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Abstract

Here we present a combined study using scanning tunneling microscopy and X-ray
photoelectron spectroscopy under ultra-high vacuum to explore covalent bond formations
on close-packed Ag, Au, Cu, and Pt single crystal surfaces. Besides the investigation of
metal-organic interactions of a cyclic peptide, the main goal was to achieve and optimize
covalent nanostructures via imine formation, Ullmann coupling and carbene formation. The
most promising results were found for imine formation on Ag and for a prototypical N-
heterocyclic carbene, which universally formed monolayers of bis-carbene metal adatom

complexes.



Kurzzusammenfassung

In der vorliegenden Arbeit wurde die Herstellung und Optimierung wohldefinierter
molekularer Nanoarchitekturen auf dichtgepackten Ag-, Au-, Cu- und Pt-
Einkristalloberflichen im Ultrahochvakuum mittels Rastertunnelmikroskopie und
Photoelektronenspektroskopie untersucht. Neben der Untersuchung von metallorganischen
Wechselwirkungen eines zyklischen Peptids, war das Hauptziel die Generierung kovalent
gebundener Strukturen mittels Imine Bildung, Ullmann-Kupplung und Carbene Bildung.
Die vielversprechendsten Ergebnisse wurden fiir die Imine Bildung auf Silber und fiir ein
prototypisches N-Heterocyclisches Carben gefunden, welches generell metallorganische

Dimere bildet.
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1. Introduction

Since more than a decade, ordered two-dimensional' or three-dimensional® molecular
architectures have been implemented on a range of surfaces. A series of interactions have
been utilized in their fabrication. Research focused on hydrogen bonds>®, - stacking’, van
der Waals®, and metal-ligand interactions’ for supramolecular systems. Recently there has
been increasing interest in the development of covalently linked nanoarchitectures,'®"

because they are thermally, mechanically, and chemically more stable. Hitherto, a variety of

surface-confined covalent bond forming reactions have been explored, including Schiff base

14-18 25-27

formation reaction *°, Ullmann coupling'*'***, dehydration condensation reaction™™’, and
others. These fabricated nanoarchitectures, especially when encompassing m-conjugated
backbones show great potential for applications in fields such as electronics, sensors,
batteries, and catalysts.”*>"

For the handling of complex molecules on metals, adsorption geometry, mobility and
lateral intermolecular interactions are determinants for generating designed
nanoarchitectures, which not only depend on intermolecular interactions but also relate to
the substrate environment, chemical nature, and symmetry.**>* Only the delicate balance of
intermolecular vs. molecule-substrate interactions allows for the emergence of
supramolecular structures.” Different nanoarchitectures have been notably explored on
coinage metal substrates.

More recently, graphene nanoribbons doped with heteroatoms,’®*’ have been in the focus
of intensive research, since their electronic structure can be tailored by the dopands.*!
Especially, N-doping can introduce additional n-type carriers into carbon systems, which is

43,44

. . . 42 . .
essential for semiconductor devices™, energy conversion and storage™ ™, as well as bio-

sensing applications*™’.

Carbenes are currently considered a promising alternative to thiols for self-assembled
monolayers (SAMs)*™ as well as metal-molecule junctions. They are thermally robust

50,51

entities” with rich chemical reactivity and predicted to have superior electronic

conductivity to thiols.”> Moreover, N-heterocyclic carbenes (NHC) are excellent ligands for
metal complexes and nanoparticles.”*
Beside organic molecules, natural cyclic peptides are also used as versatile molecular

g . . . 55-5 . . . .
building units for emerging nanodevices >, due to their unique chemical conformation and



1 Introduction

functional diversity. One application is to channel metal ions such as K because certain
peptides can interact with ions in their centers or on specific residues.’®

However, the exploration of potential pathways for the targeted design of such
nanostructured devices still needs intense investigations. In this thesis, we focus on this
challenge and present systematic measurements in ultra-high vacuum describing novel
bottom-up nanofabrication methods. Our basic analytical tool has been the scanning
tunneling microscope (STM), which was invented in the early 1980’s by Gerd Binnig and
Heinrich Rohrer™, and allows to obtain real-space imaging of a surface on the atomic level,
the detailed molecular arrangement and even the orientation of the molecules on the
surface. X-ray photoelectron spectroscopy (XPS) can provide information about the
chemical state of molecular moieties, which is helpful to explain the self-assembly changes
and uncover potential reaction mechanisms. These two techniques are described in finer
detail in chapter 2. This chapter also describes the detailed experimental setup, the sample
preparation procedures, and the structural modelling of molecular compounds.

Chapter 3 comprises four sections, each presenting the results of the investigated
molecules. The first two sections focus on synthesizing N-doped graphene nanoribbons by
two different pathways: Schiff base formation and Ullmann coupling. The employed
molecules are shown in Table 1.1.

Section 3.1 provides a systematic investigation of different combinations of tetraketone
and tetraamine molecules aiming to trigger the Schiff base formation reaction. The behavior
of the tetraketone 1 and tetraamine 1 as a function of the annealing temperature and
stoichiometry of tetraketone to tetraamine on three coinage metal surfaces:
Ag(111),Au(111), and Cu(111) is studied by STM. It turns out that only on Ag(111),
oligomers were generated under certain conditions. Combined with XPS measurements, the
role of the substrate and the reaction mechanism are elucidated. In the following, other
precursors (tetraketone 2, 3 and tetraamine 2, 3) differing in substituents in an attempt to
tune the interaction with the substrate by introducing more or less bulky groups, were tried

on the Ag(111) substrate, albeit without achieving longer ribbons.



Table 1.1: Molecules investigated in section 3.1 and 3.2 of Chapter 3.

In section 3.2, a different route to N-doped nanoribbons was envisaged, whereby a two-

followed by

step

N-doped graphene nanoribbons

Schiff base formation

Ullmann coupling

Tetraketone 1 Tetraamine 1 DBBQ
Br
N
A
® [
HoN _N N NH; N
O X -
HN SN O N NH,
Tetraketone 2 Tetraamine 2 DBBPP

HoN N | O N NH,
N _
H2N: : :N l! N: : :NH2

O Br
N
X
N
Br

Tetraamine 3

H,N N NH,
=
HZN: i :N: : :NHZ

reaction would be wused, first

utilizing Ullmann coupling,
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cyclodehydrogenations. Two molecules (DBBQ and DBBPP, table 1.1) were addressed on
three different metal substrates: Ag(111), Au(111), and Cu(111). But unfortunately, there
are no ordered polymeric chains observed under any circumstances. There is a significant
discovery deduced from N 1s spectra, which could probably explain this failure.

The self-assembly and chemical nature of the NHC ligands on three substrates: Cu(111),
Au(111), and Pt(111), are systematically elucidated in section 3.3 with a combination of
microscopy and XPS. 1,3-dimethyl-1H-imidazol-3-ium-2-carboxylate is employed as the
precursor of the NHC 1,3-dimethyl-1H-imidazol-3-ium-2-ide (IMe). Dimeric (IMe),-metal
species formed on all three substrates.

Section 3.4 summarizes the interaction of a macrocyclic peptide (Cyclosporin A) with
different metals: K, Co, and Fe on a Cu(111) substrate. The role of the metal for different
supramolecular assemblies and configurations were addressed.

Chapter 4 gives conclusions and an outlook regarding future perspectives.



2. Experimental Methods: Theory and Setup

This chapter describes the techniques and instrumentations utilized for the experiments
conducted in context of the present thesis. The experiments mainly rely on STM. Therefore,
the first section gives a brief introduction of the physical principles of the tunneling effect, a
general description of STM, the details of the variable-temperature STM and the ultrahigh
vacuum chamber setup, and the applied preparation procedures. Apart from STM
experiments, XPS measurements were also employed, which were carried out at the HE-
SGM dipole magnet beamline at the BESSY II in Berlin or in a dedicated facility (SPECS
GmbH) at the E20—WSI laboratory in Garching. The following section briefly introduces
the basic theoretical background of XPS together with the general description of the
different setups employed.

2.1 The scanning tunnelling microscopy

STM has been widely used as a microscopic technique that allows the investigation of

(semi)conducting surface properties down to the atomic scale.

2.1.1 The tunnelling effect

STM is based on the physical phenomenon of tunneling effect, which arises from

6061 "In classical mechanics, an object cannot penetrate a potential

quantum mechanics
barrier higher than its overall energy. However, in quantum mechanics, an electron can pass
through a potential barrier even if its energy is lower than the barrier potential as shown in

Figure 2.1.

V,>0

» x

0 a

Figure 2.1: Schematic illustration of an electron wave function with the energy E tunneling through a

potential barrier of ;> E
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The following description will focus on electrons in one dimension. The time independent

Schrédinger equation (TISE) of an electron with the wave function 1 can be written as:

d?y _2m

=k —E) @.1)

dx?
with m being the electron mass, E the energy of the electron, 7 the Planck constant divided
by 2m, x the spatial coordinate and V the potential energy. Here V"= V; > E for 0 <x <a, and
V'="y=0 for x <0 and x > a (Figure 2.1).
The general solution to the TISE is:
Ae®* + Ae”* (x < 0)
l/) == Blekx + Bze_'cx, (0 S X S a) (2.2)
Cre® + Cre™ %, (x = a)

2mE 2m(V1—E .
where A1, A>, By, B>, C1, and C, are constants, k = =2 and k = ’(h—;) Since for x >

a, we can only have waves propagating out of the potential barrier, C, can be set equal to
zero. By imposing the continuity of the wave function at 0 and a, we can express the

transmission coefficient as:

-1

sin h2 (xa) ) (2.3)

(k2 +K%)?
4k2K?

T=(1+

For a large attenuating barrier, this can be approximated as:

2,.2
~ 16k“Kk —2Ka
(k2+K2)2

(2.4)

We can see that the transmission coefficient has an exponential dependence on the
tunneling barrier width.

Accordingly, the tunneling current can be expressed as:

I, = Ce™2xa = —Zima
+ = Ce =Ce h (2.5)

where C is a constant.

This expression for the tunneling current, which is based on the simple model of an
individual electron passing through a potential barrier, provides a first idea on tunneling
between two solid surfaces. The tunneling current is exponentially dependent on the
distance between the sample and the tip.

In the metal-vacuum-metal system, the potential of the barrier V; can be replaced by the
vacuum level of the metal. The work functions of sample and tip are assumed to be the
same. Applying a voltage V), between them leads to a net tunneling current. As electron

conductivity is a prerequisite for detecting current, STM is not suitable for the investigation



2.1 The scanning tunneling microscopy (STM)

of insulating samples. Therefore, an electron of an occupied sample state y,, whose energy

lies in between Er and Er— eV, has a possibility to tunnel into the tip (Figure 2.2).

NN
VRVARS

Sample Tip )X
0 a

Figure 2.2: Schematic illustration of the metal-vacuum-metal system showing the tunneling process from the

sample into the tip at finite voltage®'.

Assuming that the sample state n of interest is lying close to the Fermi level, the
probability of an electron tunneling from this sample state to the surface of the tip is

analogous to

[ (0) 2 with k = |22 (2.6)

As a finite number of sample states exist, summing up over all sample states between Er

and Er— eV, leads to the formulation for the tunneling current:

I < X5 oy, [ (0)]? (2.7)
Supposing a constant local density of states (LODS) for the tip as well as low voltages

and 7= 0, equation 2.7 can be written as:

—2a,2m¢
It x Vp(or EF)e_ZKa = Vp(OJ EF)e h (28)

where p(x, Er) is the local density of states (LDOS) of the sample. From this correlation we
can see that the tunneling current is proportional to the voltage and the LDOS, but it is
exponentially dependent on the distance between the sample and the tip.

Bardeen® introduced that tip and sample have different wave functions and that there is a
matrix element, which describes the overlap of the two wave functions. Tersoff and
Hamann® considered a tip represented by a locally spherical potential well and evaluated
the matrix element for an s-type tip wave function and the two wave functions that do not
influence each other. For small bias voltages V,, the tunneling current /, is directly

proportional to the LDOS of the sample.

- . Va2me
It x Vbe ZRRptip(EF)psample(EF' VO) with k = :: : (29)
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where R is the effective tip radius, ¢, the barrier height and y, the center of curvature of the
tip. This indicates that an STM image does not represent the true topography of the surface,
but a convolution of the LDOS and the topography, which is also influenced by the shape of
the tip.

2.1.2 Scanning modes

In STM experiments, the tip is first moved by a piezo tube scanner to carefully approach
to the surface. Once the tip is close enough to the surface for a tunneling current to be
recorded, the tip scans the surface line-by-line. There are two important scanning modes:

constant current mode and constant height mode (Figure 2.3).

(a) Feedback

loop

bbbbbbbbbbbb

Figure 2.3: Illustration of the two STM operation modes: (a) The constant current mode. (b) The constant

height mode.**

The constant current mode is the one used in most cases, where the height of the tip is
adjusted continuously by means of a feedback loop, so that a chosen tunneling current
remains always constant. A topographic image is derived by recording the movement of the
tip. The substituted atoms shown in red in Figure 2.3 exhibit a different apparent height
compared to the blue surface atoms due to their different local density of states.

In the constant height mode, the average height of the tip above the surface is constant
and variations of the tunneling current are recorded, shown by an orange glow. Similarly,
the current of the substituted atoms is higher than that of the surrounding surface atoms.

The advantage of this mode is that it does require a quick responding feedback loop, which
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allows high scanning speeds and eliminates related artifacts. But there is the risk of crashing

the tip into the sample.

2.1.3 Experimental setup

All the STM measurements were performed in a custom designed ultra-high vacuum
(UHV) system equipped with a commercially available variable-temperature STM (Aarhus
150 SPECS Surface Nano Analysis GmbH®*®®). The setup is schematically shown in
Figure 2.4. This UHV system consists of two chambers: the STM chamber and the
preparation chamber separated by a vertical gate valve. The preparation chamber is used to
prepare the sample, for example, cleaning the surface by Ar' sputter guns, dosing molecules
on the surface through an organic molecular beam epitaxy (OMBE), and physical vapor
deposition (PVD) of metals on the surface via home built metal evaporators. The molecules
are filled in quartz crucibles with a diameter of 5 mm and sublimated into vacuum by
heating. Our OMBE can hold four crucibles at the same time. The parking stage can store
up to four samples and comprises a heating stage. The sample can be heated by electron
beam heating up to 1200 K. After the preparation, the sample can be transferred through the
combination of different manipulators (Figure 2.4(6, 10, 12)) to the STM chamber to
perform atomic scale investigations. The manipulator located in the load-lock is used to

transfer samples from air into the UHV chamber without breaking the vacuum.




2 Experimental Methods: Theory and Setup

Figure 2.4: Setup of the UHV chamber. (1) The variable-temperature Aarhus STM, (2) STM chamber, (3)
preparation chamber, (4) OMBE, (5) argon sputter guns in two chambers, (6, 10, 12) manipulators, (7) load-

lock, (8) gate valve, (9) metal evaporator, (11) sample parking stage.67

The ultra-high vacuum system is maintained by a three-stage pumping system connected
in series. The first pumping stage of the system is a rotary pump that can reduce the
pressure to roughly 107 mbar. A small turbo molecular pump as the second pumping stage
further decreases the pressure to ~ 107 mbar. The main pump located on the bottom of the
preparation chamber is a big turbo molecular pump that can pump the whole system to a
base pressure up to 2x107'" mbar after a proper bake-out. Besides, there is an ion getter

pump situated in the STM chamber supporting the whole pumping system.
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Figure 2.5: Cross-section side view of the Aarhus STM. (1) Sample, (2) sample holder, (3) clamps, (4) base
plate, (5) aluminum block, (6) tungsten tip, (7) scanner piezo motor, (8) SiC rod, (9) inchworm piezo motor,

(10) ceramic balls, (11) cooling finger, (12) Zener diode, (13) suspension springs.*®

The cross section side view of the Aarhus STM is shown in Figure 2.5. The pre-mounted
sample is inserted into the scanning stage and fixed with two clamps (3). The STM scanner
is located on top of an inchworm motor (9) that is used to coarsely approach the tip towards
the surface. The piezo motor (7) can further move the SiC rod (8) with high precision in a
range of several millimeters. In our case, we used tungsten tips (6) for all the experiments,
which were sharpened by electrochemical etching and pre-mounted on a tip holder. A Zener
diode (12) is designed to heat the STM scanner and keep it at room temperature or above.
The scanner is mounted inside the base plate (4) and fixed with ceramic balls (10). The

aluminum block can be cooled with cooling agent such as liquid nitrogen while locked by

10



2.1 The scanning tunneling microscopy (STM)

the cooling finger (11). But the scanner is thermally insulated from the aluminum block,
which is used to keep the scanner at a set temperature when conducting experiments at low
or elevated temperatures. In order to stay isolated from the external vibrations, the whole
STM setup is suspended through springs (13) and the aluminum block is supported by three
Viton bands.

