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Abstract

In this thesis, molecules on metal surfaces are explored using low-temperature scanning
tunneling microscopy in ultra-high vacuum. Several organic molecules and an organometal-
lic complex are addressed on the single-molecule scale and results are presented concern-
ing (i) electron transport through metal-molecule contacts, (ii) switching of molecules
in response to external stimuli, (iii) self-assembly, (iv) stability of molecules on metal
substrates and (v) the deposition of molecules on substrates.

First, flat organic platforms, namely trioxatriangulenium (TOTA) molecules, are used
to place functional moieties in a freestanding and upright position on metal substrates.
In contrast to most previously studied anchor molecules, the contact to substrates is
mediated by an extended 7 system and the binding to metal surfaces takes place through
physisorption. Being physisorbed the platforms retain important gas-phase properties of
the attached moieties.

After deposition of such platforms on an atomically flat Au(111) substrate, their
electric conductance is probed with the tip of a scanning tunneling microscope (STM)
to maximize the control of the junction geometry. Inert hydrogen, methyl, and reac-
tive propynyl subunits that stand in an upright position on the platforms are contacted.
Despite the simplicity of these single-molecule junctions the conductances vary in an in-
triguing manner with the electrode separation. It is shown that the platform molecule is
suitable as high-conductance anchor and the current flow is not directly correlated with the
chemical interaction between the electrode and the molecule. Because of the high control
and characterization of the junctions’ geometries, the experiments allow close compari-
son with theory and help to achieve a high-level understanding of electron transport in
molecular junctions. Atomistic density functional theory (DFT) and Green’s functions
calculations for the propynyl and methyl case indeed reproduce the respective conduc-
tance evolution and reveal the role of the junction geometry, forces, orbital symmetries,
and formation of chemical bonds at the tip-molecule interface.

Next, two closely-related three-states rotors, namely ethoxy and ethyl moieties, mounted
on the TOTA platform on Au(111) were addressed individually with an STM tip. In con-
trast to other anchors, the platforms retain important gas-phase properties of the rotor.
This simplifies a detailed analysis, and permits, e. g., the identification of the vibrational
modes involved in the rotation process with the help of action spectroscopy and gas-phase



DFT calculations. The symmetry provided by the platform enables active control of the
rotation direction through electrostatic interactions with the tip and charged neighboring
adsorbates. This investigation may turn out useful for designing platforms that provide
directional rotation and for transferring more sophisticated molecular machines from the
gas-phase to surfaces.

Another chapter of the thesis addresses the self-assembly of molecules on substrates.
A competition between honeycomb and hexagonal self-assembly of molecules can lead to
large honeycomb superstructures on surfaces. Such honeycomb superstructures are pre-
sented for the C5 symmetric platform methyl-TOTA on Au(111) and Ag(111) surfaces.
The superstructures cover nearly mesoscopic areas with unit cells containing up to 3000
molecules, more than an order of magnitude larger than previously reported. The unit cell
size can be controlled via the coverage. A fairly general model is developed that describes
the energetics of honeycomb superstructures built from C5 symmetric units. Based on
three parameters that characterize two competing bonding arrangements, the model is
consistent with the present experimental results and also reproduces various published
results. The model identifies the relevant driving force, mostly related to geometric as-
pects, of the pattern formation. In turn, the model may be employed to guide the design
of molecules for building mesoscopic superstructures.

Next, the stability of TOTA derivatives sublimated onto Au(111) substrates were
studied. STM data reveal that > 99% of ethyl-TOTA and methyl-TOTA remain intact
whereas 60% of H-TOTA and > 99% of propynyl-TOTA and ethynyl-TOTA decompose.
The observed tendency towards fragmentation on Au(111) is opposite to the sequence of
gas-phase stabilities of the molecules. Although Au(111) is the noblest of all metal sur-
faces, the binding energies of the possible decomposition products to Au(111) destabilize
the bond between the platform and the above mentioned functional groups by 2 to 3.9 eV
(190-370 kJ/mol) and even render some of the molecules unstable on Au(111) as revealed
by DFT calculations.

Finally, an organometallic complex was studied. STM data reveal the first success-
ful deposition of a charged Fe™ spin-crossover complex, [Fe(pap)s]* (pap=N-2-pyridyl-
methylidene-2-hydroxyphenylaminato), on Au(111). Furthermore, the bulk form of the
molecules is stabilized by a perchlorate counter ion, which depending on the deposition
technique, may affect the quality of the deposition and the measurements.

The switching between two spin states in response to external stimuli makes spin-
crossover molecules on surfaces attractive for potential applications. The final part reports
on |[Fe(pap)s]* molecules on a CuyN/Cu(100) surface. The adsorbed compound is con-
trollably switched between three different states, each of them exhibiting a characteristic
tunneling conductance. The conductance is therefore employed to readily read the state
of the molecules. A comparison of the experimental data with the results of gas-phase
DFT calculations suggests that all Fe(pap), molecules are initially in their high-spin state.
The two other states are compatible with the low-spin state of the molecule but differ
with respect to their coupling to the substrate. As a proof of concept, the reversible and
selective nature of the switching is used to build a two-molecule memory.



Kurzzusammenfassung

In dieser Arbeit werden Molekiile auf Metalloberflichen mit Tieftemperatur-Rastertunnel-
mikroskopie im Ultrahochvakuum untersucht. Es werden verschiedene organische Mole-
kiile und ein organometallischer Komplex auf der Einzelmolekiil-Skala betrachtet und Er-
gebnisse zu folgenden Themen présentiert: (i) Elektronentransport durch Metall-Molekiil-
Kontakte, (ii) Schalten von Molekiilen als Reaktion auf externe Stimuli, (iii) Selbstorga-
nisation sowie (iv) Stabilitdt von Molekiilen auf Metallsubstraten und (v) Aufbringen von
Molekiilen auf Oberflichen.

Im ersten Teil der Arbeit wird eine flache organische Plattform, ndmlich das Tri-
oxatriangulenium (TOTA) Molekiil, genutzt, um verschiedene funktionale Molekiile in
einer freistehenden, aufrechten Position auf Metallsubstrate aufzubringen. Im Gegen-
satz zu den meisten, in fritheren Forschungsarbeiten untersuchten Ankermolekiilen, wird
der Kontakt zum Substrat durch ein ausgedehntes m-System hergestellt und die Metall-
Molekiil-Bindung erfolgt durch Physisorption. Dadurch konserviert die Plattform wichtige
Gasphaseneigenschaften der angehéngten Molekiilgruppe.

Nach dem Aufbringen solcher Plattformen auf eine atomar ebene Au(111)-Oberfliche
wird der elektrische Leitwert der Plattform mit der Spitze eines Rastertunnelmikroskops
(RTM) gemessen, wodurch eine moglichst groke Kontrolle der Kontaktgeometrie erreicht
wird. Inerte Wasserstoff- und Methyl-Einheiten sowie reaktive Propinyl-Gruppen, die sich
jeweils in einer aufrechten Position auf der Plattform befinden, werden mit der Spitze
kontaktiert. Trotz der Einfachheit dieser Einzelmolekiiliibergiinge variieren die Leitwerte
in faszinierend komplexer Weise mit dem Abstand der Elektroden, also von Spitze und
Au(111)-Substrat. Es wird gezeigt, dass das Plattformmolekiil als hochleitender Anker
geeignet ist und der Stromfluss nicht direkt mit der chemischen Wechselwirkung zwischen
der Elektrode und dem Molekiil korreliert ist. Aufgrund der hohen Kontrolle und Cha-
rakterisierung der Geometrien der Molekiil-Metall-Uberginge erlauben die Experimente
einen engen Vergleich mit der Theorie und tragen zu einem detaillierten Verstdndnis des
Elektronentransports in molekularen Ubergiingen bei. Atomistische Berechnungen mittels
Dichtefunktionaltheorie und Greenschen Funktionen fiir den Propinyl- und den Methyl-
Fall reproduzieren in der Tat die jeweilige Leitwertentwicklung und kldaren die Rolle der
Geometrie, Kriifte, orbitale Symmetrien und Bildung chemischer Bindungen an dem Uber-
gang zwischen Metallspitze und Molekiil.



Als Néchstes wurden zwei eng verwandte Rotoren, nidmlich Ethoxy- und Ethyl-
Gruppen, die auf der TOTA-Plattform auf Au(111) montiert sind und drei Zustinde
einnehmen konnen, einzeln mit einer RTM-Spitze untersucht. Im Gegensatz zu anderen
Ankermolekiilen bleiben durch die Plattform wichtige Gasphaseneigenschaften der Roto-
ren erhalten. Dies vereinfacht eine detaillierte Analyse und erlaubt z. B., die am Rotati-
onsprozess beteiligten Schwingungsmoden mit Hilfe von Wirkungsspektroskopie (action
spectroscopy) und Gasphasen-DFT-Berechnungen zu identifizieren. Zudem ermoglicht die
von der Plattform gebotene Symmetrie eine aktive Kontrolle der Drehrichtung durch elek-
trostatische Wechselwirkungen mit der RTM-Spitze sowie geladenen benachbarten Adsor-
baten. Diese Untersuchung kann sich als niitzlich erweisen, um Plattformen zu entwerfen,
die eine gerichtete Rotation ermdglichen, und um anspruchsvollere molekulare Maschinen
aus der Gasphase auf Oberflichen zu transferieren.

Ein weiteres Kapitel der Arbeit befasst sich mit der Selbstanordnung von Molekiilen
auf Substraten. Die Konkurrenz zwischen honigwabenartiger und hexagonaler Selbstan-
ordnung von Molekiilen kann zu grofen honigwabenférmigen Suprastrukturen auf Ober-
flichen fiihren. Solche wabenformigen Uberstrukturen werden fiir die symmetrische Cs-
Plattform Methyl-TOTA auf Au(111)- und Ag(111)-Oberflichen vorgestellt. Die Einheits-
zellen der Uberstrukturen decken nahezu mesoskopische Bereiche ab, die bis zu 3000 Mo-
lekiile enthalten, mehr als eine Grofenordnung grofer als zuvor berichtet. Die Grofe der
Einheitszellen kann iiber die Bedeckung gesteuert werden. Es wird ein relativ allgemeines
Modell entwickelt, das die Energetik dieser Uberstrukturen beschreibt, die aus C symme-
trischen Einheiten aufgebaut sind. Basierend auf drei Parametern, die zwei konkurrierende
Bindungsanordnungen charakterisieren, ist das Modell mit den vorliegenden experimen-
tellen Ergebnissen konsistent und reproduziert auch verschiedene zuvor verdffentlichte
Ergebnisse. Das Modell identifiziert die relevante Antriebskraft der Musterbildung, die
hauptsédchlich mit geometrischen Aspekten zusammenhéngt. Im Gegenzug kann das Mo-
dell beim Design von Molekiilen zur Herstellung mesoskopischer Einheitszellen helfen.

Anschlieflend wird die Stabilitit von TOTA-Derivaten, die auf Au(11l) Substra-
ten sublimiert wurden, untersucht. Aus den STM Daten geht hervor, dass > 99% der
Ethyl-TOTA und Methyl-TOTA Molekiile intakt bleiben, wihrend 60% der H-TOTA
und > 99% der Propinyl-TOTA and Ethinyl-TOTA Molekiile zerfallen. Die beobachtete
Tendenz zur Fragmentierung auf Au(111) ist entgegengesetzt zur Sequenz der Gaspha-
senstabilititen der Molekiile. Obwohl Au(111) die edelste aller Metalloberflichen ist, de-
stabilisieren nach DFT-Rechnungen die Bindungsenergien der méglichen Zerfallsprodukte

die Bindung zwischen der Plattform und den oben genannten funktionalen Gruppen um
2 bis 3.9 eV (190-370 kJ/mol) und fithren bei einigen Molekiilen sogar zur Instabilitét.

Schlieflich wird im zweiten Teil der Arbeit ein organometallischer Komplex unter-
sucht. STM-Daten zeigen das erste erfolgreiche Aufbringen eines geladenen Fe!!! Spin-
Crossover-Komplexes, [Fe(pap)s]* (pap=N-2-pyridylmethyliden-2-hydroxyphenylaminato),
auf Au(111). Dariiber hinaus wird die Festform der Molekiile durch ein Perchlorat-Gegenion
stabilisiert, welches je nach Depositionstechnik die Qualitit der Probe und Messung be-
einflussen kann.

Das Schalten zwischen zwei Spin-Zustinden als Reaktion auf externe Reize macht
Spin-Crossover-Molekiile auf Oberflichen attraktiv fiir potenzielle Anwendungen z. B.
in der Elektronik und Spintronik. Der letzte Teil behandelt [Fe(pap)s]* Molekiile auf
einer CusN/Cu(100)-Oberfliche. Das adsorbierte Molekiil wird kontrollierbar zwischen



drei verschiedenen Zustéinden geschaltet, die jeweils einen charakteristischen Tunnelleit-
wert aufweisen. Der Leitwert ermoglicht somit eine einfache Identifizierung des Molekiil-
zustands. Ein Vergleich der experimentellen Daten mit den Ergebnissen von Gasphasen-
DFT-Berechnungen legt nahe, dass sich alle Fe(pap)o-Molekiile zunéichst in ihrem Zustand
mit hoher Multiplizitidt (High Spin) befinden. Die beiden anderen Zusténde sind mit dem
Zustand geringer Multiplizitdt (Low Spin) des Molekiils kompatibel, unterscheiden sich
jedoch in Bezug auf ihre Ankopplung an das Substrat. Schlussendlich wird die reversible
und selektive Natur des Schaltenprozesses genutzt, um als konzeptionellen Beweis einen
Zwei-Molekiil-Speicher aufzubauen.
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Introduction

Molecules exhibit a vast diversity of physical and chemical properties. By placing them
on a substrate they may be exploited to modify the substrate’s properties.> Such func-
tionalized surfaces may be important for future medical, commercial and industrial ap-
plications. Surfaces coated with molecules can, for example, inhibit bacterial adhesion
and may prevent infections.® Moreover, molecule-induced properties may respond to or
be controlled via external stimuli such as temperature, light, and electric current. For
instance, the wettability of a surface can be switched by light and temperature by covering
it with switchable molecules.” Analogously the chemical reactivity of material surfaces
can be modified and/or switched by molecules.?

In addition to the development of surfaces that can execute defined functions, placing
molecules on a substrate may be an essential step in the development of future single-
molecule applications. The interaction of molecules with a substrate can be utilized to
immobilize them — a prerequisite for exploring and addressing molecules individually.
Although the development of single-molecule applications still appears to be a long-term
goal, there are several proof-of-principle studies. Artificial molecular machines, in which
a molecular component is capable of quasi-mechanical movements in response to specific
energy stimuli, have, e. g., been successful operated at the single-molecule level o1

In particular, the concept of using single or few molecules as electronic components
has attracted huge research efforts in recent years.'?”!'” Such miniaturization is the ul-
timate goal for shrinking electrical circuits and devices, as single molecules (and atoms)
constitute the smallest stable structures possible. In addition, there are possible applica-
tions of single molecules in the field of spintronics (spin transport electronics),2%22 which
exploits —in addition to charges— spin as further degree of freedom to store, transport, and
compute data. In this context, spin-crossover molecules are particularly interesting since
they provide a spin-switching functionality that can be addressed by external stimuli.??

The main motivations to go beyond conventional electronics!®19 and spintronics?4-3%
are new properties emerging at the metal /molecule interfaces and functions such as switch-
ing that are incorporated within the molecules themselves. The integration of molecular
circuits into conventional electrical circuits will require techniques that establish metal-
molecule contacts that are reliable, stable in time, and enable nondestructive control and
operation of the circuit —at least under ideal conditions such as cryogenic temperatures
and ultra-high vacuum. Such techniques appear to be still a long sought-after goal.'?
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A major difficulty for functional molecules on surfaces is the lack of stability of
molecular properties and functionalities against adsorption to substrates. The molecule-
substrate and/or on-surface molecule-molecule interactions often degrade or even disable
the desired molecular functionality or property. This situation can have various reasons
such as surface-induced (i) fragmentation and other chemical reactions, (ii) structural de-
formation, (iii) immobilization of important molecular subunits , and (iv) changes of the
electronic structure of the molecule. Similarly, the on-surface molecule-molecule interac-
tion can have an undesired impact by, e. g., packing molecules into clusters that sterically
hinder a molecular function.

To solve the above-mentioned problems a special design of molecules (for a given
substrate) is required. Chemical anchor groups comprising a molecular subunit or a
single atom attached to the molecule of interest have been used to achieve well-defined
molecule-substrate interfaces.!417:36-39 Of special interest are platform-like anchor groups
because they enable geometric decoupling of a target molecule from a substrate and from
neighboring molecules.%%:4" This decoupling is achieved by placing the target molecule in a
freestanding and upright (or inclined) position on the substrate. In addition, the minimal
lateral spacing between adjacent molecules is set by (i) the extended lateral size of the
platform anchors and (ii) the on-surface interaction of the anchors. Using such platforms,
molecular motors, rotors, and switches have been successfully placed and operated on flat
substrates.*! Usually, the platforms are fixed to a substrate via reactive atoms that form
chemical bonds to the substrate. However, bond formation tends to induce significant
electronic changes of the sample-molecule complex and may render difficult the desired
preservation of the functionalities and properties of the attached molecule.16,17,38-43

In this thesis, a class of molecules is explored that rely on a different anchoring
scheme. It is designed to leave the properties of the functional molecular subunit almost
unaffected upon adsorption by avoiding strong hybridization of the molecular states with
those of the substrate. This is achieved by using the planar trioxatriangulenium (TOTA)
platform molecule that binds to metal substrates via physisorption. In contrast to the
similar triazatriangulenium (TATA) platform that also binds via physisorption 24445
TOTA derivatives may be sublimated intact, and thus enables systematic investigations
in ultrahigh vacuum (UHV). In this study the conductance, switching, self-assembly, and
stability of TOTA derivatives were investigated, as detailed in the next Chapters.

Another approach to retain molecular properties and functionalities is to modify the
substrate’s properties and by this change the molecule-substrate interactions. Because
of their possible application in molecular electronics and other fields of science, metal
substrates are of particular interest. However, the attachment of molecules to metals
without drastically changing the molecule’s properties is challenging, as the coupling
of the molecule to the metal’s electron gas tends to considerably affect the molecule’s
electronic structure. To prevent such an undesired effect the metal can be covered by a
thin insulating film.*6-3% Such a film reduces the electronic coupling of the molecule to the
metal. The success of this approach was, e. g., demonstrated by imaging molecular orbitals
similar to those of the gas-phase molecule.*” In this work single-layer nitrogen islands on
Cu(001), known as Cu,N/Cu(001), are exploited as decoupling film to efficiently switch
a Fe''! spin-crossover (SCO) complex, namely [Fe(pap),]* (pap—=N-2-pyridylmethylidene-
2-hydroxyphenylaminato).



Overview

A scanning tunneling microscope (STM) operated in ultrahigh vacuum at 4.6 K was used
to explore molecules on conducting substrates. The aim of this work is to contribute to
the fundamental understanding of functionalities and properties of such hybrid systems.

The following summarizes the contents of the chapters in chronological order and
highlights some aspects of the work.

Sections 2.1-2.3 gives an overview regarding applications of STM in molecular science
and the molecules studied in this thesis.

Part I introduces the experimental techniques and fundamentals helpful for under-
standing the presented results. In addition, the experimental setup is described and in-
formation about tip preparation and molecule deposition is given. To achieve a high level
of understanding, experimental results were partly reproduced with the help of density
functional theory (DFT), nonequilibrium Green’s function (NEGF), and /or force field cal-
culations. The second Chapter of Part I briefly describes these techniques and introduces
important terms of the so-called scattering picture of electron transport.

Part II reports the electric conductance of single functionalized trioxatriangulenium
(TOTA) platform molecules. To measure the electrical conductance of a molecule two
contacts are required. In an STM a metal sample and the tip of the microscope serve as
electrodes and are used to electrically contact a molecule. In contrast to simple molecules
the TOTA platform enables placing functional molecules in a freestanding and upright
position on a metal as verified by STM imaging. Because of the characterization of junc-
tion geometries and picometer control of the electrodes, little statistics are required to
obtain high quality conductance data. This is a significant advantage over other methods
such as the break-junction technique, in which a characterization of the junction geome-
tries is usually not possible or missing.?'53 Moreover, the characterization of the junction
geometry simplifies a very detailed analysis of the data. Thus, this thesis includes "prime
example[s|" of experiments designed for close comparison with theory to achieve a high-
level understanding of electron transport in molecular junctions, as it was highlighted in
a review article.>

Chapter 5 reports on the conductance of one of the shortest possible molecule wires,
namely a propynyl moiety, attached to the TOTA platform. Despite this reductionist
approach, conductance data of propynyl-TOTA turned out to be complex. Calculations
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show that an interplay of geometrical changes, orbital symmetries, and bond formation
in the electrode-molecule-electrode junction control the conductance.

Chapter 6 is devoted to electric contacts that are purely mechanical, 7. e. no reactive
atom is contacted and consequently no chemical bond between the molecule and the elec-
trodes is formed. To keep this approach as simple as possible the smallest possible inert
and rigid moieties, namely a hydrogen atom and a methyl group, were used to passivate
the reactive center of the TOTA platform. The unusual anchoring via an extended ph-
ysisorbed platform is designed to leave the properties of the functional molecular subunit
almost unaffected upon adsorption. Therefore, this anchoring scheme may simplify the
design of a molecule that will deliver specific electron transport properties. The conduc-
tance evolutions of the inert molecules turn out to exhibit features similar to those related
to chemical bond formation in other systems. Hence, mechanical contacts may be misin-
terpreted as contacts with bond formation, if solely the conductance data is considered.
Moreover, the study shows that TOTA is a high-conductance anchor group due to the
electrical coupling of its extended m-system with the metal.

Part III covers switching, self-assembly, and stability of functionalized TOTA plat-
forms on gold or silver substrates.

Chapter 7 reports on two closely related molecular stepper motors that were de-
signed to work on a metal substrate under excitation with tunneling electrons. The
motors are comprised of the TOTA platform as a stator and ethoxy and ethyl moieties
as rotors. Current-induced rotation of the moieties is demonstrated and traced back to
single-electron processes involving excitation of vibrational modes by measurement of mi-
croscopic switching rates and yields. The STM tip was used to generate directionality
of the motion, modification of the directionality by adjacent charged adsorbates was re-
vealed, microscopic reaction yields were determined, and single-electron processes induced
via excitation of vibrational modes were evidenced. By means of DFT calculations for
the two related molecules, the results show how the energies and displacement patterns
of the vibrational modes, along with the energy barriers towards rotation, can lead to
several orders of magnitude variation of the reaction yield. This investigation may turn
out useful for designing platforms that provide directional rotation and for transferring
more sophisticated molecular machines from the gas-phase to surfaces.

