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Abstract

The molecular functionalization of surfaces offers an inexpensive and elegant method to im-
part and tailor a material’s physicochemical properties. Molecules can be designed specif-
ically to alter a particular property in the desired way. By using principles of the bottom-up
approach the surface layer can be fabricated with atomic precision. In this thesis, the self-
assembly and characteristics of different model systems comprising metal-organic complexes
and nanostructures are explored on an atomically flat silver surface under ultra-high vacuum
conditions. In this aspect, we apply a comprehensive set of experimental techniques consist-
ing of advanced microscopy (scanning tunneling microscopy and manipulation), electron and
mass spectroscopy (UV/X-ray photoelectron spectroscopy, temperature programmed desorp-
tion) and diffraction (low-energy electron diffraction, normal incidence X-ray standing waves).

Specifically, we employ a linear linker molecule consisting of a benzene functionalized with
two tetrazole moieties at para positions and investigate its self-assembly and coordination
with the native Ag adatoms and codeposited Fe adatoms on Ag(111). We identify a rich
spectrum of room-temperature stable Ag and Fe?* coordination nodes depending on the for-
mation temperature. Thus, we unravel the atomic structure of Ag surfaces functionalized with
tetrazole corrosion inhibitors and show the formation of novel organometallic Fe structures
with potential magnetic properties.

In a second part we carry out a detailed study of the geometric and electronic structure,
self-assembly and thermal transformation of Ru tetraphenyl porphyrin (Ru-TPP) on Ag(111).
For the pristine Ru-TPP, two different phases form depending on the surface molecular cov-
erage. By thermal annealing these porphyrin layers undergo intramolecular cyclodehydro-
genation reactions. Depending on the arrangement of the phenylene substituents, the Ru
atoms have distinct electronic structures and the porphyrin macrocycles adapt differently to
the surface, i.e. saddle shape (pristine Ru-TPP) or bowl shape (planarized Ru-TPP deriva-
tives). In all cases, the Ru atom resides close to the surface (2.59/2.45 A), preferably located
at the fcc(111) hollow sites and in between the plane of the porphyrin macrocycle and the Ag
surface.

The tetrapyrrole flexibility of the surface-confined Ru porphyrin proves crucial for CO liga-
tion. The pristine Ru-TPP on Ag(111) is found to exhibit different modes of CO ligation (both
w1 and axial), but strikingly no CO ligation is observed for the planarized derivatives. The most
stable type is determined to be the axial mode (with Egjng ~0.8 eV). We therefore unambigu-
ously demonstrate that the substituents regulate the interfacial conformational adaptability,
either promoting or obstructing the uptake of axial CO adducts.

Finally we use Ru porphyrins to control both the orientation and lateral arrangement of
N-heterocyclic carbenes (NHCs) on solid surfaces, a current challenge of surface functional-
ization. The coupling of the NHC to the Ru porphyrin is a facile process which takes place



on the interface: we apply NHCs as functional, robust pillars on well-defined, pre-assembled
Ru-TPP monolayers on silver and characterize these interfaces with atomic precision. The
NHCs assemble at room temperature modularly and reversibly on the Ru porphyrin arrays.
We demonstrate a selective positioning and axial ligation at the Ru centers. With its binding,
the NHC modifies the interaction of the Ru porphyrin with the Ag surface, displacing the Ru
atom by 1 A away from the surface. This arrangement of NHCs allows us to address individual
ligands by controlled manipulation with the tip of a scanning tunneling microscope, creating
patterned structures on the nanometer scale.

Upon application of the same NHC ligand on the denser packed Ru-TPP monolayer, we dis-
covered an extraordinary phenomenon: a fraction of the Ru porphyrin molecules is portered
from the Ag surface and engages in the formation of a second molecular layer. We reveal
a reversible structural rearrangement of the molecular layer which is induced by the NHC
binding and is reversed by annealing-induced desorption of the NHC ligand.



Zusammenfassung

Die molekulare Funktionalisierung von Oberflachen ist eine glinstige und elegante Meth-
ode, um die physikalisch-chemischen Eigenschaften von Materialien beeinzuflussen und zu
formen. Molekile kénnen spezifisch hergestellt werden, um eine bestimmte Eigenschaft
gezielt zu steuern. Mithilfe des sogenannten "Bottom-up" Verfahrens kann eine molekulare
Schicht mit atomarer Prazision auf eine Oberflaiche angebracht werden. In dieser Arbeit
werden die Selbstorganisation und die Eigenschaften von verschiedenen Metall-organischen
Modellsystemen auf einer atomar flachen Ag(111) Oberflache im Ultrahochvakuum unter-
sucht. Hierzu werden verschiedene experimentelle Methoden eingesetzt, darunter Raster-
tunnelmikroskopie und -manipulation, Réntgen- und Ultraviolettphotoelektronenspektroskopie
sowie thermische Desorptionsspektroskopie, Spektrokopie mithilfe von stehenden Réntgen-
wellenfeldern und Elektronenbeugung.

Zunachst wird die Selbstorganisation von linearen molekularen Verbindungselementen,
bestehend aus einem Benzen Ring, der mit zwei Tetrazol-Seitenketten in para-Stellung funk-
tionalisiert wurde, und deren Koordinierung mit Ag und Fe Adatomen auf einer Ag(111) Ober-
flache untersucht. Wir entdecken ein Spektrum an Ag und Fe?* koordinierten Knoten, die
sich bei jeweils unterschiedlichen Temperaturen bilden, jedoch alle Raumtemperaturstabilitat
aufweisen. Somit decken wir die atomare Struktur von einer Ag Oberflache, die mit einem
vor Korrosion schitzenden Molekul funktionalisiert wurde, auf und zeigen zudem die Bildung
von neuartigen organometallischen Fe Konstruktionen mit potentiell magnetischen Eigen-
schaften.

AuBerdem wird eine detaillierte Studie Uber die geometrischen und elektronischen Eigen-
schaften, die Struktur und thermische Transformation von Ru Tetraphenylporpyrin (Ru-TPP)
auf einer Ag(111) Oberflache durchgefiihrt. Abhangig von der molekularen Bedeckung der
Oberflache kénnen zwei unterschiedliche Phasen der Selbstorganisation ausgemacht wer-
den. Durch eine thermische Behandlung dieser Schicht werden Cyclodehydrierungsprozesse
zwischen Phenylsubstituenten und Makrozyklus ausgeldst, was signifikante Verédnderungen
zur Folge hat. Abhangig von der Anordnung der Phenylringe &ndert sich sowohl die elek-
tronische, als auch die geometrische Struktur, wodurch der Makrozyklus der Molekile die
Form eines Sattels (vor thermischer Behandlung) oder einer Schale (nach thermischer Be-
handlung) annimmt. In beiden Féllen konnten wir fir das Ru Atom die Adsorptionshéhe bes-
timmen (2.59/2.45 A vor/nach thermischer Behandlung), das so zwischen der Ag Oberflache
und dem Porphyrin Makrozyklus liegt, und haben auBBerdem eine Praferenz der Adsorption-
sposition auf Muldenplatzen der Ag(111) Oberflache ermittelt.

Die unterschiedlichen Formen, die der Makrozyklus des Ru-TPP annehmen kann, haben
sich als bedeutend fir die Bindung von CO an das Metallzentrum herausgestellt. Fiir Ru-TPP
auf der Ag(111) Oberflache kénnen verschiedene Bindungsvarianten aufgezeigt werden,



wohingegen nach thermischer Behandlung keine CO Bindung festgestellt werden kann. Als
stabilste Bindungsvariante stellt sich die axiale Bindung an Ru-TPP heraus (Bindungsenergie
~0.8eV). Wir zeigen hier eindeutig, dass die Substituenten am Makrozyklus des Porphyrins
dessen Anpassungsféahigkeit beeinflussen, was eine Bindung von CO sowohl ermdglichen
als auch unterbinden kann.

Zuletzt werden die Ru Porphyrine verwendet, um die Anordnung und Ausrichtung von N-
heterocyclischen Carbenen (NHCs) relativ zu einer Oberflache zu kontrollieren. Das Anbrin-
gen von NHCs am Ru Porphyrin wird direkt auf der Oberflache durchgefiihrt: NHCs erweisen
sich als robuste, funktionale Pfeiler auf wohldefinierten, vorkonfektionierten Ru-TPP Monola-
gen auf Silber und werden anschlieBend mit atomarer Prazision charakterisiert. Die NHCs
verteilen sich modular und reversibel auf der Anordnung von Ru-TPP. Es wird gezeigt, dass
die Bindung selektiv an den Ru Atomen stattfindet und eine vollstandige Funktionalisierung
erreicht werden kann. Dadurch wird die Interaktion zwischen Ru Atom und der Silber Ober-
flache beeinflusst, was dazu fiihrt, dass sich das Ru Atom etwa 1 A von der Oberflache ent-
fernt. Es ist auBerdem mdglich, einzelne NHC Molekile durch kontrollierte Manipulation mit
der Spitze des Rastertunnelmikroskops zu entfernen, wodurch beliebige Muster in Nanome-
tergrdBe erstellt werden kdnnen.

Wird das NHC auf eine dichter gepackte Monolage von Ru-TPP angebracht, kann ein
anderes Phanomen beobachtet werden: Ein Teil der Ru-TPP Molekile wird von der Silber
Oberflache in eine hdhere Lage transportiert. Es wurde eine Rekonstruktion der molekularen
Monolage beobachtet, induziert durch die Bindung des NHCs. Dieser Effekt kann durch
thermisch induzierte Desorption des Liganden umgekehrt werden.
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fast Fourier transform
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Vi
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viii

ultraviolet photoelectron spectroscopy
variable-temperature STM

X-ray photoelectron spectroscopy
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1 Introduction

Technological advances of the last decades have lead to a level of miniaturization, where the
manufacturing dimensions for certain key technologies have come down to a few nanometers.
[1, 2] Further downsizing is not only challenging in the fabrication process, but also requires
to take quantum phenomena into account, which will play an important role in making such
small devices. A different approach to realize devices in the nanometer regime features the
application of molecules on well-defined surfaces, which offer a plethora of functionalities by
the possibility of tailoring molecules for each specific task. There are examples of functional
devices on a single-molecule level, including transistors, [3] switches, [4, 5] nanoscale "race
cars", [6] amplifiers, [7] logic gates, [8] or storage devices. [9]

However, the development of functional molecular nanosystems is not limited to isolated
molecules. Nanostructured materials based on the molecular self-assembly on a surface are
also a current topic of interest. While the self-assembly process enables the large-scale fab-
rication of such materials, their properties are not only determined by the molecular building
blocks. The formed lattice structures [10, 11] and the underlying substrate [12—14] also play
an important role. The understanding of the interplay of these contributions is essential for
engineering such systems with specific functionalities, which can include adressing spins of
single-molecule magnets [15, 16] and catalysis. [17, 18] In this thesis, we aim for a better un-
derstanding of such nanostructures by studying different model systems, which are outlined
below. A more detailed motivation for each system will be given in the respective dedicated
Chapter.

Inspired by coordination polymers and networks of tetrazoles and transition metals in so-
lution based chemistry, which exhibit fluorescence, [19] second harmonic generation [19] or
spin crossover phenomena, [20] the first project (presented in Chapter 4) describes the effect
of iron coordination to a molecule, consisting of a phenylene with two tetrazole moieties at
para positions. Here, the focus lies on the formation of coordination motifs and observation of
potential magnetic properties of the iron nodes. In contrast to solution based chemistry, the
material synthesis procedures were conducted under ultra-high vacuum (UHV) conditions on
an atomically flat Ag(111) surface, ensuring a clean and highly controlled environment for the
characterized sample.

The second project (presented in Chapter 5) is a profound analysis of the properties of Ru
tetraphenyl porphyrin (Ru-TPP) on a Ag(111) surface. Ruthenium is known for its catalytic
[21, 22] and magnetic [23, 24] properties, while the tetraphenyl porphyrin offers an already
well-known platform for the integration of metal atoms, self-assembling in well-defined struc-
tures on coinage metal surfaces. [25-27]

Firstly, it is shown that, in contrast to other tetraphenyl porphyrins on Ag(111), Ru-TPP can
self-assemble in two different ways: For submonolayer coverages the pattern resembles the



self-assembly of other tetraphenyl porphyrins on the same surface. Approaching a saturated
monolayer, a transition into a higher density compressed phase is observed. Furthermore,
a detailed study of the conformation of the Ru-TPP is conducted, analyzing the macrocycle
conformation and the adsorption height of the Ru center and comparing it to planarized Ru
porphyrin derivatives.

In the following Chapters such layers of Ru-TPP are used as organised pedestals for the
ligation of organic and inorganic molecules, binding to the ruthenium center of the porphyrin.
The understanding of the ligation behaviour is crucial for technical applications e.g. in cataly-
sis [28, 29] or for gas sensors. [30, 31]

In Chapter 6, a model system is investigated with the ligation of CO on a Ru-TPP layer
on Ag(111). It was shown that this ligand forms a strong bond with the metal center in free
Ru porphyrins, [32] which makes CO a promising choice as a small inorganic ligand. We
show that there are different bonding modes for CO on Ru-TPP, one of them being stable
at temperatures up to ~250 K. Additionally, we find a different ligation behavior depending
on the macrocycle conformation of the Ru-TPP: While the pristine Ru-TPP allows the CO
ligation, this is not observed for its planarized derivatives.

In Chapter 7, the binding of a prototypical N-heterocyclic carbene (NHC), 1,3-dimethyl-
2H-imidazol-1-ium-2-ide (IMe), on a submonolayer of Ru-TPP is visited. NHCs are stable
carbenes, which have been eagerly explored in novel organometallic materials, metallophar-
maceuticals, catalysts and surface functionalisation. [33] We analyze the electronic and con-
formational changes of the Ru-TPP upon ligation, characterizing the desorption character-
istics of IMe and present nanofabrication opportunities by the controlled removal of single
ligands via the tip of a scanning tunneling microscope (STM).

Chapter 8 highlights an intriguing reconstruction, which is triggered by the ligation of IMe on
Ru-TPP in the more densely packed compressed phase. We show that upon ligation, which
induces a decoupling of the Ru-TPP from the Ag(111) surface, ~20 % of the Ru(IMe)-TPP
complexes are portered from the contact layer into a second layer, creating enough room
in the contact layer to allow the remaining molecules to self-assemble into the less densely
packed square phase. Both effects are reversible by thermal annealing.

Multiple techniques have been used for the acquisition of the data, which was necessary
to gain insights into different properties of the studied systems. All experiments were con-
ducted under UHV conditions, which is required for most of the employed analysis tech-
niques and guarantees well-defined systems free of impurities. Imaging of the assemblies
with submolecular resolution and the patterning of molecular structures were performed by
STM. The periodic structure of the molecular assembly was determined in conjunction with
low-energy electron diffration (LEED). Electronic properties could be accessed via X-ray pho-
toelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS), while infor-
mation about the adsorption geometry could be inferred by normal incidence X-ray standing
waves (NIXSW). Temperature programmed desorption (TPD) measurements allowed to de-
termine desorption energies and kinetics. Complementary density functional theory (DFT)
calculations and atomic force microscopy (AFM) imaging, contributed by collaboration part-
ners, were employed to refine the experimental findings and guide the data interpretation.



2 Theoretical principles of experimental
methods

Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a technique allowing real space imaging with atomic
resolution. It was developed in 1981 at the IBM Research Laboratory in Zurich by Gerd
Binnig and Heinrich Rohrer [34] who were awarded half a Nobel Prize in Physics in 1986 for
this invention. Images are acquired by an atomically sharp, metallic tip scanning the surface
at a very small distance with a bias voltage applied (Figure 2.1). Due to the effect of quantum
tunneling, a current flows between tip and sample, allowing to obtain information about the
topography and electronic structure of the surface. The precise movement of the tip in the
sub-nanometer regime is realized via the attached piezoelectric tube (Figure 2.1).

Electron tunneling

In classical physics, particles cannot propagate through a potential barrier V, if their energy
FE is smaller than V. However, as described first in 1927 by Friedrich Hund, [35] quantum
mechanics allows particles to propagate through barriers of finite height with a certain prob-
ability. Particles such as electrons can behave as waves with a wave function ¥, which can
be described by the Schrédinger equation:

h v

Here we employ a one-dimensional, time-independent Schrédinger equation, with the re-
duced Planck constant i and the electron mass m. With a rectangular potential barrier of
height 1 (Figure 2.2A, region 2) and an incoming wave propagating in positive z direction
(Figure 2.2A, region 1), we obtain as solution for the different regions:

Wya(z) = U9 exp (iz’ v 2;”E z) (2.2)
Wy(2) = UG exp (—Wz) (2.3)

While the solution for region 3 allows the propagation behind the potential barrier, the prob-
ability of tunneling can be determined by the solution for region 2: For a potential of width d
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Figure 2.1 Setup used for scanning tunneling microscopy. The tip can be moved by the piezoelectric tube, allowing
three-dimensional positioning. If the tip is close to the sample and a bias voltage is applied, electrons can tunnel, creating a
tunneling current (see inset).

we obtain as a transmission probability 7:

9m (Vo — E
T = |92 exp (—2m(ho)d> (2.4)

It can be seen that the probability for the electron to propagate through the barrier is de-
creasing exponentially with the width of the potential and the energy difference between the
potential and the electron. In case of a tunneling microscope, the potential barrier translates
to the vacuum space between the tip and the sample (Figure 2.2B). The distance between
those two determines the width of the potential barrier. In tunneling contact the Fermi level of
tip and sample align, so that electrons tunnel in both directions equally, giving a net current
of zero. However, if a voltage Up,,s is applied (Figures 2.1 and 2.2), the Fermi level will be
offset and therefore a tunneling current can flow. A more elaborated model of the tunneling
current I; was presented by by Hamann and Tersoff in 1985, [36] based on a description from
a many-particle perspective from Bardeen. [37] In this approach the tunneling current I can
be expressed as

QWZf F(Ey + V)] (M *5(E, — E,) @5)

with the Fermi function f(F), the applied bias voltage V, the tunneling matrix element MM,
between state ¥, of the tip and ¥, of the sample, and the energy E,, of state ¥, in the
absence of tunneling. This expression can be further simplified under the assumption of
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Figure 2.2 (A) Schematic illustration for electron tunneling through a potential barrier V. The incoming electron wave function in
region 1 hits the potential barrier in region 2. The exponential decay of the wave function along the potential barrier leads to a
reduced amplitude of the electron wave function in region 3, which is related to the tunneling probability. (B) Schematic
illustration of the tip-sample junction of an STM. The applied bias between tip and sample alters the position of the Fermi-level,
allowing electron tunneling through the vacuum barrier. Without an applied bias, the tunneling probability is equally high in
both directions, resulting in no net current.

temperatures not significantly higher than room temperature and small bias voltages to

2
[=""VY |Mu*8(E, — Er)8(E, — Er) (2.6)
h o
The matrix element can be expressed by an integral over a surface, which is located entirely
within the vacuum region between tip and sample:

2
My, = ;‘—m / as (v, Vv, - w, V) (2.7)

As the exact shape of the tip is difficult to determine and can be manipulated only to a cer-
tain extent in experiments, a spherical shape of the apex with radius R and center at 7 is
assumed. By this the expression for the tunneling current resolves to

I =8V2m3r3e*Vy/ %Dt(EF)R2 exp(2h ' Ry/2m¢) Y |V, (76)|*(E, — Ep)  (2.8)

with the work function ¢ assumed to be the same for tip and sample and the density of states
per unit volume of the tip D;. From this equation the expected exponential behavior of the
tunneling current with the barrier width d can be observed as

2mao

() o exp(—2Y=

d) (2.9)
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Figure 2.3 Schematic illustration of the operational modes of an STM. (A) constant current mode: The tip height is adjusted
via a feedback-loop such that the tunneling current between tip and sample is constant. (B) constant height mode: The tip
height is fixed, so that no feedback-loop is required.

Additionally, the tunneling current is proportional to the local density of states (LDOS) of the
sample, represented by the sum in Eq. 2.8. Therefore, an image recorded by an STM can be
understood as the convolution of the topography and the LDOS.

Operational modes of an STM

There are two different modes to scan the surface: Constant current mode and constant
height mode (Figure 2.3). In the constant height mode, the tip does not change its z-position
and the current, which is fluctuating with changes of tip-sample separation and accessible
electronic states, is recorded. A flat surface as well as a very stable setup are required for
this operation mode, as the exponential decay of the tunneling current with increasing tip-
sample separation leaves only a narrow region where currents are measurable. The more
frequently used mode is the constant current mode, where the z-position of the tip is adjusted
by a feedback loop in such a way that the tunneling current remains constant. Thus, the
information enclosed in the z-position of the tip can be related to topography and LDOS of
the investigated sample.

X-ray photoelectron spectroscopy & ultraviolet photoelectron
spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method to quantify the elemental and chemical
composition of a sample. It relies on the photoelectric effect, which was first observed in
1887 by Heinrich Hertz [38] and theoretically explained in 1905 by Albert Einstein [39], being
awarded with the Nobel Price in Physics in 1921 for this work. The sample is exposed to an
X-ray beam of a well-defined energy, leading to the absorption of single photons exciting core
level electrons of the atoms of the sample (Figure 2.4). These electrons can be ejected and
have a well-defined kinetic energy, which depends on the energy of the incoming photons hv,
the binding energy of the corresponding core level with respect to the Fermi level E;, and the
work function ®:

Epin = hv — By — @ (2.10)
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Figure 2.4 Schematic of the working principle for XPS. Incoming photons of energy hr remove core level electrons from the
sample, which have a characteristic kinetic energy, from which the binding energy of the corresponding core level can be
obtained. The binding energies allow to analyze the elemental composition of the sample and the chemical environment of the
investigated elements.

With a hemispherical electron energy analyzer, Ey;, can be measured, which allows to deter-
mine the binding energy of the core level, from which the electron was ejected. The energy
range of the X-rays used for this technique to access the core level electrons lies usually
between 100V and 2000 V. In this energy range, the inelastic mean free path for electrons
in solids is approximately 0.5—-3 nm [40], so that only electrons from the top layers contribute
to the detected photoemission, making X-ray photoelectron spectroscopy (XPS) a surface-
sensitive technique. Core level binding energies are specific for each element and sensitive
to the chemical environment: Chemical bonds which include the sharing of valence electrons
can change the screening of the positive nuclear charge and therefore change the binding
energy of the core levels. From the peak intensities, the relative abundance of each contribu-
tion can be extracted, [41] allowing to determine quantitatively the chemical composition on
the sample. A requirement for this technique is a (semi)conductive sample, which allows to
replace the removed electrons. For non-conductive samples, an electron flood gun has to be
added to the setup to avoid a charging of the sample surface, which would lead to a shifting
of the measured core level energies.

