the disorder4 of the element that is studied. A
coherent fraction of 1 indicates a perfect order, i.e. every element adsorbs at the same
height whereas a decreasing coherent fraction indicates increasing disorder.
Until now a proportionality between the intensity of the standing wave �eld and

the photoelectron yield was assumed. This approximation is valid as long as the
wave length of the wave �eld signi�cantly exceeds the dimensions of the atom. In the
experiments described in this work the X-ray wavelength is 4.3 Å. Thus, deviations
from this so called dipole approximation have to be taken into account. This becomes
even more important if the electron distribution of an atom is asymmetric since the

4This disorder only refers to the axis perpendicular to the Bragg plane G, i.e. varying heights hG,i

of the element i induce disorder.
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2.1 X-ray standing wave absorption

Table 2.1: Quadrupole parameters on Cu(111) taken from [42].

Carbon(1s) Nitrogen(1s)

SR 1.76 1.77
|SI | 1.382 1.388
Ψ -0.055 -0.067

re�ected wave might be absorbed in a di�erent way than the incident wave. These
deviations are accounted for as quadrupole parameters SR and SI that are included
in Equation 2.4 in the following way:

IXPSG (E) ∝ 1 +R (E) · SR + 2 ·
√
R (E) · |SI | · FG · cos

(
ν (E)− 2πPG + Ψ

)
(2.5)

SI = |SI | · eiΨ

The parameter SI is a complex number with absolute value |SI | and phase Ψ. It is
noted that another parametrization of these non-dipolar contributions exists which,
however, is used less in literature. It was introduced by Nelson et al. [41] and consists
of the two independent parameters q and ∆. The quadrupole parameters normally
depend on the experimental geometry, the element number, the photon energy and
the orbital symmetry of the initial state. For the analysis presented in this thesis the
quadrupole parameters (Table 2.1) were taken from [42] where they were determined
for NIXSW measurements on Cu(111).
The energy dependent photoelectron intensity IXPSG (E) (Eq. 2.5) of a speci�c el-

ement is called photoelectron yield curve in the following. Each value of the photo-
electron yield curve at photon energy E represents the intensity of a core-level peak
(XPS-spectrum) taken with photon energy E.

2.1.3 Data analysis with DARE

Together with the re�ectivity (Fig. 2.1) which is called rocking curve in the following,
the photoelectron yield curve (Equation 2.5) is used to determine coherent fraction
and position. For this procedure the software DARE developed by J. Zegenhagen is
used. In the following the basic concept of the software is described with emphasis on
several aspects which are relevant for the analysis of the experimental data presented
in this work.
In a �rst step, DARE recalibrates the energy scale and the intensity scale of the

rocking curve to determine the energy-dependent behavior of the re�ectivity R(E)
and the phase ν(E). This is done after subtracting an o�set. This is reasonable as
the re�ectivity is supposed to approximate 0 outside the Bragg condition. Deviations
of the experimental photon energy scale from the theoretically determined scale may
be due to both monochromator drift and the not negligible mosaicity of the crystal.
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2 Fundamentals

In a second step, the information on re�ectivity and phase are used to �t the photo-
electron yield curve and to extract coherent fraction and phase. Because the di�raction
of the crystal is already fully characterized after the �rst step the �t of the photo-
electron yield curve is an unambiguous (non-critical) process with respect to the �t
parameters: Either the �t works and coherent fraction and position are determined or
the curve cannot be described by the theoretical model. Thus, the most critical step
is the �t of the rocking curve. Because of this, the rest of the paragraph is dedicated
to the e�ects of monochromator drift and mosaicity of the crystal that both in�uence
the rocking curve.

For performing XSW measurements a photon energy just below the Bragg condition
is used as initial value. After recording the relevant XPS spectra the energy is increased
a bit and the recording of the XPS spectra is repeated at the new photon energy.

The experimental setup used for this work exhibited a noticeable monochromator
drift. Thus, in order to reduce the monochromator drift (backlash) a photon energy
lower than the initial value was chosen. By this the (real) initial value for the XSW
experiment was stepwise approached from below. The residual drift should result in
a deviation of the theoretical energy range from the experimental one whereas the
intensity should not be a�ected.

In [43] real and thus imperfect crystals are considered as a conglomeration of tiny,
perfect crystals (mosaic blocks) which have slightly di�erent orientations. There,
mosaicity is de�ned as the �width of the distribution of mis-orientation angles of
all the unit cells in a crystal�. Each mosaic block matches the Bragg condition at
a slightly di�erent photon energy. In principle each mosaic block provides its own
rocking curve which is shifted on the photon energy scale compared to the rocking
curves of other mosaic blocks. Summing up all individual rocking curves thus leads to
a broadened rocking curve. Its intensity in comparison to a rocking curve of a crystal
without mosaicity is lower. Hence, for occurring mosaicity the energy range of the
rocking curve determined by DARE is narrowed compared to the energy range used
in the experiments. DARE can mimic mosaicity to a certain extent by arti�cially
increasing the divergence of the photon beam which is caused by the monochromator
and described through the asymmetry parameter b. This divergence can be adjusted
such that the two energy ranges mentioned above agree with each other.

While monochromator drift should result in rocking curves of identical intensity but
di�erent width the experimental data within this work exhibit two di�erent features:
Rocking curves taken at di�erent positions on the same sample di�er in peak position,
intensity and width (Fig. 2.2.c). However, some curves are nearly identical (Fig. 2.2.d).
Thus, the dominating in�uence on the rocking curve results from mosaicity which
is therefore taken into account in the XSW analysis of this work. However, it is
important to note how the �consideration� of mosaicity a�ects coherent fraction and
position. This is shown in Fig. 2.2.a and b. The addition of mosaicity involves an
average systematic deviation of -0.1 for the coherent fraction and an increase of height
of 0.01 Å for the adsorbate. Especially the latter deviation does not exceed the typical
error of the coherent positions determined in this work. Hence, neither monochromator
drift nor mosaicity seem to lead to signi�cant errors in our case.
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Figure 2.2: Coherent fraction (a), coherent position (b) and rocking curves (c, d)
determined at di�erent positions on two Cu(111) crystals (labeled from 1 to 9). The
coherent position and fraction are determined for the N1s peak of the NH group of the
perylene derivative DPDI forming a disordered assembly on the surface (Section 5.1).
The positions 1�6 refer to one crystal whereas 8 and 9 refer to a another one.

2.1.4 XPS analysis

In order to determine a photoelectron yield curve, which is used as input for DARE
(cf. Section 2.1.3), a set of XPS spectra taken with di�erent photon energies has to
be analyzed. The task is to calculate the peak intensity of each spectrum which can
be done in two ways: The XPS spectra are either �rst �tted and subsequently, the
area of the peak is calculated from the �t or the area is directly determined from
the measured data. The advantage of the latter method is its simplicity because no
assumptions are made e.g. for the shape of the peak. However, a �t may be necessary
if two peaks are close to each other, i.e. if the peak positions for the same element
within di�erent chemical environments only di�er by a few eV. This is the case for the
experiments presented in this work. In order to have �comparable errors� the �tting
strategy is always used, whether necessary or not.
Figure 2.3 compares both strategies for a set of XPS spectra of the same chemical

species. The coherent positions exhibit a systematic deviation of 0.01 which corre-
sponds to a di�erence in height of 0.02 Å. For the coherent fraction the choice of
one strategy does not seem to induce a systematic error (Fig. 2.3). In the case of
the direct determination of the peak area (�lled squares in Fig. 2.3), the deviations
from the average coherent position seem to be smaller compared to the deviations
from the average coherent fraction. Furthermore, the coherent fractions, calculated
from the direct determination of the peak area, seem to di�er more strongly from the
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Figure 2.3: Coherent fraction (a) and position (b) for �ve di�erent sample positions.
Two strategies were used to analyze the XPS spectra at �ve di�erent positions on
the sample (labeled 1 to 5). For the hollow squares the XPS spectra were �tted and
the area of the peak was calculated from the results of the �t whereas for the �lled
squares the area of the peak was determined directly. The black dotted lines show
the average coherent fraction and position, respectively. The straight lines indicate
the corresponding standard deviations. These statistical values were obtained by the
�rst strategy and include besides the �ve positions shown here ten additional positions.
Coherent fraction and position are displayed for the C1s peak of the perylene derivative
DPDI adsorbed on Cu(111) in a disordered phase (Section 5.1).

average coherent fraction than those whose calculation is based on the �ts of the XPS
spectra. Although the statistics is not su�cient to make a rule from this observation,
it can be qualitatively understood in the following way. While the coherent position
is determined by the shape of the photoelectron yield curve the coherent fraction is
determined by its deviation from 1. For XPS spectra with low peak intensity (low
photoelectron yield) noise might signi�cantly a�ect the direct determination of the
peak area. In contrast, the �t with a �xed peak position and width might result in
a noise reduction. Moreover these considerations show the robustness of the XSW
technique with respect to the determination of the coherent position, i.e. the height
of the adsorbate.

2.1.5 The �tting algorithm for the XPS peaks

Due to the massive data acquisition of XPS spectra5 their analysis has been automa-
tized. The corresponding script has to consider parameters like shake up, linear and/or
Shirley background and the peak positions. In general, a large set of adjustable �t
parameters creates signi�cant dependencies between these parameters. In the worst
case the �tting procedure becomes untrustworthy. Moreover, the �tting procedure is
further complicated as beam damage sets an upper limit to the data acquisition time
what results in rather noisy XPS spectra (Fig. 2.4.b).

5Each photoelectron yield curve is the result of the analysis of approximately 20 XPS curves. Two
di�erent assemblies are studied with focus on the N1s and C1s spectra.
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Figure 2.4: N1s spectra together with the corresponding �ts for submonolayer cover-
age of DPDI on Cu(111). a) Spectrum recorded with �good� statistics after background
subtraction in order to gain reliable information on peak positions and widths. b) Fit
of one XPS spectrum that is part of an �XSW-set� (the analysis of the XPS spectra of
one set results in one photoelectron yield curve). The e�ects that are considered by
the �tting algorithm are exemplarily illustrated: The overall curve (red) is the sum
of the �ts of the two N1s peaks and the shake up, the Shirley background (blue) and
the linear background (black).

Hence, the aim of an optimized script includes the reduction of the number of
adjustable �t parameters. For this reason the peak shape is described by a Gauss
pro�le and not by a perhaps more accurate Voigt pro�le assuming that the Gauss
pro�le of the analyzer will dominate the peak shape. Thus, the following �t function
has been used:

Fit (E) = C + L · E︸ ︷︷ ︸
Linear background

+ B · shiẼ,w̃ (E)︸ ︷︷ ︸
Shirley background

+

ASU · exp

{
−(E − ESU)2

2 · w2
SU

}
︸ ︷︷ ︸

Shake Up

+AP · exp

{
−(E − EP )2

2 · w2
P

}
︸ ︷︷ ︸

XPS peak

(2.6)

shiẼ,w̃ (E) =

∫ E

−∞
exp

−
(
E − Ẽ

)2

w̃2

 dE

C,L O�set and slope of the linear background
B,ASU , AP Amplitudes of the Shirley background, the shake up and the

peak
Ẽ, ESU , EP (Peak) energies of the Shirley background, the shake up and

the peak
w̃, wSU , wP (Peak) widths of the Shirley background, the shake up and

the peak.
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• Peak energies and widths. XPS spectra with better statistics (Fig 2.4.a) were
used to determine the positions and widths of the peaks(s) and the shake up.6

Also in the case of two neighboring peaks only one shake up is assumed. The
determined widths are used as constant parameters for the �t function (Eq. 2.6).
The di�erence in energy between the peak and the shake up (and in the case
of two peaks also the di�erence between them) are the other constant parame-
ters. Thus, only one adjustable peak position (the reference energy) is left that
determines the �lateral position� of the �t function on the energy axis.7 Orig-
inally, this parameter should compensate for monochromator drift within the
XPS-spectra of one �XSW-set�.8 For this purpose, however, the signal-to-noise-
ratio was too bad. Hence, the parameter was set constant for the XPS spectra of
one �XSW-set�. By repeating the �tting algorithm and varying this parameter
it was then manually adjusted. In this context it is noted that even an arbitrary
change of this reference energy did not change the shape of the photoelectron
yield curve signi�cantly.

• The Shirley background considers secondary electrons (photoelectrons that
are scattered inelastically on their way to the analyzer) [36,44]. With increasing
binding energy (decreasing kinetic energy) the intensity of the (Shirley) back-
ground also increases. Assuming a proportionality between the number of sec-
ondary electrons and the intensity of the peak (that is responsible for these
secondary electrons) the Shirley background can be described as [36]:

Shirley background (E) ∝
∫ E

−∞
Peak function (E) dE . (2.7)

This term is denoted as shi(E) in Equation 2.6. In the case of a Gauss pro�le
this integral is proportional to the error function. A Shirley background is only
considered for the main peak(s), but not for the shake up so that

Ẽ = EP w̃ = wP .

In order to limit the number of �t parameters only one Shirley background is also
assumed in the case of two neighboring peaks (EP,1, wP,1, EP,2, wP,1) resulting
from di�erent chemical environments of one element. In this case the following
parameters were used:

Ẽ = (EP,1 + EP,2) /2 w̃ = (wP,1 + wP,2) /2.

6For this purpose a photon energy is used that signi�cantly di�ers from the Bragg condition (here:
EBragg - 5 eV). Thus, the standing wave �eld is not formed and each atom is irradiated with the
same intensity.

7However, besides this peak position there are still other adjustable parameters, such as amplitudes
of peaks and Shirley background.

8The XPS analyzer measures the kinetic energy of the photoelectrons. Thus, it is necessary to
know the exact photon energy to be able to calculate the binding energy accurately. However,
the photon energy is a�ected by monochromator drift.
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2.1 X-ray standing wave absorption

• The linear background. If the average intensity behind the peak (area B in
Fig. 2.4.b) is higher than in front of the peak (area A) the assumption of a Shirley
background is reasonable. In the other case, a linear background is considered
and C and L are derived by applying a linear �t to the values in area A. The
reduced number of points together with the bad statistics result in signi�cant
errors, especially for L. Thus, its range is constrained. A reasonable upper limit
is 0. The lower limit was arbitrarily chosen by applying the script to several
XPS spectra. In this context it was observed that the Shirley background was
negligible (B ≈ 0) if L ≥ 0. Thus B is set to 0 in this case.
In summary: Either a constant background (characterized by the parameter C)
or a combination of a linear background with L < 0 and a Shirley background
are subtracted. L and C are determined before applying the �t function 2.6 so
that they are used as constant parameters in that �t.

• Applying the �t function. Due to the previously described prearrangements the
�only� adjustable parameters for function 2.6 are the amplitudes of the peak(s),
of the Shirley background and of the shake up. The information needed for the
photoelectron yield curve are the peak amplitudes.9

2.1.6 Conclusions

The previous paragraph shows that the analysis of the XPS spectra is a compromise
between the consideration of di�erent e�ects (such as background, shake up, shape
of the peaks) and the applicability of the �tting algorithm. Moreover, the results of
XSW are in�uenced by further e�ects: In the previous paragraphs monochromator
drift and mosaicity of the crystal are discussed. Additionally the photon beam and
thus the monochromator are thought to in�uence the shape of the rocking curve.

As the XSW analysis is based on several steps, the accuracy of the results is not
considerably improved by improving only one step while other steps are neglected.
However � and this is the most astonishing result from my point of view � XSW
proved to be very robust against the e�ects that are discussed in the previous para-
graphs. Especially the coherent position10 is not signi�cantly a�ected by the di�erent
approaches (drift versus mosaicity, direct determination of the peak area versus �t of
the peak, the �t algorithm itself). It is noted that the in�uence on the coherent frac-
tion is generally higher what might have to be considered in other cases. However, in
general the observations made in this section make XSW a very reliable and powerful
technique.

9In principle it should be the area of the peak. However, assuming a constant width the area of a
Gauss pro�le is proportional to its amplitude.

10The coherent position is the most important result in our case as it gives information on the height
of the adsorbate.
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(b) (c)(a)

Figure 2.5: STM images illustrating the electronic and topographic contribution to
the tunneling current. a) Steps on Cu(111) (76 x 128 nm2). b) The waves on the
atomically �at terrace are an electronic e�ect whereas the chains are molecular adsor-
bates (50 x 50 nm2). c) The sensitivity to the electronic structure may become handy
for the study of molecules allowing for the imaging of molecular orbitals (1.8 x 4 nm2).

2.2 Introduction to scanning tunneling microscopy

and spectroscopy

2.2.1 Scanning tunneling microscopy

The invention of the scanning tunneling microscope (STM) in 1981 by Gerd Binnig
and Heinrich Rohrer [45], who were rewarded the Nobel Prize in 1986, signi�cantly
in�uenced surface science as it allowed for the systematic study of surfaces on the
(sub-)nanometer scale in real space. In an STM, a metal tip is approached very
closely (∼10Å) to a (semi) conducting sample surface. Although a bias between tip
and sample (|V | ≤ 3 V) would not permit the overcoming of the barrier between them
in classical physics quantum mechanics introduces a probability for a tunneling event
between them. This probability and hence the resulting tunneling current decreases
exponentially with increasing tip-sample distance. By scanning the sample line by
line11 and measuring the tunneling current at each point information on the height
pro�le of the sample is gained.12 Moreover, the exponentially decreasing tunneling
probability ensures that only the �tip of the tip� � the tip-apex � is involved in the
tunneling process, one reason for the high resolution that can be achieved by STM.
A further important aspect of STM can be motivated by considering that elec-

trons tunnel from (electronic) states of the tip to states of the sample or vice versa.
Assuming a constant density of states (DOS) of the tip13, the tunneling current basi-
cally depends on both the electronic structure of the sample and the distance between
tip and sample. Thus, an STM image shows both aspects as illustrated in Fig. 2.5.

11For an accurate control of the position in the nanometer range piezoelectric elements are used.
12Normally the constant current mode is used in which a feedback loop ensures a constant current by

controlling the position of the tip perpendicular to the sample surface (z-position). The acquired
STM image then shows this z-position.

13Although the electronic structure of the tip cannot be �characterized directly� a known electronic
structure of the sample can be used to �calibrate� the tip so that its DOS is featureless.
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The steps in Fig. 2.5.a represent the topography of the sample whereas the waves on
the atomically �at terrace (Fig. 2.5.b) are an electronic e�ect.14 The white protru-
sions in Figure 2.5.b are molecular adsorbates which change topography as well as the
electronic structure compared to the metal surroundings. Thus, they are not neces-
sarily imaged as protrusions. [48] Besides, the sensitivity of the STM to the electronic
structure of the sample motivates the imaging of molecular orbitals [49], exemplarily
illustrated in Fig. 2.5.c.
This qualitative illustration of STM, which can mathematically be based on the

calculation of the tunneling probability (between two �electron reservoirs�) and thus
on the solution of the stationary Schrödinger equation, explains the (most important)
e�ects very well. However, it considers the probability of tunneling events rather than
a tunneling rate that can directly be interpreted as a tunneling current. In this con-
text it is noted that in 1963 Simmons [50] derived a �formally correct� expression for
a current density by considering two metal electrodes separated by a gap. This ap-
proach describes the topographic aspect of tunneling quite well. The STM community
normally refers to Bardeen [51] who considered tunneling between separated planes.
Using the time dependent Schrödinger equation, Bardeen studied the transition from
a �ground state� to a state in which an electron has tunneled. For this purpose, he
used an approach resembling time dependent perturbation theory. The result is for-
mally identical to the transition probability in �rst order perturbation theory with a
constant perturbation. Thus, Fermi's golden rule can be applied to obtain a tunneling
rate that can be interpreted as a tunneling current [52].

I ∝
∫ eV

0

∑
m,n

|Mm,n|2 δ (E − Em) δ (E − En) dE (2.8)

I Tunneling current
m,n Summation indices that refer to states of the sample and the tip
Mm,n Transition matrix element between a state of the sample and the tip.

For low temperatures the Fermi functions can be replaced by Heaviside functions.
This is taken into account in Eq. 2.8. With the de�nition EFermi ≡ 0, tunneling events
in the range 0 ... eV between tip and sample states have to be considered (integral in
Eq. 2.8). The sum in the integrand considers all states of an allowed (Eigen-)energy
(indices m,n in Eq. 2.8), selected by the δ-functions.15 Eq. 2.8 and its motivation
which are not explicitly described in Bardeen's original work are picked up in [54]
which extensively discusses Bardeen's approach with respect to STM including the
assumptions and origins this approach is based on. Bardeen himself derived a sim-

14The electrons of the surface state which are responsible for this e�ect can be considered as free
electrons in two dimensions (a two-dimensional plane parallel to the surface) that may scatter at
defects such as steps or adsorbates. The interference of the electron waves may result in standing
wave patterns that can be observed in this image [46,47].