Chapter 8 sheds light into the self-assembly of methyl-TOTA molecules on silver.
Honeycomb superstructures with unusual large unit cells comprising almost 3000 molecules
were obtained by increasing the molecular coverage. A fairly general model was devel-
oped that describes the energetics of honeycomb superstructures built from C3 symmetric
units. Based on three parameters that characterize two competing bonding arrangements,
the model is consistent with the presented experimental data and also reproduces various
published results. The model identifies the relevant driving force, mostly related to geo-
metric aspects, of the pattern formation. In turn, the model may be employed to guide
the design of molecules for building mesoscopic superstructures.

Chapter 9 deals with the stability of TOTA derivatives on gold. Depending on the
functional groups attached to the TOTA molecules, varying degrees of fragmentation
were observed. Intriguingly, the observed tendency towards fragmentation is opposite to
the sequence of gas-phase stabilities of the molecules used. Calculations show that the
binding energies of the decomposition products to the Au surface destabilize the bond
between the functional moieties and the platform by several electronvolts and essentially
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determine the molecular stability. Hence, the Au(111) surface is not inert enough for the
stability of some of the platform molecules.

Part IV presents results regarding a charged spin-crossover (SCO) complex, namely
|[Fe(pap)2]* (pap=N-2-pyridylmethylidene-2-hydroxyphenylaminato).

In Chapter 10 a successful deposition of a charged Fe!ll SCO complex on a gold
substrate is evidenced. The bulk form of the molecules is stabilized by a perchlorate
counter ion, which depending on the deposition technique, may affect the quality of the
deposition and the measurements. Moreover, the results show for the first time that it is
possible to sublimate charged SCO complexes (as highlighted in a review article).?®

Finally, in Chapter 11 the switching of [Fe(pap)q2]* is studied. Interaction with a
substrate tends to fragment SCO complexes or disable their switching function. Accord-
ingly, on a gold substrate efficient switching was not observed. Motivated by previous
SCO experiments, the molecule was placed on an insulating single-layer island on copper.
On this substrate, the Fe(pap)s complex could be efficiently switched with a rather high
rate. As a proof of concept, the reversible and selective nature of the switching is used to
build a two-molecule memory. Moreover, the deposited Fel'l spin-crossover compound is
switched between three different states rather than the expected two spin states. With the
help of gas-phase DFT calculations it is inferred that the molecule is not only switched
between different spin states but also between different couplings to the substrate. This
represents the first report of combined intrinsic (spin transition) and extrinsic (different
coupling to the substrate) switching of a SCO compound on a surface.

This thesis is based on publications in peer-reviewed journals as indicated in
each chapter. A summary is given here:

e Torben Jasper-Toennies, Aran Garcia-Lekue, Thomas Frederiksen, Sandra Ulrich,
Rainer Herges, and Richard Berndt.

Conductance of a Freestanding Conjugated Molecular Wire
Phys. Rev. Lett. 119, 066801 (2017), Editors’ Suggestion

e Torben Jasper-Tonnies, Aran Garcia-Lekue, Thomas Frederiksen, Sandra Ulrich,
Rainer Herges, and Richard Berndt.

High-conductance contacts to functionalized molecular platforms physisorbed on Au(111)
J. Phys.: Condens. Matter 31, 18LT01 (2019)

e Torben Jasper-Tonnies, Manuel Gruber, Sven Johannsen, Thomas Frederiksen,
Aran Garcia-Lekue, Torben Jikel, Fynn Rohricht, Rainer Herges, and Richard
Berndt.

Rotation of Ethozy and Ethyl Moieties on a Molecular Platform on Au(111)
ACS Nano 14, 3907 (2020)
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e Torben Jasper-Tonnies, Manuel Gruber, Sandra Ulrich, Rainer Herges, and Richard
Berndt.

Coverage-Controlled Superstructures of Cs Symmetric Molecules: Honeycomb versus
Hezagonal Tiling

Angew. Chem. Int. Ed. 59, 7008 (2020), Frontispiece of issue 18

e Torben Jasper-Tonnies, Igor Poltavsky, Sandra Ulrich, Tobias Moje, Alexandre
Tkatchenko, Rainer Herges, and Richard Bernd

Stability of functionalized platform molecules on Au(111)
J. Chem. Phys. 149, 244705 (2018), Editor’s Pick

e Torben Jasper-Tonnies, Manuel Gruber, Sujoy Karan, Hanne Jacob, Felix Tuczek,
and Richard Bernd.

Deposition of a Cationic Fe' Spin-Crossover Complex on Au(111): Impact of the
Counter lon

J. Phys. Chem. Lett. 8, 1569 (2017)

e Torben Jasper-Toennies, Manuel Gruber, Sujoy Karan, Hanne Jacob, Felix Tuczek,
and Richard Berndt

Robust and Selective Switching of an Fe!'' Spin-Crossover Compound on CugN/Cu(100)
with Memristance Behavior

Nano Lett. 17, 6613 (2017)

2.1. Scanning tunneling microscopy and molecules

The scanning tunneling microscope (STM) is one of the most important tools in surface-
based nanoscience.’6:11 Tt enables the exploration of molecules at the single-molecule
level.¥ The molecules of interest have to be adsorbed on a conducting substrate. The
atomically sharp metal tip of an STM is scanned over a substrate, while simultaneously
measuring the tunneling current between the tip and the sample. This procedure enables
to image molecules and surfaces at an extremely small scale — down to individual atoms.
A more detailed description of the working principle of an STM is given in Chapter 3.

Nowadays, the STM enables various applications in the field of molecular science:

e Adsorption geometry and molecular assembly.5-5%60 The ability to image
samples with atomic resolution makes it possible to identify adsorption geome-
tries (Parts II-IV). Additionally, molecular self-assembly and related on-surface
intermolecular interactions can be explored (Chap. 8).

e Electronic structure. STM is particularly suited to probe electronic properties
of individual molecules at the sub-molecular level. Spectroscopic measurements
are used to determine the energies of occupied and unoccupied molecular orbitals
(Chap. 9). Furthermore, iso-densities of molecular orbitals can be inferred from

T This Section is based on a Section of Reference 57.
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particular topographic measurements.4”-1 'With a recently developed setup, quan-
tum motion of molecules can even be probed at the femtosecond-scale.5°

e Conductance.®>%* By contacting single molecules with an STM tip, metal-
molecule-metal junctions can be prepared and their conductance measured. Atomic-
scale imaging prior and after recording the conductance data allows to control the
junction geometry and renders the quality of data superior to those obtained with
other methods (Part II).

e Magnetic properties.5>%7 The spin state of individual molecules can be inferred
by taking advantage of the Kondo effect5%7 or spin excitations*: 7 or from spin-
polarized STM (SP-STM).”™ Moreover, the utilization of magnetic tips in SP-STM
allows spin-resolved imaging.

e Manipulation.

— Nanopatterning.5%76:77 STM is capable of manipulating objects, like single
atoms and molecules. To obtain artificial nanostructures tip-induced manip-
ulation can be used to modify local arrangements of adsorbed molecules in a
controlled manner.

— Switching.”™ Conformational changes can be induced by an STM tip. As a
proof-of concept single molecular multi-state switches (Chap. 11) and artificial

molecular machines such as rotors (Chap. 7) were successfully operated with
an STM tip.

— Chemical reactions.”™ 8" By using an STM tip, it has become possible to
perform elementary chemical reaction steps, such as dissociation, diffusion,
and bond-formation processes (Chap. 5).

e Vibrational structure.’?:32 Spectroscopic measurements are used to determine
the energies of vibrational modes and to identify their involvement in manipulation
processes (Chap. 7).

STM may be used in combination with atomic force microscopy (AFM)338 which
allows to obtain additional information about molecular properties via force measure-
ments.

2.2. Functionalized platform molecules

Following a reductionist approach, small functional moieties were attached to the trioxa-
triangulenium (TOTA) platform and explored in this thesis (Fig. 2.1).1'" The bare TOTA
platform is an aromatic cation in the gas phase and all its electrons are paired (Fig. 2.1a).
TOTA is planar and evolves to a bowl shape when a functional unit is binding to its
central carbon atom (Fig. 2.1b—g). The TOTA platform and the related compound tri-

T Functionalized molecules do not have to provide a functionality such as switching. In chemistry, an
organic compounds is functionalized by adding a functional group to it.8°> A functional group is the
part of a molecule that gives its particular reactivity. In other words, simple molecules that contain
the same functional group in their structures can be expected to react in similar ways. In fact, names
of organic molecules are a systematic reference to the functional groups within the molecules, and can
thus be used to identify these.
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azatriangulenium (TATA)™V are very versatile and an attached functional unit may be
exchanged for other moieties of interest. This has been demonstrated for porphyrins,
diazocine, norbornadiene, imine, and azobenzene derivatives.*>8692 In contrast to the
TATA platform,*?4*4> TOTA may be sublimated intact, and thus enables systematic in-
vestigations in ultrahigh vacuum (UHV). As a consequence, TOTA derivatives were solely
studied in this work (Fig. 2.1).

(a) (b) (c) d H (®)  cHs
O OH OCH3 O” O”
< D = = = =<
>0 & 0 &2 0 &2 0 7 3)
= o O O O
TOTA H-TOTA Methyl-TOTA Ethynyl-TOTA Propynyl-TOTA
(f) (9)
CHs
CH3 OJ
o= OT=>

Ethyl-TOTA Ethoxy-TOTA

Figure 2.1.: (a-g) Lewis structures of trioxatriangulenium (TOTA), H-TOTA, methyl-TOTA,
ethynyl-TOTA, propynyl-TOTA, ethyl-TOTA, and ethoxy-TOTA, respectively.

2.2.1. Related results

Prior and parallel to this work, functionalized TATA platforms have been explored with
STM and other methods at ambient conditions in air or electrochemical environments.4?,86-102
Molecules were deposited from solution to samples such as gold and quartz. As intended
by the involved research groups from Kiel, these studies cover chemical and physical con-
ditions (air or solution and ambient temperature) distinct to those exploited in this work
(cryogenic temperatures and UHV). For TATA derivatives on gold in air or solution and
at ambient temperature various studies were published.*?86-102 For instance, the forma-
tion of ordered monolayers®” and their control via side chains attached to the platform,®7
a drastic acceleration of the thermochemical cis to trans isomerization of azobenzene
derivatives,?? and a design to place molecular switches and altitudinal rotors in a parallel
position onto a substrate®’ were reported.

In addition to TOTA and TATA platforms, a few other (often multidentate) platform
molecules were used to place functional molecules on substrates in a defined position.40:4!
For a review the reader is referred to the literature.*0>4!

IV TOTA is transformed to TATA by replacing its oxygen atoms with nitrogen atoms (cf. Fig. 2.1a).
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2.3. Spin-crossover molecules

Spin-crossover (SCO) is a switching phenomenon between two molecular states that are
characterized by a high-spin (HS) or a low-spin (LS) electronic configuration.V In prin-
ciple, it can occur in a transition metal center of a coordination compound under the
influence of external perturbation such as a change in temperature, optical excitation,
change of electric field, current, and/or change of pressure.'®® For a given coordination
symmetry of the metal ion, this occurrence is controlled by the relationship between the
strength of the ligand (the electrostatic field acting at the central metal ion) and the mean
spin-pairing energy. The ion may be either in HS or LS state, depending on whether the
ligand field strength is weaker or stronger, respectively, than the spin pairing energy.

The change of spin state is accompanied by a drastic change of the properties of
the substance. Most noticeable is the reversible change of magnetic behavior and color.??
The spin-switching, which occurs for some compounds at or around ambient tempera-
ture, makes SCO complexes promising candidates for the realization of molecule-based
electronic and spintronic components such as switching or memory elements.?3: 104

In this thesis, charged Fe'"' SCO molecules were investigated (Fig. 2.2a). The spin

states of such a compound are described in the following. Figure 2.2b is a simplified
illustration of the d orbital configuration of an Fe''! ion in the presence of an octahedral
ligand field. The octahedral symmetry breaks the degeneracy of the metal ion’s d orbitals
and splits them into two subsets with an energy difference Agg. If Agg is smaller than
the spin pairing energy, the d states are filled according to Hund’s rules, resulting in five
unpaired electrons and a HS state with S = 5/2 (Fig. 2.2b). Otherwise, the electrons fill

the lower energy orbitals completely leading to the LS state with S =1/2.

(a) (b)
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Figure 2.2.: (a) Lewis structures of a spin-crossover (SCO) complex with an octahedral lig-
and coordination of an Fel! ion. The shown [Fe(pap)z]* (pap=N-2-pyridylmethylidene-2-
hydroxyphenylaminato) molecule!?® is positively charged. Results regarding this molecule are
reported in Part TV. (b) Simplified electronic configuration of the five d electrons of an Fe!ll ion
in an octahedral ligand field. In the LS (HS) state, the electrons occupy the tog (tog and ey) d
orbitals leading to a total spin S =1/2 (S =5/2).V1

A transition between HS to LS goes hand in hand with a geometry change of a SCO
complex. During a HS to LS (LS to HS) transition, the metal-to-ligand bond distances

V' The rudimentary introduction of SCO given here essentially follows that given in Reference 57.
VI The labels, a4 and ey, indicate orbital symmetries.!?® The energy levels of the d orbitals split in an
octahedral ligand field depending on the oribtal’s symmetry, as indicated in Figure 2.2b.
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are decreased (increased) and the molecule’s volume is reduced (increased). The change
of the bond length is usually in the range 0.1 — 0.2 A.103 Ag expected from the smaller
metal-to-ligand bond distances, the LS state is usually the ground state of the gas-phase
molecule.

In contrast to the study of SCO in bulk or in solution, the investigation of SCO
complexes on surfaces at the single-molecule level is a rather new field of science.? Un-
fortunately, the interaction with a surface acts on the metastable balance of the spin states
and often results in a quenching of the SCO transition. Hence, an important milestone is
the reversible switching of single SCO molecules on a molecular monolayer!%” and in direct
contact to an insulating film'% on a metal by an STM. The spin state of the molecules
could be determined by structural and electronic changes.!'07,108

10



Part I.

Experimental and Theoretical
Techniques and Fundamentals






Scanning Tunneling Microscopy and Setup

The scanning tunneling microscope (STM) was developed in 1981 by Binnig and Rohrer,!09:110
who received the Nobel prize in physics for its invention five years later. An STM allows to
image and measure electronic structures of (semi-)conducting solid surfaces at the atomic
level in air, liquid or vacuum environment.V!l In this thesis, single molecules on metal
substrates were explored with an STM operated in ultra-high vacuum and at a cryogenic
temperature of 4.7 K. (Below an operation in vacuum is assumed.)

The measurement principle of STM is based on the quantum-mechanical tunneling
effect. This effect allows electrons to pass a potential barrier —such as a vacuum gap
between two electrodes— although their energy is (classically) not sufficient to overcome
it. To probe a sample surface, an atomically sharp metal tip is brought at a few-angstrom
distance, making electrons to tunnel across the gap owing to an overlap of tip and sample
electronic wave functions. Applying a voltage between the tip and the sample, i. e. across
the tunnel contact, results in a net {unneling current. This tunneling current is extremely
sensitive to the tip-sample distance. It decreases exponentially with increasing tip-sample
distance. Because of the exponential relation, STM can reach picometer resolution.

Control over the tip position is reached with the help of a xyz piezoelectric scanner
(Fig. 3.1a). A topograph of a sample is recorded by scanning with the tip a predefined
grid on the sample in a line-by-line way and simultaneously probing the tunneling current.
There are two imaging modes that are briefly described below.

3.1. Constant-height and constant-current topographs

In constant-height mode a current map is recorded, while the z position of the tip is kept
constant, i. e. the feedback of the z-piezo is off (Fig. 3.1a). In this mode the roughness of
the sample must be known to avoid crashing the tip into the sample. There are two main
factors that lead to high currents, (i) a short tip-sample distance and (ii) a higher amount
of electronic states that are involved in the transport of electrons through the junction.

VII This chapter gives a rudimentary description of STM imaging and differential-conductance spec-
troscopy and may help to understand this work. A more comprehensive description of the topic
can be found in text books.!'!>112

13
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4
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Figure 3.1.: (a) Sketch of the working principle of a scanning tunneling microscope (STM). The
tip is scanned in the z-y plane above the surface, while a sample voltage V' is applied between the
tip and the surface. There are two scanning modes. In constant-height mode the z position of the
tip is kept constant (feedback off) and the current I between the tip and the sample is recorded.
In constant-current mode the feedback is on and regulates the z-piezo to keep the current I
constant. (b) Sketch of an apparent height profile (dashed line) recorded in the constant-current
mode. A positive sample voltage is applied, i.e. electrons are injected into the sample (red
arrow). The atoms of the tip and surface are indicated as yellow circles. The apparent height
profile (dashed line) corresponds to the Az displacements of the tip to keep the current constant.
The small corrugation above the bare substrate indicates atomic resolution of the substrate. An
adsorbate atom (blue circle) is imaged as a high protrusion in the profile.

Constant-height topographs are highly valuable to investigate parts of the sample that
fulfill these conditions.

In constant-current mode a feedback controller regulates the z-piezo to keep the
current I constant at a value predefined by the experimentalist (Fig. 3.1a). While the
sample is scanned in the x-y plane above the surface, the Az displacements of the tip are
recorded (Fig. 3.1b). The resulting constant-current topograph Az(x,y) shows apparent
heights and apparent lateral sizes of surface structures and usually resolve single adatoms
and submolecular details of adsorbed molecules (Fig. 3.1b). Typical tunneling currents
are in the pico-ampere to micro-ampere range. Almost all STM topographs presented in
this work were acquired in this mode.

3.1.1. Apparent height and apparent lateral size

The apparent heights Az(x,y) and lateral sizes of patterns in an STM topograph can
deviate from the related sample geometry because they are measured via tunneling cur-
rents. In fact, they map the current-carrying part of the electronic structure of the surface
and the tip. Thus, they are controlled by the surface geometry and/or electronic effects.
Therefore, the interpretation of STM images can be challenging.

The apparent height and lateral size are related to the overlap of the sample’s elec-
tronic states with those of the tip. As a consequence, an STM pattern usually appears

14



3.1 Constant-height and constant-current topographs

laterally larger than the related geometric structure. Because of the exponential relation
between the tip-sample distance and tunneling current, electrons mainly flow through the
apex atom of the tip (cf. Fig. 3.1b).111112 Motivated by this fact and using the Bardeen
approach to tunneling, Tersoff and Hamann'!'3:'* developed a model providing a descrip-
tion of STM topographs for low sample voltages. A rudimentary description of the model
is given below.

3.1.1.1. Bardeen approach and Tersoff-Hamann model

Depending on the applied sample voltage V', and the temperature 7', the Bardeen ap-
proach!™® estimates for the tunneling current!!!,116

I o ]O [fro(E-eV.T) - frp(E,T)] D(E-eV) Dy(E) |M(E_6V7E)|2 dE, (3.1)

— 00

where frp is the Fermi-Dirac distributionV, e is the elementary charge, D; and D,
are the densities of states (DOS) of tip and sample, respectively. M in Equation 3.1 is
the Bardeen tunneling matrix element,'' 115 which describes the overlap of the tip wave
functions with the sample wave functions. The dependence of the tunnel current on the
tip-sample distance is inherent in M. As seen from Equation 3.1, the tunneling current
additionally depends on the tip and surface DOS.

In the Tersoff-Hamann model the electronic structure of the STM tip is locally ap-
proximated by a spherical s-like orbital wave function centered at the tip apex at po-
sition 7;. Using this approximation, the Bardeen tunneling matrix element M can be
evaluated and equation 3.1 simplifies to

(o]

TS / [fFD(E—€V>T) _fFD(E’T)] Dt(E_€V>T) ps(Ft7E) dEv (32)

— 00

where

ps(fta E) = Z |¢s,u(ft)|2 5(ES,V - E)> (33)

denotes the local density of states (LDOS) of the sample at the position r;.1X Thus, the
model predicts that the tunneling current essentially probes the LDOS py of the sample
at the position 7; of the tip apex. At sample voltages V' and temperatures T close to zero
Equation 3.2 approximately reads

I o< pg(71,0) 'V, (3.4)

where pg(7%, 0) corresponds to the sample LDOS at the Fermi energy (Er) at location 7;.%
Thus, the Tersoff-Hamann approximation gives a simple picture of the apparent heights in

VIIL The factor [frp(E -eV,T) - frp(E,T)] takes the temperature broading into account. If kpT is
much smaller than the energy resolution required in the measurement, then frp can be approximated
by a step function, i. e. I(V,T) o [ Di(E-eV) Dy(E) |MJ? dE.

X The sum in Equation 3.3 extends over all electronic state of the sample system. s, is the wave
function and E; , the energy of the sample state v.
X (i) Zero sample voltage corresponds to the Fermi energy of the tip-sample system. (ii) The above-
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3 Scanning Tunneling Microscopy and Setup

a constant-current topograph. The tip follows a contour of constant sample LDOS taken
at the position 7 of the tip apex.

It is worth mentioning that the Tersoff-Hamann model can be extended to apex atoms
whose electronic structure considerably deviates from s-like shape via a generalization to
arbitrary orbital symmetries.!17,118

The Tersoff-Hamann approximation can give qualitatively correct apparent height
differences and is therefore useful for the interpretation of topographs.''® For instance,
patterns of adsorbate structures induced by oxygen adsorption on Ti(0001) facets on
Si(111) were observed to change from protrusions to depressions depending on the applied
sample voltage.'?® This bias dependence can be interpreted in terms of local increase
(imaged as protrusion) or decrease (recorded as depression) of the integrated LDOS of
the sample (cf. Eq. 3.2).

In this thesis, more than 50 % lower apparent heights than those naively expected
from geometric heights were recorded for trioxatriangulenium (TOTA) derivatives on
Au(111). For instance, propynyl-TOTA molecules on Au(111) exhibit at tunneling current
of 30pA and a sample voltage of 100mV a maximum apparent height of only ~ 3.2 A
(Figs. 3.2a and b), although the molecular structure and expected adsorption height gives
a geometric height of ~ 8.6 A (Fig. 3.2d).
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Figure 3.2.: (a) Molecular structure of propynyl-trioxatriangulenium (P-TOTA) (b) Constant-
current topograph of P-TOTA (100mV, 30 pA). The bare Au surface appears dark (Az = 0A).
The TOTA platform is recorded as a low triangular protrusion (Az 1.6 A), while the propynyl
moiety is imaged as a central, circular protrusion (Az ~ 3.2 A). The lateral distance d(O, H)
of the outer O and H atoms along the molecule’s symmetry plane (projected on a plane per-
pendicular to the propynyl wire) is 9.2 A [see scale in (a)]. In (b), a scale of 9.2 A is inserted.
As expected and discussed in the text, it is smaller than the apparent size. (c) Experimental
apparent height profile along the magenta line indicated in (b) and the corresponding theoretical
profile scaled by an arbitrary factor of 0.5. The theoretical profile was calculated with the help
of the Tersoff-Hamann approximation and density functional theory (Details in Chap. 5). Tt
reveals that the shallow minimum at the molecular center is due to the topmost H atoms of the
propynyl moiety [see (d)]. (d) Side view of the adsorption geometry of P-TOTA on Au(111) cal-
culated with density functional theory (Details in Chap. 5). Yellow, black, red, and blue spheres
correspond to Au, C, O, and H atoms, respectively.