2.1.4 Sample preparation procedures

In the present thesis, we studied the self-assembly and molecular behaviors of different
molecules on Ag(111), Au(111), Cu(111) and Pt(111) substrates. Firstly, the single-crystal
surfaces were prepared by repeated cycles of Ar' sputtering and subsequent thermal
annealing. The sputter gun can ionize argon and accelerate the argon ions with high voltage
of 1 kV and emission current of 15 mA. The adsorbates and impurities are removed by
bombarding the surface with Ar’, but the top layers of the surface atoms are also partly
removed, leaving a rough surface. The subsequent annealing in vacuum to 650 K (Au), 700
K (Ag), 770 K (Cu), and 980 K (Pt) can heal the surfaces to get clean and atomically flat
surfaces eventually. For Pt(111) surface, the annealing was performed in a 5x10” mbar of
O, to oxidize carbonaceous impurities.

After cleaning, the molecules were deposited on the substrates by OMBE. The
investigated molecules with corresponding sublimation temperatures are listed in Table 2.1.
The sample was kept at room temperature during evaporation. The deposition time was
appropriately controlled to attain the desired molecular coverage. After dosing molecules,
the sample was transferred to the STM chamber to do the analysis. STM measurements
were conducted in a range betwee 93 K to 300 K. Images were processed with the WSxM

program®.

Table 2.1: Molecules investigated in the present thesis and their corresponding manufacturer, purity and

sublimation temperatures.

Sublimation
Molecule Provided/acquired by Purity temperature
/K
S. More, R. Bhosale, A.
Mateo-Alonso (Freiburg | _ g0
Tetraketone 1 University, POLYMAT >99% 470
Spain)
A. Belén Marco, A. Mateo-
9 > 0
Tetraketone 2 Alonso (POLYMAT Spain) | = 99% 470

11
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D. Cortizo-Lacalle, A.

Mateo-Alonso (POLYMAT | >99% 510
Spain)

S. More, R. Bhosale, A.

Mateo-Alonso (Freiburg

Tetraketone 3

Tetraamine 1 University, POLYMAT >99% 650
Spain)
Tetraamine 2 Gabriella Antonicelli, A.
Mateo-Alonso (POLYMAT | > 99% 680
Spain)
Gabriella Antonicelli, A.
Tetraamine 3 Mateo-Alonso (POLYMAT | > 99% 510
Spain)
V. Montagna, A. Mateo-
DBBQ Alonso (POgLYMAT Spain) 299% 410
DBBPP V. Montagna, A. Mateo- > 999 450

Alonso (POLYMAT Spain)

G. Médard, B. Kiister
(Proteomics and >99% 380
Bioanalytics, TUM)

1,3-dimethyl-1H-imidazol-3-
ium-2-carboxylate precursor to
1,3-dimethyl-1H-imidazol-3-
ium-2-ide (IMe)

Cyclosporin A Sigma Aldrich 470

98.5%

2.2 X-ray photoelectron spectroscopy (XPS)

XPS is widely used to monitor chemical changes, which can provide complementary
information to explain the STM results. In this thesis, XPS experiments were carried out at
HE-SGM dipole magnet beamline at the BESSY II in Berlin or in a dedicated facility
(SPECS GmbH) at the TUM—WSI laboratory in Garching.

2.2.1 Basic principles of XPS

XPS is based on photoelectric effect and the basic principle of the photoelectric effect
was enunciated by Einstein in 1905°. Each atom has its own core electrons with
characteristic binding energies. When an X-ray beam, usually soft X-ray radiation in a
range of 200-1500 eV, is directed to the sample surface, the energy of the X-ray photon is

adsorbed (in Figure 2.6). If the photon energy /v is large enough, a core electron will then

escape from the atom and be emitted out of the surface. The emitted electron with the

kinetic energy of Ej is called photoelectron and is detected by an electron analyzer.

12
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Secondary electron

Vacuum level (Ey)
Fermi level (Eg)

Figure 2.6: Schematic illustration of the excitation of core electrons by X-ray radiation. The kinetic energy of

the photoelectrons is detected by an electron analyzer.”"

The binding energy of the core electron is given by the equation 2.10.
Egp=hv—E,—¢ (2.10)
where /o is the excitation energy, Ej is the measured kinetic energy of photoelectron, and
¢ is the work function of the analyzer.
The binding energy of core levels is characteristic for each element and the chemical shift

can be utilized to identify its chemical environment changes.

2.2.2 Experimental setup and procedures

Part of the XPS experiments were performed in the HE-SGM dipole magnet beamline at
the BESSY II in Berlin. It consists of three chambers, the preparation chamber, the analysis
chamber, and a transfer chamber with a rotatable manipulator (UFO) that allows
transferring samples between two chambers. The base pressures of the preparation chamber
and analysis chamber are 2x10® mbar and 2x10"° mbar, respectively. The preparation
chamber is equipped with a sputter gun and an OMBE. The samples were prepared
employing similar procedures as described in previous section 2.1.4. The spectra were

collected in the analysis chamber using a Scienta R3000 hemispherical electron energy
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analyzer mounted in the plane of the photon polarization, 45° from the incident photon
beam.

Additional XPS measurements were carried out at a dedicated facility (SPECS GmbH) at
the TUM—WSI laboratory in Garching. The experimental chamber operates at a base
pressure of 2x10'° mbar and is equipped with a PHOIBOS 150 hemispherical analyzer, a
XR50 X-ray source with ellipsoidal crystal FOCUS 500 monochromator (SPECS GmbH)
delivering monochromatized Al Ka radiation (hv = 1486.74 eV), and all ancillary facilities
for surface preparation and cleaning.

The XPS experiments were conducted in normal emission geometry. For the acquisition
of the C 1s, N 1s, O Is spectra, the excitation energies at BESSY were 435 eV, 550 eV, and
680 eV, respectively. The binding energy of the XP spectra was calibrated against the Ag
3dss, Au 4f;5, or Cu 2ps3; core levels at 368.3 eV, 84.0 eV, or 75.1 eV, respectively. For the
acquired XPS data, a liner or Shirley background was subtracted from the raw data, and

Voigt functions were used to fit the individual components.

2.3 Structural modelling of molecular compounds

In the first two sections of chapter 3, the molecular models were built in ChemDraw 3D
software by applying minimal energy optimization.

In the third section, the molecular models proposed are substructures of compounds with
reported single crystal data. The atomic coordinates of the C, N and metal atoms in the
tentative molecular models presented are based on the respective reported single crystal
data, while the positions of the hydrogen atoms are estimated with a C-H bond distance of
0.1 nm. The single crystal data used were retrieved from http://www.crystallography.net
and correspond to 5,5'-6,6'-‘[e‘[rame‘[hoxy-1,1'-3,3'-tetramethylbibenzimidazolinylidene72 for
the  tetraazafulvane, = N,N’-bis[2,6-(di-isopropyl)phenyl] imidazol-2-ylidene-N,N'-
(dicyclohexyl)imidazol-2-ylidene Copper(I)> for the Cu(IMe),, (9,11,20,22,23.25-
hexamethyl-3,6,14,17-tetraazapentacyclo[17.3.1.13,6.18,12.114,17]hexacosa-
1(23),4,8(25),9,11,15,1 9,21-0ctaene-24,26-diy1idene)—g01d74 for Au(IMe); and Au(IMe).

In the fourth section, modeling (MM+ geometry optimization) of the Cyclosporin A on
Cu(111) was performed by using the commercial package HyperChem (Hypercube Inc.,
1115 NW 4th Street, Gainesville, Florida 32601, U.S.A.)
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3. Results

3.1 Tetraketone and tetraamine modules on three coinage metal surfaces:
Phase transformations with temperature, stoichiometry and substrate

Since the discovery of fullerenes in 1985,” there has been an intense effort in exploring
low dimensional conjugated carbon materials and tapping the full potential of their
properties. More recently, graphene related materials, in particular graphene nanoribbons
doped with heteroatoms,’®*” have been the focus of intensive research, as the introduction
of nitrogen atoms (N-doping) can be used to tailor their electronic structure,*’ which is an
essential requirement for the development of future organic electronics based on graphene
circuits. These materials also provide electrochemically-active systems with properties
useful for rechargeable batteries and fuel cells and the tunable and exceptionally high light
absorption in the visible makes them promising candidates as absorber layers in organic
photovoltaics.”® However, the exploration of potential pathways for the targeted design of
such nanostructured devices still needs intense investigations to progress from being a
purely academic playground to ensuring technological impact of low dimensional graphene
based materials.

Pyrene-fused pyrazaacenes’' (PPAs) are among this type of nitrogenated ribbon-like
structures (Scheme 3.1c). Besides their tunable optoelectronic properties, PPAs have shown
a very high stability, which makes them an ideal platform to develop narrow one-

7% (with up to 16 linearly-fused aromatic

dimensional materials. PPA-based oligomers
rings) and polymers®**® have been synthesized through solution based methods by means of

imine-type cyclocondensations (Scheme 3.1b).

Scheme 3.1. (a) Condensation of a ketone and an amine. (b) Cyclocondensation reaction of
diketone and diamine. (¢) Cyclocondensation reaction of the tetraketone and the tetraamine

molecules employed here into PPAs.
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Nevertheless, PPAs are very insoluble materials with a great tendency to aggregate,
which hampers their synthesis and characterization. Therefore, on-surface synthetic
methods provide not only an alternative aggregation-free environment for producing PPAs
but also for characterizing their structure with submolecular resolution, allowing the
identification and study of intermediates and defects.

Schiff base (imine) formations (Scheme 3.1a) have been successfully implemented for

16-18,87-91 . .
8791 Imine formation under these

low dimensional structures in solid-liquid interfaces.
conditions has a dynamic character which relies on the reversibility of the relevant covalent
bonds under thermodynamic control.”> Therefore this type of bonding combines the
increased stability of covalent bonds with the potential of producing regular superstructures,
due to its dynamic character. These characteristics place it among the most promising routes
for covalent molecular architectonics, and imines have been demonstrated to form under
vacuum conditions as well.'"*'">* Specifically, an aldehyde and octylamine on Au(111)
surfaces form the imine product readily at room temperature (RT),'* whereas

cyclocondensation reactions (Scheme 3.1b) have been reported for thick films of suitable

diamine and diketone molecules at temperatures above ~ 373 K.”>
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Figure 3.1: The molecules investigated in this section.

The study presented in this chapter, which has been published in part previously,”
provides a systematic investigation of tetraketone and tetraamine molecules aiming to
trigger the stated imine formation reaction. Here, we employed several compounds (shown
in Figure 3.1) for the in situ formation of PPAs (Scheme 3.1c¢), and studied the behavior of
the different molecules as a function of annealing temperature on three different coinage
metal surfaces: Ag(111), Au(111), and Cu(111) in ultrahigh vacuum (UHV) conditions.
These differ in the R, R, substituents (Scheme 3.1) in an attempt to tune the distance from
the substrate by introducing more or less bulky groups. STM experiments show clearly
different phase transformations during thermal treatment, while XPS measurements provide

information about the changes of molecular chemical structures.

3.1.1 Tetraketone 1 and tetraamine 1 on three coinage metal substrates

Firstly, we studied the self-assembly of 2,7-di-tert-butyl-pyrene-4,5,9,10-tetraketone
(tetraketone 1) and 2,11-di-fert-butylquinoxalino[2',3":9,10]phenanthro[4,5-abc]phenazine-
6,7,15,16-tetraamine (tetraamine 1) and the potential of triggering this imine formation

reaction on three different substrates.

3.1.1.1 Tetraketone 1 and tetraamine 1 on the Ag(111) substrate

Initially the STM appearance of the monomers employed and their thermal chemistry was
established by dosing tetraketone 1 and tetraamine 1 molecules separately on the Ag(111)
surface. Figure 3.2a shows a representative STM image zooming in a densely packed island

of tetraketones, from which we can identify the molecules lying with their m-bonded
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moieties nearly parallel to the surface. An individual tetraketone 1 molecule is outlined in
black. The contrast is dominated by the physically protruding fert-butyl groups that are
imaged as bright lobes, whereas the molecular backbone is resolved more faintly. The unit
cell has sides of 0.87 nm and 1.60 nm =+ 0.1 nm with an angle of 60° between them. Figure
3.2¢ depicts two adjacent tetraketone 1 molecules, superposed with the proposed molecular
ball-and-stick models. The H-bond interactions between -C=0O and hydrogen on phenyl
groups stabilized this arrangement, which are highlighted in green ellipses. The tetraamine
1 molecule has a different n conjugated system, which is imaged in the STM topographical

images as a faint ellipse between the two terz-butyl bright protrusions (Figure 3.2d).

Figure 3.2: STM topography of tetraketone 1 and tetraamine 1 molecules on Ag(111) substrate after
deposition at RT. The blue lines indicate the high symmetry axes of the substrate. In (a-b) single tetraketone 1
and single tetraamine 1 molecules are outlined in black and red, respectively. The unit cells are marked in
purple and green, respectively. (a) STM image of densely packed tetraketone 1 molecules (Tsm, ~ 170 K, U =
1.25V, I,=0.16 nA). (b) Self-assembly of tetraamine 1 molecules (Tspy, ~ 110 K, U, =1.54 V, I,=0.11 nA).”
(c-d) Zoom in STM images (c: tetraketone 1, d: tetraamine 1) overlaid with corresponding ball-and-stick
models. In (c) two adjacent tetraketone 1 molecules were selected to reveal H-bond interactions highlighted in

green oval shapes.

In Figure 3.2b one can clearly identify tetraamine 1 molecules clustered together, their
faint rod like backbones orientated along the high symmetry directions of the substrate. The
unit cell has sides of 2.52 nm and 3.00 nm + 0.1 nm with an angle of 60° between them.
STM investigations of the tetraamine 1 show molecules only within these intricate
molecular arrangements, which appeared after RT deposition and were maintained up to
annealing temperatures as high as 530 K.

Complementary XPS measurements provide more information changes of the chemical
state during this annealing process. Figure 3.3 shows the N 1s and C 1s XP spectra of the
tetraamine 1 adsorbed on Ag(111) at RT and after annealing treatment (510 K).
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Figure 3.3: XP spectra of the N 1s and C 1s core levels of a submonolayer coverage of tetraamine 1 on
Ag(111) after RT deposition (a, c), and after annealing to 510 K (b, d). A photon energy of 550 eV and 435

eV was used for the acquisition of N 1s and C 1s, respectively.

The C 1s spectrum of the tetraamine 1 after RT deposition was deconvoluted into two
peaks with an intensity ratio of 1 : 2 in agreement with the elemental ratio of C linked to N :
C linked to C. The N 1s spectrum of the tetraamine after RT deposition shows two
components of similar intensity, one centered at a binding energy of 400.1 £ 0.1 eV due to
the primary aminic N (-C-NH,)’® and the other centered at a binding energy of 398.9 + 0.1
eV attributed to iminic N (-C=N-C=).""® Conversely, after annealing to 420 K the
deconvolution of the spectrum shows three components (Figure 3.3b). In addition to the
aminic and the iminic N, a weaker peak appears at 397.8 + 0.1 eV, associated with the

presence of -N-H.”**
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Figure 3.4: XP spectra of the C 1s (a) and O 1s (b) core levels, corresponding to a submonolayer coverage of
tetraketone 1 on Ag(111) after RT deposition. In the C 1s signal three different contributions can be resolved.
The corresponding peaks are colored as the respective C atoms in the molecular model. All spectra were

acquired using monochromatized Al Ko radiation.

Furthermore the adsorption of the tetraketone 1 molecules was studied by XPS on
Ag(111); the corresponding C 1s and O 1s XP spectra are shown in Figure 3.4. The O 1s
spectrum displays a single peak centered at a binding energy of 530.2 eV, which is ascribed
to hybridization of the C=0 group with the substrate metal states (-C-O~M").'” This
hybridization is presumably to be associated with the formation of an extended =-
conjugated system that is strongly coupled to the metal states.

The C 1s spectrum shows three contributions with a ratio of approximately 3:2:1. The
peak centered at a binding energy of 284.1 eV is attributed to the presence of aromatic
carbon atoms.'”"'"* Another peak at a binding energy of 284.6 eV is corresponding to

aliphatic carbon atoms.'*>'"®

The peak contributed by the carbonylic carbon atoms should
appear at a binding energy of about 286.9 eV,'**'* but in our case, the third peak related to
carbon atoms bonded to oxygen is shifted to lower binding energy by ~ 1.8 eV, further
confirming that the bond of these carbon atoms to oxygen is significantly weaker than in

carbonyl moieties.
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3.1 Tetraketone and tetraamine modules on three coinage metal surfaces

Figure 3.5: (a) 2-D nanostructures of tetraketone 1 intermixed with tetraamine 1 (Tspy, ~ 160 K, U; =2.89 V,
I, = 0.12 nA). Single tetraketone 1 and single tetraamine 1 molecules are outlined in black and red,
respectively. The unit cell is indicated in green. (b) Zoom in STM image of the mixture of tetraketone 1 and
tetraamine 1 overlaid with corresponding ball-and-stick models.”” (c) Illustration showing different

intermolecular H-bonds stabilizing this self-assembly.

In order to promote the cyclocondensation reactions, submonolayer coverages of
tetraketone 1 and tetraamine 1 molecules were deposited onto the Ag(111) surface at RT
and subsequently annealed gradually to 510 K. At room temperature, the two molecules
readily intermix in regular bimolecular assemblies (Figure 3.5), so that one tetraamine is
surrounded by four tetraketones and stabilized by intermolecular H-bond interactions.
Single tetraamine 1 and tetraketone 1 molecules are outlined in red and black, respectively.
From this image we can identify the molecular orientation relative to the Ag(111) plane.