15It is noted that Eq. 2.8 is sometimes used without integral, e.g. [53]. The sum is then just extended
to di�erent energies. Here, the integral is included to illustrate analogies to the expression used
in the next section where tunneling spectroscopy is discussed.
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pli�ed expression for the transition matrix Mm,n which was picked up by Terso� and
Hamann.
They [53] applied the aforementioned ideas to the geometry of the STM and calcu-

lated the tunneling current for low biases (close to the Fermi energy) and low temper-
atures (approximation of the Fermi-Dirac distribution by a Heaviside function).

I ∝ V · ρtip (EF ) · ρsample (EF , ~r) (2.9)

I Tunneling current
V Bias voltage
ρtip (E) DOS of the tip (number of states per unit volume and unit

energy)
ρsample (E,~r) DOS of the sample at the position of the tip.

It is noted that the proportionality between tunneling current and bias voltage is a
result of the Taylor expansion of the Fermi functions in 1st order and thus a result of
the low bias approximation. Hence, this aspect is not relevant in the following section
in which �higher� bias voltages are considered.
Moreover, the tunneling current is proportional to the density of states of the sample

at the Fermi energy at the position of the tip (Eq. 2.9). This demonstrates the
sensitivity of the tunneling current to the electronic structure of the sample. The
topographic aspect � the tunneling probability � is �hidden� in the words �at the
position of the tip� as the sample wave function decays exponentially into the vacuum.

2.2.2 Scanning tunneling spectroscopy

Because of its sensitivity to the electronic structure of the sample, the STM is a
promising tool for spectroscopic studies providing on the one hand a high spatial
resolution and on the other hand an easy way to �control� the �energy of the electrons�
(the tunneling voltage). In recent publications in which general (and experimental)
aspects of STS are discussed, e.g. [55�57], the following equation is used as a starting
point (cf. Figure 2.6).

I (d, V ) ∝
∫ eV

0

ρsample (E) · T (d, V, E) · ρtip (E − eV ) dE (2.10)

I Tunneling current
V Tunneling voltage
d Distance between tip and sample
T (d, V, E) Tunneling probability, e.g. according to [56]
ρtip (E) DOS of the tip
ρsample (E) DOS of the sample.

In most cases, this approach is referred to as 1D WKB model. Eventually, it is
the mathematical form of the descriptive introduction to STM in the �rst part of
the previous section. Its roots can be traced back to publications by Feuchtwang et
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Figure 2.6: Motivation of Eq. 2.10. The DOS of tip ρtip (E) and sample ρsample (E)
is measured with respect to the corresponding Fermi energy (red and blue lines). For
completeness the work functions for tip and sample Φ are indicated. The gray lines of
di�erent lengths indicate the in�uence of the tunneling probability on the tunneling
current: Electrons with a higher energy exhibit a higher tunneling probability.

al. [52], Selloni et al. [58] and Lang [59] who introduced similar approaches, however
using di�erent motivations, based on either the expression of the tunneling current as
a rate (Fermi's golden rule, Eq. 2.8) or the Terso�-Hamann model itself (Eq. 2.9).
In the following, the motivation for Eq. 2.10 based on Lang [59] is brie�y introduced

in order to emphasize the approximative character of this equation. For his motivation,
Lang did not refer to the Terso�-Hamann model itself (Eq. 2.9), but to a discussion on
the tunneling current between the sample and a tip which is replaced by a point probe
in the publication of Terso� and Hamann [53]. There, Terso� and Hamann argued
that the transition matrix element (Eq. 2.8) would be proportional to the amplitude
of the wave functions of the sample Ψm (~r) at the position of the tip ~r. However,
they applied this argument assuming that low bias voltages are used, whereas Lang
extended this argument to �higher� bias voltages (cf. Eq. 2.8):

I ∝
∫ eV

0

ρtip (E − eV ) · ρsample (E,~r) dE. (2.11)

For this equation, the DOS of the sample has to be known at the position of the tip
(local DOS: LDOS) [53], i.e. the exponential decay of the wave functions into the
vacuum has to be considered:

ρsample (E,~r) ≡
∑
m

|Ψm (~r)|2 δ (E − Em) (2.12)

Ψm (~r) Wave functions of the sample at the position of the tip ~r.
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Lang [59] separated this problem by introducing the tunneling probability T (d, V, E):

ρsample (E,~r) ≡ ρsample (E) · T (d, V, E) . (2.13)

Substituting in Eq. 2.11 directly results in the desired expression (Eq. 2.10). It is
noted that the terms DOS and LDOS are used according to Wagner et al. [56]

ρsample (E) ≡ DOS (E)

ρsample (E,~r) ≡ ρsample (E) · T (d, V, E) ≡ LDOS (E) . (2.14)

The voltage dependent tunneling probability considers an in�uence of the bias volt-
age on the LDOS, i.e. on the wave functions of the sample at the position of the tip.
However, the in�uence of the electric �eld, induced by the bias voltage, on the wave
functions of tip and sample is neglected. Such an in�uence was observed in STS, e.g.
in [60, 61]: The metal surface state of Cu(111) and Ag(111) was shifted when taking
spectra at di�erent tip sample distances. This e�ect could be modeled by the Stark
e�ect.
It is important to note that Eg. 2.10, which will be still further approximated, was

introduced by Lang [59] as a �crude� approximation. However, in the same publication,
in which he compared this approach to a more accurate description of the tunneling
current, he states that this �simple model provides a good account of the qualitative
features of the results of the full calculation�.
Eq. 2.10 was further approximated to the well-known proportionality between the

dI/dV � signal and the sample DOS by assuming a constant DOS of the tip and by
characterizing the energy- and voltage-dependence of the transmission probability as
a (slowly changing) background, cf. e.g. [56]. In this context the peak positions in a
dI/dV -V � spectrum can be attributed to states in the DOS of the sample. However,
it is important to note that the dI/dV -V � spectrum does not map the sample DOS.
Especially at high voltages, other e�ects in�uencing the dI/dV -V � spectrum may

hide features of the sample DOS. Thus, di�erent �algorithms� were introduced to
recover (a better representation of) the DOS from a dI/dV -V � spectrum. The most
probably best known was introduced by Stroscio et al. [62], a normalization of the
dI/dV � signal: dI/dV

I/V
.16 While this method may diminish the background, it may also

result in peak shifts [56, 57]. In 1996 Ukraintsev [55] presented another approach for
a normalization based on the tunneling probability. Moreover, he pointed out that
the DOS of the tip (its unoccupied states) may dominate the dI/dV -V � spectrum
while probing the occupied states of the sample17: Electrons at higher energies exhibit
a higher tunneling probability (cf. Fig. 2.6). While probing the occupied states of
the sample the electrons with highest energy tunnel from the (Fermi energy of the)
sample to the unoccupied states of the tip. Thus, they exhibit a higher in�uence
on the tunneling current than those electrons that tunnel from the occupied states
of the sample to the (Fermi energy of the) tip as the latter ones have the lowest

16A detailed discussion can be found e.g. in [56].
17This e�ect was already illustrated by Lang [59].
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2.3 Angle-resolved photoemission spectroscopy

energy. This e�ect depends on the slope of the tunneling probability and increases
with an increasing tip-sample distance [56]. Thus, it can be diminished by using small
distances.18 However, small tip-sample distances result in high tunneling currents
which may a�ect the stability of dI/dV -V � measurements, especially when studying
(molecular) adsorbates.
In two recent contributions [56, 57] from 2007 further approaches for a DOS re-

covery are introduced. Besides, these publications are worth reading as both con-
sider also experimental aspects and explicitly discuss the approaches in the context
of known methods (direct interpretation, normalizations according to Stroscio and
Ukraintsev). Wagner et al. [56] present an algorithm to recover peak positions from
dI/dV -V � spectra. Koslowski et al. [57] introduce two approaches to recover the
sample DOS from the experimental results, with one being a linear combination of
the dI/dV � signal and the tunneling current I and the second one being an iterative
technique.19 It is noted that these methods (together with their discussions and impli-
cations on exemplary DOS) are based on the approximative Eq. 2.10. However, more
sophisticated considerations automatically involve more sophisticated mathematical
models what limits their applicability for the interpretation of experimental results.20

The numerical derivation of the I-V � spectrum is one possibility to gain the dI/dV �
signal. However, the applicability of this approach is constrained by noisy results in
many cases. In this work, the very common lock-in technique is used which allows
for a direct determination of the dI/dV � signal. Therefore the tunneling voltage is
modulated with a sinusoidal function V (t) = V0 + V1 · sin (ωt). The amplitude of the
�rst harmonic of the tunneling current, which is detected by the lock-in, is proportional
to the dI/dV � signal what can be illustrated by using a Taylor expansion:

I
(
V (t)

)
= I
(
V0 + V1 · sin (ωt)

)
= I
(
V0

)
+

dI

dV

∣∣∣∣
V=V0

· V1 · sin (ωt) + · · · (2.15)

Although a high modulation amplitude V1 would result in a better signal to noise
ratio it has to be small in comparison to V0 to legitimate the Taylor expansion.

2.3 Angle-resolved photoemission spectroscopy

In photoemission spectroscopy (PES) photons are used to eject electrons of the sample
whose kinetic energy is measured. Thus, information on the energetic position of
electronic states is gained. This technique is enhanced when used in a setup for angle-
resolved photoemission spectroscopy (ARPES) providing the dispersion of such states,
i.e. the dependency between energy and the wave vector/the electron momentum �
the function E(~k). In this work the electronic structure close to the Fermi energy

18Ukraintsev used a tip-sample distance of 11.7 Å resulting in a nearly full suppression of features
in the occupied states of the sample.

19Both methods are based on a constant DOS of the tip. However, it is also discussed how to consider
a tip with an energy dependent DOS.

20One example for such a simulation of STS-spectra is found in [63].

29
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Figure 2.7: STS versus ARPES. a) The DOS of free electrons in two dimensions is a
constant. b) The DOS of the surface state electrons, which can be considered as free
electrons in two dimensions, measured with STS. c) ARPES additionally allows the
discrimination of the electron momentum and is thus able to show the dispersion of
the surface state, taken from [64].

(EFermi − 7 eV . E ≤ EFermi) was studied. For this purpose UV light was used to
excite the electrons.
ARPES is a laterally averaging technique, since a macroscopic part of the sample is

irradiated. In contrast to STS, which provides a very high spatial resolution, ARPES
is sensitive to the electron momentum. It is noted that in special cases this �disad-
vantage� of STS can be overcome, e.g. by studying standing wave patterns of surface
state electrons. These electrons are scattered at defects or steps and from analysis
of the occurring standing wave patterns the dispersion can be determined [65]. In
general ARPES and STS allow for a complementary study of the electronic structure
of surfaces, illustrated in Fig. 2.7. Surface state electrons can be considered as a free
electron gas in two dimensions that is described by the dispersion

Ekin =
~2

2m

(
~k
)2

. (2.16)

Their DOS is a constant. Thus, the minimum energy of the surface state electrons is
expected to be the onset of a Heaviside function (Fig. 2.7.a). The dI/dV -V � spectrum
in STS resembles this DOS (Fig. 2.7.b) as the tip virtually sums up the signals of
di�erent wave vectors. In contrast, ARPES shows the dispersion of the surface state
electrons (Fig. 2.7.c, cf. Eq. 2.16).
In the following, a brief introduction to this sensitivity to the electron momentum

is given. It is mainly based on an extensive and very good introduction to ARPES
in [66]. In the three step model (Fig. 2.8.b) the photoemission process is simpli�ed
and divided into di�erent steps:
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Figure 2.8: a) Geometry of the ARPES experiment. The position of the sample with
respect to the analyzer is changed during the experiment allowing for the determina-
tion of the momentum of the photoelectrons in addition to the measurements of their
kinetic energy. b) Illustration of the three step model. The kinetic energy is referred
to the vacuum level EVac whereas the energies within the crystal are referred to its
Fermi energy. Taken from [66].

(i) An electron with (initial) energy and momentum (Ei, ~kcr,i) is excited to a �nal
(unoccupied) state of the crystal (Ef, ~kcr,f) by a photon of energy hν (Fig. 2.8). For the
energies used here (hν ≈ 20 eV) the momentum of the photon can be neglected [66].
Thus conservation of momentum and energy results in

Ef = Ei + hν ~kcr,f = ~kcr,i + ~gcr (2.17)

Ei/f Energy of the electron inside the crystal with respect to the
Fermi energy before (i) and after excitation (f) by the
photon with energy hν

~kcr,i/f Momentum of the electron inside the crystal before (i) and
after excitation (f)

~gcr Reciprocal vector of the crystal.

(ii) In the second step the electron propagates to the surface. The demand for
conservation of electron energy and momentum in the previous step forbids now any
scattering processes with the system.
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(iii) The third step describes the transition to vacuum for which the conservation
of energy is valid if inelastic processes are still ruled out. In this case the conservation
of electron momentum only applies to the momentum parallel to the surface:

Ekin = hν − (Ei + Φcrystal) ~kvac,‖ = ~kcr,i,‖ + ~g‖ (2.18)

Ekin Kinetic energy of the excited electron in the vacuum with
respect to the vacuum level Evac

Φcrystal Work function of the crystal
~kvac Corresponding momentum of the electron in vacuum
~g‖ Reciprocal vector parallel to the surface.

The vector ~g‖ is usually a reciprocal vector of the crystal parallel to the surface.
Moreover, the electronic structure of the crystal might be in�uenced by a periodic
structure on its surface, e.g. a reconstructed surface or a periodic (self-assembled)
ad-layer. In this case ~g‖ can also be a reciprocal vector of the unit cell of the periodic
surface structure. This e�ect will become relevant in Chapter 5. As the unit cell of
such an overlayer is usually larger than the unit cell of the crystal surface periodicities
in the dispersion of electronic states are then induced ��rst� by the (reciprocal vectors
of the) overlayer.
The position of the crystal with respect to the manipulator is determined by the

emission angles ϑ and ϕ (Fig. 2.8.a). As the electrons in vacuum obey the well known
parabolic dispersion (Eq. 2.16) their momentum is determined by(

kvac,x
kvac,y

)
=

√
2m · Ekin

~2
· sinϑ ·

(
cosϕ

sinϕ

)
. (2.19)

2.4 Experimental setup

The experiments were performed in a UHV (Ultrahigh Vacuum) system consisting of
di�erent chambers for sample preparation and characterization, at a base pressure of
10−10 mbar. The single crystals were prepared by subsequent cycles of sputtering with
Ar+ ions and annealing at approximately 500◦C. The molecules were deposited onto
the metal surfaces from a glass crucible that was heated inside a commercial evaporator
(Kentax UHV equipment). Normally, the rate was controlled by a quartz crystal
microbalance (QMB). In some cases, especially for light molecules whose sublimation
could not be controlled properly by the temperature of the crucible, the QMB was not
able to detect the molecules. Instead a quadrupole mass spectrometer (QMS) from
Pfei�er (Prisma, analyzer: QMA200, electronics: QME200) which can detect masses
with up to 300 u (atomic mass units) was used to detect the sublimed molecules which
the preparation chamber was exposed to. The thickness could be controlled by tuning
partial pressure and exposure time.
In the facilities in Basel two UHV-STM can be used, a homebuilt machine working

at room temperature and a commercial low temperature STM (LT-STM from Omicron
NanoTechnology GmbH) which is operated both at 77 K and 4 K. The LT-STM is
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either equipped with wire cut PtIr tips or etched tungsten tips. For the homebuilt
STM the bias voltage is applied to the sample whereas for the LT-STM it is applied
to the tip. In order to facilitate comparisons to literature and other techniques like
ARPES, the bias voltages given at the thesis at hand � concerning both STM images
and spectra � refer to a grounded tip. For both systems the Nanonis SPM control
system (Specs GmbH) was used. The software WSxM [67] was used for data processing
of the STM images.
The Nanonis SPM control system provides an internal lock-in ampli�er which was

used for STS. As the cut-o� frequency of the pre-ampli�er of the LT-STM is 800 Hz
the bias voltage was typically modulated with frequencies around 500 Hz and voltages
of approximately 8 mV (rms)21. For the acquisition of STS spectra, STM tips were
initially �calibrated� by reproduction of the well-known spectrum of the surface state
for Cu(111) and Ag(111).
The preparation chamber of the LT-STM provides the possibility to deposit mole-

cules onto a cooled or heated substrate. For the work at hand substrate temperatures
between 150 K and 700 K were used during either deposition of molecules or annealing
of the sample. Without signi�cantly in�uencing the substrate temperature the sample
can be transferred into the STM. The STM working at either 77 K or 4 K is thought
to immobilize the molecules on the surface. Thus, temperature induced changes could
be investigated. For this the sample was studied before and after annealing. In this
context �annealing at a temperature T�nal� means that the sample was placed on the
manipulator (the station used for preparation) at a temperature Tinitial � T�nal and
then slowly heated to T�nal. The time for this process varied between 15 min and
45 min.
For the LEED measurements the sample was held at room temperature. The sample

was slightly tilted with respect to normal incidence to provide a better visibility of the
di�raction spots of �rst order that would otherwise interfere with the electron gun.
The software LEEDpat 2.1 [68] was used to simulate the LEED patterns.
ARPES spectra were acquired at RT (unless otherwise stated) at the COPHEE end-

station located at the Swiss Light Source (SLS) using a commercial monochromatized
He-lamp source. The energy (angular) resolution was 90 meV (0.5◦) at 21.22 eV and
the spot size was 6 mm. Thus, the sample was completely illuminated during data
acquisition. Further ARPES studies were carried out at RT as well as 7 K at the
CASSIOPEE end-station located at SOLEIL using synchrotron radiation. For these
measurements a commercial analyzer (VG Scienta R4000) was used. The spot size
was approximately 100 µm x 50 µm (vertical x horizontal size). In the latter case
beam damage had to be accounted for during the study of molecular adsorbates as a
degradation of the surface state was observed within one minute of illumination.
XSW and XPS measurements were performed at the beamline ID32 at the European

Synchrotron Radiation Facility (ESRF) in Grenoble using synchrotron radiation tuned
at an energy of approximately 2.97 keV in order to create a standing wave �eld on
Cu(111). For both XSW and XPS measurements the surface, the (111) plane, was
rotated by approximately 90◦ with respect to the incident X-ray beam. Further XPS

21Root mean square: Û/
√

2. Û : (Zero-to-)peak amplitude of modulation voltage.
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measurements were performed at the Paul Scherrer Institute with a SPECS Phoibos
150 hemispherical electron energy analyzer using an Al-Kα X-ray source. For all
measurements time-dependent studies of the N1s peak indicated if and especially after
which exposure time the peaks were a�ected by the beam. Thus, a reasonable time
frame was chosen to reduce the in�uence of beam damage on the spectra.
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3 Using concepts from
supramolecular chemistry for
building surface structures

To date, concepts of supramolecular chemistry [69] have been successfully applied
to surfaces, e.g. [20, 70]. In order to study such supramolecular surface structures,
the STM, imaging real space with high resolution, has proved to be a convenient
tool. In section 3.1 a further example that adds to this �eld and involves interactions
between three molecular adsorbates is described. However, the transition from solution
to surfaces involves, besides the constraint to two dimensions, molecule substrate
interactions. Both aspects may lead to experimental results that are not expected from
wet chemistry. One example for such an unexpected result is a conformational change
of a molecule. This is described in section 3.2. The experimental work presented here
was done in collaboration with the group of Prof. Prato and Prof. Bonifazi at the
University of Trieste.