Ultraviolet photoelectron spectroscopy (UPS) uses the same principle, but is operated with
ultraviolet photons. These photons cause photoemission from valence electrons of the sam-
ple, which can be used to gain information about the work function, band structure and molec-
ular states of the investigated system.

X-ray standing waves

X-ray standing wave (XSW) is a technique to determine the adsorption height and registry
of adsorbates on single crystal surfaces. Its working principle is based on the creation of a
standing wave field on the surface of the crystal, which influences the photoemission charac-
teristics of the adsorbates to allow an element-specific determination of adsorption sites for
the adsorbates. Due to the necessity of a tunable hard X-ray beam (X-ray energies >2 keV),
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measurements require a synchrotron radiation source.

The standing wave field can be created by an X-ray beam (wavelength ) hitting the sample
crystal under Bragg scattering conditions:

nA = 2dy sin(0) (2.11)

with order n of the Bragg reflection, angle 6 between incident wave and scatterer plane and
the separation dy of scatterer planes. The resulting standing wave field has the periodicity of
the scatterer planes dg. A very important feature of this standing wave field is the tunability of
the phase. The Bragg reflection peak occurs over a finite range of incident angles and photon
energies, which was shown by dynamical X-ray diffraction theory. [42] The reflection profile
can be modelled by a Darwin-Prins curve (Figure 2.5). When scanning the photon energy or
incident angle through the width of the Bragg reflection peak, the phase of the standing wave
field shifts by , which allows the determination of the position of adsorbates on the crys-
tal: The absorption intensity and therefore also the photoemission intensity is proportional to
the intensity profile of the standing wave field, which is maximal (minimal) for adsorbates on
the antinodes (nodes) of the standing wave field. However, the width of the Bragg reflection
peak depends on the incident angle [43] and is generally small, so that perfect crystallinity of
the sample and a highly collimated beam would be required to perform measurements. [44]
Close to normal incidence conditions, the width broadens significantly. This special type of
measurement is called normal incidence X-ray standing wave (NIXSW), which softens the re-
quirements on the sample and beam conditions and is used for all measurements performed
for this thesis. By scanning through the Bragg reflection peak, the photoemission signal has
a characteristic shape depending on the position z of the corresponding adsorbate (Figure



2.5), which can be determined using the following equation [43]:

2
I=1+R+2VRcos (w-f) (2.12)
H

2

E,
R=|— 213
‘Ei (2.13)

where [ is the measured photoemission intensity, 1 is the phase difference between the re-
flected and the incident wave, E, and E; are the the reflected and incident X-ray amplitudes,
respectively. This equation however is only valid for adsorbates occupying a single vertical
position with respect to the standing wave field. To account for multiple different adsorp-
tion sites or for dynamic effects like thermal vibrations, the equation can be modified in the
following way [43]:

I=1+4+R+2fgVRcos <w—27r> (2.14)

Here two parameters are introduced: The coherent position P gives the average position
within the standing wave field for an ensemble of atoms with a single photoemission peak and
ranges between 0 and 1. The coherent fraction fr; is a measure for the degree of disorder,
with values between 0 (e.g. random distribution of adsorbates or two adsorption heights
differing by d7/2) and 1 (all adsorbates at equivalent positions). It is worthwhile to note that
the adsorption height Dy of an adsorbate above the scatterer plane can only be determined
by the coherent position to a certain degree, as the addition of multiples of d; does not alter
the results of Eq. 2.14:

Furthermore, iy and Py can also be considered as amplitude and phase of a Fourier com-
ponent of the site distribution of the adsorbates. After obtaining more sets of f and pyg with
different scattering planes of the crystal, one could obtain a real space image of the adsor-
bates on the surface by Fourier inversion [43]. While this requires in general measurements
on many different scatterer planes, for adsorption on high symmetry sites on the crystal (e.g.
bridge, atop, hollow site) already two different sets can suffice to determine the exact adsorp-
tion site.

In particular, for an fcc crystal surface in (111)-facing, combining the results of NIXSW
measurements from (111) and (111) planes enables to determine above which of the dif-
ferent high symmetry sites of the substrate the adsorbate is located. Bridge adsorption sites
occupy different positions with regard to the (111) plane, which lets the coherent factor drop to
fH,1I1 ~ 0.33 (Figure 2.6A, [43]). In contrast, fcc, hcp and atop sites have each a well-defined
adsorption height with regard to the (111) plane (Figure 2.6), resulting in fu 111 ~ 1. Each of
these three sites can be distinguished by its coherent position Py, 1, if the adsorption height
above the crystal surface is known (Figure 2.6).

It should be noted that all coherent fractions will be usually lower due to vibrations of the
atoms, which can induce a small variation of the adsorption height. This is usually accounted
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Figure 2.6 Scheme for the triangulation in NIXSW for a densely-packed (111) face of an fcc crystal. (A) Top view on the
crystal, Top layer, second layer, and third layer atoms are marked in black, gray, and light gray, respectively. Examples for atop,
fcc and hep sites are circled in violet, raspberry and lavender, respectively. Three equivalent bridge sites are marked,
indicating different positions with regard to the (111) planes. (B) Side view on the crystal, demonstrating the coherent
positions Py 11, for the three different adsorption sites.

for by the Debye-Waller factor, lowering the measured coherent fractions by ~10 % for small
adsorbates at room temperature. [45]

Low-energy electron diffraction

Low-energy electron diffration (LEED) is a technique for the structural analysis of a surface.
A beam of low-energy electrons (typically 5-100eV) is focussed onto the surface with normal
incidence (Figure 2.7). The mean free path of the electrons at low energies is approximately
a few atomic layers, making this technique surface-sensitive. The de Broglie wavelength X of
electrons with energy E can be calculated by

A= —— (2.16)
2me.FE

The electron wavelength ranges typically between 0.1-0.5 nm, which is of the order of inter-
atomic distances and therefore allows atomic diffraction. Before hitting the fluorescent screen,
the backscattered electrons have to pass a retarding grid first: The first grid is grounded and
ensures the propagation of the electrons from the sample in field-free space. On the following
grids a potential is applied to reject inelastically scattered electrons. The fluorescent screen
itself is biased to high voltage to accelerate the elastically scattered electrons onto the screen.
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Figure 2.7 Schematic of a LEED setup and the elastic scattering condition. Electrons from the electron gun (purple) hit the
sample (yellow), where the electrons are scattered. The retarding grids are adjusted in a way, that only elastically scattered
electrons can pass and hit the fluorescent screen. The Ewald sphere on the right visualizes the condition for elastic scattering
on a crystal surface. The scattered wave vectors have to be of the same length as the incident wave vector and point onto a
reciprocal lattice rod. All vectors shown fulfill these requirements.

For elastic scattering the Laue condition must be fulfilled: [46]

Ksc — kin =G (2.17)
|Kse| = |Kin| (2.18)

Here, k;,, and k. are the incident and scattered wave vectors, respectively, G is a reciprocal
lattice vector of the investigated substrate. This condition can be visualized via the Ewald
construction (Figure 2.7), where the scattered wave vectors have to point to the intersections
of reciprocal lattice rods and Ewald sphere. Therefore, the spots imaged in LEED reflect the
two dimensional reciprocal lattice of the surface structure. In order to increase the contrast
of the recorded images and decrease the beam current to reduce damaging of the sample,
one can also employ a microchannel plate instead of the fluorescent screen. As these plates
have a planar geometry compared to the spherical geometry of typical fluorescent screens,
the enhanced contrast is accompanied by a distortion of the image inherent to the setup.

Temperature programmed desorption

Temperature programmed desorption (TPD) is a technique to characterize the desorption
behavior of the adsorbates on a surface. Measurements are performed by heating the sample
up with a linear temperature ramp while monitoring simultaneously the desorbing particles via
a mass spectrometer. A common equation for the analysis of the acquired spectra is provided
by the Polanyi-Wigner model: [47]

df _ T ED(97T)
— = v(0,T)6% exp ( T > (2.19)
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Here 6 denotes the coverage of the investigated species, v(6,7T) a pre-exponential factor, x
the order of the desorption, Ep (0, T') the desorption energy, kp the Boltzmann constant and
T the temperature. The kinetics of the desorption process determine the order of desorption
z, e.9g. x = 0 for multilayer desorption, z = 1 for molecular desorption and =z = 2 for
recombinative desorption, however, the desorption order is not restricted to these examples.
For desorption spectra that are acquired with a constant heating rate 3 the equation can be
rewritten in the following way:

o vo* Ep
_d v (D 2.20
ar ~ B eXp( kBT> (2.20)

The rate of desorption df/dT is measured by a mass spectrometer close to the sample. While
the mass spectrometer records the partial pressure of the investigated species, it was shown
that with a sufficient high pumping speed the measured intensity in the mass spectrometer is
proportional to the rate of desorption. [48, 49]

The analysis of temperature programmed desorption (TPD) spectra can be performed by
various techniques. [47, 50-53] One difficulty in the analysis is the fairly large number of un-
knowns in the Polanyi-Wigner equation. In this case, the acquisition of coverage dependent
data (multiple spectra with different initial coverage 6) or rate dependent data (multiple spec-
tra acquired with different heating rates ) can help to narrow down some of the unknowns.

From coverage dependent data, the shape of the spectra can give an indication of the
order of desorption (Figure 2.8A-C). For = = 1 the peak of the desorption rate is at the same
temperature, irregardless of the initial coverage 6. In the case of x < 1, the peak of the
desorption rate moves to higher temperatures for higher 6, in the case of > 1 the peak
moves to lower temperatures for higher 6y. Therefore, the coverage dependent data can
give an indication of the order of desorption x. The shape of the peak is also influenced by
the order of desorption, being symmetric for z = 2 and more asymmetric in the other two
shown examples, which can also be used to identify . However it should be noted that these
observations are not valid, if v and Ep vary with coverage 6, which can be e.g. the case
when attractive or repulsive interactions between adsorbates are observed.

Similarly, rate dependent data can give an indication of pre-exponential factor v and desorp-
tion energy Ep. Figure 2.8D-F show rate dependent desorption curves with different v/Ep,
which are chosen such that the desorption maximum for 3 = 10 Ks~! is approximately at the
same temperature in all three cases. While the desorption peak shifts in all cases towards
lower temperatures for smaller 3, this is most pronounced at smaller v/Ep. Thereby, this shift
can also give an indication of v and Ep.

When fitting the data via numerical integration of the Polanyi Wigner equation, which was
performed for fairly simple desorption processes and is further explained in chapter 3, such
a preliminary analysis can allow to specify x, removing thereby one variable from the fitting
process. While such a fitting can result in a very good agreement with the data, it necessitates
to make several assumptions about the desorption behavior, e.g. the number of species,
which are observed in a single spectrum, or temperature and coverage dependencies of v
and Ep.

12
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Figure 2.8 Simulation of different TPD spectra. (A-C) Spectra for different initial coverages 6o for desorption processes of
different order, as indicated on each graph. The spectra were simulated with v = 1013s~1, Ep = 1.0eV, 8 = 1. (D-F)
Spectra for different heating rates /3, with parameters v and E'p as indicated on each graph. Simulatione were performed with
Op=1andz =1.

In the case of more complex spectra, it has been demonstrated that if desorption traces of
more than one species are considered, different models can describe the data with similary
high agreement. [54] Thus, a good agreement between fit and data can be obtained with
a model, which is not reflecting the actual desorption process. Therefore, more complex
spectra were analysed via the Redhead equation, [51] which allows to find an estimate for
the desorption energy:

Ep ~ kgTp <log (g - 3. 64>) (2.21)

Here, Tp is the peak temperature of the desorption trace, and if v is not known, it is approx-

imated from transition state theory as *7 ~ 10'3s~1. While this equation includes various
simplifications, it provides an estimation for the desorption energy Ep.
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3 Technical implementation

Experiments for this thesis have been conducted at different experimental setups, which will
be presented in this chapter. Most of the setups are based in E20 laboratories in Garching,
the only exception is the 109 beamline at the Diamond Light Source (DLS) synchrotron in
Didcot, UK. All experiments have been performed under ultra-high vacuum (UHV) conditions,
with base pressures of 2 x 10719 mbar or lower.

Variable-temperature STM (VT-STM)

The Aarhus-type VI-STM (SPECS) is set up in a UHV system (Figure 3.1), comprising a
preparation chamber and an analysis chamber, which are separated by a gate valve (1). The
preparation chamber includes a heating stage (2), with a parking lot for up to four samples
attached, a sputter gun (5), a molecular dosing system (3, four-cell organic molecular beam
epitaxy (OMBE) source by DODECON), a metal doser (4) and leak valves as gas inlets (7).
As the position of the heating stage can only be adjusted in one direction, it is only used for
heating and sputtering of the sample. For any deposition, the sample is held by a manipulator
(axis perpendicular to the plane displayed in Figure 3.1, indicated by the dashed circle) with
more degrees of freedom, allowing a more precise positioning of the sample accordingly to
the desired process. The preparation chamber is evacuated via a turbomolecular pump.

The analysis chamber includes the STM (Figure 3.1, 8) and leak valves (7), enabling in situ
dosing of gases during STM measurements and a sputter gun enabling in situ tip sputtering.
A schematic of the STM is shown in Figure 3.2. The STM tip (4) is attached to a piezo scan-
ner tube (5), allowing precise movements. On the bottom of the tube, a rod is firmly attached.
This rod can be moved up and down by a piezo inchworm motor (6) for the approach and
retraction of the STM tip in the range of several millimeters. The STM scanner is thermally
and electrically decoupled from the main sample platform and the sample by quartz spheres
(8). The STM sample (1) is mounted onto a double-decker sample holder (2). Two clamps (3)
ensure a firm positioning of the sample on the large platform (10), which can be cooled down
to allow imaging below room temperature (RT). In this case, sample and scanner platform
are cooled down by liquid nitrogen (LNs) via a cooling piston (11), while the STM scanner is
counter-heated to RT by a zener diode (9). During measurements the cooling piston has to
be drawn away from the scanner platform, so that the sample will slowly heat up to room tem-
perature (RT). Here, the STM platform acts as a cold reservoir and slows down this process,
so that the temperature of the sample increases by approximately 0.25 K min—! at 130K and
less than 0.10 K min—! at 230 K and above.

The analysis chamber is pumped by an ion pump, which requires no moving parts and is
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Figure 3.1 Schematic of the VI-STM UHV system, with preparation chamber (left) and analysis chamber (right), separated by
a gate valve (1). The preparation chamber includes the heating and parking stage (2), a molecular doser (3), a metal doser (4),
a sputter gun with an Ar gas inlet (5), a transfer arm (6) and a manipulator perpendicular to the shown plane (dashed circle).
The analysis chamber includes a leak valve for gas inlets (7), the STM (8) and a manipulator for sample transfers (dashed
circle). A load lock is attached to the analysis chamber (position indicated by red dashed circle).

front view 5 side view
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Figure 3.2 VT-STM schematics, with the following components: (1) Sample, mounted on (2) a double-decker sample holder.
(3) Two clamps ensuring a stable positioning of the sample. (4) STM tip. (5) Scanner piezo tube. (6) Piezo inchworm motor,
moving a rod (7) with the scanner piezo tube attached. (8) Quartz spheres, which decouple the scanner from the sample stage
thermally and electrically. (9) Zener diode to heat the STM scanner. (10) Aluminium platform, acting as cold reservoir. (11)
Cooling piston for measurements below RT.

therefore suitable for STM measurements by not introducing additional sources of noise.

Low-temperature STM (LT-STM)

This setup consists of a preparation and an STM chamber, separated by a gate valve. The
preparation chamber allows sputtering and annealing of the sample, as well as deposition
of molecules by an attached molecular evaporator. The STM chamber houses a Createc
LT-STM, featuring an inner cryostat operated with liquid helium (LHe) which allows measure-
ments at 5 K. The cryostat ensures that sample and the STM tip do not heat up during mea-
surements, resulting in highly stable imaging conditions. Further information can be found in
the thesis of K. Seufert. [55]
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Figure 3.3 PSD chamber schematic from different perspectives, showing the following components: (1) the photoelectron
analyzer, (2) the He source for UPS, (3) the X-ray source for XPS, (4) the sample mounted on the manipulator, (5) the inlet
from the gas dosing system and the sputter gun, (6) the molecular evaporators, (7) the mass spectrometer, and (8) the LEED
apparatus.

LT-STM/AFM

This UHV system is equipped with a CreaTec non-contact AFM (nc-AFM)/STM, from which
the nc-AFM images as well as some high resolution STM images were acquired. A more
detailed description of the chamber can be found elsewhere. [56]

PSD chamber

The PSD chamber (named after photon stimulated desorption) features instruments for the
analysis of a sample by XPS, UPS, LEED and TPD. The layout is depicted in Figure 3.3. The
left part of the chamber includes the photoelectron analyzer (SPECS phoibos 100 CCD, 1),
a Helium lamp for UPS measurements (2), an X-ray tube, enabling non-monochromatic Ko
radiation from either a Mg or an Al source, and a mass spectrometer (7), which is placed
behind a copper cap to allow TPD measurements. The right part includes a LEED appa-
ratus (BDLB0OOIR-LMX-ISH by OCI Vacuum Microengineering Inc., 8), a sputter gun and an
inlet from the gas dosing system with a pneumatically controlled valve (5), and the molecular
evaporators (6). The sample on the manipulator (4) can be cooled down to ~80K by LN,
in which case higher sample temperatures are obtained by counter heating. The tempera-
ture, measured by a K-type thermocouple directly attached to the sample, is controlled by
a proportional-integral-derivative (PID) controller (Schlichting Physikalische Instrumente HS
130), which allows not only to measure the temperature precisely, but also to apply heating
ramps, which are essential for TPD measurements. The manipulator allows rotations along
the z-axis and movements along x-, y-, and z-axis, enabling the positioning the sample as
required for each individual apparatus.
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Figure 3.4 TUM - Walter Schottky Institute XPS chamber schematic, with the following components: (1) photoelectron
analyzer, (2) gate valve to separate analysis chamber and preparation chamber, (3) metal evaporator, (4) molecular
evaporator, (5) sputter gun, (6) manipulator with sample, (7) X-ray source.

TUM - Walter Schottky Institute XPS

This SPECS UHYV system (see Figure 3.4) was used for XPS measurements. It includes a
SPECS Phoibos 150 hemispherical analyzer (1) and a SPECS FR 50 X-ray source (7), sup-
plying non-monochromatized Mg or Al Ka radiation. All instruments required for the sample
preparation are mounted in a preparation chamber, which can be separated from the XPS
analysis chamber by a gate valve (2). These instruments include a metal doser (3), a molec-
ular doser (4), and a sputter gun (5). The sample on the manipulator is usually held at 300 K,
but can be cooled down by LNy and heated up by a combined filament/electron-impact heat-
ing. The manipulator can perform movements in x-, y-, and z-direction and can be rotated
along the z-axis.

109 end-station at the Diamond Light Source

All NIXSW measurements have been performed at the 109 beamline at the DLS, a third gen-
eration synchrotron located in Didcot, UK. Two preparation chambers allow the in situ prepa-
ration of samples. Both chambers allow Ar™ sputtering and thermal annealing of the sample.
Additional instruments such as evaporators can be attached to the chambers via gate valves.
The design of the system enables samples on the main manipulator to access all capabilities
of one preparation chamber and the analysis chamber. This allows preparation and measure-
ment below RT, without any temperature fluctuations due to sample transfers, which can be
crucial in inhibiting desorption processes.

The analysis chamber features a hemispherical electron energy analyzer and a LEED
setup, which were used to acquire XPS, NIXSW and LEED data. Two undulators allow to
irradiate the sample with either soft X-rays (100-2100eV) or hard X-rays (2.1-20 keV). [57]
The intensity, energy and polarization of the incident X-rays can be adjusted as required
for the specific experiments. A Scienta EW4000 HAXPES analyzer is employed, mounted
perpendicular to the incident X-rays in the horizontal plane of the photon linear polarization.
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Further information about the 109 beamline and about synchrotron light can be found in
references. [57, 58]

Sample preparation

All samples were prepared using very similar procedures, which are elucidated in the follow-
ing.

The preparation of a clean and atomically flat Ag(111) crystal was achieved by several cy-
cles of Ne™ (PSD-chamber) or Art (all other setups) sputtering and subsequent annealing
to a temperature in the range of 630-725 K. The cleanliness of the crystal was assessed by
STM or XPS.

The 1,4-di(1H-tetrazole-5-yl)benzene (BTB) molecules (synthesis described in [59], Figure
3.6) were dosed by OMBE on the Ag(111) surface held at RT following thorough outgassing
in vacuo. The sublimation temperature was 523 K and resulted in a deposition rate of approx-
imately 2.5 molecules - nm=2 - h~1.

Ru tetraphenyl porphyrin (Ru-TPP) (Figure 3.6) was deposited onto the Ag(111) crystal
held at RT by heating Ru(CO)-TPP (Sigma Aldrich, 80 % dye content) at 550-625 K. By
outgassing the crucible in vacuo, the dye content of the sublimed molecules can be further
increased, as free base tetraphenyl porphyrin (2H-TPP) sublimes at slightly lower temper-
atures and is therefore removed from the crucible. For temperatures above approximately
560 K, the CO detaches from the Ru-TPP, allowing to deposit clean Ru-TPP monolayers. At
evaporation temperatures below 560 K, the CO remains attached. However, with the crystal
held at RT the CO desorbs from the contact layer, resulting also in the deposition of a clean
monolayer of Ru-TPP. Nevertheless, on the second layer and above the CO is preserved
on the Ru-TPP. The deposition rates were 0.3-2.0 molecules - nm~2 - h~!, depending on the
crucible temperature and chamber geometry.

By annealing a layer of Ru-TPP molecules at 620 K for 10 min, intramolecular cyclodehydro-
genation reactions induce the formation of planarized Ru-TPP derivatives. [60] Four different
products can be observed, which are shown in Chapter 5.

