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Abstract

Surfaces modified with biologically relevant molecules play an important role in the de-
velopment of medical applications, biomaterials and pharmaceutical synthesis. Conse-
quently, the fundamental building blocks of life, amino acids, DNA /RNA bases and their
derivatives are particularly interesting as adsorbates, while metal single crystals provide
well-defined and atomically flat substrates.

In this thesis, the self-assembly, adsorption geometry and the chemical state of small
biomolecules, namely cysteine, uracil, orotic acid and the bioactive species bisphenol A
(BPA), were investigated as a function of temperature and surface coverage on coinage
metals. The investigations were carried out under ultra-high vacuum conditions by
means of scanning tunneling microscopy, near-edge absorption fine-structure and X-ray
photoelectron spectroscopy. They revealed that the silver surface has only little influence
on most of the functional groups, leading to distinct nanostructures which are predom-
inantly stabilized by intermolecular hydrogen bonding. Cysteine, however, was shown
to chemisorb onto the silver surface and the similarly strong interactions of the Cu(111)
surface with uracil, orotic acid and BPA allowed them to be robustly attached to the sur-
face. The stable tethering of the molecules furthermore enables a gradual deprotonation
of the functional groups upon thermal treatment, resulting in new surface molecular con-

formations and concomitantly distinct self-assembly scenarios.



Kurzzusammenfassung

Die Funktionalisierung von Oberflichen mit biologisch relevanten Molekiilen spielt eine
tragende Rolle bei der Entwicklung von medizinischen Anwendungen, Biomaterialien
und in der pharmazeutischen Synthesechemie. Als Bausteine des Lebens und der Natur
sind hier insbesondere Aminosduren und DNA/RNA Nukleobasen von Interesse. Met-
alleinkristalle mit ihren atomar glatten Oberfldchen stellen geeignete Substrate dar, um
sie in einer wohldefinierten Umgebung zu untersuchen.

Im Rahmen dieser Arbeit wurde die Selbstorganisation, Adsorptionsgeometrie und
der chemische Zustand von Cysteine, Uracil, Orotsdure und Bisphenol A in Abhéngigkeit
von Temperatur und Oberflachenbedeckung untersucht. Die Studien dazu wurden unter
Ultrahochvakuumbedingungen durchgefiihr. Als Messmethoden kamen Rastertunnelmikroskopie,
Rontgenphotoelektronenspektroskopie und Rontgen-Nahkanten-Absorptions-Spektroskopie
zum Einsatz. Es konnte gezeigt werden, dass die Silberoberfliche lediglich geringen
Einfluss auf die funktionellen Gruppen der Molekiile hat, die beobachteten individu-
ellen Nanostrukturen sind folglich vor allem auf die Ausbildung zwischenmolekularer
Wasserstoftbriickenbindungen zurtickzufiihren. Im Gegensatz dazu chemisorbiert Cys-
teine auf der Silberoberflache. Die dhnlich starken Wechselwirkungen der Cu(111)-Oberfldche
mit Uracil, Orotsdaure und Bisphenol A ermdglichen eine solide Verankerung der Molekiile
auf der Oberflache und diese feste Anbindung der Molekiile an die Oberflache erm&glicht
die schrittweise Deprotonierung der funktionellen Gruppen durch Warmebehandlung
ermoglicht was zu der Ausbildung von neuen Oberflichenkonformationen und damit

verbundenen individuellen Oberflachenstrukturen fiihrt.
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1 Introduction

“Imagination is more important than knowledge” - A. Einstein

In human history, the discovery of new materials, the enhancement of material prop-
erties as well as their processing were always closely linked to new technologies and
evolution of society. Entire ages are named after certain materials, such as the stone-,
bronze- and iron age. A very well known example, namely the invention of bronze,
dates back to these times. Copper was used for jewelery and tools since at least 9000
BC [1], but as it is a rather soft metallic material, tools and weapons made from copper
were easily deformable. The discovery of bronze, an alloy of copper and tin, introduced a
much harder material suitable for these applications. Concomitantly, the necessity of or-
ganizing the production and trade lines for bronze resulted in significant changes in the
society, allowing the creation of great prosperity for the first time in history [2]. Along
with the enhancement of known materials came the modification of their surfaces, for
example to prevent degradation by rust. The use of copper sheets for roofs and their
copper oxide patina inhibiting further corrosion of the bulk is an early example for such
altered surface properties, though presumably not deliberately generated. Nowadays,
tailored interfaces strongly influence our lives and our society. The coating of metal
surfaces with layers that change their properties is omnipresent. Some examples being
the anticorrosive coatings of ships, car bodies and steel girders in construction works as
well as non sticking coatings of frying pans. Recent computer technology would not be
possible without integrated circuits consisting of silicon wafers precisely modified with
several layers of insulating, semiconducting and conducting material. In most of these
cases, the upper 10 to 100 atomic layers are modified [3], but in the past decades also
the modification of surfaces and substrates on the molecular level is more frequently
employed for daily use products. Well known to the public are self-cleaning surfaces
based on the so-called “lotus effect”, a phenomenon which is caused by the combination
of a nanostructured surface with the hydrophobic properties of the waxes applied on
the lotus leaf’s surface. The example of the lotus leaf properties and their imitation for
applications on synthetic materials is exemplary for the emerging field of biomimetics.
Nature has been very successful in material engineering: biological systems exhibit re-

action efficiencies and physical properties which are unequaled by materials developed



1 Introduction

by humans [4]. The application of biological properties to synthetic materials, especially
surfaces, has contributed in recent years to the invention of several new materials and
technologies, especially in the field of pharmacology. Surfaces, modified with smaller
and larger biological molecules including amino acids, DNA bases, polypeptides, pro-
teins, biomembranes, DNA strands or even DNA sequences offer an important interface
between artificial materials and living beings [5]. The biofunctionalization of medical
implant surfaces such as dental implants is a standard procedure nowadays [6, 7], it in-
creases acceptance of synthetic materials by the human immune system and reduces the
risk of inflammation. Apart from biocompatible materials and surfaces, further appli-
cations of biofunctionalized surfaces comprise biosensors and biochips for early disease
detection [8-10], molecular electronics [11, 12], enantioselective catalysts [13] or DNA
recognition protocols for anchoring and immobilization of macromolecules and nanopar-
ticles onto surfaces [14, 15]. A main issue that all possible applications have in common
is the question about the precise way of modifying the substrate’s surface, i.e. the molec-
ular arrangement, the conformation of the adsorbed molecule and their chemical state. A
single broken bond, a different molecular conformation or a small substituent may cause
the difference between a gene switched on or off, a protein being intact or denatured or
general: a biologically active species that is working, or not.

In this thesis, the self-assembly and chemical state of small biologically relevant molecules
adsorbed on coinage metal surfaces was investigated. Small molecules such as amino
acids, nucleobases and their derivatives are the important building blocks of proteins and
DNA. As such, the precise understanding of their adsorption properties is crucial when
proceeding to more complex systems. Similar to scenarios in nature, where structures
such as membranes and cells are formed by self-assembly protocols, organic molecules
self-assemble on many surfaces, forming strong covalent and non-covalent bonds to the
surface and between neighboring molecules. Especially hydrogen bonding enables the
formation of large and stable organized layers of molecules on the surface which are often
almost free of defects.

Among several other techniques, scanning probe microscopy techniques became stan-
dard tools for the investigation of surfaces modified with biological adsorbates [16, 17].
Invented in the early 1980’s by Gerd Binnig and Heinrich Rohrer and rewarded with the
Nobel price in 1986, the scanning tunneling microscope (STM) allowed to obtain an im-
age of a surface on the atomic level [18-20]. STM is based on the quantum mechanical
tunneling effect, that is, the probability of electrons to tunnel through a small noncon-
ductive gap between two conducting materials. The tunneling current, which depends
exponentially on the distance (in the range of nm) between the two conductors usually
ranges between 50 pA to some nA. Keeping this current constant, one can scan a sam-



ple’s surface line-by-line and by recording the movement of the tip obtain atomic insight
into the surface. At the time of the invention of STM, common techniques employed in
surface science were predominantly based on the principle of diffraction, i.e. the descrip-
tion of the surface was based on information in the reciprocal space. In contrast, STM
enables the illustration of the surface topography in real space [21], which makes it a per-
fectly suitable method for the local investigation of adsorbed biomolecules on surfaces
and it is not limited in the study of systems with long range order. The high resolution
of STM (one of the breakthrough data obtained by an STM was an atomically resolved
image of the Si(7 x7) reconstruction [18]) allows to image single small molecules or even
submolecular features. By monitoring with STM the same area as a function of time,
molecular dynamics can be investigated and even movies of molecular movements have
been made (e.g. [22, 23]). But even though STM allows a precise study of a surface’s
topography, the molecular arrangement and may even give hints towards the orientation
of molecules on the surface, it does not readily provide chemically specific information
about the adsorbates and the interface. This information can be readily obtained by X-
ray photoelectron spectroscopy (XPS). In an XPS experiment, a photon knocks out an
electron from the core or valence state of an atom (the so-called photoelectron). The en-
ergy of the level of origin can be calculated from the photoelectron’s kinetic energy and
is unique for each element and its specific chemical state. As the intensity of detected
photoelectrons is dependent on the element count, it even allows the determination of
the elemental composition of a surface adsorbate [24]. Another X-ray spectroscopy tech-
nique, which is additionally sensitive to the symmetry of the molecule’s final state orbital
with respect to the orientation of the incoming photon beam is the so-called near-edge X-
ray absorption fine-structure (NEXAFS) spectroscopy. Due to its sensitivity to the photon
incidence angle, angle-resolved measurements are a very suitable tool to obtain informa-
tion on the conformation of a adsorbed molecule and its orientation with respect to the
surface. Even though XPS and NEXAFS spectroscopy are, in contrast to STM, space aver-
aging techniques, they provide detailed insight into the chemical state and conformation
of adsorbed biomolecules on surfaces and support the interpretation of STM data as well

as the understanding of the investigated systems significantly.

The present thesis focuses on the investigation of the two-dimensional self-assembly of
four different biologically relevant molecules and their chemical behavior as a function
of temperature and surface coverage. Specifically, the adsorption of the amino acid cys-
teine (figure 1.1a) in both enantiomeric forms was investigated on the Ag(111) surface,
the RNA base uracil, its derivative orotic acid and the biologically relevant bisphenol A
(figure 1.1b-c) molecule were studied on both Ag(111) and Cu(111). Metal single crystal

surfaces were chosen for these investigations as their well-defined conducting surfaces
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Figure 1.1: Chemical structures of a) cysteine (the star marking the chiral center), b) uracil, c)
orotic acid and d) bisphenol A.

with extended, atomically flat terraces perfectly meet the requirements of STM. While
silver is weakly interacting with most organic molecules, the copper substrate is more
reactive, giving the opportunity to study the influence of the substrate on self-assembly
and chemical behavior.

All systems investigated along with the present thesis were studied by means of STM,
XPS and NEXAFS. These techniques, which were briefly described above, are explained
in finer detail in the following chapter 2. The chapter also describes the detailed experi-
mental setup and the sample preparation procedures.

Chapter 3 comprises four sections, each presenting the results of the investigated molecules.
The self-assembly and chemical state as a function of temperature of both enantiomers
of the amino acid cysteine (figure 1.1a) adsorbed on the Ag(111) surface are addressed
in section 3.1. The naturally occurring L-enantiomer of this molecule represents the only
proteinogenic amino acid with a thiol side group, which allows to anchor the molecule
stably on noble metal surfaces. The strong binding to the surface allows temperature-

induced deprotonation of the ammonium group which results in a significant change



in molecular conformation, leading to a completely new arrangement of the molecules
where the chirality of the molecule is reflected by the self-assembled structures on the
surface. Section 3.2 summarizes the self-assembly and temperature-induced chemical
transformations of uracil (figure 1.1b), the nucleobase differentiating RNA from DNA,
on both Ag(111) and Cu(111). The strong interaction of the molecule with the copper
substrate enables the gradual deprotonation of the functional nitrogen units resulting
in different molecular arrangements. This opposes the scenario on the Ag(111) surface,
where the self-assembly of the intact uracil molecules is rather driven by intermolecular
interactions than by interactions with the silver substrate. A very important derivative of
uracil is orotic acid (figure 1.1c), a basic molecule in the natural synthesis of nucleobases,
which differs from uracil in a single carboxy substituent. While the chemical behav-
ior of orotic acid is generally similar to uracil on both substrates, the two-dimensional
crystallization differs particularly on the copper substrate, where only a single periodic
structure with a lifetime of two to three hours could be observed. The results from the
study of orotic acid on Ag(111) and Cu(111) are summarized in section 3.3. Finally, the
adsorption behavior and thermally stepwise deprotonation of bisphenol A (BPA, figure
1.1d) is presented in section 3.5. Even though BPA is not part of the human biochemistry,
is has the ability to trigger or suppress chemical changes of DNA nucleobases [25] and
therefore is investigated along with other small biomolecules. Similar to the aforemen-
tioned molecules, the interaction of BPA with the silver substrate is much weaker than
with the copper substrate. Different polymorph structures comprising intact molecules
were found on Ag(111), while on Cu(111), the molecule is anchored quite strongly on the
surface and thermally induced stepwise deprotonation of the hydroxy groups leads to
different stable molecular arrangements as a function of temperature.

Chapter 4 gives concluding remarks and an outlook towards possible future applica-

tions.






2 Experimental Methods: Theory and
Setup

The following chapter describes the techniques and instrumentation employed for the
experiments performed in context of the present thesis. The first section gives a brief
overview on the physical principles of the tunneling effect followed by a general de-
scription of scanning tunneling microscopy (STM), the details of the variable-temperature
STM and the ultrahigh vacuum chamber setup as well as the distinct preparation proce-
dures. All presented STM experiments were supported by additional X-ray spectroscopy
measurements, which were performed at the HE-SGM beamline at BESSY II. Therefore,
a brief outline of the theoretical background of X-ray photoelectron spectroscopy (XPS)
and near-edge X-ray absorption fine-structure (NEXAFS) is presented together with the

succinct description of the local setup.

2.1 The scanning tunneling microscope (STM)

2.1.1 The tunneling barrier

Figure 2.1: Sketch of a electron wave function with the energy E tunneling through a potential
barrier of V; > E [26].

The tunneling effect is the physical phenomenon on which scanning tunneling mi-

croscopy is based. Therefore, the quantum mechanical theory [26, 27] for the one di-
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mensional, time independent approximation is described below. According to classical
mechanics, a particle whose overall energy does not exceed the energy of a barrier is
unable to penetrate it. In contrast, the quantum mechanical approach finds a finite prob-
ability for an electron to overcome the potential barrier even if its energy is lower than the
barrier potential (Figure 2.1). The subsequent description will focus on electrons in one
dimension. In every region with a potential V' = 0, an electron with the wave function ¢
must fulfill the Schrédinger equation

&y 2m

s ?(Vx —E)y (2.1)
with m being the mass of the electron, E the energy of the electron and 7 the reduced
Planck constant. For x < 0 and x > a, where V = Vjj = 0, the solution of 2.1 for ¢ is
given by:
E2m
h

describing an electron which can propagate freely in positive and negative directions of

P(x) = ¥(0)er* with k = (2.2)

x and has a constant momentum p = k#. Considering now the region inside the potential
barrier, where V = V; > E, the solution of the Schrodinger equation is

2m(Vy — E)

¥(x) = ¥(0)e™ with x = 7

(2.3)
This equation describes the electron’s wave function decaying exponentially with x in-
side the potential barrier. Additionally it shows, that the electron indeed is able to pen-
etrate the potential barrier. The probability of the electron to be at any point inside the
barrier is given by:

P = |p(x)|* = [p(0)]* (24)

where 0 < x < a.

Even though this equation shows a probability of tunneling through a potential barrier,
there is no net current between two electrodes separated by an insulator, as the probabil-
ity of tunneling from 0 to a is the same as for tunneling from a to 0, for electrons with the
same potential. Proceeding towards the more realistic metal-vacuum-metal system, the
potential of the barrier V; can be replaced by the vacuum level of the metal, therefore,
Er = —¢ . The work functions of both, sample and tip, are assumed to be the same.
Applying a voltage V), between them leads to a net tunneling current. Hence, an electron
of an occupied sample state 1, whose energy lies in between Er and Er — eV}, has a pos-
sibility to tunnel into the tip (Figure 2.2). Assuming that the sample state n of interest
is lying close to the Fermi level Er = —¢ ~ E, the probability of an electron from this



2.1 The scanning tunneling microscope (STM)

LN
VIR

Sample Tip )X
0 a

Figure 2.2: 1D sketch of the system metal-vacuum-metal showing the tunneling process from the
sample into the tip at finite voltage [27].

sample state to be present at the surface of the tip is analogous to

’1/111(0)’26_27“1 with x = ~ th(’b (2.5)

As a finite number of sample states exists, summing up over all sample states between
Er and Er — eV} leads to the formulation for the tunneling current

Er

Lo Y |gu(x) (2.6)

EF*L’Vb

Assuming a constant local density of states (LDOS) for the tip as well as low voltages and
T=0, equation 2.6 can be written as

—2a4/2m¢
I; < Vp(0, EF)e 2" = Vp(0, Ef)e = 2.7)

where p(x, Er) is the LDOS. From this correlation it is obvious, that the tunneling current
is directly proportional to voltage and the LDOS, but it is exponentially dependent on the
distance between sample and tip. Retracting the tip from the sample by approximately
one A leads to an order of magnitude decrease in the tunneling current. Thus, I; is very
sensitive to the tip-sample distance or rather the change of the distance.

The formalism of Bardeen [28] takes into account, that tip and sample have different
wave functions and that there is a matrix element, which describes the overlap of the two
wave functions at a separation surface. Evaluating the matrix element by employing the
ansatz of Tersoff and Haman [29] leads to a correlation in which the main tip state in-
volved in the tunneling process is an s-state and the two wave functions do not influence

each other. For small bias voltages Vj, the tunneling current I; is directly proportional to
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the LDOS of the sample.

\/2m
I o< Ve >R p1ip (EF)Psampte(Er, 70) with k = ~— o (2.8)

where R is the tip radius, ¢; the barrier height and r the position of the center of the tip’s
curvature. This last equation implies, that the information shown in a STM image is not
only dependent on the LDOS of the sample and the topography, but also from the LDOS
and the shape of the tip.

2.1.2 The STM

The functionality of the scanning tunneling microscope is based on the tunneling effect as
it is described in the previous subsection. As the tunneling effect depends exponentially
on the distance between sample and tip, it can be used to determine the topography of a
surface. Strictly speaking, an STM image does not solely depict the geometry of a surface,
but a convolution of geometry and electronic effects, thus the LDOS. By scanning a sur-
face line-by-line and recording the tunneling current with respect to the distance between
tip and sample, a 3D image of the surface can be obtained. According to equation 2.8, the
radius of the tip’s apex plays a considerable role in the resolution of the STM and for op-
timum resolution atomically sharp tips are used. The fabrication of very sharp tungsten
tips and their in-situ tuning is explained in subsection 2.1.3. The tip is moved by a piezo
tube scanner (Figure 2.3). A thin tube made of piezo ceramics is coated with metal which
acts as an electrode for both the inner and the outer part. The outer part is divided into
four equally shaped and sized electrodes separated by thin stripes which are uncoated.
Applying a voltage between the inner and all outer electrodes leads to a contraction or
extension of the scanner in z-direction. The lateral movement is achieved by applying
bias between two opposed outer electrodes, leading to a bending of the tube.