3.1 H-bond recognition on Ag(111)

The results discussed in this section are published in [71].
The formation of supramolecular structures via self-assembly of molecular building

blocks is based on molecular recognition, which takes advantage of spontaneous and
reversible non-covalent interactions, e.g. hydrogen bonding (H-bonds). In [20] molec-
ular recognition is characterized as selective association of complementary functional
molecular groups. The complementary functional groups studied in this section can
undergo triple H-bonding between a uracil (acceptor-donor-acceptor functionality for
H-bonding) end group on the one hand and 2,6-di(acylamino)pyridyl (donor-acceptor-
donor) on the other hand [72]. With these functional groups as end groups two molec-
ular linkers (2 and 3 in Fig. 3.1.c and d) and a molecule that is thought to stop the
formation of chains by the linkers (1 in Fig. 3.1.b) were synthesized in the group of
Prof. Prato and Prof. Bonifazi.1 This concept allows to study H-bond recognition by
combining either both linkers (2 and 3) or 1 with 3. Moreover, the combination of
all molecules may allow to study the competition between 1 and 2 when interacting
with 3.
Subsequent deposition of both molecular linkers on Ag(111) resulted in the forma-

tion of extended linear bi-molecular wires, where the two modules alternate within the

1Details on the synthesis are found in [71] and its supporting information.
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Figure 3.1: a) The H-bond motif [72] that is used in this work. b) Struc-
ture of 1-Hexyl-6-[(anthracen-9-yl)ethynyl]uracil (1). c) Structure of 1,1'-hexyl-6,6'-
[(phen-1,4-diyl)diethynyl]bisuracil (2). d) Structure of 4,4'-[(phen-1,4-diyl)diethynyl]
bis(2,6-diacetylaminopyridine) (3). The symbols shown below the molecular struc-
tures are used to highlight the di�erent molecules in the STM-images to facilitate
their identi�cation.

linear assembly (Figure 3.2). As both modules are symmetric and bear complemen-
tary recognition groups (ADA and DAD for 1 and 2, respectively), the development
of the wires con�rms the formation of the expected intermolecular triple H-bonds. In
Figure 3.2 the two di�erent molecules are highlighted by the symbols introduced in
Figure 3.1.
The large unit cell (37 Å ± 4 Å × 24 Å ± 2 Å, included angle: 58◦ ± 4◦) measured

for this arrangement derives from the fact that the distance between the bimolecular
wires is alternating (marked by a, b, and c in Figure 3.2.b). For the formation of a
densely packed arrangement shorter inter-wire distances should be preferred. However,
as 2 has two lateral hexyl chains, densely packed arrangements are limited by the space
requirements of these chains. 2 adopts a cis con�guration in which the hexyl chains
point towards the neighboring row exhibiting the larger distance (e.g., see hexyl chains
of row c pointing towards b or vice versa). However, one hexyl chain may point towards
the other neighboring row, exhibiting the smaller distance, i.e. it then points towards
the space between both end groups of 3. So 2 may exhibit a trans-con�guration which
is rarely observed on the surface (white dotted circle, Figure 3.2.b). These observations
indicate that both molecular linkers pack as dense as possible.
As the orientation between two adjacent 3 of neighboring rows �ips irregularly2

(indicated by blue and green lines in Fig. 3.2.b), the assembly divides into two mirror
domains denoted as A and B which are described by identical unit cells that are
mirrored along an axis parallel to the chains. The irregular width of both regions can
be observed in larger images (data not shown here).

2It �ips irregularly in space, not in time. The observed patterns are stable at 77 K.
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iiiiii

A A(a) (b) B
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Figure 3.2: STM images for submonolayer coverage of both molecular linkers after
annealing at 120◦C. During the deposition the Ag(111) crystal was held at room
temperature. a) 42 x 42 nm2, -1.3 V/12 pA. b) 17.5 x 17.5 nm2, -1.7 V/20 pA. The
assembly divides into two mirror domains denoted as A and B.

The uracil-bearing molecules 1 and 2 do not assemble in an ordered mixed layer
but instead disordered phases consisting of only 1 as well as mixed but disordered
assemblies of 1 and 2 were observed. The latter is shown in Figure 3.3.c. The molecules
were deposited consecutively while the sample was held at approximately 100◦C.
Sequential sublimation of 1 and both molecular linkers 2 and 3 on Ag(111) resulted

in assemblies shown in Figure 3.3.a-b. In contrast to the principally endless wire-like
assemblies in Figure 3.2 the wires are terminated with 1. Besides the long oligomers,
short linear trimeric and pentameric miniatures have also been observed by STM as
displayed in Figure 3.3.b.
Assemblies between 3 and 2 rely on the same H-bond motif as those between 3 and

1; consequently 2 and 1 are expected to equally compete for binding to 3. However,
the aggregation of 1 in small disordered islands (Fig. 3.3.a and inset) despite the possi-
ble incorporation into chains (whose length would be shortened) indicates a preferred
interaction between 2 and 3. Especially in the case of weak intermolecular interactions
like H-bonds the formation of ordered structures heavily relies on the interplay of en-
thalpy (H) and entropy (S). In order to minimize the free energy (∆G = ∆H−T∆S,
T : temperature) the decrease of enthalpy has to compensate for the decrease of en-
tropy. During the self-assembly process the formation of intermolecular interactions
lowers enthalpy whereas the consequent immobilization of translational and conforma-
tional freedoms of the molecules lowers entropy [73]. This aspect is discussed in detail
in the thesis of Nikolai Wintjes [74] and could be applied successfully to molecular
self-assembly on surfaces in UHV. In the case at hand, 2 exhibiting two uracil units
is favored in comparison to 1 as the latter one bears only one uracil unit capable of
establishing energetically favored H-bonds (cf. Appendix A.1).
In this context the formation of ordered structures between both linkers is expected

to occur earlier than the aggregation of 1 (to 3 or in separated clusters) during the
cooling procedure from RT (deposition) to 77 K (STM). In other words: As the
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(a) (b)

(c)

Figure 3.3: a) The combination of 1 and both molecular linkers (2 and 3) leads
to chains that are terminated by 1 (50 x 40 nm2, -1.7 V/20 pA). 1, 2 and 3 were
deposited in this sequence while the substrate was held at room temperature. The
inset shows the upper right part (highlighted by a rectangle) in detail (7.7 x 7.7 nm2,
-1.7 V/20 pA). b) The interaction between the three molecules in detail after anneal-
ing at 110◦C (14 x 10 nm2, -1.7 V/20 pA). c) STM image for submonolayer of 2 and
1. Both molecules were deposited while the sample was held at 100◦C (13 x 8 nm2,
-2.4 V/13 pA).

temperature in�uences the term T ·∆S the linkers 2 and 3 are expected to compensate
for the loss of entropy at higher temperatures when forming chains (compared to 1
when terminating the growth of the chains). Of course the order of deposition might
in�uence this e�ect: If 1 was deposited after the linkers it would have to break open
existing chains. In our case the sequence of deposition was 1, 2 and 3. Thus 1 and
2 which do not form ordered mixed patterns (Fig. 3.3.c) should equally compete for
3. Moreover, small aggregates of 1 could still be observed after annealing at 110◦C
whereas aggregates of 2 were observed neither after deposition nor after annealing.

3.2 Surface induced change of molecular

conformations

The results discussed in this section are published in [75].
Tailor-made molecules engineered for the creation of supramolecular structures via

molecular self-assembly may feature conformational degrees of freedom, which allow
for the tuning of their preprogrammed intermolecular interactions. With the invention
of the STM the conformational �exibility of adsorbed organic molecules, e.g. [21�24],
on surfaces could be addressed directly. In this section the formation of an H-bonded
porous network by 3 (Fig. 3.1.d) is reported that, upon thermally-induced trans-cis
inversion of the conformation of the amide groups (CH3(CO)NH-), evolves into a
close-packed rhombic pattern. This conformational change is not expected from wet
chemistry.
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(c) <1 0>1

Figure 3.4: STM images recorded at 77 K of 3 on Ag(111) showing the porous
network. a) 34 x 34 nm2, -1.7 V/20 pA. b) 7 x 7 nm2, -1.7 V/20 pA. c) Proposed
model. The red rhombus indicates the unit cell, the black circles highlight the pores,
and the arrow the high symmetry direction of Ag(111).

In a �rst step, the self-assembly of 3 on Ag(111) was investigated for coverages
< 1 monolayer. For samples prepared at room temperature, the molecules arrange
in a porous hexagonal network (Fig. 3.4). In addition, low-energy electron di�raction
(LEED) measurements were performed to determine the size of the unit cell with
respect to the underlying Ag(111) substrate (Appendix A.2). A commensurate super-
structure has been found with the molecules arranged in a rhombic unit cell with di-
mensions of 30.4 x 30.4 Å2 and an angle of 60◦. In the proposed structure (Fig. 3.4.c),
for each molecule the four amide groups are in trans conformation (i.e., DAD). Each
2,6-di(acetylamino)pyridine residue interacts via two weak H-bonds with two neigh-
boring moieties, which results in the formation of chiral hexameric units (Fig. 3.4, see
also Fig. A.4.c and d on page 88). Consequently, each chiral pore is surrounded by
three molecules exhibiting an angle of 60◦ relative to each other (Fig. 3.4.c), and is
internally decorated by the 1,4-disubstituted phenyl spacers and the carbonyl groups.
Remarkably, after annealing the sample at 150◦C, the hexagonal network is trans-

formed into the close-packed 2D rhombic pattern shown in Figure 3.5.a and b. No-
tably, the intensity corresponding to the two acetyl (COCH3-) units of the terminal
2,6-di(acetylamino)pyridine groups varies: one acetyl unit appears always brighter
than the other one (white arrows in Fig. 3.5.a), indicating a conformational di�erence
between the two acetyl groups. Both STM and LEED measurements support the ar-
rangement of 3 in a commensurate superstructure with dimensions of 20.2 x 10.0 Å2

and an angle of 68.2◦ (Appendix A.2). In the proposed model, each molecule interacts
with the neighboring modules along the long axis of the unit cell in a head-to-head
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Figure 3.5: STM images recorded at 77 K of 3 on Ag(111) after thermal annealing
at 150◦C. a) 10 x 10 nm2, -2 V/12 pA. The white arrows highlight the acetyl groups
(COCH3-). b) 39 x 39 nm2, -1.5 V/12 pA. The black and white bars represent areas
with optimized O-O distance and H-bond length, respectively. c) Proposed model for
the close-packed assembly with the high symmetry direction of Ag(111).

fashion over their terminal 2,6-di(acetylamino)pyridine groups. A simpli�ed model
of the proposed intermolecular interaction (Fig. 3.6) shows that 3 with one amidic
unit in cis conformation would allow for the formation of four H-bonds between two
molecules. Thus, the intermolecular interactions are enhanced with respect to 3 with
both amidic units in trans conformation.

Figure 3.6 illustrates the basic idea of the proposed intermolecular interactions of 3
in the close-packed assembly. However, it only shows the molecular arrangement along
the long axis of the unit cell of the close-packed assembly. If this arrangement was
extended into the direction along the short axis of the unit cell the acetyl groups of
neighboring rows would touch each other. Thus, the amide units are thought to display
some �exibility in order to control the delicate balance between attractive (H-bonds)
and repulsive (steric demands) interactions (Fig. 3.5.c). Depending on which inter-
action is better optimized, the conformation of the amidic group is slightly distorted
and thus, the lateral position of the methyl group (CH3-) is a�ected (indicated by
sketches (1) and (2) in Fig. 3.5.a). In other words: if the NH···O H-bond lengths are
optimized, the O-O repulsion between neighboring COMe groups is increased and vice
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Figure 3.6: Model of the intermolecular interactions which 3 can undergo after an-
nealing. a) The trans conformation is the expected and also observed conformation
in solution [75]. This con�guration allows for two H-bonds between two molecules.
b) The intermolecular interactions are signi�cantly enhanced if one of the two amide
groups is in cis conformation. Now, the two molecules can form four H-bonds.

versa (black arrows in Fig. 3.5.c). It follows that the methyl group of the amidic unit
in cis conformation has to be lifted from the surface. This explains the di�erences in
brightness observed in the STM images (white arrows in Fig. 3.5.a): the methyl groups
of the amidic units in cis conformation (indicated as black circles in Fig. 3.5.c) appear
brighter than the methyl groups of the amidic units in trans conformation (indicated
as gray circles in Fig. 3.5.c).
As both molecular surface structures are commensurate to the substrate, the mole-

cule substrate interaction is expected to be of signi�cant importance for the formation
of both structures. This indicates on the one hand that the surface structures are not
only a result of restricting molecular movements to two dimensions. On the other hand,
the commensurability indicates an adaption of the molecular unit cell to the substrate
lattice. Hence, the varying lateral positions of the methyl group observed for the close-
packed assembly (Fig. 3.5.c) are considered to be in�uenced by the substrate as well
as by the balance between H-bonds and steric demands of the molecules discussed in
the preceding paragraph.
In summary, by choosing the recognition moieties appropriately, it is possible to

thermally induce a phase transition for a 2D porous assembly (from a porous to
a close-packed assembly). In particular, this thermally induced transition between
both surface structures suggests that the formation of the porous network is kinet-
ically controlled whereas the close-packed assembly represents the thermodynami-
cally stable phase. Moreover, the formation of quadrupole H-bonds between 2,6-
di(acylamino)pyridine moieties in the close-packed assembly could be induced by ex-
ploiting the conformational trans-cis inversion of amide functional groups which is not
observed in solution.
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4 Controlling intermolecular
interactions on metal surfaces

In this chapter the focus is changed from the intramolecular level, on which conforma-
tional e�ects were observed, to the intermolecular level, in particular to intermolecular
interactions. The work presented here was done in close collaboration with the inor-
ganic chemistry group of Prof. Gade at the University of Heidelberg. Moreover, the
theoretical studies that are addressed in the following were carried out in the group
of Prof. Persson at the University of Liverpool.

4.1 Tetraazaperopyrene (TAPP) on Cu(111)

The results discussed in this section are published in [29] or will be published [76].
To a very large extent this chapter deals with the perylene derivative 1,3,8,10-

Tetraazaperopyrene (TAPP) (Fig. 4.1) that was synthesized in the group of Prof.
Gade [77]. Its compact structure without �exible functional groups and its antici-
pated �at adsorption on the surface makes TAPP an ideal candidate for STM studies.
Despite its at �rst glance simple structure, TAPP proves to reveal a versatile �surface
chemistry�: Besides its four N-atoms that either may act as H-bond acceptors or co-
ordinate to metal atoms, the CH bridge between the N-atoms o�ers the potential of
tautomerization to an N-heterocyclic carbene isomer or may undergo metal-induced
C-H activation at elevated temperatures.
On Cu(111) di�erent substrate temperatures induce changes of the surface-assem-

blies of TAPP which also involve changes of intermolecular interactions. In order to
study this behavior in detail TAPP was deposited on Cu(111) while the substrate
was held at di�erent temperatures. Alternatively, depositions at low substrate tem-
peratures were followed by sample annealing. The temperatures ranged from -110◦C
to 280◦C. The experimental results are discussed in the following sections, which in
particular address the role of Cu-adatoms for the �surface chemistry� of TAPP.

N

N

N

N

!

!

H-bond acceptor
Metal coordination

!

!

!

C-H activation
Tautomerization
Covalent coupling

Figure 4.1: 1,3,8,10-Tetraazaperopyrene (TAPP). Taken from [76].
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4 Controlling intermolecular interactions on metal surfaces

4.1.1 Aggregation at low temperatures

Upon deposition of TAPP at a substrate temperature of -110◦C, the formation of
aggregates (�clusters�) is observed (Fig. 4.2.a) indicating an attractive intermolecular
interaction. After deposition of TAPP at a substrate temperature of -90◦C �rst patches
of an ordered close-packed assembly could be observed (Fig. 4.2.c) whose structure is
showed in detail in Fig. 4.2.e. The unit cell was determined by STM to (17 ± 1.7) x
(12 ± 1.2) Å2 with an angle of (84 ± 4)◦. According to the corresponding tentative
model (Fig. 4.2.b) the molecules interact via weak vdW-forces forming an assembly
that is related to the crystal structure of TAPP [76]. This similarity between the
crystal structure of a molecule and its assembly on the surface was also found for the
perylene derivative perylenetetracarboxyanhydride PTCDA [78].

(a) (b)

(c) (d) (e)

Figure 4.2: STM images of TAPP deposited on Cu(111). a) Deposition at a sub-
strate temperature of -110◦C (66 x 66 nm2, -1.5 V/12 pA). c) First ordered patches
of a close-packed assembly after depositing at a substrate temperature of -90◦C
(18 x 18 nm2, -0.7 V/20 pA). d) Formation of larger islands after annealing at
-45◦C (17 x 17 nm2, -1.5 V/20 pA) e) The close-packed assembly in detail (5 x 5 nm2,
-0.8 V/90 pA) after annealing at 40◦C. The unit cell is superimposed and the corre-
sponding tentative model is shown in (b).

One reason for the formation of patches instead of large homogeneous islands may
be a possible lattice mismatch between the molecular ad-layer and the substrate.
This is supported by the rather weak intermolecular interactions (vdW) which have
to compete with the interaction between molecule and substrate. As higher anneal-
ing temperatures result in the formation of larger vdW-islands a second reason might
be the annealing temperature which is perhaps too low to induce the rearrangement
of disordered clusters. A systematic investigation of this aspect was precluded by
the emergence of new types of surface assemblies at higher temperatures which com-
pete with (and �nally supersede) the weakly interacting vdW structures. This trans-
formation into ordered molecular surface networks based on stronger intermolecular
interactions will be discussed in the following section.
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4.1 Tetraazaperopyrene (TAPP) on Cu(111)

(c) (d) (e)

(a) (b)

Figure 4.3: a) STM image of TAPP deposited on Cu(111) at a substrate temperature
of 150◦C (70 x 70 nm2, -1.4 V/20 pA). The inset in the lower right shows the porous
structure in detail (5.3 x 5.3 nm2, -0.4 V/20 pA). b) Proposed model of the porous
network. c) LEED pattern of the porous network taken with a beam energy of 29.5 eV.
d) Simulated LEED pattern for comparison [68]. e) Zoom into �rst order spot of the
Cu crystal (marked red). The LEED pattern was taken at 52 eV.

4.1.2 Metal coordination

Formation of a porous coordination network

A highly ordered, porous network (Fig. 4.3) becomes the dominating structure after
annealing at higher temperatures. This assembly is assigned as a coordination polymer
in which the lone pairs of the nitrogen of TAPP coordinate to Cu adatoms (Fig. 4.3.b).
While single pores are already observed after annealing at 0◦C a full conversion into the
porous network is achieved either by annealing the substrate at 150◦C or by depositing
TAPP while the substrate is held at 150◦C. Both procedures allow the formation of
large and homogeneous islands (Fig. 4.3.a).
The analysis of the LEED data (Fig. 4.3.c-d) supports a commensurate superstruc-

ture of the molecular ad-layer on the substrate. The matrix of the molecular ad-layer
(Park and Madden) [79,80] was found to be:(

8 5
−1 6

)
.

Besides the fact that the LEED pattern (Fig. 4.3.c) is very well reproduced by
the simulation (Fig. 4.3.d) using the above matrix there are two further aspects that
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4 Controlling intermolecular interactions on metal surfaces

(a) (b)

Figure 4.4: Minimal energy structures of the porous network of TAPP on Cu(111)
with (a) and without adatoms (b). In the latter case the molecules interact via C-H···N
hydrogen bonds. The DFT studies show that the metal coordinated structure (a) is
energetically favored. Taken from [76].

support a commensurate ad-layer: On the one hand very large homogeneous islands of
TAPP could be observed on the Cu surface (larger than 100 nm2 in size). On the other
hand, the molecular LEED pattern around the (00)-spot (Fig. 4.3.c) is reproduced at
the �rst order LEED-spot of the Cu substrate (Fig. 4.3.e).
It is noted that the molecular layer is commensurate with the underlying Cu sub-

strate which does not imply that the threefold symmetry of the underlying substrate
has to result in a threefold symmetry of the molecular layer. For example, for PTCDA
on Ag(111) an almost rectangular unit cell is observed which is commensurate to the
Ag substrate [78].

The role of metal atoms for the stability of the porous coordination network

Since the Cu-adatoms between the molecules of the porous network could not be iden-
ti�ed by STM a molecular con�guration stabilized by weak C-H···N hydrogen bonding
would be another possibility to explain the observed structure. This is possible by
slightly rotating the molecules (Fig. 4.4.b). DFT studies of the system, based on the
unit cell of the porous network determined by LEED, with and without Cu adatoms
(Fig. 4.4) show that the Cu coordinated system is energetically favored with respect
to the metal-free two-dimensional aggregate.
In absence of the adatoms TAPP relaxes into a structure stabilized by H-bonds

between adjacent molecules. The adsorption energy in this case was found to be
-0.33 eV/molecule with respect to an isolated relaxed TAPP plus the relaxed Cu(111)
surface. In the case of the coordinated assembly the adsorption energy was determined
to -2.40 eV/molecule relative to an isolated relaxed TAPP plus the relaxed Cu(111)
surface with two adatoms. However, even if the energy cost for the creation of free
adatoms from a step edge of 0.76 eV/adatom [81] is taken into account this structure
is still energetically favored over the metal-free array. From the relaxed structure the
N-Cu distance was determined to 2.06 Å which agrees well with the values known
from Cu coordination chemistry [82].
Besides this theoretical approach that supports the coordination to Cu-adatoms,

a combined STM and DFT study allowed to indirectly evidence the Cu-adatoms.
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4.1 Tetraazaperopyrene (TAPP) on Cu(111)

(a) (b) (c)

Figure 4.5: Series of STM images (4 x 4 nm2) of the porous network taken at
5 K at identical positions, but with di�erent tunneling parameters: -1 V/20 pA (a),
2.7 V/1 pA (b), 3 V/1 pA (c). The molecular model is superimposed to illustrate
equivalent positions. The crossing between the molecules dominates the STM image
at sample voltages around 3 V.