Using the Tersoff-Hamann approximation and density functional theory (DFT) cal-
culations the molecule’s STM pattern can be qualitatively reproduced (cf. Fig. 3.2¢). This

mentioned exponential relation between the tip-sample distance and tunneling current is obtained
from the exponential decay of the sample LDOS p, into the tunneling gap.'!: 112
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3.3 Differential conductance spectroscopy

qualitative agreement suggests that the apparent height of the molecule is, as expected, re-
lated to the LDOS change of the sample induced by the molecule. The adsorbed molecule
drastically increases the vacuum LDOS of the sample, which results in a ~ 3.2 A higher
apparent height at the molecule’s center.®! Nonetheless, this apparent height is lower
than naively expected from the reduction of the tip-sample gap caused by the molecule
(Fig. 3.2d). Thus, the maximum apparent heights of TOTA derivatives are dominated by
electronic effects.

Owing to approximations the accuracy of the Tersoff-Hamann model is limited. For
instance, it cannot explain experimental observations that are due to inelastic tunneling
or a significantly varying tip LDOS.

3.2. Differential conductance spectroscopy

In addition to topographs an STM allows to spectroscopically study a sample at the
atomic scale.!':112 For constant-height differential conductance or scanning tunneling
spectroscopy (STS) a voltage ramp is applied to the tip-sample junction, while the tip
position is kept constant and the current is measured for each voltage. The dI/dV signal is
obtained by lock-in technique to improve the signal-to-noise ratio. For elastically tunneling
electrons the dI/dV (V') data is related to the sample and tip LDOS (cf. Eq. 3.1).111:112,121
In this thesis, dI/dV spectra are used to identify electronic states of adsorbed molecules.

In addition to elastic processes, the dI/dV signal is sensitive to inelastic processes,
i. e. it can detect excitations such as spin excitations*® or vibrational excitations.8! 82

The features in the dI/dV (V') data are broadened due to temperature and the lock-in
modulation amplitude.'??123 This broadening can be neglected for dI/dV features that
are neither narrow nor small (as those presented in this work).

The constant-height dI/dV signal at fixed voltage can be mapped over a surface
while scanning. In other words, a dI/dV map can be recorded. The map provides atomic
scale information on the spatial distribution of dI/dV features (at constant height) and
a specific energy (given by the sample voltage) (cf. Fig. 6.6b, Sec. 6.7.1).47: 124,125

It is worth mentioning, that the spatial mapping of a dI/dV signal was recently
expanded to iso-dI/dV maps.5! This imaging technique consists in scanning the tip across
the surface while keeping the dI/dV signal constant (instead of the current) and recording
changes of the tip-sample distance. It enables direct visualization of density of states
(DOS) isosurfaces, independently of the corrugation of the sample. Thus, this technique
may be especially useful for the investigation of non-planar, three-dimensional molecules
on substrates.

XL At fixed tip position centered above the molecule the tunneling current would reduce by a factor
of ~ 1029 ~ 900 when the molecule would be removed and electrons directly tunnel into the bare
substrate.
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3 Scanning Tunneling Microscopy and Setup

3.3. Action spectroscopy

Tunneling electrons from the tip of an STM can be used as an atomic-scale source for
electronic!?® and vibrational'?™129 excitations and to manipulate individual atoms and
molecules on substrates in a controlled manner. In this work molecules were controllably
switched by electron injection at suitable parameters and positions (Chaps. 7 and 11).
A detailed analysis of switching with respect of tunneling current, sample voltage, and

injection point can reveal a microscopic insight into the underlying switching process
(Chap. 7).

For a given single-adsorbate reaction and a fixed tip position, the reaction rate R(I),
i. e. the number of reaction events per time, as function of tunneling current [ can be
measured. These measurements reveal the reaction order, i. e. how many electrons are
required to induce a single reaction event.!27,130,131, XII

As tunneling electrons at a sample voltage V' exhibit an energy equal to or lower than
eV, a single electron can only excite processes that require energies < e V. The reaction
yield Y = R/(I]e) |e: elementary charge|, i. e. number of reaction events per tunneling
electron, characterizes the probability per tunneling electron to induce a reaction. The
yield Y(V') (for constant tunneling current) measured as function of the sample voltage
V is called action spectroscopy.* It may reveal energy thresholds for inducing a given
reaction. These thresholds may allow to identify vibrational and/or electronic states
responsible for inducing the reaction of interest. Further details regarding the expected
action spectrum of vibrational induced reactions!3% 13! are given in Chapter 7.

3.4. Conductance curves

3.4.1. Measurement

To measure the electric conductance of a single molecule or atom two contacts are required.
In an STM a metal sample and the tip serve this purpose. To establish a contact between
the tip and the adsorbate the following steps are carried out: (i) the tip is positioned above
the adsorbate, (ii) the tip-sample distance is fixed by opening the feedback loop of the
microscope at a given current and sample voltage, and (iii) the tip is approached towards
the surface at a given speed at constant sample voltage V' and the current is simultaneously
acquired. Using current vs. tip displacement data [I(Az)| the conductance curve of the
tip-adsorbate-surface junction is obtained via G(Az) = I(Az)/V . XV

XTI R oc IV with N € N | the reaction order is N.

XU The term action spectroscopy originates'®? from a technique in the fields of unimolecular reactions,’
electrochemistry and biology. In these fields the reaction rate is measured as a function of the wave-
length of irradiated light for identifying the specific orbital or molecule that is active in the reaction
induced by photons.

(i) Conductance should not be confused with conductivity, a material constant. (ii) In fact, the
conductance in this thesis was obtained via G(Az) = I(Az)/(V -I(Az) Rstwm ), where V is the applied
sample voltage and the term I(Az) Rgrm is a correction term. It reflects the voltage drop over the
resistance Rgry given by the cables and transimpedance amplifier in the tunneling current circuit of
the STM. This part of the voltage is not applied to the tunneling junction. The correction may be
relevant for high currents and low voltages. For the instrument used in this thesis (Sec. 3.5.1), applied

33
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3.4 Conductance curves

3.4.2. Contact regimes

Depending on the tip-adsorbate separation conductance curves may be characterized by
two or three regimes of contact,% namely (I) tunneling contact, (II) mechanical contact,
and possibly (I1I) contact with chemical bond between tip and adsorbate (Fig. 3.31-11I).

In the tunneling contact regime (I), the tip-sample separation is large and the con-
ductance increases exponentially with decreasing separation, as discussed in the Sections
before. Moreover, the geometries of the tip and the adsorbate-substrate system are hardly
affected by their spatial proximity (Fig. 3.3I).

To characterize the exponential relation in the tunneling regime (I) the apparent
barrier height ® is defined via''l

Gz + Az) = G(2) exp [ (B a)” Az] | (35)

where z is the initial tip position and Az the tip excursion with a negative (positive) value
for movements towards (away from) the sample (h: reduced Planck constant, m.: electron
mass). ® generally depends on the sample voltage.!3* At small sample voltages  is related
to the average work function of the tip and the adsorbate-substrate system,!!,13%:136 jf
no other effects!37:13% are dominant. Accordingly, ® is usually in the range of several
electronvolts. For bare Au(111) and a Au tip ¢ is, e. g., ¥ 4€eV at ~ 100 meV 64139141

P-TOTA (I) Tunneling (II) Mechanical (III) Bond
Contact Contact Formation
\Cr YA \7\7 Y7

............ 7| [ F

1.8A A
J180° D 168°

Figure 3.3.: (a) Molecular structure of propynyl-trioxatriangulenium (P-TOTA). (I-1II) Side
views of a junction in the (I) tunneling, (IT) mechanical, and (IIT) bond-formation regime of
contact. The junction is comprised of a Au tip, P-TOTA molecule [cf. (a)], and Au(111). The
geometries were calculated with density functional theory (Chap. 5). The related experimental
G(z) curve is shown in Figure 3.4 and discussed in detail in Chapter 5). Yellow, black, red, and
blue spheres correspond to Au, C, O, and H atoms, respectively. From (I) to (II) the tip is 0.8 A
moved towards Au(111) and from (II) to (III) 2 A. [The tip is elongated by 0.2 A in (III).]

In the mechanical contact regime (IT) the tip and the adsorbate-surface system are
close enough to mechanically couple, i. e. noticeable forces act between the tip and the
adsorbate-surface system (Fig. 3.31I). Long-range interaction via van der Waals and elec-
trostatic forces and/or short range forces such as Pauli repulsion cause considerable geo-
metric modifications of the tip and/or adsorbate-substrate system. For instance, in the

sample voltage of 100mV, and presented conductances the correction is negligible (relative error below

2%).
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3 Scanning Tunneling Microscopy and Setup

junction with P-TOTA (Figs. 3.31I) the propynyl moiety bends to the side because of
repulsion between the tip apex atom and the topmost methyl group (Chap. 5).

At mechanical contact the tip displacement Az may no longer corresponds to the
actual modifications of the distance of the tip and the adsorbate-substrate system, as
relaxations take place. As a consequence, deviations of the exponential relation between
G and Az may occur. Vice versa, a deviation from the exponential behavior (Eq. 3.5) at
smaller Az, i. e. further movement of the tip towards the sample, indicates mechanical
contact or other effects.

Depending on the reactivity of the tip and adsorbate, a chemical bond may be formed
at small tip-sample distances (cf. Fig. 3.3I1I). Bond formation usually leads to considerable
relaxations of the tip and the adsorbate-surface system. Moreover, it drastically affects the
electronic structure of the junction. The bond induced change of the electronic structure
may support or hinder electron transmission through the junction, ¢. e. increase or decrease
G XV As a chemical bond is usually very sensitive to the distance of the reactants, bond
formation usually depends on a rather small tip movement. Thus, abrupt (and drastic)
changes of G are expected, when a chemical bond is formed (Chaps. 5 and 6).%4

Mechanical contacts can also induce drastic and abrupt changes of the junction ge-
ometry and thus the conductance. This case is demonstrated in detail in this thesis
(Chap. 6) Hence, mechanical contacts can be misinterpreted as contacts with bond for-
mation, if solely the conductance data is considered. This misinterpretation may be
especially relevant when little is known about the contact geometries as in break junction
experiments (see description of the break junction method in Sec. 3.4.4).

3.4.3. Tip preparation, scatter and absolute tip position

In an STM the structure of the surface electrode and an adsorbate can be imaged with
atomic precision prior to and after taking a conductance curve. Moreover, the adsorbate
can be contacted at a specific lateral position. This control over the junction geometry
drastically reduces scatter of conductance data.®3:64¢ However, the exact geometry and
therefore also the exact electronic structure of the tip is usually unknown.*V! In this thesis,
prior to conductance measurements effort and time was expended to prepare atomically
sharp metal tips with specific properties. Au tips were sharpened by softly and repeatedly
contacting a Au(111) substrate (Sec. 3.5.2.1) until a tip-substrate bond was formed and
the following four properties were given:

(i) After formation of a bond the conductance G is approximately equal to Go = 2e2?/h
(Go: quantum of conductance, e: elementary charge, h: Planck constant)

(ii) During each contact only a single Au atom, at most, is deposited on Au(111).

(iii) Bond formation occurs at a characteristic tip position (Az~ -5.4+0.3 A, Az=0A
correspond to tunneling at 100 mV and 30 pA).

(iv) Single Au adatoms are imaged as circular protrusion with a diameter less than
700 pm.

XV T am not aware of a reported bond formation that reduces G. Nonetheless, it may be possible.
XVL A notable exception are Cgo functionalized tips.'*?714% For these tips the exact orientation of the apex
Cgo molecule can be experimentally determined via imaging of single adatoms.
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Properties (i-ii) indicate that the tip apex is comprised of a single Au atom (See Chap. 4,
Sec. 4.3.2). As a result, the contacted molecules are essentially probed by an s-orbital
(cf. Sec. 3.1.1). Properties (ii) and (iv) suggest a symmetric tip apex. (iii) indicates a
similar elasticity of the tips, as the bond formation involves an elastic elongation of the
Au tip (Chap. 6).

For a given molecule and tip, the G(z) data hardly scattered, as shown by the
resulting line widths of the data after multiple measurements (cf. Fig. 3.4 and Chap. 6).
For different molecules and different tips, the G values at contact with chemical bond
between the tip and molecule scattered by <2 x 10¥ Gy around the average value, where
X is the order of magnitude of the average value in units of Go.*V! G curves presented
in this thesis are examples that are representative, i. e. close to average curves.

The position, at which a tip-substrate bond is formed, allows to define an absolute
scale z for the tip position (Chap. 6). Such an absolute scale was also established for Cgg
functionalized tips on Cu(111).143:145 Neglecting possible relaxations an absolute scale
allows to estimate the tip-adsorbate separations.

3.4.4. Conductance curve vs. histogram

In STM measurements a conductance curve for a molecule, i. e. G as function of the elec-
trode separation z, is measured. In break junction measurements,'%! a molecular bridge
between two contacts may be obtained by exposing a metallic junction to molecules that
contain two reactive anchor groups and pulling the junction apart. With a certain proba-
bility, the desired geometry may occur in repeated experiments. This technique has been
successfully used for several molecules but usually leads to scatter of the data because
there is little control of the geometries of the investigated junctions.'*® Owing to the
procedure, a huge amount of G data is easily obtained.?® However, only a fraction of the
data may correspond to the desired junction geometry (a single molecule bonded via its
reactive anchor groups to two metal electrodes). To extract this fraction, histograms that
show the counts of G values vs. the G value were often used.?? The desired junction ge-
ometry and thus its conductance may correspond to the most frequent value. (Thus, only
single GG values based on histograms without electrode separation data rather than con-
ductance curves were reported.’?) In the following, data from an STM junction is used to
demonstrate interpretational problems that may arise from the use of such histograms.

Figure 3.4 shows a G(z) curve and the corresponding histogram. The curve is dis-
cussed and explained in detail in Chapter 5. G values are displayed in a logarithmic
scale. Accordingly, an exponential variation of G with respect to the electrode separation
z corresponds to a straight line in Figure 3.4a. The variation of G as a function of the
electrode separation z (Fig. 3.4a) is rather complex with local minimum and maximum
at z = 6.6 and 5.8 A and an abrupt increase at z = 4.7 A. The conversion of the G curve
into a histogram (Fig. 3.4b) leads to peaks at G values that corresponds to small or zero
slope of G(z) (Fig. 3.4a). The two peaks at 8.5 x 1075 and 1.6 x 107 G, correspond to
the local extrema in the mechanical contact regime (Chap. 5). They are not due to bond
formation. The third peak at 3.3 x 1073 Gy is indeed related to bond formation between

XVIL For example, the G values of the bare TOTA platform directly after bond formation scatter in the
range of 3,5+ 1 x 107" G¢ (Chap. 6).
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Figure 3.4.: (a) Experimental conductance curve G(z) of propynyl-TOTA. The conductance curve
consists of 40 forward and 40 backward traces. Thus, the reproducibility of the experimental
result is indicated by the resulting line thickness. The curve is discussed and explained in detail
in Chapter 5. Zero tip position is defined as contact of the Au tip to a fcc area of the Au(111)
substrate (Sec. 3.5.2.1). Different contact regimes are indicated. (b) Histogram of the G(z) data
shown in (a).

the studied molecule and the electrode (tip). Thus, bond formation may lead to a peak
in a histogram because of weak varying G(z).XV!"I However, peaks in histograms are
generally not related to the most frequent junction geometry but to zero or small slope
of G(z). Consequently, the interpretation of histograms is challenging. To circumvent
this challenge, plots can be used that show the frequency of G as function of two param-
eters, namely the conductance value G and the electrode separation 2.53:17 These data
are equivalent to STM conductance curves, when the scatter of the data is sufficiently
small.

In fact, many examples show that G crucially depends on the electrode separation
and details of the contact geometries (Chaps. 5 and 6). Hence, G is a property of the whole
junction comprised of electrodes and molecule and not an intrinsic property of the molecule
(cf. Chap. 4, Sec. 4.3.2, Chaps. 5 and 6). Nonetheless, the extraction of conductance values
that relate to specific situations such as bond formation may be possible.

3.5. Setup

3.5.1. Apparatus

The instrument used in most measurements presented in this thesis is a custom-built
cryogenic ultra-high vacuum (UHV) STM described in detail in Reference 148. In this
work, it was operated at 4.5 K and at a base pressure of 107? Pa. It is comprised of a
load-lock, preparation, and an STM chamber. In the preparation chamber (base pressure
1072 Pa) samples and STM tips are cleaned and molecules are deposited at ambient

XVIL The assumption of a weak varying G(z) may be an alternative justification of using a histogram to
identify the conductance related to bond formation.
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temperature. Prepared samples or tips are inserted into the STM without breaking the
UHV.

Weismann, Schoneberg, Burtzlaff, and I worked as a team to improve the apparatus
by changing many important details that, e. g., increased the signal-to-noise ratio by a
factor of » 5 XX enhanced the thermal coupling of samples, and made the operation of
the apparatus easier. In addition, the cabling of the instrument was replaced to allow for
shot noise measurements.4?

3.5.2. Substrates
3.5.2.1. Au(111) and Ag(111)

Atomically flat Au(111) and Ag(111) single crystals were used in this thesis as substrates
for molecules because of their a priori expected low reactivity and quick and easy prepa-
ration. Gold and silver exhibit a face-centered cubic (fcc) structure with a lattice constant
of 4.08 A.

Ag(111) neither exhibits a surface reconstruction nor a significant surface relax-
ation.’® Consequently, Ag(111) terraces are imaged as flat background in STM images.
However, scattering of electrons may lead to standing wave patterns, ¢. e. corrugations.

Au(111) terraces appear in a parallel zig-zag pattern with a periodicity of 6.3nm
(Fig. 3.5) The pattern are comprised of areas with surface atoms in fcc and hep packing
that are separated with ridges that are resolved in STM images. An uniaxial compression
of the topmost atomic layer along one of the three (110) directions leads to this (22 x \/3)
superstructure, called herringbone reconstruction.'-193 Long-range elastic interactions
have been reported to cause it.15% 153
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Figure 3.5.: Constant-current topograph of Au(111) (100 mV, 40 pA). While hcp and fec domains
appear low, the domain walls are imaged as protrusions. Dark circular spots corresponds to
defects.

XIX Apparent height fluctuations at constant current were reduced by this value.
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3.5.2.2. CuyN/Cu(100)

Various ultrathin insulating films are used to reduce the electronic coupling of adsorbates
to the electron bath of a metal.46:47:49,:50 For instance, adsorbates on insulating films may
experience reduced hybridization, allowing direct imaging of molecular orbitals similar to
those of the gas-phase molecule?”-59 and spin-flip spectroscopy of single atoms.*6:49:74 In
this thesis nitrogen islands on Cu(100), known as Cu,N/Cu(100), were used to decouple
a spin-crossover molecule (Chap. 11).

The structure of Cu,N/Cu(100) was debated in the literature and finally identified
by Choi et al. with the help of careful calibrated STM images.!5*155 The nitrogen atoms
are approximately located at hollow sites of Cu(100) in a ¢(2 x 2) lattice (Fig. 3.6a).
However, the Cu,N lattice is incommensurate to Cu(100). The reported lattice param-
eter of ay = 3.72+0.01 A is ~ 3% larger than the value for a commensurate structure
(2 x acy = 3.61 A).1% This incommensurability is reflected in the growth of the nitrogen
islands. Island of a square shape with a size of approximately 500 Ax500 A do not con-
tinue to grow.'®® This limit may be caused by a too large mismatch between the nitrogen
lattice and Cu(100), as this mismatch may render further addition of nitrogen atoms
unfavorable.

In contrast to bare Cu(100), Cu,N/Cu(100) exhibits a band gap of ~ 4eV centered
at the Fermi energy (Er).'? Accordingly (cf. Sec. 3.1.1), Cu,N islands show a lower
apparent height than the bare Cu(100), although the nitrogen atoms are above the Cu
atoms (Fig. 3.6b). Moreover, there is a sample-voltage dependent contrast inversion.!?
While at positive (negative) sample voltages the nitrogen atoms are imaged as depres-
sions (protrusions), close to Er all hollow sites appear as protrusion (Fig. 3.6b). The
atomic resolution of the nitrogen atoms can be exploited to identify adsorption sites of
an adsorbate on Cu,N (See, e. g., Chap. 11, Sec. 11.6.2).

Unfortunately, molecules deposited at ambient temperature usually bind to the more

a0
OeQede

© O
Oe®e
aCu‘ an
OeQe

Figure 3.6.: (a) Sketch of a ¢(2 x 2) adlayer of nitrogen atoms (large blue circles) on the surface
atoms of Cu(001) (small yellow circles). (b) Constant-current topograph of Cu,N/Cu(100) with
molecular adsorbates or fragments on bare Cu(100) areas (70 pA, 40mV). At 40mV the bare
Cu(100) appears 1.4 A higher (yellow) than the approximately rectangular nitrogen islands (blue).
The molecular adsorbates or fragments are imaged as protrusions on Cu(100) (white). Although
the hollow sites are either empty or occupied with a nitrogen atom within the islands [see (a)],
they are both imaged as protrusions at low sample voltage, while the Cu atoms appear dark.
Bright spots on Cu,N (an example is black encircled) corresponds to defects.!5*
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reactive Cu(100) areas rather than to Cu,N islands (cf. Fig. 3.6b). In this work this
problem was solved by (i) increasing the size of the Cu,N islands until only thin Cu
trenches between islands were present and (ii) adjusting the molecular coverage until
almost all Cu trenches were saturated by molecules and few molecules began to adsorb
onto Cu,N islands. Such a sample is almost void of bare Cu. As a consequence, tip
preparation by contacting the sample is challenging.

To prepare atomically sharp Cu tips the following recipe was developed. Double tips
or tips covered with molecules or fragments of those were placed at the center of a bare
Cu,N island and the sample voltage was increased above 5V for a minute. After this
procedure a tip exhibited a single apex, was clean, and rather blunt as indicated by STM
images of individual atoms or molecules and contacts to bare Cu,N islands. Soft contacts
to small parts of Cu trenches free of molecules usually resulted in dropping Cu clusters
or single atoms from the tip and were therefore used to sharpen the tip.