The STM can be operated in two different modes: The “constant current mode” (Figure
2.4a) is the one used in most cases. Here, the tunneling current is kept constant during
scanning which is achieved by monitoring the current and frequently readjusting the
height of the tip. The z-displacement of the tip plotted as a function of x and y generates
the 3D STM image. The scanning speed is dependent on the frequency and the num-
ber of the feedback measurements. The other mode which is used less frequently is the
“constant height mode” (Figure 2.4b). The absolute height of the tip with respect to the
surface is kept constant and the tunneling current is used as an indicator for topography
and density of states. The advantage of this scanning mode is that there is no feeback
loop required which allows high scanning speeds and eliminates related artifacts, but the

risk of crashing the tip into the sample makes it suitable only for very even surfaces.
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d
b a »

Figure 2.3: Design of a piezoelectric tube scanner with d) mounted tip on the top used for scan-
ning tunneling microscopy: a) A piezo ceramics tube with b) the outer electrodes and
¢) the inner electrode.

a) CCM b) CHM

BB 0o UL

Figure 2.4: Visualization of the two STM operation modes: a) The constant current mode (CCM)
and b) the constant height mode (CHM).
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2.1.3 Experimental setup

All STM images shown in the present thesis were recored in a custom designed (by
Alexander Weber-Bargioni) ultra-high vacuum chamber equipped with a commercially
available variable-temperature (VT) STM (“Aarhus 150” SPECS Surface Nano Analysis
GmbH [30, 31]) . The setup is schematically shown in figure 2.5. The UHV system consists
of two-chambers. The preparation chamber and the STM chamber can be separated by a
vertical gate valve. A transfer system consisting of a long lateral manipulator and three
shorter ones normal to it is employed to transfer samples between the two chambers and
the different sample stages. The shorter manipulators are located in the STM chamber,
the preparation chamber and the load-lock. The latter is used to transfer samples from
air into the UHV chamber without breaking the vacuum. The manipulators employ a
bayonet lock on the front part, which allows to grab the sample. They can be moved
using magnetic coupling with a tube-like part on the outer side of the manipulator. Both
chambers are equipped with Ar" -sputter guns (Eurovac). Additionally the preparation
chamber contains an organic molecular beam epitaxy (OMBE) type “Dodecon OMBE-4C-
250-001” and a home build metal evaporator. Organic molecules can be filled into quartz
crucibles with a diameter of 5 mm and sublimed into vacuum by resistive heating. The
distance to the sample is ~ 10-15 cm. In the present case, the OMBE can hold four cru-
cibles with different molecules at the same time. The temperature is measured at the
crucible holder. The parking stage stores up to 4 samples and also comprises a heatable
preparation stage. Samples on the stage are heated by electron beam heating with ac-
celeration voltages of up to 800 V to temperatures of 870 K and higher. With resistive
heating, samples can be heated to temperatures up to 770 K, allowing to anneal electron
beam sensitive surfaces.

The ultra-high vacuum chamber is pumped with a system of turbomolecular pumps
connected in series. A membrane pump as the first pumping stage of the system is re-
ducing the pressure to approximately 3-5 mbar. A small turbo molecular pump decreases
the pressure further to ~ 107> mbar. The main pump again is a turbo molecular pump
which is able to pump the chambers to a base pressure ranging between 2 x 10~ and
2 x 10719 mbar after bake-out. The three-stage pumping system is supported by an ion
getter pump located on the bottom of the STM chamber.

The sample-holder (See figure 2.6) is build from two molybdenum plates which are
connected with four small molybdenum screws and the hat-shaped single crystal in be-
tween. K-type thermocouple wires are connected to the back side of the crystal and are
fed through a ceramic piece to the back side of the sample plate, where they can be con-
nected to a thermocouple counterpart on the preparation stage for accurate temperature

reading on the sample. The upper plate also includes the coupling part for the bayonet
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2.1 The scanning tunneling microscope (STM)

Figure 2.5: Setup of the UHV chamber containing a) the variable-temperature Aarhus STM. The
system consists of two chambers: b) STM and d) preparation chamber separable by
j) a gate valve. The transfer system includes f) a lateral manipulator and h+l) one
manipulator in each of the two chambers. Additionally, there is k) a load-lock, g) a
preparation stage with sample parking, e) an OMBE, i) a metal evaporator and m)
Ar™ sputter guns in both chambers. ¢) The ion getter pump is part of the pumping
system.
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2 Experimental Methods: Theory and Setup

Figure 2.6: Drawing of the sandwich-style sample holder: a) molybdenum plates, b) hat-shaped
single-crystal (polished side visible), c) ceramic piece, d) thermocouple wires and e)
molybdenum screws.

lock.

The VI-STM can be operated in a temperature range of approximately 130-470 K (setup
shown in figure 2.7). The STM tube scanner described in 2.1.2 is located on top of an
inchworm motor which is used to coarsely approach the tip towards the sample surface
at tunneling distance. This inchworm consists of a SiC rod which is moved by a piezo
motor, moving the rod with high precision in a range of several millimeter. A Zener
diode is used for counterheating the STM scanner as this kind of scanner is not designed
to operate below room temperature.The scanner is mounted inside a base plate and is
tixed with three small ceramic balls which electrically and thermally isolate the scanner.
The sample itself can be placed on top of this base plate and is held in position by small
copper clamps. The base plate with the scanner is mounted in a aluminium block of
approximately 200mm x 150mm x 100mm which acts as thermal reservoir. The “finger”
(Figure 2.71) that is used to lock the block can be cooled with a cooling agent, e.g. liquid
nitrogen, and, while locked, also cools the aluminium block. For STM meausrements at
elevated temperatures, the aluminium block can be resistively heated to ~ 470 K by an
additional Zener diode. The whole STM system is suspended via springs when unlocked
in order for isolation from external vibrations and electrically isolated from the rest of the
UHYV chamber.

Tungsten tips were used for all experiments performed in the described STM. The tips
were premounted on a copper tip holder plate and sharpened by electrochemical etching
with saturated NaOH solution and 3.5-5 V DC. The tungsten wire is placed in the middle
of a gold-ring (Figure 2.8). By dipping the wire and the ring into the NaOH solution, a
lamella was produced inside the ring which allowed precise etching in the plane of the
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2.1 The scanning tunneling microscope (STM)

Figure 2.7: Cross-section of the scanning tunneling microscope of the type “Aarhus 150”. a)
Suspension springs, b) aluminium block, c) base plate, d) sample holder, €) copper
clamps, f) ceramic balls, g) tip, h) STM piezo motor, i) SiC rod, j) inchworm piezo
motor and k) Zener diode, I) cooling “finger” [30].

N

NaOH

Tip holder

Figure 2.8: Sketch of the setup for the etching procedure of tungsten tips for the STM.
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gold ring. The relevant etching process at the anode follows the reaction scheme
W(s)+8 OH™ — WO3™ +4 HyO+6e”

and is completed in ~ 20-30 min for a wire of 0.25 mm thickness. Tungsten is inert against
extensive oxidation at room temperature and in air due to a passivation by a thin native
oxide layer. Mounted on top of the STM scanner, the tip was sputtered in-situ in order
to remove the tungsten oxide layer from the surface. In addition, there are methods of
fine tuning the tip during scanning. Applying a voltage of up to 10 V for a short time
allows removal of adsorbed contaminants from the tip. By dipping the tip carefully into
the substrate, there is a chance of some metal atoms from the substrate sticking to the tip,

creating an extremely sharp tip.

2.1.4 Sample preparation procedures

Clean metal single crystals with extended atomically flat terraces are crucial for the inves-
tigation of self-assembled systems by means of STM and X-ray spectroscopies. The silver
and copper single crystals used in STM experiments are hat-shaped with 6 mm diameter
of the polished side, 8 mm diameter of the back side and 2 mm total height. They are
specified with a roughness of less than 30 nm and an orientation mismatch better than
0.1°. All crystals were prepared by cycles of sputtering and annealing. The Ar"-sputter
gun ionizes argon and accelerates the ions with high voltage. Typical parameters here are
1 kV and 15 mA emission current. By bombarding the single crystal surface with Ar™,
the surface gets exempt from adsorbates and surface impurities and the upper atomic
layers of the sample’s surface are partly removed, leading to a roughened surfaces. An-
nealing the Cu(111) and Ag(111) sample by means of electron beam heating for 10 min
to 770 K and 630 K, respectively, increases the mobility of the surface atoms which rear-
range themselves into large terraces. The cycles were repeated until extended atomically
flat and clean areas were detected throughout the crystal by STM. Cysteine, uracil, orotic
acid and bisphenol A were dosed onto the clean surface using the OMBE described ear-
lier. The vacuum sublimation temperatures are liste in table 2.1.

The sample temperature during deposition was 300 K, except for the low temperature
preparation of bisphenol A, where the molecules were dosed onto a sample which was
previously cooled on the STM stage. STM measurements were performed at 130 K to
380 K. To achieve the latter, the STM block (described in subsection 2.1.3) was pre-cooled
with liquid nitrogen to a minimal temperatures of 130 K upward, higher temperatures
can be controlle by the Zener diodes. For the analysis of the STM measurements, images
were processe with the WSxM software [32].
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Molecule  Vac. Subl. T/K Manufacturer Purity

L-Cysteine 413-433 Fluka >99.5%
D-Cysteine 413-433 Sigma Aldrich ~ >99%
Uracil 420-470 Sigma Aldrich ~ >99%
Orotic Acid 480-500 Sigma Aldrich ~ >99%
Bisphenol A 400 Sigma Aldrich ~ >98%

Table 2.1: Vacuum sublimation temperatures, manufacturer and purity of the investigated
molecules.

2.2 Synchrotron X-ray spectroscopy

STM measurements provide information concerning the topography of the surface, the
self-assembly, possible phase transformations and can even hint towards the molecular
orientation of adsorbates. However it’s major drawback is the lack of chemical speci-
ficity. X-ray photoelectron spectroscopy (XPS) can fill this gap in our understanding
of molecular overlayers on surfaces by providing information about chemical behavior,
state and environment of surface adsorbates and further enable us to monitor chemical
changes during phase transformations. Additionally, with angle resolved near-edge X-
ray absorption fine-structure spectroscopy (NEXAFS) the orientation of molecules and
submolecular groups with respect to the surface can be determined within 10°. Both
techniques were carried out at the synchrotron facility of BESSY II in Berlin.

Synchrotron radiation is emitted by radially accelerating charged particles, e.g. elec-
trons (for synchrotron setup, see figure 2.9). The frequencies of the so produced radiation
range over the entire electromagnetic spectrum and the radation has a distinct horizontal
polarization. The horizontal polarization is a result of the - according to the construction
- horizontal orientation of the large storage ring. The particular properties of the syn-
chrotron radiation allow X-ray spectroscopy measurements with high intensities which
is unmatched by smaller laboratory X-ray sources and, due to the possibility of the selec-
tion of a single wavelength via monochromator, a very high resolution.

All spectroscopy data presented in this work were recorded at the HE-SGM dipole
beamline of BESSY II. This beamline provides horizontally polarized light with a grade
of polarization of 90% and a photon energy range of approximately 200 eV - 800 eV. A
more detailed description of the system is provided in subsection 2.2.3.

2.2.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a powerful tool for chemical element analysis.
The method is based on probing the element’s characteristic core level binding energies.
The basic principle of XPS is the excitation of inner shell electrons by X-ray radiation (for

17



2 Experimental Methods: Theory and Setup

Figure 2.9: Common setup of a synchrotron storage ring, including a) the either linear accelerator
or microtron injector, accelerating electrons to ~ 100 MeV, b) the accelerator, which
accelerates the electrons to ~ GeV before they are injected into c) the storage ring and
d) the seperate beamlines [26, 33].

soft X-rays usually in a regime of 200-2000 eV) and the measurement of the photoelectron
kinetic energy. The element’s binding energy is given by:

Ep = hv — Eyjp — ¢s

where ¢ is the element’s workfunction, hv is the excitation energy and Ej;, is the mea-
sured kinetic energy of the photoelectron. As the binding energy is usually normalized
to the fermi edge, the workfunction must be taken into account (see figure 2.10). Even
though the core electrons play a minor role in the formation of chemical bonds, their
binding energy varies at a small scale due to the redistribution of the residual electrons,
when a bond is created. For this reason, XPS is not only suitable for elemental analysis
but also sensitive to an atom’s local chemical environment, e.g. the chemical state of an
investigated molecule.

The photon beam is able to penetrate the sample in a range up to microns, however
the short mean free path of the photoelectrons result in an electron escape depth from the
surface of only few nm making XPS a quite surface sensitive method [35]. The surface
sensitivity can be additionally increased by altering the photon energy (Figure 2.11) or
decreasing the angle between the surface and the analyzer (grazing emission vs. normal
emission).

When recording an XPS spectrum, the system is exposed to photons of a specific en-
ergy. The detected intensity of photoelectrons is then plotted in dependence of their bind-
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Figure 2.10: Visualization of the excitation of core electrons into continuum states by X-ray radia-
tion with a photon energy of /1 *. The kinetic energy of the photoelectrons is detected
with an electron analyzer.
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Figure 2.11: Graph showing the electron mean free path in a dense packed solid with respect to
the electron energy [34].
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Figure 2.12: Right: Typical XPS spectrum of a bare Ag(111) surface. The peaks are assigned to
their energy level of origin. Left: Model of a silver atom with the energy levels
drawn as black circles and electrons as grey dots.
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ing energy. The binding energies of the observed elements can be seen as peaks in the
spectrum. The sensitivity of XPS to different chemical environments, results from con-
siderable shifts in the binding energy allowing to discriminate between elemental signals
of chemically different species. The differences in binding energy for the same element
can reach 10 eV. In this respect, the intensities for differently shifted core level binding
energies reflect the ratio between the chemically different species of the corresponding
element. Identifying the ratio between different elements is more complicated as the ion-
isation cross sections must be taken into account. A negative partial charge of an atom
is screening the nuclear charge, leading to lower binding energies of the core electrons.
This leads to the rule of thumb, that the higher the negative partial charge on an atom,
the lower it’s binding energy and the higher the positive partial charge, the higher the
binding energy of this atom [35]. Additionally, for excitations from p, d, and f-orbitals,
spin-orbit coupling needs to be taken into account (see figure 2.12). The coupling leads to
a splitting of the energy levels ending up with a doublet signal in the XPS spectrum [36].
Beside the emission of first-order photoelectrons, Auger electrons must be taken into ac-
count. After the creation of a core hole («), the core hole can refilled by another electron
from an orbital with higher energy (). The energy gained by this process is tranferred
to another electron (Auger electron) with a higher binding energy () which is excited
to the continuum. As Auger electrons from the same process arise with the exactly the
same kinetic energy, Ey;, 4 = Ex — Eg — Ey — ¢bs, Auger peaks can be distinguished in an
XPS spectrum from photoelectron signals, as their peak position shifts with the excitation

energy.

2.2.2 Near-edge X-ray absorption fine-structure (NEXAFS)

NEXAFS is a powerful tool to gain information about the orientation of molecules and
molecular subgroups with respect to the surface. This technique probes the unoccupied
molecular orbitals by means of absorption of photons with an energy hv close to the
absorption edge of the system and detects the associated number of emitted photons.
For simplicity, the following section refers to absorption close to the K-edge. Exposure of
the investigated system to X-ray radiation with a distinct frequency excites electrons of
the K-shell (thus the 1s orbital) into unoccupied molecular orbitals (e.g. the 77* molecular
orbital) wherever the energy difference of the orbitals equals the photon energy (hv =
E;+ — Eq5) and does not exceed the ionization potential (IP = Ey;c — E1s). The absorption
intensities are measure by the quantity of emitted seconary Auger electrons (Figure 2.13).
In case of the photon energy exceeding the ionization potential, electrons can also be
excited into a virtual ¢* orbital with the shape of a ¢ orbital. For a neutral molecule,

usually both, the ¢* and the 7* orbitals are situated above the vacuum level, but the
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Figure 2.13: Schematic model of the Auger electron emission for a diatomic molecule. The ex-
citation of 1s electrons by two different photon energies hv; and hv, into a 7* and
o* orbital respectively leads to the corresponding signals in the NEXAFS spectrum
shown on the right side. The absorption edge is drafted by a dotted line in the spec-
trum [cf. 37].

latter is pulled below due to electron-hole Coulomb interactions [37].

By sweeping the X-ray energy close to the absorption K-ege in a range of approximately
-10 eV to +20-50 eV and measuring the associated number of emitted Auger electrons, a
NEXAFS spectrum is recorded. The number of emitted Auger electrons is directly pro-
portional on the number of absorbed photons, i.e. on the probability of the 1s electron to
be excited into the corresponding unoccupied orbital. A retarding potential in front of the
electron detector (channeltron) suppresses electrons with low kinetic energies and thus
results in a better signal-to-noise ratio as contributions from inelastic electron scatter-
ing, emitted photoelectrons and multi-electron processes are minimized. This detection
method is called partial electron yield (PEY).

Exploiting the fact, that the direction of polarization is well known for synchrotron
radiation, NEXAFS reveals information about the orientation of molecules with respect
to the surface plane. The relation between the absorption cross section oy, the initial
state ¢; and final state iy can be described in an equation which is based on the quan-
tum mechanical description of the excitation process for a single electron in the dipole
approximation (“Fermi’s Golden Rule”):

o o [(9r |7 Flwi)| oy (E)

where @ is the unit electric field vector, 7 the dipole transition operator, and p #(E)
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Figure 2.14: a) Schematic NEXAFS setup, showing the photon incident angle 6, the photon beam,
h °, and the electric field vector, E. The angle « reflects the angle between the sur-
face normal 7 and the final orbital direction O. b) and c¢) visualize the interaction
of ? with the 7* and the ¢* orbital of a diatomic molecule, whose bond is normal
to the surface plane. Maximal intensity is recorded for b) normal incidence or c)
grazing incidence respectively [33].

the density of the final state. The transition intensity depends on the orientation of the
electric field vector E relative to the spatial orientation of the molecular orbitals, whose
maximum orbital amplitude ( [¢] being the direction of the final state molecular orbital)
are oriented either along (in the case of a ¢* orbital) or perpendicular (for 77¥) to the
bond axis. Assuming solely linearly polarized light, the matrix element of the equation
|(ps e -7l i) ]2 can be simplified to | (7 | 7’| ¢:) ‘2. In the case of the initial state being
a 1s orbital and the final state being directional, the matrix element (1, 17| ;) point in
the direction of 6, which makes the transition intensity:

2
[ ‘7<1/’f|7|ll71s>’2 e ‘78‘ o cos? §

with § being the angle between E and O. This equation reveals, that the intensity of a
resonance is maximal, if the electric field vector is parallel to the direction of the final state
orbital, and minimal if they are oriented normal to each other. With recording NEXAFS
spectra at three different incident angles (see figure 2.14), the orientation of bonds or
whole molecules can be investigated [33].

2.2.3 Experimental setup

Figure 2.15 shows the setup of the end-station of the HE-SGM beamline at BESSY II. It
consists of three chambers, namely the preparation chamber, the analysis chamber and
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Figure 2.15: Setup of the fixed end station at the HE-SGM beamline at BESSY II: a) preparation
chamber equipped with b) a organic molecular beam epitaxy (OMBE), c) sputter
gun and d) manipulator. e) Transfer chamber with a turnable manipulator (“UFQO”).
f) Compartments such as a magazine and a loadlock are connected to the UFO. g)
Analysis chamber with heatable and d) coolable manipulator, h) electron analysor
and channeltron. i) Position of the beamline connection with the incoming photon
beam.

a chamber with a rotatable transfer system which allows to transfer samples between
the different chambers. The base pressures in the preparation and analysis chamber are
2 x 1078 mbar and 2 x 1071° mbar respectively. Both, the analysis and the preparation
chambers are pumped with a system of turbo molecular pump supported by titanium
sublimation pumps. The transfer chamber (figure 2.15e) is pumped by an ion getter
pump. Preparation and analysis chambers are equipped with rotatable 3D manipulators
at which it is possible to heat the sample by electron beam or resistively to more than 870
K, as well as cool the sample to 100 K. In addition, the preparation chamber is equipped
with a sputter gun and an organic molecular beam epitaxy (OMBE). The samples are here
prepared following the protocols described previously in subsection 2.1.4. The analysis
chamber is equipped with a Scienta R3000 hemispherical electron energy analyzer which
is situated in an angle of 45° with respect to the direction of the incoming photon beam
from the beamline. The channeltron detector used for NEXAFS measurements is located
at approximately the same geometry as the electron energy analyzer (for this reason not
shown in figure 2.15)

XPS spectra were recorded in normal emission. For the acquisition of the C 1s, N 1s,
O 1s and S 2p spectra, the excitation energies were 435 eV, 550 eV, 680 eV and 305 eV,
respectively. The binding energy scale was calibrated against the Ag 3ds,, core level at a
binding energy of 368.3 eV [38] or the Cu 2p3,, at 75.1 eV [39]. After the subtraction of
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either linear or Shirley [40] background, peaks were fitted with Voigt functions.