Fig. 4.5 shows three STM images of the same area of the surface measured at di�erent
sample voltages. The superimposed molecular models highlight equivalent lateral
positions. At a smple voltage of -1 V (Fig. 4.5.a) the STM topography is thought
to depict the rectangular shape of TAPP. By increasing the sample voltage to 3 V
the STM image changes signi�cantly exhibiting now protrusions within the molecular
crossings (Fig. 4.5.c). At �rst glance, these protrusions which emerge in the center
of four Cu-adatoms may be related to an unoccupied resonance state that single Cu-
adatoms exhibit on Cu(111) at an energy of 3.2 eV [83,84].

Figure 4.6: Simulated constant current STM images of the porous network of TAPP
molecules on Cu(111) (4 x 4 nm2), with the LDOS integrated from the Fermi energy
to (a) EF - 1.0 eV and (b) EF + 3.2 eV. This simulation was performed in the group
of Prof. Persson.

In DFT studies this e�ect could be reproduced and is illustrated in simulated STM
images of the relaxed porous surface coordination network on Cu(111) (Fig. 4.6).
However, the bright protrusions are not observed in simulated STM images of the same
structure without Cu-adatoms or the relaxed H-bond structure depicted in Fig. 4.4.b
(data not shown here). Thus, the bright protrusion is considered as a ��ngerprint�
of the Cu-coordination. The DFT studies show that the protrusion originates from
the orbital density localized on the Cu-adatoms. Although this state is thought to
not contribute to the bonding between TAPP and the Cu-adatoms, the emergence of
the protrusions is signi�cantly in�uenced by the interaction of the adatoms with the
nitrogen-lone-pair orbitals as well as with the LUMO of TAPP.
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4 Controlling intermolecular interactions on metal surfaces

1

2

3(a) (b)

Figure 4.7: a) STM image of TAPP on Cu(111) after annealing at 80◦C showing the
close-packed assembly driven by vdW-interactions (1), a close-packed assembly driven
by metal coordination (2) and the porous network (3) (17 x 17 nm2, -1.2 V/20 pA)
b) Proposed model of assembly (2).

A second surface network structure at sub-monolayer coverage

A second close-packed structure (�assembly 2� in Fig. 4.7.a) whose molecular interac-
tion we also assign to be based upon Cu coordination is observed beside the vdW-
structure (�assembly 1�) and the porous network (�assembly 3�) at annealing tempera-
tures and times which are low enough to prevent the exclusive formation of the porous
network, but high enough to activate Cu-coordination. Since this more densely packed
array (assembly 2) is expected to prevail over the porous network (assembly 3) at cov-
erages higher than the maximum TAPP coverage required for the porous network, all
experiments were performed at sub-monolayer coverage in order to investigate its re-
lationship with the other two ordered assemblies. Under these conditions the porous
network discussed in the previous section was found to be the thermodynamically
favored form of aggregation.
A detailed analysis of the STM images of assembly 2, considering di�erent domains

together with the symmetry of the substrate, results in two independent unit cells
which do not overlap if rotations and mirror operations are constrained to those that
are allowed by the symmetries of the substrate (see Appendix B.1). The dimensions
of both unit cells only di�er within the error margin of the STM and were found to be
(11 ± 1.1) Å x (13 ± 1.3) Å, included angle: 64◦ ± 4◦. Using the information on the
dimensions of both the unit cell and TAPP the overall N-Cu-N distance was found to
be 4 Å ± 1.1 Å. At submonolayer coverages the fraction of molecules arranged in this
structure did not exceed 15% compared to the overall number of molecules forming
the three ordered structures (Fig. 4.7.a).

The supply of Cu adatoms for the surface coordination network

Literature reports the formation of metal organic complexes [19, 85�87] both by co-
deposition of metal atoms [19,88,89] and by coordination to free adatoms on Cu(100)
and Cu(111) [18, 86, 90]. The latter publications [18, 90] describe the reservoir of Cu
adatoms as a result of a continuous attachment/detachment of Cu atoms from step
edges. While the formation of surface coordination networks on Cu(100) is already

48



4.1 Tetraazaperopyrene (TAPP) on Cu(111)

(a) (b) (c) (d)

Figure 4.8: Step decoration at di�erent temperatures: a) -110◦C (6 x 19 nm2,
-1.5 V/12 pA). b) Room temperature (RT) (19 x 36 nm2, -1.3 V/20 pA). c) RT
(15 x 27 nm2, -1.3 V/20 pA). d) 150◦C (9 x 23 nm2, -1.4 V/20 pA). The black ar-
rows highlight �bays� at the steps that are also decorated by TAPP molecules.

observed at room temperature (RT) [90] the coordination on Cu(111) is observed at
elevated temperatures around 150◦C [18]. At RT Schunack et al. [91] observed the
formation of Cu nanostructures below molecules on Cu(110) mainly at step edges and
very rarely on terraces. The latter e�ect has been related to the low concentration of
Cu adatoms at RT, whilst the formation of nanostructures (both at steps and on ter-
races) was thought to be thermally activated as no nanostructures were observed after
adsorption of the molecules at temperatures <150 K. According to Giesen [92] the con-
centration of adatoms on Cu surfaces at RT is of the order of 10−9 per surface atom.
This is far too low to account for the formation of signi�cant levels of surface coverage
of coordination networks. Hence, the temperature dependent detachment/attachment
rate of adatoms from kinks is of importance because it determines the time the sys-
tem needs to compensate for a perturbation of the equilibrium concentration of free
adatoms caused by their coordination to molecules.
Given the Arrhenius dependence of the detachment rate on Cu(111) [81] the obser-

vation of large assemblies based on Cu coordination after annealing at temperatures
around or slightly above room temperature is an unexpected result. Comparison of
the number of Cu atoms being expected to detach from kinks according to [81] to
the number of atoms which are needed to form the metal coordinated assemblies (for
an estimate, see Appendix B.2) raises the question of further possible mechanisms
for the supply of Cu atoms required for the formation of the Cu/TAPP coordination
networks.
At 600 K the mass transport on Cu(111) at step edges is reported to be dominated

by the exchange of atoms with the neighboring terrace whereas the dominating mass
transport at temperatures below 500 K is di�usion along steps [81, 93]. The latter
range is relevant for the formation of the metal coordinated assemblies in our case
and might explain the a�nity of TAPP to step edges which can be observed as step
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Figure 4.9: a) STM-image of the TAPP chains at low coverage (50 x 50 nm2,
-0.1 V/20 pA) obtained after annealing at 240◦C. Owing to the low tunneling volt-
age used to acquire this STM image, standing wave patterns in the Shockley surface
state of Cu(111) as they arise from scattering at chains as well as defects can be ob-
served [46, 47]. b) Sample at higher submonolayer coverage after annealing at 280◦C
(80 x 80 nm2, -1 V/90 pA). The areas highlighted by the ellipses show a curved ar-
rangement of some chains, which is a �rst indication for a dominating intermolecular
interaction. c) Histogram showing the directions of alignment of 178 chains at low
coverage. An STM image with atomic resolution was used for calibration so that 0◦

corresponds to one of the high symmetry directions of the Cu substrate.

decoration at various temperatures (Fig. 4.8). Especially the observation of �bays� at
room temperature (RT) (Fig. 4.8.b-c) is a �rst indication that the molecules are able
to remove adatoms from step edges [86], in other words, they are thought to have a
direct �corrosive� e�ect on the substrate. As previously referred to [91], the formation
of Cu nanostructures below molecules at steps supports this interpretation as their
strong a�nity to metal atoms induces the detachment of Cu atoms from steps.

4.1.3 C-C coupling between TAPP molecules

Indications for covalent couplings

After annealing at temperatures of approximately 250◦C TAPP forms covalently bond-
ed chains (Fig. 4.9.a-b). This thermally induced formation of macromolecules is inter-
preted in terms of the tautomerization of the N-heterocyclic end units of the TAPP
molecules to carbene intermediates, iso-TAPP (cf. Fig. 4.11). Whilst this postulated
reaction pathway avoids high energy intermediates which would result from the direct
C-H bond cleavage and the subsequent recombination of radical intermediates, the
latter cannot be ruled out. This issue is addressed later in greater detail.
DFT studies in the gas phase carried out in the group of Prof. Gade showed that

the formation of pyrimidine dimers through a carbene intermediate is an endothermic
process whereas the formation of an iso-TAPP-dimer is thermoneutral. This trend is
enhanced in the formation of oligomers, which becomes an exothermic process for the
generation of the trimer and even more so for higher oligomers [29].

50



4.1 Tetraazaperopyrene (TAPP) on Cu(111)

Figure 4.10: Consecutive STM images of the same area (16 x 16 nm2, -1.2 V/20 pA).
The STM tip was used in proximity to the sample to induce lateral motion of the chain
between each of the micrographs displayed. These four images (taken from a sequence
of nineteen images) demonstrate the successful and reversible bending of a chain that
stays intact during the process. The degree of bending and the elasticity of the system
are remarkable.

The curved arrangement of some chains shows that their orientation is not deter-
mined by the substrate lattice structure (Fig. 4.9.b). This gave a �rst indication that
the interaction between the monomers in the chains dominates over the bonding to
the metal surface.
An important consequence of the covalent linkage of the N-heterocyclic aromatic

molecules on the metal surface and thus the strong bonding interactions between the
monomeric units is the possibility to mechanically manipulate whole chain sections
with the aid of the STM tip, see e.g. [94�96]. To this end, the following manipula-
tion sequence was applied, the tunneling parameters being set to 1.2 V/20 pA during
this sequence: First, the STM tip was placed next to the chain, the feedback loop
subsequently switched o�, and the tip was slowly moved towards the surface by ap-
proximately 0.7 nm and then retracted to its initial position. The success of this
procedure was checked by imaging the same region again. In Figure 4.10, four images
are displayed which clearly show that such a manipulation has left the chain intact,
thereby illustrating its elasticity as a whole. These four images are part of a manipu-
lation series consisting of 19 manipulations of the chain. The intactness of the chain
after the manipulation provides additional support for the assumption of a strong
bonding of the monomers of the chain.
Despite the apparently arbitrary arrangement on the surface and the strong inter-

molecular interactions the Cu surface might still in�uence the growth of the chains.
By statistical analysis of the orientations of the chains with respect to the principal di-
rections of Cu(111), the possible in�uence of the surface on their alignment is studied.
Samples with low molecular coverage were used for this study in order to minimize
interactions between chains. The resulting histogram (Fig. 4.9.c) shows the alignment
of 178 chains. It exhibits three pronounced directions with a di�erence of 60◦. By
considering the symmetry of the (111) surface (rotations by 60◦ and mirror operations
along the high symmetry directions if the relevant surface is restricted to the topmost
layer) the possibilities of attributing the pronounced directions to the underlying sub-
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4 Controlling intermolecular interactions on metal surfaces

Table 4.1: Calculated overall reaction energies of three di�erent types of chains.
Taken from [76].

Type of chain Ereact[eV/molecule]

poly(iso-TAPP) -1.10
poly(TAPP) +0.28
poly(TAPP-Cu) -2.25

strate are reduced to either an alignment along the high symmetry directions or an
alignment along an axis rotated by 30◦ with respect to the high symmetry directions.
An STM image with atomic resolution was used to further reduce the number of pos-
sibilities to the �rst one so that 0◦ in the histogram corresponds to one of the high
symmetry directions of the Cu(111) surface.
Both the distance of 12.7 Å between the monomers determined by gas phase calcu-

lations [29] and the STM result of 12 Å (cf. Fig. 4.13) are in good agreement to the
�vefold distance of the lattice constant of the (111) surface (5 x 2.56 Å = 12.8 Å).
This allows a commensurate arrangement of the majority of the chains thus implying
that this arrangement may be energetically favored. However, a signi�cant number
of chains are not aligned along the high symmetry directions and many of the angles
are too large to be explained by statistical errors (e.g. directions of 90◦ or 150◦).
This observation indicates that the bonding between the monomer units in oligomeric
molecules clearly dominates over the interaction with the metal surface.

The chemical nature of the (TAPP)n chains

The proposed chemical nature of the polymeric chains generated in the surface-thermo-
lysis of the Cu/TAPP network structure, along with a reaction pathway for their gener-
ation, is summarized in Figure 4.11. TAPP molecules could undergo a metal-mediated
rearrangement to iso-TAPP on the copper surface and subsequently combine to the
oligomeric chains poly(iso-TAPP) observed in our study. Moreover, in analogy to the
thermal dehydrogenation reported for another perylene-derivative on Cu(111) [36,37]
the chain structures here could undergo a dehydrogenation step subsequent to the cou-
pling which results in poly(TAPP). This could allow for a coordination to Cu-adatoms
leading to poly(TAPP-Cu). An alternative reaction path for the polymerization could
be based on direct C-H bond activation and recombination of the resulting radicals
(Fig. 4.11). Such a high energy reaction pathway has been postulated in a recent
report on the surface polymerization of porphyrins [30].
Whilst the reaction pathway leading to the TAPP chains could not be established

with the available theoretical and experimental tools, we focused on the detailed iden-
ti�cation of the polymeric structures, in particular, to distinguish between the three
possibilities represented in Figure 4.11, poly(iso-TAPP), poly(TAPP), poly(TAPP-
Cu). For this purpose DFT studies were carried out to compare their overall reaction
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Figure 4.11: Proposed surface mediated transformation of TAPP to poly(TAPP)
and its metal decorated form poly(TAPP-Cu). Taken from [76].

energies on the surface (Table 4.1). Isolated relaxed TAPP molecules and the relaxed
Cu substrate (with adatoms for the adatom coordinated structure) were used as ref-
erence systems. For the dehydrogenation process the Cu substrate was assumed to
work as catalyst, i.e. the energy of atomic hydrogen adsorbed on Cu(111) of approx-
imately -3 eV/atom is included in the overall reaction energies of poly(TAPP) and
poly(TAPP-Cu).

Both poly(iso-TAPP) and the adatom coordinated poly(TAPP-Cu) chains are en-
ergetically favored with respect to the reference system whereas the formation of
poly(TAPP) is clearly disfavored. Again, the generation of Cu adatoms from steps
at 0.76 eV/atom [81] would reduce the exothermicity of the poly(TAPP-Cu) chain.
However, at the elevated temperatures needed for the polymerization (T ≈ 250◦C)
the detachment rate from kinks should allow for a supply with enough Cu adatoms.
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4 Controlling intermolecular interactions on metal surfaces

Table 4.2: Calculated chemical shifts for the di�erent types of chains using two
di�erent approaches. The reference is the N1s peak of the porous network. Besides
the Z+1 approach a core-ionized potential was used to calculate the chemical shifts.
Both approaches exhibit a good agreement. Taken from [76].

Type of chain Z+1 [eV] Core-ionized potential [eV]

poly(iso-TAPP)
C-NH-C -0.431 -0.433
C-N=C 1.708 1.535

poly(TAPP) (C=N-C) -0.868 -0.824
poly(TAPP-Cu) (N-Cu) -0.227 -0.234

The nitrogen atoms in the three chain structures of poly(iso-TAPP), poly(TAPP)
and poly(TAPP-Cu) exhibit chemically di�erent environments, which furthermore dif-
fer from the chemical environment in the porous surface coordination network. Thus
XPS was used to di�erentiate between the three structural models. Being a laterally
averaging technique XPS is in this case especially suitable to determine the dominat-
ing type of chain. The XPS data presented in [29] could be reproduced with high
accuracy using synchrotron radiation. However, on the basis of the preceding struc-
tural discussion as well as the calculations of chemical shifts the original interpretation
in [29] had to be reconsidered.

The XPS N1s spectra of the surface coordination network Cu/TAPP is depicted in
Figure 4.12.e at the top, the single peak being consistent with the chemical equivalence
of all N-donor atoms in the porous surface coordination network. After annealing and
formation of the irregular surface assemblies of covalent chains this XPS peak is slightly
broadened and shifted by 0.21 eV towards lower binding energies. Given the quality
of the data, it is assumed that this spectrum also corresponds to a single N-atom
environment. The similarity of the chemical shifts before and after thermolysis of the
porous surface coordination network supports similar overall chemical environments
of the N-atoms in both cases. The comparison of the calculated shifts (Fig. 4.12.a-c)
to the experimental results (Fig. 4.12.d-e) illustrates excellent agreement between the
calculated shift of poly(TAPP-Cu) and the �t of the XPS spectra. This indicates that
poly(TAPP-Cu) prevails.

The good agreement between experimental results and theoretical studies is also
re�ected in the correspondence between simulated STM images of the chains at low
voltages (Figure 4.13.a and c) and their experimental counterpart (Fig. 4.13.b). It
is noted that the simulated STM images of poly(iso-TAPP) and poly(TAPP-Cu) do
not reveal any visible di�erences. Both images exhibit a signi�cant electron density
between the TAPP monomers which is a further indication for a covalent linkage
between the monomers.
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Figure 4.12: Chemical shifts using a core-ionized potential for poly(TAPP) (a),
poly(iso-TAPP) (b) and poly(TAPP-Cu) (c); see Table 4.2. d) Chemical shift de-
termined from the �ts of the XPS N1s spectrum of the porous network and the chains
(e). All chemical shifts are referred to the N1s peak of the porous network.

(b)(a) (c)

Figure 4.13: a) Simulated STM image of poly(TAPP-Cu). b) STM image of a TAPP
chain in detail (1.8 x 4 nm2, -0.6 V/20 pA) which corresponds well to the simulated
STM images in (a) and (c). The distance between the monomers (gray arrow) was
determined by STM to (1.2 ± 0.12) nm. c) Simulated STM image of poly(iso-TAPP).
Both simulated STM images show the LDOS integrated from the Fermi level to -0.6
eV, thus corresponding in �rst order to a constant current image at -0.6 V.
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Figure 4.14: Di�erent types of connections between chains. a) The �rst one
(7.3 x 7.3 nm2, -1 V/20 pA) typically exhibits a chain that attacks centrally between
two monomers of another chain with an angle of approximately 90◦. The proposed
structure is shown in (d). b � c) The second type is shown in (b) (4.8 x 3.1 nm2,
-0.6 V/20 pA) and (c) (10.2 x 4.9 nm2, 0.1 V/20 pA). In this case the chain attacks
slightly o� center with variable angles between 60◦ and 70◦ which were determined
by STM. The corresponding sketch (e) illustrates the proposed model. The distances
between the midpoints of the black dotted lines in (a) and (b) are determined by STM
to (16 ± 1.6) Å (a) and (15 ± 1.5) Å (b).

The nature of inter-chain contacts

While a high (local) coverage may exhibit a quite cluttered picture of variously inter-
acting chains, STM images at low (local) coverage indicate two major types of �junc-
tions� (Figure 4.14). Our interpretation of the chain structures as poly(TAPP-Cu)
readily o�ers an explanation for these structural motifs. In both cases the connection
is thought to be based on Cu coordination occurring on one side between two adjacent
nitrogen atoms in the interstice between two monomers of one chain. On the other side
Cu coordinates either to the carbene of the tautomerized chain end (Fig. 4.14.d) or to
one of the nitrogen atoms of the pyrimidine end group (Fig. 4.14.e). Both types can be
distinguished by STM as the respective connecting angles are di�erent. Furthermore
detailed STM images show that the joining chain binds either centric (Fig. 4.14.a) or
o�-center (Fig. 4.14.b).
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Figure 4.15: From vdW-interaction (a) via Cu-coordination (b) to covalent bonds (c).
Thermal regimes of the assembly of 1,3,8,10-tetraazaperopyrene (TAPP) on Cu(111).