3.5.3. Deposition of molecules
3.5.3.1. Sublimation

Molecules were sublimated onto substrates at ambient temperature from a heated Ta
crucible at pressures of 1078 Pa. To avoid decomposition of fragile molecules the heating
power of the crucibles was (close to the expected sublimation temperature) increased only
by 5-10 % per step. For 10 to 20 minutes two parameters, namely the frequency of a quartz
balance and the pressure, were monitored to decide whether molecules start to sublimate.
The pressure was measured by an ionization gauge (cold-cathode).** A constant decrease
of the frequency and/or a slow increase of the pressure per time interval indicated stable
molecular sublimation and allowed to calibrate the molecular deposition. This calibration
was done with the help of STM images of samples on which molecules were deposited for
an arbitrary time (usually <1 min).

For the deposition of the functionalized platform molecules studied in this thesis,
the calibration via the pressure signal proves successful (sublimation at ~ 70 °C for
< 107" Pa).*X!  The quartz balance did not show useful signals because it seemed to
be quickly saturated with the molecules. Indeed, sublimation of an amount of molecules
sufficient for many monolayers resulted in a sample that was only covered by a single
monolayer rather than several. Only occasionally a second-monolayer molecule was found.
These observations indicate that the studied platform molecules do not stably adsorb to
the first monolayer at ambient temperature and could explain the rapid saturation of the
quartz balance.

XX A pressure gauge that was close to a turbomolecular pump and could be reached by sublimated
molecules only after many reflections in the vacuum chamber did not show any signal at the onset of
the sublimation temperature. In fact, the crucible (¥ 6 mg of molecule powder) could be completely
emptied without signal.

XXIIn the particular setup a pressure increase of ~ 1072 Pa per several minutes was a good indication of (i)
their sublimation and (ii) a rather stable sublimation rate. A decrease of the pressure was interpreted
as degassing and the heating power was increased.
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3.5.3.2. Electrospray ionization

Electrospray ionization (ESI) is a common nondestructive technique to ionize (large)
molecules and introduce them into the gas phase from a liquid environment.’®” In the
present work the technique was used by Karan to deposit a charged spin-crossover com-
pound onto Au(111). A detailed description of the used instrument and ESI technique
can be found in References 158 and 159.

I sublimated the same molecule onto Au(111) (Chap. 10). Comparison with Karan’s
results suggests intact molecules on Au(111) in addition to fragments. To the best of my
knowledge there are up to now® no other reports of a successful deposition of a charged
spin-crossover complex via sublimation. Deposition of intact complexes may be related
to careful use of the initial sublimation temperature. The initial sublimation temperature
was determined by using sufficiently small temperature increases (see previous Section).
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Theory

4.1. Force field calculations

Force fields allow efficient calculations of large molecular systems with the help of molecu-
lar mechanics and molecular dynamics simulations.'®® They present an inductive method,
seeking a common analytical representation to a set of observable phenomena. In contrast
to quantum mechanical methods, electrons are not treated explicitly but together with the
nuclei as effective atoms.'%! Single molecules are treated as mechanically connected sys-
tems of atoms. A given force field method contains a number of different potential energy
functions describing different types of strain possible in a molecule such as bond stretch-
ing, angle bending, and torsional bending. The mathematical form of these functions is
usually rather simple and based on effective elastic (harmonic) forces.!®® Additionally,
long-range van der Waals and electrostatic interactions as well as hydrogen bonds are
usually taken into account and allow intermolecular interactions to be modeled in addi-
tion to intramolecular interactions. XX1L161,162 Vig comparison with experimental and/or
theoretical data the energy expressions and their parameters are chosen such that specific
systems are well described at typical bond distances.'6 A variety of force fields has been
developed and is available.

A main advantage of force field methods is their efficiency. Systems containing tens
of thousands or even millions of atoms may be modeled with force fields.'%4 However, the
application of force fields is normally limited to the observables, for which they were devel-
oped. Moreover, their accuracy depends on the quality of their parametrization. XX In
particular, force field calculations cannot provide any information about the explicit elec-
tronic structure.'® Moreover properties depending explicitly on the electronic structure
are difficult or impossible to represent with force fields.160

In this thesis, force field calculations were performed with Avogadro, an open-source

XXIL To model these interactions partial charges are usually assigned to the effective atoms as a function
of their bond geometry.

XXUL For, e. g., the relevant platform molecules, calculations of the adsorption energy on a Au(111) slab give
almost no binding (~ 20 meV) with the force field UFF,'%® while density functional theory calculations,
i. e. an explicit inclusion of the quantum mechanic electron charge density, predict strong binding
(= 2eV). This result indicates that UFF is, as expected from its design,'%® not suited to calculate
adsorption energies of physisorbed extended 7 systems.
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molecular builder and visualization tool (Version 1.2.0).156 The Generalized Amber Force
Field (GAFF)'67 was used to calculate interaction geometries and energies of platform
molecules (Chap. 8). GAFF is suitable because it was designed for simulations of or-
ganic molecules that are composed of H, C, N, O, S, P and halogens. The robustness of
the results with respect to the chosen force field was checked via calculations with two
other (suitable) force fields, namely UFF165> and MMFF94.168 As desired, no significant
differences occurred.

4.2. Density functional theory

Density functional theory (DFT) was developed to compute the ground state structure
and energy of quantum mechanical many-body systems such as solids and molecules.'69-172
It uses the Born-Oppenheimer approximation,'™ 1. e. the assumption that electrons are
at all times in adiabatic equilibrium and in the ground state regarding to the current
positions of atomic nuclei.®™*V The potential surface set by the electrons of the system is
used to iteratively relax the position of the nuclei towards a local energy minimum. For
this relaxation, e. ¢g., a damped Newton algorithm can be used.

For the electrons, the nuclei are considered stationary, creating a static external po-
tential. The solution of the related Schrodinger equation are many-electron wave functions
and energies. However, only the ground state energy of the electrons is important for the
relaxation of the nuclei. Hohenberg and Kohn showed that the ground state energy of an
arbitrary nuclei’s potential can be derived by minimizing an energy functional E[n(7)]
regarding many-electron densities n(7) (7: position in space). Actually, the density ng(7),
which minimize E[n(7)], is a ground-state density and allows to calculate further ground
state properties. Thus, the quintessence of DFT is using a density functional and densities
rather than solving the Schrédinger equation to obtain the electronic ground state energy
and density.

Although its existence has been proven, the concrete form of the functional is up to
now unknown. Moreover, good approximations of the functional directly using electron
densities are hard to find and unfortunately not available so far. Kohn and Sham!'"™
circumvented this problem by introducing a fictitious system of non-interacting electrons,
whose single-electron wavefunctions, the so-called Kohn-Sham orbitals, generate the same
density as the many-electron system of interest. With the help of these auziliary orbitals
the minimization problem of the energy functional E[n(7)] can be reformulated. There
is still a term, the so-called exchange-correlation functional, that is unknown. However,
useful approximations for it can be constructed and are available.

Although introduced as auziliary functions, the Kohn-Sham orbitals are used to
describe the electronic structure of many-electron systems such as solids, surfaces and
molecules. This use is motivated by many successful descriptions that lead to a detailed
understanding of various systems (e. g., Chaps. 5 and 6). However, the justification of

XXIV This approximation is justified due to the large difference between the electron mass and the masses
of atomic nuclei, and correspondingly the huge differences of the time scales of electron and nuclei
motions.
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this use of Kohn-Sham orbitals is subject of ongoing research!™ 177 and to the best of my
knowledge still unclear.

The result of a DFT calculation crucially depends on the initial geometry used as
starting point because the initial structure is usually relaxed to a close local minimum,
which is not necessarily the global one.'”? Therefore, STM images that verify the cal-
culated adsorption geometry of the molecules of interest are valuable to find a (global)
ground state. As discussed in Section 3.4.3, contacts of the STM tip to the bare surface
were used to define an absolute z scale for the tip height above the substrate. I used this
scale along with STM images to suggest that the propynyl moiety of a propynyl-TOTA
molecule bends to the side when contacted, as otherwise tip and wire would come too
close (Chap. 5). This hint was helpful for the calculations performed by Garcia-Lekue
and Frederiksen. Analogous data led to my suggestion that methyl-TOTA reversibly
changes its adsorption place during contact, which could be also supported by calcula-
tions (Chap. 6).

As aforementioned, only approximated Kohn-Sham functionals are available. Conse-
quently, the calculated ground state energies and structures may drastically deviate from
the exact solution. For example, long-range electron correlations such as van der Waals
(vdW) dispersion interactions are difficult to integrate into the functional.!™ However,
vdW interactions are crucial for the adsorption of the studied platform molecules (see,
e.g., Chap. 9). In the calculations of the platform molecules, dispersion interactions
were taken into account by using two different methods. While the theoreticians Potal-
sky and Tkatchenko used the PBE-vdWswf method! ™18 (Chap. 9), the theoreticians
Garcia-Lekue and Frederiksen calculated with the optB88-vdW functional'®? (Chaps 5
and 6). The calculated minimum-energy adsorption geometry and energy are similar. For
instance, the calculated adsorption energies of methyl-TOTA with the two functionals
differ by only ~ 15 %.

DFT gas-phase structures and Kohn-Sham orbitals of an Felll spin-crossover com-
plex were calculated by the author along with Gruber using the program GAUSSTAN
(Chap. 11). The calculated structures were utilized to assign STM patterns to spe-
cific states of the complex. Electronic structures of iron complexes such as that of Fell-
phthalocyanine!83:184 are difficult to map with Kohn-Sham orbitals, as they may depend
on the used functional. To avoid misinterpretations caused by such an effect, the robust-
ness of the results with respect to changes of the functional and basis set**V was verified
for the Fe!l spin-crossover complex (Sec. 11.5).

XXV Basis sets are used to expand DFT orbitals. As these are, due to practical reasons, limited, they span
only a part of the Hilbert space and may affect the result. Therefore, basis set errors are possible and
have to be avoided.
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4.3. Quantum ballistic transport and the scattering
picture

4.3.1. Ballistic transport

For macroscopic metallic conductors Ohm’s law is valid. The conductance G of a given
sample is directly proportional to its transverse area A and inversely proportional to its
length L, i.e. G =0 A/L, where o is the conductivity. Although the conductance remains
a key quantity, for atomic sized contacts concepts such as the Ohm’s law are not anymore
valid and a conductivity is not defined. If the dimensions of the contact are smaller than
the mean free path of electrons, they will pass ballistically through it, 7. e. the electron
momentum can be assumed to be constant and only limited by scattering at boundaries
of the atomic-sized conductor.!85,186

4.3.2. Scattering picture

The scattering picture, which was first introduced by Landauer,'®7:188 is a model com-
monly used to describe ballistic transport through nanostructures. As it was also used to
understand conductance curves presented in this thesis, important terms of the scattering
state picture such as quantum of conductance and transport channel are introduced below
in a heuristic manner following References 186 and 149.

An atomic-sized constriction such as a single atom or molecule can be seen as a
barrier or scattering region for electron transport. This scattering region is assumed to be
connected to two electrodes that act as ideal electron reservoirs in thermal equilibrium. In
contrast to the electrodes, the scattering region may be out of equilibrium. Furthermore,
it is assumed that inelastic processes may only take place in the reservoirs.

In an STM, the electrodes are the tip and the substrate. An exhaustive calculation
of the electronic transport through this system would require the solution of the time
dependent many-body Schrédinger equation of the nonequilibrium system and a thermo-
dynamic treatment of its coupling to the reservoirs. Unfortunately, this calculation is
challenging, if feasible at all. To simplify the calculation, many body states are replaced
by a set of single-electron states in a so-called single-electron picture. This simplification
neglects many body effects such as charge screening. Nevertheless, the single-electron
states are able to describe the behavior of discrete electrons and relate the conductance
with the transmission and reflection probabilities for electrons incident on the atomic-sized
constriction.

Henceforth, the two electrodes that contact the ballistic transport region will be
referred to as a left (L) and a right (R) one, without loss of generality.

4.3.2.1. Conductance of a perfect one-dimensional conductor

In the most simple case, the scattering region is comprised of a perfect one-dimensional
conductor with a single occupied electronic state. Moreover, the density of states of the
electrodes is assumed to be constant close to the average Fermi level of both electrodes.
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4.3 Quantum ballistic transport and the scattering picture

When a voltage difference V' is applied between the electrodes, a net current flows be-
cause for a given energy, states are occupied in the left electrode and empty in the right
one. The populations of the left and right electrodes are characterized by the Fermi-Dirac
distribution f; and fr. However, for the electron transport between the electrodes only
the spin-degenerate states k € {nZ|n e N} with energy ¢, = h2k?/(2m.) (h=h/(27): re-
duced Planck constant, m.: electron mass) of the one-dimensional conductor of length [
are available. The resulting net current then reads:!86

1=25% wlfulen) - frlen)
K
~ % g [fr(er) - fR(Ek)] dk for sufficiently large I
0
o Of fr(e) - Frler)] de (1.1)

where the factor 2 in the first line is due to the spin degeneracy and vy, = hk/m, is the
group velocity of an electron in state k. In the second line the quasi-continuity of the
states k (dN =1/(27)dk: number of states in the interval [k, k + dk]) is exploited, and
in the third line dk = de/(hvg) is used. At zero temperature, f;(¢) and fr(e) are step
functions, equal to 1 below Ep +eV/2 and Er — eV /2, respectively, and 0 above this
energy (Ep: average Fermi level of both electrodes). Thus, the integral in expression 4.1
is equal to eV at zero temperature and the current reads I = Gog V', where

2 2
Go = Te ~ TT.5 1S (4.2)

is the quantum of conductance. In other words, a perfect single mode conductor leads to
a finite resistance R = 1/Go ~ 12.9kQ) (at zero temperature). This result is drastically
different to a macroscopic connection between electrodes that exhibits zero resistance for
the perfectly conducting case. Owing to the ballistic electron transport the conductance
in Equation 4.2 does not depend on the concrete length [ of the conductor. A conductance
G ~ 1 Gy is indeed experimentally measured, e. g., for single Au atoms contacted with Au
electrodes or a Co atom on Cu(100) contacted with a Cu tip.64 189

As discussed below, a scattering region gives rise to the resistance by reducing the
electron transmission probability. However, this intuitive picture does not answer the
question where the energy related to the finite resistances of atomic-sized connections is
dissipated. An intuitive interpretation is that the finite resistance is caused by resistance
arising at the interfaces between the atomic-sized connection and the electrodes. 86,190,191
For a detailed discussion and interpretation of the finite resistance as well as the related
heat dissipation the reader is referred to the literature.18% 190,191

4.3.2.2. Transport channels and transmissions

In the general case of a atomic-sized scattering region, the incoming wavefunctions from
the left and right electrodes, WL ’N) and |z/JR IN) with energy ¢ are related to the outgoing

wavefunctions with energy ¢ in the electrodes, |¢L OUT) and ’@/}R OUT) via an energy
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dependent scattering matrix S:

L,oUT L,IN t-l- L,IN
Wk ) _g |7/’k > _ r W’k > | (4.3)

ey ) ey ) e e e

The scattering matrix is comprised of the transmission matrix t, the reflection matrix r,
and their conjugates tt and rf. XXVl For a net current caused by a population imbalance
between incoming and outgoing states, the matrix tt! turns out to be crucial.'8¢ ¢ tf
is Hermitian with eigenvalues 7; € [0,1]. Its eigenstates form independent means for
electrons to traverse the contact from one electrode to the other. Therefore they are called
transport (eigen)channels or eigenchannel scattering states. In contrast to a perfect one-
dimensional conductor, which can be seen as fully open transport channel (7 = 1), the
contribution of a transport channel 7 to the total conductance is reduced by the eigenvalue
7; € [0, 1]. Therefore, 7; is also referred to as channel transmission. Since the transmission
channels are independent, the conductances of the transport channels add up to the total
conductance of the atomic sized connection between the electrodes:

(e o

where Gg is the quantum of conductance. It is worth mentioning that in Equation 4.4
spin-degenerate channels are assumed, as otherwise Gy has to be divided by 2.

The number of eigenchannels relevant for the conductance (7; # 0) is usually limited
to few modes (S 5) by the scattering region.!86 Thus, the strength of the scattering
approach is to break up the electron transmission into few non-mixing channels and to
give an intuitive picture of electron transport (Chaps. 5 and 6).

Different quantities are used for analyzing conductance data of molecular junctions
in this thesis (Chaps. 5 and 6). Energy dependent transmission functions T'(E)192:193 are
obtained with the help of eigenchannels via

T(E) =Y m(E). (4.5)

They are linked to the conductance at Er (zero voltage) via G = T(0) Go. Moreover,
plotting isosurfaces of the eigenchannels may give a spatially resolved picture of the
orbitals involved in the transport and helps to identify bottlenecks of the electron trans-
mission. 194

To get a more detailed picture of the electron transport in the scattering picture, so-
called molecular projected self-consistent Hamiltonian (MPSH) states!93:195 can be calcu-
lated by diagonalizing only the part of the junction Hamiltonian that corresponds to the
molecule. XXVIl The electrodes only act as an external potential on the molecular states.

XXVI The matrices t, r, and their conjugates connect the states of the left and right electrodes. Analogously
defined scattering matrices are also used to characterize the reflection and transmission of quantum
particles at given potential barriers.

XXVII Technically, the junction Hamiltonian is projected onto the molecular states, i. e. onto a subspace of the
junction Hilbert space. The eigenvectors of the resulting Hamiltonian are calculated and transformed
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The MPSH states are suited to calculate transmission functions projected on a specific
molecular state. This procedure enables to identify the contribution of each molecular
orbital to the total conductance. In addition, a MPSH state that strongly (hardly) differs
from the corresponding gas-phase orbital of the molecule indicates a drastic (negligible)
impact of the electrodes on the electronic structure of the molecule.

4.3.2.3. Eigenchannels from nonequilibrium Green’s functions and DFT

The scattering picture does not give any clues on how to obtain the scattering matrix S
(Eq. 4.3) for a given system. For this task the nonequilibrium Green’s Function (NEGF)
method combined with DFT can be used.!??2719 NEGF calculations presented in this
thesis were performed by Garcia-Lekue and Frederiksen.

Geometries and Kohn-Sham electronic structures of tip-molecule-surface junctions
are calculated by DFT (Sec. 4.2). The NEGF formalism takes into account the nonequilib-
rium electronic structure of the junction, that develops when a net current flows.'92-194 In
the NEGF calculations the Kohn-Sham electronic structure rather than the exact ground-
state electronic structure enters as an input. Thus, possible problems of the Kohn-Sham
electronic structure also translate to the NEGF results.

4.3.2.4. Eigenchannels probed with shot noise

From the measurement of the conductance alone (Eq. 4.4), it is not possible to obtain
information about the number of channels involved and their transmissions 7;. However,
the shot noise of the current depends on 7; and may be used to probe such informa-
tion.149,186,196,197 Byrtzlaff ef al. directly measured shot noise from single-atom contacts
with an STM.™7 To the best of my knowledge, this was the first report of a direct shot
noise measurement with an STM. Motivated by results presented in this thesis (Chap. 6),
Mohr along with me et al. expanded the STM shot noise measurements to a single
molecule.'® For a bare TOTA platform on Au(111) the transport turned out to be dom-
inated by a fully open (7 ~ 1) spin-degenerate channel. This result was reproduced by
DFT-NEGF calculations.

via rotations to orthogonal states, the MPSH states. For further details the reader is referred to the
literature.!?3-195
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Conductance of a Freestanding Conjugated
Molecular Wire

This chapter is based on a manuscript published in Physical Review Letters. It is reprinted
with permission from

Torben Jasper-Toennies, Aran Garcia-Lekue, Thomas Frederiksen, Sandra Ulrich, Rainer
Herges, and Richard Berndt, Phys. Rev. Lett. 119, 066801 (2017), Editors’ Suggestion,
Copyright (2017) by the American Physical Society.

5.1. Abstract

A free-standing molecular wire is placed vertically on Au(111) using a platform molecule
and contacted by a scanning tunneling microscope. Despite the simplicity of the single-
molecule junction its conductance G reproducibly varies in a complex manner with the
electrode separation. Transport calculations show that G is controlled by a deformation
of the molecule, a symmetry mismatch between the tip and molecule orbitals, and the
breaking of a C=C triple in favor of a Au~C—C bond. This tip-controlled reversible bond
formation /rupture alters the electronic spectrum of the junction and the states accessible
for transport, resulting in an order of magnitude variation of the conductance.

5.2. Introduction

To measure the electrical conductance of a molecule two contacts are required. In a scan-
ning tunneling microscope (STM) a metal sample and the tip of the microscope serve this
purpose. However, preparing a single, freestanding molecule on a metal surface is difficult
because simple molecules tend to increase their adsorption energy by lying flat on the sub-
strate. Recent experiments succeeded in contacting oligomers at one of their ends, retract-
ing the tip, and forming a partially freestanding wire.!992% Changes of the conductance
during the pulling process have been attributed to the breaking of bonds to the substrate.
Owing to the complexity of the investigated structure, significant variations occurred in
repeated experiments. Related results along with the observation of a Kondo effect and
molecular switching were reported for single perylene-tetracarboxylicacid-dianhydride or
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diarylethene molecules pulled off from a Ag or Au substrate.?96208 A molecular bridge
between two contacts may also be obtained by exposing a metallic junction to molecules
that contain two reactive anchor groups and pulling the junction apart. With a certain
probability, the desired geometry may occur in repeated experiments. This technique
has been successfully used for several molecules but usually leads to scatter of the data
because there is little control of the geometries of the investigated junctions.!®5!

We have solved the above-mentioned problems using a chemical approach and ver-
ified its success via STM imaging. We synthesized a molecule that is composed of a
short propynyl moiety and an extended platform that lies flat on the substrate.#? The
propynyl wire is attached perpendicularly to the platform and stands upright on the
surface. Related platform approaches involving different chemistry have been used to
arrange molecular subunits parallel to a substrate or as an inclined cantilever (see, e.g.,
Refs. 209,210). Moreover, rather than studying the rupture of a preformed contact, a
contact is controllably made by moving the tip closer to the wire, starting from a nm
distance until contact occurs. This process is fully reproducible, exhibits no hysteresis,
and little scatter between different experimental runs on different molecules.

Despite the simplicity of our setup, we observe the conductance to vary in a complex
manner. Using atomistic transport calculations we find that the tip initially causes the
propynyl wire to bend. This hardly affects the electronic states of the molecule, but the
match between the symmetries of the current-carrying states of the molecule and the tip
worsens, and the conductance consequently is reduced. Upon further approach, the Au
atom at the tip apex breaks the triple bond of propynyl and binds to the adjacent C
atoms. This leads to new tip-molecule states accessible for transport, because unoccupied
molecular orbitals strongly hybridize with tip states. As a result the conductance is
enhanced and dominated by unoccupied instead of occupied molecular states.