The carbon and nitrogen K-edge spectra were recorded in partial electron yield mode
with a retarding voltage of -150 V and -250 V respectively. The incident angle 6 of photon
light was altered by rotating the sample with respect to the incoming beam. Spectra were
recorded at three angles of incidence: grazing (20° or 25°), magic angle (53°) and normal
(90°). Simultaneously to the PEY spectra the photocurrent signal of a contaminated gold
grid traversed by the X-ray beam was recorded. After referencing the energy scale against
a characteristic peak at 285 eV for carbon or 399 eV for nitrogen, the signal of the bare
crystal was subtracted from the sample spectrum, followed by a correction for the photon
flux and a normalization of the edge jump to one.
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3 Resulis

In this chapter, the results of the investigations performed along with the present the-
sis are presented. Besides the interaction of small biomolecules with a metal substrate,
the influence of Co adatoms on the self-assembly of the RNA and DNA nucleobases
uracil, adenine, cytosine and thymine and the uracil derivative orotic acid adsorbed on
the Ag(111) surface was investigated by means of STM. From the overlayer structures
found on the surface, there was no evidence of an incorporation of any metal adatoms
into the molecular arrangement. Cobalt was found to cluster on the plane surface, ac-
cumulate at the boarders of molecular islands and occasionally in the interface of the
molecular layer with the metal substrate, e.g. for adenine on Ag(111). Since no metal-
organic networks are formed on the silver surface, this experiments are not described
in details in this thesis and no further studies on this topic were performed. Section 3.1
describes the interaction of both cysteine enantiomers with the Ag(111) surface and the
different phases which are forming dependent on surface coverage and sample anneal-
ing temperature. The adsorption behavior, self-assembly and chemical behavior of uracil
dependent on its surface coverage and sample temperature is presented in section 3.2. It
is followed (section 3.3) by a study of its 6-carboxy derivative, the molecule orotic acid,
which is studied under similar conditions aiming to compare the results with the uracil
study and getting insight insight in the influence of an additional substituent. The re-
sults of the study on self-assembly and chemical behavior of bisphenol A adsorbed on
the Ag(111) and Cu(111) surface are shown in section 3.5.

3.1 L- and D-cysteine on Ag(111): Temperature- and coverage
dependent phase transformations

Cysteine, as most other proteinogenic amino acids, is a chiral molecule with its chiral
center on the C2-carbon (for labeling of the atoms, see figure 3.1). Among the 22 natu-
rally occurring amino acids, L-cysteine (also (R)-cysteine) is the only one with a thiol side
chain. The molecule is generally found in different proteins, especially in keratin, a group
of fibrous structural proteins which are the building blocks of hair, nails, horn and many
other similar biologic materials, where L-cysteine with its ability of forming disulphide
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bridges is in charge of the stiffness of the keratin fibers. In contrast to L-cysteine, due to its
lack of biological relevance, the related D-enantiomer (D- or (S)-cysteine) is studied much
less frequently. Comparative studies however have focused on the behavior of racemic
mixtures of cysteine adsorbed on Au(110) [41-43]. As an amino acid, cysteine contains a
carboxy and an amino group along with the previously mentioned thiol group. In solid
form and in many solvents, amino acids adopt a zwitterionic configuration with the car-
boxy group deprotonated to carboxylate (R-COO™) and the amino group protonated to
ammonium (R-NH} ) as illustrated for L-cysteine in figure 3.1. On certain solid surfaces,
some amino acids were found to adsorb as zwitterions [44-46], however, amino acids
that deprotonate on bare noble metal surfaces at room temperature [47] and above [45]
have been reported, resulting in formally negatively charged molecules (Figure 3.1). The
thiol group is known to interact strongly with noble metals, such as gold, silver and cop-
per [48] and binds covalently to them as thiolate. Therefore, cysteine is the most widely
used anchor for longer peptides, for example at metal nanoparticles employed in bioana-
lytical and drug delivery protocols [49-51] or for molecular electronics concepts [11, 12].
To provide fundamental understanding of this type of interaction, the model system of
cysteine on single-crystal metal surfaces has attracted considerable attention: past works
examined the behavior of L-cysteine adsorbed on different faces of gold [41, 52-64], silver
[65] and copper [55, 66] both in vacuo [41, 52-59, 66] and in solution [60-65], as well as
with with density functional theory (DFT) calculations [57, 67, 68]. A DFT study on the
adsorption of L-cysteine on Ag(111) published by Luque et al. [69] in 2012 investigates
in detail two particular conformers on Ag(111) corresponding to the more stable local
minima at the lowest (0.88 molecules/nm?) and highest (4.56 molecules/ nm?) coverage.
However, especially regarding the driving forces of structural rearrangements and the
scission of the thiol bond upon room-temperature deposition, the aforementioned results
are partly contradictory [52, 53, 55, 70].

The study presented in this chapter, which has been published in part previously [71],
focuses on a comprehensive approach to clarify the chemical nature, anchoring and chi-
rality of two dimensional layers of both cysteine enantiomers on the close-packed sil-
ver surfaces. While STM experiments clearly show the different phases of the adsorbed
molecules on the Ag(111) surface and their temperature- and coverage dependent rear-
rangement, whereas XPS measurements provide information about the chemical state of
the molecule in different phases. Information on the orientation of the functional groups

with respect to the surfaces is gained by additional NEXAFS measurements.
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Figure 3.1: Structural formulas of a-c) L-cysteine in its a) neutral, b) zwitterionic and c¢) anionic
form and of d) D-cysteine in its neutral form.
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Figure 3.2: Overview of the different phases of cysteine on Ag(111) as a function of the surface
coverage and the annealing temperature.
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3 Results

3.1.1 Microscopy

Upon deposition of cysteine on Ag(111) at room temperature, a close packed structure
appears, which shows a clear moiré pattern (Figure 3.2, red). This structure () can be
observed throughout all coverage regimes up to a full monolayer (1 ML (monolayer)
being defined as 100% of metal surface covered by the adsorbate). Deposition of more
than one monolayer of cysteine molecules leads to a multilayer without a clearly ordered
structure (Figure 3.2, yellow), which desorbs when warmed to 333 K and above. After
observing an intermediate unordered structure for annealing temperatures between 383
and 393 K, annealing to 393 K leads to a complete reorganization of the organic layer into
two new arrangements dependent on the coverage. For coverages of 0.8 ML and above,
solely a phase called B (Figure 3.2, blue) was observed while in the regime below 0.2 ML
a phase called y with lower density and a roughly hexagonal arrangement was found
(Figure 3.2, green). For coverages between 0.2 and 0.8 ML, both phases coexist on the
surface.

Figure 3.3 shows typical STM micrographs of the structure appearing upon room tem-
perature deposition of a (sub)monolayer coverage of L-cysteine on Ag(111) (phase «). In
the high resolution image (Figure 3.3a), bright protrusions corresponding to single cys-
teine molecules are discerned. The molecules build up a close packed hexagonal struc-
ture with a nearest neighbor distance of 5.8 + 0.2 A and a density of 3.66 molecules/nm?.
A moiré pattern evident in figure 3.3b indicates that the dense-packed layer is incom-
mensurate with the underlying Ag(111) substrate. Incommensurate molecular layers of
organic thiols adsorbed on Ag(111) [72] and Au(111) [73] surfaces have been observed
in the past and indicate multiple adsorption sites of cysteine units. The unit cell axes of
phase a are rotated by 30° with respect to the silver (110) directions. In the submonolayer
regime, molecules assemble into islands extending over 50 nm and occasionally covering
the entire atomically flat terrace.

Annealing to 393 K leads to a rearrangement of the molecules into two phases with
completely different appearance, phase B, which is present for higher coverages, and
phase 7y for lower coverages (Figure 3.2). The disappearance of the moiré pattern as well
as the lower density suggests a change of the binding site selectivity of the molecules dur-
ing heat treatment. The high coverage phase  consists of extended two-dimensional is-
lands as well, but it is described by a rhombic unit cell of nine molecules with 2 =1.80 £ 0.04 nm,
b=1.86 & 0.09 nm and an angle of 70° between them (Figure 3.3c). That leads to a density
of 2.78 molecules/nm?, which is ~ 75% of the density of phase a. It is characterized by
molecular rows of cysteine (highlighted in red in figure 3.3d), running along the Ag(111)
(110) axis sandwiched between molecular rows with lower corrugation. The molecules

comprising a pair are not arranged in parallel: instead, they are rotated by approximately
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width (nm)  1:0

Figure 3.4: a) Island with alternating stripes of  (blue) and -y (red) phase of D-cysteine adsorbed
on Ag(111) (I;=120 pA, U;=1.25 V). The axes b and d of the two unit cells align with
the Ag(111) high symmetry axis. The grayscale areas are the border regions between
the two structures, where neither of the structures can be clearly identified. b) Mag-
nification of a) showing line profiles of three different molecular species featuring
different apparent heights. Inset: Relative apparent heights of the adsorbates.

35° (Figure 3.3d), mirror images of each other with respect to the Ag(111) (110) direction.
Looking at the pair rows along the high-symmetry axis, we also note that every third
molecules has an increased apparent height by 0.3 A compared to the other molecules.
Apparent height differences in this range are close to the S-Ag(111) distance between S at
atop versus hollow sites, as modeled for hydrogen sulfide and methanethiol on Ag(111)
[74]. Alternatively, these variations might suggest chemically different, coexisting cys-
teine molecules in phase B: a plausible scenario that is addressed along with the results
from the XPS measurements.

Aswell as B, phase y consists of extended islands which are, due to the lower coverage,
generally smaller in size. The molecules arrange in a nearly hexagonal pattern. The
rhombic unit cell, which is described by the axes ¢ = 2.49 £ 0.07 nm, d = 6.66 + 0.27 nm
and an angle of 17° between them (Figure 3.3e) incorporates 10 molecules, leading to a
density of 2.06 molecules/nm?, ~ 74% of the density of B. The structure appears as rows
of single molecules, in contrast to phase 8, which are running along the (110) directions of
the Ag(111) substrate. Three out of ten molecules appear brighter (for model see figure
3.3f), the difference in the apparent height between the molecules ranging between 0.4
and 0.6 A.

In the coverage regime between 0.2 and 0.8 ML both phases coexist on the surface.
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Figure 3.5: STM images of domains of phases - (left) and B (right) reflecting the transfer of chi-
rality from the two cysteine enantiomers to the two dimensional islands. The unit
cells for the domains created by adsorption of L- or D-cysteine are indicated in orange
and blue, respectively. The high symmetry axes of the underlying Ag(111) substrate
are shown in red.

Instead of forming separated islands, stripes of the two structures with different widths
alternate, forming one combined island (Figure 3.4a) where the directions b and d of the
unit cells align with the same (110) high symmetry direction of the substrate. Overall, the
ratio of v and B changes with increasing coverage in favor of the latter, even though this
ratio might differ within a single island. Line profiles of these “combined” islands show
protrusions featuring three different apparent heights (Figure 3.4b), indicating different
molecular species co-existing on the surface. Additionally to the transformation from a
to 7, a transformation from f to <y is observed. Extensive annealing of a sample featuring
a monolayer coverage of adsorbed cysteine at 413 K, the onset of molecular desorption,
leads to a reduction of the surface coverage and the appearance of phase . Compar-
ing the STM micrographs of both enantiomers, only the three clockwise symmetrically
equivalent domains for D-cysteine and the three mirrored domains with respect to the
substrate high symmetry axes for L-cysteine (shown in figure 3.5) are found, reflecting

the transfer of chirality from the molecule to the assembled structures § and 7.
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Figure 3.6: High-resolution X-ray photoelectron spectra of the a) S 2p, b) N 1s, ¢) C 1s, and d)
O 1s core levels of an as-deposited multilayer film (top), of phase a (middle), and of
phase B (bottom) on Ag(111).
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3.1.2 X-ray spectroscopy
XPS investigations:

To analyze the chemical state of the adsorbed cysteine and to clarify the reason for the
layer transformation during heat treatment, XPS experiments for a full monolayer cover-
age of L-cysteine on Ag(111) were performed. For comparison with the pristine molecule,
the core level binding energies of a L-cysteine multilayer on Ag(111) were measured. In
the multilayer, the S 2ps,, appears with a binding energy of 164.4 eV (Figure 3.6a, top),
indicating an intact thiol group. The O 1s signal of a single peak at 531.6 eV (Figure
3.6d, top), typical for carboxylate groups in zwitterionic molecules [54, 55, 75], as well
as the binding energy of the single peak in the N 1s region (Figure 3.6b, top) clearly
show the multilayer film to contain predominantly molecules in the zwitterionic state
as expected [55] and demonstrates the successful and controlled deposition of intact L-
cysteine molecules. The C 1s signal (Figure 3.6¢c, top) comprises a broad feature at a
binding energy of 286.5 eV due to a combination of C1 (C1 being the thiol-related carbon
of the physisorbed L-cysteine) and C2 (ammonium-related carbon) species and a feature
at 288.8 eV from the carboxylate-related C3a carbons (for the labeling of the carbon atoms
see figure 3.1) [75]. The small energy shoulder at 285.1 eV originates from thiolate species
of the first chemisorbed layer (Cla) because the thickness of the prepared film (~ 3-4
molecular layers) is smaller than the photoelectron escape depth. It could also be as-
signed to the thiolate signal of the unconventional zwitterion with a negatively charged
sulfur, a positively charged ammonium-group, and an intact carboxy group; however,
this species has been reported to be stable only up to 200 K [76].

The XP spectrum of the S 2p region of phase a shows a single doublet with the S2p3/,
signal at a binding energy of 161.8 eV (Figure 3.6a, middle). This downward shift of
2.6 eV between the multilayer and phase a marks the chemisorption of L-cysteine via a
thiolate end group in phase « [53, 54]. The N 1s region of phase a shows a single peak
at a binding energy of 402.0 eV (Figure 3.6b, middle), typical for a L-cysteine ammo-
nium group (-NH;') [54]. The corresponding O 1s core level consists mainly of a peak
at 531.6 eV (Figure 3.6d, middle), which can be attributed to a a carboxylate group (-
COO"™) [54], The peak width is significantly smaller with respect to the multilayer (the
fwhm decreases from 1.8 to 1.2 eV), which indicates a homogeneous local environment
for the surface-confined carboxylate group. It can be deconvoluted in contributions from
O1 (531.4 eV) and minority species O2 (532.3 eV) and O3 (533.5 eV), corroborating the
presence of both carboxylate and carboxyl groups in the phase a with the carboxylate
species dominating [54]. Since the amino group is fully protonated, the additional pro-
ton likely originates from the scission of the S-H bond. Accordingly, the C 1s spectra of
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assignment multilayer phase « phase
assignment Eg(eV) relative Eg (eV) relative Eg(eV) relative
intensity intensity intensity
(%) (%) (%)
Cla 285.1 11 285.0 26 285.0 19
C1 286.1 28
C2 286.9 34 286.5 39 286.0 52
C3a 288.8 28 288.5 27 288.0 20
C3b 289.5 11 289.0 12
01 531.6 100 531.4 76 531.0 52
(0 532.3 20 532.0 30
O3 533.5 6 533.2 18

Table 3.1: XPS core-level peak assignment of the C 1s and O 1s regions for multilayer, phase «,
and phase j of L-cysteine on Ag(111).

a monolayer sample featuring phase « can be well fitted with four components (Figure
3.6c, middle). The peak with the lower binding energy (285.0 eV) is attributed to the thi-
olate carbon (Cla) and thus is shifted to lower energies with respect to the thiol carbon
(C1) [54, 75]. The ammonium-related feature (C2) shifts by ~ 0.4 eV to lower binding
energies with respect to the multilayer, due to the multilayer-to-monolayer transition. Fi-
nally, the two signals at 288.5 and 289.5 eV originate from the carboxylic carbon (C3), the
former stemming from the carbon of the deprotonated carboxylate group (C3a), whereas
the latter from the -COOH group (C3b) [54]. Table 3.1 summarizes the binding energies
and the relative intensities of the C 1s and O 1s peaks. The relative intensities are vary-
ing up to ~ 50% with respect to the expected atomic ratios of the chemically different
atoms of L-cysteine, a discrepancy that can be tentatively associated with diffraction ef-
fects from the substrate [77]. This leads to the conclusion, that L-cysteine molecules in
contact with Ag(111) follow a predominantly zwitterionic bonding scheme in phase «.
Similar core-level binding energies of N 1s and O 1s have been observed and identified
also for tyrosine and methionine on coinage metal surfaces, underlining the general trend
in the amino acid zwitterionic bonding motif [44—46].

Upon annealing and formation of phase f, the S 2p core-level binding energy remains
virtually unchanged (Figure 3.6a, bottom). A shift of 0.2 eV towards higher binding en-
ergy in the S 2p signal of phase f is associated with the difference in the local environment
of the thiolate, going along with the structural transformation. With the conversion to the
B structure, the N 1s signal shifts by approximately 3.0 eV to a lower binding energy of
399.2 eV (Figure 3.6b, bottom), which is consistent with a deprotonation of the former
ammonium cation of phase a to an amino group (-NH>) [53-55, 70]. The observed energy
shift of the nitrogen is not abrupt, but the result of a decrease in the ammonium-related
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signal and a concurrent increase of the amino-related signal within a temperature range
of 383-393 K. This change is also affecting the amino-related carbon (C2), which shifts
downward by 0.5 eV, presumably due to the interaction with the surface via the nitrogen
lone pair. Concurrently, the oxygen peak ratio of carboxylate to carboxyl components
increases (Figure 3.6d, bottom), indicating that the carboxylate group captures a fraction
of the proton lost from the ammonium groups. The O 1s peaks and the two related car-
bon (C3) peaks exhibit shifts of -0.3 to -0.5 eV, which probably result from increased hole
screening due to polarization of the metal surface in phase . Such an increased screen-
ing is consistent with the assumption, that the oxygens and C3 carbons are closer to the
silver surface than in the phase «, a consideration that is taken into account in the pro-
posed models below. This mixture of formally negatively charged and neutral adsorbed
L-cysteine species might account for the different STM appearance of the adsorbates in
phase B. Regarding the fact, that all phases that were observed by means of STM are
quasi identical for both L- and D-cysteine and only differ in their orientation with respect
to the surface, it can be assumed that this investigations account for both enantiomers.

Taking into account that the formation of phase 7 is, as described in subsection 3.1.1,
dependent on the molecular surface coverage and a structural change of phase j to phase
7 is possible by reducing the surface coverage, one might expect that the ammonium
group is also deprotonated in phase y. However, due to the lower density, the interaction
of the molecule with the surface may change, which in turn might lead to a difference
in the ratio of neutral and anionic molecules, i.e. the ratio of carboxylic to carboxylate
moieties, with respect to phase . This tentative interpretation can account for the phase
transformation from f to 7y and partly explains the different apparent heights observed
in the STM images. Indeed a coverage dependent deprotonation of the carboxylic group
has also been observed for orotic acid (subsection 3.3.2) on Cu(111): at higher molecular
coverage, the -COOH group is protected against deprotonation.

NEXAFS measurements:

The molecular conformation of the L-cysteine phases « and B was further investigated
by angular-dependent NEXAFS. The NEXAFS spectra exhibit two main resonances at a
photon energies of 290.0 eV and 288.7 eV, related to the * orbital of the C-N bond (green
components in figure 3.7a and b) and the 7* system of the carboxy group (blue compo-
nents in figure 3.7a and b), respectively [56, 66, 78-80]. The curve-fitting analysis of the
angular dependent NEXAFS (blue circles in figure 3.7c and d) of the latter shows the di-
rection of the final state orbital 8, which is the direction of maximum orbital amplitude,
is approximately 60° in both phases. Thus, for the 77* resonance of the carboxy group,
O is normal to the plane defined by the group resulting in a tilt of the carboxy group of
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Figure 3.7: a-b) Fitted C K-edge NEXAFS data acquired at three angles of photon incidence, 6, of
a) phase a and b) phase B. c-d) Curve-fitting analysis of the photon angle dependence
of the carboxy group 7* resonance (blue) and the amino group ¢* resonance (green)
to estimate the corresponding directions of the final state orbitals O in c) phase a and
d) phase 8. e-f) Tentative local adsorption models of L-cysteine in e) phase &, where
the COO™ plane is tilted by ~ 30° with respect to the surface, whereas the C-N bond
is tilted ~ 10°, and f) phase 8, where the COO™ plane remains tilted by ~ 30°, but the
C-N bond tilts further to 40-50°.
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a) side view top view

b) side view

Figure 3.8: Tentative models of L-cysteine in a) phase « and b) phase B in a ball-and-stick repre-
sentation.

approximately 30° with respect to the surface in both phases. In contrast, the C-N bond
changes its orientation (the ¢* resonance O is along the C-N axis, green crosses in figure
3.7c and d) during the phase transformation from being nearly parallel to the Ag(111)
surface in phase « to a tilt angle of 40-50° with respect to the substrate in phase B; e.g.
there is a marked conformational change, as illustrated in figure 3.7e and f). As NEXAFS
is providing information for the whole surface molecular ensemble and as it is shown
along with the XPS data that different molecular species coexist in both phases « and §,
the calculated tilt angles represent the average tilt angles of the L-cysteine molecules. As
it was discussed for the XPS data, due to their equivalent behavior shown in STM in-
vestigations, it can be assumed, that both enantiomers, D- and L-cysteine show the same

behavior concerning their orientation towards the surface.