The masked 1,3-dimethyl-2H-imidazol-1-ium-2-ide (IMe) (1,3-dimethyl-1H-imidazol-3-ium-
2-carboxylate (IMe-COs), Figure 3.5) was synthesized according to a reported procedure.
[61] The free IMe was deposited by heating the masked IMe to 360-390 K (Figure 3.5). [61]
No evidence of the parent ions of IMe-CO4 or dimerized IMe was found in mass spectrom-
etry during deposition or desorption. The co-adsorption of CO5 can be excluded because
no traces of oxygen were detected by XPS. Deposition rates of up to 10 moleculesnm~=2h~!
were used for Ru-TPP monolayer samples held at 300 K. Deposition rates with the substrate
held at 200 K were up to 5 times higher.
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Figure 3.5 Decomposition of the masked IMe (IMe-CO2, left) into the free IMe and CO2, occurring when heated to the
indicated temperature range in vacuum. [61-63]
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Figure 3.6 Structural formulas of the different employed molecules.

At the VT-STM, the LT-STM, and the 109 beamline a commercial OMBE source (DODECON
nanotechnology GmbH) was used for molecular deposition, at the NIM-XPS and PSD home
built sources were employed.

CO was dosed in the PSD chamber via a gas dosing system [64], which allows the dosage
of defined amounts of gases via a needle-doser. At the other chambers, gas was dosed via
leak-valves, where the total dosage was estimated by the exposure time and the increase of
the pressure in the chamber.

Fe was deposited via a home built metal evaporator. A thin Fe wire is wrapped around a
thermally more durable W wire. Heating resistively the W wire and thereby also the Fe wire
enables the sublimation of Fe, which is thereby deposited onto the crystal.

Data acquisition and analysis

STM

All STM images were acquired with chemically etched W tips, with the STM operating in
the constant current mode. The tunneling bias was applied to the sample. The analysis of
STM images was performed by gwyddion [65] and routines written for IGOR Pro 6.3. Sev-
eral routines for IGOR Pro 6.3 have been added to facilitate the image analysis: Firstly a
routine allowing the import of STM image and spectroscopy files from the Aarhus VT-STM.
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Figure 3.7 Automated calibration process for STM images. (1) An image with a square or hexagonal pattern of well-defined
dimensions needs to be selected. (2) The regular pattern is marked manually. (3) The calibration routine is measuring the
actual dimensions of the marked structure and computes correction parameters X s¢retch, YStreteh, and d. For higher

accuracy of the correction this process is repeated multiple times, until the change in § between iterations is < 0.00001°. (4)
The routine stops and returns the calibration parameters, exemplary parameters are displayed.

Secondly, a routine to extract calibration parameters of STM images to account for image
distortions (Figure 3.7). It requires an image showing a structure, which is either rectangu-
lar or hexagonal and where the dimensions are known (e.g. atomic resolution of Ag(111)).
The corners of such a hexagon/square have to be marked on the image. Then the routine
stretches/compresses the image in x- & y-directions and additionally tilts the y-axis to fit the
marked structure with the given dimensions. Additionally, a routine to apply these calibration
parameters during the import of images has been included.

Images were processed by subtracting a plane background, in a few cases also by two di-
mensional (2D)-fast Fourier transform (FFT) filtering to remove noise. If not further specified,
STM images were acquired at 300 K.

XPS / UPS

XPS data from the TUM - Walter Schottky Institute XPS and the PSD have been analyzed
via routines for IGOR Pro 6.3, XPS data from the synchrotron has been analyzed via Matlab
routines (developed by D. Duncan). In both cases, similar features are implemented, including
background subtraction and peak fitting with Voigt profiles. UPS data is shown as recorded
without any background subtraction. The binding energy scale was corrected either via the
Fermi edge (C 1s and Ru 3d region from synchrotron data, UPS data) or via the Ag 3d;;
peak at 368.27 eV (all other data).

TPD

Measurements were performed using a quadrupole mass spectrometer inside a copper cap,
[66, 67] with the sample located at a distance of approximately 1 mm from the opening on the
apex of the copper cap.

For the presented TPD analysis we developed Matlab routines. These offer the import
of the data (based on routines developed by P. Deimel) and additionally options for back-
ground subtraction and normalization. The normalization requires a reference spectrum with
a well-defined initial coverage, which is usually a desorption spectrum from a saturated layer,
i.e. the initial coverage 6y = 1. The intensity of the spectrum is then scaled such that the
time-integrated area equals the initial coverage 6y. All other spectra, recorded under the
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Figure 3.8 Flowchart of the fitting procedure using the fminsearch routine implemented in Matlab. An adequate set of starting
parameters is recommended to reduce computation time and minimize the risk of obtaining a local minimum as the final result.

same conditions, but with different 6y, are normalized using the same parameters. The initial
coverage of each spectrum can be determined by comparing its integrated area, which is
proportional to 6y, with the reference spectrum.

For further analysis, it was assumed that the TPD spectra can be described via the Polanyi-
Wigner equation (see Eq. 2.20). The objective was to write a routine that allows to fit simulta-
neously multiple spectra (which might differ in initial coverage or in the applied heating rate).
This allows to fit all available data with a single routine in order to achieve the best match be-
tween the experimental data and the modeling and is achieved by the use of the optimization
method fminsearch, a nonlinear solver implemented in Matlab, which works as described in
the following.

First, with the given set of starting parameters, the Polanyi-Wigner differential equation is
numerically solved via the ode45 (ordinary differential equation) solver, which is implemented
in Matlab. This has to be done for each spectrum individually, as the starting parameters can
be different. As a second step, the quality of the fitting is assessed by calculating the squared
difference between measurement and fit. To ensure that all spectra contribute equally, the
difference is assessed for all spectra at the same temperatures, implemented by interpolating
the data of all but the first spectra. The sum of the squared differences indicates the quality of
the fitting and needs to be minimized. This is done directly by the fminsearch method, which
repeats the aforementioned steps while adjusting the starting parameters until a minimum
is found (Figure 3.8). This method has no limitation on the number of unknowns, which are
varied in order to find the minimum. This allows to introduce additional dependencies for the
variables, e.g. temperature or coverage dependencies. A simple coverage dependence of
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Figure 3.9 Scheme of the dipole-dipole interaction. The two dipoles (black ellipses) are separated by distance d, the charges
in each dipole are separated by [, the distance between dipole and image dipole (grey) is s.

Ag(111) surface

the desorption energy could be implemented in the following way:
ED:ED70—|-ED79-9 (3.1)
Here, Ep o denotes the desorption energy in the no coverage limit, while Ep ¢ is the coverage

dependent component.

This method can also be easily adapted into fitting multiple Polanyi-Wigner equations for
each spectrum, if it cannot be described by a single desorption process. One constraint is
however, that the equations for the single desorption processes can be separated, i.e. the
single components are not correlated:

d@ VZGZ” EDJ
-5 = Z 5o <_kBT> (3.2)

Dipole strength estimation

A coverage dependent desorption energy (see Equation 3.1) can be the result of dipole in-
teractions between the adsorbates. After acquiring E'p ¢ from a fit, the corresponding dipole
moment of the adsorbates can be estimated via a simple model on the basis of Coulomb-
interactions between dipoles. The potential energy E,,,; between two point charges ¢; and g2

with a separation r is given by
I q1q
dmeg T

Epot = (8.3)

To extend this to dipoles, the two charges of each dipole, separated by distance [, have to
be considered. A superposition of energy contributions from surrounding dipoles, assuming
a full coverage of the adsorbate, leads to the following equation.

2 N
2 2
Epp=-T S [2- 2 (3.4)

dmeo S\ A a2 4

Including now as a last step image dipoles, induced by the conductive Ag(111) substrate, we
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obtain

2 N
q 2 2 2 1 1
Epp=——> [+~ + - -
dmeo = \ di \/d?+12 \/d?+ (I+s)? \/d§+s2 \/d$+(2l+s)2

(3.5)

Here s is the distance between a dipole and its image dipole (see Figure 3.9). Calculations
were performed including up to 40000 surrounding molecules to estimate the dipole moment.

NIXSW

NIXSW data were acquired at the 109 beamline at the DLS. Measurements for the (111)
planes, parallel to the surface, and (111) planes, tilted by 70.53° with respect to the surface,
were performed at a normal incidence Bragg energy of hv = 2.63 keV. All measurements
were repeated multiple times at different spots of the sample, where at each spot the re-
flectivity curve was measured to allow a precise energy alignment of the individual NIXSW
measurements and to ensure the crystalline quality of the Ag(111). Monitoring potential beam
damage was performed by recording XP spectra of the C 1s and Ru 3d region before and
after each NIXSW measurement. All fitting procedures for the NIXSW data were adapted
from Matlab routines developed by D. Duncan and M. Schwarz.

DFT

The Quantum ESPRESSO package [68] was employed for the density functional theory (DFT)
geometry optimisation. Within the vdW-DF2-B86r approximation [69, 70] in the exchange-
correlation term, five layers of the silver substrate were considered, the two lower layers
fixed at their bulk-terminated positions. An optimized lattice constant of 4.1325A, 2 x 2 k
points, Fermi—Dirac smearing of occupation numbers with a 50 meV broadening, projector
augmented wave [71] data sets for the pseudization of the core electrons, surface—dipole
corrections, and cutoff energy of 60 Ry for the wave functions and 350 Ry for the electron
density were applied. For the Ru-TPP square phase, also with CO or IMe ligated to the Ru
center, the unit cell derived from LEED and STM containing two molecules was used. For
the planarized Ru-TPP derivative, a unit cell of the same size with an isolated molecule was
used.

AFM-simulation

The simulations of AFM images based on the geometries found by DFT were acquired by
the probe particle model (https://nanosurf.fzu.cz/pprmodel.php). It uses empirical potentials
to model the interaction between the tip and the molecular layer [72]. All simulations in this
thesis use the potential model for a CO functionalized tip.

24



4 Self-assembly and metal adatom
coordination of a linear bis-tetrazole ligand
on Ag(111)

This chapter includes content that has been published in

P. Knecht, N. Suryadevara, B. Zhang, J. Reichert, M. Ruben, J. V. Barth, S. Klyatskaya,
A. C. Papageorgiou, The self-assembly and metal adatom coordination of a linear bis-
tetrazole ligand on Ag(111), Chem. Commun., 2018, 54, 10072-10075. Reproduced with
permission from the Royal Society of Chemistry.

The functionalization of metal surfaces with azole compounds and in particular triazole and
tetrazole compounds has attracted interest due to their corrosion inhibiting properties. [73,
74] More recently, triazole and tetrazole ligands have been employed in the formation of
coordination polymers with functional properties ranging from fluorescence [19] and second
harmonic generation [19] to spin crossover (SCO) phenomena. [20] The tetrazole group with
its four nitrogen atoms is known to show distinct types of coordination nodes for the formation
of metal organic coordination networks. While the tetrazole can act as both a dinucleating
ligand and a trinucleating ligand, the deprotonated tetrazolate can engage in coordination
bonds with up to four metal atoms. [75] Here we investigate 1,4-di(1H-tetrazole-5-yl)benzene
(BTB), consisting of a benzene with tetrazole groups at the 1 and 4 positions (Figure 4.1),
as a very promising ligand for metal-organic frameworks (MOFs): it couples the coordination
properties of two tetrazole ligands and offers tunability of size via implementation of additional
backbone units. MOFs with Ag, [76] Cu, [76] and Fe [20] nodes are reported to form under
hydrothermal conditions and have demonstrated SCO phenomena. [20]

To the best of our knowledge, the surface coordination chemistry of tetrazoles is hitherto
unexplored, although compounds with the related triazole group have been studied. On the
more inert Au(111), hydrogen bonding drove the self-assembly of benzotriazole. [77] On
Cu(111) triazoles are found to bind with a triazole group either oriented towards the substrate
or creating a planar node with a native Cu adatom. [78-80] On highly oriented pyrolytic
graphite (HOPG) the addition of Cu adatoms results in the formation of Cu?*. [81]

Here we investigate the afore described tetrazole linear linker (Figure 4.1) ultra-high vac-
uum (UHV) conditions via scanning tunneling microscopy (STM) to obtain real space images
of the self-assembly with molecular resolution, and X-ray photoelectron spectroscopy (XPS)
to get information about the chemical state of the elements on the surface. We thus gain
the first experimental atomistic scale insight of the binding of tetrazole moieties on Ag(111).
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Figure 4.1 Ball-and-stick model of BTB and possible coordination modes of the tetrazolate anion. Carbon, nitrogen and
hydrogen atoms are black, blue and white, respectively. The atom numbering is indicated
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Figure 4.2 RT self-assembly of BTB on Ag(111) (phase «, observed after annealing in the indicated temperature range). (A)
Large scale STM image (—1.25V, 90 pA), the Ag [110] direction is indicated. (B,C) Detailed STM (1.25V, 110 pA) overlayed
with a model (B: trans isomer, C: cis isomer). The unit cell is marked in yellow in (B). The ball-and-stick model is based on the
crystal structure. [91] Black, blue, and white spheres represent carbon, nitrogen and hydrogen, respectively. Gray spheres
mark possible position of metal adatoms (Ag and/or Fe). Empty gray circles represent substrate atoms. Purple dotted lines
indicate hydrogen bonding between nitrogen atoms.

Furthermore, we exploit our in situ sample preparation methodology for the formation of such
metal-organic networks at the vacuum-solid interface, which combines a clean synthesis with-
out any solvents with a great control of the thickness by adjusting the dose of sublimed mol-
ecules. [82] We note that metal organic coordination networks are a current topic of intense
investigation, [83—87] and recently enhanced cooperativity for supported SCO networks was
predicted. [88]

Self-assembly on Ag(111)

Initially, we investigate the room temperature (RT) self-assembly of BTB on the Ag(111) sur-
face, where mobile Ag adatoms are known to be present. [89, 90] Shortly after the molecular
deposition, elongated protrusions appear on the STM images along the [110] direction (Fig-
ure 4.2), coexisting with a 'sea’ of diffusing molecules. These protrusions are consistent with
the molecular dimensions of BTB adsorbing planarly on the metallic surface. The overview
image in Figure 4.2A evidences the formation of a self-assembled close-packed two dimen-

sional (2D) island (phase «), which is characterized by a commensurate unit cell

(see Figure 4.2B) and has been the sole structure observed after annealing to temperatures
of up to 390 K.

We propose that these islands consist of BTB in the trans configuration (Figure 4.2B). Here
each unit cell contains two BTB trans molecules, one in each surface enantiomeric form;
that is the two molecular trans configurations in this model result by a mirror and translation
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operation and cannot arise from any combination of rotation plus translation operations. The
structure is stabilized by the NH- - - N hydrogen bondings indicated by purple dotted lines in
Figure 4.2B. The proposed model is in analogy to the hydrogen bonded structures found
in single crystals of BTB [91] with the projected N---N separation measured as 2.9 A vs.
2.8A. [91] We note that in the STM the two isomeric forms cannot be distinguished and
it is also possible to model phase « solely with cis isomers (Figure 4.2C), which can be
placed in two different ways, not distinguishable by the STM. The spacing of the tetrazole
units along the Ag[110] and the epitaxial unit cell is consistent with a scenario whereupon Ag
adatoms are located at bridge sites and further stabilize the network by metal coordination
(Figure 4.2B). The Ag adatom was not directly evidenced in our STM data, similarly to Ag
adatoms in coordination nodes of two ortho-benzoquinone moieties. [92] This type of on-
surface coordination is not unprecendented on Ag(111) (coordination of four iminic N atoms
with a Ag adatom after annealing at 383—-443 K was proposed recently, [93] whereas free
base porphyrins are complexing Ag after annealing above 530 K). [94] However, this would
be the first report of such coordination of surfaces already at RT and its plausibility will be
discussed along with the XPS data. Complementary XPS measurements confirmed that
the intact molecule was present on the Ag(111) following RT deposition. The relevant C 1s
spectrum (Figure 4.3A, left) shows two main components, which can be related to the carbon
atoms of the benzene (285.2 eV, blue) and the tetrazoles (287.3 eV, yellow), respectively, with
the expected ratio of ~3:1. In the corresponding N 1s spectrum, we also identify two peaks
at 401.3eV (blue) and 400.0eV (violet) in a ratio of ~3:1. The former corresponds to the
combined contribution of the aminic N [95, 96] and iminic N atoms bound to two nitrogen
atoms, [97] the latter to the iminic N atoms bonded to a single N atom. [97, 98]

XPS reveals that at RT the deprotonation of the N1 atoms occurs slowly and concomitantly
with N-Ag coordination at the N2/N3 atoms. Figure 4.3B shows measured spectra on the
same samples as the one shown in Figure 4.3A, albeit recorded ~18 h later.The lower energy
component of the N 1s region (Figure 4.3B, right) increases in relative intensity, as a result of
a shift of the N1 contribution by ~1.3 eV towards lower binding energy, commonly associated
with aminic N deprotonation. [95]

The C 1s spectrum (Figure 4.3B, left) shows a splitting of the peak related to the tetra-
zole carbon. [99] However, one can notice that the C 1s signal reveals only ~50 % of the
tetrazole units to be deprotonated as the intensities of the components at 287.0eV (yellow in
Figure 4.3B) and 286.0eV (green in Figure 4.3B, corresponding to deprotonated nearest N
neighbour) are approximately equal. Therefore the total intensity of the N 1s component at
399.6 eV has further contribution from a shift of the iminic N components with two N nearest
neighbours (for relative intensities of different components see Table 4.1). Such a shift would
be consistent with a scenario of metal coordination with Ag adatoms. [99] These observations
substantiate the model with Ag adatoms in the densely packed phase « (Figure 4.2B).
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Figure 4.3 XPS measurements. (A-E) C 1s and N 1s regions corresponding to: (A) ~1 monolayer of BTB on Ag(111) at RT
showing intact molecules after sublimation; (B) deprotonation of aminic N atoms and Ag coordination occuring slowly at RT
(recorded 18 h after sublimation); (C) higher degree of N deprotonation and Ag adatom coordination after annealing at 450 K
(~4 h after sublimation). (D) monolayer BTB and Fe atoms in a ratio of ~6:1 (Table 4.1, 4.2) dosed sequentially on Ag(111) at
RT evidencing both deprotonation of aminic N and coordination of iminic N to Fe (~2 h after sublimation); (E) both of these
processes are promoted by annealing to 400 K (~4 h after sublimation). F: Fe 2p3 /5 spectra for Fe on the bare Ag(111)
surface (blue, 707.2eV) and Fe with excess BTB on Ag(111) (red, 711.0eV) show that all the Fe is coordinated with the
tetrazole molecules and shifts to a higher oxidation state.
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Table 4.1 Binding energies (BE) and relative intensities (rel. I) of C 1s and N 1s spectra presented in Figure 4.3. Assignments
A-E correspond to the A-E spectra in Figure 4.3.

C 1s of protonated C 1s of deprotonated C 1s of benzene
tetrazole (yellow) tetrazole (green) (blue)
BE (eV) rel. | BE (eV) rel. | BE (eV) rel. |
A 287.3 24 % 286.2 1% 285.2 5%
B 287.0 14 % 286.0 12% 284.8 74%
C 286.8 12% 285.8 15% 284.6 73%
D 287.1 20% 286.0 10% 285.2 2%
E 286.9 13% 286.0 15% 284.9 74%
N 1s (blue) N 1s (violet)
BE (eV) rel. | BE (eV) rel. |
A 401.3 70% 400.0 30%
B 401.0 46 % 399.6 56 %
C 401.0 26 % 399.4 74 %
D 401.1 52% 400.0 48 %
E 400.8 40 % 399.7 60 %

Table 4.2 Atomic ratios of C, N and Fe in the samples characterized by XPS, based on spectra with identical acquiring
conditions and normalizing with the photoionization cross sections at the energy of the Mg K, line. [100]

Cis N1s Fe 2p;/,
intensity (a.u.)  1.32 x 10° 2.13 x 10° 3.87 x 10*
atomic ratio 52% 47 % 1%

Phase transformation upon thermal annealing

Upon annealing the sample at 430 K, two additional phases  and ~ can be observed by
STM measurements (see Figure 4.4). The amount of deprotonated tetrazoles is ~60 % after
annealing (ratio of green component to total contributions from tetrazole carbon atoms in
Figure 4.3C, left). We therefore infer that the N1 of both tetrazole moieties of each molecule
are deprotonated in phases 5 and ~.

In phase /3 (green unit cell in Figure 4.4A) the presence of Ag adatoms is inferred based on
the XPS evidence of Figure 4.3C, which shows the majority of N signal shifted to lower binding
energy as a combined effect of N deprotonation and N-Ag coordination. STM images seldom
evidenced the presence of single Ag adatoms (Figure 4.4C). We propose two Ag adatoms
between the tetrazole groups of two molecules with a projected Ag-N distance of ~2.2 A (in-
dicated in Figure 4.4B), which is in good accordance with reported Ag-N bond lengths of

tetrazole moieties. [101] The molecules assemble in a higher order coincidence superlattice
8 5

(three different adsorption sites on the Ag(111) substrate) with the epitaxy matrix ; é

In phase ~ (yellow unit cell in Figure 4.4A), the presence of Ag adatoms can be identified
commonly in the STM image as broad round protrusions. Close inspection of the unit cell
dimensions reveals that each of these protrusions is best fitted with three Ag adatoms. Sim-
ilar nanodots have been observed with Cu adatoms in 2D coordination networks. [102] Two
additional Ag adatoms per unit cell are evidenced under the same imaging conditions as the
adatoms in phase S (Figure 4.4C). We therefore infer that single Ag adatoms are not neces-
sarily visible in STM images, whereas a trimer of Ag adatoms would be routinely discernible.
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Figure 4.4 Ag adatom coordination of BTB. (A) STM (1.75V, 110 pA) of the structures formed after annealing in the indicated
temperature range, unit cells of phases 3 and v are depicted in green and yellow, respectively. (B) Molecular model including
Ag adatoms (gray spheres). The shortest Ag-N bonds are depicted in green and yellow for phases 3 and +, respectively. (C)
STM (—0.63V, 90 pA) of phases 3 and ~, where protrusion between the molecules can be discriminated. White dots
represent the proposed position for Ag adatoms. (D) Schematic of transitions between phases S (unit cell in green) and ~ (unit
cell in yellow). Only transitions shown on the top (and symmetrically equivalent) have been observed. No transition as shown
on the bottom was detected, indicating the chiral recognition in the interface of these two phases.

The projected Ag-N distances between nitrogen atoms of the tetrazoles and silver adatoms

are 2.3A. The unit cell comprises two molecules and five Ag adatoms and is commensurate:

5 _
. Transitions between both structures, g and ~, can be observed along the [121]

directions of the Ag(111) and exhibit organisational chiral recognition (Figure 4.4D).