Both © conjugated systems are lying nearly parallel to the surface as no asymmetry is

evidenced in its apparent height along the Ag [121].

This configuration is observed even after annealing up to 510 K. The two molecules
arrange in a well ordered zigzag conformation on the silver surface, having a unit cell
containing one tetraamine and two tetraketone molecules, with sides of 1.86 nm and 4.75
nm + 0.1 nm and an angle of 60° between them. Figure 3.5b shows the magnified image
with superimposed molecular models, from which we can figure out that the orientation of
central tetraamine is duplicated every two rows because of the inequivalent interaction
between one tetraamine and surrounding four tetraamine molecules. In the top row, the
central tetraamine is close to the tetraketone located right above and left below, highlighted
by green molecular outlines. Due to the deviation of the self-assembly of the molecules, the

next tetraamine in the bottom row is slightly rotated towards the upper left and lower right
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tetraketone, highlighted by purple molecular outlines, which are not so closely attracted by
tetraamine in the adjacent rows. Figure 3.5c gives us an intuitive explanation about the
deviation of the formation. The central tetraamine has two H-bond interactions between
amines and ketones, indicated in green ellipes, which are much stronger than the side H-
bond interaction between ketone and hydrogen of the phenyl groups, highlighted in purple.

This inequivalent intermolecular interaction results in the deviation of the assembly.

B tetraketone : tetraamine ~ 1:5
B tetraketone : tetraamine ~ 1:1
M tetraketone : tetraamine ~2: 1
B tetraketone : tetraamine ~ 3 : 1

tetraketone : tetraamine ~ 4 : 1
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Figure 3.6: Condensation products of tetraketone 1 and tetraamine 1. (a) Overview of imine formation
reactions on Ag(111) after annealing to 510 K with a stoichiometry of tetraketone 1 to tetraamine 1 ~ 2:1
(Tspp = RT, Uy =222 V, I, = 0.09 nA). (b) Histogram of different oligomers generated after annealing to 510
K as a function of the molecular ratio of tetraketone 1 to tetraamine 1. (c-i) STM images and molecular

models of the main types of oligomers resolved after annealing.

In addition, after this treatment, different kinds of oligomers furnish the surface. Figure
3.6a shows an overview in which we can discern some distinct oligomers, for instance, a
straight (s) dimer, a bent (k) dimer, a straight (s,s) trimer, a bent (k,k) trimer, and a branched
(b) tetramer, whose boundaries are outlined by blue solid lines. Here (s) and (k) denote a
straight connection between the monomers and a kink in the connection, respectively.
Furthermore, one pentamer (outlined in green in Figure 3.6a) can be observed, in which
two (s) dimers are coupled with one tetraamine. Apart from these oligomers, there are still
unreacted monomers (see molecules outlined by black and red lines in Figure 3.6a). Some

undesired side reaction appears between free terminal amines, which fused together after
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this annealing treatment as highlighted by yellow circle; the amine groups from two (s)
dimers and a (k) dimer appear linked altogether. Overall, the surface is dominated by
dimers and trimers (see also Figure 3.6b). However, trimers terminated with diamine
moieties are statistically insignificant, a point to which we will return later.

The STM data and molecular models in Figure 3.6¢c-i give a simplified classification of
the occurring oligomers. Due to its linear shape and the distance between its fert-butyl
groups (marked as d1 in Figure 3.6c), which was measured to be approximately 1.08 nm,
the dimer labeled (s) is assigned to the product of the desired cyclocondensation. In
contrast, the (k) dimer assumes a kinked conformation, presumably because only one
ketone reacted with one amine to form a single imine. This dimer has two different
conformations: the one that allows the ketone moiety to have an intermolecular interaction
with the neighboring amine moiety (shown in Figure 3.6d), and one that does not (shown in

Figure 3.7).

Figure 3.7: Second conformation of the (k) dimer. (a) STM image (7sry, = RT, U;=2.22 V, I,= 0.09 nA). (b)

Molecular model.

Figure 3.6¢-g categorizes the types of trimers based on the number of cyclocondensations
and single imine formations, similar to the categorization of the dimers. For example, (k,k)
has two kinks, where both the tetraketone molecule moieties are tilted relatively to the
central tetraamine molecule and every tetraketone was linked by a single imine with each
side of tetraamine. The tetramers are divided in two types: those that are branched (Figure
3.6h), where one tetraamine is surrounded by three tetraketones; and those that are linear, in
which two tetraketones alternately link with two tetraamines. In addition to the illustrated
(s,8,8) tetramer in Figure 3.6i, linear tetramers containing single imines instead of pyrazine
rings existed, similar to those found in the (k) dimer and in (s,k) and (k) trimers. For

example, a (s,k k) tetramer is outlined in purple in Figure 3.6a.
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To investigate the effect of stoichiometry, we tuned the tetraketone 1 to tetraamine 1 ratio
from ~ 1 : 5 to ~ 4 : 1. The distribution of different oligomer species as a function of
stoichiometry is shown in Figure 3.6b. From that we can infer the following: Firstly, we
note that in the same oligomer category, and for every investigated stoichiometry, the
straight type is more probable than the corresponding bent-type. This effect is more
pronounced for dimers but can also be distinguished for the longer oligomers. It indicates
that the cyclocondensation is preferred to the single imine formation, albeit with less
selectivity the longer the oligomer. This selectivity could originate in the ring closure
(Scheme 3.1b) being a sequential reaction of 1 + 1 imine formation reaction, in which the
product with the single imine (Scheme 3.1a) is a stable intermediate. It is important to note
that this type of ketoimine intermediates obtained from o-phenylenediamines have not been
isolated from solution-based synthetic methods. Secondly, we observed that increasing the
proportion of tetraketone molecules increased the yield of trimers. On a surface with an
excess of tetraamine molecules, all the tetraketone molecules reacted to form dimers (blue
histogram in Figure 3.6b), but no longer oligomers were observed. Initially, the formation
of dimers seems to be the favorable product at the annealing temperature of 510 K,
however, especially in the presence of excess of tetraketone, we observed that the same
treatment results in the addition of the tetraketone monomers to the dimer amine side. The
yield of the tetraamine modules within the oligomers at 1 : 1, 2 : 1,3 : 1 and 4 : 1
(tetraketone : tetraamine) stoichiometry was 35%, 54%, 60%, and 69%, respectively,
whereas the percentage of amine to imine conversion is 20%, 29%, 47%, and 54%,
respectively; i.e., as the relative amount of tetraketone increases, both the amount of
(partially) reacted tetraamine molecules and the amount of formed imines increase. In all
the cases, there is a limited number of terminal amines in the polymers, showing that the
condensation of an amine module (or oligomer) with a diketone terminated oligomer is

unfavorable.
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45% _ m Annealing to 510K
m Annealing to 570K

Figure 3.8: Effect of annealing temperature on the polymerization process. (a) STM image showing
condensation products after dosing tetraketone 1 and tetraamine 1 in ~ 4 : 1 stoichiometry and then annealing
to 510 K (Tspyy = RT, Uy = 1.54 V, I, = 0.03 nA). (b) Overview of this surface after further annealing to 570 K
(Tsme = RT, Uy =1.24 V, [, = 0.12 nA). The inset displays a magnified image of the blue box with a straight
trimer with two partially decomposed zert-butyl groups outlined by a dashed blue line. (¢) Distribution of

different oligomer species as a function of annealing temperature.

Furthermore, we investigated the influence of the annealing temperature on the
polymerization process. Figure 3.8a reveals the condensation products after dosing
tetraketone 1 and tetraamine 1 molecules in a ~ 4 : 1 stoichiometry and then annealing to
510 K. We can distinguish the two types of dimers, the three kinds of trimers, the branched
tetramer, and a bent (s,s,k,s) pentamer (highlighted by blue solid lines). Subsequent further
annealing to 570 K desorbed most of the unreacted tetraketone and modestly promoted
lengthening of the oligomers, as illustrated in Figure 3.8. This is also reflected on the
percentage of tetraamine molecules incorporated into oligomers, which increased from 69%

to 79% after this higher temperature annealing.
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The histogram in Figure 3.8c presents the trend of oligomer formation with the annealing
temperature. By inspection we can deduce that part of (s) dimer reacted with the available
tetraketone, forming trimers, especially straight (s,s) trimers. This heat treatment also
affected a significant portion of the fert-butyl groups. This is illustrated by the straight
trimer outlined in blue in the inset of Figure 3.8b, where two tert-butyl groups are resolved
faintly in comparison with the intact ones. In some areas (example shown in the green box
in Figure 3.8b), the molecular decomposition prevents us from identifying the molecular
shape. With increased annealing temperature, more tetraketone molecules desorbed from
the surface limiting the elongation of the polymers. We therefore corroborate our earlier
conclusion that longer oligomers require a second stage, higher temperature annealing. In
this situation, no excess of tetraketone is left on the surface but it is still possible to
condense dimers and trimers into forming longer oligomers (n=5) and/or to condense
tetraamine monomers to existing oligomers.

The annealing temperatures required for the cyclocondensation reaction on Ag (510 K)
are significantly higher than the ones reported for similar cyclocondensation reactions on
thick molecular films under vacuum (373 K),” as well as in solution (~ 323-453 K).”®®
Accordingly, we dosed molecules in three layers (tetraketone-tetraamine-tetraketone),
which turns out to produce a very limited number of dimers at lower temperatures (400 K).
After this annealing treatment only molecules in direct contact with the metal surface
remained. As no condensation products were observed after annealing a submonolayer of
tetraketone 1 and tetraamine 1 molecules to 400 K, we can conclude that the condensation
reaction requires much lower thermal energy in the case that the two reacting modules are
not confined in the two dimensional geometry imposed when they are adsorbed on the
metal surface. Indeed, on the Ag(111) surface the reaction seems to proceed at the
temperature of the onset of desorption of the tetraketone molecule. It is estimated by STM
images that annealing to 510 K causes a 10-20% loss of the surface tetraketone molecules.
No decrease in coverage was observed for the tetraamine molecules under the same

conditions, thus implying that they are more strongly bound to the Ag(111) surface.
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Scheme 3.2. Mechanism of imine formation in solution. B= base
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Assuming that the reaction needs a non-planar intermediate, as expected for the classical
imine formation between a ketone and an amine shown in Scheme 3.2, this would require a
lift-off of the m-conjugated backbone from the surface. (We note that in contrast to the
reaction in solution, on Ag(111) and Cu(111) we might reasonably expect that no additional
base is required, as the surface itself can abstract protons from the molecular moieties.'*>'%%)
In fact, this assumption would justify why diamine terminated oligomers longer than dimers
rarely form and why the polymerization is limited: the tetraketone n-conjugated backbone is
the easiest to lift-off from the surface, whereas more extended modules adsorb more
strongly on the surface. More than 98% of all s or & joints observed after annealing at 510 K
can be accounted for with the addition of a tetraketone monomer to a longer module.

To explore the effect of the underlying metal surface we also investigated this reaction on

gold and copper. The details are discussed in the following.

3.1.1.2 Tetraketone 1 and tetraamine 1 on the Au(111) substrate

On the Au(111) substrate, individual tetraketone 1 and tetraamine 1 molecules form a
similar self-assembly as that on Ag(111). When mixed together in a stoichiometry of 6 : 1
and subsequently annealed to 360 K, different domains appeared, which remained after

annealing to 380 K.
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Figure 3.9: Different self-assembly of tetraketone 1 and tetraamine 1 on Au(111) after annealing to 380 K
recorded at room temperature. (a, b) Linearly packed polymer-like structure (U;= 1.58 V, [,= 0.11 nA). (c, d)
Network-like structure (U;= 1.58 V, I,= 0.10 nA). (e, f) Stripe-like structure (U;= 1.58 V, I,= 0.10 nA). The
unit cells are marked in blue, purple and green, respectively. The black star in (a) indicates the high symmetry

axes of the substrate.

Figure 3.9 depicts several STM images recorded after the aforementioned preparation

condition on Au(111). Similarly to what we found on Ag(111), the bright protrusions in the
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images are tert-butyl groups and the one with faint oval shape between two protrusions is
the tetraamine 1 molecule as mentioned before. Figure 3.9a shows a densely packed linear
polymer-like structure where the tetraketone is linked with the tetraamine by H-bonding
between the diketone and diamine groups. The unit cell containing one tetraketone and one
tetraamine has sides of 1.25 nm and 2.74 nm + 0.1 nm with an angle of 60° between them.
One molecular chain is highlighted in the black outline in Figure 3.9a. We can see that the
adjacent molecular chains assemble like zippers. The detailed imaging superposed with
molecular models is shown in Figure 3.9b. Figure 3.9 (c-f) depicts a similar arrangement
with a difference in the ratio of tetraketone to tetraamine molecules. The ratio of tetraketone
to tetraamine in the network-like structure in (c) is 3 : 1, whose unit cell has sides of 1.50
nm and 3.44 nm + 0.1 nm with an angle of 84° between them. In the arrangement shown in
(e), the ratio is 5 : 1 and the unit cell has sides of 1.50 nm and 4.93 nm + 0.1 nm with an

angle of 84° between them.
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Figure 3.10: Self-assembly of tetraketone 1 and tetraamine 1 on Au(111) surface after annealing the sample to
450 K recorded at room temperature. (a) Overview of orderly packed molecules (U;= 1.58 V, [,= 0.11 nA). (b)
Detailed image of this new domain with superposed molecular models. (c) Illustration showing intermolecular
H-bond interactions: H-bond between -C=0 and -NH, indicated in orange, between -C=0 and hydrogen on

phenyl groups highlighted in green.

After annealing the sample to 450 K, tetraketone 1 desorbed partially and was distributed
more evenly with tetraamine 1 in similar arrangements as described in subsection 3.1.1.1. In

addition to this, we monitored a new domain illustrated in Figure 3.10a that is similar to the
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self-assembly of molecules on Ag(111) (in Figure 3.5), however this new arrangement is
even more ordered and symmetric compared with that. The central tetraamine is no longer
inclined to certain tetraketones in adjacent rows. In this circumstance, the unit cell,
comprised of one tetraamine with two tetraketone molecules, has sides of 1.86 nm and 1.65
nm + 0.1 nm with an angle of 76° between them. From Figure 3.10c we can figure out the
reason for the occurrence of this symmetric arrangement. The central tetraamine has nearly
equivalent intermolecular interaction with the surrounding four tetraketones via H-bond
interaction between -C=0 and -NH, (indicated in orange in Figure 3.10c), as well as
between -C=0 and hydrogen on phenyl groups (indicated in green in Figure 3.10c). This

domain survived after annealing the sample to 480 K.

Figure 3.11: (a) Overview of the two dimensional network structure of tetraketone 1 and tetraamine 1 on
Au(111) after annealing the sample to 510 K (Tsm, = 95 K, U;=1.58 V, I,= 0.12 nA). (b) Magnified image of

the linear polymer-like structure (blue box in (a)) with superposed molecular models.

In the following experiment, we heated the sample to 510 K and scanned at 95 K. It is
amazing that most of the excess tetraketone molecules desorbed and only the polymer-like
structure left, forming the two-dimensional network arrangement illustrated in Figure
3.11a. The molecular chains consist of tetraketone and tetraamine molecules and form long
and straight rows that interact with adjacent rows in a zipper-like fashion, similar to the
arrangement shown in Figure 3.9a. Tetraketone and tetraamine still linked together through
H-bond interactions between ketone and amine groups, which is much clearly shown in
Figure 3.11b. Due to the desorption of the tetraketone molecules, the intact distinctive

herringbone Au substrate can be seen again.
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=

Figure 3.12: STM images of the self-assembly of tetraketone 1 with tetraamine 1 on Au(111) as a function of
the annealing temperature. (a) After annealing of the sample to 540 K (Tsra, = RT, U;=1.54 V, [,= 0.11 nA).
Most of the tetraketone 1 molecules have desorbed from the Au(111) surface. No products of imine formation
could be identified. A blue circle indicates tert-butyl groups in tetraamine molecules that have been affected
by the annealing and no longer appear as bright as before. (b) After annealing of the sample to 570 K (Tsyy =
RT, U;=1.06 V, I,= 0.15 nA). (c) After annealing of the sample to 640 K (s, = RT, U;=1.58 V, [,=0.12
nA). A large portion of the zert-butyl groups have been affected by the annealing, no products of ketone-amine

condensation could be identified.

We further annealed the sample to 540 K. Inferred from Figure 3.12, molecular lines
consisting of alternating tetraketone and tetraamine molecules as discussed above still
existed albeit shorter. Moreover, as the tetraketone desorbed further, the tetraamine
molecules tended to cluster together head to head, and some fert-butyl groups were already
destroyed, highlighted by the blue circle. After annealing to 640 K, the surface contained
almost exclusively tetraamine molecules with numerous zert-butyl groups decomposed. And
the tetraamines interacted with each other forming covalent bonds.

Concluding from the experimental results above, tetraketone 1 and tetraamine 1 can form
symmetric domains on Au(111) surface stabilized by intermolecular H-bond interactions.
However, no oligomers formed because a major fraction of tetraketone molecules desorbed

from the surface rather than reacted with tetraamine.