For a further characterization of the junctions the distances between the midpoints
of the black dotted lines (as indicated in Fig. 4.14.a and Fig. 4.14.b) were determined
to (16 ± 1.6) Å (Fig. 4.14.a) and (15 ± 1.5) Å (Fig. 4.14.b) by STM. They compare
quite well to the values expected from the corresponding chemical models (17.0 Å
to 17.8 Å and 16.1 Å to 16.8 Å, respectively) in which a Cu-C distance of 2.1 Å is
used and the Cu-N distance is varied between 1.8 Å and 2.5 Å. It is noted that the
assumption of the minimal Cu-N distance results in a signi�cant overlap of the vdW
orbitals of adjacent hydrogen atoms.

4.1.4 Summary

The combination of experimental techniques (STM and XPS) and DFT calculations al-
lowed for a detailed study of the chemistry of tetraazaperopyrene (TAPP) on Cu(111)
under UHV conditions. Depending on the annealing temperature TAPP forms three
main assemblies at submonolayer coverage based on di�erent intermolecular interac-
tions: A close-packed assembly whose molecules interact via vdW-forces, a Cu coor-
dinated porous network and covalently linked molecules that form chains (Fig. 4.15)
were observed.
The Cu substrate is of crucial importance, in particular for the formation of the

porous surface coordination network because it provides Cu-adatoms for the metal
coordination. Moreover, DFT studies on the chains and XPS experiments indicate
that the dominating type of chain is also coordinated to Cu adatoms. Here the Cu
surface and its adatoms are thought to act catalytically for reaction pathways which
are inaccessible in the bulk and for the stabilization of reactive intermediates before
they recombine. Especially at elevated sample temperatures the supply with free
Cu adatoms is expected to be provided by the detachment from steps. Due to the
formation of surface coordination networks which could already be observed around
room temperature a �corrosive� e�ect of TAPP on the step edges is discussed as an
additional mechanism supplying the molecules with the necessary adatoms.
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4.2 Preliminary studies on the formation of covalent

couplings in other systems

4.2.1 Tetraazapyrene (TAP) on Cu(111)

Figure 4.16: 1,3,6,7-tetraazapyrene (TAP)

This section deals with the question whether the �pyrimidine-based� polymerization
of TAPP on Cu(111) can be extended to other (similar) molecules. This would help
to establish a general mechanism for the formation of covalent couplings on surfaces
in UHV by means of �surface chemistry�. For this purpose Tetraazapyrene (TAP)
(Fig. 4.16) was synthesized in the group of Prof. Gade and studied on Cu(111).
The sublimation of TAP could not be detected by a quartz crystal microbalance

(QMB). Instead a quadrupole mass spectrometer (QMS) was used that allowed to
determine the temperature at which TAP begins to �ood the chamber. Information
on the partial pressure of TAP provided by the QMS and the time the substrate was
exposed to TAP allowed for a rough control of the coverage. In this setup TAP was
simply heated in a glass crucible (see section 2.4) to approximately 75◦C. This setup
could signi�cantly be enhanced if TAP was heated in a separated vacuum and dosed
into the preparation chamber via a leak-valve, in analogy to a liquid deposition system.
Thus the partial pressure and the exposure time could be controlled accurately.

(a) (b) (c)

Figure 4.17: STM images of TAP after deposition on Cu(111) held at room tem-
perature (RT). The coverage exceeds one monolayer (ML). a) TAP growing in two
layers after annealing at 165◦C (13 x 13 nm2, -0.1 V/10 pA). b) After annealing at
215◦C a submonolayer of TAP is observed (20 x 20 nm2, -10 mV/10 pA). The black
ellipse highlights chainlike structures. c) A notable change is observed after annealing
at 265◦C: Most of the TAP is desorbed and the remaining molecules form clusters
(12 x 12 nm2, -10 mV/10 pA).
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(a) (b)

(c)

Figure 4.18: STM images of TAP/Cu(111) annealed at 245◦C illustrating the tran-
sition to chainlike structures. a) The overview shows the preferential growth of these
chainlike structures at the edge of the island (36 x 36 nm2, -10 mV/10 pA). The
parts highlighted by the white rectangles are shown in detail in (b) (13 x 8.5 nm2,
-10 mV/10 pA) and (c) (15 x 9 nm2, -10 mV/10 pA).

For the temperature dependent study in Fig. 4.17 the initial coverage exceeded 1 ML.
Besides the observation of TAP growing in layers of di�erent height (Fig. 4.17.a) the
absence of the bare metal surface in STM indicated such coverage. It signi�cantly
reduced to a submonolayer upon annealing at 215◦C (Fig. 4.17.b). Moreover �rst
transformations to �chainlike structures� were observed (black ellipses in Fig. 4.17.b),
i.e. the STM did not resolve single molecules. Annealing at 265◦C resulted in a
further decrease of the coverage and the formation of clusters. Some of them still
exhibit chainlike structures (Fig. 4.17.c) although the missing reference of resolved
single molecules does not exclude a bad resolution of the STM in this case. The
formation of isolated long chains in analogy to TAPP/Cu(111) could not be observed.
In additional experiments the annealing conditions for the transformation were further
speci�ed to a temperature range between 240◦C and 250◦C (Fig. 4.18). This allowed
for the observation of these chain-like structures besides the close-packed structure of
TAP. As the latter structure exhibits �separated� molecules it was used as reference to
ensure that the observation of chain-like structures does not result from a bad STM
resolution.

4.2.2 Polymerization in two dimensions

The formation of covalent bonds by means of chemical reactions that are directly
induced on surfaces in UHV has drawn much attention recently [27�33]. The rele-
vance of these studies in current research is further shown in [26, 34] in which the
contributions to this �eld and their perspectives are discussed. In this context the
formation of a porous network based on covalent bonds would signi�cantly add to this
�eld as its stability could exceed the stability of conventional approaches based on
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Figure 4.19: a) Benzene-1,3,5-tricarboxylic acid (trimesic acid � TMA). b)
N,N',N�,N� '-diborylene-3,4,9,10-tetraaminoperylene (DIBOTAP). c) The covalent
linking of TMA and DIBOTAP under the release of hydrogen may result in the for-
mation of a two dimensional porous network.

H-bonds [37, 70] or metal coordination [19]. In principle this network would consist
of a single macromolecule. The extension to two dimensions [28] and the formation
of porous networks based on covalent bonds [31, 33] are �rst promising approaches
that indicate the ongoing challenge to design highly ordered covalent structures in
two dimensions on surfaces.
Our approach is based on the combination of N,N',N�,N� '-diborylene-3,4,9,10-tetra-

aminoperylene (DIBOTAP) and benzene-1,3,5-tricarboxylic acid (TMA) as illustrated
in Fig. 4.19. After depositing �rst DIBOTAP and second TMA on a Ag(111) crystal
held at room temperature single DIBOTAP (Fig. 4.20.b) as well as a honeycomb
structure of TMA (Fig. 4.20.c) could be observed whereas an ordered mixed assembly
of both molecules was not observed. The TMA network is described in [97,98]. Besides,
the occasional observation of trimers already indicates the expected covalent coupling
of both molecules (Fig. 4.20.b).
After annealing at 120◦C pores with varying size and geometry were observed (Fig.

4.20.d). The observed protrusions inside some pores are assigned as TMA. Several
pores exhibit the desired hexagonal structure (Fig. 4.20.e) whereas most angles be-
tween the DIBOTAP monomers di�er from the expected 120◦. The observation of
varying angles between the DIBOTAP monomers is thought to be based on the con-
formational �exibility of the CO and OB bonds of the TMA-DIBOTAP building block

60
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(a) (b) (c)

(d) (e) (f)

Figure 4.20: Submonolayer of DIBOTAP and TMA studied by STM at 5 K. The
images were recorded after depositing �rst DIBOTAP and second TMA on a Ag(111)
crystal held at room temperature. a) Overview (40 x 40 nm2, -1 V/20 pA). b) Detail
of (a): DIBOTAP and a crossing that is thought to show the desired combination of
both building blocks according to Fig. 4.19.c (6.6 x 6.6 nm2, -0.1 V/20 pA. c) Detail
of (a): The porous TMA network (16 x 16 nm2, -1 V/20 pA). d) After annealing at
120◦C a porous structure is observed whose di�erent pore geometries support varying
angles between two DIBOTAPmonomers (25 x 25 nm2, -1 V/20 pA). The protrusions
inside the pores are assigned as TMA. e) A hexagonal pore in detail (4.3 x 4.3 nm2,
-0.5 V/20 pA). f) An annealing temperature of 270◦C led to decomposition e�ects
(30 x 30 nm2, -1 V/20 pA).

(cf. Fig. 4.19). Moreover, a dehydrogenation of the NH group cannot be ruled out so
that the N-atoms may also be involved in covalent interactions. An annealing tem-
perature of 270◦C indicated a decomposition of the molecular assemblies (Fig. 4.20.f).
A reason for the absence of an ordered assembly may be the formation of covalent

bonds: The concepts of self-assembly on surfaces which are inspired by supramolec-
ular chemistry heavily rely on self-correction that is inherent to reversible and thus
weak interactions, such as H-bonds. This principle is thwarted by the use of covalent
bonds. In other words: If two molecules are covalently linked it is almost impossible
to separate them to form a more suitable structure. Thus, the annealing procedure
and in particular the cooling process is thought to a�ect the formation of an ordered
assembly so that the choice of an appropriate preparation strategy may provide a
homogeneous structure. In [34] the authors comment on this aspect of self-correction
and discuss a reaction that was used in [27]. In this reaction an aldehyde (-CHO)
and an amine (-NH2) are linked to form an imine bond (-CH=N-). For recovering
the reactants the by-product water could hydrolyze the imine bond. However, such a
strategy would become impossible in UHV.
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4 Controlling intermolecular interactions on metal surfaces

Figure 4.21: 1,3,5-trihydroxybenzene. In contrast to TMA this molecule, that was
synthesized in the group of Prof. Gade at the University of Heidelberg, only exhibits
hydroxyl groups instead of carboxylic groups.

An alternative molecular linker (Fig. 4.21) which carries an hydroxyl group instead
of a carboxylic group might reduce the conformational variability of the DIBOTAP-
TMA building block. This could result in more homogeneous structures. However, the
small mass of the molecule did not allow for a �traditional� sublimation, i.e. molecules
are heated and detected by a QMB. Alternatively, the previously described detection
with a QMS (section 4.2.1) should also be possible in this case thus allowing for
additional promising studies on this system.

62



5 A porous molecular network on
Cu(111)

The work presented in this chapter is the direct continuation of one of the two projects
in the PhD thesis of Markus Wahl [36]. In this project, done in collaboration with
the inorganic chemistry group of Prof. Gade in Heidelberg, the perylene derivative
4,9-diaminoperylene-quinone-3,10-diimine (DPDI) [99], was studied on metal surfaces
in UHV. On Cu(111), a dehydrogenation of DPDI induced by thermal annealing
(Fig. 5.1.a) results in the formation of coverage dependent assemblies [36, 37]. By
choice of the appropriate molecular coverage before annealing this chemical reaction
allows for the formation of a highly stable hexagonal porous network (Fig. 5.1.b) which
is commensurate with the substrate. So far, this network was used as a stable template
to study molecular guests that were trapped in the pores [36, 100,101].

(b)(a) DPDI

Dehydro-DPDI

-H2

Hydrogen

Carbon

Nitrogen

Hydrogen

Carbon

Nitrogen

Figure 5.1: Interaction of the dehydro-DPDI network with the surface state of the
underlying substrate. The formation of this porous network is based upon a thermally
induced dehydrogenation of DPDI on Cu(111). a) Molecular structure of DPDI and its
dehydrogenated form. b) STM image (29 x 29 nm2, -0.1 V/50 pA) for submonolayer
coverage of DPDI deposited on Cu(111) after thermal annealing at 200◦C. Dehydro-
DPDI acts as both hydrogen-bond donor and acceptor to produce a very stable self-
assembled porous network [36, 37]. The network periodicity is 2.55 nm with a pore
diameter of 1.6 nm. Standing wave patterns in the Cu surface state arise from the
scattering of the delocalized electronic states at the border of the adsorbate adlayer [46,
47].

Against the background that the porous network exhibits an extraordinary high
stability, the fact that the intermolecular interactions are based on H-bonding is sur-
prising. In [37] a strong interaction of the network with the Cu support is discussed
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Table 5.1: a) XSW results for DPDI/Cu(111) in the mobile phase which is present
before annealing the sample. For each nitrogen species 14 photoelectron yield curves
were analyzed, whereas for the carbon species 15 photoelectron yield curves were
analyzed. b) XSW results for dehydro-DPDI/Cu(111) in the porous network which
develops after annealing. In this case 8 photoelectron yield curves were analyzed for
carbon as well as for nitrogen. The errors represent the standard deviations.

a) Mobile phase b) Porous network

Height Coh. fraction Height Coh. fraction

Amine N 2.20 Å ± 0.03 Å 0.66 ± 0.06
Imine N 2.4 Å ± 0.11 Å 0.27 ± 0.06 2.83 Å ± 0.03 Å 0.50 ± 0.08
Carbon 2.68 Å ± 0.06 Å 0.47 ± 0.04 3.00 Å ± 0.04 Å 0.46 ± 0.05

as a possibility to explain this stability. Thus, for the work at hand, the molecular
adsorption heights as well as the electronic structure of DPDI/Cu(111) close to the
Fermi energy were studied in detail. The results of these further investigations are
discussed in Section 5.1. Besides this possibly stabilizing in�uence of the substrate
on the molecular surface structure, which is discussed on the level of single molecules,
the in�uence of the network as a periodic structure on the electronic structure of
the substrate is studied in Section 5.2. This change of perspective gave rise to an
extraordinary e�ect on the surface state of Cu(111).

5.1 Stability of the porous network

5.1.1 Determination of the adsorption height

In order to gain insight into the molecule substrate interaction, XSW was used to
study the adsorption height of DPDI/Cu(111) for the mobile phase as well as the
adsorption height of dehydro-DPDI/Cu(111) for the porous network. In Section 2.1
the XSW technique is introduced and relevant aspects of the data analysis of the
system at hand are discussed. Thus, this section concentrates on the results and their
interpretation.
Figure 5.2 exemplarily shows both the re�ectivity of the (111)-plane of Cu(111) and

photoelectron yield curves for the di�erent chemical species of DPDI and dehydro-
DPDI whose �ts yield coherent fractions and positions. It is noted that the coherent
position represents the adsorption height modulo the distance between two Bragg
planes.1 This was considered when calculating the adsorption heights that are sum-
marized in Table 5.1. These heights are visualized in molecular sketches in Figure 5.3.
In the mobile phase the C-atoms of DPDI (perylene core) exhibit a height of

2.68 Å. This value agrees well to the height of the C-atoms of the perylene derivative

1Here (111)-planes of Cu, so the distance amounts to 2.09 Å.
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Figure 5.2: Photoelectron yield curves for the di�erent chemical species of DPDI (a)
and dehydro-DPDI (b) as well as re�ectivity of the Cu(111) crystal before (mobile
phase) and after annealing (porous network). Each black dot represents the peak
intensity of a core-level spectrum (N1s or C1s) that was recorded at a di�erent photon
energy (the x-axis). The �ts (black lines) of the photoelectron yield curves provide the
coherent fraction and position whereas the �t of the re�ectivity delivers the parameters
that are needed to �t the photoelectron yield curves. The photoelectron yield curves of
both N1s peaks before annealing were related to the amine and imine nitrogen species
according to [36].

perylene tetracarboxylic dianhydride (PTCDA) on Cu(111) that was determined to
2.66 Å [102]. PTCDA is reported to interact strongly with the substrate [103]. In
comparison to the perylene core the amine (-NH2) nitrogen (2.20 Å) as well as the
imine (-NH) one (2.4 Å) are bent down indicating an attractive interaction with the
surface. The noticeable di�erence between the coherent fractions of the amine and
imine nitrogens may be related to the �tting strategy that was used to discriminate
between both species (Appendix C.1).
The di�erent heights of the end groups compared to the average height of the

perylene core indicate a bent molecule (Appendix C.1). This e�ect was observed and
discussed for PTCDA on Ag(111) and Cu(111) [102, 104�106] as well as for other
molecular adsorbates [42, 107, 108]. However, in particular in comparison to PTCDA
the bending of DPDI is quite strong.
The height of the perylene core as well as the heights of the N-atoms indicate strong

molecule-substrate interactions. This interpretation supports a �high� desorption bar-
rier which is needed to prevent the desorption of DPDI during the annealing process.
However, this interpretation is not thought to contradict a �low� di�usion barrier
which is expected as the molecules are mobile [109].
After the formation of the porous network the imine nitrogens are lifted towards the

perylene core. This lifting can be explained by the (intermolecular) H-bonds which
evolve upon network formation. An analogous e�ect was observed for the formation of
the herringbone structure of PTCDA/Ag(111) in which the oxygen atoms were lifted
towards the perylene core to enable the formation of H-bonds. [110] The coherent
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C C C C C
2.68 Å

3.00 Å

2.83 Å2.42 Å

(a) Before annealing (b) After annealing

2.20 Å

Cu(111)

NH NH2

C C C C CNH NH

Figure 5.3: Graphical illustration of the XSW results showing the adsorption heights
of the di�erent chemical species (carbon, nitrogen of the amine (NH2) and imine (NH)
group) of DPDI in the mobile phase before annealing (a) and dehydro-DPDI in the
porous network after annealing (b).

fraction of the C atoms that was determined to 0.46 appears low, especially for a
highly ordered structure. However, it agrees well with coherent fractions reported for
the C-atoms of PTCDA on Cu(111) (0.48) and Ag(111) (0.52) [102].
The most puzzling result is the lifting of the whole molecule by approximately 0.3 Å

after annealing. The height of the perylene core of 3.00 Å, which is comparable to
the sum of the vdW radii of copper (1.4 Å) and carbon (1.7 Å), does not indicate
a signi�cant interaction between the perylene core and the substrate. This seems to
contradict the initial working hypothesis of a strong molecule-substrate interaction as
an explanation of the stability of the network. This issue is addressed in the following
sections.

5.1.2 The valence bands

The detailed picture of the adsorption of PTCDA on various metal substrates that
we can access nowadays is based on extensive studies using complementary surface
science techniques. In [103], in which XSW and UPS studies of PTCDA on Au(111),
Ag(111) and Cu(111) are summarized, an increasing molecule-substrate interaction
can be associated with the formation of hybridized states between molecular orbitals
and the valence band of the substrate. Such hybridized states were identi�ed with
UPS for PTCDA adsorbed on Ag and Cu as partially or completely �lled LUMOs.
This was interpreted as an electron transfer from the substrate to the molecules.
Such a �ngerprint of a strong molecule-substrate interaction is missing in the case of
PTCDA/Au(111) which interacts weakly with the substrate. For PTCDA/Ag(111)
the strong molecule-substrate interaction is mainly induced by the perylene core [111].
Further studies extended this view and considered the oxygen atoms of PTCDA which
were reported to enhance the bonding to the Ag substrate [112]. Furthermore, the
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Figure 5.4: Normal emission spectra of the valence band of clean Cu(111) (a), 0.73
ML of DPDI before (b) and after annealing (c). The spectrum of clean Cu(111) was
scaled by a factor of 0.35. The data were taken at room temperature at the COPHEE
end-station (Swiss Light Source).