5.3. Results and discussion

Measurements were performed with a STM operated at 4.5 K and in ultrahigh vacuum
(base pressure 107 Pa). Au(111) surfaces and chemically etched W tips were cleaned by
repeated Ar* bombardment and annealing. After mounting into the STM the tips were
repeatedly indented into the substrate. Finally, to ensure atomically sharp tips the sample
was softly contacted until single Au atoms were deposited and the contacts were stable
at conductance of G ~» Gy = 2e?/h (Chap. 4, Sec. 4.3.2; G: quantum of conductance, e:
elementary charge, h: Planck constant). This indicates that the tip apex is comprised of a
single Au atom (Chap. 3, Sec. 3.4.3). As a result, the contacted molecules are essentially
probed by an s-wave. We verified that tips were not modified during measurements on
molecules by contacting the Au(111) again after each set of measurements. Propynyl-
trioxatriangulenium (P-TOTA) molecules were mixed with 40% ethyl-TOTA XXVIL and
deposited onto Au(111) at ambient temperature from a heated Ta crucible (Chap. 3,
Sec. 3.5.3). Here, we exclusively report the results for P-TOTA. The synthesis of P-
TOTA is described in Section 5.5.1 of the Supporting Information (SI). Submonolayer
coverages were prepared to enable tip preparation on clean Au.

XXVIT The mixture was used to perform two experiments in parallel on the same sample.
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Figure 5.1.: (a) Lewis structure of propynyl-trioxatriangulenium (P-TOTA) (b) Constant-current
STM topograph of a single P-TOTA (V =100 mV, I = 30 pA) (¢) Experimental apparent height
profile along the line indicated in (b) and the corresponding theoretical profile scaled by an
arbitrary factor of 0.5 (SI, Sec. 5.5.3). (d) Experimental and theoretical conductance curves
G(Az) of P-TOTA. The experimental conductance curve consists of 40 forward and 40 backward
traces. Zero tip displacement is defined for the experimental curve by feedback loop parameters
of 19 pA and 100 mV, whereas for the theoretical data points it corresponds to a distance z
of 13.1 A between apex atom and Au surface. Contact to a bare fec area of Au(111) with the
same tip corresponds in the experiments to Az » =9 A (Chap. 6). (1 — 5) Calculated junction
geometries corresponding to Az = -1.3, =2.1, =3.1, —4.1, -5.1 A as indicated in panel (d).

P-TOTA (Fig. 5.1a) was designed to ensure an upright and freestanding position of
the propynyl group on a metal surface. The coupling between P-TOTA and Au is expected
to be mediated by the TOTA platform and its conjugated 7w system. Indeed, constant
current STM images of a single P-TOTA (Fig. 5.1b) reveal an upright orientation of the
propynyl group. The TOTA platform appears as a low triangular protrusion (S 1.6 A),
whereas the propynyl-group is imaged as a central, circular protrusion with a maximum
apparent height of » 3.2 A. Cross-sectional profiles through the protrusion reveal a shallow
minimum at the center (Fig. 5.1¢). The qualitative agreement of the experimental and the
theoretical cross-sectional profiles (Fig. 5.1¢) indicates that the ring of maximum apparent
height is caused by the topmost H atoms of the propynyl group.

Next, the conductance G was measured, while the tip was brought closer to the cen-
ter of P-TOTA at a speed of 16.5 A/s. The measurements were conducted on molecules
in clusters to prevent lateral movements (SI, Sec. 5.5.2). Figure 5.1d displays the mea-
sured conductance G(Az) of P-TOTA (blue curve) vs. the tip excursion Az towards the
molecule. Zero displacement corresponds to the position of the tip before opening the
feedback loop of the STM. The exponential increase of GG in the tunneling region corre-
sponds to an apparent barrier height of 4 eV, similar to that of clean Au(111) measured
with a Au tip. Starting at » 107 G, the slope decreases drastically indicating a me-
chanical contact between the tip and the molecule. Counterintuitively, the conductance
decreases by a factor of ~ 2, although the tip is moved closer to the molecule by 1 A. At
a conductance of ~ 1073 G, surprisingly, a sudden jump by almost 1 order of magnitude
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in the conductance occurs. This remarkable conductance variation exhibits no hysteresis
and is highly reproducible. STM imaging before and after the conductance measurements
revealed no change of the P-TOTA and its environment.

The transport properties of P-TOTA in a STM junction were calculated using density
functional theory (DFT, see Chap. 4, Sec. 4.2) combined with nonequilibrium Green’s
function (NEGF) methods (SI, Sec. 5.5.3 and Chap. 4, Sec. 4.3). The supercell contained
a single P-TOTA molecule adsorbed on a 10-layer Au(111) slab with 6 x 6 periodicity,
and a Au(111) 10-atom tetrahedron mounted on the reverse side, representing the STM
tip. The electronic structure and geometries were obtained with the SIESTA code?!'! on a
2 x 2 x 1 k-mesh while the elastic transmission was computed with TRANSIESTA2:193 on
a finer 21 x 21 k-mesh. Dispersion interactions were taken into account by the non-local
optB88-vdW functional.'8?

Figure 5.1d also displays the calculated zero-bias conductance (black dots) versus elec-
trode separation. These results closely follow the experimental ones, both in the tunneling
and the contact regimes. As shown in the lower panels of Fig. 5.1, P-TOTA is strongly
distorted as the tip is approaching. For large electrode separations (Az > -3.5 A, config-
urations 1 -3), the bond angle between the propynyl-group and the platform decreases
drastically by » 20°, whereas the corresponding deformation energy is below ~ 100 meV
(SI, Sec. 5.5.4). Hence, the bond between the propynyl-group and the sp? C atom of
the TOTA platform is highly flexible.#> The abrupt jump at conformation 4, however,
suggests a different origin.

Figure 5.2a presents transmission functions (Chap. 4, Sec. 4.3.2.2) computed for
electrode separations 2 — 4 in Fig. 5.1. At large separation (2) the electron transport
around FEf is dominated by the nearly degenerate highest occupied molecular orbitals
(HOMOs) at ~ —1.1 eV, while the nearly degenerate lowest unoccupied molecular orbitals
(LUMOs) at ~ 2.3 eV are essentially unimportant. This is shown by a projection of the
transmission onto the nearly degenerate HOMOs and LUMOs of the molecular projected
self-consistent Hamiltonian (MPSH)93:195 (SI, Sec. 5.5.5, Figs. 5.7-5.9). Accordingly, the
projection onto the dominant HOMO hardly changes the transmission close to Er (green
dashed line in Fig. 5.2a).

The counter-intuitive conductance reduction from 2 to 3 can be understood from
the calculations as a result of a reduced coupling between the states of the tip and the
molecule. As revealed by the eigenchannel scattering states!9212.213 (Chap. 4, Sec. 4.3.2.2),
the tip s-wave shifts from entering a molecular lobe at 2 (Fig. 5.2b) closer to a nodal plane
of the functional group in 3 (Fig. 5.2¢). As a result the amplitude of the scattering states
on the molecular TOTA platform, and consequently the transmission, is suppressed. The
importance of orbital symmetry matching for the conductance has recently also been
pointed out for a CO-terminated tip tunneling to a acetylene molecule in the Supplemen-
tary Online Material to Ref. 214.

The above transport scenario is changed as the tip moves even closer and breaks the
C=C triple bond as in 4 (Fig. 5.2). The energy spectrum of this tip-molecule structure is
new and different (black arrow in Fig. 5.2a) as one of the LUMOs strongly hybridize with
tip states, while the HOMOs remain largely unaffected. The projection of the transmission
onto MPSH eigenstates now reveals that a broad LUMO resonance dominates transport
near Er (magenta dashed line in Fig. 5.2a and SI, Sec. 5.5.5, Fig. 5.9). Along with a
reduced electrode separation, the tip-LUMO hybridization augments the transmission by
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Figure 5.2.: (a) Calculated transmission functions vs. energy for configurations 2 — 4 (solid lines).
Vertical gray bars indicate resonances related to the HOMO and LUMO states of an isolated
P-TOTA. For 2 and 4 the transmission functions were also calculated by projection onto MPSH
eigenstates (SI, Sec. 5.5.5, Figs. 5.7 and 5.8 and Chap. 4, Sec. 4.3.2.2), that dominate at Ep,
namely the HOMO for 2 and LUMO for 4 (dashed lines).!% (b-d) Isosurface plots of the real
part of the most transmitting eigenchannel scattering states (Chap. 4, Sec. 4.3.2.2) of 2 — 4 at
Er. Electron waves are incoming from the tip electrode at the T' point.'94212,213

about two orders of magnitude over a wide energy range. This is also reflected in the
transmitting eigenchannel scattering state at Fr (Fig. 5.2d) where the delocalization over
the molecular junction is evident and the bottleneck of transmission is restricted to the
platform-to-substrate interface.

To understand the tip-induced chemistry in more detail we analyzed the energetics
and electronic structure of the tip and molecule subsystems to single out the interplay
between them without the influence of the platform-substrate interface **!X. The energy
of tip and molecule varies as a function of Az as shown in Fig. 5.3a. For small separations
(Az < -3.5 A), between 3 and 4, we find a drastic energy decrease by ~ 600 meV over
a range of only 0.5 A. This value mainly results from an energy gain of ~ 1 ¢V due to
increased interaction of the tip and the molecule **% and an energy of » 450 meV required
to further deform the propynyl moiety itself (SI, Sec. 5.5.4). Together with the small
distance of 2.2 A between the apex atom and the molecule, this further corroborates the
breaking of a C=C bond and the formation of a new covalent bond to the apex Au atom
as illustrated in Fig. 5.1. For even smaller electrode separations (Az < -3.5 A), we find an

XXIX Technically the substrate atoms were removed without modifying the molecule-tip atom positions. We
checked that basis set superposition errors amount to less than 10 % in the binding energy and thus
do not qualitatively affect the reported results.

XXX For Az = -3.6, -4.1 and —5.1 A the interaction energies of the tip and the molecule are —0.22,-1.22
and —1.50 eV. Here, the interaction energy is defined as the energy of the entire tip-molecule subsystem
minus the energies of the isolated molecule and tip, both calculated at the same geometries as in the
entire tip-molecule subsystem.
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Figure 5.3.: (a) Energy change of the tip-molecule subsystem versus tip displacement Az with
data highlighted corresponding to configurations 2 — 5 from Fig. 5.1. (b-c¢) Electron density
redistributions for the tip and the molecule as a result of the tip-molecule interaction before and
after bond formation. Blue (red) colored isosurfaces correspond to depletion (accumulation) of
electron density.

energy minimum in 5. Here the tip apex atom has almost identical distances (~ 2.25 A)
from two C atoms of the propynyl-group, which were originally triple bonded (Fig. 5.1).
Such a bonding scheme of gold clusters or cationic gold atoms to triple-bonded C atoms
(Au—C—C bond) is well studied, because it represents the highly important activation
step of C=C triple bonds towards nucleophiles in a catalytic cycle (SI, Sec. 5.5.6).2157217
Electron density is withdrawn from the bonding orbitals by the Au which makes the
carbon atoms susceptible to nucleophilic attack.?!®

To analyze the electron density change due to the bond formation, we define the
electron density redistribution as difference of the density of the entire junction and the
densities of its two components, namely the molecule and the tip-+surface, both with
frozen geometries like in the entire junction. For 2 there is only very little charge redistri-
bution (Fig. 5.3b) which can be understood by electrostatic interaction of the tip and the
molecule. By contrast, there is a large and complex charge redistribution in 5 within tip
and molecule (Fig. 5.3c¢) due to the formation of a Au-C-C bond. Moreover, Fig. 5.3c
confirms a density reduction at the originally triple bonded C atoms at the opposite side
of the Au—C-C bond. A withdrawal of electrons actually is a necessary condition for the
activation of a C=C triple bond.?!8

Remarkably, in all configurations from 4 to 5 the Au tip apex atom binds to at
least one of the originally triple bonded C atoms. These novel bond configurations are

mechanically constrained and all show a withdrawal of electronic charge similar to 5 (ST,
Sec. 5.5.6).

Although the calculated conductance values follow closely the experimental data, they
do not exhibit a jump during bond formation as observed in the experiment (Fig. 5.1). We
attribute this difference to the elasticity of the tip shaft and a corresponding elongation of
the tip during the bond formation as proposed in Refs. 219 and 144, which is not included
in the atomistic calculations. For this reason, the experimentally observed conductance
right after the sudden jump in the conductance cannot be unambiguously assigned to a
specific configuration between 4 and 5. Furthermore, GG is systematically overestimated
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in the model which we ascribe to the tendency of DFT to underestimate HOMO-LUMO
gaps.220

Conductance data measured with different tips and molecules are remarkably similar.
For most electrode separations Az, they vary by less than a factor of ~ 1.4. However, in
the range Az € [-3.5 A, ~1.8 A] the scatter is more obvious (factor of ~ 3) (ST, Sec. 5.5.2).
Our tip preparation ensures an atomically sharp tip apex. Thus, the remaining differences
may be attributed to the mesoscopic tip shape, which affects long range dispersion and
electrostatic forces. In the range between 2 and 3, where repulsion between the apex
atom and methyl prevails, the long-range forces apparently exert a larger influence on the
geometry than at closer distances, where a strong covalent bond is forming. These results
suggest that combining an anchoring unit for covalent bonding, a C=C triple bond in the
present case, and a degree of flexibility within a molecule helps to achieve reproducible
bonding geometries and conductances XXXl

5.4. Summary

We have presented two effects that oppositely affect the conductance of P-TOTA during
contact formation. At large electrode separation, the flexibility of P-TOTA causes a
symmetry mismatch of the tip and molecule orbitals and reduces the conductance. At
closer distances, a covalent bond between the Au tip and a C=C triple bond reversibly
forms under mechanical control. This bond induces new delocalized states near Er that
increase the conductance by more than one order of magnitude.

Moreover, the results demonstrate that TOTA is a useful platform for geometrical
decoupling of a molecular subunit from a metal substrate and neighboring molecules.
Interestingly Au—C-C bonds play an important role in the activation of C=C triple bonds.
Thus our results hint that it may be possible to design a mechanically controlled single
molecule catalyst.

XXXI Usually G critically depends on the atomic geometry. A notable exception has been reported for the
amine-Au bond.??!
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5 Conductance of a Freestanding Conjugated Molecular Wire

5.5. Supporting information

5.5.1. Synthesis of 12c-propynyl-4,8,12-trioxatriangulene
(P-TOTA)

4,8 12-trioxatriangulenium tetrafluorborate (150 mg, 403 pmol) suspended in 200 ml an-
hydrous tetrahydrofuran (THF) was mixed with propynyl magnesium bromide (20 mL,
10 mmol, 0.5 M in THF) under nitrogen. The reaction mixture was heated under reflux
for 7 h and the solvent was removed under reduced pressure. The residue was purified by
chromatography over Florisil (cyclohexane/diethyl ether 1:1). The product was obtained
as a colorless solid (31.2 mg, 96.2 pmol). The compound was identified by the following
nuclear magnetic resonance (NMR) and mass spectra (MS) signatures:

1H NMR (500 MHz, THF—d8): § = 7.29 (t, J=8.2 Hz, 3H, H-5), 6.97 (d, J=8.2 Hz, 6H, H-4),
1.59 (s, 3H, H-8) ppm.
13C NMR (125.8 MHz, THF—d8): 6 = 153.03 (q, C-3), 129.56 (t, C-5), 112.18 (t, C-4),
111.78 (q, C-2), 81.62 (q, C—6), 80.86 (t, C-7), 22.23 (q, C-1), 3.05 (p, C~8) ppm.
MS (EI): m/z (%) — 324 (31), 285 (100).
MS (CL): m/z (%) — 325 (100), 285 (81).

5.5.2. Conductance measurements of P-TOTA

The conductance of P-TOTA was measured on molecules in clusters, where P-TOTA
is adjacent to one or two ethyl-TOTA molecules (Fig. 5.4a). XXXl This was sufficient
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Figure 5.4.: (a) Constant-current STM topograph of a cluster comprising of one P-TOTA and
five ethyl-TOTA molecules (100mV, 30pA). A single P-TOTA (ethyl-TOTA) is marked by a
turquoise (yellow) border. (b) Experimental conductance curves G(Az) of P-TOTA measured
with different tips and calculated conductance. Zero tip displacement Az is defined by feedback
loop parameters of 19 pA and 100 mV in the experiment. In the calculation, this corresponds
to a distance z = 13.1 A between the tip apex atom and the Au surface layer. Contact to bare
fec areas of Au(111) corresponds in the experiments to Az ~» -9 A. Configurations 1 — 4 are
indicated.

XXXIL A mixture of P-TOTA and ethyl-TOTA molecules was evaporated onto the Au(111) surface to acquire
comparable data with the same tips. Here, we focus on P-TOTA.
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to prevent rotational and lateral movements of P-TOTA during the contact formation.
Conductances measured with different tips and from different molecules along with cal-
culated results are displayed in Fig. 5.4b. The experimental and theoretical conductances
are remarkably similar. However, there are also differences which are discussed in in
Section 5.3.

5.5.3. Computational methods

SIESTA calculations?'! were done using a basis set consisting of split-valence double-zeta
plus polarization DZP orbitals with 0.02 eV energy shift for the C, H and O atoms, as well
as for the Au tip atoms and the surface Au atoms below the tip and the molecule. For
bulk Au atoms, single-zeta plus polarization SZP orbitals with 0.02 Ry energy shift were
used. Atomic coordinates of the molecule, tip, and surface gold atoms were relaxed until
forces were smaller than 0.04 eV/A. A cutoff of 400 Ry was used for the real-space grid
integrations. During geometry optimization and for the TRANSIESTA calculations!92.193
a Monkhorst-Pack mesh with 2x2x1 k-point sampling of the three-dimensional Brillouin
zone was used. The transmission functions were sampled over 21 x 21 k-points. To
obtain the theoretical apparent height profile for P-TOTA on Au(111) a constant current
image was simulated within the Tersoff-Hamann approximation at 100 meV. Eigenchannel
scattering states were computed with INELASTICA.194,212,213

5.5.4. Deformation energy of P-TOTA

P-TOTA is strongly distorted as the tip is approaching. The corresponding deformation
energies of P-TOTA in the gas phase (Fig. 5.5) reveal a high flexibility of the bond angle
between the propynyl-group and TOTA (configurations 1 — 3). Furthermore, the more
complex deformation of P-TOTA from configuration 3 to 4 significantly increases the
energy. This deformation is caused by the Au-C-C bond formation between the tip and
the molecule.
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Figure 5.5.: (a) Deformation energy of isolated P-TOTA for various tip displacements Az and
corresponding geometries. Configurations 1 — 5 are indicated. (b-d) Geometry of P-TOTA in
configurations 1, 3, and 4.
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5 Conductance of a Freestanding Conjugated Molecular Wire

5.5.5. Molecular orbitals and MPSH states

The degenerate HOMOs and nearly degenerate LUMOs of isolated P-TOTA are shown
in Fig. 5.6. The upper and lower panels correspond to the pristine configuration 1 and
the tilted configuration 3. Figure 5.6 shows that these orbitals are hardly affected by the
tilting of the molecule. With respect to the conductance, the most important difference
between the intermediate configuration 2 and 3 is a change of the local symmetry match
between the tip and molecule orbitals as described in Section 5.3.

LUMOs
(c)

Figure 5.6.: Molecular orbitals of isolated P-TOTA in its undistorted form (upper row) and tilted
as in 3 (lower row). (a-b) degenerate HOMOs, (c-d) nearly degenerate LUMOs. The HOMO-
LUMO gap is in both configurations 3.6 eV.

¥ o@  %F 0

Figure 5.7.: HOMO-1, HOMO, LUMO, and LUMO+1 of the MPSH Hamiltonian for configura-
tion 2 with eigenenergies E — Ep = —-1.22, —1.17, 2.35, and 2.38 eV (left to right) used for the
transmission projections presented in Figs. 5.2a and 5.9.
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Figure 5.8.: HOMO-1, HOMO, LUMO, and LUMO+1 of the MPSH Hamiltonian for configura-
tion 4 with eigenenergies E — Ep = —=1.19, —1.14, 1.18, and 2.41 eV (left to right) used for the
transmission projections presented in Figs. 5.2a and 5.9.

To disentangle the roles of the different P-TOTA molecular states for electron trans-
port across the junction we have performed an analysis based on the molecular projected
self-consistent Hamiltonian (MPSH)!93:195 corresponding to the subspace of P-TOTA
(Chap. 4, Sec. 4.3.2.2). XXXl We have computed the electron transmission projected

XXX For configuration 4, where the electrode distance is quite short, we had to reduce the extension of the
basis orbitals on the Au apex atom to allow folding of the electrode self-energies fully on the molecular
part. In practice, we used the same, more short-ranged SZP basis as used for the bulk Au atoms.
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Figure 5.9.: Electron transmission projected onto HOMO-1 (blue solid), HOMO (blue dashed),
LUMO (black dashed), and LUMO-1 (black solid line) of the MPSH Hamiltonian (Figs. 5.7 and
5.8) for the configurations 2 (a) and 4 (b) along with the full transmissions (green and magenta
solid lines).

onto HOMO-1, HOMO, LUMO, and LUMO-+1 for the configurations 2 and 4 (states
shown in Figs. 5.7 and 5.8) following the scheme presented in Ref. 193.

As observed in Fig. 5.9, for configuration 2 the transmission near Fr is dominated by
the HOMO states, while for configuration 4 it changes to the strongly hybridized LUMO
state (black arrow).

5.5.6. Au—C—C bond geometry and charge redistribution

Below, we compare our calculated Au-C-C bond geometry of configuration 5 with recent
results for an ethyne molecule on a cluster of 18 Au atoms (Table 5.1). Both geometries
are remarkably similar confirming that the mechanical approach of the Au apex atom
leads to the formation of a Au—C-C bond.

Remarkably, for all configurations from 4 to 5 and smaller electrode separations
the Au tip apex atom binds to at least one of the originally triple bonded C atoms. For
example in 4 (Az = —4.1 A) the Au tip apex atom binds mainly to the carbon atom labeled
C2 in Fig. 5.10a. These novel bond configurations are mechanically constrained. They
all show a withdrawal of electronic charge similar to the minimum energy bond geometry
5 (Fig. 5.11). Interestingly, the electron density redistribution due to the Au—C—C bond
hardly involves the TOTA platform. Consequently, the Au substrate has negligible effect
on the charge redistribution of the propynyl moiety.
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5 Conductance of a Freestanding Conjugated Molecular Wire

P-TOTA and Au-tip || Ethyne and Au;g cluster?!”

d(Au,C1) [228A [ d(Au,Cl) 2.32 A
d(Au,C2) | 2.20A || d(Au,C2) 2.32 A
2(Au,C1,C2) | 69.9° || «(Au,C1,C2 74.6°

) )
£(Au,02,C1) | 77.2° || 2(Au,C2,C1) | T4.6°
2(Au,02,C3) | 121.6° || 2(An,C2H3) | 118.5°
£(C1,C2,C3) | 161.1° | 2(C1,C2,C3) |  166.9°

Table 5.1.: Calculated Au—C—C bond geometry of configuration 5 vs. calculated bond geometry
of an ethyne molecule on a Au cluster.2!” d(Au,X) is the distance between the Au apex atom and
atom X and <(X,Y,Z) the bond angle between atom X, Y and Z. The atom labels are defined
in Fig. 5.10.
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Figure 5.10.: (a, b) Labels of the atoms involved in the Au-C-C bond between the Au apex atom
of the STM tip and P-TOTA or the apex atom of a Au cluster and an ethyne molecule.