Phase transformation upon Fe coordination

Targeting metal-organic networks with magnetic properties, such as SCO phenomena, we
explored the coordination with Fe, which occurs readily at RT after sublimation of BTB and
Fe adatoms on the clean Ag(111) surface, identified by an Fe oxidation state, distinctively
different than metallic Fe on Ag(111) (Figure 4.3F) and consistent with literature values of
Fe?" /Fe3T. [103] As under these conditions, the STM images do not identify any other
structure formation as the densely packed phase «, the Fe is assumed to be incorporated
in that phase similarly as proposed in the model in Figure 4.2B (gray spheres). Since the
molecular XPS signatures do not change significantly in the presence of Fe adatoms, we
propose that Fe displaces Ag in the coordination nodes. Based on the number of tetrazole
ligands and the Fe 2p binding energy we ascribe the Fe oxidation state in these nodes to
2+. The projected Fe-N distances in these structures (2.3A) are close to Fe-N bond lengths
(2.2 A) in high spin Fe*. [20]

Two distinct phases (0 and ¢, Figure 4.5) associated with the presence of Fe on the surface
can be found in STM investigations of Ag(111) surfaces prepared by sequential dosing of
BTB and Fe and subsequent annealing to 390 K and 430 K, respectively.

In phase ¢ (Figure 4.5A,B,C) one can identify pairs of small round protrusions in between
molecular ligands, which can be tentatively assigned to dimers of Fe atoms (separated by
3.3A). The head-to-head Fe coordination of the tetrazole moieties is reminiscent of the exo
ligation reported for surface stabilized dehydrogenated pyrazole moieties. [104] Phase §
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Figure 4.5 Fe coordination of BTB after annealing in the indicated temperature range. (A) STM of phase ¢ (1.50V, 60 pA) with
rows of alternating chirality. The inset shows the marked part magnified with the proposed position for Fe adatoms. (B) Detail
of phase § (1.50V, 60 pA). The shortest Fe-N distances are marked in yellow. Magenta spheres represent Fe adatoms. (C)
STM highlighting the seamless switching of symmetrically equivalent domains along the [151] , accompanied by a chirality
switch, as shown in the schematic on the right. Unit cells are marked by colored boxes (D) STM of phase € (1.50V, 110 pA),
the unit cell is marked in green, the inset shows the proposed position for Fe adatoms. (E) Detail of phase € (1.50V, 110 pA).

6 1
is characterized by a unit cell of five BTB molecules and four Fe atoms: . The

molecular domains have a zig-zag appearance which arise from chirality and orientational
switches of the rows along the [121] directions of the Ag(111) (Figure 4.5C).

Phase ¢ has a structure resembling flowers (Figure 4.5D,E). Each unit cell consists of six
1
8

molecules and presumably three Fe atoms imaged as three round protrusions:

Summary

In summary, we have systematically characterised at the atomic scale the self-assembly of
a linear bis-tetrazole linker molecule on Ag(111). Unexpectedly, simultaneous deprotonation
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and coordination with native Ag adatoms of the tetrazole moieties occur slowly at RT and are
further enhanced by annealing to higher temperatures. Owing to the multitude of coordination
sites offered by the tetrazole moiety, polymorphism is found in the metal adatom coordina-
tion motifs. These range from hosting Ag/Fe trimers to dimers and single adatoms. We thus
provide an atomistic scale model of how the silver surface is modified by the adsorption of
a planar tetrazole compound and the involvement of metal adatoms in its binding, which is
expected to contribute to the mechanistic understanding of corrosion inhibition. Intriguingly,
BTB-Fe coordination on the Ag/vacuum interface results in Fe?* species, implying that this
ligation might prevent the interfacial charge transfer which often lowers the observed oxidation
state and quenches the native magnetic properties of metal-organic complexes. [105] Further
experiments are necessary to determine its spin state and whether it exhibits SCO phenom-
ena. At last, we identified a structure (densely packed, phase «) of BTB on Ag(111) which
can accommodate metal adatoms coordinating the tetrazoles without changing noticeably the
positions of the molecular ligands, presumably mediated by the tetrazole deprotonation.
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5 Structural and electronic properties of Ru
porphyrins on Ag(111)

This chapter includes content that has been published in

P. Knecht, P. T. P. Ryan, D. A. Duncan, L. Jiang, J. Reichert, P. S. Deimel, F. Haag, J. T. Kiichle,
F. Allegretti, T.-L. Lee, M. Schwarz, M. Garnica, W. Auwarter, A. P. Seitsonen, J. V. Barth,
A. C. Papageorgiou, Tunable Interface of Ruthenium Porphyrins and Silver, J. Phys.
Chem. C, 2021, 125, 3215-3224. Copyright 2021 American Chemical Society.

Porphyrins are naturally occurring small molecules at the heart of vital biological processes.
Their tetrapyrrole ring can host and stabilize on interfaces a large number of the elements
of the periodic table, most commonly transition metals, [106—108] but also p-block elements
[109] as well as alkali metals, [110] offering unique possibilities of tunable functionalization
of chemical, optical and magnetic properties. With the ability of introducing a wide variety of
substituents in their periphery, metalloporphyrins are posited as prototypical building blocks
of functional interfaces. [111] Furthermore, their tethering to surfaces is frequently raising
unexpected properties: For example, the combination of a molecular catalyst and a Au(111)
surface was an active catalyst for epoxidation with only benign O5 as oxidant, an activity that
neither the molecule nor the surface process independently. [18] A similar sophisticated hy-
brid system was envisioned by coupling silver surfaces (which unlike extended gold surfaces
can dissociate Os) with the epoxidation selectivity of a molecular catalyst, [17, 112, 113] and
Ru-porphyrins have demonstrated enantioselective epoxidations as homogeneous catalysts.
[114, 115] In our earlier studies we found no evidence of the key oxygen intermediates on
Ru porphyrins supported on Ag(111). [116] This was attributed to the interfacial coupling
and the associated electron donation from the substrate to the porphyrin. [116] However, it
was shown recently for Ru metal atoms in single-atom site catalysts that this criterion alone
cannot rationalize the catalytic reactivity, whence more detailed structural and electronic con-
figurations need to be considered for the rational design of catalytic interfaces. [117]

Here, for the model system of Ru tetraphenyl porphyrin (Ru-TPP) on Ag(111), we pose
the following questions: 1. What is the coupling of the functional Ru center to the Ag(111)
surface? 2. Is such coupling affected by the arrangement of the macrocycle? To this end we
investigate the effect of (i) molecular coverage and (ii) out-of-plane vs. in-plane arrangement
of the macrocycle phenyl substituents, as the conformation of peripheral substituents has
been shown to alter the interfacial coupling of porphyrins [118] and their chemical reactivity.
[119]
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Figure 5.1 XPS data of Ru-TPP on Ag(111), showing the Ru 3ds /2 region for different coverages of Ru-TPP and planarized
derivatives of Ru-TPP.

Our methodological approach encompasses a dual experimental and theoretical investiga-
tion: the supramolecular assembly is studied by both low-energy electron diffration (LEED)
and scanning tunneling microscopy (STM). The electronic configuration and the related charge
transfer is studied using X-ray photoelectron spectroscopy (XPS), STM and density functional
theory (DFT). Finally, the detailed adsorption geometry is determined by a combination of nor-
mal incidence X-ray standing wave (NIXSW), STM, bond resolving atomic force microscopy
(AFM) and DFT. With this comprehensive study, we aim to benchmark the crucial factors
needing consideration for not only designing model experimental and theoretical studies, but
also in the design of transition metal functionalized molecular single layers on metallic sur-
faces.

Results and Discussion

Three different phases of Ru porphyrins are considered in the following. The first two cor-
respond to the self-assembly of pristine Ru-TPP with the phenyl legs significantly tilted with
respect to the porphyrin macrocycle: a square phase and a denser compressed monolayer
phase. The third phase corresponds to planarized derivatives of Ru-TPP, which have their
phenyl legs fused to the plane of the macrocycle. To aid the identification of the related data
in the figures a color coding is used to mark each separate phase (blue, orange and pink,
respectively, see Figure 5.1).

Pristine Ru-TPP on Ag(111): square phase

The Ru-TPP has a strong interaction with the Ag(111) substrate evidenced in the chemi-
cal shift that the Ru 3d5, core level exhibits upon adsorption, shown by XP spectra (Figure
5.1): The core-level binding energy is 281.0eV for the multilayer and shifts to 279.4eV at
the interface (Figure 5.1). [116, 120, 121] The binding energy of the multilayer peak agrees
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Figure 5.2 STM and LEED data of pristine Ru-TPP on Ag(111). (A) STM image of the square phase (—1.0V, 50 pA, 5K). (B)
STM topograph of the square phase (2.5V, 90 pA, 300 K), indicating a dimer-like self-assembly. The white contours outline
single molecules, red and orange lines indicate the unit cell. Molecular models are overlaid to visualize the self-assembly. Ru,
C, N, and H atoms are depicted in raspberry, gray, blue, and white, respectively. The yellow and orange circles in (A) highlight
different molecular separations. The line profiles show differences in the apparent height of the phenyl legs for the two
molecules of each unit cell along the same colored lines indicated on the STM image above. (C-E) LEED of square phase

Ru-TPP described by a (Z g) unit cell containing two molecules. Electron energies are given on the bottom left of each

image. The pink vectors in (D) show a unit cell, white lines indicate the high symmetry axes of the Ag(111) substrate, obtained
from LEED images at higher electron energies (cf. E).

with the expected Ru'" oxidation state, [122] whereas the binding energy of the monolayer
matches closely the reported value of surface metallic ruthenium. [123] We note that such
strong charge transfer is indicative of a chemical bond, and we will elaborate its impact
on the structure. For submonolayer coverages the self-assembly appears similar to other
tetraphenyl porphyrins on Ag(111), [60] which we observe for Ru-TPP densities of up to
~0.49 moleculesnm~2 (blue). A detailed analysis of the high resolution LEED of a submono-

70
layer of Ru-TPP (Figure 5.2C-E) reveals a 48 superstructure with respect to the under-

lying Ag(111) substrate, consistent with the reported LEED of the corresponding free-base
TPP single layer on Ag(111). [27] It should be noted that the lengths of the unit cell vectors
differ by ~1 %, however for simplicity we refer to it as the square phase. The unit cell vec-
tors are shown in pink, and the diffraction spots corresponding to this unit cell are marked by
pink circles. The purple and blue circles mark the diffraction spots of the other symmetrically
equivalent domains on the Ag(111) lattice. The intensities of the first order spots are iden-
tified more clearly at lower electron energies (5.2C), whereas small mismatches arise due
to image distortion inherent to the planar geometry of the microchannel plate in the LEED
optics.
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Figure 5.2A,B show high resolution STM images of Ru-TPP on Ag(111) in the square
phase. Regular islands self-assemble due to intermolecular T-stacking of phenyl substituents
(Figure 5.2A) at low molecular coverages. Therein we can identify individual Ru-TPP mol-
ecules. Their appearance depends on the applied bias and is comparable for both square
phase and the differently packed compressed phase (discussed later in more detail). At 2.5V
(Figure 5.2B) the physically more protruding phenyl meso-substituents dominate the con-
trast. At —1.0V (Figure 5.2A) an elongated feature (defining the molecular axis) with three
main protrusions can be observed, consisting of the Ru in the center and the two upper (avw)
pyrroles (a-pyr) in the saddle-shape conformation, similarly to Co-TPP on the same surface.
[55] Four smaller protrusions on the corners arise from the phenyl rings in the porphyrin pe-
riphery. The brightness of the Ru center at —1V is associated with an occupied state on
the center of the Ru porphyrin on the Ag(111), [124] similar to Co-TPP [25, 125] and Ti-TPP.
[126]

For the square phase assembly of Ru-TPP on silver, the axis of the Ru-TPP «-pyr is found
along the Ag (112) directions, thus it does not align with either of the unit cell vectors of
the substrate (Figure 5.4), resulting in 6 different domains of the self-assembly. [25] In Figure
5.2A, we mark with solid orange and red lines the unit cell proposed from LEED, which accom-
modates two Ru-TPP molecules. To the best of our knowledge, all previous STM reports of
TPP layers on Ag(111) identify a smaller square unit cell containing a single molecule (shown
in dotted lines). [27] However, on close inspection we can identify small asymmetries, which
depending on the STM imaging could be easily overlooked: the separation of the protrusions
corresponding to the phenyl substituents of neighboring molecules are alternating between
subtly smaller and larger, as indicated by the orange and yellow circles in Figure 5.2A, re-
spectively. This modulation in density is occasionally giving rise to a more pronounced dimer
motif in STM images (5.2B). Additionally, we observe variations in the apparent height of the
phenyl meso-substituents of the molecules in each unit cell, as shown in the line profiles in
Figure 5.2A. We ascribe this observation to different inclinations of the phenyl rings, caused
by the subtly different separations of neighboring molecules. We quantified this subtle differ-
ence by an analysis of the position of the central protrusion corresponding to the Ru center.
We find the adjacent molecule to be displaced by (1 1) with respect to the Ag(111) lattice.
Compared to an equidistant assembly of all molecules, this corresponds to a displacement of
the second molecule of ~0.6 A.

To further elaborate on the adsorption geometry of the Ru-TPP on Ag(111), a combination
of NIXSW measurements and DFT calculations were performed. In the former, the crystalline
substrate acts as a diffraction grid of photoelectrons in order to determine the position of
atoms with respect to the scattering planes. [43] Using the (111) reflection, the fitting of
the photoemission yield in the Ru 3d;/, region (Figure 5.3A) results in a coherent fraction
of 0.88 4+ 0.05, indicative of a very uniform adsorption height for all Ru atoms. From the
coherent position we determine an adsorption height of 2.59 4 0.05 A. This indicates a strong
interaction between the Ru atoms and the Ag(111) surface, supported by the shift of the Ru
3d;,, binding energy observed in XPS (Figure 5.1) and in good agreement with DFT (Table
5.1) (cf. structural analysis in Comparison section).
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Figure 5.3 Fitted NIXSW photoelectron profiles of pristine Ru-TPP on Ag(111). The reflection of the silver substrate is given
by the light gray dots, the black line shows the respective fit: (A-C) square phase and (D-F) compressed phase. The planes
fulfilling the normal-incidence Bragg conditions and the investigated elements and core levels are indicated. The coherent
positions and fractions deduced by the fittings can be found in Table 5.1.

Combining the results from the (111) and the (111) reflections (Figure 5.3A,B) allows the
lateral adsorption site of the Ru atoms, on the Ag(111) substrate, to be determined. [43,
127] The resulting coherent fraction of 0.58 + 0.04 from fitting the (111) data (Figure 5.3B)
allows us to exclude adsorption on bridge sites as well as adsorption in single adsorption
sites sharing the point group symmetry of the substrate (fcc, hcp or atop sites). The former
case would result in a coherent fraction of 0.33 due to the equivalent adsorption sites, while
the coherent fraction should be close to 1 in the latter cases. [43] Excellent agreement with
the experimental data (Table 5.1) is obtained for an equal occupation of fcc and hcp hollow
sites, where the expected coherent fraction and position in the Ru 3d; (111) data, assuming
an adsorption height of 2.59 A, would be 0.50 and 0.87, respectively. This finding allows us to
rationalize the results from the STM study: the two molecules of the unit cell can be placed
onto the Ag(111) in such a way, that one Ru atom occupies an fcc hollow site and the other Ru
atom occupies an hcp hollow site, two sites that differ, laterally and in fractional coordinates,
by 1:(n+2m=+1),2:(n+1m+2)or3:(n+ 3 m=3), where n and m are non-zero integers.
Thus the displacement revealed by the STM images, (% %), would correspond to offset 3
with n = 5 and m = 4. This is confirmed by DFT (Table 5.1, Figure 5.4), which shows the Ru
centers close to hep (yellow) and fcc (red) hollow sites (offset by ~0.3 A from the respective
hollow site).

Finally, the relaxed DFT structure reproduces the saddle-shape conformation of the pristine
Ru-TPP molecules, with a stronger bending found for the a-pyr. The calculations show a
more pronounced tilting of the phenyl rings (~33-44°) compared to the macrocycle pyrrole
rings (~8-28°) with respect to the Ag(111) substrate, in agreement with near-edge X-ray
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[112]

[110]

Figure 5.4 Top view of the Ru-TPP square phase on Ag(111) derived from the DFT energy optimization. The two different
adsorption sites of the Ru centers are marked in yellow and pink, respectively, the unit cell of the Ru-TPP is marked in blue.
The family of the high symmetry <1T0> directions is marked in violet, the family of the <11§> directions in pink, the a-pyr axis
of the Ru-TPP is marked in pink according to the substrate alignment. Ru, Ag, C, N, and H atoms are depicted in raspberry,
silver, gray, blue, and white, respectively.

absorption fine structure. [121] The adsorption height of the phenyl rings due to the different
tilt angles differs by up to ~0.4 A, which can be related to the observed differences in the
apparent height in STM (Figure 5.2A).

The saddle-shape and the tilt of the phenyl substituents are reflected by the low coherent
fraction of 0.22 4+ 0.03 of the C 1s NIXSW data (Figure 5.3C), in agreement with the value
extracted from DFT (fi11,prr = 0.18, assuming a Debye Waller factor of 0.9 [45]). The
coherent position of 0.28 4 0.03 (3.02 & 0.07 A) is slightly smaller than the coherent position
of 0.36 (3.20 A) extracted from the DFT simulation.

Pristine Ru-TPP on Ag(111): compressed phase

When the Ru-TPP coverage is (close to) a saturated monolayer (either by increasing the sur-
face coverage or by annealing a multilayer film at 550 K), we observe structural changes in the
LEED pattern (Figure 5.5B-E). The superstructure, referred to as compressed phase, can be

4 5
described by a 5 13/6 unit cell. The pink, violet and blue circles show the spots from

the three rotationally equivalent domains, the dashed circles represent their respective mirror
domains. While this superstructure shows a good agreement with the measured spots in the
LEED image, it cannot cover all visible spots. By adding the patterns of unit cells, which differ
from the previously stated by less than 4 % in dimension and less than 3°in orientation, the
accordance between LEED and measured lattice can be further increased (Figure 5.5D). In

4 5
the following only the (3 6) unit cell will be considered, as the variations in compres-

38



Figure 5.5 STM and LEED data of pristine Ru-TPP on Ag(111). (A) STM topograph of the compressed phase (1.9V, 30 pA,
300 K). The white contour outlines a single molecule, red and orange arrows indicate unit cell vectors. Molecular models are
overlaid to visualize the self-assembly. Ru, C, N, and H atoms are depicted in raspberry, gray, blue, and white, respectively.
(B-E) LEED pattern of compressed phase Ru-TPP. Electron energies are given on the bottom left of each image. The overlaid
4 5

3 —-13/6
indicate the high symmetry axes of the Ag(111) substrate, obtained from LEED images at higher electron energies (cf. E). In

model in (B) is described by a ( ) unit cell containing one molecule. The pink vectors show a unit cell, white lines

(D) there are different superstructures overlaid in different colors. Pink: (4'00 5.00 ) yellow: (_521;7 ;“8)3) blue:

3.00 -2.17
3.89 —0.93
321 516 )°
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Table 5.1 NIXSW results and deduced structural parameters from NIXSW and DFT: Coherent fractions fj; and coherent
positions Py, satisfying Bragg conditions from the (hkl) plane of the Ru and C signals of square phase Ru-TPP, compressed
phase Ru-TPP and planarized Ru-TPP derivatives on Ag(111). Adsorption heights are extracted from the (111) reflections;
the adsorptions site for Ru centers from the triangulation data. Measurements were performed at 200 K if not specified
differently.

Adsorption height (A)

hkl fhki Phii NIXSW DFT AdSOI’ptiOﬂ site
Pristine Ru-TPP: Square phase
Ru 3ds5 (111) 0.88(5) 0.10(2) 2.59(5) 2.68 hcp & fee hollow
Ru 3ds/- (111) 0.58(4) 0.88(2)
C1s (111) 0.22(3) 0.28(3) 3.02(7) 3.20
Pristine Ru-TPP: Compressed phase
Ru 3ds,7 (111) 0.89(5) 0.10(2) 2.59(5)

Cis (111)  0.16(2) 0.29(2)  3.04(5)

N 1s (111)  0.81(5) 0.18(2) 2.78(5)

Planarized Ru-TPP

Ru 3d;57 (111) 0.92(3) 0.04(1) 245(2) 2.48 hcp & fee hollow
Ru 3d5. (111)  0.51(2)  0.90(1)

C1is (111)  0.75(3)  0.27(1)  3.00(2)  3.00

Planarized Ru-TPP (300 K)

Ru 3d; 5 (111)  0.82(5) 0.02(2) 2.41(5)
C1s (111)  0.49(1) 0.28(1)  3.02(2)
N 1s (111) 0.83(5) 0.11(2) 2.62(5)

sion and orientation between this family of unit cells are minor, compared to the difference
between the square phase and any of the compressed phases.

The molecular density of a layer in this configuration (0.58 molecules nm~2) is ~18 % higher
compared to the packing of the square phase (0.49 moleculesnm~2). This densely packed
layer is also observed in STM (see Figure 5.5A). The a-pyr axis is rotated by ~15° with re-
spect to the overlayer unit cell vector, however the orientation of both the a-pyr and these unit
cell vectors no longer coincide with any of the Ag(112) and (110) families of directions. The
wave-like modulation of the brightness is identified as a moiré pattern. Along the commen-
surate unit cell vector (Figure 5.5A, red) the molecules have similar apparent heights, while
along the other unit cell direction (Figure 5.5A, orange) we see a repeating pattern every
three molecules, which can be related to the higher-order-coincidence.

A transition to a more densely packed phase has not been observed for Zn-TPP, [26] Co-
TPP [128] or the free base 2H-TPP [27] on Ag(111). As the intermolecular interaction is
very similar for these molecules, we propose a stronger interaction between molecule and
substrate, in particular of the Ru center and the Ag(111) as driving force. This interaction
has to be strong enough to compensate for the induced strain due to the compression of the
molecules into the smaller surface footprint and from adsorbing in different adsorption sites
than the favored hollow sites.

NIXSW data shows for the Ru atoms in (111) reflection (Figure 5.3D, Table 5.1) the same
coherent fraction and position as in the square phase. Therefore, even for the compressed
assembly of Ru-TPP, all Ru centers have, independent of the lateral registry on the Ag(111)
surface, the same adsorption height of 2.59 A + 0.05A. Compared to the square phase,
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in the compressed phase, the higher molecular density, the higher-order coincidence, and
the more uniform spatial distribution of Ru-TPP molecules (Figure 5.5A) preclude a well-
defined adsorption site for the Ru centers. Therefore this was not investigated with NIXSW
triangulation. The C 1s NIXSW (Figure 5.3F, Table 5.1) has a low coherent fraction similar
to the square phase, indicating a similar variation in the adsorption height distribution of the
organic ligand.