3.1.3 Modeling

To test the consistency of the experimental data with a physically reasonable model, a
molecular packing model for L-cysteine in phase « (Figure 3.8a) and phase p (Figure 3.8b)
is proposed here. The atomic coordinates of the conformations in the two phases were
obtained by allowing rotations of the existing L-cysteine ¢ bonds, until the geometry was
consistent with the NEXAFS results. Aware that the STM and XPS data suggest distinct
coexisting species in all three phases, for the present simplified picture, only the majority
species present for each phase were taken into account, e.g. zwitterions for phase a and
anions for phase B. The average intermolecular distances derived from the STM data
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were used to define the offset distance for the second molecule (5.8 A in phase &, 6.0 A in
phase B). For both phases, it is well possible with these restrictions to construct molecu-
lar layers which are stabilised by intermolecular hydrogen bridges. The O- - -H distances
for these models are 1.9 A and 2.0 A for the zwitterionic and the anionic phase, respec-
tively. This tentative model suggests that in the zwitterionic case, the cysteine molecules
optimize the carboxylate-ammonium interaction and exhibit a more upright conforma-
tion (S - C bond nearly perpendicular to the surface). A DFT study on the conformation
of L-cysteine on Ag(111) [69] reports the zwitterionic molecule being chemisorbed to the
surface by the sulfur, as reported in the present study, but only appearing at high cov-
erage. In our experimental study only phase a is formed, independent of the surface
coverage. The density of « is smaller than the one considered by the DFT study (3.66 vs.
4.56 molecules/nm?), giving enough space for the C-N bond to tilt toward the surface in-
stead of tilting away from the surface. They also report a weakening of the silver-sulfur
bond with increasing coverage and lateral interactions. The bonding energies of all differ-
ent binding sites on the silver surface are within an energy range of less than 0.2 eV and
form local energy minima. These results support our explanation of the L-cysteine phase
«, whose self-assembly is driven by the strong intermolecular Coulombic interactions
rather than by the surface binding site specificity as also evidenced by the moiré pattern.
Such strong intermolecular interactions were also found in the self-assembled monolayer
of the zwitterionic L-cysteine molecules on Au(111), which was stabilized by hydrogen
bonding [81]. In contrast, in the anionic phase, cysteine is accomplishing a more planar
conformation optimizing the molecule-surface interaction in a tetradentate mode with all
functional groups connected to the surface. For lower surface densities DFT calculations
[69] of a neutral L-cysteine molecule on Ag(111) show strong interactions of the carboxy
group with the silver surface and there is an indication that the oxygen participates in
the bond with the surface. Even though these calculations refer to L-cysteine at very low
coverage, they support the suggested bonding scheme of the molecule in phase 8. The
interactions between functional groups and the surface mainly stabilize the molecules on
the silver surface in this phase; in addition lateral H-bonding and van der Waals inter-
actions should be taken into account in order to explain the assembly of the molecules
on the surface. The observed pairing of the molecules in phase B strongly suggests a

head-to-head interaction, which can be stabilized by H-bonds as shown in figure 3.8b.

3.1.4 Summary and conclusions

By combining STM and X-ray spectroscopy data, the chemical nature of the room-temperature
adsorption of cysteine on the Ag(111) surface could be shown and the driving forces of

the structural changes induced by annealing were investigated and understood. Upon
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room temperature deposition, cysteine chemisorbs via its sulfur, in contrast to the behav-
ior shown for L-cysteine on Au(111) [52, 82], and forms a dense-packed layer. When the
coverage increases beyond a monolayer, further cysteine layers physisorbed on top of the
chemisorbed layers. In this phase, cysteine exists mainly as a zwitterion, having a pro-
tonated amino group and a deprotonated carboxy group. Annealing to 333 K leads to a
desorption of the multilayer, leaving only the chemisorbed cysteine monolayer of phase
« on the surface. The monolayer molecules chemisorb in a hexagonal arrangement with a
nearly upright conformation, the plane of the carboxylate group tilted by approximately
30° with respect to the surface and the amino group C-N bond being almost parallel to
the surface. The molecular assembly with a density of 3.66 molecules/nm? is rather sta-
bilized by intermolecular hydrogen bonding than by the interaction with the surface, re-
sulting in a reduced surface site bonding selectivity and showing a moiré pattern. Further
annealing to 393 K induces a phase transformation into the coverage dependent phases
B and 7. The high coverage phase  involves a deprotonation of the ammonium group
resulting in a majority of formally negatively charged cysteine molecules and a minority
of neutral molecules, where the carboxylate group captures the nascent proton from the
deprotonation of the ammonium group. While many amino acids have been reported to
adsorb in an anionic form [47, 78-80, 83-85], temperature induced deprotonation of the
ammonium group has only been reported for methionine, the only other sulfur contain-
ing proteinogenic amino acid, on Cu(111) [45]. In that case, the strength of the molecular
anchoring to the surface was caused by the higher reactivity of the copper substrate,
hence a similar transformation does not occur on the more inert silver surface. For the
high coverage phase B, NEXAFS measurements show, that simultaneously with the de-
protonation, the amino C-N bond tilts further towards the surface, while the tilt angle of
the carboxylate group with respect to the surface remains virtually unchanged. Along
with the decreased molecular density determined by STM measurements, a molecular
orientation is suggested, in which the amino group as well as the carboxy group interact
with the surface via their electron lone pairs. Similar binding motifs have been reported
for the amino acids L-alanine and glycine adsorbed on Cu(111) and Cu(110), where nitro-
gen atoms coordinate to the substrate in near-atom positions and the oxygens bind to the
copper in off-atop positions. This type of configuration has been inferred from XPS, X-
ray photoelectron diffraction, NEXAFS and DFT modeling [47, 80, 86]. The formation of
phase 7y is observed upon annealing the sample to 393 K, but for lower initial surface cov-
erage, resulting in a structure with a decreased molecular density (approximately 74% of
the density of B). Accordingly a phase transition from f to y has also been observed upon
extensive annealing, it is proposed that the ammonium group is deprotonated in phase

7. However, the lower density leads to an altered interaction between molecules and
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surface which might result in a different fraction of the carboxy-group being protonated.
The absence of molecular pairs, as described for B, indicates intermolecular interactions
other than the proposed head-to-head pairing. Presumably, a fine interplay in the in-
termolecular and molecule-surface interaction is driving the formation of the different
structures.

In conclusion, these experiments show that the cysteine thiol group deprotonates into
thiolate upon deposition at room temperature on Ag(111), allowing a robust anchoring
of the molecule to the substrate without showing pronounced site selectivity. The robust
anchoring resulting from the metal-sulfur molecular binding is essential for the tempera-
ture induced deprotonation of the ammonium group, resulting in a mixture of molecules
existing in either a formally negatively form or a neutral form. The deprotonation comes
along with a conformation change into a molecular orientation in which all functional
groups interact with the silver surface. The mechanism is reported for the first time for a
molecule on the mainly inert silver surface and hitherto it is unknown, whether this can
be transferred to other noble metal surfaces.

These observations can offer new pathways in tailoring biofunctionalized surfaces.
Cysteine and cysteine-containing peptides or larger biomolecules can be tethered to no-
ble metal surfaces or metal nanoparticles allowing temperature induced changes between
chemical forms and further specific chemical reactions for the creation of tailored sur-
faces.
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3.2 Uracil on Ag(111) and Cu(111): Self-assembly and
chemical transformations

Besides amino acids which are the building blocks of proteins, DNA and RNA nucle-
obases are another important group of biological molecules. Uracil (figure 3.9) is an RNA
base, in particular the base differentiating RNA from DNA, and as such plays a vital
role in biological interactions of major importance, notably those governing information
transport and catalytic functions. Historically, uracil has been employed in the 1961 illus-
trious experiment of Nirenberg and Matthaei [87], which demonstrated that polyuridylic
acid translates into a protein of poly-L-phenylalanine, functioning as a synthetic template
or mRNA and therefore cracking the first genetic codon, UUU. Currently, the advance of
RNA deciphering has shown that, together with adenine, uracil is a part of all three stop

codons.

a) b)
O
M
HN NH |
PN e

lactam lactim

Figure 3.9: Uracil: a) 3D ball-and-stick model in its canonical form showing the labeling conven-
tion for the constituent atoms and b) molecular structure highlighting the lactam and
lactim tautomers, the most comonly observed uracil tautomers in nature.

The surface adsorption and self-assembly of the fundamental building blocks of the
genetic code and especially of the nucleobases have been the subject of intensive investi-
gations in the last decades. There is a twofold aspect in these works. One part focuses on
gaining a fundamental understanding of biological reactions on surfaces. For instance,
the adsorption of biological molecules on inorganic solids is regarded as a relevant pre-
biotic process, and it is considered to be related to the origin of life [88].

Also, insight into the behavior of these building blocks similarly provides potential
in biomimetic applications. Nature is extremely successful in performing tasks such as
information storage, transfer, and catalysis by using these building blocks. Hence in the
emerging field of nanotechnology, which focuses on the interactions between nanoscale
moieties [89, 90], biomimetic applications have been proposed for performing the same
tasks [91, 92].
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The unique chemical functionalities of nucleobases offer a plethora of possible appli-
cations: their potential for chiral recognition on surfaces, an important target of the fine
chemical industry, was shown by the elegant work of Chen and Richardson, who visu-
alized the enantiomeric interaction between adenine and phenylglycine on the Cu(110)
surface [93]. In the field of surface nanoarchitectonics they have been used as monomers
or moieties, which offer multiple sites for hydrogen bonding, in binary and ternary
supramolecular networks [94-96]. Additionally DNA bases offer the possibility of metal
ligand interactions [97], thus of engineering metal-organic networks [98, 99]. Their at-
tractiveness is obvious, being inexpensive, nontoxic, and biocompatible. However, in
order to harness their full potential in such applications, it is vital to be able to predict
their chemical reactivity toward the employed templates, which include close-packed

coinage metals, TiO,, and graphite.

These reasons have spurred numerous studies on the adsorption of nucleobases, which
will not be discussed here in detail, however the findings of the here presented study are
discussed alongside previous work on uracil and the related DNA base, the 5-methyluracil,
thymine. Briefly, uracil was studied by STM on MoS,, where it assembles into islands
with clearly distinguished dimers, which do not correlate to the uracil single-crystal
structure [100, 101]. On the more inert support graphite, STM showed a structure that
bears a close resemblance to the single crystal [100-102]. On Cu(111), trimeric units form
at low surface coverage, whereas at higher surface coverage two-dimensional domains
form, which were also modeled with a trimeric motif [103]. All the above studies as-
sumed adsorption of uracil in its lactam form. However, vibrational spectroscopy re-
vealed that uracil on Si(100)-2 x 1 adsorbs in its lactim form and interacts with the surface
by cleavage of the O-H bond [104]. On Cu(110) photoelectron diffraction (PhD) coupled
with XPS and NEXAFS indicated that N-H cleavage allows coordination to the surface
with both O atoms and the N atom (N3) in between [105]. Finally, on Au(100) [106—
108], Au(111) [107], and Ag(111) [109], cyclic voltammetry experiments showed uracil to
switch from physisorbed to chemisorbed state. A recent DFT study of uracil adsorbed
on Au(100) [110] reveals that lateral interactions between the molecules mainly drive the
self-assembly rather than covalent bonding to the surface, indeed, a flat adsorption ge-

ometry is crucial for strong intermolecular hydrogen bonding.

Despite this extensive volume of work, there is a lack of multitechnique studies to un-
ravel the fine interplay of uracil’s functional units with the underlying substrate, which
determines the molecule’s chemical state, bonding configuration, and the resulting self-
assembly scenario. Here, a comprehensive study of uracil on Ag(111) and Cu(111) is
presented. Silver and copper were chosen as commonly employed templates for molec-

ular self-assembly and engineering of biomolecular nanostructures confined in two di-
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mensions. The present study includes experimental investigations combining STM, XPS,
and NEXAFS coupled with DFT simulations to elucidate the surface bonding and the
charge transfer between the surface and the molecule as well as intramolecular electronic
changes. Structural aspects were characterized at the molecular level by STM, revealing
exquisite details of an intricate self-assembly scenario on Cu(111), which could be under-
stood only by the complementary spectroscopic investigations and first-principles mod-
eling using DFT. In particular, it is shown that the nanostructures formed are decisively
influenced by specific interactions of uracil functional groups with the metal surface driv-

ing chemical transformations, which were previously unknown.

3.2.1 Uracil on Ag(111)
STM:

As a model system, where intermolecular interactions prevail in the molecular surface
organization, the system uracil on Ag(111) was investigated. Figure 3.10 shows a typical
STM image corresponding to uracil in contact with the hexagonal substrate. It is charac-
terized by a uniformly packed structure. The close-packed islands furnish areas adjacent
to step edges, without completely wetting the step edge. This is somewhat different from
the observation of monolayer growth of uracil on Au(111), where the molecules form
one-dimensional filaments at low coverages, but as the coverage increases toward the sat-
urated monolayer, close-packed two-dimensional islands form [94]. Similar to orotic acid
(subsection 3.3.1), on Ag(111) close-packed islands at uracil coverages as low as 0.3 ML
are observed. The molecule-to-molecule distances are measured to be within the range of
7-9 A, consistent with flat-lying hydrogen-bonded molecules. The self-assembled layer
has a loose connection to the substrate high-symmetry axes, but the broad spots of the
fast Fourier transform (FFT) STM image in the inset of figure 3.10a indicate that the reg-
istry of uracil to the Ag surface is not perfectly regular and therefore suggest an inter-
molecular interaction-driven pattern formation. As it was pointed out in a theoretical
study of the 10 uracil homopairing possibilities, the energetically most favorable two-
dimensional assemblies are not necessarily formed using only the most stable pairs, but
other potential pairs may also be involved to accommodate additional bonding between
nearest molecules [111]. For instance, the same authors found that the 21 possible adenine
hydrogen-bonded homopairs can result in thousands of possible monolayer structures,
many of which have similar lattice vectors [111, 112]. So it comes as no surprise that in
a system with a very weak interaction between surface and molecule, where the surface
acts mainly to confine the overlayer in two dimensions and not as a strict directorial tem-

plate, there is poor long-range ordering of the resulting overlayer. An illustration of these
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Figure 3.10: STM image of ~ 0.3 ML of uracil on Ag(111): a) overview (I; = 120 pA, U; = 0.63V);

44

inset shows the corresponding FFT; b) detail with single-molecules resolution (I; =
110 pA, U; = 0.63 V) showing a boundary of two domains (green thick line) and the
unit cell of the overlayer structure (in blue); c) tentative molecular model based on
the most stable uracil homopairs (highlighted in green) for the orange highlighted
area in b). Red marks and arrows indicate deviations from the molecular model
proposed in c), and the Ag(111) high-symmetry axes are indicated in red.



3.2 Uracil on Ag(111) and Cu(111): Self-assembly and chemical transformations

peaks Eg(eV) assignment
A 2847 Cls — 7* (C5)
B 2859 Cls— mt* (Co)
B’ 2864 Cls — mt* (Co)
C 288.0 Cl1s— 7™ (C4)
D 2894 Cls — 7t (C2)
D’ 2902 Cls— m*(C2)
E 293.5 Cls = m*
F 295.0 Cls— o*
G 303.0 Cls = o*

Table 3.2: Peak assignments for the C K-edge NEXAFS of 1 ML uracil on Ag(111). [116, 117].

observations can be seen in figure 3.10: although a model similar to the one proposed for
uracil on graphite [102] can be fitted in small regions (figure 3.10c), the structure exhibits
frequent irregularities, as indicated by the red marks.

X-ray spectroscopy:

Further XPS and NEXAFS characterization of this system confirms the interpretation of
the STM data. Figure 3.11 summarizes the C 1s, N 1s, and O 1s XP spectra of uracil
adsorbed in the temperature range of 300 to 330 K on Ag(111) and Cu(111). The central
row shows the XP spectra corresponding to a monolayer of uracil on Ag(111). The C 1s
region exhibits four clear peaks corresponding to the four carbon atoms of uracil, namely,
in order of increasing binding energy, the atoms C5, C6, C4, and C4 (for the labeling of
the uracil atoms see figure 3.9a) [113]. The N 1s region is characterized by a single peak
(fwhm ~ 1.3 eV) centered at a binding energy of 400.8 + 0.1 eV. The O 1s core level also
appears as a single broad peak at a binding energy of 532.0 & 0.1 eV with fwhm of 1.5 eV,
in good accord with amide [114]. Comparing the spectra with the corresponding ones
of the multilayer of physisorbed uracil (figure 3.11 top spectra), it becomes evident that
adsorption leads to an almost rigid shift of all six peaks by -0.5 eV. This shift is attributed
to a polarization screening by the substrate and is typical for intact organic species on
a metal substrate [115]. The uniformity of the shift is consistent with planar adsorption
geometry with moderate metal-molecule interactions suggested by the STM data. In
the multilayer regime, it is known that uracil is intact and in its canonical form, i.e. as
the lactam tautomer [116]; thus the same conclusion holds for the present system: uracil
adsorbs intact as a lactam species at the Ag(111) vacuum interface.

Figure 3.12a shows C K-edge NEXAFS data of 1 ML of uracil on Ag(111) at 300 K
recorded at three photon incidence angles 6. The first four sharp resonances A to D corre-

spond to transitions from C 1s to each of the first two available 77* orbitals, respectively.
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Figure 3.11: Uracil XP spectra corresponding to a multilayer formed at 300 K, a saturated mono-
layer on Ag(111) formed at 330 K and a saturated monolayer on Cu(111) formed at
320 K for the a) C 1s, b) N 1s and ¢) O 1s core levels. d) Structural formula of uracil
with assignment of the signals from the C 1s spectrum to the different carbon atoms.
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Figure 3.12: a) Experimental C K-edge NEXAFS data acquired at three angles of photon inci-
dence, 6, for the 1 ML coverage of uracil on Ag(111) and respective fit analysis. b)
Curve-fitting analysis of the photon angle dependence of 7t* resonances A and D to
estimate the corresponding molecule tilt angle, a. c) lllustration of adsorption ge-
ometry of uracil in the monolayer on Ag(111): the molecule tilt angle with respect
to the surface is ~ 10°.

Resonance E exhibits an angular dependence following the 7* transitions; however it
appears in a region where transitions cannot be clearly distinguished; two broad ¢* reso-
nances F and G occur beyond the step edge of ionization (figure 3.12a, gray dashed lines).
A summary of the assignments and associated transitions is given in table 3.2, based on
the comparison with simulated NEXAFS [117] of the gas phase uracil molecule and ex-
perimental NEXAFS [116] of condensed uracil. As expected, both groups of 7* and ¢*

resonances display distinct dichroism in their angular dependence.

Since the C atoms are approximately coplanar, the angular dependencies observed in
the C K-edge spectra provide a powerful means of determining the orientation of uracil
with respect to the surface. Figure 3.12b presents such an analysis for the principal 7*
resonances A to D, the observed normalized intensities being overlaid with a best-fit the-
oretical curve (solid gray line) for the molecular tilt angle (x) with respect to the surface.
(In principle, c* resonances may be subject to a similar analysis, but their larger width
and the fact that they are superimposed on the step background preclude accurate fit-
ting.) The normalized intensities of the 77* resonances fit very consistently a uracil tilt
angle of 10°+10°, indicating that the molecule is lying almost flat on the surface (figure
3.12c¢).