3.1.1.3 Tetraketone 1 and tetraamine 1 on the Cu(111) substrate

On the Cu(111) substrate, molecules behaved differently compared to the other two
crystals. Firstly, we studied the temperature dependent self-assembly of tetraamine 1 on
Cu(111).
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Figure 3.13: Self-assembly of tetraamine 1 on Cu(111) as a function of the annealing temperature. (a) STM
image of tetraamine 1 deposited on Cu(111) (Tsp, =93 K, U;=-1.36 V, I,=-0.06 nA). (b) After annealing the
sample to 373 K (Tspy, = 153 K, U;= 1.74 V, I,= 0.04 nA), insert (U;=1.74 V, I,= 0.11 nA) shows detailed
image. (c) Annealing the sample to 433 K (Tspy, = 180 K, U;=1.40 V, [,= 0.10 nA). (d) Annealing the sample
to 513 K (Tsry =276 K, Uy=2.02 V, I,= 0.07 nA), insert (U;=2.02 V, I,= 0.11 nA) illustrates detailed image.

As indicated in Figure 3.13a, after dosing tetraamine 1 on Cu(111) with a surface
coverage of approx. 25%, tetraamine mainly adsorbed with its conjugated moiety parallel to
the step edges in a head to head geometry interacting by H-bonds with diamine groups. On
terraces, some tetraamine behaved similarly as on step edges (highlighted in the black box)
forming linear molecular chains. A certain amount of tetraamine is visible on the surface
side by side (in blue circle) or head to head yet in a non-linear arrangement (in green circle)
interacting via intermolecular H-bonds, like the self-assembly on Ag(111) but not as well

ordered. On negative bias, the density of molecules increased where we scanned, indicating
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that the molecules interact with Cu adatoms induced by the tip.'""”"'° After annealing the
sample to 373 K, most of the molecules segregated to the step edges, as depicted in Figure
3.13b. After further heating the sample to 433 K, the molecules assemble head to head,
preferentially in a triangular or rectangular arrangement (Figure 3.13c). Although the
diamine groups of tetraamine molecules do not overlap with each other when clustered
together, as confirmed by superimposing molecular models on the image, there is
something in between the diamines, which is probably the coordinating Cu adatoms''’,
marked by blue circles. This will be further discussed in combination with the following
experiments. The dendritic structure was also mainly found in the vicinity of step edges and
the total coverage remained as before. However, after annealing the sample to 513 K, the
previous dendritic structure disappeared and the tetraamine adsorbed exclusively to step
edges. From Figure 3.13d, we can see that the coverage of the tetraamine decreased a bit.
Comparing the insert with that of Figure 3.13b, we can infer by the contrast of the butyl

groups that some fert-butyl groups were already affected after this thermal treatment.
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Figure 3.14: XP spectra of the N 1s and C 1s core levels of a submonolayer coverage of tetraamine 1 on

Cu(111) after deposition at 173 K, and after annealing to 300 K and 423 K.
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Supplementary XPS measurements shed light into this structure. The C 1s spectrum of the
tetraamine 1 after deposition at 173 K was deconvoluted into two peaks with intensity ratio
of 1 : 2 in agreement with the elemental ratio of C linked to N : C linked to C. As discussed
above, a peak centered at a binding energy of 400.1 £ 0.1 eV is due to the primary aminic N
(-C-NH,)*® and a peak centered at a binding energy of 398.9 + 0.1 eV is attributed to iminic
N (-C=N-C=).”""® In Figure 3.14, after deposition of tetraamine 1 on Cu(111) at 173 K, the
N 1s spectrum shows these two components of similar intensity. After slight annealing to
300 K, a third peak appears at 397.8 + 0.1 eV, associated with the presence of -N'H.”*"
And after further annealing to 423 K, the three peaks all shifted to lower binding energy. So
it is deduced that the Cu surface activates the amines by partial dehydrogenation, and then

the dehydrogenated amines may coordinate with copper adatoms.""!

Figure 3.15: Self-assembly of tetraketone 1 on the Cu(111) surface as a function of the annealing temperature.

(a) STM image of tetraketone 1 deposited on Cu(111) (Tspy, = 194 K, U;=2.02 V, I,= 0.11 nA), inset (U;=
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1.25V, I,= 0.10 nA) shows the flower-like structure. (b) Annealing the sample to 393 K (Tsp, = RT, U= 1.25
V, I,;= 0.06 nA), inset (U;= 1.24 V, [,= 0.11 nA) shows a detailed image. (c) Annealing the sample to 423 K
(Tspp = RT, Uy=1.25 V, [,= 0.09 nA), inset (U;= 1.25 V, I,= 0.12 nA). (d) Annealing the sample to 513 K
(Tspp = RT, Ug=1.24 V, I,= 0.07 nA), inset (U;= 1.25 V, I,= 0.10 nA) shows a magnification with details.

Then we investigated the self-assembly of tetraketone 1 on the Cu(111) substrate as a
function of the annealing temperature. Apart from a similar arrangement as that on Ag(111)
or Au(111) where tetraketone molecules are packed together in zigzag pattern, pictured in
Figure 3.15a (green box), there occurred several new domains after RT deposition. One is
the parallel-arranged region outlined by the blue box and the other one is indicated by the
black circle where three tetraketones stabilized with each other forming discrete, well-
defined flower-like structures as also shown in the inset. After heating the sample to 373 K,
as illustrated in Figure 3.16a, the densely packed structure of the tetraketone molecules as
in the green box of Figure 3.15a dominated, where the adjacent rows are offset and form a
zigzag pattern. One can notice that on the border of every densely packed domain, the ferz-
butyl groups without adjacent diketone groups to interact with, appeared a bit brighter
(highlighted in blue circles) than the other protrusions. In addition to this, there were still
flower-like structures shown in Figure 3.16b-c. Inferred from the two consecutively
scanned images, indicated by the blue box, the surrounding isolated tetraketone molecules

were still mobile and rearrange occasionally to form the trimer flower-like structures.

Figure 3.16: Self-assembly of tetraketone 1 on Cu(111) surface after annealing the sample to 373 K, recorded
at 283 K. (a) Densely packed tetraketone 1 molecules (U;= 1.25 V, [,= 0.09 nA). (b) Flower-like structure
with superimposed molecular models (U;= 1.40 V, I,= 0.12 nA). (c) Dynamic structural rearrangement (U,=

1.40 V, I,= 0.09 nA).

Subsequently heating to 393 K, restructuring of the substrate induced by the molecules
was observed, as inferred from the orientation of the step edges shown in Figure 3.15b.

Different from before, tetraketone 1 molecules now situated very orderly and parallel to the
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step edges, though on terraces they existed in a similar arrangement, in a densely packed
pattern and a flower-like structure, shown in the inset. Further heating the sample to 423 K
reduced the amount of densely packed tetraketones. On terraces, mainly flower-like
arrangement appeared and scattered molecules that restructured and moved around quickly
made the surface appear fuzzy, as indicated in Figure 3.15c. There were no big changes
except a slight desorption of tetraketone after heating the sample to 443 K and 473 K,
however, tetraketone molecules decomposed, polymerized and aggregated after further

annealing to 513 K shown in Figure 3.15d.
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Figure 3.17: Self-assembly of tetraketone 1 and tetraamine 1 on Cu(111) as deposited at RT (Tsyy, = 94 K, U;
=2.02V,,=0.10 nA).

Then tetraketone 1 and tetraamine 1 were deposited on Cu(111) sequentially, generating a
sub-monolayer coverage of organic molecules with a 1 :1 stoichiometry. As indicated in
Figure 3.17, after deposition, the two molecules intermix on the Cu(111) substrate, from
which we can see that the tetraamine still preferred to form a similar zigzag arrangement
stabilized by hydrogen bonding between amine and ketone groups like on the Ag(111)
substrate highlighted by the yellow box. Similar to what we found with only tetraamine
molecules, clustered tetraamine molecules arranged head to head, marked by the green

circle and shoulder by shoulder marked by the red box.
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Figure 3.18: Self-assembly of tetraketone 1 and tetraamine 1 on the Cu(111) substrate after annealing the
sample to 360 K. (a) Polymer-like domain (Tspy, = 153 K, U;=1.90 V, [,= 0.13 nA). (b) Magnified image of

the black box in (a) with superposed molecular models.

After annealing the sample to 360 K for 10 min, we found two kinds of different
arrangements, polymer-like and fence-like domains, shown in Figure 3.18 and Figure 3.19,
respectively. Actually these arrangements already existed after deposition without heating
the surface though not very ordered and only in small areas. The polymer-like domain is
stabilized by hydrogen bonds between diamines and diketones. The arrangement had some
defects such as missing a certain tetraketone shown by red dashed line in Figure 3.18a.
Besides, the domain was not so highly ordered as that on Au(111) (Figure 3.9a and Figure
3.11b). In Figure 3.18b we pictured three rows of this polymer-like arrangement to
demonstrate the ordering. In the outermost two rows of tetraketone, the bottom left and
upper right tetraketone deviated a bit from the normal position and got close to the adjacent
tetraketone in the middle column, which is also the reason for different appearance of this

domain compared with that on the Au(111) substrate.
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Figure 3.19: Self-assembly of tetraketone 1 and tetraamine 1 on Cu(111) after annealing the sample to 460 K.
(a) Fence-like domain (Tspy, = 153 K, U;=2.02 V, I,= 0.11 nA). (b) Magnified image of the black box in (a)

with superposed molecular models. (c¢) Detailed illustration of H-bond interactions.

The fence-like domain is shown in the STM image after annealing the sample to 460 K in
Figure 3.19a. As we can see there is also a missing tetraketone marked in red dashed line.
Besides, in different rows, the orientation of tetraketone molecules adsorbing on the surface
was not always consistent. Shown in Figure 3.19b, in adjacent rows, tetraamines are linked
with each other end to end forming long straight lines. Tetraketones in this network stabilize
the arrangement by H-bond interactions between amines and ketones, which is much more

obvious in Figure 3.19c.

This newly discovered fence-like domain is very interesting. As discussed above in
Figure 3.2b, on Ag(111), individual tetraamine cluster together head to head. On Cu(111),
individual tetraamines also form similar self-assembly shown in Figure 3.13c. But after
mixing tetraamine with tetraketone and annealing to higher temperature, besides the
aforementioned clustering of tetraamine molecules marked in green circles in Figure 3.19a,
a new phase appeared that is this fence-like domain, where tetraamines linked head to tail
forming long straight lines. Tetraamines also seem to coordinate with Cu adatoms

highlighted in yellow circle in Figure 3.19a.
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Figure 3.20: Self-assembly of tetraketone 1 and tetraamine 1 on Cu(l11) as a function of annealing
temperature. (a) Overview of mainly fence-like domains after heating the sample to 430 K (7sry, = 150 K, U=
2.29 V, I,= 0.10 nA). (b) Overview image after heating the sample to 490 K (Tsry, = 195 K, U;=2.15V, [,=
0.07 nA). (c¢) Detailed image of domain with decomposed molecules after heating the sample to 490 K (Tsry, =
195 K, Us= 2.15 V, I,= 0.10 nA). Black and red solid lines mark intact tetraketone 1 and tetraamine 1
molecules, respectively. Black and red dashes outline decomposed tetraketone 1 and tetraamine 1 molecules,

respectively.

Further heating the sample to higher temperatures leads to decrease of the polymer-like
domains and increase of the fence-like domains obviously. When heated up to 430 K, there
were mainly fence-like domains, which can be confirmed by the overview image in Figure
3.20a. These fence-like arrangements maintained after annealing the sample to 460 K. The
detailed arrangement has already been discussed above in Figure 3.19. After annealing the
sample to 490 K, the coverage and structure did not change too much (Figure 3.20b).
Deduced from the detailed image after this heat treatment in Figure 3.20c, so many fert-
butyl groups were decomposed marked in black dashed lines for tetraketone and red dashed
line for tetraamine. Nevertheless, the fence-like domains within the framework still
maintained. Although some fert-butyl groups decomposed, the backbone of tetraketone is
still vigorously anchored to the substrate confirmed by the faint contrast labeled in black
dashed lines, which also stabilize the arrangement. Presumably because of the strong
interaction with the substrate, the molecules were trapped into this framework and could not

react with each other.

3.1.1.4 Comparison and discussions

From the above three subchapters, we can get some general understanding about the
influence of different substrates on this Schiff-base condensation reaction. Only on the
Ag(111) substrate, PPA-based oligomers occurred after thermal treatment. On the Au(111)

substrate, no oligomers formed because the tetraketone 1 desorbed rather than reacted with
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tetraamine 1 after stepwise heating up to 610 K (Figure 3.12). After annealing to 610 K, the
surface contained almost exclusively tetraamine molecules with numerous terz-butyl groups
decomposed. On the Cu(111) surface, no oligomers formed either after annealing up to 490
K, although a number of fert-butyl groups decomposed under this annealing treatment
(Figure 3.20c¢).

Based on these results, we infer that Ag binds the monomers strongly enough for them to
react on the surface, but not so strong as to inhibit the lift-off necessary for the imine
formation. In contrast, on Au the tetraketone monomer desorbed during higher temperature
annealing. On Cu, the monomers have a higher affinity to the metal surface and therefore
decompose at annealing temperatures below the condensation temperature found on
Ag(111). The lift-off of the ketone might be further hindered on Cu due to a stronger
coupling.

Complementary XPS characterization of these reactants on Ag(111) and Au(111) sheds
light on the reaction mechanism. The N 1s spectra of the tetraamine 1 on Ag(111) after RT
deposition and annealing to 510 K have already been discussed above in Figure 3.3. From
that we can deduce that the Ag surface activates the amines by partial dehydrogenation,
which is expected to promote the desired imine formation. In such a case, the condensation
reaction would proceed slightly differently on the Ag surface than in solution (Scheme 3.2),

with H, as one of the by-products at lower temperature.''?
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Figure 3.21: XP spectra of the C 1s (a) and O 1s (b) core levels, corresponding to a submonolayer coverage of

tetraketone 1 on Au(111) (top) and Ag(111) (bottom) after RT deposition. In the C 1s signal three different
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contributions can be resolved in the analysis. The corresponding peaks are colored as the highlights of the

respective C atoms in the molecular model. All spectra were acquired using monochromatized Al Ka radiation.

XPS spectra of tetraketone 1 on Ag(111) are already displayed in Figure 3.4. Here, the
data collected on Au(111) substrate is also included to make a comparison. On Au(111), the
C 1s spectrum shows three contributions at binding energies of 284.1,'°"'%? 284.6,'%'% and
286.9 eV, which can be attributed to the presence of aromatic, aliphatic, and
carbonylic carbon atoms, respectively, with a ratio of approximately 3:2:1. The O 1s
spectrum instead displays a single peak centered at a binding energy of 531.2 eV
corresponding to carbonylic O (-C=0).""'"> On Ag(111) this peak shifts to lower binding
energy by ~ 1 eV, which is ascribed to hybridization of the C=O group with the substrate
metal states (-C-OM").'” From the comparison we infer that the hybridized oxygen is
beneficial to this polymerization reaction, probably because the tetraketone molecules can
remain in the vicinity of the Ag(111) surface upon annealing to higher temperatures, and
thereafter, they can adopt the optimal geometric configuration relative to tetraamines to
activate the imine formation reaction before desorbing from the surface. In contrast, there is
no hybridized oxygen on Au(111), and as a consequence of the weaker anchoring the

tetraketone molecules desorb from the surface before reacting with tetraamines.

3.1.2 Tetraamine 1 and tetraketone 3 on the Ag(111) substrate

As discussed in the previous section, the imine formation reaction requires an activation
step: the lift-off of the ketones. In order to produce longer polymer not only oligomers, a
new precursor: 2,7-bis((triisopropylsilyl)ethynyl)pyrene-4,5,9,10-tetraone (tetraketone 3)
with two bulky side groups (TIPS groups) intending to lift-off the ketone module was
investigated. As the reaction worked before only on the Ag, we investigated this tetraketone
3 and tetraamine 1 only on Ag(111).

Firstly, we studied the self-assembly of individual tetraketone 3 on Ag(111). After RT
deposition, different packing appeared on the surface. One is a parallel packing with the
ketones facing to each other as shown in Figure 3.22a. Similar to the appearance of
tetraketone 1, the very bright lobes are corresponding to the physically protruding TIPS
groups, whereas the molecular backbone is resolved more faintly. Besides this, in between
two adjacent tetraketones, one additional small bright lobe appeared, outlined in blue circle,
which is probably caused by ketones interacting with Ag adatoms, which is much clearer to

see from the magnified image of the purple box in (a) superposed with molecular models.
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Figure 3.22: (a, c) Different packing of individual tetraketone 3 after RT deposition on Ag(111) (Tsp, = 113
K, Uy;=1.32V, [,=0.11 nA). (b, d) Magnified images of (a, ¢) superposed with molecular models. (e) After
annealing the sample to 390 K (Tspy = 153 K, U;= 1.68 V, I,= 0.11 nA). A large portion of tetraketones

decomposed (dashed line models) or interacted with each other (green/blue circles).