N 1s spectra (Figure 5.3E) reveal a lower coherent fraction compared to the Ru 3d; 5,
agreeing with the expectation of a less uniform adsorption height for the N atoms in the
saddle-shape configuration. [129] The coherent position indicates an average adsorption
height as 2.78 A+ 0.05 A. If we consider that the N atoms define the plane of the macrocycle,
this sits an average of 0.19 A higher than the Ru atom.

Planarized Ru-TPP derivatives on Ag(111)

We further investigate the interaction of metalloporphyrins with the Ag(111) by studying the
structural and conformational changes to the molecule after undergoing oft-observed cyclode-
hydrogenation reactions between the macrocycle periphery and the phenyl substituents.[26,
60, 124, 130—-132] For Ru-TPP on Ag(111), this is achieved by thermal annealing and such
transformations result in a nearly flat molecule. Thereby, a variety of planar surface products
(Figure 5.6A-D) form depending on the side of the ring-closing. [60] In STM images (Figure
5.6E.,l,J) we identify clearly the given product by its outline, whereas the contrast of the Ru
center is enhanced at a sample bias of approximately —1 V. The distribution of the four prod-
ucts and their respective surface enantiomers is almost statistically random, unlike the recent
example of a related metalloporphyrin, where higher stereoselectivity in the ring closing re-
sulted in a highly ordered homochiral assembly. [133] non-contact AFM (nc-AFM) can image
the newly formed bonds as well as the overall planar nature of the molecule based on the
appearance of the C atoms. [131] At low coverages, we find that, as for the pristine Ru-TPP
in the square lattice, a N-Ru-N axis of the molecules is always aligned with the Ag(112) fam-
ily of directions, but the molecules do not generally assemble in preferential patterns (Figure
5.61).

A saturated layer of these different planarized Ru-TPP derivatives (~0.42 molecules nm~2)
also gives rise to a diffraction pattern (Figure 5.6K), albeit less defined, indicating a loss of
the highly ordered self-assembled structures observed for the pristine Ru-TPP. The LEED
pattern exhibits ring-like shapes which are centered around the (0,0). Within the ring, spots
can still be discriminated. These spots indicate a square unit cell, with nearly identical unit
vectors lengths, and one of the vectors co-linear with the one of the surface unit cell vectors
(pink arrows, Figure 5.6K). The FFT of the STM data (Figure 5.6J inset) indicates a real
space unit vector length of ~15A (blue arrows, Figure 5.6J). This would therefore suggest a

5.2 0
surface unit mesh of approximately L however the diffuse nature of the spots makes
a definitive assignment impossible. It is noted that at these higher coverages, only ~70 % of

the molecules are adsorbed with a N-Ru-N direction aligned to the Ag<11§>. We attribute this
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Figure 5.6 (A-D) Different cyclodehydrogenation products of the Ru-TPP on Ag(111) with their relative abundancies. [60]
(E-H): The most common product (B). (E) STM micrograph with a CO-modified tip (—50 mV, 50 pA, 5 K). (F) Corresponding
nc-AFM frequency shift image of the same molecule (tip height z = —20 pm with respect to the STM set point above Ag(111),
oscillation amplitude 80 pm). (G) AFM simulation based on the DFT model. (H) Respective DFT model. Ru, Ag, C, N, and H
atoms are depicted in raspberry, silver, gray, blue, and white, respectively. (I) STM topograph (—0.5V, 50 pA, 5 K) of
planarized Ru-TPP derivatives. (J) STM image (—1.2V, 60 pA, 300 K) of a single layer of planarized Ru-TPP derivatives on
Ag(111), distinguishing the four different planarized Ru-TPP derivatives, outlined in the same colors as in (A-D). Marked in
purple are the unit cell vectors identified by the LEED analysis. The inset includes a fast Fourier transform (FFT) of the image.
(K) LEED pattern showing blurry first and second order spots. The ring-shaped pattern indicates less order compared to the
assembly of the pristine Ru-TPP. The pink vectors indicate unit cell vectors. White lines show high symmetry axes of the
Ag(111) substrate.



planarised Ru-TPP derivates
4 - 1 T T 1 - 1 T T T T == 1 T T T

A B C
Ru3d,, Ru3d,, Cls
- (111) M ar ra T

w

.

0 ) !
4 2 0 2 4 4 20 2 4 4 20 2 4
E

=

Relative absorption
N

E- EBragg (eV) E- EBragg (eV) - EBragg (eV)

planarised Ru-TPP derivates (300 K)

4 - T ] 1 T - =1 T ] 1 T - =T ] 1 T T =
.E Ru3d,, N1s Cls
831 ram ram .
3
®2 .
[
=
=1
o

o

Figure 5.7 Fitted NIXSW photoelectron profiles of the planarized Ru-TPP derivatives on Ag(111). The reflection of the silver
substrate is given by the light gray dots, the black line shows the respective fit. The planes fulfilling the normal-incidence Bragg
conditions, investigated elements and core levels are given on each graph. The respective coherent positions and fractions are
listed in Table 5.1.

effect to the dense packing of asymmetric monomers, which retain a well-defined tethering
site for the Ru center, as we will demonstrate below.

The structure of the planarized Ru-TPP derivatives in this high coverage layer was also
characterized by NIXSW (Figure 5.7, Table 5.1), which showed marked differences relative
to pristine Ru-TPP. The coherent fraction for the C 1s increased sharply to 0.75 £ 0.03 with
an average adsorption height of 2.98 A + 0.02 A comparable to studies on the likewise flat
CuPc on Ag(111). [134] The measured coherent fraction can be reproduced by assuming
a standard deviation of < 0.3A in the average adsorption height, showing that the molecule
is not perfectly flat on the Ag(111) surface. The coherent fraction and position determined
for the C 1s suggest that all carbon atoms are sitting higher that the Ru center, which will
be discussed in more detail below. STM and AFM images (Figure 5.6E,F,l,J) do not show a
two-fold symmetry of the macrocycle. In addition, the coherent fraction of the N 1s of NIXSW
measurements at 300 K (Figure 5.7E, Table 5.1) is similar to the coherent fraction of the Ru
3ds 2 signal, indicating a uniform adsorption height (compare with N 1s data for compressed
phase in Table 5.1). [129] Both observations are not compatible with a saddle-shape defor-
mation. Therefore we propose a bowl-shape for the planarized Ru-TPP derivatives, which is
further corroborated by our DFT calculations (Figure 5.8B) and is similar to FePc and CoPc on
Ag(111). [135, 136] This bowl-shaped DFT structure gives good agreement with the nc-AFM
data (see simulation in Figure 5.6G).

However, DFT suggests a rather weak deviation from a planar conformation with a tilt angle
of ~4°on the edge of the molecule with regard to the underlying Ag(111) substrate. To ac-
count for the measured coherent fraction of the C 1s peak, a curvature that results in an angle
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of ~13° between the molecular plane at the outermost C atoms and the Ag(111) substrate
would be required (assuming a Debye Waller factor of 0.9 to account for vibrations [45]). A
drop in coherent fraction can be a temperature effect, as reported for analogous systems.
[134] Additionally, the NIXSW measurements average over all different planarized products,
while the DFT calculations considered only the most commonly observed planarized Ru-TPP
derivative (Figure 5.6B).

NIXSW of the Ru 3ds,, peak in the (111) reflection shows that the Ru centers are even
closer (by 0.14 A) to the surface than in the pristine Ru-TPP, with an adsorption height of
2.45A + 0.02A. The binding energy of the Ru 3ds/2 peak however increases by approxi-
mately 0.2eV (Figure 5.1), showing that the binding energy (and, correspondingly, the likely
effective charge on the Ru center) is not directly correlated with the adsorption height. By
combining the findings from the (111) reflection with the results from the (111) reflection, the
adsorption site of the Ru center is, like in the square phase above, again determined to be a
mixture of hcp and fcc hollow sites (Table 5.1). This is also in agreement with the DFT cal-
culations, which identified a lateral adsorption site close to an hcp hollow site (~0.3 A lateral
displacement) and a predicted adsorption height of 2.48 A.

Comparison of the different Ru porphyrin phases on Ag(111)

We have observed two different highly ordered self-assemblies for the pristine Ru-TPP de-
pending on the molecular coverage on the Ag(111) surface. In both phases T-type interac-
tions of the phenyl rings result in a nearly square arrangement of the Ru-TPP building blocks
(Figure 5.2A,5.5A) and a saddle-shape conformation of the porphyrin ligands (Figure 5.8A).
However, the two phases differ significantly in their molecular density: while the square phase
is very comparable to other TPPs, [17, 25-27] the compressed phase is significantly more
densely packed, which, to the authors’ knowledge, has not been observed for any TPP on
Ag(111).

The family of planarized Ru-TPP derivatives shows a less well-defined arrangement of
lower density in comparison to the pristine Ru-TPP phases. This is related to both having a
distribution of four different co-existing building blocks, forming an intermixed layer, as well as
to the removal of attractive T-type interactions.

Despite the differences in the self-assembly, the adsorption height of the Ru centers of
~2.59 A was determined to be identical for the two phases of pristine Ru-TPP and similar to
the metal center of the more planar FePc. [136] In comparison with the adsorption heights
of other transition metals hosted in TPP molecules inferred by NIXSW (~2.9 A for Co-TPP
and Zn-TPP) [137] or calculated by DFT (2.66 A for Ti-TPP), [126] the Ru center is placed
relatively close to the Ag(111). After the conversion to the planarized derivatives, the Ru is
found to be closer to the surface at a distance of ~2.45 A. The resulting smallest Ru-Ag bond
lengths both for planarized Ru-TPP derivatives (experiment: ~2.97 A / theory: 2.88 A) and
square phase pristine Ru-TPP (experiment: ~3.08 A / theory: 2.92 A) are typical of a covalent
bond (2.91 + 0.09 A). [138]

This covalent character of the chemisorption is supported by DFT deduced electron density
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Figure 5.8 DFT modelling of Ru porphyrins on Ag(111). (A) Pristine Ru-TPP in the square phase in the saddle-shape
conformation. (B) Most abundant planarized Ru-TPP derivative (Figure 5.6B) in a bowl conformation. Ru, Ag, C, N, and H
atoms are depicted in raspberry, silver, gray, blue, and white, respectively. Electron density differences, An, upon adsorption
of the Ru porphyrins are plotted against the distance from the Ag surface (graphs on the left) and shown in three dimensional

(3D) maps (insets on the right) with isosurfaces at +0.04 e A3 (orange and blue represent gain and loss of electron density,
respectively).
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difference, An, upon adsorption of the Ru-TPP and planarized Ru-TPP derivatives: we ob-
serve accumulation of charge on both sides of the Ru atoms [139] involving the Ru d orbitals
(insets in Figure 5.8). In both cases, the one-dimensional plots show similar features, namely
a depletion of electron density at the height of the Ru center and a gain of electron density in
the interface between Ru atom and Ag substrate. However, this is accomplished differently for
the two molecules. While in the case of Ru-TPP a depletion of the d.» orbital and a filling of
d.. and d,; orbitals of the Ru center is observed, the planarized Ru-TPP gains electron den-
sity in the d,2, but loses electron density in the d. orbital. This highlights different electronic
properties for the two different molecules, of potential relevance to their chemical reactivity.

Interestingly, we do not observe a measurable difference in the average adsorption height
of the C atoms, which leads us to the assumption that only the center of the macrocycle is
closer to the surface, while the molecule itself remains bent, with the outer atoms lifted away
from the surface, similar to DFT calculations of the flat CoPc on Ag(111) [135] or NIXSW
data on the fluorinated F15CoPc. [140] Moreover, unlike Co-porphine on Cu(111), [129] a
metalloporphyrin without out-of-plane substituents, for the planarized Ru-TPP derivatives on
Ag(111) we have no detectable evidence of a saddle-shape conformation of the macrocycle
in either the N 1s NIXSW nor in the AFM data.

Furthermore, NIXSW triangulation shows that the Ru center of the pristine Ru-TPP ad-
sorbs on fcc and hep hollow sites for submonolayer coverages, similar to Co-TPP. [25] This
adsorption mode is also found for the planarized Ru-TPP derivatives. In both cases we de-
duce from NIXSW an equal distribution between hcp and fcc hollow sites, indicating that the
adsorption energy is similar for both sites. Based on STM and LEED data, within the com-
pressed phase, an adsorption of Ru solely on hollow sites is unlikely. The salient findings on
the adsorption behavior point towards a strong interaction of the Ru center with the underly-
ing Ag(111) substrate: The two molecule unit cell in the square phase accommodating the
Ru centers into favored hollow sites; the compressed phase allowing even more molecules to
adsorb in a single monolayer despite the additional strain and lack of registry to the favored
sites; the small adsorption height of the Ru centers above the Ag(111) surface compared
to other metal centers of porphyrin molecules, and the binding energy shift visible in the Ru
3d;,, core level of the monolayer.

Conclusions

We have demonstrated that the Ru centers of Ag(111)-adsorbed Ru porphyrins are chemi-
sorbed to the Ag substrate, irrespective of (i) molecular conformation (molecular distortion of
Ru-TPP in supramolecular assembly) and (ii) planar vs. out-of-plane substituents. Our de-
tailed analysis of the Ru-TPP/Ag(111) structure shows that the bonding to the Ag surface as
well as the complete arrangement of the porphyrin ligand and the substrate are responsible
for the accessible Ru coordination sphere and the chemical reactivity of the monolayer. [116,
141, 142] The first Ru coordination sphere includes the three surface Ag atoms lying 2.59 A /
2.45 A below the Ru center and the porphyrin ligand that lies, on average, ~0.5 A above the
Ru center, for both pristine Ru-TPP in a saddle-shape configuration (Figure 5.8A) and the
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annealed Ru-TPP in a planarized bowl-shape configuration (Figure 5.8B). The chemisorption
of the Ru porphyrins is mediated by a charge transfer with covalent character, predominantly
between the Ru atom and the Ag surface.

A coverage-dependent phase transition of the pristine Ru-TPP into a compressed phase
was shown by LEED and STM to accommodate almost 20 % more molecules compared to
the square phase assembly. This expands our understanding of the TPP molecular flexibility
on solid surfaces and offers possibilities of tuning the molecular densities of these layers
without high local coverage gradients.

We demonstrate that, for Ru-porphyrins, Ru has a strong preference for the hollow site irre-
spective of the substituent conformation: This preference is preserved for the non-compressed
phases of the pristine Ru-TPP as well as for the layer of the planarized Ru derivatives. We
find that this preference results in a slightly asymmetric checkerboard arrangement of the
pristine Ru-TPP molecules at low coverage, which cannot be satisfied for the molecule’s high
coverage, compressed phase.

From NIXSW we infer as well that the adsorption height of the Ru center for the pristine
Ru-TPP is identical for the two different assemblies: pulled out of the porphyrin macrocycle
towards the Ag(111) substrate at a distance of 2.59 A. This value is corroborated by DFT
for the square phase. For the planarized Ru-TPP derivatives, the Ru is 0.14 A closer to the
surface demonstrating that the tilted phenyl legs provide a very small lift-off of the functional
porphyrin core from the surface, which was not observed between Cu-porphine [126] and
Cu-TPP [143] on Cu(111). However changes both in the electron density difference upon
adsorption around the Ru atom and in the ligand geometry are observed between the two
different Ru porphyrins. Such changes are anticipated to influence the resulting functional
properties.

The detailed insight to the nature of the bonding of Ru porphyrins on a silver surface pro-
vided here is expected to be of relevance to the precise functionalization of surfaces with
metalloporphyrins and to enable the application of the “form follows function” principle to
molecular architectonics on interfaces.
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6 Conformational control of chemical
reactivity for surface-confined
Ru-porphyrins

This Chapter includes content that has been published in:

P. Knecht, J. Reichert, P. S. Deimel, P. Feulner, F. Haag, F. Allegretti, M. Garnica, M. Schwarz,
W. Auwarter, P. T. P. Ryan, T.-L. Lee, D. A. Duncan, A. P. Seitsonen, J. V. Barth, A. C.
Papageorgiou, Conformational control of chemical reactivity for surface-confined Ru-
porphyrins, Angew. Chem., Int. Ed., doi.org/10.1002/anie.202104075. Copyright 2021
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For the creation of novel materials and devices, inspiration is frequently sought in nature.
Porphyrins and other natural tetrapyrrole compounds can incorporate a large fraction of the
chemical elements in the periodic table. Their functionality is tuned by choice of the com-
plexed species, possible axial ligands and substituents in the macrocycle periphery. For
example, in biology, the binding of small molecules to metal centers of porphyrins deter-
mines many vital functions. Over the past decades we have witnessed an intense interest
in utilizing porphyrins on surfaces as functional building blocks with a myriad of applications:
ranging from atomic switches to single-molecule magnets and catalysts. [111] The surface
chemistry of cyclic tetrapyrrole compounds is therefore a topic of extended research [108]
and includes the on-surface metallation [106, 107] as well as s-block [110] and p-block [109]
element functionalization. In this context, the effect of the macrocycle substituents has been
studied systematically. [144] Moreover, the reactivity of individual metal atoms on surfaces is
a topical issue in single-atom catalysis, [145—148] whereby arrays of metalloporphyrin layers
under vacuum conditions present a versatile playground due to the coordinatively unsaturated
metal centers provided by the generally favored adsorption geometries with the macrocycle
residing parallel to the substrate lattice.
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Figure 6.1 Models of a Ru tetraphenyl porphyrin (Ru-TPP) (left) and a planarized Ru-TPP derivative (right) on Ag(111). The
substituents are faded to highlight the difference in the conformation of the porphyrin macrocycles. (see Chapter5; Ru, C, N, H,
and Ag are shown in red, black, blue, white, and silver, respectively.
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Complexes of inorganic gaseous molecules with metalloporphyrins are important interme-
diate species in catalysis. CO, [149—-151] NO, [149, 152] NH3, [136] and H2O [136] have
been shown to bind on metal supported metalloporphyrins and phthalocyanines axially to the
metal center. In particular, CO also exhibited an unusual cis-u-dicarbonyl ligation on top of Fe
(and Co) tetraphenyl porphyrins on Ag(111) (and Cu(111)). [153] Ligation to the metal center
gives rise to the so-called structural trans-effect, whereupon the metal atom is electronically
and physically decoupled from the substrate. [136, 152, 154, 155] Generally, a significant al-
teration of the porphyrin’s reactivity and electronic structure occurs due to the interaction with
the metal center. [116] Turning our attention on the topic of ‘switch on’ functionalities of or-
ganic layers on metal surfaces, we can find a common approach of ‘decoupling’ the molecule
from the surface by e.g. a rigid tethering, [156] bulky substituents, [92, 157] or a platform [158]
which enables a ‘lift-off’ of the functional moiety. In a biological environment, the macrocycle
conformation can influence its functionality. [141] Here, we will examine this aspect: can we
influence the function present in the free molecule (here CO binding) by the conformation of
the porphyrin macrocycle (Figure 6.1) hosting the metal center on the surface?

For Ru-TPP, CO is determined to have an unusually high ligation energy (1.9eV), [32]
hence can be considered as a prototypical out-of-plane ligand with the stability of a covalent
attachment. We study the effect of the porphyrin surface environment on this ligation for
Ru-TPP and its planarized derivatives (Ru-TPPy) on Ag(111). We use scanning tunneling
microscopy (STM) to find a cis-u-dicarbonyl ligation [153] stable at low temperatures (5 K)
and an axial ligation at higher temperatures (200 K), which is also examined with temperature
programmed desorption (TPD). In stark contrast, there is no evidence of CO binding to the
planarized Ru-TPP derivatives on Ag(111) under either conditions. We correlate the axial
binding to conformational and electronic changes, rationalized by density functional theory
(DFT), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS)
and normal incidence X-ray standing waves (NIXSW).

Results and Discussion

Imaging in real space

When deposited on Ag(111) at room temperature (RT) in submonolayer coverages, Ru-TPP
(Figure 3.6) molecules self-assemble in a square phase [60] described by the epitaxial matrix

(see Chapter 5, [159]). Figure 6.2A-C shows the assembly on such a surface cooled

down to 5K. For negative bias voltages (~ —1V), the single molecule appearance of the
pristine Ru-TPP (outlined in orange) is characterized by three bright protrusions along the
macrocycle and four less bright in the periphery marking the phenyl substituents. The central
bright protrusion corresponds to a filled electronic state of the Ru center (cf. UPS below),
[121, 124] whereas the side ones can be assigned to the protruding dvw-pyrroles (a-pyr)
of the macrocycle. [153] The downward bending xaTw-pyrroles (k-pyr) are not discernible.
In the STM images of the layer we can also identify molecules with additional protrusions,
located on the sides of the Ru center and perpendicular to the axis of the a-pyr (examples
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Figure 6.2 STM images of CO-ligation on Ru-TPP on Ag(111). (A) Ligation modes at 5 K: cis-geometry (white and blue) and
uncapped (orange). (—1V, 50 pA) (B) Overview image of the same surface, also showing axial CO ligation. (—0.9V, 75 pA,

5K). (C) Line profile across (left to right) a Ru-TPP, a Ru(CO)giger-TPP, @ Ru(CO)-TPP and a Ru-TPP molecule on Ag(111),
showing clearly the differences in the apparent height. (—1V, 50 pA) (D-F) Evolution of Ru(CO)-TPP (green) formation in situ
at 150 K under CO exposure (1.25V, 80 pA)

outlined in white and blue). Their STM appearance is virtually identical to the p-carbonyl rider
ligation on Co-TPP and Fe-TPP, [153] and given a small residual pressure of CO (cf. Chapter
3), we can confidently assign those to the analogous Ru-TPP ligation. The molecule outlined
in white can be identified as featuring a cis-u-dicarbonyl binding geometry and the example
outlined in blue is characteristic of a single CO adsorbed in the rider mode and switching
between the two adsorption sides during the STM imaging.

Performing STM investigations at higher temperatures (150 K), we found solely a single
mode of CO ligation, recognizable by uniform protrusions directly on top of the Ru centers
(example outlined in green in Figure 6.2E,F). We attribute these to axial monodentate car-
bonyl. [151] Monitoring the same area of a Ru-TPP layer by STM (Figure 6.2D-F), while
dosing CO in situ, we note that increasing the CO exposure led to an increase in the num-
ber of protrusions until all Ru-TPP molecules became brighter, which was achieved after a
nominal exposure to ~ 2 Langmuir of CO. It should be noted that an estimate of the sticking
coefficient cannot be extrapolated from the nominal value, as the real exposure will differ due
to effects such as tip shadowing.