The findings of this spectroscopic study are in line with the interpretation of the mi-

croscopy data. Perhaps the only discrepancy with earlier STM studies of uracil on inert
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surfaces, such as Ag(111) [109], Au(111) [107], and graphite [102], is that in this work at
room temperature STM data shows that there is poor long-range order, with relatively
small patches of different two-dimensional networks. This could either arise from differ-
ences in experimental conditions, as the present work was carried out under ultrahigh
vacuum rather than at the solid-liquid interface, or be a consequence of the local nature

of the STM technique, which samples a minute surface area.

3.2.2 Uracil on Cu(111)

The following section is split into three parts: The first two describe the experimentally
observed chemical modifications of uracil in different temperature regimes, as it will be
revealed by the subsequent XP spectra; the third addresses the aforementioned chemical
modifications with ab-initio calculations.

From 300 to 360 K.

On the Cu(111) surface, structures completely unrelated to those formed on Ag(111) ap-
pear in the first layer. Deposition of ~ 0.3 to 0.8 ML of uracil at room temperature on
Cu(111) yielded a surface with a mixture of two phases, a “tiare” (figure 3.13) and a
“zigzag” (figure 3.14) pattern imaged by STM at room temperature. The self-assembly
of these phases is described before proceeding with the description of their dynamical
interchange.

The tiare phase is a commensurate phase, as evidenced by the lack of any moiré pat-
tern, and its rhombic unit cell (figure 3.13a) can be described in Wood’s notation by a
9(v/3 x v/3)R30° overlayer. This means that on the (111) surface there is only one sym-
metry domain. However, this is an intrinsically chiral phase, as evidenced by the S and
R “petal” orientation of the tiare motif (figure 3.13b-c). As such, it is a rare example of
a nondensely packed two-dimensional chiral phase of a nucleobase, other reported ex-
amples being guanine/Au(111) [118] and xanthine/Au(111) [119]. In the center of the
tiare motif and in between the petals, features of high contrast are commonly observed
(figure 3.13c), which are attributed to weakly bound diffusing molecules trapped in the
tiare nanocages. The tiare phase was observed in an earlier study of uracil on Cu(111)
at ~ 77 K and described as “snow-crystal-like” [103], because in those STM images the
chirality could not be resolved. In contrary to the previous study, the STM micrograph
in figure 3.13 shows 30 distinct bright protrusions per unit cell versus the 18 reported
earlier [103]. Each tiare flower consists of six pentamer petals. In that earlier study it
was concluded that the bright protrusions correspond to single, intact molecules, their
round shape and apparent height indicating flat-lying molecules and their separation be-
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Figure 3.13: a) STM image of submonolayer coverage of uracil on Cu(111) at ~ 300 K showing
a domain of the tiare phase (I = 130pA, U; = 1.2V). The Cu(111) high-symmetry
axes are indicated in red and the superstructure’s unit cell in blue. b) Tiare motif in
STM images of an S-petalled domain (I; = 110pA, U; = 0.857 V) and c) that of an
R-petalled domain, indicated by the orange square in a). d) Tentative model of tiare
phase, corresponding to an area indicated by the green dotted line in a) overlaid on
the STM image.
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Figure 3.14: STM images of the “zigzag” phase of uracil on Cu(111) at ~ 300 K showing a)
overview (I; = 110pA, U; = 0.857V) and b) detail (I; = 130pA, U; = 1.25V. The
Cu(111) high-symmetry axes are indicated in red and the superstructure’s unit cell
in orange.

ing consistent with hydrogen bonding. However, the proposed model [103] cannot be
substantiated if 30 intact, flat-lying molecules per unit cell are assumed: the resulting
molecular distances are, in fact, too small for such a model to be consistent.

In the zigzag phase the molecular density is even higher, the bright protrusions having
oblong shapes. This suggests tilted molecules, which interact strongly with the under-
lying substrate. To understand the mixture of the phases, temperature- and coverage-
dependent STM measurements were performed. It was found that the balance of the
mixture is shifted with heating this surface to just 320 K: only the tiare phase is observed.
The opposite effect in this balance comes from increasing the coverage to a saturated
monolayer: only the zigzag phase was present after the preparation of a saturated mono-
layer. This implies that both of these phases must be made of the same molecular unit.

Looking at the 1s core level binding energies of the uracil’s distinct atoms gives in-
sight into their chemical state in order to identify the molecular unit. These spectra are
displayed in figure 3.11 and show marked differences relative to the case of the Ag(111)
substrate. Most prominent is the appearance of a new, additional peak in the N 1s level
shifted in binding energy by ~ -2 eV with respect to that of the intact protonated nitro-
gen, which is assigned to deprotonation of a single uracil nitrogen. This proton is not
recaptured by the molecule: The O 1s core level does not show any significant change
when compared to the multilayer of uracil, apart from the shift associated with the metal

surface interaction. Furthermore, by close inspection of the C 1s core level the deproto-
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peaks Eg(eV) assignment
A 2849 Cls— 7 (C5)
B 286.0 Cl1s— 7™ (Co)
B’ 2864 Cls— m* (C6)
C 2879 Cls— m* (C4)
D 2892 Cls— 7t (C2)
E 2921 Cls— m*
F 295.0 Cls = o*
G 302.0 Cls— o*

Table 3.3: Peak assignment for the C K-edge NEXAFS of 1 ML uracil on Cu(111) [116, 117].

nated N atom can be identified. The peaks originating from atoms C5 and C6 (marked in
figure 3.11 by blue and red, respectively) are unaffected by the chemical transformation
of the molecule, whereas peaks C4 and C2 (marked in figure 3.11 by green and orange,
respectively) are both shifted downward by ~ 1 eV, reflecting the rearrangement of elec-
tron distribution after the chemical change in the nearest neighboring N atom. Had it
been a deprotonation of the N1 site, the chemical shift would be observed in the peaks
corresponding to C2 and C6 atoms. Consequently, it is the N3 atom that undergoes de-
protonation, as it is also the case for uracil and the closely related species, thymine, on
the Cu(110) surface [77, 105] and in solution [120], but not in the gas phase, where the
N1 atom is found to be more acidic [121]. However the authors of the last study argue
also that the stability of N3~ is enhanced in polar solvents, therefore tuning the depro-
tonation selectivity in a biological environment. Our study shows that in the case of
metal-mediated deprotonation, it is the N3 site that undergoes preferential deprotona-

tion.

From the previous considerations, it is clear that the tiare phase described above bears
a nontrivial interaction with the underlying substrate: it consists of uracil molecules with
the N3 atom deprotonated, and hence there is a need to establish an atomistic structural
model of this phase. Given that the STM indeed shows roundish protrusions, similar in
shape to uracil/Ag(111), flat-lying molecules can be assumed and a tentative model is
proposed in figure 3.13d. It is a structure consisting of homochiral pentamer “petals”,
repeated with 6-fold symmetry (as dictated by the substrate symmetry) to generate a
“tiare” motif. The resulting molecular structure is stabilized by hydrogen bonding, N-
H---O=C, and additional lateral interactions involving, N—, C-H, and C=0O groups at
the pentamer and C-H and C=0 moieties between neighboring pentamers. Uracil is an
achiral molecule in the gas phase; however its reduced symmetry turns it into chiral once
confined on a two-dimensional plane. It is noteworthy that in the model proposed above

the two chiral domains consist of enantiopure uracil monomers deprotonated at N3.
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Figure 3.15: a) Experimental C K-edge NEXAFS data acquired at three angles of photon inci-
dence, 6, for the 1 ML coverage of uracil on Cu(111) and respective fit analysis. b)
Curve-fitting analysis of the photon angle dependence of 7t*resonances A to D to
estimate the corresponding molecule tilt angle, . c) Illustration ofn the adsorption
geometry of uracil in the monolayer on Cu(111): the molecule tilt angle with respect
to the surface is ~ 65°.

The STM images of the zigzag phase, on the other hand, suggest a strongly tilted
molecule. Indeed, this is in accordance with NEXAFS measurements on the saturated
monolayer, which consists only of this phase. Figure 3.15a shows the corresponding
NEXAFS data at three angles of photon incidence. The resonances observed are assigned
in table 3.3. From the curve-fitting analysis of the photon angle dependence of 77* reso-
nances A to D (figure 3.15b), the molecule tilt angle of the zigzag phase is estimated to be
~ 65° (figure 3.15¢).

By close inspection of the zigzag phase it can be noticed that the longer axis of the
molecular elliptical shapes aligns along the high-symmetry axes. This is consistent with
PhD measurements, a powerful technique for accurate determination of the adsorbate
geometry, of uracil and the similar DNA base, thymine, on Cu(110) [77, 105]. Both
molecules are found to bind along the close-packed direction of Cu. The close match
of the O-N™-O projected distances presumably drives the binding to the Cu atoms of the
close-packed rows along the (110) direction. Figure 3.14b reveals also features of differ-
ent contrast in STM data; therefore it is plausible that molecules with different adsorption
geometries are present. From the NEXAFS measurements the average tilt of the molecu-
lar ensemble is determined to be ~ 65°; therefore, it is concluded that this phase consists
mainly of strongly inclined molecules.

At the temperature of formation the presence of diffusing Cu adatoms is known to play

an important role in the deprotonation and surface coordination of compounds with car-
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Figure 3.16: Uracil XP spectra of a) C 1s, b) N 1s and ¢) O 1s core levels corresponding to a
saturated monolayer on Cu(111) as a function of annealing temperature. Solid and
dotted lines mark the binding energies of the molecules of a layer formed at 320 K
and after annealing to 500 K, respectively.

boxylic acid moieties [122, 123] and in the surface coordination and adsorption of com-
pounds containing pyridyl groups [124-126]. In the phases described above there is no
direct evidence for their involvement in the structure. In the tiare phase the intermolecu-
lar distance is too short to allow the incorporation of metal adatoms. In the zigzag phase,
the molecules have a high tilt angle, allowing uracil molecules to coordinate with both
oxygen atoms and the deprotonated N3 toward the surface, as also supported by the
DEFT results presented below. However, it is possible that undercoordinated adatoms are
important in activating the N-H scission observed [127].

From 400 to 550 K

Heating the uracil monolayer on Cu(111) to higher temperatures and monitoring the N 1s
signal (figure 3.16b), one can primarily observe the increase of the deprotonated N signal
along with a concomitant decrease in the molecular coverage. By 500 K only deproto-
nated N is present, while a shift of -0.8 eV is observed in the O 1s signal (figure 3.16c)

and the C 1s shows a significant charge redistribution (figure 3.16a). Clearly, the uracil
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assignment singly deprotonated uracil (320 K) doubly deprotonated uracil (500 K)
exper. (eV) DFT (eV) exper. (eV) DFT (eV)
C2 288.9 297.5 287.8 (-1.1) 296.4 (-1.1)
C4 288.1 296.2 287.2(-0.9) 296.0 (-0.2)
Co6 286.9 295.0 285.8 (- 1.1) 294.4 (- 0.6)
C5 285.1 293.9 284.3 (- 0.8) 293.1 (- 0.8)
N1 401.1 412.0 399.0 (-2.1) 408.8 (- 3.2)
N3 399.3 410.1 399.0 (-0.3) 409.6 (- 0.5)
o1 531.9 543.5 531.1 (- 0.8) 542.6 (- 0.9)
02 531.9 543.1 531.1 (- 0.8) 542.8 (- 0.3)

Table 3.4: Peak assignment for the XPS signals corresponding to a saturated monolayer formed
at 320 K on Cu(111) (singly deprotonated) and 500 K (double deprotonated) and the re-
lated calculated binding energies from DFT. The relative shifts with respect to the bind-
ing energies of the singly deprotonated uracil are given in parenthesis in the columns
referring to the doubly deprotonate uracil.

molecules after this heat treatment are doubly deprotonated and the spectroscopy data
are comparable to the case of uracil on Cu(110) [105].

However, unlike the topography of uracil on Cu(110) after annealing to 400 K [128],
no adsorption-induced surface faceting was observed on Cu(111). The corresponding
topography observed by the STM investigation is shown in figure 3.17. Trilobed struc-
tures, oriented along the (211) direction of Cu(111), appear among less ordered mobile
molecules and are stable on the surface after heating in the range from 400 to 550 K.
In the trilobed structures (figure 3.17b) elliptically shaped protrusions corresponding to
the lateral dimensions of tilted single molecules are discernible. Their separation along
the (211) Cu(111) direction is ~ 4.5-4.7 A, whereas that along the close-packed (110) is
~ 6 A, supporting that the trilobed structures consist of tilted molecules in a similar local
adsorption geometry to that in the zigzag phase (figure 3.14b).

Indeed the corresponding angular dependence of NEXAFS reveals an average tilt angle
of ~ 60° (figure 3.18). However it is striking that the doubly deprotonated uracil forms
close-packed structures, such as the ones of the trilobe. Intuitively, the formation of such
dense packing can be rationalized with charge transfer from the substrate metal. But
having a tilted uracil molecule means that both nitrogen atoms cannot be in close contact
with the metal surface. Hence most probably the electron charge is relocalized on the

uracil oxygen atoms, both of which can be in close contact with the surface.
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Figure 3.17: STM images of 1 ML of the trilobed structure (uracil on Cu(111) after heating to
500 K): a) overview (I; = 290pA, Uy = 29V)and b) detail (I; = 140pA, U; =
1.25V). The substrate high-symmetry axes are indicated in red.
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Figure 3.18: a) Experimental C K-edge NEXAFS data acquired at three angles of photon inci-
dence, 6, for the 1 ML coverage of uracil on Cu(111) formed at 320 K and postan-
nealed to 500 K, and respective fit analysis. b) Curve-fitting analysis of the photon
angle dependence of 7*resonances shown in a) to estimate the corresponding aver-
age molecule tilt angle, & ~ 60°.
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Figure 3.19: Three-dimensional representation of the electron density differences of a) a singly
and b) a doubly deprotonated uracil molecule on Cu(111) from the electron density
of the corresponding uracil radical and the pristine Cu(111) surface. Red and blue
regions indicate areas of gain and loss of electrons, respectively.

DFT Modeling'

In order to get deeper insight into the uracil surface chemical bonding and electronic
structure, DFT calculations of singly and doubly deprotonated single uracil molecules on
Cu(111) were performed. From these, the binding energies of the C 1s, N 1s, and O 1s
core levels were computed (Table 3.4). The good agreement obtained in the relative shifts
between experimentally measured and theoretically calculated core levels supports the
approximation of the ensemble of adsorbed uracil molecules with an isolated molecules
as well as the interpretation of the XPS data.

Figure 3.19 shows the corresponding fully relaxed adsorption geometries superim-
posed on the electron density differences between the adsorbed molecule on the Cu(111)
and the corresponding uracil radical and the pristine Cu(111) surface; for a one-dimensional
charge difference averaged along the surface plane see figure 3.20. As for the case of
uracil [105] and thymine [77] on Cu(110), the deprotonated uracil is coordinatively an-
chored upright along the Cu closed-packed direction in a tridentate configuration. The
smaller tilt angles derived by the NEXAFS analysis reported above originate presumably
from the intermolecular interactions in the self-assembled structures and/or because of
the coexistence of different local adsorption modes. The binding energies of these con-
figurations are given by Eping = —(Eyracil/cu — Euracit — Ecu), where “uracil” here refers
to the uracil radical, and are 3.433 and 4.438 eV for the singly and doubly deprotonated
molecules, respectively. The electron density differences of the adsorbed uracil from the

radical molecules (figure 3.19) in both cases exhibit significant charge redistribution upon

IThe DFT Modeling was performed by Ari P. Seitsonen. DFT calculation details are published in [129].
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Figure 3.20: One-dimensional representation of the electron charge difference averaged along
the surface plane of a) a singly and b) a doubly deprotonated uracil molecule on
Cu(111) from the electron density of the corresponding uracil radical and the pristine
Cu(111) surface. The positions of Cu, O, C, N, and H atoms are marked with brown,
red, light blue, dark blue, and gray circles, respectively. The y-axis shows distance
along the Cu (111) direction in A.
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Figure 3.21: Schematic overview of the overlayer structures formed by uracil on Cu(111) as a
function of coverage and annealing temperature.

adsorption, with a gain of electrons (red regions) and loss of them (blue) in several re-
gions. Moreover, the substrate atoms seem to gain negative charge in the d,, and d,,
orbitals when the molecule is adsorbed and lose from the d,. orbitals. The Bader analy-
sis gives a charge transfer of 0.6 electron to the molecules in the configuration shown in
figure 3.19a (deprotonated at N3) and 1.1 electrons in the configuration shown in figure
3.19b (deprotonated at both N1 and N3).

Such a scenario of electron charge shifting can actually help interpret earlier reflection
absorption infrared spectroscopy (RAIRS) results of thymine on Cu(110) [130], which
showed that the C=0 vibrational mode disappeared after annealing at 558 K, indicative
of the formation of strong bonds to surface atoms. The PhD study of the same system
revealed that thymine preserves its tridentate adsorption geometry upon annealing and
creates doubly deprotonated thymine molecules.[77] Moreover, PhD investigations of
both uracil and thymine on Cu(110) found the O-Cu distances to be comparable with
the typical O-Cu distances of acetate species on the same surface, further supporting the
formation of molecular bonds between O and Cu [77, 105].

3.2.3 Summary and conclusion

A detailed study of the first molecular layer of uracil on close-packed noble metal sur-
faces was performed, using state-of-the-art STM, synchrotron XPS, and NEXAFS coupled
with DFT, which provides a deep understanding of these systems. On Ag(111) uracil ad-
sorbs almost flat, intact, and forms a densely packed hydrogen-bonded network with
poor long-range order. This is contrasted by the behavior on Cu(111), where uracil de-
protonates at the N3 site upon adsorption at room temperature. Two different phases are
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revealed depending on the local density of uracil. A tiare phase, which prevails at low
coverages where the presence of bare Cu patches facilitate molecular diffusion, consists
of flat-lying monomers, thus maximizing the interaction of the 7 orbitals of the molecule
with the metal surface. As the coverage increases, the molecule tilts with respect to the
surface with an average tilt angle of ~65°, accommodating a more dense layer in con-
tact with the Cu surface. By heating the saturated monolayer uracil film on Cu(111) to
500 K, also the N1 atom deprotonates, and a new type of trilobed nanostructure forms. A
schematic overview of the overlayer structures found is depicted in figure 3.21.

Similarly to the different behavior of methionine on Ag(111) [46] and on Cu(111) [45],
the importance of the subtle increase in substrate reactivity in tailoring the resulting
nanoarchitectures was demonstrated. Among the phases formed, a tiare phase forming
chiral nanocages was observed, which additionally feature reactive sites in their inner
periphery, thus making this phase suitable for exploitation as a molecular recognition
template. Finally, the gradual deprotonation of the uracil nitrogen atoms and the oc-
curring charge redistribution within the molecule was addressed, providing a coherent
description of the uracil interaction with the metal surface. These chemical transforma-
tions are of relevance in the biological environments, tuning the interaction selectivity of
particular sites of uracil.
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3.3 Orotic acid on Ag(111) and Cu(111): Self-assembly and
chemical behavior

Orotic acid, also known as 6-carboxyuracil (figure 3.22) is an important derivative of the
RNA base uracil, addressed previously in section 3.2. It is a basic educt for the forma-
tion of uridine monophosphate, the most important intermediate in the de-novo synthesis
pathway, i.e. the synthesis from simple molecules such as sugars or amino acids, of
pyrimidine nucleobases such as thymine, uracil and cytosine [131]. Similarly to other
pyrimidine bases, it undergoes a lactim-lactam tautomerization with the lactam form
(shown in figure 3.22b) being the energetically favored and hence the most commonly
occurring one. However it has been shown that by the interaction of these functionalities
with solid surfaces the preferential molecular configuration can differ from the lactam
tautomer. For example an experimental study revealed that uracil adsorbs in its lactim
form on the Si(100)-2 x 1 [104], whereas a DFT study of uracil on Au(100) [110] shows the
enol with N3 deprotonated and O7 protonated (for labeling of the uracil atoms, see figure
3.9) as the most stable surface tautomer. Besides the different tautomer forms, orotic acid
exists in two rotameric conformations resulting from the rotation of the carboxy group
where the anti-conformation is slightly more stable [132]. On the surface, the carboxy
group’s proton is expected to transform freely from one oxygen to the other leading to
unhindered transformations between the syn- and the anti-conformation [133, 134]. In
combination with the molecules prochirality this results in four different conformations
for each tautomer when adsorbed on the surface (figure 3.23). The rich array of possible
chemical and structural conformations outlined above renders orotic acid a promising
candidate for biofunctionalization and biological surface reactions as well as to deepen
the understanding of hydrogen bonded networks of biomolecules. Biofunctionalization
of well-defined surfaces has attracted attention in recent years because of their use in
biocompatible surfaces [5, 135, 136], biomimetic engineering [137] as well as selective
metallization templates [138]. Therefore, specific chemical reactions of surface anchored
molecules came into focus, as they allow distinct tailoring of the surface chemical prop-
erties [139-141]. Despite the multitude of studies that have focused on the adsorption
behavior and reactivity of many amino acids (e.g. [13, 44-46, 71, 93, 142, 143] and section
3.1) as building blocks of proteins and of DNA /RNA nucleobases (e.g. [113, 129, 144] and
section 3.2), their precursor molecules or derivatives present a relatively unexplored play-
ground. Moreover, the investigation of hydrogen bonded networks and the understand-
ing of the influence of substituents is crucial for gaining knowledge of the intermolecular
interactions which control and tailor biomimetic bottom-up nanoarchitectures, as hydro-

gen bonds and hydrogen transfer are primary for biological self-assembly processes and
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evolution [145].