Figure 5.11.: (a—) Electron density redistributions of the tip and the molecule caused by the
tip-molecule interaction. Configurations are shown for Az = —4.1,-5.1 and —6.1 A. Blue (red)
isosurfaces indicate depletion (accumulation) of electron density.
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Copyright 2019 IOP Publishing Ltd.

6.1. Abstract

The conductances of molecules physisorbed to Au(111) via an extended 7 system are
probed with the tip of a low-temperature scanning tunneling microscope to maximize the
control of the junction geometry. Inert hydrogen, methyl, and reactive propynyl subunits
were attached to the platform and stand upright. Because of their different reactivities,
either non-bonding (hydrogen and methyl) or bonding (propynyl) tip-molecule contacts
are formed. The conductances exhibit little scatter between different experimental runs
on different molecules, display distinct evolutions with the tip-subunit distance, and reach
contact values of 0.003-0.05 Gg. For equal tip-platform distances the contact conductance
of the inert methyl is close to that of the reactive propynyl. Under further compression,
the inert species, hydrogen and methyl, are found to be better conductors. This shows
that the current flow is not directly correlated with the chemical interaction. Atomistic
calculations for the methyl case reproduce the conductance evolution and reveal the role
of the junction geometry, forces and orbital symmetries at the tip-molecule interface. The
current flow is controlled by orbital symmetries at the electrode interfaces rather than
by the energy alignment of the molecular orbitals and electrode states. Functionalized
molecular platforms thus open new ways to control and engineer electron conduction
through metal-molecule interfaces at the atomic level.
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6.2. Introduction

The transport of electrons through molecule-metal junctions is relevant for processes in
many branches of science and crucial for potential applications in electric engineering.'3-18
However, understanding and tailoring the charge transport through a molecule-metal
junctions is a major challenge, because it drastically depends on geometric and electronic
details of the molecule-metal interfaces.13-17:36,37,145,222-227 (Chemical anchor groups com-
prising a molecular subunit or a single atom attached to the molecule of interest have been
used to achieve well-defined interfaces.***!V 1In particular, reactive anchor groups that
chemisorb to metal electrodes have been a focus of interest, because they are expected
to provide strong forces that stabilize a desired molecule-electrode geometry.!6:17,37-39
However, bond formation tends to induce significant electronic changes of the electrode-
molecule complex and renders difficult the design of a molecule that will deliver specific
transport properties.!4,15,36,37,39,223

Here, we explore the transport properties of a class of molecules that rely on a different
anchoring scheme. It is designed to leave the properties of the functional molecular subunit
almost unaffected by avoiding strong hybridization of the molecular states with those of
the electrode. This is achieved by using a platform that binds to metal substrates via
physisorption. Functional subunits are attached to its center and stand upright. Like
other platform molecules it can be used to achieve decoupling from neighbor molecules.4!
In contrast to the triazatriangulenium (TATA) platform,*%4445 the trioxatriangulenium
(TOTA) we use here may be sublimated intact, and thus enables systematic investigations
in ultrahigh vacuum. The extended 7 system of the platform provides a high-conductance
contact to the substrate,'0 as expected (see, e. g., Refs. 17, 225 and 228). To the best of
our knowledge, the only physisorbed multidentate molecular anchors that enabled stable
contacts to metal electrodes so far are fullerenes, pyrene and benzene.!7,38,225,229,230

We investigated the conductance of platform-based molecules by controllably con-
tacting them with the atomically sharp tip of a scanning tunneling microscope (STM).
The geometries before contact formation were monitored by STM imaging. Contacts
to inert and rigid functional units, methyl and hydrogen, turned out to exhibit similar
conductances as a reactive propynyl wire that covalently binds to the STM tip XXXV,231
Atomistic transport calculations, however, show that different orbitals carry the current in
these cases. Orbital symmetries are shown to affect the conductance as previously reported
for small molecules (see, e.g., Refs. 118 and 214). In addition, the forces acting across
the tip-molecule-surface junction affect the geometry and the conductance-vs.-distance
data.

XXXV See, e. g., Refs. 14-17,36-39.
XXXV We use the term bond or bonded according the AIM (atoms in molecules) definition.?*! This definition
implies that there is significant electron density between two atoms that are bonded to each other.
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6.3 Experimental results

6.3. Experimental results

6.3.1. Metal-molecule junctions

TOTA (Fig. 6.1a) was used as a platform. The bare platform and TOTA functionalized
with hydrogen, methyl and propynyl (H-TOTA, Me-TOTA and P-TOTA, Figs. 6.1b—d)
were sublimated onto Au(111) surfaces at ambient temperature (Chap. 3, Sec. 3.5.3) and
studied with STM at 4.6 K. Details of the syntheses can be found in References 140 and
232-234. Single molecules appear as triangular protrusions in STM images (Figs. 6.1e—
h). The attached methyl and propynyl moieties are imaged as circular protrusions at the
center of the platforms (Figs. 6.1 g and h). The H atom in H-TOTA (Fig. 6.1f) is not
resolved, as expected (see, e. g., Refs. 235 and 236). The molecules were contacted at their
center with Au tips, whose apex orbital, close to the Fermi level, may be modelled as an s
orbital (Chap. 3, Sec. 3.4.3). We verified that tips were not modified during measurements
on molecules via STM imaging. The measurements were conducted at molecules in small
clusters to reduce lateral movements. Results from the reactive P-TOTA molecules have
been discussed in detail (Chap. 5) and are used here for comparison.

A related platform, triazatriangulenium (TATA), was previously investigated in an
electrochemical environment.** Those experiments did not allow for the degree of control
available in the present work. Nonetheless, conductances similar to those of thiols were
found for junctions comprising one or a few ten molecules. In contrast to TATA, we found
TOTA derivatives to be robust towards sublimation.

6.3.2. Conductances vs. electrode position

Figure 6.1i displays the conductances G measured while the electrode, . e. STM tip, was
moved closer to the center of a molecule from the initial tunneling conditions (V' = 100 mV,
I = 30 pA). The position z of the tip is referenced to the point of contact that was
observed with the same tip on a bare fcc area of the Au(111) substrate (yellow curve).
Before contact (z >0 A), the Au contact curve (yellow) exhibits an exponential variation
(apparent tunneling barrier height: ~ 4 eV) that reflects the size of vacuum tunneling
gap. At z=0 A it abruptly rises to 1 Gg. This effect reflects (i) the formation of a bond
to the Au(111) surface and (ii) a related elastic elongation of the Au tip.!44:219:237 After
bond formation (z <0 A), the conductance varies only weakly.

The conductance curve of the bare TOTA platform (black curve, Fig. 6.11 ) serves as
a reference. In the tunneling regime (z < 2.2 A), the bare platform conducts by ~ 2 orders
of magnitude better than a corresponding vacuum gap (cf. black and yellow curves). At
z=2.4 A, the conductance (black) abruptly rises. Since the Au apex atom is approaching
the reactive center of the platform, a similar mechanism like for the pure Au contact may
be expected and we attribute the abrupt rise to the formation of a Au—C bond between
the tip and the molecule. The related conductance after contact formation (black dashed
horizontal line), » 3.5 x 107! Gy, is high compared to other molecules connected to Au
electrodes?3® 240 and close to that of a pure Au point contact (» 1 Gg). However, a bond
to a functional group may drastically change the electronic structure of the platform and
may reduce the conductance.
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Figure 6.1.: (a-d) Lewis structures of trioxatriangulenium (TOTA), H-TOTA, Me-TOTA, and
P-TOTA. The lengths of the functional groups measured from the central C atom of the platform
to the topmost H atoms are 1.1, 2.0, and 4.5 A (from left to right). (e-h) Constant-current STM
topographs of (e) a single TOTA, (f) a cluster of H-TOTA (turquoise) along with a single TOTA
(black), (g) a cluster of Me-TOTA (red) and (h) a single P-TOTA (dark blue) embedded in
a cluster of 5 ethyl-TOTA molecules (V = 100 mV, I = 30 pA). The apparent heights of the
molecules (a—d) in these images are 2.2, 1.6, 2.3, and 3.2 A, respectively. White arrows indicate
a (111) direction of the Au lattice. (i) Experimental conductance curves G(z) of TOTA (black),
H-TOTA (turquoise), Me-TOTA (red) and P-TOTA (dark blue) in units of the quantum of
conductance Gg = 2¢2/h (e: elementary charge, h: Planck constant). Zero tip position is defined
as contact of the Au tip to a fcc area of the Au(111) substrate (yellow). The conductance curves
of the molecules consists of at least 10 forward and 10 backward traces.

For a given z, the moieties attached to the TOTA platform (Figs. 6.1a-d) reduce
the distance between the tip and the molecules. Naively a corresponding conductance
increase would be expected in the tunneling regime. However, the conductance of H-
TOTA (turquoise curve) at large separations (z > 5 A) is ~ 4 times lower than that of
the bare platform (black, Fig. 6.1i). In addition, the conductance of Me-TOTA (red
curve) is about as large as that of TOTA (black). This effect is caused by substantial
electronic differences between TOTA and the functionalized platforms. TOTA on Au(111)
has its lowest unoccupied molecular orbital (LUMO) at » Er + 0.6 eV, while states of
the functionalized platforms that protrude towards the tip are located at energies below
Er-1.5 eV, much farther away from Er (SI, Sec. 6.7.1). As a result, these states contribute
less to the current than the LUMO of the bare platform.

For G < 107 Gy, the sequence of the conductances of the functionalized platforms
reflects the lengths of the attached moieties. Surprisingly all molecules studied here exhibit
a similar apparent tunneling barrier height of ~ 4 eV.

At smaller separations, intriguing deviations from an exponential conductance evolu-
tion occur (Fig. 6.1, dotted vertical lines) suggesting that forces between the molecule and
the tip are involved. The slope of the conductance of Me-TOTA (red) begins to reduce
at z ~ 4.8 A (G ~ 1.5x 1073 Gy) indicating that mechanical contact occurs (red dotted
vertical line). Mechanical contact to H-TOTA (turquoise) sets in at z = 3 A (turquoise
dotted vertical line), 7. e. 1.8 A closer to the surface compared to Me-TOTA. This value
may be caused by (i) the position of the topmost H atom (0.9 A lower in H-TOTA) and
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(ii) a smaller tip-induced force acting on the H atom than on a methyl moiety. In the case
of P-TOTA (dark blue curve), the change of slope begins at z ~ 7 A (dark blue dotted
vertical line) and G' ~ 10* Gg. Taking into account that P-TOTA has an extra ethynyl
spacer compared to Me-TOTA (length ~ 2.5 A), we find that mechanical interaction starts
at similar tip-methyl distances (distance of the dark blue and the red dotted vertical line

~ 2.2 A).

The conductances of Me-TOTA (red) and P-TOTA (dark blue, Fig. 6.1i) at the
onset of mechanical contact differ by one order of magnitude. Compared to Me-TOTA,
the current path through P-TOTA is longer by ~ 2.5 A. In vacuum, this increase of the
path length would reduce the conductance by a factor of ~ 100. Hence, the ethynyl unit
is one order of magnitude more conductive than a vacuum gap of the same size.

As discussed in Chapter 5, the complex conductance variation of P-TOTA results
from short range repulsion between the topmost methyl moiety (Fig. 6.1d) and the tip
apex. The propynyl wire bends while the tip-molecule and the molecule-substrate sepa-
rations remain almost constant. The deformation induces a symmetry mismatch of the
current-carrying orbitals at the tip-molecule interface that drastically reduces the con-
ductance. As a result, at z ~ 5.8 A, P-TOTA (dark blue) is ~ 2.5 less conductive than
Me-TOTA (red). In the range z ~ 5.8 to ~ 4.8 A the conductance G rises exponentially
because the distance of the tip apex atom and the C atoms of the propynyl moiety, that
are originally triple bonded (Fig. 1d), is reduced. The steep rise of G at ~ 4.8 A is due to
bond formation between these C atoms and the apex atom.™? Such bonding of Au clus-
ters or cationic Au atoms to triple-bonded C atoms (Au—~C-C bond) is well studied,?!5-217
partially because it represents the highly important activation step of C=C triple bonds
towards nucleophiles in a catalytic cycle. The related strong hybridization of a LUMO of
P-TOTA leads to new tip-molecule states close to Er that dominate the current flow.

During contact formation to Me-TOTA and H-TOTA the formation of a chemical
bond is not expected, because the reactive center of TOTA is passivated by inert and rigid
functional groups like a H atom or a methyl moiety.***V! Nevertheless, we observe abrupt
increases of the conductance at positions z = 2.3 A and 3 A for H-TOTA (turquoise) and
Me-TOTA (red curve), respectively. The corresponding conductances of » 1-5x 1072 G
are relatively high. For example, non-bonding Xe-Xe and CO-C,H, contacts were reported
to exhibit conductances that are an order of magnitude lower.2'241  Considering the
approximate sizes of H (1.1 A) and methyl (2.0 A) and the fact that bond formation to
the bare platform occurs at z = 2.5 A, drastic changes of the conductance are expected to
occur at z values that are much larger (gray circles in Fig. 6.11). The surprisingly low z
values of the abrupt increases suggest that significant geometric changes of the junctions
are involved. In order to understand the intriguing variations of the conductance of H-
TOTA and Me-TOTA, we henceforth focus on the Me-TOTA junction. Most likely, the
results are transferable to the H-TOTA junction.

XXXVI We use the term bond or bonded according the AIM (atoms in molecules) definition.?*! This definition
implies that there is significant electron density between two atoms that are bonded to each other.
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6.4. Theoretical results

6.4.1. Conductance and tip-induced geometry changes

The transport properties of Me-TOTA in a STM junction were calculated using density
functional theory (DFT) combined with nonequilibrium Green’s function (NEGF) meth-
ods (see Sec. 6.6). Figure 6.2a displays the calculated zero-bias conductance (black and
grey) along with the experimental data (red) versus electrode separation z.
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Figure 6.2.: (a) Theoretical and experimental conductance curves G(z) of Me-TOTA. In the
experiment (red), the tip was centered above the molecule before bringing it closer. Calculated
conductances for the molecule located at a hollow (an adjacent hollow site) with the tip centered
above the hollow site are shown by black squares (gray diamonds). The value z =0 A refers to the
distance where a jump to contact is observed (see yellow curve in Fig. 6.1i). It corresponds to a
distance of 4.3 A between the bare surface and the apex of a frozen tip. (1-3) Calculated junction
geometries corresponding to z = 4.7, 3.2 and 2.4 A as indicated in panel (a). In configurations
1 and 2 (configuration 3) the molecule is placed at the hollow (next-hollow) site. 1 and 2 are
shown as side views in a (110) direction. 3 is viewed from a (100) direction. The arrow in 3
indicates the position of the hollow site.

For large tip-molecule separations the DFT calculations favor a Me-TOTA position at
a hollow site of the substrate (SI, Sec. 6.7.2). The tip is centered above the molecule as in
configuration 1 of Fig. 6.2. When the electrode separation is smaller than in configuration
1, repulsive interaction between the methyl moiety and the tip occurs. At z = 3.2 and 3.0 A
the adjacent hollow sites (next-hollow) are already 0.35 eV and 0.50 ¢V more favorable
than the initial hollow site (SI, Sec. 6.7.2). Consequently, instead of adopting configuration
2, Me-TOTA shifts to an adjacent hollow site to relax strain. Configuration 3 displays
the resulting geometry at small electrode separation (z = 2.4 A).

The conductance calculated for the molecule and the tip centered on a hollow site
(configurations 1 and 2) is shown by black squares. It reproduces the experimental trend
(neglecting an overestimation by a factor of ~ 4, which is typical of DFT+NEGF results
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because DFT tends to underestimate HOMO-LUMO gaps?2°) but saturates for z $ 4 A in
contrast to the experimental observations. The conductance for an adjacent hollow posi-
tion of the molecule with the tip still centered over the original hollow site (configuration
3) is displayed by gray diamonds. It exhibits a further rise of G' as observed in the exper-
iments. We therefore attribute the G(z) data and, in particular, the rapid rise at z ~ 3 A
to a reversible lateral shift of the molecule from its original hollow position to an adjacent
hollow site. The experimentally probed molecules are embedded into molecular clusters.
These clusters are too large to model them on the level of calculation we used. In our
simplified model with only a single molecule, for large tip-molecule separations, neighbor-
ing adsorption sites have approximately the same energy (cf. SI, Sec. 6.7.2, Fig. 6.7). The
displacement of single molecules is therefore not expected to be reversible and a hysteresis
may occur. However, in the experiments intermolecular forces within a cluster usually
prevent hysteresis (cf. Fig. 6.1i). The interpretation that Me-TOTA reversibly laterally
shifts is also consistent with the observation that irreversible changes of the conductance
only occurred for z < 3 A and changed the arrangement of Me-TOTA in clusters. A related
scenario of reversible hopping between adjacent hollow sites was previously reported for
single Co and Ag atoms on Cu(111) and Ag(111), respectively.?*2-243 In that case, local
heating and attractive forces of the tip lead to bistability. Here, we emphasize that the
abrupt conductance variation of Me-TOTA does not involve chemical bond formation.

6.4.2. Mechanical coupling at the metal-molecule interface

To analyze the mechanical properties of the junctions we determined the energy of the
tip-molecule subsystem (Fig. 6.3a, black squares), which we define as the total energy of
a junction from which all substrate atoms are removed while keeping the positions of the
remaining atoms fixed. This energy is not affected by changes of the molecule-substrate
interface. For Me-TOTA and different electrode separations with the tip centered above
the molecule a shallow minimum of —140 meV (Fig. 6.3a, black squares) occurs close to
configuration 1 of Fig. 6.2 confirming that no covalent or other chemical bond (binding
energy 2 0.5 €V) between the tip and the molecule is formed. The absence of a chemi-
cal bond is also obvious from only marginal redistribution of electron charge within the
molecule and the tip (ST, Sec. 6.7.3). In the repulsive regime (z $ 4 A), the tip-molecule
energy (black squares) drastically increases as expected. Moreover, the repulsion of the
tip and the methyl moiety induces a rapid increase of the strain energies of the molecule
(gray circles) and the tip (yellow diamonds).

Although the tip presses on the molecule, the distance d; between the platform and
the surface hardly changes (< 0.2 A) when the tip is moved 1.8 A towards the molecule
(Figs. 6.3b and c). The platform is, however, flattened as indicated by the decreasing
height of the central C atom of the platform (ds of Figs. 6.3b and ¢). Moreover, the tip is
compressed (dy in Fig. 6.3¢). These deformations prevent the tip apex from approaching
the methyl group (ds in Figs. 6.3b and ¢). Consequently, the geometry of the tip-molecule
and molecule-surface interfaces change only little compared to that of the molecule and
the tip. Thus, both interfaces turn out to be more rigid than the molecule (Fig. 6.3a,
gray circles) and the tip (Fig. 6.3a, yellow diamonds). This comes as a surprise, because
the molecule is physisorbed.

To quantify the stiffness of the interfaces we calculated the energy change of the
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Figure 6.3.: Calculated results for Me-TOTA at a hollow site with the tip centered above the
molecule. (a) Energy change of the subsystems tip-molecule (black squares), molecule (grey
circles), and tip (yellow diamonds) versus z. The energy of each subsystem was calculated as the
total energy of a junction from which all atoms that are not part of the subsystem are removed
while keeping all other atomic positions fixed. Arrows indicate results for configurations 1 and
2 from Fig. 6.2. (b) Definition of distances. d;: from outer C atoms of the platform to surface.
do: from central C atom of the platform to surface. ds: from apex atom to C atom of the methyl
moiety. (¢) Geometry changes of the metal-molecule interfaces vs. z. Results for distances d; —ds
are indicated by black squares, grey circles, and yellow crosses, respectively. In the calculations a
tetrahedral tip comprised of 3 Au(111) layers was used. Its length dy is defined as the distance of
the apex atom to a reference plane at the base of the tip. (d) Energy change vs. rigid displacement
Ady (cf. pictogram) for junction configurations corresponding to z = 7.7 (black), 4.7 (dark blue),
3.2 (magenta) and 2.4 A (yellow). Ad; > 0 indicates displacements of Me-TOTA towards the
tip. A Morse potential fit to the black data points is shown by a black solid line.

junction upon a rigid vertical displacement of the molecule (Fig. 6.3d). When the influence
of the tip is negligible (black and blue circles), the molecule-surface interaction can be
modeled by an effective Morse potential (black curve). For the fit (black curve) the
potential depth was set to the calculated adsorption energy of 1.8 eV. A force constant of
7nN/ A is extracted from the fit. This value is comparable to those reported for covalent
S-Au bonds (S-Au(111): 7-10 nN/A2% or S—-Au": 17 nN/A245) and also matches results
for Cgp on Au electrodes.?*6 The binding energies of a S atom (up to 1.8 eV55247) and
the TOTA platform are similar as well. These results show that physisorption of an
extended 7 system to a metal provides stable adsorption heights and thus is an attractive
alternative to other bonding schemes.

Deeper in the repulsive regime (z $ 3.5 A, magenta and yellow circles in Fig. 6.3d)
the energies for lifting and lowering the molecule become similar. The symmetry of the
parabolas shows that the molecule is much deformed and thus rigidly couples the tip and
the substrate.
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The electrode-molecule interfaces may be viewed as hard springs (Fig. 6.3d), while
the molecule itself and the STM tip are more compliant (gray circles and yellow diamonds
of Fig. 6.3a). In a lateral direction, however, the stability of the position of the platform
is low. Strain is therefore relaxed by the aforementioned lateral shift.