The CO ligands can be removed selectively by STM tip manipulations at 150K as illus-
trated in the sequence of STM images in Figure 6.3A-C. At the position marked by the orange
cross (Figure 6.3A), the voltage was ramped from 1.25V to 2.20V in a constant current mode
(50 pA) while monitoring the tip height (Figure 6.3B). A sudden change in the vertical tip posi-
tion at ~ 2.1V indicates desorption of the CO ligand, which is confirmed by a follow-up image
revealing a pristine Ru-TPP at the location of the voltage pulse (Figure 6.3C). This procedure
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Figure 6.3 (A-C) Removal of a single CO ligand by a voltage pulse with the STM tip. (A) While recording the STM image
(1.25V, 50 pA, 150 K), a voltage pulse was applied at the position marked by the yellow cross. (B) Tip height profile of the
voltage pulse from 1.25V to 2.20V, with a current of 50 pA. At ~ 2.1V the tip approaches the surface abruptly, indicating
desorption of CO. (C) Follow-up STM image (1.25V, 50 pA, 150 K) confirming the removal of the ligand. (D-F) Non-local STM
tip manipulation. The STM images (—0.9V, 80 pA, 5 K) were acquired before (D) and after (F) the tip manipulation. Axially
ligated CO molecules can be recognized by the bright round protrusion in the center. At the position marked with a cross, the
voltage was set to 2.0V for 1s with the feedback look turned off. The current trace during this operation is shown in the graph
(E). The STM image after the manipulation shows the pristine Ru-TPP following the CO desorption from four molecules, three
of which were axially ligated.

allows reliable removal of single CO ligands. On similar systems both tunnelling current in-
duced desorption [151, 160] and electric field induced desorption [161] have been observed,
though smaller bias voltages (<1V) were required. For voltages >1.5V, a non-local des-
orption is often reported. [150, 160, 162] Such a desorption behavior is also observed in
this system with a bias voltage of 2.0V, when higher tunneling currents are applied (Figure
6.3D-F).

To investigate the effect of the macrocyclic conformation on the CO ligation to the Ru cen-
ter, we have investigated the adsorption behavior of Ru-TPP on Ag(111) after annealing to
620 K. This process causes cyclodehydrogenation reactions between the macrocycle periph-
ery and the phenyl substituents, leading to a family of four Ru-TPPy,. [60, 159] These can be
identified by matching the characteristic outline of the structural formula (Figure 5.6A-D,6.4A)
to the STM image (Figure 6.4B), whereas nc-AFM imaging can visualize more directly the
chemical identity, as illustrated for one of the most frequently occurring ones in Figure 6.4C.
The resulting porphyrin macrocycle appears to exhibit a subtle bowl shape with pyrrole tilt
angles of 6°and 8° (see nc-AFM and respective simulation in Figure 6.4C,D) and also offers
a coordinatively unsaturated metal center. We note that the surface depicted in Figure 6.4E
has been exposed to the small amounts of CO at 5K needed for the tip functionalization,
however no evidence of the lateral adsorbate stabilization was found on the Ru-TPPy mole-
cules by STM/nc-AFM. As the rider ligation is associated with the saddle shape deformation,
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Figure 6.4 (A) Structural formula of one of the four planarized Ru tetraphenyl porphyrin derivatives (Ru-TPPy,), as previously
shown in Fig. 5.6. (B-D) Images of the Ru-TPPy, shown in A on Ag(111). (B) STM (—=50mV, 50 pA, 5K). (C) non-contact
AFM (nc-AFM) frequency shift image (tip height Z = —20 pm with respect to the STM set point above Ag(111), oscillation
amplitude 80 pm, 5 K). (D) nc-AFM simulation. (E-J) STM images of Ru-TPPy,. (E) STM overview image (—0.5V, 50 pA) of
the mixture of Ru-TPPy, after CO exposure at 5 K. The bright central protrusion arises from the Ru center. (F-G) Densely
packed Ru-TPPy, layers imaged at 150 K before (F) and after (G) CO exposure (F: —0.5V, 100 pA, G: —0.6V, 70 pA). (H-J)
Mixed layer of the Ru-TPPy, product shown in Figure 5.6D and Ru-TPP before (H), during (I) and after (J) CO exposure at
150K (H,J: 1.25V, 50 pA, (I) —1.25V, 50 pA). (K) STM image (1.25V, 80 pA, 150 K) of a layer of Ru-TPP and Ru-TPPy,.
The unit cell for the Ru-TPP lattice is marked in blue, for the mixed Ru-TPP/Ru-TPPy, lattice in orange. The area shown in the
white box is magnified on the right, in the bottom image the different molecules are outlined: Ru-TPPy, (red), Ru-TPP (orange)
and Ru(CO)-TPP (green).
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Figure 6.5 2D-TPD spectra of CO desorption from Ru-TPP. CO was deposited at 200 K, the heating rate was set to 2 K//s.
Only peaks related to CO (m/z = 12,16,28) can be observed.

[153] we would not expect this bowl configuration to permit such ligation. However, it is with
some surprise that we do not observe an axial ligation at all. The protrusion in the center of
Ru-TPPy observed in STM at negative bias (Figure 6.4B,E-G,|) arises, similarly to Ru-TPP,
from the Ru center (cf. UPS below, [124]) and is not related to potential CO adsorption, as
confirmed by the corresponding nc-AFM image (Figure 6.4C). At experiments of methodical
exposure of Ru-TPP,/Ag(111) to CO at 150K (Figure 6.4F-J) no CO uptake by Ru-TPPy,
was observed in STM data.

To corroborate the difference in adsorption behavior clearly with the same STM tip condi-
tions, we prepared a sample containing both Ru-TPP and Ru-TPP molecules on Ag(111)
(Figure 6.4H). In this mixed lattice exclusively the planarized derivative shown in Figure 5.6D
appears. This effect is associated with the different molecular shapes of other product species
that do not fit into the expressed overlayer lattice (Figure 6.4K). [132] The (stepwise) expo-
sure of this layer to doses of CO at 150 K resulted in saturating exclusively all Ru-TPP centers
with CO (Figure 6.4J), whereas no changes were encountered for the Ru-TPPy, species. An
intermediate CO coverage acquired at negative bias (Figure 6.4l) highlights the difference in
STM appearance between Ru-TPP, Ru(CO)-TPP and Ru-TPP,.

Binding energy and desorption kinetics

To deduce information about the bond strength of the axially ligated CO on the Ru-TPP layer
and to confirm that CO does not ligate to the Ru-TPPy under the same conditions, we car-
ried out systematic TPD measurements. After exposure of the square phase of Ru-TPP on
Ag(111) to CO, our results show exclusively CO desorption (Figure 6.5) in the temperature
range of 200-550 K. Dosing different amounts of CO onto a layer of Ru-TPP has no effect
on the shape of the desorption curve, but only on the intensity (Figure 6.6A, purple), indica-
tive of first order desorption kinetics. The acquired spectra can be modelled by assuming a
pre-exponential factor of » = 10'3s~! and including two first-order desorption processes of
equal intensities with energies of Eqes1 = 0.80eV and Eges2 = 0.84eV (more information
about the fitting can be found in Chapter 3). Applying the same fitting to desorption spectra
taken at different heating rates 8 (Figure 6.6B) results as well in a good agreement. The dif-
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Figure 6.6 (A) Coverage dependent TPD spectra and fitting of CO desorption for m/z = 28. Different shades of purple indicate
different initial CO coverages, 6o, dosed at 200 K, on the same Ru-TPP layer. A heating rate of 2 K/s was used. The red
spectrum shows the same trace for Ru-TPPy, after CO exposure, confirming that CO is not ligating. (B) Heating rate
dependent TPD spectra and fitting, the different shades of blue indicate different heating rates applied. All spectra were taken
on the same Ru-TPP layer with an initial coverage 6y = 1.

ference in binding energy of 0.04 eV could be related to the Ru(CO)-TPP adsorption on both
fec and hep hollow sites of the Ag(111) (see Chapter 5, [159]). We note that consistently with
our experiments, in such a case we would not expect a preferential occupation for the lower
binding adsorption site, as no exchange of CO between the molecules is possible at 200 K
and the desorption temperature from the Ag(111) is much lower. [163] However, we cannot
exclude a more complex desorption behaviour as a cause for the shape of the desorption
spectra. While the desorption energy is very comparable to values found for Ru(CO)-TPP
on the more reactive Cu(110) surface, [151] it is significantly weaker compared to gas-phase
molecules. [32] After exposing a layer of Ru-TPPy, to CO, there is no desorption trace of CO
detected (Figure 6.6A, red), confirming the results from STM/AFM measurements that CO is
not ligating to Ru-TPPy,.

At this stage, the following two questions arise: (1) How is the Ru-TPP affected by the CO
ligation? (2) Why are these very similar porphyrins so different in their chemical reactivity?
The following analysis will discuss the impact of the CO ligation on electronic and geometric
properties of the Ru-TPP.

Electronic structure

We initially investigated the XPS signature of the Ru 3d;,, core level as a measure of the
electronic interaction with the metal substrate (Figure 6.7A). Upon ligation of CO, the binding
energy of the Ru 3d;, core level shifts by 2.4 eV towards higher binding energies, indicating a
decoupling of the Ru center from the Ag substrate. The shift towards higher binding energies
is in good accord with the DFT prediction (+1.8eV). Note that the Ru 3d3,, component is
coincident with the C 1s peak (~ 285¢V), and can be observed as a small shoulder on the
lower binding energy side for Ru-TPP and at the higher binding energy side for Ru(CO)-TPP
layers. [121]

From the XPS of a multilayer of Ru(CO)-TPP on Ag(111) one can deduce that the CO
ligand remains attached to the Ru-TPP on the layers without direct contact to the Ag(111)
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Figure 6.7 (A) XP spectra of the C 1s / Ru 3d region corresponding (from bottom to top) to submonolayer coverages of pristine
Ru-TPP on Ag(111) (300 K), CO ligated Ru-TPP (80 K) and a multilayer of Ru(CO)-TPP on Ag(111) (300 K). (B) UP spectra
for clean Ag(111) (gray), pristine Ru-TPP (blue), Ru(CO)-TPP (purple) and Ru-TPPy (red). (C,D) Charge density
redistribution upon CO adsorption on Ru-TPP on Ag(111) deduced from DFT. The one dimensional plot (C) shows differences

in the electron density normal to the Ag(111) surface, the three dimensional plot (D) shows isosurfaces (0.04 e A_3) indicating
gain of electron density (orange) and loss of electron density (blue).

substrate at 300 K. [164] The binding energy for the Ru 3d;,, core level of Ru(CO)-TPP
directly on Ag(111) is 0.2eV lower than that observed in the multilayer films. Such a shift is
consistent with the expected polarization screening by the metal substrate.

UP spectra further show states for both Ru-TPP (Figure 6.7B, blue) and Ru-TPPy, (Figure
6.7B, red) at binding energies of 0.4eV and 0.9eV, which can be correlated to the bright
protrusion at negative bias voltages in the STM images (Figure 6.2A, 6.4B,E,l), similar to
Co-TPP on Ag(111). [25] These Ru states are extinguished for Ru(CO)-TPP (Figure 6.7B,
purple), indicating that the interaction of Ru centers and the Ag substrate, responsible for
these states, is no longer present upon ligation. [152]

Further insight into the electronic changes upon the adsorption of CO is gained from DFT.
Figure 6.7C shows that changes in the electron density upon CO adsorption are not restricted
to the porphyrin, but also evident in the Ru-TPP/Ag(111) interface. The charge at the inter-
face per molecule is significantly reduced upon CO ligation (Aqin = —0.47 ¢, Qint = 0.18¢),
confirming the electronic decoupling of the Ru-TPP molecules from the Ag(111) surface cor-
related to the CO ligation and surface trans-effect. While the CO is negatively charged (qco
= —0.18¢), the Ru center gets more positively charged (Aqgry = 0.27¢). A closer inspection
of the orbital structure (Figure 6.7D) reveals a decreased electron density in the 5o orbitals of
the CO and a commensurate increase in electron density in the 27 orbitals, in agreement with
the Blyholder model for chemisorbed carbon monoxide. [165] On the ruthenium center, a de-
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Table 6.1 XPS binding energies of Ru 3d, C 1s, and N 1s core levels of Ru-TPP and Ru(CO)-TPP.

XPS Ru-TPP Ru(CO)-TPP Ru(CO)-TPP multilayer
Ru 3ds 5 279.4 £ 0.1eV 279.4 £ 0.1eV
Ru 3ds,, (CO ligated) 281.8 +0.1eV 282.0 £ 0.1eV
Cis 284.7 £ 0.1eV 285.0 + 0.1eV 284.9 +0.1eV
N 1s 398.6 + 0.1eV 398.9 £ 0.1eV 398.8 £ 0.1eV

crease of electron density in the d,2 orbital, as well as an increase in the d,x and dy, orbitals
is observed. It is notable that this change in the Ru 3d electron density is similar between,
both, the Ru-CO , and Ru-Ag, whereas for Ru-TPP, (Figure 5.6B) the corresponding DFT
calculations find the electron accumulation to be in d,2 and depletion in the d,x, dy, orbitals.
[159] The depletion and gain of electrons in orbitals of both Ru and CO show a back-donation
of electrons from the Ru center to the CO ligand, which in addition to the decoupling can con-
tribute to the increase in binding energy of the Ru 3d;, core level upon CO ligation (Figure
6.7A).

Structural determination

Our earlier structural investigation of Ru-TPP and Ru-TPP has shown that the adsorption
height of the Ru center differs only by 0.14 A (Chapter 5, [159]). Nevertheless, the ad-
sorption height of the Ru center of Ru-TPP increases upon CO ligation at 200 K by 0.59 A
from 2.59 + 0.05 A (see Chapter 5, [159]) to 3.18 & 0.12 A, as shown by NIXSW data of the
Ru(CO)-TPP (Figure 6.8A, Table 6.2). The high coherent fraction indicates a very well-defined
adsorption height for the molecules, confirming a rather uniform geometry. The C 1s NIXSW
data (Figure 6.2B, Table 6.2) show an increased average adsorption height also for the carbon
atoms. Thus, we conclude that the non-planarity of the Ru-TPP facilitates a conformational
change of the entire Ru-TPP upon CO ligation and enables the decoupling of the Ru center
from the Ag surface. One should note that the NIXSW measurements could only be per-
formed on mixed layers of Ru(CO)-TPP and pristine Ru-TPP. While the Ru 3d5,, peaks of
the two species can be clearly distinguished due to the large shift in binding energy (Figure
6.7A, Table 6.1), allowing the adsorption height for each species to be analyzed individually,
this is not possible for the C 1s. The carbon spectra, as described above, have to be un-
derstood as an average over all carbon atoms from both species, which includes additionally
a negligible contribution of the Ru 3ds,, core level. Therefore, only a qualitative compari-
son is meaningful. With this in mind, the X-ray standing wave (XSW) results are in excellent
agreement with complementary DFT calculations (Figure 6.8C, Table 6.2), which predict an
increase of the Ru adsorption height of 0.69 A and an increase of the average C adsorption
height of 0.11 A. We propose that the porphyrin macrocycle can be lifted, while the phenyl
substituents remain in contact with the Ag(111) substrate. These conformational adaptations
can be interpreted as a rather strong surface trans-effect. [136, 154, 166]

To understand the anticipated structural trans-effect for planarized Ru(CO)-TPP deriva-
tives, we investigated a DFT geometry optimization (Figure 6.8D). Here, the trans-effect
would increase the Ru adsorption height by 0.49 A whereas it would leave the macrocycle
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Figure 6.8 (A,B) NIXSW photoelectron profiles and fits of the Ru 3ds /5 and C 1s regions in (111) reflection for Ru(CO)-TPP.
Purple (dark gray) dots indicate the Ru (C) data points, light gray dots the reflection of the Ag(111) substrate. (C) DFT model of
Ru-TPP (left) and Ru(CO)-TPP (right) on Ag(111). (D) DFT model of Ru-TPPy, (left) and Ru(CO)-TPPy, (right) on Ag(111).
Ru, Ag, C, N, O and H atoms are depicted in red, silver, black, blue and white, respectively.
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Table 6.2 DFT and NIXSW results for Ru 3ds /2 and C 1s core levels for the different investigated systems. The adsorption
heights are deduced from the coherent position, for the C atoms it is an average value. In parentheses, we report the DFT
simulated adsorption height that would be the result of the respective NIXSW measurement for comparison.

DFT o-/k-pyr  Adsorption height (A) | NIXSW Adsorption height (A)
tilt angle Ru C Ru 3d5 /5 Cis
Ru-TPP 28°/ —9° 2.68 3.53(3.20) |259+0.05 3.0240.07
Ru(CO)-TPP | 23°/ —4° 3.37 3.64 (3.44) | 3.18+0.12  3.3040.07
Ru-TPPy 8° 6° 2.48 3.01(3.01) |245+0.02 2.9940.05
Ru(CO)-TPP, | 5° 0° 2.97 2.99 (2.99)

mostly unaffected (Table 6.2). In comparison with the saddle-shaped pristine TPP, these de-
formations are smaller and show less adaptation of the macrocycle with CO ligation, which is
more restricted by its adsorption to the silver surface.

It is notable that the planarized Ru(CO)-TPP derivative investigated is also a stable ge-
ometry in simulation with a binding energy of the CO predicted to be smaller by 0.5eV with
respect to the pristine Ru-TPP. We can thus attribute the lack of experimental evidence of this
species to either a higher activation barrier associated with the decoupling of the Ru from the
silver surface or to CO sticking coefficient differences of more than an order of magnitude.

Conclusion

We have have studied the CO ligation on distinct Ru-porphyrins on a silver surface by a
combined theoretical and experimental analysis of the electronic and geometric effects of
such a ligation.

Rider CO-ligation at low temperatures (at 5 K) and axial CO-ligation (up to ~ 250K), in
agreement with the Blyholder model for chemisorption, were observed only for the pristine
saddle-shape Ru-TPP. STM allowed tip induced desorption of single ligands without damag-
ing the Ru-TPP underneath, which can be used to create patterns on a nanometer scale. The
large shift in binding energy of the Ru 3d;, core level upon axial ligation indicated an elec-
tronic decoupling of the Ru center from the surface and both NIXSW and DFT have confirmed
significant conformational changes. While the Ru center is affected the most, increasing in
adsorption height by ~ 0.6 A, an increase of the adsorption height is observed for the entire
molecule (Figure 6.8C). From TPD we determined the desorption energy of the axial CO lig-
andto (0.8 +0.1) eV, reduced by 1.1 eV in comparison to the CO binding strength of the free
Ru-TPP.

For the planarized Ru-TPP derivatives, there was no sign of CO ligation in STM, AFM and
TPD measurements. With the bonding of the center Ru to the Ag surface being similar for
both investigated porphyrins, our results emphasize the crucial role of the flexibility of the
Ru-TPP in the ligation process and the related ease of decoupling of the Ru center from the
Ag(111) surface.

Our findings with this model Ru-porphyrin/Ag(111) system are expected to be relevant to
the elucidation to processes related to gas sensing,[167—169] and to supported single atom
catalysts (e.g. Ru-Ny).
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7 Assembly and manipulation of a
prototypical N-heterocyclic carbene with a
metalloporphyrin pedestal on a solid
surface

This Chapter includes content that has been published in

P. Knecht, B. Zhang, J. Reichert, D. A. Duncan, M. Schwarz, F. Haag, P. T. P. Ryan, T.-L. Lee,
P. S. Deimel, P. Feulner, F. Allegretti, W. Auwarter, G. Médard, A. P. Seitsonen, J. V. Barth,
A. C. Papageorgiou, Assembly and Manipulation of a Prototypical N-Heterocyclic Car-
bene with a Metalloporphyrin Pedestal on a Solid Surface, J. Am. Chem. Soc., 2021,
143, 4433-4439. Copyright 2021 American Chemical Society.

The modular assembly of robust, metal-organic structures at interfaces offers composite sys-
tems suitable for device fabrication and with functions controlled by the choice of building
blocks and their arrangement. Since it was discovered that N-heterocyclic carbenes (NHCs)
are stable carbenes that can be crystallized, their unique properties have been eagerly ex-
plored in novel organometallic materials, metallopharmaceuticals, catalysts and surface func-
tionalization. [33] As NHCs are able to coordinate to transition metals as well as p-block
elements, they have been excellent ligands to diverse surfaces ranging from metals to semi-
conductors and, more recently, oxides. [170-172] Examples illustrating functional materials
with NHC stabilized interfaces include Ru nanoparticles for hydrogenation catalysis [173] and
soluble Au nanorods for phototherapy. [174, 175] One of the key properties of these ligands
is that their substituents are amenable by synthesis. Therefore on extended metal surfaces
they can offer anchors for tethering further functional groups, such as catalytically active com-
plexes, [176] or provide chiral centers exploited in unidirectional molecular rotation [177] and
chiral sensing. [178]

Recent studies on the interface of NHCs with metal surfaces have found that NHC adsor-
bates often bond to the surface via an adatom, [61] and may form both upstanding and planar
bis-carbene metal adatom complexes. [61, 62, 171, 179, 180] The abstraction of this bonding
adatom from the surface may lead to surface structure modifications and surface instabilities,
[174, 175, 181] which could result in less physicochemically defined systems. To circumvent
such modifications, alternative carbenes, [182] which do not bond via adatoms, as well as
tethering NHCs carrying their own adatoms [174, 175] have been employed. Within this work
we propose a novel strategy to harness NHC chemistry for surface functionalization while
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gaining control over both the orientation and the surface spacing of NHCs. This approach
features a macrocycle which hosts the adatom guest in its center, making a surface pedestal
for the NHC. Accordingly, we show that a porphyrin metal complex acts as a suitable surface
pedestal, onto which an NHC molecule is forced to adsorb and “stand”.