Figure 3.22c shows two other assemblies: one is parallel packing yet with ketones facing
to TIPS groups (black box), and the other one is a staggered packing scheme (green box).
The magnified image shown in (d) gives intuitive description of the two different packing.
After annealing to 390 K, most of the tetraketones desorbed from the surface, and the
remaining molecules partly decomposed as seen in Figure 3.22¢. Black solid lines highlight
intact molecule and the dashed lines indicate the decomposed molecules with TIPS groups
imaged more faintly. Some molecules fused together, outlined in blue circle. More ketones
seem to interact with Ag adatoms as the amount of bright small lobes increased (green

circles).
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Figure 3.23: (a) STM image of tetraamine 1 and tetraketone 3 in a 1:1 ratio after subsequent deposition on
Ag(111) kept at RT (Tspar = 100 K, U;=1.53 V, [,= 0.09 nA). (b) Detailed image of the mixture of the two
molecules (Tspy, = 100 K, Uy=1.53 V, [,= 0.11 nA). (c) Magnified image of the purple box in (b) superposed

with molecular models.

Further, we dosed tetraketone 3 and tetraamine 1 in a 1:1 ratio on Ag(111) at RT. The two
molecules preferred not to intermix with each other. Instead they rather segregated in
different domains shown in Figure 3.23a. The detailed structures have already been
described in Figure 3.2b and Figure 3.22a. But there are also areas composed of the
mixture of the two molecules forming a grid-like arrangement (in Figure 3.23b, c), where

one tetraketone surrounded by eight tetraamines.
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Figure 3.24: STM images of the self-assembly of tetraketone 3 with tetraamine 1 on Ag(111) surface as a
function of annealing temperature. (a, ¢) Different domains of the molecules after annealing to 430 K (Zsry =
160 K, U;=1.79 V, I,= 0.11 nA). (b, d) Magnified images of (a, ¢) superposed with molecular models. In the
domain displayed in (c), some tetraamine interacted with its TIPS groups highlighted in blue circles. (e) After
annealing to 490 K (Tspy, = 200 K, U;=1.79 V, [,= 0.11 nA). Black solid lines and dashed lines are for intact
tetraketone 3 and decomposed tetraketone 3 molecules, respectively. The green circle indicates tetraamines

that are fused together. The blue box highlights tetraamines reacted with TIPS groups.

After annealing to 430 K, the segregated domains disappeared and the two molecules
mixed together, either in an ordered self-assembly (in Figure 3.24a) or in a disordered
arrangement (in Figure 3.24c). In this long range ordered domain, tetraamine 1 stabilized
with tetraketone 3 by intermolecular interactions between amines and ketones. Because the
backbone of tetraketone 3 is longer than that of tetraamine 1, this alignment is different than
the one observed before. The detailed imaging superposed with molecular models is shown
in Figure 3.24b. Apart from the regular domains above, there were many areas shown in
Figure 3.24c, where clustered tetraamines covered most of the surface, marked in black
circle. Though the occurrence of oligomers was suspected (in the black box), it showed that
they were not covalently linked together after superposing molecular models on the image
(Figure 3.24d). Additionally, some tetraamines reacted with the TIPS groups, indicated by

the blue circles.
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3.1 Tetraketone and tetraamine modules on three coinage metal surfaces

After further annealing to 490 K, no ordered domain existed, and most of the tetraketone
3 molecules desorbed from the surface, and tetraamines fused together, marked in green
circle. Some TIPS groups decomposed, shown in dashed line models and more tetraamines
reacted with TIPS groups, indicated by the blue box.

Deduced from the above experiments, no desired Schiff-base formation reaction
happened on Ag(111) with this new tetraketone 3 molecule. This is probably caused by the
weaker interaction between the new molecules and the substrate and the lift-off effect of the
big side groups. So most of the molecules desorbed from the surface before reacting with
tetraamines. Besides this, the TIPS groups are chemically more active than ketones groups

and the tetraamines tend to react with the TIPS groups instead of the ketones.

3.1.3 Tetraamine 1 and tetraketone 2 on the Ag(111) substrate

Based on the previous experience, we further tailored the molecule by removing the triple
bond linking the TIPS groups in order to decrease its reactivity. In the following, we studied
the molecular behavior of 2,7-bis(triisopropylsilyl)pyrene-4,5,9,10-tetraone (tetraketone 2)
and tetraamine 1 on Ag(111).

Figure 3.25: (a) STM image of the self-assembly of tetraketone 2 on Ag(111) after RT deposition (7sm, = 120
K, Uy;=1.25V, I,= 0.10 nA). (b) After annealing to 390 K (Tsry, = 210 K, U;=1.16 V, I,= 0.09 nA). Green

dashed line marks one tetraketone molecule with decomposed TIPS group, and the blue circle indicates
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ketones which might have reacted with Ag adatoms. (¢) After annealing to 560 K (Tsp, = 130 K, U;=1.13 V,
1,=0.10 nA).

After RT deposition on Ag(111), tetraketone 2 formed a similar self-assembly as the other
two molecules (in Figure 3.25a). After annealing to 390 K, the arrangement is even more
regular, but some TIPS groups have already been damaged, marked by the green dashed
line in Figure 3.25b. Besides, some tetraketones interacted with Ag adatoms shown in the
blue circle. Further heating to 560 K totally destroyed this arrangement. The molecules

clustered together and many TIPS groups were damaged.

Figure 3.26: (a) STM image of the mixture of tetraketone 2 and tetraamine 1 on Ag(111) after RT deposition
(Tsme = 120 K, U= 1.25 V, I,= 0.06 nA). (b) Detailed image of tetraamine 1 intermixed with tetraketone 2
(Tspe = 130 K, U= 1.25 V, I,= 0.09 nA). (c) After annealing to 550 K (Tsp, = 170 K, U;=1.25 V, I,= 0.08

nA). Blue box indicates tetraketones that might have reacted with Ag adatoms.

Then we dosed the two molecules on Ag(111). The two molecules segregated similar to
what was observed before in two different domains instead of mixing together as shown in
Figure 3.26a. Only a small fraction of tetraketone 2 intermixed with tetraamine 1 and even
in this small region, tetraketone 2 still prefers to stick together, indicated by the green box
in Figure 3.26b.

After annealing to 550 K, a large portion of tetraketones desorbed from the surface. Some

tetraketone interacted with tetraamine forming linear structures yet with H-bond interaction
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and almost no covalent bonding could be observed (in yellow box). But there are indeed
some oligomers, for example, marked in black box, which is the aforementioned kinked
dimer with one ketone reacting with one amine forming one imine. There are also many
tetraketones interacting with Ag adatoms, indicated by the blue box, as well as tetraamines
fused together after this high temperature treatment. Nevertheless still no desired long

polymers were generated with these two precursors.

3.1.4 Tetraamine 3 and tetraketone 2 on the Ag(111) substrate

Then we tried another route by using a modified amine without the terz-butyl groups and
shortened molecular backbone. Here the combination of tetraketone 2 and the new designed

molecule: phenazine-2,3,7,8-tetraamine (tetraamine 3) is studied on Ag(111).

Figure 3.27: Different types of self-assemblies of tetraamine 3 on Ag(111) after RT deposition. (a) Grid-like
domain (Tspy, = 130 K, Uy=1.28 V, [,= 0.10 nA). (b) Stripe-like domain (7sp, = 120 K, U;=1.58 V, [,= 0.13
nA).

Firstly, the self-assembly of the new tetraamine 3 was studied and is displayed in Figure
3.27. After RT deposition, the molecules formed different structures on the surface, either a
grid-like domain or a stripe-like domain. Because the molecules are very small, they are
mobile even at low scanning temperatures (120 K). After annealing to 390 K, a large
portion of the tetraamine molecules desorbed from the surface. After further annealing to

500 K, nearly all the molecules were gone.
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Figure 3.28: (a) STM image of the mixture of tetraketone 2 and tetraamine 3 on Ag(111) after RT deposition
(Tspy = 110 K, Us=1.25 V, I,= 0.10 nA). (b) After annealing to 390 K (Tsp, = 170 K, U;=1.25V, [,=0.10
nA). (c) After annealing to 560 K (Tspy,= 110K, Uy;=1.28 V, [,=0.11 nA).

Then we dosed tetraamine 3 and tetraketone 2 subsequently on Ag(111). The two
molecules intermixed with each other very well after RT deposition shown in Figure 3.28a.
In most cases, one tetraketone 2 interacted with three tetraamine 3 (in blue box) with its
amines groups faced toward the ketones. After annealing to 390 K, a substantial part of the
tetraamine 3 molecules desorbed, as expected based on the study of individual tetraamine 3.
Now one tetraketone 2 interacts with two tetraamine 3 indicated by the green box in Figure
3.28b. After further annealing to 560 K, almost all the tetraamine 3 molecules desorbed
from the surface and the remaining tetraketone 2 interacted with Ag adatoms shown in the
black box in Figure 3.28c.

So this attempt to form the desired reaction with tetraamine 3 also failed because this
molecule is too small to withstand the high temperature treatment and desorbed from the

surface before reacting with tetraketone 2.

3.1.5 Tetraamine 2 and tetraketone 2 on the Ag(111) substrate

To address the weakened anchoring strength resulting from shortening of the backbone in
tetraamine 3, we employed a new precursor: 1,12b-
dihydroquinoxalino[2',3":9,10]phenanthro[4,5-abc]phenazine-6,7,15,16-tetraamine
(tetraamine 2) with the same backbone as that of tetraamine 1 but without the fert-butyl
groups and investigated the molecular behavior of this tetraamine 2 with tetraketone 2 on

Ag(111).
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3.1 Tetraketone and tetraamine modules on three coinage metal surfaces

Figure 3.29: Different domains of tetraamine 2 on Ag(111) after RT deposition. (a) Disordered arrangement

(Tspp= 150K, Ug=1.13 V, [,= 0.12 nA). (b) Ordered self-assembly (Tspy, = 150 K, Uy=1.32 V, [,=0.11 nA).

After RT deposition on Ag(111), tetraamine 2 molecules tended to interact with each
other head to head forming either disordered domains as in Figure 3.29a, or two
dimensional ordered structures as shown in Figure 3.29b. Due to the lack of the fert-butyl
groups, amines can interact with iminic N in the backbone generating this fence-like

arrangement.

Figure 3.30: (a) STM image of the mixture of tetraketone 2 and tetraamine 2 on Ag(111) after RT deposition
(Tsppy = 130 K, U= 125V, I,= 0.12 nA). (b) After annealing to 500 K (Tspy, = 170 K, U;=1.44 V, I,= 0.14
nA).

Subsequently, we dosed tetraketone 2 on this Ag(111) substrate containing tetraamine 2.
The two molecules intermixed with each other as shown in Figure 3.30a. Most of the
tetraamine 2 are parallel to the tetraketone 2 and only a small fraction of tetraamine 2 is
perpendicular to tetraketone 2. After annealing up to 500 K, desorption of tetraketones was

observed, and the left tetraamines did not exhibit any ordered arrangement.
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This newly tailored molecul still did not have the desired effect but this time tetraamine 2
could survive high temperature annealing and stay on the surface. The problem is that the
ketones prefer facing to the iminic N in the ring without the hindrance of the tert-butyl
groups, which is not beneficial to the imine formation reaction. Although at higher

annealing temperatures, there is too much mobility to overcome this attractive interaction.

3.1.6 Summary and Conclusions

In this chapter, we did a comprehensive investigation of Schiff-base formation reaction
on three coinage metal surfaces by utilizing STM and XPS measurements and employing
different reactants in ultra-high vacuum conditions.

In the first combination of tetraketone 1 and tetraamine 1, we explored the influence of
the annealing temperature, stoichiometry of tetraketone to tetraamine, and the underlying
metal surface. On Ag(111), tetraketone 1 and tetraamine 1 can form zigzag conformation
stabilized by intermolecular H-bond interactions between amine and ketone groups as well
as between ketone and hydrogen of the phenyl groups, which maintained after RT
deposition and gradually annealing to 510 K. Besides, we found that this imine formation
reaction requires an activation step: a lift-off of the ketones. Different oligomers could be
generated only on the Ag(111) substrate because silver gives the best compromise between
adsorption strength and moderate chemical interaction.

Deduced from XPS characterization, the majority of the ketone groups hybridized with
the silver surface after RT deposition of the tetraketone. This hybridization presumably
enables the molecule to remain on the surface during the temperature activated lift-off of
the ketones, which creates a suitable geometry to react with a diamine terminated module.

The proposed mechanism is illustrated in Figure 3.31 by a schematic drawing.
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Figure 3.31: Cartoon of the imine formation mechanism by reaction of tetraketone 1 (left) and tetraamine 1
(right) on the Ag(111) surface. From top to bottom: After RT deposition, ketone moieties are strongly
hybridized with the metal surface. At ~ 510 K, the ketone lift-off enables a suitable geometry (green highlight)

for the formation of new imines.

We found that in general the cyclocondensation is favored over the single imine
formation. Moreover we observed that dimers are the preferred products, but in the presence
of an excess of tetraketone molecules, ketone terminated trimers become the most
favorable. The elongation to longer oligomers seems instead to be unfavorable.

Importantly, we found marked differences between supporting the employed reactants on
gold, silver and copper. Among the three coinage metals, silver gives the best compromise
between adsorption strength and relatively weak chemical interaction: both molecules can
be confined in the vicinity of the surface under conditions that facilitate the condensation
reaction. On the Au(l11) surface, tetraketone and tetraamine went through several
temperature dependent phase transformations. But the anchoring appears to be too weak to
promote the condensation reaction, such that the majority of the tetraketone molecules
desorbed when the temperature was raised. On the contrary, the Cu(111) surface interacts
too strong with the molecules and resulted in decomposition rather than polymerization.
This is because dehydrogenated amines coordinated with copper adatoms forming a quite

strong framework that won’t break down to facilitate the condensation reaction.
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In order to produce longer polymers and not only oligomers, we tailored the molecular
precursors and tried different combinations. Since this imine formation reaction requires an
activation step, we employed a new precursor: tetraketone 3 with two big side groups (TIPS
groups) that can lift off the ketones from the surface and mixed it with tetraamine 1. But no
expected polymers generated on Ag(111) probably because the interaction between the new
molecule and the substrate is too weak due to the lift-off effect of the big side groups, so
most of the molecules desorbed from the surface before reacting with tetraamines. Besides
this, the TIPS groups are more active than the ketones and therefore tetraamines tend to
react with TIPS groups instead of ketones.

We further tailored the molecule by removing the triple bond linking to the TIPS groups
(tetraketone 2) in order to decrease its reactivity, and again mixed it with tetraamine 1. But
no expected long polymers generated with these two precursors, probably because the two
molecules dislike mixing together and then there is no chance of triggering this reaction.

Then we tried another way by removing the tert-butyl groups and shortening the
molecular backbone to decrease the steric hindrance. It turns out that the combination of
tetraketone 2 and this new designed molecule (tetraamine 3) also failed to produce longer
polymers although they intermixed very well with each other, because this tetraamine 3
molecule is too small to withstand high temperature treatment and desorbed from the
surface before reacting with tetraketone 2.

Therefore, we used another precursor: tetraamine 2 without the tert-butyl groups yet with
a long backbone. But this tailoring of the molecule still did not work although this time
tetraamine 2 can survive high temperature annealing and stays on the surface. The problem
is that ketones prefer facing to iminic N in the ring without the steric hindrance of the tert-
butyl groups, which is not beneficial to the imine formation reaction.

In conclusion, this work has demonstrated the feasibility of preparing PPA-based
oligomers on a metal surface, but there is still a long way to go to produce long polymers.
The combination of direct visualization of all reactants and reaction products combined
with the spectroscopic characterization of the reactants has provided a unique mechanistic
insight into the interfacial synthesis of PPA-based oligomers on solid surfaces. This is
expected to provide valuable input to the rational design of appropriate building blocks and
platforms by imine formation as well as a sound methodology for studying other on-surface

polymerization reactions.
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3.2 Surface confined Ullmann coupling: halogen bonded self-assembly versus
metal coordinated nanoarchitectures

Since the first report of the experimental synthesis of graphene via the “Scotch tape”

method in 2004,'"* extensive studies about graphene revealed potential for applications in

28-31

fields such as electronics, sensors, batteries, and catalysts. However, the appliances of

graphene in electronics are limited owing to its lack of a band-gap, which indicates its

conductivity cannot be switched off.!"> Doping it with other elements is a promising way to
Y ping p g way

42,116-120

tailor the electrical properties of graphene. Especially, N-doping could introduce

additional n-type carriers into carbon systems, which is helpful in semiconductor devices®,

43,44

. ige,. . . . . 45-4
energy conversion and storage facilities***, as well as bio-sensing applications™*’. There

are already many references introducing different ways of synthesizing this N-doped
36,116,120-123

graphene.
The Ullmann coupling is the oldest known C-C coupling method for aromatic

124
molecules.

It has been demonstrated as a feasible route for C-C coupling of halogenated
molecules on several metal surfaces: copper™'*'?’ silver’'*® and gold'*'"***. C-H bonds
cleavage and activation was achieved to form intermolecular aryl-aryl coupling, which has

129-131

been utilized for the preparation of graphene nanoribbons on metal surfaces, and under

: see 101,132,133
ultrahigh vacuum conditions > °*

. Based on this, we proposed a new method, a two-step
reaction to synthesize this N-doped graphene nanoribbons, first utilizing Ullmann coupling
to link C-C, and then C-H cleaving and reacting with the neighboring N, shown in Figure
3.32. The first step is relatively well-established, but the second step is rather unexplored,
especially on metal surfaces in UHV conditions. After the first report of experimental and
theoretical evidence of covalent bonded C-N between benzene and pyridine in 2009,

there was no significant progress in this area.