�lling of the LUMO may promote additional bonds of the carboxylic oxygens to the
Ag surface. [104�106]
It is noted that a (partial) �lling of the molecular LUMO does not necessarily

imply an electron transfer from the substrate to the molecule. For the porous surface
coordination network of TAPP on Cu(111) (see Section 4.1) theoretical studies carried
out in the group of Prof. Persson indicate an electron transfer from the Cu-adatoms
to the molecular LUMO � a sort of �adatom-mediated chemisorption�.
Electron transfer from the substrate to the molecular LUMO is also reported for

other organic adsorbates that interact strongly with the substrate like naphthalene-
tetracarboxylic dianhydride (NTCDA) on Ag(111) [113], C60/Cu(111) [114] or tetra-
�uoro-tetracyanoquinodimethane (F4-TCNQ) on Cu(111) [107]. Also in these cases,
detailed measurements on the valence bands together with theoretical studies reveal
complex electronic structures at the molecule-metal interface. For C60/Cu(111) an
interface state is observed whose dispersion follows the periodicity of the molecular
superstructure [35]. In the case of F4-TCNQ/Cu(111) the molecule-substrate inter-
action is based on a complex interplay between a metal-to-molecule electron transfer
and a back transfer which deep-lying molecular orbitals are involved in [107].
Despite their complex structures at the molecule-metal interface, these strongly in-

teracting systems have a signi�cant (and detectable) in�uence on the valence bands in
common. Thus the valence band structure of DPDI/Cu(111) was studied by ARPES
in order to gain further insight into the molecular adsorption. In normal emission
spectra of clean Cu(111) (Fig. 5.4.a) the surface state is observed at approximately
0.4 eV. However, it is suppressed in the spectrum of the mobile phase (Fig. 5.4.b).
Coverage dependent studies reveal that the binding energy of the surface state mea-
sured at normal emission shifts towards the Fermi energy with increasing coverage
of DPDI. Such an in�uence on the surface state induced by statistically distributed
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Figure 5.5: The d-bands of �pure� Cu(111) recorded at RT (black) as well as the
d-bands of Cu(111) covered by the porous dehydro-DPDI network recorded at 7 K
(red). The measurements were carried out at the CASSIOPEE end-station (Soleil).
In order to gain information on the dispersion of the d-bands, spectra are shown for
di�erent emission angles (measured with respect to normal emission): 10◦ (a), 5◦ (b),
normal emission (c). The angle-integration performed for each spectrum corresponds
to an opening of the analyzer of 0.6◦. The spectra of clean Cu are scaled by a factor
of 0.6 to facilitate comparison. The whole dispersion is shown in Appendix C.2.

adsorbates is observed e.g. for Xe/Au(111) [115] and Na/Au(111) [116]. Besides this
e�ect on the surface state, the spectrum does not exhibit any features at binding en-
ergies less than 2 eV that could be related to (hybridized) molecular orbitals. These
observations basically hold true for the spectrum of the porous network (Fig. 5.4.c).
The broad peak (binding energy of approximately 0.2 eV) that is observed close to the
Fermi energy is related to the surface state and is discussed in Section 5.2 in detail.
The non-detection of a peak does not strictly imply its non-existence. In this case,

measurements at grazing emission, which are commonly used to enhance surface sensi-
tivity, could further elucidate this issue. However, STS studies on dehydro-DPDI (see
Fig. 5.11 on page 76) agree well to the results of the normal emission spectrum as they
do not exhibit a feature in the immediate vicinity below the Fermi energy. Instead, the
�rst feature that could be related to a molecular state, e.g. to the LUMO, is observed
at 70 mV above the Fermi energy (cf. Section 5.2.3 on page 76).
For both the mobile phase and the porous network a change of the Cu d-bands

(binding energies between 2 eV and 4.5 eV) in comparison to pure Cu is observed. In
order to gain more information on this change ARPES measurements were performed
on the d-bands (Fig. 5.5). Copper exhibits a �lled 3d-shell with �ve d-bands (labeled
from 1-5 in Fig. 5.5). The d-bands 1 & 2 and 4 & 5 are observed to be degenerated
at the Γ-point (normal emission spectrum of clean Cu (black curve) in Fig. 5.5.c) for
the photon energy of 21.22 eV [117]. However, as they disperse di�erently along the
ΓK-direction the degeneracy is removed and band splitting is observed for emission

68



5.1 Stability of the porous network

angles that di�er by 5◦ (Fig. 5.5.b) and 10◦ (Fig. 5.5.a) from normal emission. At the
latter angle the �ve d-bands can be identi�ed as separated peaks.
For the porous network, the degeneracy at normal emission is observed to be re-

moved at least for the �rst three d-bands (1-3) (red spectrum in Fig. 5.5.c). At an
emission angle of 10◦ the energies of the d-bands in both spectra (black and red spec-
trum in Fig. 5.5.a) match quite well. For the fourth and �fth d-band the interpretation
is not straightforward. The broad feature at normal emission (highlighted by the red
arrow in Fig. 5.5.c) seems to consist of at least four peaks (two peaks and one shoul-
der at each side). These additional peaks may be related to molecular orbitals. The
shoulder visible in the valence band spectra of the porous network (highlighted by
the red vertical line) may be at �rst glance assigned as a molecular orbital. However,
it coincides quite well with the shoulder of the Cu spectra. Since the di�erence in
intensity is to a large extent due to the scaling of the Cu spectra (factor of 0.6) the
identi�cation of the shoulder of the porous network with the one for �pure� Cu seems
reasonable.
In summary, no indications for a hybridization of molecular orbitals with the valence

band of the substrate is found in the energy window between the Fermi energy and
2 eV. Especially the widely reported electron transfer to the former molecular LUMO
was not observed. However, a hybridization with deep-lying molecular orbitals cannot
be excluded and the removal of degeneracy of the Cu d-bands as well as the features
around 2.7 eV (Fig. 5.5.c) show an in�uence on the valence band of the substrate by
the porous network.

5.1.3 Discussion

Due to the missing indications for a (partially) �lled LUMO and in particular due
to the height of the perylene core of 3 Å above the Cu(111) surface, which exceeds
the height of the perylene core of PTCDA/Cu(111) by 0.34 Å, the molecule-substrate
interaction is not thought to be based on an electron transfer from the substrate to the
molecular LUMO. Moreover, it is concluded that the perylene core is not responsible
for a strong interaction between the porous network and the surface.
However, the extraordinary stability of the network needs to be explained and it is

still expected to be based on a stabilizing e�ect of the surface despite the counterin-
tuitive results provided by XSW and ARPES. In this context it is noted that Kilian
et al. [110] reported an XSW study of PTCDA/Ag(111) where the transition from
an unordered to an ordered assembly is studied. On the one hand an e�ect for the
end groups was observed in analogy to our results (see Section 5.1.1). On the other
hand, the height of the perylene core of PTCDA increased by only 0.06 Å which is
small compared to the increase of height of 0.32 Å we measured for DPDI. In contrast
to PTCDA, the transition from the mobile DPDI phase to the porous network goes
along with a dehydrogenation of DPDI. However, if the increase of height of 0.32 Å is
not exclusively related to the (chemical) di�erence between dehydro-DPDI and DPDI
it indicates a further mechanism which is involved in the formation of the porous
network. It is assumed that the increase of height allows for the space that is nec-
essary for Cu-adatoms between substrate and molecular ad-layer. These Cu-adatoms

69



5 A porous molecular network on Cu(111)

3.00 Å(b)

(a)

(c)

2.83 Å

1.85 Å

1.1 Å

C C C C CC C NHNH

Cu CuCu Cu

NH

Figure 5.6: Suggested model for the porous dehydro-DPDI network that is addition-
ally stabilized by interactions with Cu-adatoms. a) The topview shows the positions of
dehydro-DPDI in the unit cell of the porous network. The surface atoms are indicated
by large gray circles. The Cu-adatoms (small green and orange circles) highlight two
possible con�gurations for a Cu-coordination. The lateral position of the unit cell with
respect to the substrate is arbitrarily chosen. However, this choice results in equivalent
adsorption sites of all end groups. [36] b�c) Side view of molecule and adatoms. The
distance in (b) is estimated from the geometry in (a). The height of the Cu-adatoms
in (c) of 1.85 Å corresponds to the height of free adatoms on Cu(111) [118]. The
side views illustrate that the Cu coordination does not interfere with the formation
of H-bonds. If the Cu-adatoms are assumed to adsorb at hollow fcc or hcp sites the
N-Cu distance calculated from the proposed geometry amounts to approximately 2 Å.

could interact with the nitrogens thus providing an indirect coupling of the molecular
ad-layer with the substrate. It is noted that this interaction is thought to occur in
addition to the formation of H-bonds.
In Figure 5.6 two possible con�gurations on the Cu surface are depicted for the

adatoms (green and orange). The adatoms are thought to adsorb at the preferred
hollow sites [119]. Due to equivalent symmetries of the porous network and the Cu
substrate2, all adatoms within a crossing either adsorb on hollow fcc sites or hcp sites.3

For the con�guration marked green each adatom binds to two dehydro-DPDI. How-
ever, another con�guration (orange) is thought to be possible in which each dehydro-
DPDI interacts with a separate adatom of an �adatom trimer�. In the latter case
the intermolecular stability is enhanced by the interaction between the adatoms. It

2The porous network adsorbs in a p(10x10) superstructure. Its basis consists of 3 molecules that
are rotated by 120◦ with respect to each other. [36]

3If the adatoms in one crossing adsorb at fcc sites the adatoms in the neighboring crossings adsorb at
hcp sites. However, the di�erence in adsorption energies between hcp and the actually preferred
fcc hollow site for a single Cu-adatom or an adatom dimer on Cu(111) is reported to be only
6 meV or 21 meV, respectively [119].
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(a) (b) (c) (d)

Figure 5.7: Series of STM images (5 x 5 nm2, 10 pA) of the porous network taken at
5 K at the same position, but at di�erent sample voltages: 1.5 V (a), 2.3 V (b), 2.9 V
(c), 3.4 V (d). The molecular model is superimposed to illustrate equivalent positions.
In analogy to the porous network of TAPP (see Section 4.1.2 on page 45) the crossing
between the molecule dominates the STM image at sample voltages around 3 V.

is noted that the molecular adsorption sites are arbitrarily chosen in Fig. 5.6. How-
ever, this choice underlines the symmetry between substrate and molecular ad-layer
as it provides equivalent adsorption sites for all molecules, in particular for all imine
groups [36]. An adatom height of 1.85 Å was assumed which corresponds to the height
of free adatoms on Cu(111) [118]. According to the geometry proposed in Figure 5.6
the overall N-Cu distance would amount to approximately 2 Å. This distance could
be elongated by shifting the adatoms towards the neighboring bridge adsorption sites.
However, this would decrease the interatomic distances of the orange con�guration
and the expected energetic penalty would have to be compensated by an optimized
N-Cu interaction.
Unfortunately, the experiments until now did not provide any direct evidence for

such Cu-adatoms. In analogy to the previously discussed system TAPP/Cu(111)
(Chapter 4), theoretical studies are thought to allow for new insights into the molecule-
substrate interactions when compared to the existing experimental results: For DPDI
on Cu(111) XPS shows that the imine N1s peak of the porous network is shifted by
320 meV with respect to the imine N1s peak of the mobile phase [36]. This could be due
to interactions with Cu-adatoms. This assumption could be veri�ed by calculations
of the chemical shift (cf. Section 4.1.2). Despite the missing direct evidence for the
Cu-adatoms, an STM study (Fig. 5.7) at least indirectly supports the proposed model.
In analogy to TAPP/Cu(111) (see Section 4.1.2), the same area of the porous network
was imaged at di�erent sample voltages. Like in the case of TAPP the transition to
a sample voltage around 3 V resulted in a reversed contrast by which the crossing
between three adjacent molecules appears as a bright protrusion dominating the STM
image. This e�ect may also be related to unoccupied resonance states of Cu-adatoms
on Cu(111) [83,84] as it is done in the case of the porous surface coordination network
of TAPP (cf. Fig. 4.5 and 4.6 on page 47).
Hence, the interaction of dehydro-DPDI with Cu-adatoms is considered as a promis-

ing new working hypothesis that could explain the stability of the porous network as
well as the counterintuitive XSW results. Moreover the veri�cation of this model would
support the outstanding relevance of the N-Cu interaction for the surface chemistry
of the perylene derivatives TAPP and DPDI.
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5.2 Band formation from coupled quantum wells

The results discussed in this section are published in [120].
The electronic and optical properties of crystalline solids exhibit properties which

derive to a large extent from the periodic arrangement and interactions of their com-
ponent quantum systems, such as atoms or molecules. Extending the principle of
such periodic coupling beyond the molecular regime has given rise to metamaterials,
which are composed of regularly repeated units, in most cases, nanoparticles [121,122].
Quantum e�ects that arise from con�nement of electronic states have been exten-
sively studied for surface states of noble metals which are characterized by a quasi
two-dimensional (2D) electron gas. These may be visualized by scanning tunneling
microscopy (STM) as standing wave patterns arising from scattering at steps and
defects [46,47] or at large organic molecules [123]. Examples of such surface state con-
�nement comprise thin �lms [124], arti�cial nanoscale structures [125, 126], vacancy
and ad-atom islands [127, 128], self-assembled one-dimensional (1D) chains [129, 130]
and vicinal surfaces [131,132].
In spite of these previous examples, periodic quantum con�nement in 2D at surfaces

has always been elusive, mainly because of the di�culties encountered in the produc-
tion of strictly regular nanopatterned structures that can trap electronic states. We
note though that Collier, et al. observed coupling phenomena between quantum dots
at a solid/liquid interface, namely between colloidal particles arranged in a Langmuir
monolayer [133]. The design of such structures is more readily achieved using molecules
as building blocks than atomic units, given the fundamental dimensions of these arrays.
Potential candidates for molecular systems which might exhibit this zero-dimensional
periodic electronic con�nement are porous molecular surface networks. Their produc-
tion is based on molecular self-assembly, which makes use of concepts established in
supramolecular chemistry, and has the advantage that identical parts are produced at
once. This is in contrast, for instance, to assembly based on atom-by-atom positioning
techniques [125,126].
In this section it is reported on the interplay of the surface state electrons of Cu(111)

with the porous network of dehydro-DPDI that leads to the formation of a 2D elec-
tronic band structure through the coupling of con�ned electronic states. Each pore of
the network con�nes the surface state of the Cu substrate in what can be described
as a quantum dot.

5.2.1 STS: Con�nement of the surface state

STS was used to probe the (electronic) density of states (DOS). Spectra recorded
inside a pore display a peak at -0.22 V that is not seen on the bare metal (Fig 5.8.a).
Given the previous observations of discrete states in 2D nanostructures [47,126�128],
this peak is assigned to the con�nement of the surface state electrons inside the pore.
The con�nement of this discrete state is demonstrated by recording simultaneously
topography (Fig. 5.8.b) and dI/dV-signal (Fig. 5.8.c) at the peak energy, the latter
showing in �rst order the local distribution of this state. Because each pore features
a con�ned state, it can be considered as a single quantum dot that con�nes electrons
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Figure 5.8: Study of the electronic con�nement of the surface state within the pores
of the network. a) STS spectra obtained at 5 K on the clean Cu surface (red) and inside
a pore of the dehydro-DPDI network (black). The latter spectrum exhibits a maxi-
mum at -0.22 V which is attributed to a con�ned surface state (Lock-In: 6 mV (rms),
513 Hz, initial tip parameters: -0.8 V, 80 pA). b) STM image of the porous net-
work (13.6 x 13.6 nm2, -0.2 V/70 pA) and (c) simultaneously recorded dI/dV map at
5 K (Lock-In: 8 mV (rms), 513 Hz). A con�ned electronic state is observed inside
the molecular pores. The black hexagons highlight the molecular positions. Defec-
tive pores severely a�ect the con�ned state (red hexagons) although not every defect
annihilates the con�ned state (green hexagons). In some cases the con�ned state is
a�ected although topography does not indicate any defects (blue hexagons). These
observations could be explained by irregularities of the substrate within the pore (e.g.
trapped Cu-adatoms or holes).

in all three directions. The inherent periodicity of the molecular network generates a
regular �quantum dot array�.
Jensen et al. [128] studied the lifetime of con�ned states in vacancy islands on

Ag(111). In their study the dominating process limiting lifetime and thus characteriz-
ing the imperfect con�nement is lossy scattering at the con�ning boundary; inelastic
electron-electron and electron-phonon scattering are thought to be less important.
Likewise, for the 2D periodic dehydro-DPDI network, which is commensurate with
the Cu(111) substrate, the con�ned electronic states are expected to �leak� into neigh-
boring pores. This leakage would electronically couple quantum wells of neighboring
pores, and this coupling should be visible in the electronic structure of the system.

5.2.2 ARPES: The formation of an electronic band

The electronic structure of the �quantum dot array� was investigated with angle-
resolved photoemission spectroscopy (ARPES). In Figure 5.9.a, ARPES normal emis-
sion spectra recorded at room temperature (RT) are shown for the clean Cu substrate
and for the Cu substrate covered by di�erent amounts of the dehydro-DPDI network.
For the extreme cases (the clean Cu substrate and the highest molecular coverage)
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Figure 5.9: Band dispersion resulting from the periodic in�uence of the porous net-
work on the surface state studied with ARPES for di�erent molecular coverages. The
measurements were performed at the COPHEE end-station (SLS). a) Normal emis-
sion spectra at RT showing the emerging con�ned state which progressively replaces
the original Cu(111) surface state (scaled, black dotted line) with increasing molec-
ular coverage. b) Peak area, binding energy (B.E.) and full width at half maximum
(FWHM) resulting from the analysis of the pristine and the con�ned states presented
in (a). c) Energy dispersion curves (EDC) of the pristine state (red dashed line) and
the con�ned state (black dashed line) measured along the ΓM high symmetry direction
and visualized as the 2nd derivative of the photoemission intensity for three di�erent
coverages. The 2nd derivative was used to enhance features of the EDC. Both EDCs
at 0.52 ML and 0.73 ML have been acquired at RT, whereas 60 K was the acquisition
temperature for 0.55 ML. The vertical white dotted lines refer to the new symmetry
points induced by the molecular network. The red and black dashed lines on the top
graph indicate the averaged positions of the maxima of both Lorentzian components
�tted for all EDCs.

the spectra display a single component line shape, whereas all the other spectra ex-
hibit a double-peak line shape. A detailed analysis of the spectra (�tted by using
two Lorentzian components together with a constant background and multiplied by
a Fermi-Dirac distribution) shows that the double peak consists of the components
observed for the extreme cases, while only their relative intensities vary depending on
the network coverage (Fig. 5.9.b). The component marked red is attributed to the
clean surface state and maintains its binding energy and width throughout the molec-
ular coverage range, but its intensity decreases as the molecular network coverage
increases. It will be referred to below as the �pristine state�. The component marked
black, however, is related to the in�uence of the molecular network and increases with
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Figure 5.10: The surface Brillouin zone (SBZ) of the DPDI network. a) The unit cell
of the DPDI network with its p(10x10) structure. The lengths of the unit-cell vectors:
|~a1| = |~a2| ≡ a ≈ 2.56 nm. b) The unit cell in reciprocal space with the �rst Brillouin
zone (black hexagon) and the critical points Γ, M and K. The lengths of the unit-cell
vectors amount to |~a∗1| = |~a∗2| = 4π/

√
3a ≈ 0.283 Å

−1
. The distances between the

critical points are 2π/
√

3a ≈ 0.142 Å
−1

(ΓM) and 4π/3a ≈ 0.164 Å
−1

(ΓK).

increasing coverage. In analogy to the pristine case, it has a constant width and a
constant binding energy. Its value of 0.23 ± 0.03 eV is in very good agreement to the
STS spectrum shown in Fig. 5.8.a. Because its binding energy and peak width are
independent of the surface coverage, its origin can be attributed to a single pore with
its surrounding molecular border while the overall island size shows no in�uence. This
component will be referred to below as the �con�ned state�.
Isolated nanocavities exhibit discrete electronic states, but the periodic in�uence of

the porous network on the 2D free electron gas of the surface state, along with the
imperfection of its con�nement, is expected to induce an electronic band in analogy
to the band structure of a solid created by the periodic potential of its atoms. The
existence of such cooperative behavior can be investigated by studying with ARPES
the electronic structure of both the pristine Cu(111) surface state and the con�ned
state as a function of the surface parallel momentum. The ARPES data displayed
in Fig. 5.9.c exhibit for both states dispersive bands. One band (highlighted in red)
follows the characteristic parabolic dispersion of the Cu surface state [64], whereas
the second band (highlighted in black) is related to the periodic potential of the
porous network. This interpretation is supported by the periodic continuation of the
band within Brillouin zones of higher order that possess the same periodicity as the
molecular network (10 times smaller than the substrate). This periodicity is indicated
by white lines in Figure 5.9.c, which are separated by |kparallel| = 0.142 Å−1 (Fig. 5.10).
Furthermore, weak photoemission intensity very near the Fermi energy and around
the M symmetry points can also be observed in Figure 5.9.c, especially for the case of
0.55 monolayer (ML) which was acquired at 60 K4. This intensity may be attributed to
the existence of the 2nd subband which has its lowest binding energy at approximately

4New measurements with high resolution carried out at the CASSIOPEE end-station (Soleil) using
synchrotron radiation con�rm these �ndings with better quality (data not shown here).
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Figure 5.11: a) Normal emission spectra of pristine Cu (red) and a close-packed
assembly of dehydro-DPDI (1 ML) (black) near the Fermi energy. The latter spectrum
does not reveal any feature that can be related to the surface state. b) STM image for
1 ML of dehydro-DPDI on Cu(111) annealed at 500 K (3.5 x 3.5 nm2, -0.9 V/84 pA).
c) STS of the pristine Cu surface (red) and on top of dehydro-DPDI of the porous
network (black). Lock-In: 7 mV (rms), 313 Hz, initial tip parameters: -0.8 V, 90 pA.