Porphyrins are well-established building blocks for functional surfaces. [108, 111] As such,
their surface chemistry has been extensively investigated, and bottom-up assembly scenarios
in low-dimensional nanoarchitectures have been developed. However hitherto, the functional-
ization of such metalloporphyrin pedestals with commonly employed ligands of supramolec-
ular chemistry on metal surfaces has proven challenging. For example binding would oc-
cur only at low temperatures (below room temperature), [183, 184] limiting its applicability,
whereas another ligand was found to intercalate between the metal porphyrin and the sur-
face. [185]

To assess whether metalloporphyrins can provide a suitable pedestal for the atomically
precise positioning and arrangement of NHCs, we investigate the NHC interaction with a
single layer of metalloporphyrins on a metal surface. This might seem contradictory to the
fabrication scheme of traditional metal-organic frameworks (MOFs) on thiolate or carbene
self-assembled monolayers (SAMs), [178, 186] where the template sequence is opposite,
but it is rooted in recent observations that tetrapyrrole compounds intercalate the SAM/metal
interface. [164]

Inspired by the synthesis of the catalytically active porphyrin Ru-NHC compounds, [187] we
employ the same tectons (metalloporphyrin: Ru tetraphenyl porphyrin (Ru-TPP); NHC: 1,3-
dimethyl-2H-imidazol-1-ium-2-ide (IMe), Figure 3.6) on the Ag(111) single crystal surface,
a substrate on which we have previously characterized both the self-assembly and molecu-
lar coupling of our individual building blocks. [61, 159] To elucidate unambiguously the key
molecular events and surface properties, we work under ultra-high vacuum (UHV) conditions
and utilize a methodology combining high-resolution scanning tunneling microscopy (STM)
and manipulation, X-ray photoelectron spectroscopy (XPS), normal incidence X-ray stand-
ing wave (NIXSW), and temperature programmed desorption (TPD), coupled with ab initio
calculations by density functional theory (DFT).

Results and discussion

On the Ag(111) surface, Ru-TPP molecules (Figure 3.6) adopt a saddle-shape conformation,
i.e., two opposite pyrroles of the macrocycle bend upward (dvw, a-pyr) and the other two
bend downward (k&7Tw, k-pyr), and self-assemble into a square phase. [159] In STM images,
a single molecule (Figure 7.1A) can be identified by three brighter protrusions which signify
the Ru atom in the center and the two a-pyr’'s of the macrocycle; four smaller protrusions
correspond to the phenyl substituents.

Depositing IMe (Figure 3.6) at room temperature (RT) onto a submonolayer coverage of
Ru-TPP on Ag(111) results in a major change of the appearance of the single molecules in
STM (Figure 7.1B,E), without a significant change in the Ru-TPP self-assembly. This finding
is similar to STM investigations carried out at both low temperature (5 K) and room temper-
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Figure 7.1 Addressable NHC pillars on a two dimensional (2D) array of Ru-TPP on the Ag(111) surface. (A) STM image of the
self-assembled square phase Ru-TPP on Ag(111) (—0.5V, 50 pA, 5 K). A single molecule is outlined in purple. (B) STM
image of IMe on Ru-TPP/Ag(111) ( —1.3V, 50 pA, 5K). The red shape outlines an Ru-TPP capped by IMe. The brown cross
indicates the position where a manipulation operation was performed. (C) STM image (—1.3V, 50 pA, 5 K) of the same area
as in (B), following the removal of a single IMe and revealing the pristine, unperturbed Ru-TPP molecule underneath. (D)
Schematic of the IMe functionalization and manipulation procedure: Starting with square-phase Ru-TPP on Ag(111) (left
panel, model of DFT optimized geometry), exposure to IMe vapor at 300 K leads to the formation of Ru(IMe)-TPP on
Ag(111)(middle panel, model of DFT optimized geometry). Using STM tip manipulation on Ru(IMe)-TPP on Ag(111) at 5K,
the IMe ligand can be selectively removed (right panel). (E) Overview image of a porphyrin island of ~90 % Ru(IMe)-TPP and
~10% Ru-TPP (1.0V, 75 pA, 5 K). (F) Line scan marked in (E). (G) XP spectra of the Ru 3ds /2 region corresponding to
pristine Ru-TPP (purple) and Ru(IMe)-TPP (red) on Ag(111). The dashed lines correspond to the calculated binding energies
by DFT, with the respective binding energy scale on the top.
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Figure 7.2 STM images of IMe ligation images at RT with different coverages of IMe. (A) —1.3V, 80 pA. (B) 1.0V, 100 pA.
(C) 1.4V, 60 pA.

ature (300K, Figure 7.2). While the square-phase arrangement of the Ru-TPP can still be
recognized, a single brighter protrusion located at the center of the porphyrin is now observed
for the majority of the Ru-TPP molecules, indicating the capping of Ru-TPP by IMe. The ap-
parent height difference between the pristine Ru-TPP and the capped Ru-TPP amounts to
~2 A (Figure 7.1F). We assign the new brighter protrusions to single IMe ligands, consistent
with STM investigations of CO/Ru-TPP on Cu(110) [151] or on Ag(111) (Chapter 6, [159]).

The arrangement of the NHCs on the surface via the Ru-TPP pedestal offers unique pos-
sibilities for the controlled manipulation of individual ligands in self-assembled layers, which
are not present for densely packed layers of upstanding NHCs directly attached to metal sur-
faces. The NHC ligands adsorbed on Ru-TPP/Ag(111) can be selectively removed by STM
tip manipulation. Figure 7.1B shows an area of Ru-TPP molecules capped by IMe: the brown
marker indicates the position of subsequent manipulation with the STM tip. After the manip-
ulation operation, we detect a pristine Ru-TPP without the IMe ligand in the same position
(Figure 7.1C). No other change is observed in the monitored area, indicating that a single IMe
has been removed by the STM tip. The following manipulation protocol has been reproducibly
applied in addressing single IMe: positioning the tip on top of an IMe ligand; turning off the
feedback loop; setting the bias voltage to —3V; and allowing the tip to approach the sample
by 2 A (Figure 7.3A-C). We can therefore use this as a nanoscale tool (Figure 7.1D) with a
printing resolution of 1 dot per 1.4 nm (Figure 7.1E). To demonstrate this, the TUM logo was
created by removing individual IMe ligands and imaging at intermediate stages to monitor the
writing process (Figure 7.3D-H).

The bonding strength of IMe ligands to Ru-TPP was examined by TPD (Figure 7.4A). The
TPD spectra, monitoring the desorption of the IMe parent ion, evidence the desorption of
the intact NHC (Figure 7.4C). Thus, we prove that its reversible bonding to the Ru-TPP is
mediated via the carbene and not via a potential reaction at a different IMe site, which would
result in fragmentation of the adsorbed IMe. [179] The shape of the spectra does not change
with different initial coverages 6, of IMe on the same Ru-TPP layer (see Figure 7.4A), in-
dicating unimolecular desorption. A shoulder is visible in all TPD spectra towards higher
temperatures, ~370K, indicating the existence of a second component. Because IMe des-
orption from the Ag(111) substrate occurs at slightly higher temperatures (Figure 7.4B), we
ascribe this shoulder to the desorption of IMe from Ru-TPP molecules that are not part of
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Figure 7.3 Removal of single IMe molecules from Ru-TPP on Ag(111) by STM tip manipulation. (A) STM image before the
manipulation, marked by the cross. (B) Typical profiles of the tip height (brown), current (raspberry), and bias voltage (blue)
during the manipulation. (C) STM image of the same area as in (a) after the manipulation. (D-H) STM images of the
subsequent removal of single IMe molecules in order to recreate the Technical University of Munich (TUM) logo, shown on the
bottom as reference. The color scale is inverted for these images: the blue protrusions correspond to the Ru(IMe)-TPP
complexes. All STM images were taken at —0.7 V, 50 pA, 5 K.
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Figure 7.4 TPD spectra for IMe desorption. (A) Desorption curves for IMe on Ru-TPP/Ag(111) (m/z = 96, corresponding to
the parent ion of IMe, heating rate 8 = 2 Ks—1). The spectra correspond to different initial coverages of IMe, 6y, up to a
saturation of all Ru-TPP molecules (6p = 1) and are offset vertically for clarity. (B) Desorption curve of a submonolayer
coverage of IMe on Ag(111) (m/z = 96, 8 = 1 Ks~1). (C) Mass spectra from TPD measurements of IMe on Ru-TPP (blue) and
during deposition of IMe (red), in good agreement with reported spectra. [63] During deposition the component at m/z = 44,
related to CO2, which detaches during the evaporation, is significantly larger. Other smaller differences in the relative
intensities of the single peaks arise due to different acquisition settings and different mass spectrometers used.

self-assembled islands, but are diffusing on free areas of the Ag(111) substrate. The lower
desorption energy of the IMe from the self-assembled islands can be rationalized by the IMe
related charge transfer (c.f. DFT analysis) which would result in repulsive interactions. From
transition-state theory, a frequency factor of v ~ 10'3s~! is assumed, allowing us to esti-
mate the desorption energies of IMe via the Redhead equation as Ep = 0.93 eV for the main
component and Ep = 1.00eV for the shoulder. The TPD results shown in Fig. 7.4A are
reproducible after several cycles of adsorption and desorption on the same Ru-TPP layer.
To confirm that the IMe is binding to the Ru atom, XP spectra probed the Ru 3d;, region
(Figure 7.1G). This Ru core level shows a shift of 1.2 eV toward higher binding energy upon
capping Ru-TPP with IMe: from 279.4 eV (purple) to 280.6 eV (red). The low Ru 3d5, binding
energy of Ru-TPP/Ag(111) has been attributed to a covalent-like coupling of the Ru atom to
the Ag(111) (chemisorbed Ru-TPP). [159] Once IMe caps the Ru-TPP molecule, the coupling
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Figure 7.5 NIXSW results showing the NHC ligation-induced lift-off of Ru-TPP from Ag(111). (A) Ru 3ds,/2 and (B) C 1s X-ray
standing wave (XSW) profiles corresponding to IMe dosed on a layer of Ru-TPP (~0.35 molecules nm—2) on Ag(111).
Coherent fraction, fz;, and coherent position, P, values are given for each spectrum. The models in the insets elucidate the
deduced atomic adsorption height upon NHC ligation. Faint spheres on the left mark the adsorption height before ligation. The
vertical ‘blurriness’ of the C atoms corresponds to the range of displacement of the different C atoms estimated from the
coherent fraction.

of Ru to Ag(111) is significantly weakened and the binding energy is closer to that of Ru-TPP
not in direct contact with the metallic surface (physisorbed Ru-TPP: 281.0eV). [159] Hence
we can conclude that IMe ligates to the metal center of Ru-TPP, forming Ru(IMe)-TPP. This
interpretation is supported by ab initio calculations, which, in agreement with the experimental
value, predict a shift of 1 eV between Ru(IMe)-TPP/Ag(111) and Ru-TPP/Ag(111) for the Ru
3d5 /2 core level (see dotted lines in Figure 7.1G).

To also determine the out-of-plane structural implications of the ligation, which are not eas-
ily accessible by STM, NIXSW [43] measurements were performed. Figure 7.5A shows the
absorption profile of the Ru 3d; /, core level for a Ru(IMe)-TPP/Ag(111) layer like the one de-
picted in Figure 7.1E. From fitting this spectrum, a coherent fraction, fz7, of 0.88 +0.09 and a
coherent position, Py, of 0.47 + 0.04 were extracted. Compared to pristine Ru-TPP/Ag(111),
the coherent fraction (Ru-TPP: 0.88 £ 0.05) does not change within the uncertainty, while the
coherent position (Ru-TPP: 0.10 + 0.02) increases significantly. [159] This indicates a very
uniform alteration of the adsorption height, lifting the Ru atom by ~0.9 A from 2.59 + 0.05 A
[159] to a height of 3.48 + 0.10 A above the Ag(111) surface. This electronic and geometric
effect on the metal center has been described as ‘surface trans-effect’ and is reported upon
ligation of gaseous, inorganic molecules onto silver supported porphyrins [154] and phthalo-
cyanines, [136] albeit with less dramatic height differences.

The C 1s NIXSW data (Figure 7.5B) show a low coherent fraction of 0.18 4+ 0.02 due to
the nonplanarity of the porphyrin. [188] Nevertheless, the average adsorption height can
be determined from the coherent position to be 3.50 + 0.05A, ~0.5A higher than for the
pristine Ru-TPP/Ag(111). We note that the organic layer contained ~15 % pristine Ru-TPP
in the data, which can affect both the coherent fraction and position of the analyzed C 1s
signal. However, the significant change in the coherent position shows clearly that not only
the Ru center but also the entire macrocycle changes its geometry on the surface upon
ligation. While the largest increase of the adsorption height is observed for the metal center,
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Figure 7.6 DFT results showing the electron transfer and molecular conformation upon NHC ligation on Ru-TPP/Ag(111). (A)
One-dimensional charge redistribution plot shows the difference in electron density upon IMe adsorption normal to the
Ag(111) surface. (B) Three-dimensional charge redistribution plot shows isosurfaces (0.046A73) indicating gain (orange) and
loss (blue) of electron density.

a displacement is observed for the entire molecule consistent with the findings of the surface
trans-effect of Fe-phthalocyanine on the same surface. [136]

Finally, we used DFT simulations in order to gain insight into the complete structural confor-
mation and electronic structure of the NHC binding on these pedestals. The DFT optimized
structure of the IMe-ligated molecule reproduces the observed differences in the conforma-
tion of the molecule (Figure 7.1D, 7.6): the adsorption height of the Ru increases by 0.98 A
upon ligation of IMe (the detailed structural parameters from NIXSW and DFT are compared
in Table 7.1). Having established the validity of our DFT calculations, we can confidently
quantify further the bond length between Ru and the NHC as 1.99 A, which is comparable to
reported crystal structures of Ru(IMe)-porphyrins (2.08 A). [187] The macrocycle preserves
its saddle-shape at an average adsorption height of 3.56 A, but the bending of a-pyr and x-pyr
is more symmetric (a: 20° & «: 15°, respectively) compared to the pristine Ru-TPP (a: 28°
& k2 99). By considering the adsorption height of the N atoms (3.51 A) defining the plane for
the macrocycle, the NHC-ligated Ru atom is displaced above it by 0.15 A, in contrast to being
located 0.19 A below it in the absence of the axial ligand. [159]

Furthermore, an extensive redistribution of electron density normal to the surface is ob-
served on the central part of the molecular complex, shown in Figure 7.6 by plotting the
electron density differences upon IMe ligation. Electron depletion in the region just below the
NHC indicates the expected o-bonding involving the lone pair of the carbene. [189] Addi-
tionally, the depletion of electron density around the N in the NHC ligand and concomitant
accumulation of density in the dy, and dy, orbitals of the Ru can be related to w-bonding [190]
between the NHC and Ru center. From Bader analysis, a positive charge on the NHC of
0.26 e was extracted, elucidating the electron-donating properties of the NHC as well as a
more positively charged Ru center (Aq = 0.25 ¢, Table 7.2). While the charge density on the
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Table 7.1 NIXSW and DFT results for Ru(NHC)TPP/Ag(111) and Ru-TPP/Ag(111): Coherent fractions f111 and coherent
positions P111 satisfying Bragg conditions from the (111) plane of the Ru and C signals, and adsorption heights extracted
from DFT.

Adsorption height (A)

f111 P111 NIXSW DFT
Ru-TPP on Ag(111)
Ru 3d;s,2 0.88 £ 0.05 0.10 £0.02 2.59 £ 0.05 2.68
Cis 0.22 £0.03 0.28 £0.03 3.02 +£0.07 3.20
Ru(NHC)-TPP on Ag(111)
Ru 3ds/2 0.88 £0.09 0.474+0.04 3.48 £0.10 3.66
Cis 0.18 £0.02 0.48 £ 0.02 3.50 £ 0.05 3.56

Table 7.2 Bader charge analysis extracted from DFT, given in units of the elementary charge e. For the additional values
mentioning ‘without’, the excluded part was not taken into consideration, but the geometry of the remaining part was fixed.

Ru ion TPP macrocycle IMe
Ru-TPP gas-phase

1.04 -1.04
Ru-TPP on Ag(111)

0.84 -1.49
Ru(NHC)-TPP on Ag(111)

1.09 -1.49 0.26
without Ag(111) 1.09 -1.35 0.26
without IMe 0.96 -1.39

TPP macrocycle remains the same, the negative charge donated by the NHC and the Ru ion
is redistributed to the Ag(111)—Ru-TPP interface (Aq = 0.51¢).

Conclusion

In summary, we have functionalized selectively the Ru atoms in Ru-porphyrin layers on the
(111) termination of silver with an NHC ligand and characterized them comprehensively by
a variety of techniques. Structural analysis by experiment and theory showed a pronounced
effect on the Ru-TPP upon NHC ligation, with a displacement of the Ru center of ~0.9 A
away from the surface, an exemplary manifestation of the surface trans-effect. The bonding
strength of the NHC to the silver-supported metalloporphyrin is estimated to be ~1eV by
thermal desorption experiments. Within this layer, we demonstrated the controlled removal
of individual NHCs within ordered arrays by STM manipulation and the ability to ‘write’ on
the nanoscale. The NHC functionalization is a reversible process, and several cycles of
adsorption and desorption can be performed on the same Ru-TPP layer.

Therefore, the metalloporphyrin is a suitable pedestal for guaranteeing both the in-plane
as well as further out-of-plane assembly for practical applications. This well-defined model
system is suitable for creating bottom-up nanoscale patterns and can be further addressed
via STM tip manipulations on single molecules. Given that porphyrins self-assemble on a
variety of surfaces including metal oxides, [191-193] graphite, [194] and BN, [129, 195] the
proposed strategy is not limited to metal surfaces. Moreover, we anticipate that tailoring the
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Ru porphyrin peripheral substituents will provide a route to templating axial NHCs in a wide
range of preprogrammed arrangements. As NHCs are important catalytic species and can
be further functionalized (e.g., photoswitches) [196] such layers pave the way for a versatile,
modular, bottom-up assembly of functional pillars on surfaces.
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8 N-heterocyclic carbenes: molecular
porters of surface mounted Ru porphyrins

This Chapter includes content submitted for publication:

P. Knecht, J. Reichert, D. A. Duncan, M. Schwarz, J. T. Kichle, T.-L. Lee, P. S. Deimel,
P. Feulner, F. Allegretti, W. Auwérter, G. Médard, A. P. Seitsonen, J. V. Barth, A. C. Papageor-
giou, N-Heterocyclic Carbenes: Molecular Porters of Surface Mounted Ru-Porphyrins,
J. Am. Chem. Soc., unpublished work copyright 2021 American Chemical Society.

Single metal atoms on surfaces have attracted attention owing to the multitude of functional
properties they comprehend spanning from catalysis [147] to magnetism. [197, 198] Ligat-
ing such metal atoms can both stabilize and tune their physicochemical properties. Cyclic
tetrapyrrole compounds, for example, can stabilize undercoordinated metal atoms on sur-
faces, [106—108, 111] whereas coordination of axial ligands has produced surface rotors [185]
and modified the atomic spin characteristics. [155, 199] N-heterocyclic carbenes (NHCs)
are an interesting class of ligands that offer robust bonding and promising properties in
surface functionalization. [33, 170, 171] Inspired by catalytically active porphyrin Ru-NHC
compounds, [187] we used recently an NHC ligand to functionalize the Ru hosted in por-
phyrins on a silver surface (see Chapter 7, [166]). A modular construction of such interfaces
worked remarkably well: the NHC was found to selectively ligate to the Ru centre of the pre-
assembled porphyrins on Ag(111) without disrupting their self-assembly. Each Ru-porphyrin
molecule served as pedestal for the precise surface orientation and packing of an NHC ligand.
Diffraction measurements showed that the NHC functionalized Ru atoms uniformly moved by
0.9 A away from the silver interface (illustrated in Figure 8.1A). Further investigations of this
system illuminated an apparent paradox, which we report here: the assembly of the same
NHC on the same Ru porphyrins, albeit in a different pre-assembled form, on the same sur-
face following the same procedure resulted in a non-uniform adsorption height of the NHC
ligated Ru (illustrated in Figure 8.1B). To elucidate this phenomenon observed by normal
incidence X-ray standing waves (NIXSW), [159] we employed a methodology including struc-
tural determination with real and reciprocal space imaging as well as thermal desorption
experiments. Thereby we reveal an NHC induced dynamic rearrangement of the molecu-
lar film in two layers. We functionalized a saturated monolayer of Ru tetrapheny! porphyrin
(Ru-TPP) molecules on Ag(111), assembling in a compressed phase, [159] with the NHC
1,3-dimethyl-2H-imidazol-1-ium-2-ide (IMe) at room temperature (RT). The Ru 3d core level
of Ru-TPP/Ag(111) has a characteristic energy shift by 1.2eV after the IMe ligation (Figure
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Figure 8.1 (A,B) Schematic of the effects of IMe ligation on different layers of Ru-TPP/Ag(111). In the square phase (A), the
TPP self-assembly is retained, the Ru centers are displaced further from the Ag interface. In the compressed phase (B), a
uniform displacement of the Ru centers is not compatible with the NIXSW data. (C-E): NIXSW absorption profiles following
IMe ligated functionalization of the compressed phase on Ag(111), of the Ru 3ds,2 core level from Ru(IMe)-TPP (C) and
Ru-TPP (D), and of the C 1s core level (E) . The yellow curves show the fits to the data, light grey dots and black curves
indicate the reflection of the silver substrate data points and fit, respectively. Density functional theory (DFT) models of
Ru(IMe)-TPP and Ru-TPP on the Ag(111) surface are shown as insets.

8.2B). This allows us to perform NIXSW of the Ru in the different environments to deduce
the respective adsorption height from the surface. Analysis of the Ru 3d5, of the IMe ligated
Ru (Figure 8.1C) in this saturated layer of Ru-TPP on Ag(111) gives a coherent position Py
= 0.50 £ 0.02 and a coherent fraction fry = 0.39 + 0.04. The coherent position, which can
be used to deduce the adsorption height of the IMe ligated Ru, increased significantly upon
ligation, similarly to our recently reported results on the less densely packed square phase of
Ru(IMe)-TPP on Ag(111). [166] However the significant drop in the coherent fraction (from fz
= (0.88 £ 0.09) is not compatible with a single adsorption height for the Ru centre and conse-
quently not compatible with a uniform conformational change of each molecule as observed
for the square phase ligation (see Chapters 5 and 7, [159, 166]).