The present work of orotic acid on coinage metal surfaces is an extension of the study
on the adsorption and self-assembly of uracil (section, 3.2) and thymine [144]. The car-
boxy group differentiating orotic acid from uracil could partly prohibit the intermolecu-
lar interactions due to steric hindrance but simultaneously represents another functional
group which is able to contribute in the formation of hydrogen bonds or metal coordi-
nation. A previous study has examined the effect of having an additional methyl group
on uracil by looking into the DNA base thymine (5-methyluracil) on Cu(111) [144] where
STM data showed only disordered patches at ~ 80 K, while uracil forms extended, peri-

odic two dimensional structures at equal conditions [103].

b)
OH

X P
. HN” “NH N7 SN
& )\/k )I\/k
o) COOH HO COOH

10 lactam lactim

Figure 3.22: Orotic acid: a) Ball-and-stick model of orotic acid showing the labels of the con-
stituent atoms and b) structural formulas showing the most common lactam and
lactim tautomers.

The here presented comparative study focuses on the self-assembled structures and
the chemical behavior as a function of heat treatment and coverage of orotic acid on the
hexagonal Ag(111) and Cu(111) surfaces. Strong intermolecular interactions allow the
formation of two coexisting structures on the silver surface, comprised of molecules in
the lactam form. In contrast, the chemical state of the molecules on the copper substrate
is strongly dependent on the temperature and the packing density. The STM investiga-
tion reveals a single transient periodic structure within a “sea” of diffusing monomers at
room temperature at a given coverage. Freezing the molecular motion at 210 K shows
molecular islands which lack identifiable periodic motifs. The comparison with uracil
(section 3.2) studied under equal conditions gives insight in the influence of the carboxy
substituent on self-assembly and chemical reactivity.
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o-anti o-syn

a 2

A .

d-anti d-syn

Figure 3.23: Orotic acid featuring four different planar adsorption geometries. The « and ¢ con-
formation refers to the two faces of the prochiral orotic acid molecule, syn and anti
refers to the different rotamer conformations resulting from rotation of the carboxy
substituent.
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Figure 3.24: STM images and molecular model of orotic acid adsorbed on Ag(111). a) Molecular

64

resolution of the close-packed phase. The structure’s unit cell and the Ag(111) high
symmetry axes are shown in blue and red, respectively. Arrows indicate molecules
with lower apparent height. (I; = 110pA, U; = 0.13V). b) Different area of the
close packed phase where a part of the molecular ensemble has lower apparent
height. (I; = 110pA, U; = 0.58V). A molecular model consisting solely of a-anti
molecules is superimposed onto the STM images, with the intermolecular interac-
tion motifs highlighted in green. A different molecular model comprising “flipped”
molecules in J-anti conformation is framed in red and accounts for the deviation
from the dimer-phase. c) Molecular model of the area highlighted in color in a), the
single dimer is indicated in blue in a) and c). d) Magnification of the area framed in
red in b). Dotted lines indicate the intermolecular hydrogen bonds in c) and d).



3.3 Orotic acid on Ag(111) and Cu(111): Self-assembly and chemical behavior
3.3.1 Orotic acid on Ag(111)
STM:

Focusing on the investigation of the intermolecular interaction of orotic acid molecules
adsorbed on a metal surface, the chemical chemical inert and close packed Ag(111) sur-
face is the substrate of choice as it is allowing the diffusion of adsorbates which facilitates
the self-assembly and does not thermally activate the molecular adsorbate’s moieties at
room temperature (section 3.2.1). STM imaging revealed two different phases forming at
room temperature and after annealing to temperatures up to 370 K independent of the
surface coverage. The molecules assemble into islands which nucleate at the step edges.
A minority phase with a nanoporous paddle wheel structure (described below) and a ma-
jority phase consisting of rows of molecular dimers close packed into two dimensional
islands (referred to as “close-packed phase” hereafter). The dimer rows run along the
(121) directions. The close packed phase is characterized by a rhomboidal unit cell with
1 =81+05A,b=137+04A and an angle of « = 95° between them (figure 3.24a). It
incorporates two molecules which have intermolecular separations consistent with flat-
lying hydrogen bonded molecules. This close-packed structure shows a distinct similar-
ity to the dense packed structure observed for uracil adsorbed on the Ag(111) substrate
(see subsection 3.2.1 and figure 3.10). It is possible to fit a molecular model consisting of
dimers from two molecules in a-anti conformation, whose bonding scheme is analogous
to the most stable dimers of thymine and uracil calculated by DFT [111] (figure 3.24c),
with the formation of two N3-H- - -:O10 hydrogen bonds. The N3/010 binding site was
also shown to form the most stable hydrogen bonds with a water molecule [146]. The
bond length between the N and O atoms involved in this hydrogen bond is measured to
be ~ 2.8 A from the molecular models superimposed into the STM data and is consis-
tent with the reported values of the uracil and thymine dimers [111]. The dimers extend
into rows by N-H: - -O and O-H- - -O hydrogen bonds. Occasionally, the structure shows
single molecules with a lower apparent height by 0.26 A with respect to the surrounding
molecules (indicated by red arrows in figure 3.24a). These can most likely be attributed
to either defects in the chemical structure of the molecule or to structural defects, e.g. the
carboxylic moiety in a syn conformation or the presence of the both surface enantiomers
« and ¢ (figure 3.23) amplified by tunneling through an asymmetric tip [147]. Some of
the islands have larger areas with lower apparent height (figure 3.24b) featuring a unit
cell with similar shape but mirrored with respect to a. A careful analysis of these ar-
eas reveals an apparent height decrease of 0.5 A with respect to the molecules appearing
brighter and molecular distances which are uniformly increased by 4 %. Despite discrim-

ination between two different surface enantiomers (figure 3.23) due to an asymmetric tip,
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the lower apparent height in these areas can also be explained by a decreased electronic
interaction between neighboring molecules. While the brighter regions can be well fitted
with the model explained above, it is not possible to fit the areas appearing darker with
a similar model comprising molecules in § conformation. Instead, the molecular model
which can be best fitted here involves fewer and weaker hydrogen bonds (highlighted in
green in figure 3.24b), namely C5-H- - -:O8 and O11-H- - -O10 interactions.

A nanoporous paddle wheel phase can be observed additionally to the close-packed
phase on the silver substrate, representing a minority phase characterized by a 7(1/3 x
v/3)R30° unit cell (figure 3.25a). The structure can be described as paddle wheels consist-
ing of a ring of six molecules (highlighted in blue in figure 3.25¢-d), each of the molecules
connected to a molecular dimer (“paddle”, highlighted in orange in figure 3.25c-d) in
close proximity to the dimer paddle of a neighboring wheel. The slight rotation of the
axis connecting the two molecules of the dimer with respect to the normal of the unit
cell axes results in the chiral arrangement of the paddles leading to the formation of ex-
tended domains of (S)-paddle wheels (figure 3.25¢c) or (R)-paddle wheels (figure 3.25d).
The paddle wheel phase can be modeled (figure 3.25b and e) by a ring of six molecules
linked by a head-to-tail N1-H- - -O10 hydrogen bonds and six paddles, consisting of a
dimers linked by a similar hydrogen bond. The dimers in the paddles are connected to
the inner ring by an interaction of the ring’s N3 and the paddle’s carboxylic oxygen O10.
The here employed dimer binding motif is stabilized by two N-H- - -O hydrogen bonds
but differs from the one shown for the close packed phase (figure 3.24c), as the aforemen-
tioned does not fit the smaller intermolecular distances between two dimers due to the
steric hindrance of the carboxylic group. This structure which is not comprised solely of
dimers demonstrates the point made earlier in section 3.2.1, that for a molecule with sev-
eral functional groups able to form hydrogen bonds, the self-assembly is not solely driven
by the stability of the dimers but additional interaction with neighboring molecules need
to be taken into account. The cavity in the center of the six-membered ring is occasionally
filled by an additional trapped molecule as exemplified in figure 3.25d.

X-ray spectroscopy:

In order to get insight into the chemical state of orotic acid in contact with the silver
substrate and to verify the suggested models, XPS measurements were performed, while
angle resolved NEXAFS spectroscopy revealed the orientation of the molecule with re-
spect to the underlying substrate. The C 1s spectrum of a high submonolayer coverage
(~ 0.8 ML) of orotic acid on Ag(111) can be clearly fitted with five signals of approxi-
mately equal intensities (figure 3.26a, middle), attributed with decreasing binding energy
to the carbon atoms C2 and C9, C6, C4 and C5 (for binding energy and peak assignment
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Figure 3.25: STM micrographs showing the “paddle-wheel” structures of orotic acid on Ag(111).
a) Paddle wheel structure featuring a hexagonal unit cell (I; = 130pA, U; = 1.25V).
The high symmetry directions of the Ag(111) substrate and the overlayer unit cell
are indicated in red and blue, respectively. b) Molecular model for a single paddle
wheel (I; = 120pA, U; = 1.25V). c-d) Visualization of the chirality of the paddle
wheels, featuring c) an (S)-paddle wheel (I; = 120pA, U; = 1.25V) and d) an (R)-
paddle wheel. (I; = 130 pA, U; = 1.25V). e) Magnification of the molecular model
fitting the paddle wheel structure.
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Figure 3.26: Orotic acid XP spectra corresponding to a multilayer of orotic acid (top) and a high
submonolayer coverage (~ 0.8 ML) on Ag(111) (middle) and on Cu(111) (bottom)
for the a) C 1s, b) N 1s and c) O 1s core levels.

assignment multilayer on Ag(111) on Cu(111)
binding binding binding

energy energy energy
(eV) (eV) (eV)
C2 290.2 290.0 290.0
C4 287.6 287.4 287.4
C5 285.6 285.5 285.4
Cé6 289.3 289.2 289.0
C9 290.2 290.0 290.0

Table 3.5: Peak assignment of the C 1s spectrum of an orotic acid multilayer and a high submono-
layer coverage adsorbed on the Ag(111) and Cu(111) surface.
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Figure 3.27: a) NEXAFS carbon K-edge spectra, recorded at three angles of photon incidence 6.
b) Structural formula of orotic acid color coding the carbon atoms giving rise to the
7T* transition resonances indicated by the same color in a) and d). c) Side view of
a space filling orotic acid model on the Ag(111) surface illustrating of the average
molecular orientation deduced by d) the curve fitting analysis of the intensities of
the 7r* resonances (circles) as a function of photon incidence angle.

of the C 1s core level spectra, see table 3.5). This values are in good agreement with the
binding energies found for uracil on Ag(111) and for the carboxy group of L-cysteine on
Ag(111) (subsections 3.1.2 and 3.2.1). Based on the N 1s spectra, which shows a single
peak at 401.0 eV attributed to protonated nitrogen, and the O 1s spectra, featuring two
signals at 532.2 eV and 533.8 eV attributed to the oxygen signals of the carbonyl and the
hydroxy groups, respectively, it is deduced that the adsorbed molecule is intact and in
its lactam form. All signals appear at lower binding energies, compared to the signals of
the physisorbed molecules in the multilayer (figure 3.26a, top): the carbon signals shift
by -0.1 to -0.2 eV while the oxygen and nitrogen signals shift by -0.4 and -0.3 eV, respec-
tively. These shifts result from the multilayer to monolayer transition due to the higher
hole screening by the metal substrate [115]. Annealing up to 370 K as well as reducing the
surface coverage to ~ 0.7 ML did not lead to a change in the XPS and NEXAFS (discussed

below) results.

NEXAFS measurements of the carbon K-edge were taken at three angles of photon in-
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peaks energy (eV) assignment
A 284.3 Cls— m* (C5)
B 285.9 Cls — * (C4)
B’ 286.2 Cls — * (C4)
C 288.2 Cls — *(C2)
D 289.5 Cls — m* (C6)
D’ 290.0 Cls — * (Co6)
E 291.8 Cls — * (C9)
F 294.2 Cls— o*
G 302.4 Cls— o*
H 307.0 Cls— o¢*

Table 3.6: Peak assignments for the C K-edge NEXAFS of ~ 0.8 ML orotic acid on Ag(111) [116,
129].

cidence 6 (figure 3.27a). The spectra show five sharp signals A, B, C, D and E, attributed
to the C 1s to 7t* transitions. The asymmetry of peaks B and D, represented by the addi-
tional peaks B” and D’ result from transitions to the higher lying LUMO+1 and LUMO+2
transitions [116]. The highly asymmetric and broad signals above the adsorption edge
(dotted line in figure 3.27) F, G and H result from C 1s to c*transitions. A detailed peak
assignment is shown in table 3.6. The curve fitting analysis of the spectra’s angular de-
pendence reveals an average tilt angle of the molecular plane with respect to the surface
plane of 20+10°. As NEXAFS spectroscopy is a space averaging technique, the deduced
tilt angle must be understood as having contributions from the adsorption geometries of
all molecules. A plausible explanation is that the molecules are slightly deformed result-
ing in a small tilt angle with respect to the surface. A similar tilt angle was recently found
by DFT calculations for individual uracil molecules adsorbed on Au(100) [110]. Taking
into account, that STM images reveal smaller disordered areas besides the close packed
and the paddle wheel phase, one could also consider completely flat lying molecules
forming the ordered phases and a smaller fraction of strongly tilted molecules forming
disordered patches. Both scenarios are plausible regarding the fact, that STM resolution
does not discriminate between these adsorption scenarios.

The presented data from STM, XPS and NEXAFS measurements provide a conclusive
view on the self-assembly behavior of orotic acid on Ag(111). The comparison with uracil
on Ag(111) studied under equivalent conditions, reveals many similarities but also inter-
esting differences. As for uracil, a close packed structure nucleating at the step edges
of the substrate could be observed on the surface. It comprises flat lying and intact
molecules in contrary to the behavior of the molecule on the copper substrate discussed

below. Additionally a more open second phase (the minority nanoporous paddle-wheel
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Figure 3.28: STM micrograph of the transient arabesque structure formed by orotic acid ad-
sorbed on Cu(111) at room temperature (I; = 110pA, U; = 0.74V), with its unit
cell indicated in blue and the Cu(111) high symmetry directions shown in red.

structure) could be found by the STM investigations. The nanoporous paddle-wheel
structure has no analogue to the assemblies of uracil on Ag(111) and therefore is at-
tributed to the influence of the additional carboxy group.

3.3.2 Orotic acid on Cu(111)
STM:

Changing the substrate to the more reactive Cu(111) surface results in STM images which
exhibit an entirely different scenario of the orotic acid self-assembly. Investigations of
coverages approximately between 0.5-0.8 ML and scanning temperatures of 190-300 K
reveal a single periodic structure observed for ~ 0.8 ML at ~ 300 K. STM images of sam-
ples featuring coverages below 0.5 ML and/or being annealed up to 480 K showed only
fuzzy stripes which indicate diffusing molecules. The transient “arabesque” structure
shows up as small islands with undefined island borders and a lifetime of few minutes
at 300 K, surrounded by diffusing molecules appearing as fuzzy stripes. This structure,
which can be describe with a hexagonal 8(1/3 x 1/3) unit cell, is observed ~ 0.5 h after
molecular deposition and is not detectable after approximately 3 h. The STM images
show a convolution of submolecular features, rendering impossible their unambiguous

disentanglement to molecular topographic features and hence to molecular modeling of
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Figure 3.29: Temperature dependence of the orotic acid’s chemical state and orientation on
Cu(111). a) C 1s, b) N 1s and c) O 1s core level spectra after deposition at room
temperature (top), after annealing to 370 K (middle) and 460 K (bottom). d) NEX-
AFS carbon K-edge spectra acquired at three different angles of photon incidence, 0,
after deposition at room temperature (left) and after annealing the sample to 400 K
(right).

this structure.

X-ray spectroscopy:

Figure 3.26 (bottom) summarizes the XP core level spectra for a high submonolayer cov-
erage of approximately 0.8 ML of orotic acid as deposited at room temperature in contact
with the close packed copper substrate. The C 1s core level spectrum (figure 3.26a, bot-
tom) is similar to the C 1s spectrum for the full monolayer adsorbed on the silver surface.
Small shifts of + 0.1-0.2 eV (Table 3.5) with respect to the C 1s spectrum of orotic acid
on Ag(111) indicate small differences in the interaction with the underlying substrate.
The N 1s spectrum (figure 3.26b, bottom) shows a dominant signal at a binding energy
of 401.2 eV attributed to the protonated nitrogen atoms of the pyrimidine ring, and a
small peak at a binding energy of 399.1 eV assigned to deprotonated nitrogen atoms (-
N7). The two signals of the O 1s region (figure 3.26¢, bottom) representing the carbonylic
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assignment dep.atRT ann.at370K ann. at460 K

Eg(eV) Eg(eV) Eg(eV)
C2 287.4 288.8 287.7
C4 290.0 287.0 285.8
C5 285.4 285.1 284.3
Cé6 289.0 288.1 287.1
9 290.0 289.8 288.4
-NH 401.2 401.0 401.0
-N— 399.1 399.2 398.9
-C-OH 534.2 534.2 -
-C=0 532.4 532.3 -
-CO™ + - 531.6 531.5
-COO~
04 - 535.3 -

Table 3.7: Peak assignment of the C 1s, N 1s and the O 1s core level spectra for the as deposited
layer and the sample annealed at 370 K and 460 K

(-C=0) and hydroxylic (-C-OH) oxygens shift by +0.2 eV and +0.4 eV with respect to the
signals of orotic acid adsorbed on Ag(111) to binding energies of 532.4 eV and 534.2 eV,
respectively. This behavior is somewhat surprising, as at 300 K the carboxy group has
been reported to deprotonate to carboxylate upon contact with the copper surface [148-
150] and uracil undergoes complete deprotonation of the N3 atom (cf. figure 3.9) upon
room temperature deposition (subsection 3.2.2). Annealing the sample to 370 K (figure
3.29a-c, middle, table 3.7 summarizes the binding energies of the peaks shown in figure
3.29) results in an increase of the signal corresponding to deprotonated nitrogens while
concomitantly the O 1s spectrum shows a new signal at a binding energy of 531.6 eV.
As the signal assigned to the carboxy-related carbon in the C 1s spectrum shifts (figure
3.29a, middle) by only 0.2 eV, it is assumed, that a significant part of the carboxy groups
stay protonated. A fourth peak (O4) arises at an unusual high binding energy of 535.3 eV,
which is explained with a state involving orotic acid oxygen with a high positive par-
tial charge, as common UHV chamber contaminants such as water or carbon monoxide,
which often account for signals in this range of binding energies, would desorb from the
Cu(111) surface well below 370 K [151, 152]. As the annealing to 370 K affects more the
C2 and C6 core levels than the C4 it is postulated that there is a preferential deproto-
nation of the N1 position at 370 K, as it was observed for uracil. Further annealing of
the sample to a temperature of 460 K leads to an almost complete deprotonation of all
functional groups (figure 3.29a-c, bottom and table 3.7) including the carboxy group and
a strong interaction with the copper surface via the oxygen atoms as supposed by the

remarkable shifts of all C 1s signals. A small signal at 290.0 eV accounts for contributions
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Figure 3.30: XP spectra of the a) N 1s and b) O 1s region, showing the chemical state of as-
deposited orotic acid on Cu(111) at room temperature for a coverage of ~ 0.8 mono-
layer (top) and a coverage of 0.3 monolayer (bottom) .