6.4.3. Impact of the electrodes on the molecular orbitals

As molecular orbitals lead to resonances of the electron transmission through the junc-
tions, changes of the molecular orbitals may control the conductance during contact for-
mation. Therefore, we calculated the influence of the tip-molecule and surface-molecule
interactions on the molecular orbitals via the molecular projected self-consistent Hamilto-
nian (MPSH).193:19 For a molecule at a hollow position (Figs. 6.4a—f) the spatial shapes
of the MPSH states are hardly affected by the tip position and correspond to the molec-
ular states of the gas-phase molecule. Surface-molecule and tip-molecule interactions are
fairly unimportant in this case. For a molecule at an adjacent hollow position and at small
electrode separation (Figs. 6.4g—i) the interaction with the tip leads to a slight increase
of the MPSH density between the tip and the molecule. We attribute this effect to the
electrostatic interaction of the tip and the molecule, which does not crucially affect the
transmission through the states (see SI, Sec. 6.7.4). In addition to the orbitals’ shapes,
the energy separations of the orbitals close to Er are hardly affected by the interaction

Figure 6.4.: (a-i) Isosurfaces of the HOMO-1, HOMO, and LUMO (left to right) of the MPSH
Hamiltonian for different configurations. Blue and red colors indicate the sign of the wave
functions. The HOMO and LUMO are both degenerate or nearly degenerate. As the shapes of
the degenerate states are similar, only one of them is shown. (a—c) z =5.7 A with eigenenergies
at £ - Ep = —1.56, —1.14, and 2.54 éV (left to right), (d-f) z = 3.2 A (configuration 2) with
cigenenergies at —1.83, —1.43, and 2.20 eV, (gi) z = 2.7 A (close to configuration 3) with
eigenenergies at —1.72, —1.33, and 2.35 eV.
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with the surface and the tip (Figs. 6.4a—1 and SI, Sec. 6.7.4). For example, the resulting
gaps between the HOMO (highest occupied molecular orbital) and LUMO of Me-TOTA
for configurations 2 (3.63 ¢V) and 3 (3.67 eV) from Fig. 6.2 are almost identical to the
calculated gas-phase value (3.73 eV). Accordingly the conductance is not controlled by
significant changes of the current-carrying orbitals. Instead, it is closely related to the
geometry of the tip-molecule-surface junction.

6.4.4. Electron transport mechanisms

At electrode separations larger than in configuration 1 of Fig. 6.2, the vacuum gap repre-
sents the bottleneck for electron transmission. In configuration 1, however, the bottleneck
has shifted to the molecule-substrate interface as revealed by the calculated eigenchan-
nel (Fig. 6.5a). As seen, the scattering state on the molecule reflects the HOMO-1
(cf. Fig. 6.5¢), which dominates the transmission at Er (see SI, Sec. 6.7.4). The HOMO
(Fig. 6.5f) is ~ 0.5 eV closer to Er than the HOMO-1 (Fig. 6.5¢) but hardly contributes
to the conductance because of its orbital symmetry. The local symmetry of the HOMO-
1 at the methyl group is s-like, matches the tip s wave (Fig. 6.5a), and provides large
overlap and good electrical contact. By contrast, the HOMO exhibits a p-like shape at
the methyl moiety. Its nodal plane reduces the overlap with the tip and leads to a bad
electrical contact. The LUMO is farther away from Er and only has a weak impact on
the conductance.

A projection of the transmission onto either all occupied or all empty states of the
MPSH Hamiltonian (SI, Sec. 6.7.4) reveals that transport pathways through the empty
states of Me-TOTA near Ep interfere destructively with those through the occupied
states XXXVIL - For P-TOTA we find the opposite effect, i.e. the occupied and empty
states interfere constructively (SI, Sec. 6.7.4). This shows that a functional group can
change the interference properties of a molecular bridge, as previously reported, e. g., for
anthracene and anthraquinone based molecular wires.?48

Between configurations 1 and 2 the conductance varies weakly (Fig. 6.2). While
the molecule-substrate distance and the molecular states (see above) hardly change, the
distance between the tip and the molecule shrinks despite the tip-induced deformation of
the molecule. The lack of a corresponding increase of the conductance indicates that the
coupling of the tip and the methyl group is almost saturated in configuration 1. This is
confirmed by the scattering states that hardly change from configuration 1 to 2 (Figs. 6.5a
and b).

As shown above, to relax the repulsive forces across the junction, Me-TOTA shifts
to an adjacent hollow position like in configuration 3 of Fig. 6.2. The shift affects the
current in two ways (Fig. 6.5¢). First, the coupling of the tip s wave and the methyl
moiety changes, because the nodal plane of the HOMO is no longer located at the tip
position. Second, the vacuum-tunneling gap between the tip and the platform itself
closes for small tip-molecule distances. As a result, the scattering state of configuration

XXXVIL In contrast to eigenchannels and their transmissions (Chap. 4, Sec. 4.3.2.2) the transmission through
MPSH states do not have to add independently. Therefore, the sum of different electronic pathways
related to different molecular orbitals can add to a lower transmission than that of a single pathway.
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Y

Figure 6.5.: (a—c) Isosurface plots of the real part of the most transmitting eigenchannels of
configurations 1-3 of Me-TOTA (side views in the [110] direction). Electron waves coming in
from the tip electrode at the T point. (d) Isosurface plot for P-TOTA at z = 4.8 A. The tip
position is as in configuration 1 for Me-TOTA. (e-f) Isosurface plots of the HOMO-1 and the
HOMO of Me-TOTA in the gas phase.
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3 exhibits no localized transmission bottleneck and the conductance increases but still
remains < 0.1 Gy.

Remarkably, the geometries of the current paths through Me-TOTA and P-TOTA,
namely a single C atom protruding from the platform, are similar around z = 4.8 A
(cf. Figs. 6.5a and d). In the case of Me-TOTA, a soft mechanical contact with weak
attractive interaction is formed, whereas P-TOTA covalently binds to the tip. Despite
this difference the conductances differ only by a factor of 2. At further reduced electrode
separations (z ~ 3.8 A) the mechanical contact actually conducts better (~ 35 %) and is
still slightly attractive (Fig. 6.3a).

Chemical bonding changes the electronic structure of the electrodes-molecule junction
and in particular the electronic structure of the molecule. Avoiding this complexity, i. e.
preserving the electronic structure of the molecule despite attachment to an electrode,
may simplify the design of a molecule with specific transport properties.!4:15,36,37,39,223

6.5. Conclusions

We synthesized molecules that physisorb on a metal substrate with a wide platform and
make a functional unit stand vertically. Conductance data from low-temperature STM
contacts exhibit little scatter and show that the 7 system of the platform provides a good
electrical and mechanical contact to the substrate. This makes possible a detailed compar-
ison between functional groups that are inert (methyl, H) or bind (propynyl, bare TOTA
platform) to the tip. The lengths of the functional groups are reflected by the range of
tip-molecule distances where deviations from an exponential conductance variation occur.
All molecules exhibit a rapid conductance rise at small separations. The reasons under
lying the rise in the cases of inert and binding subunits, however, are widely different,
namely lateral motion vs. bond formation. The conductance of methyl TOTA at contact
formation is only twice that of propynyl TOTA, which differs from methyl by an ethynyl
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spacer. Yet, similar conductances arise because the spacer is circumvented by the tip and
because different orbitals carry the current. The results show that the platform anchor
group and pm-control of the electrode position lead to reproducible contacts and large
conductance without requiring chemisorption. Despite the simplicity of the functional
groups used the conductance evolutions have multifaceted origins.

6.6. Computational methods

Simulations were performed with SIESTA?!! and TRANSIESTA!93:249 taking into account
dispersion interactions.'®2 The supercell contains a single Me-TOTA molecule adsorbed on
a 10-layer Au(111) slab with 6 x 6 periodicity. A 10-atom Au(111) tetrahedron, mounted
on the reverse side of the slab, represents the STM tip apex. We used a double-( plus
polarization basis set with 0.02 eV energy shift for C, H, and O, as well as for the Au tip
and surface layer atoms. For the bulk Au atoms, we used a single-( plus polarization basis
with 0.02 Ry (0.272 eV) energy shift. Atomic coordinates of molecule, tip, and surface
layer were relaxed until forces were smaller than 0.04 éV/A. A cutoff of 400 Ry was used
for the real-space grid integrations. The electronic structure was computed on a 2 x 2 x 1
Monkhorst-Pack k-mesh. The transmission functions were sampled over 21 x 21 k-points.
Projection of transmissions onto MPHS states were performed as described in Ref. 193.
Eigenchannel scattering states were computed with INELASTICA. 194,212,213
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6.7. Supporting information

6.7.1. dl/dV spectra

Differential conductance (dI/dV') spectra of TOTA, Me-TOTA, and P-TOTA molecules
(Fig. 6.6a) reveal a broad LUMO peak at ~ 0.6 eV for the bare TOTA platform that is
not present at the other molecules. A constant-height d//dV map of the bare platform
(Fig. 6.6b) at of the energy of the LUMO (EFr +0.6 V) reveals that the LUMO is mainly
located at the platform’s reactive center. Passivating the reactive center by attaching a
functional moiety may therefore drastically affect the electronic structure of the platform
close to Er. In fact, all investigated functionalized platforms do not exhibit any prominent
state in the range |E — Er| $ 1.5 eV (cf. Fig. 6.6a). For Me-TOTA and P-TOTA the onset
of an occupied molecular state is visible at < Er — 1.5 eV.
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Figure 6.6.: (a) Differential conductance (dI/dV') spectra of TOTA (black), Me-TOTA (red), and
P-TOTA (blue). A black arrow indicates the position of the LUMO peak of the bare platform.
For clarity the dI/dV spectrum of Me-TOTA (P-TOTA) is vertically shifted by +1 nS (+2 nS).
Zero voltage corresponds to Ep. The feedback loop was opened at 0.5 nA and 2 V. (b) Constant-
height dI/dV map of the LUMO of a single TOTA molecule (V = 0.6 V). The feedback loop was
opened over the molecule’s center at 0.9 nA and 0.6 V.

6.7.2. Energy of the Me-TOTA junction

Figure 6.7 displays the energy change of Me-TOTA junctions with the height z of the tip,
which is centered above the hcp-hollow site. Data are shown for the molecule initially
located at a hep-hollow site (hollow, black squares) and at a fec-hollow site (next-hollow),
either fixed at this position (yellow circles) or allowing for lateral relaxation (blue dia-
monds).

At large tip-molecule separations (z % 4.8 A), the energy change is negligible in all
cases because the tip does not affect the adsorption energy of the molecule. Our DFT
calculations favor hep-hollow and fee-hollow sites on Au(111) (adsorption energy »~ 1.8 V).
Other sites like the on-top position are less favorable by more than 100 meV.

For electrode separations z < 4.5 A the tip begins to modify the junction energy. The
different positions of the molecule with respect to the tip therefore evolve differently.

When the tip is centered over the molecule (black squares), the energy increases
first slightly and then more drastically at smaller z. The slight increase at z ~ 4.5 A is
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Figure 6.7.: Calculated energy change for Me-TOTA at a hep-hollow site (black squares), at an
adjacent fce-hollow site (blue diamonds), and at an adjacent fec-hollow site with laterally frozen
adsorption position (yellow circles) versus tip position z. The tip is centered above the hep-hollow

site. The minor energy difference (< 30 meV) of the hep-hollow and fec-hollow positions at large
tip-molecule distance (z > 4.8 A) is below the expected accuracy of the DFT calculations.

dominated by tip-induced changes of the adsorption geometry (Fig. 6.3c), i. e. changes
of the substrate-molecule interaction. The more steep increase at z < 3.5 A is mainly
caused by repulsive tip-molecule interaction (black squares in Fig. 6.3a) as discussed in
in Section 5.3.

When the tip and the molecule are not vertically aligned (molecule placed at an
adjacent hollow site, blue diamonds and yellow circles in Fig. 6.7) the distance between
the methyl moiety and the tip is larger. Consequently the adsorption geometry is not
much affected for z > 3.4 A and the energy change of the junction is controlled by a weak
attractive tip-molecule interaction. As a result, the adjacent fcc-hollow sites become more
favorable than the hcp-hollow site for electrode separations smaller than in configuration
1.

For z < 3.4 A the interaction between the tip and the methyl moiety is repulsive
and the energy first increases (blue diamonds). However, to relax strain the molecule
shifts laterally (by 0.7 Aatz=24 A). As coupling of the tip to the molecular 7 system
increases at z < 3.0 A, the junction energy is considerably reduced. When the molecule
is laterally frozen at the adjacent fec-hollow site (yellow circles), the junction energy
slightly increases due to the strain within the junction and hardly changes compared to a
configuration without tip. Moreover, the tip deforms in such a way that the geometry of
the tip-molecule interface is hardly different to the case where the molecule is not fixed
at the adjacent hollow site. As a result, the conductances of with a frozen and a relaxed
lateral position of the molecule are very similar.

When the tip is lowered further (z = 1.9 A) in any of the geometries of Fig. 6.7, it
does not remain stable, the apex atom detaches, and is deposited on the surface.
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6.7.3. Electron density redistributions

To highlight differences between tip-molecule contacts with (P-TOTA) and without (Me-
TOTA) chemical bond X*XVHL231 we analyze the electron density change induced by the
tip-molecule interaction. The electron density redistribution is calculated by subtracting
the densities of two components of the junction, namely, the molecule and the tip + sur-
face, both with frozen geometries like in the entire junction, from the density of the entire
junction. The charge redistribution for Me-TOTA at z = 4.2 A (Fig. 6.8a) is only marginal
despite maximal tip-molecule attraction. This is not compatible with a formation of a
chemical bond between the tip and the molecule. It can be understood from electrostatic
interaction of the tip and the molecule.

B9 29 A5 NW ©)

b 4

-
Figure 6.8.: Calculated electron density redistribution induced by the tip-molecule interaction.
(a) Me-TOTA at z = 4.2 A (hep-hollow), (b) P-TOTA at z = 3.7 A. Blue (red) colored isosurfaces
correspond to depletion (accumulation) of electron density. In both configurations the attraction
between tip and molecule is almost maximal (cf. Fig. 6.3a for Me-TOTA and Fig. 5.3a for P-

TOTA). The arrows in (b) indicate areas of accumulation of electron density between the tip
apex and the originally triple bonded C atorms.

For P-TOTA, there is a large and complex charge redistribution in the tip and the
molecule (Fig. 6.8b), in contrast to the Me-TOTA case. The reduced electron density
(blue) around the originally triple bonded C atoms in the propynyl moiety is caused by
the formation of a Au—-C-C bond,0:215217 a5 the tip apex breaks the triple bond in
favor of a double bond and binds to the adjacent C atoms. Accordingly, the two areas of
accumulation of electron density between the tip and the molecule (red balloons indicated
by arrows in Fig. 6.8b) reflect the two bonds between the apex Au atom and the originally
triple bonded C atoms.

6.7.4. Electron transmission functions, MPSH states, and
interference effects

Figure 6.9 presents transmission functions of a Me-TOTA molecule located at a hcp-
hollow site and the tip above at its center (cf. black squares in Fig. 6.2a). Data for
three electrode separations are displayed. The current around Er is dominated by the
HOMO-1 resonance at ~ —1.5 eV, whereas the nearly degenerate HOMOs at » —1.1 eV
do not cause prominent transmission resonances. The resonance related to the nearly
degenerate LUMOs at energies > 2.2 eV dominate the transmission only up to ~ +1 eV.

XXXV We use the term bond or bonded according the AIM (atoms in molecules) definition.?3! This definition
implies that there is significant electron density between two atoms that are bonded to each other.
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Consequently, the HOMOs and LUMOs are rather unimportant for the transmission at
Er. A broad resonance at ~ 0.2 eV contributes to the calculated current and is related to
states of the tetrahedral tip.

102 b b b b b b b L
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Figure 6.9.: Electron transmission vs. energy for Me-TOTA at the hcp-hollow position for dif-
ferent electrode separations z = 5.7 (gray), 4.7 (blue, configuration 1) and 3.2 A (magenta,
configuration 2). The tip is centered above the molecule. Dotted (dashed) gray curves show
projected transmissions onto the occupied (empty) MPSH states for z = 5.7 A.

I

15101

£ 1072

=

21073

©

=104

10_5 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2 -15 -1 -05 0 05 1 15 2 25

E-Ef (eV)

Figure 6.10.: Electron transmission vs. energy for Me-TOTA shifted to an adjacent fcc-hollow
position for different electrode separations z = 5.7 (gray), 3.2 (magenta) and 2.4 A (yellow,
configuration 3). The lateral tip position is unchanged with respect to the surface, hence these
geometries correspond to an off-center tip position over the shifted molecule. Dotted (dashed)
gray curves show projected transmissions onto the occupied (empty) MPSH states for z = 5.7 A.

The above simple picture of transport through one predominant orbital only holds
approximately as interference effects arise between pathways associated with the individ-
ual states of the molecular bridge. Transmission functions in Figs. 6.9 and 6.10 projected
onto either all occupied (dotted gray line) or all empty states (dashed gray line) of the
MPSH Hamiltonian reveal that near Er the transmission is decreased (increased) in the
absence of the occupied (empty) states. Thus, the empty states such as the LUMOs in-
terfere destructively with the occupied states that dominate via the HOMO-1 the overall
transport through Me-TOTA.

For comparison, we show in Fig. 6.11 the corresponding transmission projections
on occupied and empty states for P-TOTA. As explained in Ref. 140, for P-TOTA the
HOMO resonance dominates until a Au-C bond is formed and a new LUMO-resonance
(cf. arrow in Fig. 6.11b) comes into play. Further, from Fig. 6.11 we also conclude that
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the occupied and empty states interfere constructively for transport through P-TOTA.
The two functional groups thus display different interference effects.

Whereas the positions of the resonances hardly change for electrode separations larger
than in configuration 1 (cf. gray and blue curves in Fig. 6.9), they are shifted by »~ 0.3 eV
in configuration 2 (magenta). In fact, the separation of the resonances related to the
HOMO-1 and LUMOs is reduced by 5% from 4.08 eV to 3.88 eV. This change between
configuration 1 and 2 is due to a deformation of the molecule (namely flattening) that
is induced by the STM tip. Gas-phase calculations for a molecule frozen in the distorted
geometry reproduce the change. As a consequence, the conductance is mainly controlled
by the geometry of the junction rather than changes of its orbitals.

The transmission of a molecule at an fcc-hollow position with the tip still centered
over an hep-hollow site (cf. gray diamonds in Fig. 2a) is displayed in Fig. 6.10. For large
electrode separation (blue) the transmission is mediated by the same molecular states as
for the hcp-hollow configuration. In addition, the molecule is less deformed when the
tip-molecule distance is reduced and the molecular states are hardly affected. For small
electrode separation (yellow) a new resonance appears at ~ —1.1 eV (arrow in Fig. 6.10b).
It is related to the nearly degenerate HOMOs. As discussed in the main text, this is
caused by a change of the orbital symmetries at the tip-molecule interface.

Transmission

Figure 6.11.: Electron transmission vs. energy for P-"TOTA at the hcp-hollow position for different
electrode separations. (a) configuration 2 and (b) configuration 4 from Ref. 140. The tip was
centered above the molecule. Dashed (dotted) curves show projected transmissions onto the
occupied (empty) MPSH states. Close to Ef, the transmissions projected onto all occupied and
all empty states essentially add up to the total transmission, indicating that occupied and empty
states do not interfere destructively.
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Directional Rotation of Ethoxy and Ethyl Moieties
on a Molecular Platform on Au(111)

This chapter is based on a manuscript published in ACS Nano. The publication is
reprinted (adapted) with permission from

Torben Jasper-Tonnies, Manuel Gruber, Sven Johannsen, Thomas Frederiksen, Aran
Garcia-Lekue, Torben Jikel, Fynn Rohricht, Rainer Herges, and Richard Berndt,
ACS Nano 14, 3907 (2020). Copyright 2020 American Chemical Society.

7.1. Abstract

Molecular rotors have attracted considerable interest for their prospects in nanotech-
nology. However, their adsorption on supporting substrates, where they may be ad-
dressed individually, usually modifies their properties. Here, we investigate the switching
of two closely-related three-states rotors mounted on platforms on Au(111) using low-
temperature scanning tunneling microscopy and density functional theory calculations.
Being physisorbed the platforms retain important gas-phase properties of the rotor. This
simplifies a detailed analysis, and permits, for instance, the identification of the vibra-
tional modes involved in the rotation process. The symmetry provided by the platform
enables active control of the rotation direction through electrostatic interactions with the
tip and charged neighboring adsorbates. The present investigation of two model systems
may turn out useful for designing platforms that provide directional rotation and for
transferring more sophisticated molecular machines from the gas-phase to surfaces.

7.2. Introduction

Switches and motors are essential engineering components in our macroscopic world as
well as at the molecular level.?°%:251  Considerable effort is made to synthesize artificial
motors that mimic biological examples or offer prospects in nanotechnology.'® Rotor
molecules deposited on surfaces may be investigated at a sub-molecular scale using scan-
ning tunneling microscopy (STM).?>!! The compounds thus studied fall into two classes.

69



7 Directional Rotation of Ethoxy and Ethyl Moieties on a Molecular Platform on Au(111)

Either molecular adsorbates serve as a rotor and the substrate is used as a stator252-267
or the stator and the rotor are subunits of the same molecule.268-272 Besides rotors there
are also rotary switches that alternate between two rotation angles?!:127,236,273,274 3
consequently do not enable studies on the directionality of the motion, which is essential
for using a rotor in a motor.% 10

The adsorption of molecules on surfaces often modifies their gas-phase properties.
While these modifications may be beneficial, e. g., by inducing an asymmetry,?”™ which
is essential for the directionality of the rotation,27%276:277 they render predictions of the
on-surface properties of a molecule difficult.

Here, we investigate two closely related three-state stepper motors using STM and
density functional theory (DFT) calculations. In contrast to previous studies, we employ
a rigid and planar molecular platform, namely trioxatriangulenium (TOTA),?? as anchor
rather than using single atoms like, e. g., sulfur26?-271 or flexible molecular subunits.?”? The
platform serves as stator, separates the rotor from the substrate*? 140,141 and provides an
electronic decoupling because it binds to Au surfaces via physisorption*#? 14! in contrast
to most chemically bonded platforms.t We show that this approach preserves impor-
tant gas-phase properties of the molecules, such as the rotational energy barriers and the
vibrational modes involved in rotation. Inelastic electron tunneling excites the relevant
vibrations, which in turn switch the orientation of the rotors. Although the molecules are
achiral, directionality of the rotational steps is induced and controlled through the inter-
action with the STM tip or neighboring adsorbates. The electronic decoupling provided
by the platform effectively increases the switching yield of the rotor, and may lead to
longer lifetime of electronic excited states of the rotor, which would be useful to control
the rotation by light.278-280

7.3. Results and discussion

7.3.1. Three-state rotors

Ethoxy-TOTA and ethyl-TOTA molecules (Figs. 7.1a and b) were designed to serve as
three-state rotors with the versatile TOTA platform adsorbed to the substrate as stator
and the central moiety as rotor. Although the platform physisorbs, its adsorption energy
on a metal surface is close to that of a chemical bond owing to the lateral extension of
the molecule, i. e. in the order of 1 eV (100 kJ/mol).!40:141 The ethoxy and ethyl moieties
are freestanding and inclined with respect to the metal substrate,4%141 and are located in
one of the three mirror planes of the C5, symmetric platform (see topviews in Figs. 7.1a
and b). Two hydrogen atoms of the moieties bind via a CH--O hydrogen bond to one of
the three oxygen atoms of the platform. In addition, ethyl-TOTA has two further CH--O
bonds to the remaining two oxygen atoms of the platform. Switching between the three
symmetry-equivalent positions corresponds to a rotation of the moiety, 7. e. a change of
its torsion angle. As the molecules exhibit a C5, symmetry, no directional rotation is
expected.
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Ethoxy-TOTA () State 1§(d) State 2 (e) State 3

Figure 7.1.: (a-b) Gas-phase molecular structure of ethoxy-trioxatriangulenium (ethoxy-TOTA)
and ethyl-TOTA. Gray, red and white spheres indicate carbon, oxygen and hydrogen atoms. The
torsion angles foxy and 6y of the ethoxy and ethyl moieties (encircled in green) are defined by the
four atoms that are highlighted by black arrows in (a) and (b). (c-e) STM topographs showing
current-induced switching (image size (3.9 nm)?, current I = 30 pA, sample voltage V = 100 mV).
An ethoxy-TOTA molecule (turquoise border) in a hexagonal cluster of two ethoxy-TOTA and
four OH-TOTA molecules (example marked with yellow border) is switched by injecting current
at the position of the white cross. A turquoise-colored arrow shows the orientation of the ethoxy
group. Starting from 6oy = 0 in (c), 120° and 240° are obtained in (d) and (e). (f-h) Analogous
data from a cluster comprising of six ethyl-TOTA molecules. From (f) to (h) the direction
of the CHy—CH; bond of the ethyl moiety within the marked molecule is switched into three
configurations with 6y = 0,120 and 240°. The STM images were processed by merging the raw
data with a smoothed and inverted Laplace-filtered image to enhance the contrast. In the raw
images the maximum apparent heights of OH-TOTA, ethyl-TOTA, and ethoxy-TOTA molecules
are 0.21, 0.26 and 0.31 nm, respectively.