To attribute the drop of the coherent fraction solely to IMe ligation and not to a potential vari-
ation in the adsorption height of the Ru-TPP molecules on Ag(111) in the compressed phase,
we simultaneously monitored the small fraction of uncapped Ru-TPP molecules in the same
layer. The respective Ru 3d5, was found to have Py =0.10 + 0.07 and fy = 0.85 + 0.17 (Fig-
ure 8.1D), in agreement with the values obtained for the compressed phase Ru-TPP/Ag(111)
(Chapter 5, [159]). Therefore all the uncapped Ru atoms in this layer have an adsorption
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Figure 8.2 XP spectra of pristine Ru-TPP in the compressed phase (purple) and the same surface following IMe ligation at RT
(red). (A) N 1s spectra. Upon IMe ligation, a second peak related to IMe (Ep = 401.1eV) can be observed, while the first
component related to Ru-TPP (Ep = 399.0eV) does not change. (B) C 1s & Ru 3d spectra, showing the shift of the Ru 3d5 /-
peak from 279.4eV (Ru-TPP) to 280.6 eV (Ru(IMe)-TPP) upon ligation, as well as a change in the shape of the carbon peak.

height of 2.59 + 0.17 A, identical to both the compressed phase of Ru-TPP/Ag(111) and the
less dense square phase. [159] This puzzling effect cannot stem from either the nature of the
NHC-Ru-TPP ligation (we identified a well-defined adsorption height for the square phase
Ru(IMe)-TPP) or from the change of the initial position of Ru (in both self-assembled struc-
tures Ru was found to have the same well-defined adsorption height). To understand it, we
investigated the self-assembly with scanning tunneling microscopy (STM) and low-energy
electron diffration (LEED). While STM offers a unique way of visualizing the self-assembly
in real space, thus being sensitive to deviations from regularity, LEED facilitates the easier
recognition of even minute changes in the periodic arrangement.

The LEED pattern of the compressed phase before IMe ligation is shown in Figure 8.3A,
with one of the six equivalent unit cells highlighted. The inset shows the characteristic sim-

4 5
ulated pattern based on an overlayer matrix of 3 _13/6 [159] for comparison with the

experimental observation. The corresponding overview STM image (Figure 8.3D) shows
the Ag(111) surface covered with Ru-TPP, where each protrusion signifies a single Ru-TPP
molecule. A grid matching the expected periodicity from LEED is overlaid on the top left cor-
ner. After depositing IMe at RT on this monolayer, we observe marked differences (Figure
8.3B). The LEED pattern undergoes a transformation, which can be identified as the pattern
11/2 3/2
3/2 11/2
mation of the contact layer to the square phase can be confirmed in the real space imaging

of the sparser square phase, described by the overlayer matrix ( ) . The transfor-

(Figure 8.3E), which is highlighted on the top left corner by the overlaid grid marking the
molecular density. Here the vast majority of Ru-TPP molecules are ligated to IMe and can be
identified as the brighter protrusions of the same plane (see Chapter 7, [166]).

This increased sparsity indicates that a fraction of ~20 % of the initially adsorbed Ru-TPP
molecules are missing from the Ag(111) interface. Strikingly, the phase transformation is re-
versible: after annealing the IMe ligated Ru-TPP to a temperature, which entails desorption of
IMe (cf. temperature programmed desorption (TPD) investigation below), the LEED and STM
data show that the initial compressed phase is restored (Figure 8.3C,F). Desorption of the
missing Ru(IMe)-TPP molecules can therefore be ruled out, as also shown by X-ray photo-
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Figure 8.3 Porter effect of IMe monitored by LEED and STM. (A,D) Ru-TPP on Ag(111) self-assembled in the compressed
phase. (B,E) The same sample following deposition of IMe shows a diffraction pattern matching the square phase
Ru(IMe)-TPP, the STM image confirms the phase change and indicates an accumulation of molecules in a second layer. (C,F)
After annealing the surface imaged in B/E to 550 K, the compressed phase LEED pattern observed in A is restored. All LEED
images were taken at 300 K, the simulated diffraction patterns of each phase are plotted next to the LEED image by black
dots, the high symmetry axes of the substrate are indicated in gray, the unit cell vectors of a single domain are shown in yellow
(A,C) and orange (B). Below the diffraction patterns, a schematic, top view representation of the corresponding real-space
arrangements of the Ru-TPP (blue shapes) and IMe ligands (purple ellipses) are shown. STM images were taken at 0.6 V,

90 pA, 300K (A), —2.1V, 50 pA, 110K (B), 1.25V, 60 pA, 280 K (C), the overlaid grids highlight the self-assembly.

electron spectroscopy (XPS) measurements (Figure 8.2). For this transformation, manifestly,
the NHCs (depicted schematically as purple ellipses in Figure 8.3B) act as molecular porters
that carry ~20% of the Ru-TPP molecules (depicted in blue) from the silver contact layer
to a second layer on top. Such relocation is also evident in the STM images (Figure 8.3E).
Small molecular adlayers on top of the first layer can be identified, where protrusions similar
to the regular underlying structure can be discriminated. Such adlayers cannot be visualized
by STM investigations at RT, presumably due to increased mobility.

The second layer created by the porter effect contributes to the NIXSW with a different ad-
sorption height for both the C 1s and the Ru 3d; /5. This has a more pronounced effect on the
Ru 3d;,, spectra (Figure 8.1C). Indeed, a small contribution of the second layer Ru centers
is sufficient to lower the coherent fraction significantly, owing to the interference of the emit-
ted electrons from the two different adsorption heights. The coherent position of 0.50 + 0.02
(Figure 8.1C) would correspond to an adsorption height of 3.53 + 0.05A in the case of a
single adsorption site. However, with two different adsorption heights, it is not possible to
determine the two different adsorption heights precisely. The measured coherent position
and the transformation to the square phase self-assembly suggest that the adsorption height
of the Ru atoms of the molecules at the Ag(111) interface is comparable to the 3.48 = 0.10 A
measured for square phase Ru(NHC)-TPP on Ag(111) (see Chapter 7, [166]), with a respec-
tive structural trans-effect resulting in a displacement of approximately 0.9 A away from the
surface.

While the portering also influences the absorption profiles of the C 1s core levels (Figure
8.1E), the effect is less dramatic due to the non-planarity of the porphyrin macrocycle. The co-
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Figure 8.4 (A) LEED of compressed phase Ru-TPP (left) and of Ru(IMe)-TPP after IMe ligation at 200 K (right). (B) XP
spectrum of the Ru 3d region for Ru(IMe)-TPP after IMe ligation at 200 K. The shift in binding energy of the Ru 3ds /5 peak
(purple marker) compared to pristine Ru-TPP (pink marker) shows that IMe ligated to the Ru-TPP molecules. (C) LEED of
compressed phase Ru-TPP (left) and of Ru(CO)-TPP after CO ligation at 200 K (right). (D) XP spectrum of the Ru 3d region
for Ru(CO)-TPP after CO ligation at 200 K. The shift in binding energy of the Ru 3d5 /2 peak for the Ru(CO)-TPP (orange
marker, Ep = 281.8eV) compared to pristine Ru-TPP (pink marker) shows that CO ligated to the Ru-TPP molecules.

herent position increases significantly from 0.29 + 0.02 (see Chapter 5, [159]) to 0.52 4+ 0.01
upon ligation, indicating that not only the Ru center is experiencing the trans-effect, but that
the whole porphyrin macrocycle changes its shape, akin to the submonolayer coverages of
Ru(NHC)-TPP on Ag(111) (see Chapter 7, [166]). The coherent fraction is already very
low for the pristine Ru-TPP layer (0.16 4+ 0.02), [159] showing that the carbon atoms occupy
multiple different adsorption heights and reduces further (0.13 £ 0.01) after IMe ligation, sup-
porting the transfer of the complete molecule on the second layer.

The mass transport induced by the portering of entire molecules is reminiscent of the re-
moval of single metal atoms from the close-packed coinage metal surfaces by the same NHC.
[61, 63, 180] However, to the best of our knowledge, this is the first report of molecules be-
ing carried from the metal surface to the next layer. We attribute the physical origin of this
phenomenon to the relative adsorption strength of Ru-TPP and Ru(IMe)-TPP on Ag(111). In-
deed, IMe weakens the bond of Ru-TPP to the Ag surface resulting in a so-called trans-effect,
while the driving force for the formation of the compressed phase also ceases. [159]

The trans-effect is documented upon ligation of several inorganic molecules on metallopor-
phyrins and phthalocyanines. In particular, a substantial structural frans-effect is observed on
the Ru-TPP/Ag(111) upon CO ligation: the Ru atoms are displaced 0.6 A further away from
the Ag interface (see Chapter 6). It is, in contrast, notable that such a porter effect cannot be
observed on the corresponding LEED experiment when CO replaces IMe (Figure 8.4C,D), in
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an experiment albeit performed at a 100 K lower temperature required by the lower desorp-
tion energy of CO. To investigate thermal effects on the observed phase transformation, IMe
was also deposited on the compressed Ru-TPP phase at 200 K. By monitoring the binding
energy of the Ru 3d5, region in XPS, we could confirm the formation of a Ru(IMe)-TPP layer,
but no difference was identified in the respective LEED pattern (Figure 8.4A,B). Thereby, we
can conclude that the porter effect is hitherto particular to IMe and thermally assisted. We
therefore investigated the dynamics of IMe to the Ru-TPP compressed phase on Ag(111)
with TPD experiments.

Figure 8.5A shows the TPD spectra after the deposition of IMe at 200 K on Ru-TPP in the
compressed phase. While at low initial IMe coverages (0y) the apex of the desorption peak is
located at ~350K, it is shifted towards lower temperature with increasing coverages of IMe.
Gratifyingly, with the assumption of repulsive interactions between adsorbates, this effect
could be modeled with an equation featuring decreasing desorption energy for increasing
coverage, based on the Polanyi-Wigner equation in the following form:

ie_z 0 - ex _Edes_EG'H
N P kpT

(8.1)
The best fitting results (Figure 8.5A) were obtained with a frequency factor v = 1.04 x 10®s1,
which falls into the range of common frequency factors reported for desorption of organic mol-
ecules, [200-203] and a desorption energy of F;.s = (1.08 — 0.12 - §) eV. We propose that
the repulsion is caused by dipole-dipole interactions [204—206] between adjacent IMe ligands.
Importantly, the reduction of 0.12 eV could be reproduced by a dipole moment of ~6 D, using
a simple model on the basis of Coulomb-interactions between dipoles (see Chapter 3, with
g = 0.3e from DFT, estimating [ = 4 A as separation of IMe and the TPP macrocycle, s = 6 A
as two times the Ag(111)/Ru-TPP separation), in very good agreement with DFT, from which
we estimate this dipole at 5.3 D. Since substantial molecular dipoles are also evident using
DFT for a range of NHCs adsorbed directly on a metal surface and further evidenced in work
function measurements, [207, 208] it would be expected for such interactions to influence the
thermal stability of NHC self-assembled monolayers. From our analysis, the determined des-
orption energy of IMe from Ru-TPP/Ag(111) ranges between 0.96 eV (all Ru centres covered)
and 1.08eV (zero coverage limit). These energies are consistent with the earliest reported
data (Chapter 7, [166]) by computation with the same frequency factor v = 1.04 x 10°s~ 1,

With the onset of desorption already at ~270 K for high coverages, the ligation on the com-
pressed phase should not be stable at 300 K. Surprisingly, complete NHC functionalization
of the Ru centers was however achieved at 300 K. TPD spectra of IMe deposited at 300 K
are shown in Figure 8.5B. While at low IMe coverages, the main peaks are comparable to the
desorption spectra shown in Figure 8.5A, there is an additional component at ~400 K. This
component is not observed in either the TPD of the compressed phase after exposure to IMe
at 200 K, nor the square phase after exposure to IMe at 300 K. [166] It is therefore reasonable
to assign this component to IMe desorption from the transported Ru-TPP molecules and to
the reintegration of those Ru-TPP molecules back into the compressed phase.

In conclusion, we have discovered a fascinating, dynamic interface rearrangement based
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Figure 8.5 TPD spectra of IMe on Ru-TPP (m/z = 96, corresponding to the parent ion of IMe). Each graph shows spectra for
different initial coverages of IMe, 8, up to a saturation of all Ru-TPP molecules (6o = 1). The spectra are offset along the
vertical axes for clarity. A: IMe (Tsqmpie = 200 K during sublimation) on a compressed layer Ru-TPP, the black lines show the
fit. B: IMe (Tsampie = 300 K during sublimation) on a compressed layer Ru-TPP.
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on the NHC ligand acting as a molecular porter for Ru-TPP molecules on Ag(111). Ru(NHC)-
TPP complexes were lifted into a second layer to allow a phase transformation of the first layer
from a compressed phase into the less densely packed square phase. This mass transport is
thermally activated and specific for the NHC ligand, which leads to weakened bonding of the
ruthenium atom to the silver surface. Remarkably, this reorganization is thermally reversible
by annealing-promoted removal of the NHC ligands. Detailed analysis of the thermal des-
orption reveals the effect of repulsive dipole interactions in the binding energy of NHCs on
surfaces, and similar modeling is expected to be applicable in the characterization of densely
packed NHCs. We anticipate that harnessing these dynamic events is at hand and will serve
the engineering of atomically precise NHC-containing complex interfaces.
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9 Conclusions and outlook

In this thesis an investigation of the properties of different (metal-)organic molecules on a
metal substrate is conducted. Specifically, we characterized the self-assembly of the mole-
cules on the substrate, observed in-plane coordination with transition metals, and induced
out-of-plane complexation with organic and inorganic ligands. A combined approach of dif-
ferent analysis techniques including scanning probe microscopy, photoelectron spectroscopy,
electron diffraction, and desorption spectroscopy, supported by complementary DFT calcula-
tions, forms the basis for a comprehensive analysis of the geometric, electronic and chemical
properties of the investigated systems.

In Chapter 4, the self-assembly and
metal adatom coordination of the organic
ligand BTB on a Ag(111) surface was in-
vestigated via STM and XPS. Already at
RT simultaneous deprotonation and co-

ordination with native silver adatoms of
the tetrazole moieties occur slowly, ev-

idenced via XPS. This process can be

sped up by thermal annealing, which for

temperatures higher than ~390K leads also to the formation of different metal-atom coor-
dinated structures, both with the native silver adatoms and with additionally deposited iron
adatoms. The multitude of coordination sites offered by the tetrazole moieties is reflected in
a polymorphism of the metal adatom coordination motifs found on the surface. Four different
motifs were found after annealing, two incorporating silver adatoms and two incorporating
iron adatoms (see Figure). We have seen nodes of silver/iron trimers, dimers and single
adatoms. Furthermore, the XPS signature of the iron atoms points towards a Fe?T species,
implying that the ligation prevents interfacial charge transfer, which often lowers the observed
oxidation state and quenches magnetic properties.

Further experiments could verify if the iron atoms have magnetic properties, determine its
spin state and investigate possible SCO phenomena. Additionally, the ligation behavior with
different metal adatoms could shed light to the driving force for the polymorphism of the co-
ordination motifs and the role of each of the four coordination sites of the tetrazole moiety
further.

Chapter 5 is based on a detailed

analysis of the self-assembly of Ru-

W ‘W TPP on Ag(111). This porphyrin can
L
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self-assemble in two different ways on the chosen substrate, which can be controlled by
the amount of molecules deposited on the surface. In the submonolayer regime, the self-
assembly is very similar to other porphyrins, however by combining STM, LEED, NIXSW, and
ab initio calculations by DFT we were able to determine an asymmetry. This asymmetry off-
sets half of the molecules in such a way, that all Ru centers can be accommodated into hollow
sites of the Ag(111) substrate, indicating a strong bonding between the Ru and the Ag(111)
surface. For saturated monolayers, the pattern of the self-assembly changes surprisingly into
a more densely packed phase, allowing to accommodate ~20 % more molecules to the Ag
contact layer. Here, we do not observe any asymmetries in the self-assembly, and the moiré
observed in STM images points towards a higher-order coincidence lattice, in agreement with
the LEED measurements. Moreover, the saddle-shape conformation of the Ru-TPP was con-
firmed, evident in STM by protrusions caused by the opposite upwards bended pyrroles, and
from NIXSW data, showing that the four nitrogen atoms in the macrocycle do not have the
same adsorption height. In addition, the adsorption height of the Ru center was the same
for both self-assemblies, placing it below the porphyrin macrocycle and close to the Ag(111)
surface. The third structure under investigation was a more disordered phase, which formed
after a thermal annealing, inducing cyclodehydrogenation reactions in the porphyrins and
leading to the formation of four different derivatives of Ru-TPP. AFM, NIXSW and DFT data
showed a significant planarization of the molecule, resulting in a bowl-shaped macrocycle,
with the central Ru atom even closer to the surface than for the pristine Ru-TPP. A strong
preference for the Ag(111) hollow sites for the adsorption for the Ru center points once more
towards a strong interaction between the Ru center and the Ag(111) substrate.

While this chapter offers a profound insight into the adsorption behavior of Ru-TPP onto
the Ag(111) surface, further studies could enlighten the influence of the Ru-TPP moieties on
these fascinating properties. Different substituents on the porphyrin macrocycle could influ-
ence the compression effect on the porphyrin, and similar effects might be found with other
metalloporphyrins.

In Chapter 6, we use a submonolayer of Ru-TPP on
4. %x # Ag(111) as pedestals for the ligation of CO to the ruthe-
gf“& _>‘i}m¢ nium center. We found that the CO can bind to the

Ru-TPP in different ways, namely the p-mono- or cis-

(
C

p-dicarbonyl ligation, where the CO bridges between a
pyrrole group and the metal center, and axial ligation,
- L with the CO bonding directly to the metal center. The
ol <0 Q-qb:h ~ p-carbonyl bonds are stable only at low temperatures,
M ) % ’ M _ while the axial ligation exhibits a significantly stronger
binding, leading to a much higher temperature stability,
which is characterized by XPS, TPD, NIXSW and STM
with additional support from DFT calculations. We find a significant surface-trans effect upon
ligation, albeit a bit less pronounced compared to the NHC ligation.

A very interesting finding is the significant difference in the ligation behavior depending of
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the conformation of the macrocycle, whether it is in the saddle-shape configuration (pristine
Ru-TPP) or in the bowl-shape configuration (planarised Ru-TPP derivatives). While we have
observed both axial and cis-dicarbonyl ligation on Ru-TPP, none of these were found for the
bowl-shaped macrocycle of the Ru-TPPy,, despite the similarity in the chemical environment
of the ruthenium center. We ascribe this behavior to a weaker bond between the ruthenium
and the CO, which is confirmed by DFT, and to potential differences to the CO sticking coef-
ficient.

This system could be used as a gas sensing system for CO and potentially other small
organic molecules, given that we found the adsorption and desorption to be a fully reversible
process. However, the bond is only stable below RT. This issue should be addressed in fur-
ther studies, where a less interacting substrate might increase the thermal stability.

Chapter 7 is based on the same
pedestal consisting of Ru-TPP on the
Ag(111) surface, but covers the con-
trolled tethering of IMe. We were able
to apply the ligand at RT, inducing a
ligation to the Ru center, evidenced
by XPS measurements. Furthermore
NIXSW data showed that this ligation
alters the conformation of the Ru-TPP,

with the Ru center being lifted away

from the surface by almost 1A, which can be interpreted as a strong surface trans-effect,
in line with TPD data showing a rather large desorption energy for the ligand, also reflected in
its temperature stability. Utilizing a LT-STM we could address single ligands with the STM tip,
enabling the precise removal of single IMe molecules, which opens up the path to nanoprint-
ing, with a resolution of ~2 x 107 dpi determined by the underlying Ru-TPP lattice. We also
show a way for the precise placement of NHCs on a surface, with a well-defined orientation
and spacing. This strategy will enable to further harness NHC chemistry for surface function-
alization.

The various possibilities for the tailoring of NHCs to fit specific purposes offer a multitude of
options for subsequent studies. Bulkier NHC ligands might improve the temperature stability
of this ligand even further, which would be beneficial for the purpose of nanoprinting, as well
as a smaller pedestal than Ru-TPP to further enhance the resolution. Further investigations
should also inspect potential ligation induced switching of magnetic properties of the Ru cen-
ter, as observed for Co-TPP on Au(111). [155, 209, 210] Bis-NHCs ligands could pave the
way towards surface mounted 3D coordination networks.
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el Chapter 8 covers a fascinating dynamic effect, ob-
served on the more densely packed compressed phase

Ph
bydbydbgdbgd of RU-TPP on Ag(111). While we demonstrated in the

Ag(111) previous chapter that the ligation of IMe on the less

" " densely packed Ru-TPP phase is of a very controllable
% & and uniform character, we could show that the liga-
@ ’J—k*& tion on the compressed phase induces a reorganization
mc;:peramre of the Ru-TPP layer. Upon IMe ligation on the com-

UHv Ag(111)

pressed phase Ru-TPP we found ~20% of the mole-
cules portered into a second layer on top and a restora-
tion of the less densely packed phase of Ru-TPP in the contact layer by using LEED, STM,
and NIXSW. This process is reversible by thermal desorption of the IMe ligands. We noticed
however that this dynamic effect is specific to the IMe ligand and thermally assisted, as it
is only observed upon IMe ligation at RT, and could not be observed for either CO or IMe
ligation at 200 K.

Another interesting finding was that after IMe deposition at 200 K, the desorption energy
increased with decreasing IMe coverage. This could be explained by repulsive interactions,
caused by IMe induced dipole moments.

Further experiments with different NHC ligands might improve our understanding of the
driving force for this dynamic effect, as well as the influence of molecular dipoles on the
ligation characteristics. To this end, it could also be beneficial to compare the repulsive inter-
actions on the two different self-assemblies of Ru-TPP, as the different packing density should
result in different interaction strength between the dipoles.

To conclude, this thesis provides fundamental insights in using functional organic ligands to
stabilize transition metal atoms and clusters on surfaces. We explored on an atomistic scale
how single atoms and clusters of Ag and Fe on a surface are stabilized by a tetrazole linker.
While in this case a single ligand lead to a variety of possible metal nodes, we subsequently
focused on a different case, where a single node, Ru-TPP, could be stabilized in different
ways on the surface. We have shown that the understanding of such metalloporphyrin/metal
interfaces is crucial e.g. for assessing the chemical properties towards ligation or for the
creation of patterns on the nanoscale. For both employed ligands, CO and IMe, we observed
different reactivities towards the metal center upon slightly changing the environment. This
elucidates the importance of the assembly in such molecular layers and the necessity to
explore the chemistry beyond the single-molecule level. Such detailed studies, elaborating
on the impact of both the metal atoms and the molecular modules are expected to improve
the understanding of the chemistry of surface-confined metal-organic systems and pave the
way for the further application of such surfaces, e.g. for single-site catalysis, gas storage
and release systems, information storage devices or in the field of nanoprinting. The results
from the model systems analyzed in this thesis, by an extensive experimental and theoretical
approach, are expected to offer valuable insights for the further development of the field of
sophisticated functional metal-organic interfaces.
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