assignment 0.8 ML 0.3 ML

Eg (eV) Eg(eV)
-NH 401.2 400.8
-N~— 399.1 399.2
-C-OH 534.2 534.0
-C=0 532.4 532.3
-CO™+ - 531.6

-COO™

04 - 535.4

Table 3.8: Peak assignment of the N 1s and the O 1s core level spectra for the as deposited layer
at coverages of 0.8 and 0.3 monolayers.

of a residue of partly protonated orotic acid species. The disappearance of the carbonyl
signal indicates significant charge redistribution within the ring with a relocalization of
the charge at the O7 an O8 positions and a complete deprotonation of the carboxy group.
In contrary to the existence of the almost intact molecules upon deposition, the temper-
ature dependent deprotonation of the aminic nitrogens is comparable with the behavior
of uracil on Cu(111) (subsection 3.2.2). The analysis of the NEXAFS C K-edge spectra
angular dependence reveals, that concurrently to the deprotonation, the average orienta-
tion of the molecules with respect to the surface changes significantly. While the spectra
of the as-deposited layer at room temperature reveals little dependence on the photon
incidence angle, thus indicating an average molecular tilt angle of ~ 50° with respect
to the surface, the molecular plane is oriented nearly parallel to the surface plane after
annealing the sample to 400 K (figure 3.29c¢).
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3.4 Summary and conclusion

The comparison of the XPS data corresponding to a high submonolayer coverage with
the one for a smaller coverage of ~ 0.3 ML reveals similarities with the annealing se-
ries in terms of deprotonation of the molecules. Besides the peak at a binding energy
of 400.8 eV representing the protonated nitrogen atoms, the N 1s spectrum of a ~ 0.3
monolayer coverage of orotic acid on Cu(111) (figure 3.30a, bottom) shows a significant
signal at a binding energy of 399.2 eV, which corresponds to the amount of the molecules
with deprotonated aminic groups upon deposition at lower coverages. This conclusion
is supported by the XPS data of the O 1s region (figure 3.30b, bottom), which shows, be-
sides the signals attributed to carbonyl and hydroxy groups, a significant contribution of
the signal at a binding energy of 531.6 eV indicating that a considerable number of car-
boxy units is deprotonated as well. Similar to the annealed (370 K) sample featuring the
full monolayer, also the aforementioned O4 species at high binding energies (535.4 eV)
is present under these preparation conditions, leading to the conclusion, that annealing
as well as reducing of the coverage leads to the same chemical changes of orotic acid
on Cu(111). These results indicate, that deprotonation is dependent on the time after
molecular deposition and can be accelerated by heat treatment. High coverages protect
the molecules from immediate deprotonation. Taking into account the time frame within
which the arabesque structure is observed, this structure might be the result of a specific
ratio of differently protonated molecular species.

3.4 Summary and conclusion

By combining STM measurements with the X-ray spectroscopy techniques XPS and NEX-
AFS, the adsorption behavior and self-assembly of orotic acid as well as the correlation
between temperature and coverage and the chemical state could be shown. On the close
packed silver surface, we can find two different, long range ordered assemblies formed
by intact, flat lying orotic acid units in the lactam form. The structural arrangement as
well as the molecular chemical state and the orientation with respect to the silver surface
show no dependence on temperature or coverage. Apparently, the molecular dimer illus-
trates a particularly stable configuration, as both structures include, at least partly, orotic
acid dimers. The chiral and nanoporous minority paddle wheel phase additionally has
the ability to trap molecules in the central cavities formed by the six-membered ring of
molecules. Comparing the results with the self-assembly of uracil on Ag(111), the addi-
tional carboxy group differentiating the orotic acid from uracil seems to have a significant
effect on the intermolecular interactions which drive the self-assembled structures.

On Cu(111) only a single periodic structure (“arabesque” phase) can be found by STM
investigations at 190-300 K for coverages corresponding to approximately 0.5-0.8 ML.

75



3 Results

XPS and NEXAFS measurements show, that a monolayer of orotic acid adsorbs mostly
intact and considerably tilted with respect to the surface. Temperature treatment trig-
gers gradual deprotonation of all functional units, including the carboxy group and a
charge redistribution within the molecular ring. At the same time, the molecules tilt
from an upstanding orientation to a flat-lying one. Reduction of the initial coverage re-
sults in deprotonation of a significant percentage of both amino an carboxy groups at
room temperature, showing a similar chemical state of orotic acid molecules as a high
submonolayer coverage after annealing the sample to 370 K. These results indicate, that
deprotonation of the functional units takes place in a time frame of minutes to hours
and is accelerated by heat treatment, while a high packing density protects the functional
units from immediate deprotonation or kinetically hinders the deprotonation process.
Assuming so, the arabesque structure can be attributed to a molecular structure resulting
from the periodic arrangement of a specific ratio of coexisting molecular species. On the
copper substrate, the carboxy substituent presumably interferes with the formation of an
ordered overlayer and its presence is also shown to protect the pyrimidine amino group
at high packing densities.

These results show the significant effect of the additional carboxy substituent of the
uracil derivative orotic acid on the surface-confined self-assembly and even chemical be-
havior, furthering prospects of distinct tailoring of biofunctionalized surfaces by sub-
stituents.
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3.5 Bisphenol A on Ag(111) and Cu(111): Self-assembly and
stepwise thermal deprotonation

Bisphenol A (BPA, systematic name: 4,4’-(propane-2,2-diyl)diphenol, figure 3.31) is a
chemical commonly employed as a monomer in polymerization reactions, e.g. for the
production of polycarbonates widely used in products such as optical media, lenses and
bottles. The high exposure of humans due to its use in plastics for food and beverage
packaging has brought this chemical into the public eye. It has been shown to have hor-
monal activity and as an artificial estrogen it is linked to infertility [153] and other health
hazards [154]. Additionally, BPA is under suspicion of modifying DNA methylation pro-
cesses [25, 155], a natural procedure to activate and silence certain genes which are play-
ing a pronounced role in DNA error correction. In nature DNA methylation is performed
by methyl-transferase proteins but environmental influences such as chemicals have also
been reported to trigger or suppress the methylation processes and thus altering the so
called epigenetic code. Recent studies show that BPA causes DNA hypomethylation
[25, 155], however at present there is a lack of a mechanistic insight of the molecular
events and the role of the BPA functional moieties in this process. A first step towards
understanding these processes is a detailed understanding of the molecule’s reactivity in
a well-defined environment as for example provided by a metal single crystal substrate
under ultra high vacuum (UHV) conditions. Previous studies of molecules with biologi-
cal relevance adsorbed on metal surfaces have shown that the intermolecular interactions
are very sensitive to changes in the chemical state of the molecules and are manifested by
metamorphoses of the molecular self-assembly ([45, 52, 58], see also section 3.1, 3.2 and
3.3). Insight in the reactivity of a molecule’s functional groups and the activation certain
reactive groups in a precise manner determines very delicate intermolecular interactions
which in turn enable certain reaction outcomes. In this context, the stable functionaliza-
tion of a surface with bisphenol A molecules might offer a way for precisely triggering
methylation and demethylation processes of DNA bases and their derivatives. Hitherto
the studies of the BPA reactivity have focused on the biological (e.g. [25, 155]), chemical
[156, 157] and technological [158-161] properties of BPA as a polymerization monomer
and the widespread related polymer BPA polycarbonate.

Here, a comprehensive study on the temperature dependent self-assembly and chem-
ical behavior of bisphenol A adsorbed on Ag(111) and Cu(111) is presented. The silver
substrate was chosen due to its weak reactivity towards several organic compounds (see
sections 3.2.1 and 3.3.1) including phenol moieties (e.g. [46, 162]). In the temperature
range from 180 K to 250 K two different coexisting structures composed of the same

molecular dimer were observed. Increasing the sample temperature to 250-340 K, an
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Figure 3.31: Bisphenol A (BPA): a) Molecular structure and b) possible adsorption conformation
of the BPA molecule on the surface

additional third structure, consisting of trimers, showed up, the phase transition being
reversible.

The copper substrate, which is offering a well-defined atomically flat surface was used
as a catalytically active substrate with the ability to anchor molecules on the surface and
thus allowing the formation of high temperature phases. With STM, five distinct molec-
ular assemblies with irreversible transformations as a function of the sample annealing
temperature were observed. High resolution XPS measurements were employed to shed
light to the chemical state of the molecules and to correlate the stability of the hydroxy
groups to the STM observations. Angle resolved NEXAFS provided information con-
cerning the orientation of the molecules’” aromatic rings towards the surface and, based

on these informations, a molecular model for each overlayer structure is proposed

3.5.1 BPA on Ag(111):
STM:

STM investigations of bisphenol A on the Ag(111) surface revealed three different BPA
polymorphs of two dimensional crystallization. In a temperature range of 180 K to 250 K
(from now on referred to as “dimeric region”), two different structures composed of
molecular dimers can be found on the surface (figure 3.32), whereas at sample temper-
atures between 250 K and 340 K (“trimeric region”) an additional third structure (figure
3.33) consisting of trimer units is observed. This structure is coexistent with the dimeric
structures but for temperatures above 300 K representing the majority of the molecular
lattice. The thermal formation of the trimeric structure is reversible, that is, cooling down
a sample below 250 K leads to a dissolution of the trimeric structure leaving only the
dimeric structures on the surface. Further annealing of the sample to 340 K and above
results in the desorption of the molecules.

Both dimeric structures comprise the same molecular dimer with an intermolecular
spacing of d; = 7.5+ 0.7 A which are tilted by =+ 23.5° with respect to the substrates (110)
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Figure 3.32: STM images and superimposed molecular models of the two different dimeric struc-
tures of BPA on Ag(111). a) Arrangement consisting of dimers with two different
tilt angles (indicated in blue) and a hexagonal unit cell (tilted dimer arrangement,
Iy = 130pA, Uy = 1.25V, Tsgppre = 190K) and b) dimeric arrangement comprising
dimers with the same tilt angle and a rhomboidal unit cell (staggered dimer arrange-
ment, Iy = 120pA, U; =125V, Tsampie = 190 K). The unit cells are indicated in blue,

the Ag(111) high symmetry directions are indicated in red in a).
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Figure 3.33: STM micrographs of the BPA trimeric structure on Ag(111): a) Trimeric structure at
260 K (It = 140 pA, U; = 1.25V) with the static trimers highlighted in blue and the
immobilized, trapped trimer highlighted in green. The Ag(111) high symmetry axes
are indicated in red. b) Trimeric structure at 290 K (I} = 130pA, U; = 1.25V) with
the trapped trimer rotating. The unit cell is shown in blue, the molecular spacing
of the trimer #; in black. A molecular model is superimposed to the STM image.
¢) Magnification of the molecular model of a single trimer. d) STM image of both
structures coexisting at 250 K: the trimeric structure is highlighted in orange and the
staggered dimeric arrangement is highlighted in blue (I; = 140 pA, U; = 1.25V).

directions, resulting in 6 different orientations of the dimer with respect to the underly-
ing substrate. The first structure consists of dimers featuring two different orientations,
forming an angle of 47° between them (“tilted dimeric arrangement”, figure 3.32a). The
resulting hexagonal unit cell has a side length of 2.64 &= 0.09 nm and is tilted by 27° with
respect to the substrate’s high symmetry directions. The second structure consists of
dimers all of which are aligned in the same direction and have a staggered arrangement.
It is characterized by a rhomboidal unit cell with a2 = 4.38 + 0.20nm, b = 1.26 + 0.06 nm
and an angle of 33° between them, b running along the the Ag(111) high symmetry direc-

tions.

Increasing the sample temperature to temperatures between 250 K and 340 K results in
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the appearance of the third structure comprising trimeric units. Six trimers are forming
a cavity with an additional trapped species (figure 3.33). In a temperature range of ap-
proximately 250-260 K, the trapped species is nearly immobilized and can be identified
to consist of another BPA trimer (figure 3.33a). At room temperature it appears fuzzy
and doughnut-shaped (figure 3.33b), indicating rotational movement constrained by the
trimers forming the cavity. The structure can be characterized by a hexagonal unit cell
with a side length of 2.88 4 0.1 nm, the axis of the unit cell is tilted by 18° with respect
to the silver (110) directions. The stable trimers are characterized by an intermolecular
spacing of t; = 8.0 + 1.1 A, the sides of the trimer being approximately aligned along the
Ag(111) high symmetry axes. The diameter of the rotating unit was measured to be ap-
proximately 1.2 &= 0.2 nm, a value which matches a rotating trimer. The spacing between
individual trimers is significantly larger than the spacing of the trimer ¢, the distance
x (see figure 3.33b) has been measured to be 1.4 &= 0.2 nm. Together with the existence
of the rotating trimers this might indicate that the static trimers are rather stabilized by
marked interaction with the surface, e.g. as a result of preferred adsorption sites, than by
long range attractive interactions between neighboring trimers.

X-ray spectroscopy:

In order to get information regarding the chemical state and orientation of the molecules,
XPS and NEXAFS measurements were performed. The O 1s spectrum (figure 3.34) of
BPA adsorbed on Ag(111) at 300 K and cooled down to 130 K shows one prominent
peak at a binding energy of 533.6 eV, attributed to the oxygen of an intact hydroxy group
[46]. Warming the sample again to 300 K leads to a shift of the hydroxy-related signal of -
0.5 eV to a binding energy of 533.1 eV and the appearance of a second, smaller signal with
a binding energy of 530.6 eV and a relative intensity of 18 %, which was assigned to the
oxygen of a deprotonated hydroxy group. The shift in the main signal is explained with
differences in the local chemical environment of the oxygen atoms, for example a change
of conformation and orientation with respect to the surface, of the BPA molecules assem-
bling into the trimeric structure, which is predominant at this temperature. The partial
deprotonation of the phenols” hydroxy groups cannot be reversible and is attributed to a
surface side reaction not manifested in the reversible BPA polymorphism observed and
therefore not addressed in the subsequent structural models proposed.

Angle-resolved NEXAFS spectra (figure 3.35a) are virtually indistinguishable for both
temperature regimes. Curve fitting analysis (figure 3.35b) reveals an average tilt angle
of the phenol rings of 40° £ 10° with respect to the surface plane. As the absorption
energy of the two phenol rings are superimposed to the same signal, the deduced tilt
angle must be considered as having contributions from both rings. This allows a broad
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Figure 3.34: High-resolution X-ray photoelectron spectra of the O 1s core level corresponding to
the dimeric region (top) and trimeric region (bottom) of BPA adsorbed on Ag(111).

variety of different molecular conformations with tilt angles of the individual phenol
groups ranging to combinations of 0° and 80° to 40° and 40°.

Modeling:

The information gained from the STM and X-ray spectroscopy investigation allows the
proposal of a molecular model. Neglecting the deprotonated side product, an intact,
i.e. fully protonated, BPA molecule forms the basis for all proposed models. Taking
the average tilt angle of 40°+10° into account, there are two plausible orientations of
the molecule with respect to the surface. One option is a “L-shape” conformation of the
molecule with one phenol ring being nearly parallel to the silver surface (phenol has been
reported to adsorb nearly parallel to the surface at submonolayer coverage [163]) and the
other phenol ring pointing away from the surface with a tilt angle of 70-80° with respect
to the surface (cf. figure 3.31b), the second option is a circumflex-like conformation of the
two phenol rings, which both tilt by 30-40° with respect to the surface and both hydroxy
groups point towards the surface (cf. figure 3.33).

A possible model for the dimers which build up the two different dimeric structures
discussed above are two molecules featuring the “L-shaped” configuration. The flat lying

phenol rings point towards each other, allowing attractive interactions or even hydrogen
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Figure 3.35: a) Normalized experimental C K-edge NEXAFS data at three angles of photon inci-
dence, 0, for the dimeric region at 190 K. b) Curve-fitting analysis of the photon angle
dependence of the low energy 7* resonance for sample temperatures of 190 K and
300 K, featuring the dimeric arrangements and the trimeric structure, respectively.

bonding between the phenyl ring’s protons and the hydroxy group (figure 3.32, super-
imposed models). Interaction with neighboring dimers can be achieved by mr-stacking
and other non covalent interactions (figure 3.32b). XPS data for the trimeric region (250-
340 K) suggests a change in the local chemical environment of the hydroxy groups and
the intermolecular spacing t; within the trimer is significantly lower than measured for
the trimeric binding motifs of BPA on Cu, t; and t3. Taking this information into account,
a different orientation on BPA, namely the second described option with the circumflex-
like conformation, is employed to create a model for the trimer structure (see figure 3.33b-
¢ for superimposed model and magnification of the trimer binding motif). Both hydroxy
groups of the molecule are pointing towards the silver surface (consistent with the down-
ward shift of the O 1s OH contribution by 0.5 eV [164]) and interacting with the inward

pointing phenol ring of the neighboring molecule.

3.5.2 BPA on Cu(111):
STM:

Upon deposition onto a Cu(111) sample held at ~ 260 K, the BPA molecules assemble
into an irregular open porous network (henceforth referred to as “network-phase”) con-
sisting of filaments build by BPA dimers and connected by trimers (figure 3.36a). Warm-
ing the sample to ~ 290 K (room temperature) results in a structure consisting purely
of dimers (“dimer-phase”) which assemble into surface chiral mill-like structures consti-
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Figure 3.36: STM images of different structures of BPA on Cu(111). The Cu(111) high symmetry
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axes are indicated in red in images a), ¢) and e). a) Network-phase, observed upon
deposition at a sample temperature of ~ 260 K (13.2 x 132 nm?, I; = 120 pA, U; =
1.5V) with the trimer and the dimer motifs highlighted in red and blue respectively.
b) Magnification (4.4 x 4.4 nm?) of the area indicated in a) with the intermolecular
spacings f; and dp annotated. c) Dimer-phase observed after warming the network-
phase to 290 K (9.7 x 9.7 nm?, I; = 80 pA, Uy = 2.2V). The (R)-mill and the unit
cell are indicated in blue. d) Magnification (4.4 x 4.4 nm?) of the area indicated in c)
with d3 marking the spacing of the dimer. e) Trimer-phase observed after warming
the dimer-phase to 300-340 K (11.4 x 11.4 nm?2, I[; = 90 pA, U; = 2.5V). Two facing
trimers and the unit cell are indicated in red and blue, respectively. (f) Magnification
(4.4 x 4.4 nm?) of the area indicated in e) with t3 marking the molecule to molecule
distance with the trimer.
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b)

Figure 3.37: STM micrographs of the molecular chain phases formed after annealing to 470 K and
700 K. a) After annealing the sample to 470-570 K (top, I; = 120pA, U; = 1.77V)
distinct protrusions can be distinguished in STM images. b) These features were
smeared out after annealing to ~ 700 K (bottom, I; = 120 pA, U; = 1.25V) and the
chains on the surface appear less defined.

tuting a two-dimensional supramolecular network (highlighted in blue in figure 3.36c).
Further annealing to temperatures between 300 and 340 K causes the BPA layer to change
into a structure build up only from trimers (“trimer-phase”, figure 3.36e). The dimer- and
trimer-phase featuring a long-range order and extend almost free of defects over large ar-
eas of the sample. Annealing the crystal to 470 K, a new structure consisting of chains,
formed by identifiable molecular features appears. Figure 3.37a shows a typical STM
image of this phase, which is stable up to a temperature of 570 K. For higher annealing
temperatures, differences between individual molecular features start to blur, until no
protrusions are distinguishable within the chains for T > 700 K (figure 3.37b).

The network-phase consists of filaments composed by dimers which are connected
by trimeric motifs (figure 3.36a). These dimers are characterized by monomers with a
spacing of d; = 7.44 1.1 A and pairing along the (110) direction of the underlying copper
substrate. The trimer molecules have a distance of £, = 9.1 + 1.0 A with respect to each
other with t; running along the (121) Cu(111) direction (figure 3.36b). The pore size
within the molecular network varies greatly between values of 3 nm? to 22 nm?, but 40 %
of these pores form a distinct star-like motif with a measured pore size of 15-20 nm?.
These star shaped pores consist of six dimer pairs, connected by trimers (figure 3.38).
The differences in the pore size and shape originate in small variations of this assembly,
such as an additional or missing dimer or a different orientation of one of the dimer pairs.
Within the network pores, streaks indicate diffusing molecules on the surface imaged at
180 K.