60 meV. Thus, the energy gap between the subbands originating from the con�ned
network is roughly 90 meV.

5.2.3 A strong con�nement

The rather shallow dispersing band (bandwidth of approximately 80 meV) is an in-
dication for the strong con�nement of the surface state inside the pores. Further
evidence for our interpretation stems from both STS measurements performed on top
of dehydro-DPDI molecules (Fig. 5.11.d) and photoemission spectra. Both methods
were used to gain information on the �direct in�uence� of dehydro-DPDI on the sur-
faces state.
The ARPES studies of the porous network (Fig. 5.9) show the result of a periodic

perturbation on the surface state induced by the porous network and thus the com-
bined in�uence of �molecules and pores� on the surface state. In order to �isolate�
the molecular in�uence a sample fully covered by a close-packed structure of dehydro-
DPDI was prepared (Fig. 5.11.c) [37] which is formed by the same building blocks and
expected to be based on the same intermolecular interactions as the porous network.
For this non-porous organic structure, no evidence of the surface state is found in the
normal emission spectrum depicted in Figure 5.11.a.
STS has proven to be able to detect shifts of the surface state induced by molecules:

In the case of PTCDA Nicoara et al. [134] could determine a small shift induced by the
weakly bound molecules (physisorbed, according to [103]) when deposited on Au(111).
The same molecules are strongly bound (chemisorbed, according to [103, 111]) when
deposited on Ag(111) and in the corresponding STS spectra a characteristic feature is
observed which resembles the surface state. This feature was initially interpreted as
a dispersing state deriving from the LUMO+1 of the free PTCDA [135] and later as
the upshifted Shockley state of Ag(111) [136].
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The black spectrum in Figure 5.11.d was recorded on top of dehydro-DPDI of the
porous network. The weak peak at -0.21 V matches the peak of the con�ned state
(Fig. 5.8). It may be attributed to the (bad) resolution of the tip that still detects
features from within the pore or to the wave function that penetrates the (�nite)
molecular barrier. At �rst glance, the second peak at 70 mV above the Fermi en-
ergy may be related to a molecular feature, e.g. the molecular LUMO, as it is not
reproduced within the pores (Fig. 5.8). However, its onset coincides with the weak
intensity in the ARPES measurements at the M symmetry points (Fig. 5.9) that was
tentatively attributed to the 2nd subband in the preceding section (cf. Appendix C.3).
Noticeably, the onset of the surface state could not be observed. The missing onset
does not necessarily imply the non-existence of the surface state. However, the pre-
ceding examples which show that STS can detect shifts of the surface state induced
by molecules, together with the photoemission data support the interpretation of a
strong in�uence of dehydro-DPDI on the surface state on Cu(111). Thus, the porous
network is thought to act as a strong perturbation (and not as a weak modulation) of
the surface state resulting in a shallow dispersing electronic band.

5.2.4 Summary

These results provide experimental evidence of periodic 2D con�nement by a porous
molecular network, which can be regarded as a regular array of quantum dots. A no-
table consequence of such periodic in�uence on the otherwise free-electron-like surface
state is the formation of an arti�cial electronic band structure. The established and
prospective possibilities to control the structures of porous networks, together with
the characteristic degree of coupling between ad-molecules and the surface state, will
allow the fabrication of related systems with di�erent band structures resulting in
�2D electronic metamaterials� in analogy to the well-established optical metamateri-
als [137,138].
The geometry of the porous dehydro-DPDI network is a �real stroke of luck� for

the study with ARPES. Its long-range order basically made it accessible to a lateral-
averaging technique like ARPES. However, the study of the band structure in well-
de�ned directions in reciprocal space (here: ΓM) was only possible because the
dehydro-DPDI network consists of only one rotational domain.

5.3 Comments on the lateral con�nement of the

surface state within pores

This section deals with the aspect of lateral con�nement of the surface state within
molecular pores and comments on the picture of a �particle in a box�. Although this
model is not an appropriate description of the periodic perturbation of the surface
state induced by the DPDI network it is used here to allow for a comparison to the
con�nement of the surface state in Ag islands [127].
The concept of a �particle in a box� was already used in the �rst publications that

reported on the con�nement of the surface state. Crommie et al. [125] explained the
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Figure 5.12: Con�nement of the surface state in pores of di�erent size and geometry
formed by DIBOTAP and TMA (see Section 4.2.2). The STM and STS experiments
were performed at 5 K. a) 8.8 x 8.8 nm2, -0.5 V/20 pA. b) 8 x 8 nm2, -0.5 V/20 pA.
c) 10.5 x 10.5 nm2, -0.5 V/20 pA. d) The spectra recorded in the center of the pores
illustrate the dependency of the peak position on the pore size. Each spectrum can
be assigned via the number on its right to the corresponding pore in the STM images.

discrete states measured within a circular quantum corral by calculating the eigenen-
ergies for a circular con�nement with boundaries of in�nite height. Li et al. [127]
extended this idea when studying the surface state that was con�ned within hexag-
onal islands on Ag(111). They showed as well that the experimentally determined
discrete energies can be described by assuming con�nement in hexagons with bound-
aries of in�nite height. Moreover, this description included a proportionality between
the eigenenergies and the reciprocal of the area of the hexagons. Hence, these results
were strong indications for a lateral con�nement of the surface state.
The comparison of the eigenenergies of quantum corrals of di�erent size is not

applicable to the dehydro-DPDI network with one pore size. However, the combination
of DIBOTAP and TMA on Ag(111) resulted in pores of di�erent size and geometry
(see section 4.2.2 on page 59). With STS the electronic structure of the di�erent pores
was investigated. The experimental results show that the peak positions depend on
the pore size (Fig. 5.12). In a more detailed quantitative analysis (Fig. 5.13) the
peak positions of the di�erent pores, which will be called �eigenenergies (of the ground
state)�, are plotted against the reciprocal of the pore area. The diagram exhibits a
direct dependence of the peak energy on the pore area, but the peak energy seems to
be independent of the pore geometry. This �nding can be explained in the following
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way. The eigenergies of the ground state for con�nement in polygons of the same
area with in�nitely high barriers are observed to decrease when the number of sides
is increased [139]. The di�erence between the eigenenergy of the ground state of a
square and a circle (in�nite number of sides) of the same area is only 9% and thus, is
for our case within the error of the measurements (see Appendix C.4).
The determination of the pore area is not straightforward. Besides the impossibility

to determine with STM a structure's size with 100 % accuracy, the con�ning boundary
needs to be determined appropriately [123, 127]. In our case the left hand side of the
error bars (Fig. 5.13.b) represents the theoretically maximum pore size which is de�ned
by the perimeter through the centers of the molecules (inset of Fig. 5.13.b). The
right hand side of the error bars represents the minimum pore size which is de�ned
by the dimension of the molecular vdW area. The latter area is derived from the
maximum pore area by subtracting the product of the pore perimeter and the half
width of the molecular vdW surface (half width here: 4.5 Å). For the determination
of the values represented by the black squares scattering at the carbon atoms of the
perylene backbone, which are closest to the inner pore edge, is assumed. Therefore,
the maximum pore area is reduced by the product of the pore perimeter and the
half width of the perylene core (hydrogen atoms are not taken into account, i.e. the
carbon-carbon distance is used, half width here: 2.4 Å). Thus, the light blue area,
which highlights the range de�ned by the error bars, is expected to cover the values
of the areas that are relevant for the �real physical� con�nement. However, the light
blue area does not overlap with the red area, that covers the values expected from
con�nements within in�nitely high barriers. The reason for this deviation that was
not observed by Li et al. [127] may be the small pore sizes. If, for simplicity of
the argumentation, a constant barrier height for the di�erent pores is assumed, the
eigenenergy of the ground state will approximate the barrier height when the pore size
is decreased. Thus, the ground state of small pores will penetrate the barrier more
strongly than the ground state of large pores. Hence, the wave function in the small
pore is a�ected more strongly by the �nite barrier height than the wave function in
the large pore (see Appendix C.4).
The comparison to the con�nement in the pores of the DPDI network shows that its

ground state and its FWHM (red squares in Fig. 5.13) �t well into the scheme of the
DIBOTAP-TMA system. This result, which is at �rst glance astonishing, is discussed
in the following paragraphs.
The two di�erent substrates, Ag(111) and Cu(111), exhibit nearly identical disper-

sions of the surface state, i.e. the reduced masses are comparable: m∗ = 0.397 · me

for Ag(111) and m∗ = 0.412 · me for Cu(111) [64]. The di�erent onsets of the sur-
face states (Ag(111) at -63 meV and Cu(111) at -443 meV [64]) are accounted for in
Fig. 5.13 by referring the eigenenergies of the ground state to the onsets of the cor-
responding surface state. Thus, the eigenenergies of the ground state, referred to the
onset of the surface state, are expected to be similar for �identical� con�nements on
both substrates (i.e. identical sizes, geometries and barrier heights).
In contrast to the isolated con�nements of the DIBOTAP-TMA system the DPDI

network in�uences the surface state periodically. Moreover, the molecule substrate
interactions for both systems are expected to be di�erent. Unless both di�erences just
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Figure 5.13: a) The peak position (�lled black squares) and the FWHM (hollow black
squares) with respect to the reciprocal of the area of the pore for the �ve di�erent
pores in Fig. 5.12. The red (blue) straight line shows the calculated con�nement within
in�nitely high barriers in a circular (square) domain. b) The determination of the
area of the pore in detail. Left boundary of the error bar: The center of the molecules
determine the pore size (exemplarily highlighted by the black hexagon in the inset,
4.3 x 4.3 nm2, -0.5 V/20 pA). The black squares: Scattering at the carbon atoms of
the perylene backbone is assumed. Right boundary of the error bar: Scattering at the
boundary de�ned by the vdW radius of the molecules is assumed. If the error bar is
not visible it is smaller than the symbol size. The light blue area indicates the range
that is covered by the error bars whereas the red area highlights the range covered
by the con�nement in the di�erent geometries in (a). The red squares in (a) and (b)
show the corresponding values for the con�nement of the surface state in the DPDI
network (Section 5.2). The energies in (a) and (b) are denoted with respect to the
onset of the surface state.

neutralize each other, the strong in�uence on the surface state, which was discussed
for the DPDI network in the preceding section, is thought to explain the comparable
con�nement indicated by Fig. 5.13. In the picture of coupled quantum dots a strong
in�uence on the surface state is interpreted as a weak coupling between the pores.
A consequence of this weak coupling is the rather weak dispersion of the electronic
band of the DPDI system. At the same time a weak coupling, i.e. a low transmission
between the con�nement and its surrounding area, results in a con�nement that is not
strongly a�ected by the con�nement within neighboring pores.
It is noted that the interpretation of a weak coupling does not imply a con�nement

within high barriers or even barriers of in�nite height. Otherwise, it would contradict
the preceding discussion in which the deviation from the con�nement within barriers
of in�nite height is considered. As the transmission through a barrier depends on both
the barrier height and its width a �low� but �broad� barrier would ful�ll both require-
ments: The deviation from the theoretically expected con�nement within barriers of
in�nite height and the comparability between isolated and coupled con�nements.
In summary, the observed dependancy between eigenenergy of the ground state and

pore size strongly indicates a lateral con�nement of the surface state within pores and
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extends the studies of Li et al. [127] to smaller quantum wells with sizes down to 4 nm2

(this value refers to the maximum pore size of the smallest pore in Fig. 5.13). Moreover,
the comparison to the dehydro-DPDI network further corroborates the weak coupling
between the pores. Besides, the purely qualitative comparison to quantum mechanics
of square potentials and barriers in one dimension allows for a careful assumption of
�low� but �broad� barriers that characterize both systems.

81





6 Conclusions and Outlook

In the work at hand phenomena on quite di�erent levels were discussed: Conforma-
tional trans-cis inversion (Chapter 3) on the intramolecular level, thermally induced
changes of intermolecular interactions (Chapter 4) and band formation (Chapter 5)
on the supramolecular level.
�Cooperative behavior� may be seen as a property or function that is common to the

elements of an interacting system in analogy to a Mexican wave showing cooperative
behavior of the people in a stadium. From this viewpoint, the chapters of this thesis
are related to cooperative behavior by the interplay between molecules, adatoms and
surfaces including their electronic structure.
On the intramolecular level (Chapter 3) a thermally induced transition between

two long-range-ordered commensurate molecular superstructures on Ag(111) was ob-
served. This transition involves a conformational trans-cis inversion of the molecular
adsorbates that is based on the rotation of an acetyl group around an amidic unit and
in�uences intermolecular interactions. Hence, the trans-cis inversion is not expected
for a single molecule on the surface. Moreover, it is not observed in solution [75].
Thus, the interplay between the molecules on the one hand and the molecules and the
substrate on the other hand results in a conformational trans-cis inversion that the
molecules �cooperatively undergo�.
On the intermolecular level (Chapter 4) the perylene derivative TAPP was studied

on Cu(111). The homomolecular system TAPP/Cu(111) comprises di�erent types
of intermolecular interactions which involve weak vdW forces, coordination to Cu-
adatoms and covalent bonds. Here, the interplay between the TAPP molecules, the
Cu surface and its adatoms is thought to result in a �cooperative change� of inter-
molecular interactions between the TAPP molecules. In particular the formation of
covalent bonds, having in mind the rapidly increasing number of publications reporting
equivalent e�ects [27,28,30�33], underlines the potential of �surface chemistry� under
ultraclean conditions (UHV) [26]. In the latter publication, Gourdon discusses the
easily controllable broad temperature range used for evaporation or sample annealing,
the con�nement to two dimensions on the substrate surface and the independence
from solubility as potentials of �surface chemistry�. The Cu-adatoms, which allow for
metal coordination and may as well act catalytically for the chain formation, indicate
that the substrate exceeds the role of a workbench on which chemical reactions may
occur.
The �surface chemistry� studied in the work at hand is mainly based on a ho-

momolecular approach in which the chemical reaction is induced by the appropriate
choice of substrate and substrate temperature. Several other �tools� that are already
well-established in surface science like co-deposition of molecules (see Chapter 3 and
Section 4.2.2) or metal atoms (e.g. [19]) or the exposure to gas (e.g. [109]) could en-
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rich this approach. The next step would be the formation of a long-range-ordered and
highly stable surface structure in two dimensions. Here, the experimental results of
our approach which is based on the formation of B-O bonds after a preceding dehy-
drogenation as well as [31, 33] indicate that the missing self-correction is a challenge
for the formation of homogeneous covalently bound surface structures [34].
On the level of molecule substrate interaction (Chapter 5) the in�uence of the sub-

strate on strongly bound (chemisorbed) molecular adsorbates was discussed. The
possibly stabilizing in�uence of the substrate on a porous molecular network, built
up from dehydro-DPDI, was studied in detail by taking into account geometric (i.e.
adsorption heights, XSW) as well as electronic aspects (i.e. valence band, ARPES)
in order to explain the extraordinary stability of the network. Direct indications for
a hybridization between molecular orbitals and the valence band of Cu(111) in the
energy window between the Fermi energy and the Cu d-bands were not found. How-
ever, a hybridization with deep-lying molecular orbitals could not be excluded and
the observed removal of degeneracy of d-bands at the Γ-point clearly showed an in-
�uence of the porous network on the substrate electronic structure. In particular, in
combination with the large adsorption height of dehydro-DPDI these results led to
the conclusion that dehydro-DPDI, and especially its perylene core, is not directly
involved in a strong interaction with the substrate. Instead, a new working hypothesis
is carefully introduced in which �locally stabilizing� metal adatoms interact with the
imine groups of dehydro-DPDI. However, this model still needs to be evidenced.
On the supramolecular level (Chapter 5) the in�uence of the porous dehydro-DPDI

network as a long-range-ordered periodic structure on the substrate was studied. In
this case the periodic perturbation of the otherwise free-electron-like surface state
induced the formation of a weakly dispersive electronic band. From the perspective
of the pores, which the surface state is con�ned in, the electronic band results from
�cooperative behavior� between the con�nements. This observation opens a completely
new playground. Di�erent pore sizes or pore geometries may signi�cantly a�ect the
formation of bands. These �ndings may also provide new insight into the behavior of
molecular guests within porous host networks on surfaces [101,140], and the expected
in�uence of the guests on the electronic band structure may even induce long-range
e�ects for the host-guest behavior [141]. Moreover, the resulting electronic bands may
play a decisive role in the stabilization of the porous networks themselves.
In our case the band formation is based on the periodic in�uence on the surface

state, in [35] an electronic band is observed resulting from an interface state of a well
ordered assembly of C60 on Cu(111). In conjugated periodic molecular superstructures
in two dimensions the delocalized molecular orbitals themselves may form bands and
exhibit high charge carrier mobilities compared to molecular crystals [34]. The latter
usually exhibit weakly delocalized electronic states due to their weak intermolecu-
lar interactions as well as weakly dispersive electronic bands [3]. For a conjugated
system realized for example as long-range-ordered porous network molecular guests
may in�uence the band structure and perhaps even induce transitions from conduct-
ing to semiconducting behavior. Hence, progress in �surface chemistry� goes hand in
hand with the exploitation of physical/electronic properties and makes the study of
molecules on surfaces a still exiting part of surface science.
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A Appendix to Chapter 3

A.1 The interplay between enthalpy and entropy

A further example for the complex balance between enthalpy and entropy is based on
the thermally induced formation of a porous molecular network by 4,9-diaminopery-
lene-quinone-3,10-diimine (DPDI) on Cu(111). This formation is described in detail
in the thesis of Markus Wahl [36] and in [37]. Moreover, Chapter 5 is dedicated to
additional studies on this system.

(a) (b)

Figure A.1: Submonolayer coverage of DPDI on Cu(111) imaged at 4.7 K by STM. a)
DPDI was deposited while the sample was held at RT (30.5 x 30.5 nm2, -0.1 V/50 pA).
b) Porous network of dehydro-DPDI whose formation is based on a thermally induced
dehydrogenation of DPDI (21.4 x 21.4 nm2, -0.1 V/50 pA). Standing wave patterns
in the Shockley surface state of Cu(111), as they arise from scattering at the molecules,
can be observed [46,47].

Before annealing, STM images taken at RT indicate a mobile phase of DPDI [36,
37] what is a result of the missing possibility of attractive interactions between the
molecules. Thus, enthalpy is not able to compensate for the loss of entropy that would
occur during the aggregation of molecules in clusters. Even if the loss induced by en-
tropy (T∆S) is decreased by decreasing the temperature it cannot be compensated by
enthalpy. Hence, DPDI is randomly immobilized and only forms clusters occasionally
(Fig. A.1.a). However, after a thermally induced dehydrogenation, dehydro-DPDI
can act as both H-bond donor and acceptor and thus, is able to overcome the loss of
entropy during the formation of the ordered honeycomb network (Fig. A.1.b).
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(c)

(a) (b)

Figure A.2: LEED patterns for the porous network on Ag(111) formed by 3. The
yellow lines indicate the principal directions of the Ag substrate. The red lines high-
light symmetries of the pattern in order to facilitate the comparison of the di�erent
�gures. a) Simulated LEED pattern [68]. The LEED patterns were taken at energies
of (b) 23 eV and (c) 37 eV.

A.2 LEED of (3) on Ag(111)

LEED measurements were performed to determine the unit cell for both the hexagonal
porous network and the close-packed assembly which is obtained after annealing the
sample at 150◦C. All LEED patterns were taken for samples held at room tempera-
ture (Fig. A.2.b and c for the porous network and Fig. A.3.a-c for the close-packed
assembly).
The analysis of the LEED patterns supports for both molecular assemblies a super-

structure which is commensurate to the underlying Ag substrate. For the porous net-
work the following matrix describes the molecular ad-layer (Park and Madden) [79,80]:(

11 1
10 1

)
.
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Figure A.3: LEED patterns for the close-packed assembly of 3 on Ag(111) observed
after annealing at 150◦C. The yellow lines indicate the principal directions of the Ag
substrate. The red lines highlight symmetries of the pattern in order to facilitate the
comparison of the di�erent �gures. The LEED patterns were taken at energies of (a)
15 eV, (b) 30 eV and (c) 42 eV. d) Simulated LEED pattern [68].

For the close-packed assembly the matrix reads as follows:(
8 3
2 4

)
.