Figure 3.32: Two-step reaction procedures. (1) The first step: Ullmann coupling to link C-C. (2) The second
step: C-H cleaving and reacting with the neighboring N.
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In this section, we present results on two molecules: 5,10-dibromobenzo[g]quinoxaline

(DBBQ) and 10,15-dibromobenzo[i]phenanthro[4,5-abc]phenazine (DBBPP), shown in

Figure 3.33.

[ﬁ‘ .

DBBQ DBBPP

Figure 3.33: (a) Unfavorable geometry of DBBQ for the second reaction step. (b) New customized molecule

DBBPP, intended to use the big side groups to force the molecules into a suitable relative position.

The Ullmann coupling of DBBQ can proceed in tow different geometries (Figure 3.32
and Figure 3.33a) where the second (N of adjacent molecules face each other) is
unfavorable for the second reaction step, resulting into the termination of the expected
polymers. Therefore, another molecule DBBPP with a larger side group that can cause great
steric hindrance, favoring a suitable relative position to trigger the reaction, was also
investigated. We mainly employed STM to visually monitor the feasibility to produce this
N-doped graphene nanoribbons, and utilized XPS measurements to explore the chemical

changes during this process.
3.2.1 Molecular behavior of DBBQ on three coinage metal substrates
Firstly, we studied the self-assembly and thermal behavior of this small molecule DBBQ
on Ag(111), Au(111) and Cu(111).
3.2.1.1 Investigation of DBBQ on Ag(111)

First we discuss the results of X-ray photoelectron spectroscopy of DBBQ on Ag(111). In
Figure 3.34a, the Br 3p XP spectrum (top) of DBBQ molecules deposited on a cold
Ag(111) substrate (T, = 95 K) shows that the Br 3ps,; binding energy is 184.4 eV, indicative
of intact C—Br bonds."*> After annealing to 300 K, this peak shifted to lower BE by about 2

eV, which is assigned to chemisorbed Br atoms formed after C—Br bond scission.'*°
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Figure 3.34: XP spectra of the Br 3p (a), C 1s (b), and N 1s (c) core levels of a submonolayer coverage of
DBBQ on Ag(111) after deposition at 95 K (top), and after annealing to 300 K (bottom).

The C 1s spectra show clear changes during this process (Figure 3.34b). Three peaks
appear with intensity ratio of 3:2:1, corresponding to the ratio of the chemically different C
atoms on the molecule: unsubstituted sp® C, C next to N and C next to Br. The peak

centered at 286.5 eV is assigned to C-Br”""*®

, and is no longer present after annealing to
300 K, which further proved that the C-Br scission happened after this treatment. A new
peak at 283.2 eV occurred, which is assigned to C-Ag metal coordination.**'* The peaks
located at BE of 284.4 eV and 285.4 eV are assigned to sp> conjugated C and C-N,
respectively.'*!

There is an interesting phenomenon in the N 1s spectra (Figure 3.34c). The DBBQ
molecule contains two equivalent N but unexpectedly the N 1s spectrum is split into two
peaks. The lower BE peak centered at 398.3 eV is assigned to iminic N (=N-).'**!®
Typically, the BE of metallated N is about 399-400 eV, however Ag coordination is not
commonly observed with N atoms on surfaces.'* Another rationalization could be the

145,146
7 In our measurements,

possible halogen bond between a Br atom and the N lone pair.
the higher BE peak is located at 400 eV. We can attribute this peak to the previously
unobserved halogen bond between Br atoms and N in adjacent molecules, which is
mediated by the surface providing a planar geometry'*’. After annealing to 300 K, C-Br
scission happened. The chemisorbed Br atoms can still interact with N forming Br---N

bonds.
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Figure 3.35: STM topography of DBBQ on Ag(111) after RT deposition (a) (Tsm,~ 110 K, Us= 140V, [,=
0.11 nA) and after annealing to 373 K (¢) (Tsms ~ 180 K, U;=1.25V, [,= 0.08 nA). (b, d) Magnified image of

the blue and green box, respectively, superposed with possible molecular models. Black circles denote Ag
adatoms, whereas green circles denote possible Br atoms. (¢) STM image of aggregated molecules on Ag(111)
after annealing to 500 K (Tspy, ~ RT, Uy= 1.25 V, I,= 0.08 nA). The blue star indicates the high symmetry
directions of the Ag(111) substrate.

As deduced from XPS measurements, DBBQ molecules completely debrominated after
RT deposition on Ag(111). The STM result after RT deposition is shown in Figure 3.35a,
where the faint stick-like objects correspond to the debrominated molecular backbone, and
the brighter round protrusions represent Ag adatoms. The detailed image superposed with
molecular models in Figure 3.35b gives a more intuitive demonstration. So it is quite clear
by RT deposition on the Ag substrate, DBBQ molecules debrominated and interact with Ag
adatoms, forming a favorable intermediate state of the Ullmann coupling. "’

After gradually annealing to 373 K (Figure 3.35¢), long-range order could be improved
with elongation of the organometallic molecular chains made of bright dots interspaced by
dark bars. Similar to the RT data, these bright dots linking the molecules are Ag adatoms,
and in between the adjacent molecular chains, the other bright dots are probably Br

atoms.'*® It is clearer to see from the magnified image superposed with molecular models.
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We note that no direct evidence of the aforementioned Br---N halogen bonds can be found
in our STM images of the self-assembly. However, as there is only a small portion of the
expected Br atoms visible in the STM images, we can reasonably expect some of those to
be in such a close proximity to the molecules, that they are not distinguishable. In the two
preparations, the backbone of the DBBQ molecules all resembled along the high symmetry
directions of the substrate. After further annealing to higher temperatures the surface
coverage decreased and the remaining molecules aggregated in irregular islands, such as

displayed in Figure 3.35¢.

3.2.1.2 Thermal behavior of DBBQ on Au(111)

Since the desired Ullmann coupling did not succeed, we continued to study this molecule
on the Au(111) substrate. The debromination was again monitored by the Br 3p spectra
(Figure 3.36a). Molecules are also intact after deposition on a cold Au substrate (T,= 95

K). After annealing to 323 K, complete debromination was observed.

(a) Br3p (C) N1s

192 190 188 186 184 182 180 178 288 286 284 282 403 402 401 400 399 398 397
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3.36: XP spectra of the Br 3p (a), C 1s (b), and N 1s (c) core levels of a submonolayer coverage of
DBBQ on Au(111) after deposition at 95 K (top), after annealing to 323 K (middle), and after annealing to
373 K (bottom) .

The C 1s spectrum corresponding to the deposition of DBBQ on a cold Au substrate (T, =
95 K) is deconvoluted into the four peaks shown in Figure 3.36b (top). As discussed in the

57



3 Results

former chapter, the peak centered at 285.9 eV is assigned to C-Br'®

, which is no longer
present after annealing to 323 K, confirming the completion of the debromination. The peak
located at a BE of 285.2 eV is assigned to C-N'*', which remains the same after annealing
to higher temperatures. Moreover, the peaks centered at 284.0 eV and 284.7 eV are
assigned to sp” hybridized C-H and C-C, respectively,'**">*">! which shifted to lower BE
after annealing to 373 K. Similar to the results on Ag(111), there also appeared a new peak
at lower BE of 283.3 eV, which originated from carbon bonded to gold'*’

323 K.

after annealing to

However, the N 1s spectra are somewhat complicated (see Figure 3.36¢). There is only
one peak centered at 399 eV after deposition on the cold Au substrate, which can be
assigned to the typical peak for pyridinic N'**. After annealing to 323 K, there appeared a
new peak at 401.3 eV, which is probably caused by a quaternary-type nitrogen.’>'>> The
formation of this quaternary-type nitrogen could originate either from the interaction with

Br atoms or with Au adatoms.””®">” After further annealing to 373 K, this contribution

vanished.
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Figure 3.37: (a) STM morphology of DBBQ molecules on Au(111) after RT deposition and annealing to 323
K (Tsta ~ 110 K, U= 0.63 V, I,= 0.12 nA). (b) Magnified image of the blue box superposed with molecular
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models. The green ovals indicate H-bond interactions. (¢) STM image of metal coordinated molecular chains
after annealing to 380 K (Tspy, ~ 200 K, U= 0.94 V, I,= 0.10 nA). (d) Magnified image of the green box
superposed with molecular models. The black circles represent Au adatoms. (¢) STM image of aggregated
molecules after annealing to 450 K (Tspy ~ 180 K, Uy=1.20 V, I,= 0.11 nA). The blue star indicates the high
symmetry directions of the Au(111) substrate.

A representative STM image after annealing to 323 K is displayed in Figure 3.37a. Intact
DBBQ molecules were observed on the surface'*. The molecular backbones aligned along
the high symmetry directions of the substrate. The green ovals highlight the H-bond
interactions between Br and H in benzene rings that stabilize this arrangement. But in other
areas, some molecules debrominated and the Br atoms can be visualized. After annealing to
380 K, metal coordinated molecular chains appeared similar to those on Ag(111), in
agreement with the XPS results. The dimmer bars are corresponding to molecular
backbones, and the brighter protrusions are associated with Au adatoms. The molecular
backbones also assembled along the high symmetry directions of the substrate. After further
annealing to 450 K, most of the molecules desorbed from the surface and the remaining

molecules aggregated in islands (see Figure 3.37¢).

3.2.1.3 Investigation of DBBQ on Cu(111)

In the following, we investigated this molecule on the more active Cu(111) substrate. As
usual, we first explored the chemical state of this molecule after deposition.

Molecules are also intact after deposition on the cold Cu(111) substrate (T, = 100 K),
deduced from Br 3p spectrum shown in Figure 3.38a. After annealing to 173 K, partial
debromination already happened. Following further annealing to 373 K, molecules are fully
debrominated. The evolution of C 1s spectra is very similar to that on Ag(111) (Figure
3.34b), where the appearance of lower BE peak at 283.7 eV is assigned to the carbon bound

to copper.
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Figure 3.38: XP spectra of the Br 3p (a), C 1s (b), and N 1s (c) core levels of a submonolayer coverage of
DBBQ on Cu(111) after deposition at 100 K (top), after annealing to 173 K (middle) and after annealing to
373 K (bottom).

The changes of the N 1s spectra are also similar to that on Ag(111). There are two peaks
after deposition of DBBQ on the cold Cu substrate (T, = 100 K), centered at 398.1 eV and
400 eV, assigned to iminic N (=N-) and N interacted with Br, respectively, as discussed
above. After annealing to 173 K, the intensity of the higher BE peak decreased. After
further annealing to 373 K, this peak completely vanished, which means that the interaction
between N and Br is no longer present. An alternative interpretation of the splitting of the N
Is spectra is presented below. The peak centered at 398.1 eV can be assigned to metal (here
Cu) adatom coordinated CN species and the peak centered at 400 eV to uncoordinated CN

. 159-161
SpeCics,

respectively. After annealing to higher temperatures, the intensity of the
higher BE peak decreased and eventually vanished, which implies all the N coordinated
with Cu adatoms. This scenario is consistent with the STM data, which show that most of
the molecules after this temperature treatment can be found within extended chains.
Therefore it is plausible to also propose that within these chains the monomers are linked

both by C-Cu-C links, as well as N""Cu "'N.
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Figure 3.39: STM morphology of DBBQ molecules on Cu(111) after RT deposition (a) (Tsms ~ RT, U= -
1.28 V, I,= -0.07 nA). (b) After annealing to 423 K (Tspys ~ 210 K, Uy=1.25V, [,= 0.11 nA). (c) Magnified
image of the green box superposed with molecular models; black circles represent Cu adatoms. (d) After
annealing to 503 K (Tsp, ~ RT, Uy= 1.16 V, I,= 0.12 nA). The blue star indicates the high symmetry
directions of the Cu(111) substrate.

Figure 3.39 shows an STM image of DBBQ molecules on Cu(111) after RT deposition
(a) and after annealing to 423 K (b). Similar molecular chains appeared consisted of
debrominated DBBQ molecules interacting with Cu adatoms, yet without long-range order,
displayed in Figure 3.39b. The molecular backbones also resembled along the high
symmetry directions of the substrate. The halogen bonds are again not resolved in STM
images. After annealing to 503 K, molecules aggregated on the surface and no ordered

polymers can be observed.
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3.2.2 Molecular behavior of DBBPP on Ag(111) and Cu(111)
3.2.2.1 Investigation of DBBPP on Cu(111)

Firstly, we did XPS measurements to study the chemical state of the molecules after

deposition.

(a) Br3p (b) N1s

h‘; .I I L L 3231 3 1 1 1 1 1 1 1 1 1 1 1 1 1 Il 1 L
192190 188 186 184 182 180 178 404 402 400 398 396
Binding energy (eV) Binding energy (eV)

Figure 3.40: XP spectra of the Br 3p (a) and N 1s (b) core levels of a multilayer coverage of DBBPP on
Cu(111) after RT deposition.

DBBPP debrominated after RT deposition on the Cu(l11) substrate, but the
debromination already occurred partially during sublimation of the compound in crucible
before facing to the surface. This is explained by the relative intensities of the Br 3p and N
1s core levels (Figure 3.40) normalized for the photoionization cross-sections'®* of 1 : 13,
far less from the molecular ratio of 1 :1. In the Br 3p XP spectrum (shown in Figure 3.40a)
the peaks appear at BE typical for chemisorbed Br atoms after C—Br bond scission,
indicating that all Br atoms are in the interface of the Cu surface and the multilayer film. In
the N 1s spectrum, there are also two peaks with similar intensities, indicating that both
contributions should be present within the multilayer. As Br is not present in the multilayer,

this may indicate a reaction of the C radical with a portion of the iminic N at the multilayer.
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(d)

Figure 3.41: STM image of DBBPP on Cu(111) after RT deposition (a) (Tsm, ~ 130 K, U;=-1.25V, [,=-0.08
nA) and after annealing to 430 K (b) (75 ~ 130 K, Uy=-1.36 V, [,= -0.07 nA). The green circles indicate Br
atoms. (c) Magnified image of the blue box superposed with molecular models. (d) STM image of the
aggregated molecules on Cu(111) after annealing to 560 K (Tsyys ~ RT, U= 1.25 V, I,= 0.08 nA). The blue
star indicates the high symmetry directions of the Cu(111) substrate.

After RT deposition, DBBPP molecules are randomly distributed on the Cu(111)
substrate (Figure 3.41a). As inferred from XPS results, these molecules are already
debrominated. After annealing to 430 K, these debrominated DBBPP molecules self-
assembled regularly (Figure 3.41b). In between the adjacent rows, there are also Br atoms
resolved as small dots highlighted in green circles. The proposed models for the stripe
formation are shown in Figure 3.41c, where in the individual rows, DBBPP molecules
align oppositely to each other due to the steric hindrance of the big side group. After
further annealing to 560 K, molecules aggregated on the surface (Figure 3.41d).

3.2.2.2 Investigation of DBBPP on Ag(111)

In the following, we studied this molecule on the Ag(111) substrate. After RT deposition
and annealing to 373 K, molecules adsorbed on the surface in a visually disordered way

shown in Figure 3.42a. But the FFT analysis shown in Figure 3.42b reveals the real-space
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image actually preserves long-range order with two symmetrically equivalent domains
(green and red circles) appearing. The green arrow indicates the high symmetry direction of
the substrate in reciprocal space. And the unit cell of the self-assembly of the molecules was
measured to be 5.2-5.9 nm by 7.3-8.0 nm with an angle between them of 65-70° in the FFT
of the real space STM images in Figure 3.42a, c. The accuracy of these measurements is

estimated to be 20%.

Figure 3.42: (a) Overview STM image of DBBPP molecules on Ag(111) after RT deposition and annealing to
373 K (Tspy ~ 110 K, Uy=-1.13 V, I,= -0.10 nA). (b) Zoom in the FFT of (a), the green arrow indicates the
high symmetry direction of the reciprocal space. (c) Detailed STM image scanned after annealing to 373 K
(Tsppr ~ 150 K, U= 1.20 V, I,= 0.11 nA). (d) Magnified STM image of the blue box in (c), superposed with

molecular models. Green circles represent Br atoms.

After annealing to 373 K, no big difference was observed and there is still no regular self-
assembly of the molecules. From the detailed image shown in Figure 3.42d, we can see

some Br atoms intermixed with debrominated molecules.
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3.2.3 Summary and conclusions

In this chapter, we mainly studied two molecules: DBBQ and DBBPP on three different
fcc (111) metal substrates aiming at the production of N-doped graphene nanoribbons
through Ullmann coupling. Debromination occurs for both compounds on all three surfaces:
Ag(111), Au(111) and Cu(111). For DBBPP molecules, debromination already occurs
during sublimation in the crucible. An important result of this investigation is that a portion
of the N atoms has a significantly different and unexpected chemical shift evidenced by the
N 1s spectra. We tentatively rationalize this by proposing that N interacts strongly with
either Br atoms (both attached to the molecule and chemisorbed on the surface) via
halogen-nitrogen bonds or with surface metal adatoms. By annealing to higher
temperatures, this interaction was weakened and eventually vanished.