The dimer-phase, showing up after warming the sample to 290 K, consists of six dimers
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Figure 3.38: Star-shaped pores a) observed in the network-phase (17.6 x 17.6 nm?, I; = 130pA,
U; = 1.5V) and highlighted in color along with b) a schematic model of this ar-
rangement. The red triangles and blue rectangles represent the trimers and dimers,
respectively.

forming a mill structure. In some of the centers of each six dimers of the mill structure
one can discern a protrusion of fuzzy appearance representing a trapped molecule, its
diffusion constrained by the surrounding dimers. These dimers are also paired along
the Cu(111) high symmetry directions and the spacing between the molecules is d3 =
6.7+ 0.4 A, a value that is close to d; and d, observed for the dimers on the silver surface
and of the network-phase. The molecular superstructure can be described by a hexagonal
unit cell with a side length of 3.3 + 0.2 nm, rotated by 8° with respect to the copper
(110) directions (figure 3.36¢). Notably, extended molecular domain of both chiral mills
(cf. figure 3.39a) were identified in the STM study with the two dimensional islands
consisting solely of either (R)- or (S)-mills without any chiral defects.

Similar to the dimer-phase, the trimer-phase shows the molecules to assemble in a
highly ordered hexagonal arrangement with a unit cell side length of 2.7+0.1 nm and the
axes rotated by 14° with respect to the Cu (110) directions (figure 3.36e). The spacing of
the individual molecules in the trimeris t3 = 9.7 £ 0.5 A (figure 3.36f). Due to the rotation
of the overlayer unit cell with respect to the substrate, the trimer-phase gives also rise to
six symmetrically equivalent domains (figure 3.39b).

Annealing to 470 K results in a random chains structure composed from single molecules
(figure 3.37a), in contrast to the described network phase, where the filaments are formed
from BPA dimers, with a molecule-molecule distance of 9.6 & 0.1 A. This chains structure

was observed up to an annealing temperature of 570 K. At this temperature the individ-
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ual features of the molecular structure start to smear out. Further annealing to 700 K
results in no distinct features within the chains which become more contracted (figure
3.37b). Concomitantly, the chain distribution gets more irregular and the apparent height
decreases by ~ 0.4 A. It is noteworthy that, although the dimer-phase and the trimer-
phase exhibit significant surface mobility at room temperature, room temperature STM
data of the chain structures reveals their high stability, which is typical for strong inter-

molecular linkage and/or strong molecule substrate interaction.

X-ray spectroscopy:

While the C 1s spectrum of BPA adsorbed on Cu(111) does not change as a function of
temperatures up to 520 K (figure 3.40, left), the O 1s spectra are significantly stronger
effected by the temperature. The O 1s spectrum for the network phase can be fitted with
three peaks (figure 3.40a, right). The signals at binding energies of 532.7 eV and 531.1 eV
can be assigned to the oxygen of phenol (Ph-OH) and phenolate (Ph-O~) groups, respec-
tively. BPA, which can act as a weak acid (pKa = 9.8 [165]) has a higher probability of
hydroxy group deprotonation than for example ethanol (pKa = 16), because the resulting
phenolate species is stabilized via the aromatic ring. A third signal showing up as a high
energy shoulder of the O 1s spectrum at a binding energy of 534.0 eV is attributed to
H»O, originating from the residual gases in the vacuum sticking to the Cu(111) at 140 K.
The alternative scenario of CO as a possible contaminant can be ruled out based on the
cleanness of the C 1s signal [166, 167]. The ratio of the relative intensities of the -OH : -O~
group signals is ~ 1.3 : 1. This ratio indicates that approximately half of the BPA hydroxy
groups in the dimer-phase deprotonate upon adsorption at ~ 260 K. This conversion to
phenolate is consistent with phenol adsorption on the Cu(110) surface [168].

Warming to 290 K and higher leads to an increase of the phenolate signal at a bind-
ing energy of 530.9 eV and a concomitant decrease of the phenol signal intensity at a
binding energy of 532.7 eV (figure 3.40, right). The high binding energy shoulder dis-
appears, supporting its earlier assignment to H,O. The ratio of the intensities of the two
signals of this surface amounts to ~ 1 : 3, that is, one out of four hydroxy groups retains
its proton. The hydroxy signal has exactly the same binding energy in all three phases,
whereas the hydroxylate signal shifts by 0.2 eV to lower binding energies at ~ 290 K,
which is the temperature marking the transition from the network-phase to the dimer-
phase. This shift is tentatively explained by a difference in the local environment of the
deprotonated groups linked with increased intermolecular interactions in the more dense
phases. Thermal treatment of the BPA overlayer to 340 K, leaves the XPS signatures vir-
tually unaffected. This indicates that no chemical transformation marks the structural
change from the dimer-phase to the trimer-phase, that is these two phases are two di-
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a)

Figure 3.39: STM images of the a) dimer- and b) trimer-phase showing both chiral mirror phases.
The green stars show the high symmetry directions of the Cu(111) substrate, the
unit cell is drawn in blue. In a) small crosses (in red, blue and yellow) show the
orientation of the (R)- and (S)-petaled mills.

88



3.5 Bisphenol A on Ag(111) and Cu(111): Selt-assembly and stepwise thermal deprotonation

ratio

Cls rel. intens.

0"

Network

Dimers

Trimers

/|

\
Chains J
I/ \ |

Chains (700 K)

-\
\

N

]
[N T FETTE EETEE FETEE FEE T SR FTTE NS ST ST R
288 287 286 285 284 283 538 536 534 532 530 528
binding energy (eV) binding energy (eV)

Figure 3.40: Fitted high-resolution X-ray photoelectron spectra of the C 1s (left) and O 1s (right)
core level of a) the network-phase, b) dimer-phase c) trimer-phase, d) chain-like
phase and e) chain-like phase after annealing to 700 K of a submonolayer BPA ad-
sorbed on the Cu(111) surface. The -OH to -O~ ratios for a-c) are shown on the
right.
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mensional crystal polymorphs of the same constituents. Considering the higher forma-
tion temperature of the trimer-phase, the temperature of ~ 300 K might correspond to the
energy that is needed to overcome an activation barrier for the formation of the energet-
ically more stable trimeric arrangement. Another possible explanation would be a local
density effect, indicated by the molecular density of the trimer-phase, which is decreased
by approximately 25 % with respect to the dimer-phase.

The chains appearing subject to the high temperature (470 K and above) annealing (fig-
ure 3.40d, right) no longer retain any protons in the alcohol moieties. The O 1s spectrum
after annealing to ~ 520 K, shows only the phenolate contribution at 530.9 eV and a new
small signal at 533.8 eV. The latter can not be straight forwardly assigned but based on
its binding energy it must originate by oxygen containing moieties decoupled from the
metal surface and distinct from phenol/phenolate [169]. It is an evidence of further ther-
mally induced alterations and accordingly its contribution increases with higher tem-
perature annealing. The corresponding carbon signatures in the XP (figure 3.40d, left)
and NEXAFS spectra (figure 3.41) are virtually unchanged, supporting that the carbon
molecular backbone is mostly intact after this temperature treatment. After annealing to
700 K, the ratio of the O 1s to the C 1s signal decreases by approximately 65 %, indicat-
ing significant loss of oxygen and concomitantly the intensity of the signal at 533.8 eV
roughly doubles (figure 3.37e). The carbon spectra corroborate remarkable changes in
the molecular structure, with loss of the phenolate and methyl signatures. The annealing
temperature and the new structure of the chains in the STM images (figure 3.37) points
to carbonaceous covalently linked species. For comparison, thermal dissociation of BPA
polycarbonate at 730 K results in a variety of aliphatic and aromatic carbon fragments
including phenol and substituted phenol moieties [161]. However all of these small frag-
ments would desorb from the surface by the annealing step.

NEXAFS measurements as a function of photon incidence angle (see figure 3.41) indi-
cate an average tilt angle of 30°+10° with respect to the copper surface plane for the two
phenol moieties. The average tilt angle does not vary as a function of temperature. Sim-
ilar to the explanation of the NEXAFS spectrum for BPA on Ag(111), contributions from
both phenol rings must be taken into account, allowing the tilt angles to range between
combinations of 0° and 80° to 30° and 30°.

Modeling:

Combining the information of the STM and the X-ray spectroscopy studies, the follow-
ing models for the three phases are proposed. The alcohol groups in close proximity to
the copper substrate are expected to readily deprotonate at the deposition temperature
of 260 K [170, 171]. In the present case, 25-50 % of the phenol groups are still protonated,
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Figure 3.41: a) Normalized experimental C K-edge NEXAFS data at three angles of photon inci-
dence, 8, for the Network phase. b) Curve-fitting analysis of the photon angle de-
pendence of the 7t* resonance for 5 different annealing temperatures of the sample.

suggesting that these groups are protected from the metallic surface. Taking the infor-
mation of the NEXAFS measurements into account, a possible adsorption geometry of
the molecule is a configuration with one phenol ring being close to parallel (tilt angle
~ 15°) to the surface, which is consistent with tilt angles between 0° and 25° that have
been reported for phenol adsorbed on several surfaces such as Cu(110) [168], Pt(111) [172]
and Ni(111) [173]. Due to the three dimensional shape of BPA, the other ring points away
from the surface with a tilt angle of ~ 70° with respect to the surface (figure 3.31b), similar
to the conformation proposed for the dimeric structures on the Ag(111) surface. Phenol
adsorbed on Cu(110) [171] forms a dense packed layer of flat lying molecules with an
intermolecular distance close to d; and d3, a detail which strengthens the assumption of
only one ring of BPA being in close proximity to the surface and therefore governs the
surface footprint of the molecule. Based on this molecular conformation, models for all
three phases can be proposed in order to match the different assemblies (figure 3.42a-
c) based on hydrogen bonding and 7= — 7 stacking. The trimer motif can be build up
from three molecules, each rotated by +120° with respect to the two others. The hydroxy
group of the flat lying phenol rings of all BPA molecules are deprotonated due to the
contact with the copper surface, allowing intermolecular =CH- - -O~-hydrogen bonding
[174] (figure 3.42f). Hydrogen bonds of the C-H- - -O type have been investigated before
on protein-protein interactions [175]. The assembly of the dimers can be envisaged via
either hydrogen bonding between the flat lying phenolate rings (much alike the trimer

motif, figure 3.42d) or via interaction of the 7r-systems of the upstanding phenol rings
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a) d)

Figure 3.42: Proposed models for BPA structures on Cu(111): a) Network-phase with trimeric
and dimeric motifs, b) dimer-phase and c) trimer-phase with molecular models
superposed on STM image. d) Adsorption configuration of BPA molecule on the
Cu(111) substrate. Models of two dimeric motifs built by d) two O~ - - -H-C interac-
tions or e) via 7r — 7t interaction and f) the trimeric motif. The O~ - - -H-C bonding is
indicated by dotted lines in e) and f).
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(figure 3.42e). In the latter case, O-H- - -O~ interaction between the two upstanding hy-
droxy groups might play an additional role, especially, if one of the hydroxy groups is
deprotonated, as it is the case for the dimer-phase. The network-phase consists of trimers
and dimers connected via flat lying phenolates. Presumably, the dimers interact, similar
to the trimer binding motif, by hydrogen bonding between the flat lying rings which
enables a stable dimerization and interaction with neighboring dimers and trimers via
their upstanding phenol rings. The assembly of the dimer-phase allows the simultane-
ous expression of two cooperative interactions, namely O~ - - -H-C hydrogen bonding
and 7t — 7 interactions of upstanding phenol-phenolate. The structure can be described
as dimers, interacting via the upstanding 7r-systems with one BPA molecule having two
phenolates and the adjacent retaining a phenol moiety in the up-standing ring. The three
fold coordination on one side of the dimer motif results in the formation of the trimer
motif (highlighted in figure 3.42b). The other side points towards the cavity in the center
of the mill, interacting with the next molecule by an additional C-H: - -O~ interaction (fig-
ure 3.42b). The close packed assembly of the trimer-phase can be described by the trimer
binding motif proposed in figure 3.42f, with the hydroxy groups of all flat lying rings
deprotonated and every second upstanding one is protonated. This allows a molecular
model in which one out of two neighboring upstanding hydroxy groups is protonated,
which might enable interactions similar to a hydrogen bond.

3.5.3 Summary and conclusions:

Summarizing the results, three different molecular arrangements of bisphenol A on Ag(111)
and five different phases on Cu(111) depending on the annealing temperature of the
molecular overlayer were characterized in this study. On silver, two different arrange-
ments of dimers comprising intact, i.e. fully protonated, molecules were observed in the
whole temperature range of 180-340 K. For sample temperatures above 250 K, an ad-
ditional trimer based structure was reversibly formed on the surface. Six trimers of this
structure define a central cavity, in which another, rotating trimer could be observed. XPS
measurements revealed a possible change in the local chemical environment for the oxy-
gen atoms indicated by a shift of the O 1s binding energy of -0.5 eV, which was explained
with a different adsorption geometry of the BPA molecules. A second peak at lower
binding energy was identified as the contribution of a deprotonated hydroxy groups re-
sulting from a surface side reaction. From the combination of these information, it was
possible to create a molecular model of all molecular arrangements, with Cgop,.-H- - -OH
interactions being the preferred binding motif of dimers and trimers in both adsorption
geometries.

The adsorption of BPA on copper exhibits a completely different scenario. The transi-
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tion between the five different phases characterized on the Cu(111) surface is irreversible.
For the network-phase approximately 50 % of the phenol groups are deprotonated. This
stepwise deprotonation can be explained by a configuration of the molecule in which
part of the phenol groups are protected against deprotonation upon adsorption at 260 K
by tilting away from the surface. The phenolate percentage increases to ~ 75% for the
dimer-phase and the trimer-phase. Taking into account that the average tilt angle of the
two phenols deduced from NEXAFS analysis is 30 = 10°, models for the three ordered
phases can be proposed which are based on a BPA molecule with one phenol ring being
nearly parallel to the copper surface and the other one pointing away from the surface.
The supramolecular phases are modeled by allowing the formation of hydrogen bonding
and rt-stacking.

The chemical state with all the phenols tilted towards the surface and exactly half of
the upstanding phenols” hydroxy groups being deprotonated, i.e. 75 % of total hydroxy
groups, is exhibiting particular stability, as it requires heating to 400 K in order to further
deprotonate the BPA molecules. This assumption is strengthened as the deprotonation
of BPA does not follow the exponential dependence of the temperature expected from a
tirst order reaction. Chains build up by linked molecular modules are distinguished after
heating to 470 K in the STM micrographs whereas the XPS study suggests a complete
conversion to phenolate at this temperature. The spectroscopic signatures of the carbon
suggest that the BPA component within these chains retains its carbon backbone intact.
Further annealing to more than 570 K causes a reshape of the chains towards an ill defined
carbonaceous composition.

The weak interaction of BPA with the silver surface allows diffusion of the molecules
facilitating different self-assembly scenarios and prevents the molecules from thermal
dissociation and deprotonation. The formation of dimers is obviously energetically fa-
vored and stabilized by strong intermolecular interactions. In contrary to the scenario
on the silver surface, where BPA desorbs at temperatures above 340 K, BPA molecules
adsorbed on the Cu(111) substrate show an unusually high temperature surface stability.
This surface stability enables the observation of an intriguing series of thermally acti-
vated chemical transformations within the molecular layer and hints toward a rich and
hard to predict chemistry in biological environments as well. In relation to our initial
motivation of the biological role of BPA in DNA alterations, these findings would sug-
gest that a pathway whereupon BPA is preventing access of the methyl-transferase to the
relevant DNA/RNA bases should be investigated.
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A systematic multitechnique study of small biologically relevant molecules, namely L-
and D-cysteine, uracil, orotic acid and bisphenol A, adsorbed on the close-packed Ag(111)
and Cu(111) surfaces was presented in this thesis. The self-assembly of the molecules was
structurally resolved by means of STM. Supporting high resolution XPS and angle re-
solved NEXAFS measurements provided insight into the chemical state of the molecules
and their conformation on the surface. At room temperature, uracil, orotic acid and
bisphenol A (BPA) adsorb intact on the Ag(111) surface. While STM micrographs of
uracil show a single dense packed structure with loose connection to the hexagonal sub-
strate, orotic acid forms two coexisting polymorph structures employing predominantly
a dimeric binding motif besides a six-membered ring structure in the so-called “paddle-
wheel” structure. The molecular arrangements of BPA on the silver surface show ex-
tended polymorphism reflected by three different structures, two employing a dimeric
binding motif and a third one, which is reversibly formed for temperatures above 250 K
and showing a distinct trimeric arrangement. Generally, the smooth silver surface seems
to have a weak influence on the mentioned molecules beyond the two-dimensional con-
finement, as reflected by the loose connection to the substrate of uracil or the relatively
low desorption temperature of BPA at 340 K. Typical functional groups of biomolecules,
e.g. hydroxy, carbonyl, carboxy and iminic groups, are chemically unaffected upon room-
temperature adsorption. The self-assembly is therefore mainly driven by lateral inter-
molecular interactions such as hydrogen bonding and features predominantly dimeric
and trimeric particularly stable binding motifs.

This is contrasted by the behavior of cysteine, which chemisorbs onto the silver surface
by scission of its -5-H bond. Despite the covalent anchoring to the underlying surface,
the self-assembly of cysteine is a result of strong zwitterionic hydrogen bonding, the fact
that the molecule shows no preferential adsorption site is reflected by a moiré overlayer
structure. Upon heat treatment, the ammonium group deprotonates, resulting in an en-
tirely different molecular conformation and superstructure. Uracil, orotic acid and BPA
as well are all robustly anchored on the Cu(111) surface. Uracil shows three different
periodic adsorption geometries dependent on annealing temperature and surface cov-
erage. Similarly, BPA assembles in five distinct structures as a function of temperature.

In both cases the structures could be clearly assigned to different chemical states due to
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the deprotonation of functional groups and/or adsorption geometries. In contrast, orotic
acid exhibits a single periodic structure with a lifetime of minutes, while the protona-
tion grade of the functional groups and the orientation with respect to the surface clearly
change with heat treatment and surface coverage. The strong interaction of uracil, BPA
and orotic acid with the copper surface as well as the chemisorption of cysteine is crucial
for the temperature-induced gradual deprotonation of the different functional groups, al-
lowing to precisely adjust their chemical state by heat treatment. The deprotonation steps
are closely linked to completely different molecular arrangements. Interestingly, a high
packing density seems to force cysteine as well as orotic acid into an orientation which
prevents at least part of the molecules from (immediate) deprotonation, an additional

parameter which could be exploited when fine tuning the chemical state of a molecule.

The detailed knowledge of the properties of the systems investigated in this thesis and
the precise adjustability of their chemical state facilitates the tailored biofunctionalization
of certain metal surfaces. The functionality of larger biologic molecules such as proteins,
DNA sequences or even cells depend strongly on their conformation, as described in the
introduction. The strong polarization forces of metal substrates, even of noble metals
such as silver, might cause denaturation of these systems in contact with the metal. Nev-
ertheless metal surfaces provide well suited substrates for sensor arrays and many other
applications. This problem could be overcome by using a spacer layer, which on the one
hand interacts strong enough with both the substrate and the biologic entity to immo-
bilize it on the surface but on the other hand prevents it from the influence of the metal
substrate [5]. Small biomolecules, such as the ones that were investigated here, could act
as such spacer molecules. The knowledge of their self-assembly patterns on substrates
and how to tailor their chemical state as well as their interaction with other biomolecules
would allow a very precise functionalization of metal substrates with larger biomolecules
which can be anchored on the spacer layer.

The adjustability of the chemical state, which reflects the reactivity of a molecule, might
also play a role in future applications for catalyzed reactions employing surface modified
catalysts. While the chirality of the molecular overlayer and the individual molecules
can influence the enantioselectivity of a reaction, the reactivity of the adsorbates might
determine the exact reaction products by specifically activating or deactivating certain

functional groups.
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