The information on the dimensions of the unit cell and the structural data of the
molecule were used to determine the length of the H-bonds for the porous network. It
was found that the CO···H distance amounts to about 2 Å.
The angle between the unit cell vectors of the hexagonal network and the close-

packed structure was used to compare the STM results with the LEED results. We
found that both measurement techniques lead to the same results (Fig. A.4). The
following more detailed considerations support this statement.
As both assemblies could not be observed at the same time it is assumed that the

sample is always mounted in the same way in the STM with respect to the x- and
y-scanning directions of the STM and that no rotation of the sample with respect to
these scanning directions happens. This is a reasonable assumption because the setup
used for the STM experiments does not allow for a rotation of the sample.
The angle between both assemblies is unique except for an integer multiple of 60◦

that can be added (what is a result of the six-fold rotational symmetry of the topmost
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+12.9° +3.5°

(b)(a)

(c) (d)

Figure A.4: a) Unit cell of the close-packed assembly (in black) and of the porous
network with its mirrored counterpart (in blue and red, respectively). The geometry,
the dimensions and the angles result from the LEED analysis (Appendix A.2). b)
STM image of the close-packed assembly (10 x 10 nm2, -1.0 V/20 pA). c�d) STM
images of the porous network. c) 20 x 20 nm2, inset 6.9 x 6.9 nm2, -1.7 V/20 pA
d) 12.4 x 12.4 nm2, inset 4.6 x 4.6 nm2, -1.3 V/20 pA. For both insets the chirality
of the porous network is indicated, thus allowing to distinguish between mirrored
patterns. The angles between the close-packed assembly and the porous network were
determined by STM: (c) +4◦ (red) and (d) +13◦ (blue) and agree very well with the
angles obtained from the LEED analysis (red and blue angle in a).

layer of the substrate). Moreover, the consideration of mirror-domains1 leads to more
than one possible angle between the two assemblies. For the close-packed assembly
(Fig. A.4.a), the mirror operation results in non-congruent unit cells. Thus, an STM
image of the close-packed assembly can unambiguously be attributed to one of the
unit cells (either the unit cell or its mirrored counterpart) determined by LEED.
This attribution is not possible for the porous network as the mirror operation

results in congruent unit cells (Fig. A.4.a). This means for our case that there are
two possible angles which were determined to 12.9◦ and 3.5◦ (average of both unit cell
vectors of the porous network minus angle of the long unit cell vector of the close-
packed assembly, Fig. A.4.a). Both values compare very well with the angles derived
from STM. However, as the STM provides �sub-unit-cell-resolution� it is possible to
distinguish the chiral mirror domains of the porous network (Fig. A.4.c and d).

1Each domain can be mirrored at the principal directions of the substrate.
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B.1 Analysis of the metal coordinated close-packed

assembly (assembly 2)

The dimensions of unit cells of di�erent islands of assembly 2 and their rotation with
respect to a common (arbitrarily chosen as the x-axis of the STM) straight line were
determined according to Figure B.1.a. The aim was to gain information on the rela-
tionship between the substrate and the ad-layer in the following way.

(a) (b)

a

b

g

a

b
g g´

a

bb´

Figure B.1: Unit cells of assembly 2. a) Dimensions and orientation of the unit cell
with respect to a straight line that is arbitrarily chosen. b) A unique determination
of the unit cell is not possible as the di�erence between both unit cells (red and black
parallelograms) lies within the error margin of the STM.

On the 111-surface rotations by 60◦ and mirror operations along the high symmetry
directions lead to equivalent structures with respect to the substrate. As the mirror
operations require information on the high symmetry directions only rotations were
used to group the di�erent unit cells. In doing so four non-congruent structures were
found.
The use of a convention (e.g. α < β) to determine the orientation of the unit cell

normally allows the distinction of the structures from their mirrored counterparts.
(The mirrored counterpart should then exhibit β < α). However, this assembly bears
the additional di�culty that the absolute value of the short diagonal of the unit cell
~b − ~a approximately equals ~b (Fig. B.1.b). The deviation is only 4% and thus the
structure cannot unambiguously be determined by STM.
The observation of four non-congruent structures may indicate that two of them

are congruent if also mirror operations are considered. According to this assumption
TAPP would then assemble in two independent structures. It is noted that the use
of the above mentioned convention does not mix up the di�erent structures as the

89



B Appendix to Chapter 4

structures and their mirrored counterparts are in di�erent groups. If it is known
which structure is attributed to which mirrored counterpart, γ′ and ~b ′ of the mirrored
structures can easily be transformed to γ and ~b thus increasing the accuracy of the
dimensions of the unit cells:

b =

√
a2 + (b ′)2 − 2ab ′ · cos γ ′

b ′

sin γ ′
=

b

sin γ
⇔ sin γ =

b

b ′
· sin γ ′.

In both cases (red and black parallelogram in Fig. B.1.b) the vector ~a (absolute
value and orientation) remains unchanged. If the hypothesis (two independent assem-
blies with their mirrored counterparts) was correct the two mirror axes, which are the
average value of the two angles α belonging to one structure and its mirrored counter-
part, should be identical and furthermore correspond to the high symmetry directions
(or to a direction rotated by 90◦ with respect to the high symmetry directions) of the
substrate. If the angles α of the four di�erent structures were sorted in ascending
order

α1 < α2 < α3 < α4

the following result would be expected:

α1 + α4

2
≈ α2 + α3

2
≈ [angle of one of the mirror axes of the 111 surface] .

<1 0>1

Figure B.2: Both structures of assembly 2. The black arrow indicates the high
symmetry directions of Cu(111).

Indeed the three values di�ered by less than 3◦. The angle of the high symmetry
axis was determined by using an image with atomic resolution. Figure B.2 shows the
resulting structures with respect to the high symmetry directions of Cu(111). The
dimensions of the unit cells only di�er within the error margin of the STM and were
found to be (11 ± 1.1) Å x (13 ± 1.3) Å, included angle: 64◦ ± 4◦.
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B.2 The supply of the metal coordinated structures with Cu-adatoms

Table B.1: Number of Cu-adatoms/nm2 estimated for di�erent annealing tempera-
tures and times.

Number of Cu-adatoms/nm2

Needed Provided according to [81]

Annealing at 40◦C 0.28 1·10−2±4

Annealing at 60◦C 0.36 4·10−2±4

Annealing at 85◦C 0.18 2·10−1±4

B.2 The supply of the metal coordinated structures

with Cu-adatoms

In order to gain information on the formation of the metal coordinated assemblies the
samples were annealed at di�erent temperatures and the determination of the number
of converted molecules allowed an estimation of the number of Cu-adatoms needed for
the conversion (Table B.1, second column). Compared to these values the density of
free adatoms at room temperature of roughly 10−8/nm2 [92] can be neglected.

The density of kinks [92], an assumed terrace width of typically 50 nm and the
Arrhenius parameters [81] together with the time the system is annealed at a speci�c
temperature enable a rough estimation of the number of Cu-adatoms/nm2 that could
be provided by the kinks. It is noted that the Arrhenius parameters were determined
for temperatures around 200◦C so that the range is extended to lower temperatures in
our case which might induce further errors. The detachment of free adatoms di�using
along a step edge can be neglected as the energy for a detachment is higher than the
energy for di�usion [142] so that the adatom will rather reach the next kink than it
will detach.

The large error margin of the calculated values is due to the large error of the
Arrhenius parameters [81]. The values estimated from the experiments (Table B.1,
second column) are still within this error margin although a comparison of the densities
of the Cu adatoms (Table B.1, second and third column) reveals that the number of Cu
adatoms needed to form the metal coordinated assemblies clearly exceeds the number
of adatoms that would detach from kinks at 40◦C and 60◦C. Furthermore the values in
the third column should be considered as an upper limit as the system needs time to
reach the annealing temperature whereas a constant annealing temperature is assumed
for the calculations.

Thus, despite their inherent uncertainness these values indicate that the supply with
Cu adatoms at temperatures around room temperature is not exclusively provided by
Cu atoms detaching from kinks.
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Figure B.3: XPS spectrum of the low temperature structures of TAPP. The substrate
temperature during deposition as well as the sample temperature during the XPS
experiment was -60◦C. For the preliminary �t two independently adjustable peak
widths were used. The width of 1.0 eV for the peak at 397.8 eV (binding energy
is shifted by -0.5 eV with respect to the N1s peak of the porous network) agrees
well to the width of 1.1 eV determined for the porous network at room temperature
(Fig. 4.12). The width of the peak at 399.3 eV (+1.0 eV with respect to the N1s peak
of the porous network) was determined to 2.1 eV.

B.3 Open questions

TAPP/Cu(111): XPS of the low temperature assemblies

One open question refers to XPS measurements of the low temperature structures of
TAPP (Section 4.1.1). The XPS spectrum depicted in Fig. B.3 exhibits a pronounced
peak, shifted by 0.5 eV towards lower binding energies with respect to the N1s peak of
the porous network used as reference in Section 4.1.3. Besides, a second broad peak is
identi�ed, shifted by 1.0 eV towards higher binding energies with respect to the same
reference.
Until now, the second peak could not be explained as TAPP only exhibits one

nitrogen species. Moreover, the low temperature structures observed with STM only
indicate weak interactions between the TAPP molecules. However, if the second peak
was related to a second nitrogen species a signi�cant number of nitrogen atoms would
need to be involved in quite strong interactions in order to explain the overall shift of
1.5 eV between both peaks.

TAPP/Ag(111)

A second open question refers at �rst glance to a quite di�erent aspect. At submono-
layer coverages on Ag(111) TAPP assembles in two di�erent close-packed structures
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(a)

(d)

(b) (c)

(e)

Figure B.4: STM study of a submonolayer of TAPP on Ag(111). The STM was oper-
ated at 77 K. Two close-packed assemblies were observed that form large homogeneous
islands: a) After annealing at 155◦C (45 x 45 nm2, -1.5 V/20 pA). b) Coexistence of
both structures observed after annealing at 210◦C (19 x 19 nm2, -1.3 V/20 pA). c)
After annealing at 210◦C (45 x 45 nm2, -1.3 V/20 pA) d) Detail of the structure ob-
served in (a) (9 x 9 nm2, -1.5 V/20 pA). e) Detail of the structure observed in (c)
with the corresponding tentative model as inset (11 x 11 nm2, -1.3 V/20 pA).

that could be observed at annealing temperatures of up to 210◦C (Fig. B.4). Both
assemblies form large homogeneous islands (Fig. B.4.a+c). At annealing temperatures
of 300◦C TAPP was observed to disassemble.
In Fig. B.4.d+e both structures are shown in detail. The dimensions of the unit

cells are determined to (16 ± 1.6) x (12 ± 1.2) Å2 with an included angle of (82 ± 4)◦

(Fig. B.4.d) and (11 ± 1.1) x (11 ± 1.1) Å2 with an included angle of (68 ± 4)◦

(Fig. B.4.e), respectively. The tentative model shown in Figure B.4.e indicates weak
vdW-interactions between the molecules.
At �rst glance the assembly shown in Figure B.4.d resembles the low temperature

structure of TAPP on Cu(111) identi�ed in Figure 4.2.b. The dimensions of the unit
cells are comparable within the given error. For TAPP/Ag(111), the angle between
principal molecular axes in neighboring �braids� was determined to (43 ± 7)◦. Such
an angle would support a chemical con�guration that is not reasonable as two nitrogen
atoms of neighboring molecules would directly face each other in this case. It is noted
that the geometric analysis of surface structures with STM always involves errors. For
the determination of unit cells, errors, e.g. due to imaging with a non-symmetric tip,
are usually not relevant as �symmetry points� are used. However, for the determination
of the aforementioned angle one has to rely on the �correct� imaging of the molecular
topography by STM. Thus, the importance of this angle should not be overestimated.
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Hence, both the structure of TAPP/Ag(111) shown in Fig. B.4.d and the low tem-
perature assembly observed for TAPP/Cu(111) are related to the crystal structure of
TAPP [76] as this structure provides a chemically reasonable model that �ts to the
unit cells derived for both surface structures.

Is there a relation between the angle and the XPS measurements?

However, the aforementioned angle indicates that not every piece �ts well in the puz-
zle. In this context it would be interesting if the highly-ordered surface structures of
TAPP/Ag(111) also showed two N1s peaks in XPS. In this case, the models based on
weak vdW interactions between TAPP molecules exhibiting only one chemical species
may have to be reconsidered and the �odd angle� may become relevant.
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C.1 XSW: Separation of the nitrogen species

In order to discriminate between the amine (peak at lower binding energy, denoted as
N1sL) and imine (peak at higher binding energy, N1sH) nitrogen of DPDI in the mobile
phase, the spectra were �tted with two peaks. The corresponding peak intensities
resulted in two photoelectron yield curves which were used to determine the coherent
fraction and position for each nitrogen species (gray arrows in Fig. C.1).

N1sH

Im

Re

N1sA

N1sL

0.06 Å

Figure C.1: Illustration of coherent fraction and position of the N1s species before
annealing as complex numbers. The coherent fraction is represented by the absolute
value whereas the coherent position is represented by the phase. The black arc ex-
emplarily indicates a di�erence (of the coherent position) of 0.06 Å to illustrate the
errors that are dealt with. The gray arrows illustrate coherent fractions and positions
that result from a separated analysis of the N1s peaks at low (N1sL) and high (N1sH)
energy (standard analysis). For a cross-check their sum is compared to the coherent
fraction and position that result from a direct determination of the overall intensity
of both species (black arrow, N1sA).

In particular, the assumptions that are needed for the �ts of the peaks may induce
errors (Section 2.1.4). Thus, the reliability of the peak separation is checked in the
following way: In Section 2.1.4 a straightforward strategy for the determination of
the photoelectron yield curve is described in which the area of the peak(s)1 is di-
rectly determined from the measured data. The reliability of this method is based on
its simplicity (Section 2.1.4). However, if this strategy is used it is not possible to
discriminate between both chemical species. Thus, a coherent fraction and position
(black arrow, N1sA, in Fig. C.1) is determined which can be considered as a sort

1For the N1s spectra this would be the overall area of both peaks.
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of average of the coherent vectors (i.e. the coherent fractions and positions) of the
separated species. Such an average can be derived from the theory of XSW by using
equation 2.4 on page 16 as a starting point [40] which is an expression for the XPS
intensity of one chemical species in the standing wave �eld. In order to facilitate the
argumentation the cos-term in that equation is replaced by a complex exp-term. The
overall complex XPS intensity is then2:

ĨXPSG ∝ 1 +R + 2 ·
√
R · FG,L · exp

{
i (ν − 2πPG,L)

}
+ 1 +R + 2 ·

√
R · FG,H · exp

{
i (ν − 2πPG,H)

}
= 2 ·

[
1 +R + 2 ·

√
R · eiν · 1

2

(
FG,L · e−i·2πPG,L + FG,H · e−i·2πPG,H

)
︸ ︷︷ ︸

≡FG,A·exp
{
i(ν−2πPG,A)

}
]

(C.1)

FG,L, FG,H , FG,A Coherent fraction of N1sL, N1sH and N1sA
PG,L, PG,H , PG,A Coherent position of N1sL, N1sH and N1sA
R = R (E) Re�ectivity (cf. Fig. 2.1.c on page 14)
ν = ν (E) Phase between the incident and re�ected photon beam (cf.

Fig. 2.1.c on page 14)
ĨXPSG = ĨXPSG (E) Complex intensity of the photoelectrons of both nitrogen

species.

Thus, the average coherent vector N1sA can easily be related to the coherent vectors
of the separated species, N1sL and N1sH, by adding up the complex numbers in
Fig. C.1. Both results, the sum and the average coherent vector N1sA, agree well. The
average coherent fraction was determined to 0.43 ± 0.06 whereas the average coherent
position resulted in an adsorption height of 2.29 Å ± 0.04 Å. For the determination
of the mean values 10 photoelectron yield curves were analyzed. The given error is
the standard deviation.
It is noted that the height of 2.29 Å agrees well to the mean value of the heights

of the amine (2.20 Å) and imine (2.4 Å) nitrogens. Given the errors on the three
coherent positions, a con�guration in which the coherent fractions of the imine and
amine nitrogens are comparable, can easily be imagined. Thus, the di�erence in
coherent fraction is not interpreted in Section 5.1.1.
The good agreement between both results, which are based on di�erent strategies

(direct determination of the peak area vs. peak �t) corroborates that the adsorption
heights of the nitrogen atoms are signi�cantly lower than the height of the perylene
core. Hence, the strong bending of DPDI in the mobile phase is further supported.

C.2 ARPES studies of DPDI/Cu(111)

In Fig. C.2 the raw data of the photoemission intensity (bright color corresponds to
high intensity) with respect to binding energy and emission angle (0◦ corresponds to

2The real XPS intensity, which is not relevant in the following, is the real part of ĨXPSG .
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Figure C.2: Band dispersion of the d-bands for the porous network, measured at 7 K
(a), and for Cu(111), measured at RT (b), along the ΓK high symmetry direction.
The measurements were performed at the CASSIOPEE end-station (Soleil). The
comparison of both plots indicates the removal of degeneracy of the d-bands at normal
emission on the sample covered by the porous network.

normal emission) is shown. The angle was changed along the ΓK high symmetry
direction. The intensity maxima that appear as vertical lines illustrate the dispersion
of the �ve Cu d-bands that were measured for a sample covered by the porous network
(Fig. C.2.a) and clean Cu (Fig. C.2.b). In Figure C.2.a the �rst two d-bands (from the
left) are observed to be separated for all angles whereas these d-bands are degenerate
at the Γ-point (0◦, normal emission) in the case of clean Cu. Thus, the porous network
induces a removal of degeneracy.

C.3 Electronic states and bands

For isolated or weakly interacting molecules, localized electronic states, which are
broadened in ~k space due to their �nite extent in real space, are expected at �rst glance.
However, for sexithiophene on oxygen reconstructed Cu(110) [143] ARPES measure-
ments were interpreted in terms of intra- and intermolecular band dispersion. The
latter one was attributed to �coupling� between the periodically arranged molecules
whereas the intramolecular band dispersion was understood as inter-ring overlap of
thiophene orbitals which become delocalized over the length of the molecule. Even for
�weakly� interacting molecules the bands can disperse strongly. This was observed for
an interface state of C60/Cu(111) where �coupling was mediated� by the surface [35].
In these cases the periodicity in momentum space matched the Brillouin zones of the
superstructures.
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In this context it is interesting whether the quantum mechanics of a surface su-
perlattice are better described by isolated quantum well states or Bloch states in
the superlattice. Berge et al. [144] discussed this issue for oxygen reconstructed Cu,
Cu(110)(2x1)O. Moreover, such transitions between coherent emission from superlat-
tice bands and incoherent emission from decoupled quantum well states were exten-
sively studied for stepped surfaces. For stepped Cu(111) [145,146] and Au(111) [132]
�small� terrace widths indicated coherent emission from a superlattice band whereas
�large� terrace widths indicated a terrace-con�ned quasi-one-dimensional state. For
stepped Cu(111) this transition was found for a terrace width of 20 Å.
In our case, more information on the dispersion of the weak features in the ARPES

measurements at the M symmetry points is needed to discuss a possible relation to
the peak found in STS on dehydro-DPDI.

C.4 Quantum con�nement

For a con�nement in two-dimensional polygons with barriers of in�nite height the
eigenenergy of the ground state can be calculated according to [139] in the following
way:

E[eV] =
C

m∗/m
· 1

A[nm2]
(C.2)

E Eigenenergy of the groundstate in eV
C Constants for the di�erent geometries [139] : 0.75 eV·nm2

(square), 0.72 eV·nm2 (pentagon), 0.71 eV·nm2 (hexagon),
0.69 eV·nm2 (circle)

m∗/m Ratio between reduced and real electron mass of the surface
state [64]: 0.397 (Ag), 0.412 (Cu); in section 5.3 the average of 0.4
is used

A Area of the polygon in nm2.

The in�uence of a �nite barrier height on the eigenenergy of the ground state is
exemplarily illustrated by the con�nement in one dimension within a square potential
of height V . A decrease of the pore size (higher values on x-axis) results in an increasing
deviation between the eigenenergies of the con�nement within barriers of �nite height
and the eigenenergies of the con�nement within in�nitely high barriers (Fig. C.3).
This e�ect was observed in two dimensions in Section 5.3 (page 77).
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Figure C.3: In�uence of a �nite barrier height on the con�nement in one dimension
(e.g. [147]). a) The eigenenergy of the ground state for a con�nement within barriers
of in�nite height (black) and within a square potential of V=1 eV (red). b) The square
potential in one dimension.
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