On all three substrates, DBBQ forms metal-organic chains after RT deposition which
maintained after annealing to moderate temperatures and have been proposed to be

21,125,163
»=>%°  However, there are no

intermediates to the formation of covalent polymeric chains
regular polymeric chains observed under any circumstances. High-temperature annealing
results in aggregated structures. This might be related to an interference of the halogen
bonding between the N and Br. So the molecules can not form C-C bond before

decomposing in carbonaceous species by higher temperature annealing.
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3.3 N-Heterocyclic Carbenes on Solid Metal Surfaces: Bis-Carbene Metal
Adatom Bonding Scheme of Monolayer Films on Au(111), Cu(111) and
Pt(111)

Carbenes are currently considered a promising alternative to thiols for self-assembled
monolayers (SAMs)*™ as well as metal-molecule junctions. They are thermally robust

entities” with rich chemical reactivity”'

and predicted to have superior electronic
conductivity to thiols.®> Accordingly, an atomistic scale understanding of the adsorption
geometry on solid surfaces and their mobility is essential in the design of such
nanotechnology applications. In particular N-heterocyclic carbenes (NHC) are persistent
carbenes which have enabled an acceleration in the aforementioned applications™* and are
developing in a very active research field.

Hitherto there are merely a handful of microscopy studies of NHC ligands on well-
defined surfaces, and only two were able to address the assembly at the single molecule
level.”*'*1% All of these studies are carried out on the technologically relevant Au(111)
surface, but although they assign protrusions of molecular dimensions in the STM images to
upstanding NHC ligands, the overall surface morphology is markedly different. The
samples prepared from solution showed significant surface pitting under the molecular
layer, in good agreement with thiol SAMs on Au(111), and in one case, short range
ordering of protrusions as close as 0.6 nm apart to each other.”* The samples prepared in
ultra-high vacuum (UHV) revealed high surface mobility at room temperature even for
coverages close to monolayers'®* and excellent long range ordering at 77 K.'®®

In this chapter, we aim to systematically elucidate the chemical nature of these ligands by
studying a prototypical NHC on three different substrates, Cu, Au, and Pt(111) under UHV
conditions with a combination of microscopy and X-ray spectroscopy. We employed 1,3-
dimethyl-1H-imidazol-3-ium-2-carboxylate as the precursor of the NHC 1,3-dimethyl-1H-
imidazol-3-ium-2-ide (IMe, Scheme 3), which (as recently demonstrated)'® in UHV
produces free IMe after heating of the solid powder to ~ 393 K. The carbene molecule was
chosen so as to minimize the impact of possible steric hindrance from the side groups (here
methyl, instead of phenyl, mesityl or isopropylphenyl which were also explored in the
aforementioned studies)'®® as well as being able to discriminate better the C Is core level

binding energy of the carbene (here corresponding to 20% of the total C 1s signal against
4.7-6.6% for the other NHC investigated by STM).
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Scheme 3. Decomposition of 1,3-dimethyl-1H-imidazol-3-ium-2-carboxylate to 1,3-
dimethyl-1H-imidazol-3-ium-2-ide (IMe) and carbon dioxide under UHV by heating to 393
K.
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3.3.1 Self-Assembly of IMe on the Cu(111) Substrate

Firstly, we studied the molecular behavior of IMe on Cu(111). After deposition of IMe on
Cu(111) at room temperature, a densely packed layer appeared on the surface as shown in
Figure 3.43a. One can identify bright round protrusions arranged in dimers connected with
a thin, dimmer waist (examples outlined in yellow). Each protrusion is consistent with the
expected dimensions of a single planar IMe. On metallic surfaces, NHCs are generally
reported to form metal carbenes directed perpendicular to the surface plane,*®>*!6%16.167.168
Besides the two unpaired electrons, the free NHC employed contains no other moieties

which could be anticipated to give rise to directional attractive interactions, such as

hydrogen bonding.
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Figure 3.43: STM observations of IMe on Cu(111). (a) STM image (Tsm,= 100 K, U;=1.58 V, [,= 0.11 nA)
of a densely packed layer of dimeric NHC-Cu-NHC complexes (examples outlined in yellow) on Cu(111).
The unit cell of the overlayer structure is shown in green. The Cu [110] direction is indicated. (b) Line profile
across a dimer — cf. blue line in (a) - compared with the ball-and-stick models of a tetraazafulvalene (top) and
a (IMe),Cu (bottom) unit. (¢) Zoom in STM image (4.5%4.5 nm?) of the left domain in (a) superposed with
molecular models, the underlying Cu(111) lattice (thin lines), the overlayer lattice (thick rectangle) and the Cu
adatom lattice (dotted line). C, N, H, and Cu atoms are represented by black, blue, white, and orange spheres,

respectively.

Two different possibilities may account for the observed dimerization. Either the carbene

.. . 169.1
moieties react to yield a tetraazafulvalene'®'"

(Figure 3.43b top) or a surface Cu adatom
reacts with two carbene molecules to form an organometallic (NHC),Cu compound. The
former is a rather elusive, non-planar species,'® whereas complexes of Cu and NHC have
been obtained already by solution chemistry and found to have the imidazole rings nearly

171

coplanar, arranged opposite each other.”” The room temperature incorporation of copper

substrate atoms in the formation of metal-organic complexes and/or networks originating
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127,172,173 4 5

from halogenated precursors, thiolates,'”* and pyridyl moieties,'” is well
documented on the Cu(111) surface. The difference in the distance of the C atoms of the
two linked IMe moieties in the case for a direct carbene-carbene bond, or a carbene-Cu-
carbene bond is 0.25 nm. The resulting length of the dimer would be 0.74 nm in case of
tetraazafulvalene formation vs. 0.99 nm in the case of (IMe),Cu. Figure 3.43b compares a
line profile across a dimer which measures ~ 1.00 nm, with the structural models of a
tetraazafulvalene’” and a (IMe),Cu,”” showing that the latter is a much better fit. Moreover,
in the tetraazafulvalene molecule, the two rings have a reported dihedral angle of 7.4°,
resulting in opposing methyl groups having a difference of 0.23 nm in height.”> No
evidence of such an asymmetry in the apparent height is evident in the STM images. The C
Is signal of such a surface (cf. ‘Spectroscopic signatures of IMe on Cu(111) and Au(111)’)
further support the formation of (IMe),Cu. The observed STM contrast, whereby the
inserted Cu atom is not particularly bright in comparison to the NHC, is consistent with

176,177

observations of Cu coordination with carbonitrile groups with deprotonated amine

groups'' "' and within tetrapyrrole compounds.

179,180

We further note that a spontaneous imaging change can occasionally be found, whereby
the dimer protrusions can be resolved as single protrusions, i.e. imaging of the central Cu
atoms instead, which can be illustrated by STM images of the same area in Figure 3.44.
Such a change might occur due to a tip apex conformational change or adsorbed molecules

on the tip alternating its imaging behavior.
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Figure 3.44: Consecutive STM images of Cu(IMe), on Cu(111) revealing different contrast of the Cu(IMe),
units. (a) In Cu(IMe), (example circled in green), the IMe moieties are imaged. Note that the lateral resolution
does not allow a clear distinction of the two IMe in the same complex at this scale. The high symmetry axis of
the substrate and the unit cell are indicated. (st = 98 K, £, = 0.08 nA, U;=—1.58 V) (b) Here each complex
(example circled in green) is imaged as a more bright and round protrusion centered at the Cu atom of the

complex. (Tspyy =98 K, 1,=0.09 nA, U;=-1.58 V)

Detailed structures are shown in Figure 3.43c, where molecular models are overlaid on
the STM image. The dimers arrange in a zig-zag fashion to form a two-dimensional
crystalline layer. This is characterized by a rectangular unit cell which contains two dimers
(indicated in green). The dimensions of the unit cell are measured to be approximately 1.7-
1.9 nm and 0.9-1.1 nm, whereas the angle between the unit cell vectors is 85°-90°. The long
axis of the overlayer unit cell was estimated to be rotated by ~ 8° with respect to the

underlying Cu(111) high symmetry axis. The dimers appear with equal apparent height,
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hinting at equivalent adsorption sites.'®' Considering that all the centers of the dimers (i.e.
the Cu adatoms) are located in equivalent adsorption sites, within the range and accuracy of

our measurements the monolayer structure of (IMe),Cu can be described by the epitaxy

matrix (7 ) Figure 3.43c shows the proposed epitaxial model of (IMe),Cu superposed

3 5

on the STM image. The (IMe),Cu complexes are placed in equivalent adsorption sites, and
the angle between the long axes of the dimers is 72°; however reasonably good matching
can be obtained for angles in the range of 60° to 90°. At the borders of the domains, dimers
of fainter contrast are observed, indicating a high mobility under these measurement
conditions (with a substrate temperature of 100 K). Three symmetrically equivalent unit
cells with respect to the underlying Cu lattice can be found on the same atomically flat
terrace imaged in Figure 3.43a (indicated in green). We note that we also observed single

domains extending over the complete atomically flat areas as shown in Figure 3.44.

3.3.2 Self-Assembly of IMe on the Au(111) Substrate

In the context of the stable formation of dimer of NHCs with Cu, we revisit the
interpretation of the experiment featuring the same NHC molecule on Au(111). Figure
3.45a is an overview of a surface saturated with IMe at room temperature consistent with
previous work.'® The chevron structure of the Au(111) substrate underneath is clearly
discernible. The periodicity of the fcc-hcp domain walls along the [110] Au direction is
noticeably affected. In our data it was measured to vary between 6.3 and 7.9 nm, instead of
6.3 nm for the pristine Au(111) surface in vacuum.'® Such gradual lifting of the Au(111)
herringbone reconstruction concomitant with the extraction of the extra Au surface atoms

184,185

has been observed upon adsorption of NO,'® and trimethylphosphine, respectively.

164 ho islands

However, in contrast to earlier works, as well as for another NHC on Au(111),
related to these extra Au adatoms were found. For example, the periodicity of the fcc-hep
domain walls in Figure 3.45a is ~ 7.5 nm. A dense packed island of extra adatoms of the
reduced reconstruction in Figure 3.45a would be expected to have a radius of ~ 2.0 nm.

Depressions also appear commonly on the elbow sites (see Figure 3.45a).
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(a)

[110]
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Figure 3.45: Overview STM images of a saturation coverage of IMe on the Au(111) surface (a) following
deposition at room temperature (Tspy,= 100 K, U;=1.63 V, I,= 0.08 nA) and (b) annealing to ~ 330 K (Tspy, =
150 K, Uy;=1.44 V, I,= 0.09 nA). The scale bar corresponds to 5 nm. The unit cell of the overlayer structure is

shown in blue and the Au [110] symmetry direction is indicated.

We note that the Au adatoms originating from the extracted atoms of the relaxed
periodicity of the soliton walls and the elbow sites are reasonably expected to be
incorporated in direct bonding with NHC units and another possible source of Au adatoms
is the intrinsic thermally activated adatoms. The unit cell of the IMe assembly was
measured in different images to be 1.1-1.2 nm by 1.6-1.8 nm and an angle of 87° to 90°.

After mild annealing to ~ 330 K, we notice an improved ordering of both the Au surface
and the surface overlayer (Figure 3.45b). The herringbone reconstruction appears more
regular and no pitting appears at the elbow sites, whereas the molecular layer shows single
domains wetting different orientations of the soliton walls and the elbows. This indicates

that the unit cell has a certain degree of flexibility, so as to maintain its direction upon a

change of the soliton wall direction. The epitaxy matrix (; _35) on the herringbone

reconstructed Au(111) results in inequivalent unit cells, depending in the orientation of the
reconstruction. These are unit cells with sides within the range of 1.5-1.6 nm by 1.2-1.3 nm

and angles of 85°-90° between them. Crucially, it is consistent with the observed
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orientations of domains and results in each bright protrusion appearing in equivalent
adsorption site.

The dimensions of the unit cell and the density of the bright protrusions are strikingly
similar to that of the (IMe),Cu on Cu(111) presented above. We further note that the
asymmetry between the two different protrusions in the unit cell is very faint in our STM
images (Figure 3.46a), however was more clear in the higher resolution data reported
earlier.'® Previously, each bright protrusion was ascribed to an upstanding (IMe)Au
complex (see Figure 3.46b), which was free to diffuse on the surface at room temperature,
whereas at low coverages, isolated almost planar bis- and tris-carbene gold complexes were
clearly identified on Au(111), by imaging as bright protrusions both the IMe ligands and the

Au adatom (Figure 3.46a).'> Au adatoms in planar metal organic complexes are commonly

the most outstanding features in STM images as can be seen for methyl thiolate gold
186

complexes on Au(111).
(@)
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Figure 3.46: (a) Zoom in STM image of a saturation coverage of IMe on Au(111) (Tspy,= 100 K, U;=1.62 V,
1,=0.10 nA) overlayed with proposed molecular model of (IMe),Au analogous to the observation of (IMe),Cu
Cu(111). The thin lines indicate the substrate unit cell, the thick solid lines the overlayer unit cell and dotted
lines the Au adatom lattice. (b) Reported unit cell and top view of the previously proposed molecular model of
the same assembly,9 drawn in the same scale as for our work. C, N, H, and Au atoms are represented by black,

blue, white, and yellow spheres, respectively.

An upstanding geometry of (IMe)Au complexes in the dense packed structure observed

results in a density of 1 IMe per 0.9 nm* (Figure 3.46b),'®

density of NHC on the Cu(111) surface shown above (I IMe per 0.56 nm®). Hence the

which is approximately half the

upstanding configuration does not seem to enhance the packing density, a driving force for

7 weakening the plausibility of the previously

upstanding configuration in self-assembly,'®
proposed model.'® The results thus point to (IMe),Au formation, like the corresponding
(IMe),Cu on Cu(111). This interpretation is in good agreement with the reported reaction of
an NHC with gold nanoparticles which results in bis-carbene gold(I) complexes.”

Additionally, parallels can be drawn with the formation of “staple” motifs (i.e. the stapling
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of a Au atom by two opposing ligands) with the less sterically imposing thiolate, methyl

thiolate: this is consistently found to be energetically favored on the Au(111) facets.'®

3.3.3 Spectroscopic signatures of IMe on Cu(111) and Au(111).

To compare the interaction of the IMe with the Cu and Au surfaces we performed XPS
investigations after deposition of IMe at room temperature on both surfaces (Figure 3.47).
No oxygen signal was detected in either case, consistent with the CO, group being
abstracted from the IMe precursor and not interacting with the surfaces. The purple lines in
Figure 3.47 correspond to the C 1s and N 1s core levels of a saturation coverage of IMe on
Au(111). The N 1s spectra (Figure 3.47b) show the same peak with binding energy of
401.1 eV. This is in-between the binding energies of a neutral (399.2-400.5 eV)'**'*-1%" and
a protonated (402.0 eV)'*® amino group on a metal surface. It can therefore be deduced that

some positive charge is present in the N atoms in this configuration.

(a) 286.3 eV (b) 401.1 eV
Cis N 1s
—on Cu(111)
—on Au(111)
1 1 [ 1 1 1 1 1 1
290 288 286 284 282 404 402 400 398
Binding energy / eV Binding energy / eV

Figure 3.47: XP spectra of IMe on Cu(111) (green lines) and on Au(111) (purple lines). (a) Cls and N 1s core

levels. The spectra are normalized in intensity for easier comparison.

The C 1s appears a single peak with full width at half maximum of 1.4 eV (Figure 3.47a).
No clear discrimination can be made between the different C atoms within this peak. The
observed binding energy of ~ 286.3 eV is in good agreement with literature values of C

atoms bonded to N atoms."°

However, the C atom of the carbene, being connected to two N
atoms, should have a higher binding energy by ~1.5 eV with respect to the C atoms
connected to a single N atom,"' and since it contributes for 20% of the signal intensity it
would be expected to be clearly discernible. On the other hand, the formation of a C-metal

adatom bond is expected to result in a downshift of ~1 eV."*

The appearance of a single
peak is indicative of the formation of an organometallic bond with the carbene atom,

corroborating our assignment of the dimers on Cu(111) to (NHC),Cu. Importantly, both
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core levels have the same binding energy (within 0.1-0.2 eV) and shape on both Au(111)
and Cu(111), as expected for molecules showing the same interaction pattern with the
supporting surfaces. On Cu(111) planar IMe dimers are directly visualized, hence on

Au(111) the IMe moieties are expected to be planar as well.

3.3.4 Self-Assembly of IMe on the Pt(111) Substrate

Further, we investigated the bonding of NHCs on a more active metal surface Pt(111).
Figure 3.48a shows an overview of the topography after dosing NHCs on Pt(111) at room
temperature, recorded at 93 K. On Pt(111), NHC also coordinated with Pt adatoms forming
dimeric (NHC),-Pt species, which can be demonstrated by statistic histogram (in Figure
3.48c) of the molecular length measured by line profiles taken on molecules with
characteristic of faint imaging center and two bright protrusions. Combined with a normal
distribution curve, we can show that the approximate length is 0.98 + 0.02 nm, which is the

right value for the length of (NHC),-Pt dimer'*”.
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Figure 3.48: (a) Overview of the irregular arrangement of NHC on Pt(111) recorded at 93 K (U,=1.25V, I,=
0.10 nA). (b) Magnified STM image (U,= 1.25 V, I,= 0.12 nA) of the area marked in the green box in (a)
overlaid by a color coded orientational distribution map of the generated (NHC),-Pt dimers combined with
molecular models. The Pt(111) high-symmetry axes are indicated in blue star and the diagonal directions
indicated in black. (c) Statistic histogram and normal distribution of the length of the dimeric NHC-Pt

complexes.

The detailed structures of the area marked in green box are presented in Figure 3.48b,
where molecular models are overlaid on the STM image. Besides, we made a color coded
orientational distribution map of the generated (NHC),-Pt dimers. From that we can see
clearly that these dimers either register on the three high-symmetric directions of Pt(111)

substrate, or in the diagonal directions. Thus a substrate-induced specific orientation of the
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individual dimers can be assumed, but there is no obvious regular pattern for the
preferential alignment direction.
This randomly oriented allocation is probably due to a strong molecule-substrate

interaction'”>"'°. So the carbene complexes can not move freely on the surface like what we

observed on Au(111) and Cu(111).

3.3.5 Summary and conclusions

In this chapter, We investigated the saturated monolayers of a sterically not imposing
NHC on Cu(111), Au(111), and Pt(111) single crystal surfaces under well-defined, UHV
conditions. At room temperature the free carbene forms clearly identifiable dimers on
Cu(111), which are assigned to planar NHC “stapled” by a Cu adatom. We found a
remarkably similar packing on Au(111) and identical spectroscopic signatures of the C 1s
and N 1s core levels of the IMe on both surfaces. We therefore deduced that also on the
technologically important Au(111) surfaces, the planar bis-carbene metal formation is
preferential under our conditions even at high coverages. It is thus appropriate to draw
attention to the possibility of such bidentate motifs at high coverages and expect that a
complex landscape might emerge for the exact control of the adsorption geometry of
carbenes on solid surfaces, kindred to the adsorption of thiolates on Au(111).

On the more active surface Pt(111), dimeric (IMe),-Pt species also generated and these
dimers either register on the three high-symmetric directions of Pt(111) substrate, or in the
diagonal directions, however, there is no long range order.

As carbene ligands can bind and stabilize a plethora of metals they are currently deemed
as promising protean surface anchors, thus our findings are expected to be of relevance to

the rational engineering of modifications of extended surfaces and nanoparticles.
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3.4 Interaction of Cyclosporin A with different metal centers: alkali metals vs.
transition metals

A number of natural cyclic peptides have been used for their antibiotic, antitumor and

immunosuppressive properties'°'**, partly due to their higher stability against

% Due to their chemical

decomposition with regard to their linear counterparts
conformation and functional diversity, cyclic peptides are considered as versatile molecular
building units for emerging nanodevices.”™’ In biological systems, some cyclic peptides

196,200

can selectively transport metal ions. Mimicking nature, both natural and synthetic

cyclic peptides could be developed to interact with ions in their centers or on specific

201202 1y contrast to other

residues™, a desirable property for functional structures
commonly employed nanotechnology materials, such as carbon nanotubes, cyclic peptides
offer several advantages like biological compatibility, ease of functionalization via
structural diversity; therefore they are suitable for different applications in biochemistry,
chemistry, biology, materials science, and medicine.*”

A variety of techniques, such as NMR, XRD, and molecular dynamics simulations, have
been applied to study structural properties and ion transport mechanisms of macrocyclic

204205 These experimental studies on the functionalities of cyclic peptide structures

peptides.
average over the whole molecular ensemble, lacking detailed information on the single
molecular level. It is plausible to envision that studying cyclic peptides at the single
molecule level could lead to beneficial insights into the functionalities of this important type
of peptides. However, single-molecule observation of macrocyclic peptides is still a
challenge. Although most studies of cyclic peptides are done in solvent, UHV-STM can
provide information with in situ probing the varying geometric and electronic structure of

biomolecules in a clean and less interfering environment,****"’

and is capable to address
macrocyclic peptides at subnanometer level.””**” Compared with STM in ambient
conditions, cyclic peptide molecules can directly adsorb on the metal substrate in UHV
without co-assembly of a template network, which might influence potential molecular

configuration changes.*'
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Scheme 3.4. Chemical structure of CsA.

In this section, we investigated cyclosporine A (CsA, Scheme 3.4) inspired by the
multitude of its biological functionalities. CsA is an immunosuppressant drug widely used

. . g 211212
in organ transplantation to prevent rejection:”

It reduces the activity of the immune
system by interfering with the growth of T cells. Moreover, CsA may cause potassium
retention in kidney associated hyperkalemia and kidney dysfunction, which means that
potassium may interact and lead to the conformational changes of CsA and/or the formation
of potential biomaterials. For comparison, we also investigated the coordination of
transition metal atoms (iron and cobalt) to surface-supported CsA molecules. This study
will be essential for elucidating interactions of cyclic peptides with both alkali and

transition metals.

3.4.1 Molecular configuration and self-assembly of Cyclosporin A on Cu(111)

CsA contains 11 amino acids (Scheme 3.4), and the MeBmt residue *"

(circled in blue in
Scheme 3.4) has a longer side group with a chain of five carbon atoms terminated with an
alkene. As support, a coinage metal surface has been employed in forming adsorbate-
substrate system with various molecules. Copper has been successfully used to support
chiral organization of adsorbed amino acid and dipeptides.”'**'> Hence, the Cu(111) was
chosen in order to immobilize the adsorbed CsA molecules as on the more inert Au (111)

surface the CsA molecules were too mobile on the plain surface and could only be pinned

on the step edges under our conditions.
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(b) monomer B (c) dimer

Figure 3.49: STM of CsA molecules on the Cu (111) surface. (a) Typical large scale image. Two kinds of
monomers, types A and B, can be identified as irregular polygons and indicated by the blue and green circles,
respectively (Uy=-2.09 V, I,= -0.07 nA). (b-d) High resolution images in the same scale: (b) a monomer type
B (U;=-2.43 V, I,=-0.06 nA), (c) a dimer composed by two monomers type B (U;=-2.51V, [,=-0.08 nA),
(d) a trimer composed by three monomers type B (U;= -2.43 V, I,= -0.08 nA). In the bottom row the

bright protrusions assigned to different groups of amino acids are circled in different colors.

Figure 3.49 displays a typical large scale STM micrograph of CsA adsorbed on Cu(111).
Two types of CsA adsorption appearances can be distinguished from high resolution images
(A and B in Figure 3.50) with individual CsA molecules observed as irregular polygons.
The diameters of the single CsA molecules dispersed on the surface of Cu(111) were
measured to be 1.6 = 0.3 nm (Figure 3.49), consistent with neutron scattering experiments

data'¢

and the static individual CsA molecules observed on the Au(111) surface.
Additionally we observed compact assembly of oligomers such as dimers (Figure 3.49c)
and trimers (Figure 3.49d). They are presumably stabilized by hydrogen bonding between

the amino groups (-NH-) and carbonyl groups (-C=0). The amino groups and carbonyl
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groups are distributed evenly on the CsA cycle, which gives rise to a plethora of possible
interaction positions of the eleven residues of the cyclic peptide leading to a variety of

dimer and trimer configurations (Figure 3.49a).

()

Figure 3.50: Adsorption configurations of CsAon the Cu(111) surface. (a,c) STM zoom in monomer (a) type
A (Us;=-2.75V, I,= -0.08 nA) and (c) type B (U;=-2.43 V, I,=-0.08 nA). (b,d,e,f) Corresponding simulated
adsorption of CsA with (b,e) tail-up and (d,f) tail-down, shown in (b,d) top view and (e,f) side view.

By simulating the two types of adsorption configuration A and B (Figure 3.50), we can
propose tentative adsorption scenario. Both configurations are characterized by five to six
bright protrusions, indicating submolecular resolution though not single residue resolution,
in accordance with other STM studies of peptides on surfaces.******% Because all the side
groups of CsA are alkyl or alkene chains with similar electronic density of states, the
contrast variation on the irregular polygonal ring could be associated with the topographic
difference of the side chains. Thus, the part with the high apparent height on the peptide
cycle should be attributed to the longer side group at residue MeBmt in Scheme 3.4. CsA
molecules with the longer side group in different direction appear as two types of
monomers with different adsorption configurations. The monomer in Figure 3.50a appears
as a polygon with a brighter spot at one of its corners in the STM image. The monomer in
Figure 3.50c appears as a polygon with a central cavity and a protrusion at one of its
corners in the STM image. The contrast variation of the irregular polygonal ring could be
associated with the topographic difference of the side chains. We simulated the adsorption
process of CsA on Cu (111) assuming an “up” and “down” configuration of the tail as
shown in the space filling models in Figure 3.50. Monomer A in Figure 3.50a matches
well with the “tail-up” configuration where the alkyl chain points away from the Cu (111)

surface, whereas monomer type B in Figure 3.50c matches the “tail-down” configuration
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with the alkyl chain lying close to the Cu (111). The relative frequencies of the monomers

were 24.8% tail-up and 75.2% tail-down.

3.4.2 Interaction of Cyclosporin A with different metals: K, Fe, and Co

It is well-known that cyclic peptides can function as ion channels forming ionophores.
Since CsA can cause potassium retention, potassium may be a metal center which interacts
with CsA. Potassium was introduced gradually to the Cu(111) surface covered with CsA
molecules. Figure 3.51 shows a typical STM micrograph of the CsA molecules after dosing
potassium for a minute (amount ca. 3 atoms per molecule). One can notice that some CsA
molecules appear filled and others empty. The potassium atoms lead to an appearance

change from an irregular polygonal to a nearly triangular shape (Figure 3.51¢).

(a)

1nm

Figure 3.51: The interaction of CsA with alkali metals: K and transition metals: Fe and Co on Cu (111). (a)
STM image of CsA with K at low K coverage. (¢) Non-uniform triangle of CsA monomer with more bright
spots. (b) Interaction of CsA with K at high K coverage. (f) Uniform triangle of CsA monomer with three
bright spots on top. (c) Interaction of CsA with Co. (g) CsA monomer with bright spots in the center. (d)

Interaction of CsA with Fe. (h) CsA monomer with bright spots in the center or on the macrocycle.

Figure 3.51¢ is the high resolution STM image of a CsA monomer with increased bright
spots (from 5 to 9 protrusions of non-uniform apparent height) on the peptide circle. Figure
3.51b shows the morphology of the surface after dosing three times amount of potassium.
The configuration of CsA changed to uniform teardrops containing eleven protrusions and

exemplifying the filled center (Figure 3.51f), providing supportive evidence of the
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formation of CsA-K complexes. The apparent average area of the CsA-K complex is
slightly expanded from 0.249 nm? to 0.292 nm”. So we may conclude that the cyclic peptide
can coordinate and accommodate an increased number of K atoms within their cavity, and
we propose that K binds exclusively to amide carbonyl oxygen atoms in the CsA, in a
similar scenario as observed with the K coordination of the six carbonyl oxygens from the
valine groups of cyclic peptide-valinomycin.*'” In the case of CsA, intramolecular (instead
of intermolecular) carbonyls are gradually “pinched/stapled” together with the increasing K
atoms, leading to different CsA configurations. And also, as increasing K dosage, more and
more monomers were observed.

We further investigated the interaction of CsA with the transition metals iron and cobalt.
Evidence for iron atoms could be found both on the center and on the side chains of CsA
(Figure 3.51h). Increasing the amount of Fe, the configuration did not change so much,
indicating that the Fe uptake is more limited in comparison to the K uptake. Similarly, the
cobalt atoms can enter into the CsA macrocycle, shown as bright spots in the center (Figure
3.51g) and induce uniform conformation changes of CsA monomers. More interestingly,

well-defined CsA-Co-CsA dimers could be found indicated in green circle in Figure 3.51c.

3.4.2 Summary and conclusions

In summary, we have investigated CsA on Cu(111) under well-defined conditions with
submolecular resolution. Two kinds of configurations of CsA on Cu(l111) have been
elucidated by real-space imaging and molecular modeling. Distinct phase transformations
were monitored after dosing three different metals. Potassium atoms prefer complexing
within the center of CsA and saturate its hydrogen bonding sites. As increasing the coverage
of K atoms, CsA-K complexes transformed into uniform triangular species and more and
more monomers were observed. Iron atoms may also coordinate with carbonyls of the CsA
either sitting in the macrocycle of the CsA or on the side chains. Cobalt atoms can enter into

the macrocycle or sit between the CsA molecules forming CsA-Co-CsA dimers.
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A systematic investigation of two pathways (Schiff base formation and Ullmann
coupling) towards synthesizing N-doped graphene nanoribbons, the self-assembly of N-
heterocyclic carbene monolayers, and the interaction of a macrocyclic peptide (Cyclosporin
A) with different metals (K, Fe, Co), on close-packed Ag(111), Au(111), Cu(111), and
Pt(111) surfaces were presented in this thesis. The self-assembly of the molecules was
resolved by means of STM. Supplementary XPS measurements provided insight into the
chemical state of the molecules.

Different combinations of tetraketone and tetraamine molecules were employed aiming to
trigger the Schiff base formation reaction to synthesize N-doped graphene nanoribbons. In
the investigation of tetraketone 1 and tetraamine 1, we explored the influence of annealing
temperature, stoichiometry of tetraketone to tetraamine, and the underlying metal surface.
Only on Ag(111), different oligomers generated, because silver gives the best compromise
between adsorption strength and moderate chemical interaction. Besides, we found this
imine formation reaction requires an activation step: lift-off of the ketones. On the Au(111)
surface, tetraketone 1 and tetraamine 1 went through several temperature dependent phase
transformations. But the anchoring appears to be too weak to promote the condensation
reaction, such that the majority of the tetraketone molecules desorbed when the temperature
was raised. On the contrary, the Cu(111) surface interacts too strongly with the molecules
and resulted in decomposition rather than polymerization. In order to produce longer
polymers, we tailed the molecular precursors in an attempt to tune the interaction with the
substrate by introducing more or less bulky groups. But unfortunately on Ag(111) substrate,
the combination of tetraketone 3 and tetraamine 1, tetraketone 2 and tetraamine 1,
tetraketone 2 and tetraamine 3, tetraketone 2 and tetraamine 2, all failed to form oligomers,
let alone polymers. The main reason still lies in the interaction between molecules and
substrate, the compromise between anchoring and mobility of the molecules as well as the
intermolecular interactions.

Then we proposed a new method, a two-step reaction to synthesize this N-doped
graphene nanoribbons, first utilizing Ullmann coupling to link C-C, and then C-H cleaving
and reacting with the neighboring N. We studied two molecules: DBBQ and DBBPP on
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three coinage metal substrates: Ag(111), Au(111) and Cu(111). DBBQ formed
organometallic chains on all three substrates. Despite the organometallic species being a
precursor of the Ullmann coupling product, no well-defined Ullman coupling was observed
under any circumstances. There is a significant discovery deduced from N 1s spectra that N
interacts strongly either with the Br atoms forming halogen-nitrogen bonds, or with surface
metal adatoms, which could interfere with the Ullmann coupling.

The saturated monolayers of a sterically not imposing NHC on Cu(111), Au(111), and
Pt(111) single crystal surfaces were investigated. At room temperature the free carbene
forms clearly identifiable dimers on Cu(111), which are assigned to planar NHC “stapled”
by a Cu adatom. We found a remarkably similar packing on Au(l111) and identical
spectroscopic signatures of the C 1s and N 1s core levels of the IMe on both surfaces. We
therefore deduced on Au(111), the planar bis-carbene metal formation is preferential. On
the more active surface Pt(111), dimeric (IMe),-Pt species also generated and these dimers
either register on the three high-symmetric directions of Pt(111) substrate, or in the diagonal
directions.

Besides organic molecules, natural cyclic peptides are also used as versatile molecular
building units for emerging nanodevices. We investigated a macrocyclic peptide
Cyclosporin A on Cu(111) with submolecular resolution. Two kinds of configurations of
CsA on Cu(111) have been elucidated by real-space imaging and molecular modeling.
Distinct phase transformation were monitored after dosing three different metals. Potassium
atoms prefer complexing within the center of CsA and saturate its hydrogen bonding sites.
As increasing the coverage of K atoms, CsA-K complexes transformed into uniform
triangular species and more and more monomers were observed. Iron atoms may also
coordinate with carbonyls of the CsA either sitting in the macrocycle of the CsA or on the
side chains. Cobalt atoms can enter into the macrocycle or sit between CsA molecules
forming CsA-Co-CsA dimers.

This work has demonstrated the feasibility of preparing PPA-based oligomers on a metal
surface, but there is still a long way to go to produce long polymers. Besides the two
pathways that were tried in this thesis: Schiff base formation and Ullmann coupling, there
are still other reactions that can be utilized in the future. As carbene ligands can bind and
stabilize a plethora of metals, they are currently deemed as promising protean surface
anchors, but the stability of our produced carbene is not so satisfying, which is the challenge
for future work. The findings about the interaction between macrocyclic peptides and

different metals can provide valuable input to the design of ion channels.
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