7.3.2. Adsorption geometry

In two separate experiments, ethoxy-TOTA mixed with OH-TOTA molecules®***1X and
ethyl-TOTA molecules (Figs. 7.1a and b) were sublimated onto Au(111) at ambient tem-
perature and studied with STM at 4.6 K (Sec. 7.5 and Chap. 3, Sec. 3.5.3). At low cov-
erages, the intact TOTA molecules self-assemble into clusters composed of 6 molecules.
Single molecules (Figs. 7.1¢ and f, ethoxy-TOTA: turquoise bordered, OH-TOTA: yel-
low bordered, ethyl-TOTA: magenta bordered) are imaged as triangular protrusions in
accordance with the symmetry of the platform.

The orientation of the moiety of ethoxy-TOTA is discernible by its off-centre position
and the elliptic shape of the highest areas of the image (green colored area, Fig. 7.1c).
For example, the configuration of the ethoxy-TOTA in Fig. 7.1c¢ (turquoise) is equal to
that in the model in Fig. 7.1a. Analogous data from ethyl-TOTA are shown in Fig. 7.1f
(magenta).

The three possible orientations of the moieties translate into three torsion angles

XXXIX The mixture was used to perform two experiments in parallel on the same sample. Here, we focus on
ethoxy-TOTA.
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Ooxy and Oy that are defined via the four atoms marked in Figs. 7.1a and 7.1b. STM
topographs (Figs. 7.1c and f) reveal that the stable orientations .y, (6y1) of the ethoxy
(ethyl) moiety, namely 0, 120 and 240°, are identical to those of the gas-phase molecules.
Boxy = 0° (6y1 = 0°) is defined as the torsion angle for which the mirror plane of the molecule
is approximately parallel to the [110] direction of Au(111) (cf. Figs. 7.1c and f).

7.3.3. Tunneling induced moiety rotation

The torsion angle can be changed by injecting current through the molecules at suitable
sample voltages and positions. For example, in Figs. 7.1c—e the ethoxy-TOTA molecule
(turquoise) was switched from 6y, = 0° to 120° and then to 240°. Analogous data for
ethyl-TOTA (magenta) are displayed in Figs. 7.1f~h. The switching is molecule-selective
and does not affect any neighbors as long as mild parameters (V' <400 mV, I < 500 pA)
are used.

To efficiently read out the torsion state of a molecule, the STM tip was positioned
over it at a specific position indicated by a white cross in Figs. 7.1c-e and f-h. This
position breaks the molecular symmetry and leads to characteristic currents (feedback
off) or heights (feedback on).X After moving the tip to such a position, the sample
voltage was increased until abrupt changes of the current were observed (feedback off).
Figure 7.2 shows a typical time series of the tunneling current from an ethoxy-TOTA
molecule at V' =185 mV. Three distinct levels 1-3 are discernible with average currents

0 10 20 30 40 50
Time (s)

Figure 7.2.: (a) Time series of the tunneling current measured with the tip positioned over an
ethoxy-TOTA molecule. The corresponding lateral tip position is indicated by a white cross
in Figures 7.1c—e. A sample voltage V = 185 mV was applied and the current feedback was
opened at a current I = 27 pA. The current levels 1-3 correspond to states 1-3 (cf. Figs. 7.1c—e).
Intermediate current values (gray points) are measured because the band-width limited signal
from the transimpedance amplifier was oversampled.

of 115 pA, 75 pA (-35 %) and 33 pA (-71 %) colored in blue, black and red, respectively.
Using additional topographs, we verified that the levels reflect states ., = 0, 120 and
240°, respectively. Ethoxy-TOTA and ethyl-TOTA can actually be set to a desired state
(0, 120 and 240°) by rapidly reducing the sample voltage once the corresponding target
current is reached. The switching does not show any sign of fatigue, even after tens of
thousands of events.

XL This detection scheme has previously been used for, e. g., oxygen molecules on Pt(111)?*® and thioether
on Au(111).254
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The switching rate R, defined as the number of detected switching events per time
interval, depends crucially on the tunneling current I. At a given voltage and for I <
500 pA, we find R oc IV with N ~ 1 (not shown). The reaction order of one indicates
that, while a large fraction of the electrons elastically tunnels without affecting the state of
the investigated molecule, the switching is induced by single-electron tunneling. In that
respect, the energy transfer from a single tunneling electron is sufficient to change the
state of the adsorbate. At smaller tip-molecule distances, i. e. higher currents, mechanical
contact may play a role, too (Chap. 6). Here, we focus on results obtained at large
separations.

7.3.4. Action spectroscopy

Action spectra, i. e. the switching yields Y = R/(I/e) (e : elementary charge) per elec-
tron as function of the sample voltage (Chap. 3, Sec. 3.3),129°131 were measured for both
molecules (Fig. 7.3). As the switching rate R is proportional to the current I, the yield
Y is approximately constant at fixed V. The action spectra of ethoxy-TOTA and ethyl-
TOTA are drastically different (Fig. 7.3). In particular, while the minimal voltage to
efficiently switch ethoxy-TOTA (Y 2 107!') is ~ 160 mV, this voltage has to be more
than doubled (~ 360 mV) for ethyl-TOTA. This difference is rather surprising because the
binding of the TOTA stator molecules to Au(111) is virtually identical (see below) and
both moieties are attached via sp o bonds (cf. Figs. 7.1a and b).

The evolutions of Y(V') in Fig. 7.3 are typical of switching events that are induced
by single-electron tunneling via vibrational excitation of the molecules.'?%130 For this
scenario an analytic expression for Y (V') was derived in Ref. 131 (see also Equation 7.4
and 7.5 in SI, Sec. 7.7.1) that we used to fit the data (gray and green lines in Fig. 7.3).
The fits reveal two vibrational modes at 180+2 and 367+3 meV for ethoxy-TOTA and one
mode at 371 = 1 meV for ethyl-TOTA (see arrows in Fig. 7.3). It should be noted that a
similar quality of the fits can be achieved by using several modes whose energies differ by
less than ~ 10 meV from the aforementioned values. The experimental data consequently
do not enable the identification of a single vibrational mode. For ethoxy-TOTA, only the
onset of the second drastic yield increase at [V| 2 360 mV could be measured because the
switching became too rapid to be resolved with our STM at pA currents.

The onsets of abrupt increases are essentially dictated by the energies and the spectral
form of the vibrational modes involved in the process (SI, Sec. 7.7.1 and Ref. 131). The
increases at [V > 200 and < 350 mV for ethoxy-TOTA and |V|> 390 mV for ethyl-TOTA
can be modeled with the expression (SI, Sec. 7.7.1):

Y(V)) = K (1—%) 0(|eV| - he), (7.1)

where K is a dimensionless prefactor, {2 the vibrational mode energy, and 6 is the step
function, which extends the definition of Equation 7.1 to voltages |eV| < hw. The energies
of the tunneling electrons range from 0 to |eV|. Assuming a constant density of states,
the factor (1 - hQ/|eV|) corresponds to the fraction of the current for which the electron
energies exceed hS), 1. e. it describes the fraction of tunneling electrons that can excite the
vibrational mode.
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Figure 7.3.: (a) Yield (switching probability per electron) vs. |V| for ethoxy-TOTA (symbols
1-4) and ethyl-TOTA (symbols 5-7). Current was injected into ethoxy-TOTA (ethyl-TOTA) at
the position of the white cross in Fig. 7.1(c—e) [Fig. 7.1(f-h)]. Data sets 2 and 6 were recorded
at negative V. Bars indicate the standard deviation o expected from a Poisson process. Fits
using Equations 7.4 and 7.5 (gray and green line) reveal that vibrational modes at energies of
180 + 2 and 367 + 2 meV for ethoxy-TOTA and 371 + 3 meV for ethyl-TOTA (black arrows) are
involved in the switching processes . Data sets 3 and 4 were acquired on a molecule adjacent to
a 6-molecule cluster, ¢. e. with a single neighbor. The best agreements are obtained with widths
of the vibrational density of states (vDOS) og < 10 meV (Eq. 7.6, SI, Sec. 7.7.1).

At first glance, K may seem to be closely related to the probability of vibrational
excitation by tunneling electrons, which is typically of the order of 0.01 to 0.1.281-283
However, to lowest order in the electron-vibration coupling, the inelastic cross section
approximately cancels out from K because the competing electron-hole pair creation
rate of the vibrational mode varies in a similar manner (see SI, Sec. 7.7.1 and Refs. 131
and 129). Therefore, the prefactor K is mainly determined by the (anharmonic) decay
rate yrco of the excited vibrational mode into the rotation coordinate. In the case of
ethoxy-TOTA K » 3.4 x 10~® is more than one order of magnitude larger than for ethyl-
TOTA (~3.2x1079). The second rise of the yield for ethoxy-TOTA further increases this
ratio to more than three orders at » 400 mV. This drastic increase suggests that ethoxy-
TOTA transfers energy from the excited vibrational modes to the reaction coordinate more
efficiently despite the fact that relevant vibrational mode energies are almost identical
(» 370 meV). We would like to stress that in the off-resonant regime, the prefactor K,
and henceforth the yield at a given voltage, is proportional to 1/I'2, where I is the related
to the electronic coupling of the adsorbate to the substrate (SI, Sec. 7.7.1). Therefore,
electronic decoupling, provided for instance by the platform itself or by employing a thin
insulating layer, may significantly increase the yield of a rotor.
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7.3.5. Vibrational modes involved in the rotation

Ethoxy-TOTA and ethyl-TOTA both physisorb to Au(111) in a typical configuration for
functionalized TOTA platforms, namely on hep or fee sites with an orientation consistent
to that revealed by STM topographs (Figs. 7.1c and f).141:284 To understand the different
action spectra in Fig. 7.3 it is sufficient to consider density functional theory (DEFT)
calculations for the isolated molecules (see Sec. 7.6). The calculated energy barriers for
the rotation of the attached moieties are quite different, namely 140 meV for ethoxy-
TOTA and 195 meV for ethyl-TOTA. The geometries of the CH--O bonds between the
attached moieties and the platform that fix the orientation are hardly different (calculated
H--O distances of 0.29 to 0.30 nm). Moreover, the geometries of the transition states are
similar. Therefore, we attribute the higher energy barrier for ethyl-TOTA mainly to the
two additional CH--O bonds of the CH, unit of the ethyl-moiety that is directly attached
to the central C atom of the platform (H--O distance of 0.30 nm, Figs. 7.1a and b).

In contrast to the energy barriers for the rotation, the computed vibrational spectra
of ethoxy-TOTA and ethyl-TOTA are found to be very similar, and reveal a gap between
~ 200 (C-H bending) and 350 meV (C-H stretch) (Fig. 7.4). The calculated vibrational
density of states (vDOS) are consistent with infrared spectra of powder samples (not
shown). The rotation is assumed to be due to an over-barrier process (in contrast to
tunneling processes) because no switching was observed with voltages lower than the
energy barrier of the investigated rotor, even after days of measurements. Therefore, all
vibrational modes with an energy lower than 140 meV (dashed turquoise line in Fig. 7.4a)
and 195mV (dashed magenta line in Fig. 7.4a) for respectively ethoxy- and ethyl-TOTA
are irrelevant for the rotation.

The fit of the action spectrum of ethyl-TOTA revealed vibrational modes at ~ 370 meV
(Fig. 7.3, right arrow in Fig. 7.4). In this energy range, we find only C—H stretching modes
that are located to the moieties (cf. Fig. 7.4a). Another set of C-H stretch modes around
390 meV involves the outer H atoms of the platform. The absence of an additional increase
of the switching yields above 370 mV leads us to conclude that the platform modes do
not efficiently couple to the rotation, despite their large energy. Calculated vibrational
modes located on the moiety are displayed in the SI (Sec. 7.7.2). Most of modes of the
ethyl group with an energy ~ 370 meV involve significant displacements of the hydrogen
atoms, which mediate hydrogen bonding to the platform. The rotation in ethyl-TOTA is
therefore due to one or several C—H stretching vibrational mode(s) located on the moiety,
which most likely weakens the hydrogen bonds between the moiety and the platform, and
in turn efficiently decays into a rotation. In other words, the combination of the energy
barrier, the vibrational energy gap, and the type of vibrational modes (Figs. 7.9 and
7.10) are consistent with the absence of rotation of ethyl-TOTA (Y < 107!2) at electron
energies below » 350 meV. The importance of C-H stretching modes has been reported
for other electron-induced processes?® such as: on-surface rotation,'?7:258:286 hopping,287
and synthesis.?88

Analogous to ethyl-TOTA, the second abrupt increase of the action spectrum of
ethoxy-TOTA at ~ 370 meV is caused by C-H stretching vibrational modes of the moiety.
However, the first abrupt increase in the action spectrum is related to one or several C—H
bending vibrational mode(s) of energy ~ 180 meV located on the moiety (SI, Sec. 7.7.2
and left arrow in Fig. 7.4).
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Figure 7.4.: (a) Calculated vibrational density of states (vDOS) projected onto the ethoxy moiety
of ethoxy-TOTA (black line) and onto the ethyl group of ethyl-TOTA (red line). The discrete
spectra were broadened by 3 meV. Turquoise and magenta dashed vertical lines indicate the com-
puted energy barriers for the rotation reaction for ethoxy-TOTA and ethyl-TOTA, respectively.
The arrows indicate the vibrational-mode energies extracted from the fits to the data shown
in Figure 7.3. (b) Corresponding vDOS projected onto the TOTA platform for ethoxy-TOTA
(black line) and ethyl-TOTA (red line). (c—f) Ilustrations of the relevant vibrational modes (C—
H stretch and bend) and rotation barriers. The turquoise and magenta curves describe idealized
rotational energy potentials with energy barriers of respectively 140 and 195mV. The indexes
1, 2 an 3 represent the three stable orientations of the respective rotors. Along the vibration
coordinate, only the relevant C-H bending (c,e) and C-H stretching (d,f) modes of the moieties
are shown (180meV and 370mV). The solid (dashed) red arrow is a representation of energy
transfer from the vibration to the rotation coordinate in an over-barrier (tunneling) process.

The barrier for rotation is lower in ethoxy-TOTA (» 140meV), where several vibra-
tional modes below the onset of the gap (~ 200 meV) are capable of decaying into rotation,
and as a result the situation is drastically different. The relevant vibrations are C—H bend-
ing modes and therefore directly affect the CH--O bonds that stabilize the orientation of
the ethoxy group (SI, Fig. 7.9). The experimental action spectra (Fig. 7.3) suggest that
these pure ethoxy modes indeed efficiently induce the rotation, while all other modes be-
low 350meV do not. In line with this observation, the other calculated modes between
140 and 350 meV are mainly vibrations of the platform (cf. Fig. 7.4b) and are therefore
less likely to lead to ethoxy rotation.

The relevant vibrational modes and rotation energy barriers are illustrated in Fig-
ures 7.4c—f. Two series of modes with energies of » 180 and ~ 370 meV, common for the
two moieties, may effectively decay into a rotation. For ethyl-TOTA, the calculated rota-
tional energy barrier is 195 meV (magenta curve in Fig. 7.4c). The vibrational modes at
180 meV therefore cannot provide enough energy for the rotation of the moiety (Fig. 7.4e),
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and only the subsequent relevant vibrational modes at 370 meV may induce a rotation
(Fig. 7.4f). In contrast, for ethoxy-TOTA, the energy barrier (140 meV) is low enough
such that both relevant series of modes can, in principle, transmit sufficient energy for the
rotation (Figs. 7.4c,d). This explains the presence of two abrupt increases in the yield of
ethoxy-TOTA (Fig. 7.3).

The energies of the C-H stretching modes are approximately twice as high as those
of the C-H bending modes of the ethoxy group (cf. right and left arrows in Fig. 7.3).
Time resolved measurements with picosecond light pulses on liquid hydrocarbons showed
a highly efficient decay of C—H stretching modes into two C-H bending modes.?8? We
speculate that an efficient simultaneous excitation of two C-H bending modes via the
decay of a C—H stretching mode causes drastically higher (by more than three orders)
switching yield of ethoxy-TOTA compared to ethyl-TOTA (|V| > 350 meV, Fig. 7.3).
This scenario is supported by the fact that an excitation of a single C-H bending mode
of the ethoxy moiety is » 10 times more efficient in inducing rotation than a single C-H
stretching mode of the ethyl moiety.

In principle, tunneling electrons could also sequentially excite two vibrational modes
(vibrational ladder climbing) without a preceding excitation of a high-energy mode. How-
ever, such a multi-electron process would lead to a switching rate proportional to IV where
N > 1, in contrast to N = 1 experimentally observed (not shown). In principle, tunnel-
ing electrons could also simultaneously excite two vibrational modes without a preceding
excitation of a high-energy mode.

Separate calculations of ethyl-TOTA on Au(111) (not shown) reveal an additional
piece of important information. The energy barriers for moiety rotation and the vibra-
tional modes of interest (hw > 130 meV) hardly change upon adsorption indicating that
the TOTA platform efficiently decouples of the functional moieties from the substrate as
intended. Important gas-phase properties of a molecule are preserved.

7.3.6. Microscopic yields and directionality of the rotation steps

Next, we experimentally studied microscopic switching events of the three-state rotors,
i. e. switching from an initial state ¢ to a final state j. The microscopic yields y;; (Fig. 7.5b)
were obtained from time series of I at various sample voltages (SI, Sec. 7.7.3). The total
yield Y is linked to y;; as follows:

Y = Z(aiZyij)’ (7.2)

i %
where «; is the probability of finding the rotor in an initial state 2. To verify the consistency
of all microscopic yields presented below, we derived the stationary solutions of the three-
state master equation with y;; as input (SI, Sec. 7.7.3). Less than 4 % variation is observed
between the «; estimated from the measurements and the a; resulting from the master
equation.

First, data from ethoxy-TOTA (Figs. 7.1a and c—e, with two OH-TOTA neighbors
close to ethoxy-TOTA) are discussed. The STM tip was positioned at a location (magenta
cross in Fig. 7.5a) equivalent to that indicated by a white cross in Figures 7.1c—e. This
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Figure 7.5.: (a) STM topograph of ethoxy-TOTA with a calculated scaled molecular structure
overlayed. The magenta cross (black dot) indicates the same positions as the white cross (circle)
in Figures 7.1(c—e). Both positions allow to distinguish states 1-3 [cf. Fig. 7.1(c—e)] as distinct
current levels at constant tip height. (b) Definition of the yields y;; for switching from state %
to state 7. States 1, 2, and 3 are defined with respect of the tip position (magenta cross) during
switching, i. e. they correspond to the highest, middle, and lowest current level, respectively
[cf. Figs. 7.2 and 7.1c—e|. (c-d) Measured yields y;; for switching out of state (c) 1, (d) 2 and
(e) 3 with the tip positioned at the magenta cross in (a). While the data points at high yield
are based on 20000 switching events, the lowest yield corresponds to 5 events. Bars indicate
the standard deviation o expected from a Poisson process. Dashed lines show fits to y;/2 using
Equations 7.4 and 7.5 (SI, Sec. 7.7.1), and correspond to the expected yields when switching
is not directional. The upper (lower) solid turquoise lines in (d) and (e) represent the fits of
yi/2 (dashed lines) multiplied with a factor of 1.65 (0.35). Direct fits to y;; (not shown) and y;
indicate active vibrational modes at 176 to 184 meV and 373 to 400 meV. The fits to y13 (not
shown) and y23 [solid gray line in (d)| are exceptions that suggest vibrational modes at » 206
and 231 meV, respectively.

tip position makes the states 1-3 inequivalent, which allows to obtain three distinct
current values (feedback off) in time series. y3; and yso (Fig. 7.5e, red and black symbols,
respectively) are voltage dependent as expected from the overall yield (Fig. 7.3). For
V' $330mV, ys; is five times larger than yso. In other words, switching out of state 3 is
directional.

For further analysis, we first fitted the sum y3 = y3; + y32, ¢. e. switching events
starting in state 3, using Equations 7.4 and 7.5 (SI, Sec. 7.7.1). Assuming non-directional
switching, we obtain the dotted line in Fig. 7.5d with vibrational modes at ~ 180 and
~ 375 meV, in agreement with the energies » 180 and ~ 365 meV extracted from the action
spectra (Figure 7.3). The obtained fit is scaled by 1.65/2 and 0.35/2 (turquoise lines in
Fig. 7.5d) to match ys; and ysg, respectively. These factors are related to the probability
pi; of switching from state 2 to 5 where

Yij

g 7.3
ij‘ Yij (7.3)

Pij =

p31 = 1.65/2 ~ 0.83 (p3g = 1 — p3; ~ 0.17) for |[V]| $ 360mV. A reduction by 10-20 % occurs
when the second vibrational mode at » 370 meV may be excited. The difference between
p31 and pso is related to the directionality of the rotation, and strongly depends on the tip
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position (SI, Sec. 7.7.4). The directionality is mostly induced by the tip, and the result
of an attractive interaction between the tip and the moiety. Indeed, we observed that the
favored final state is the one closest to the tip position (Fig. 7.5 and SI, Sec. 7.7.4). For
example, state 1 is preferred as a final state over 2 when the tip is located as indicated
in Figures 7.5a and b (magenta cross).

Consequently, switching from state 2 (Fig. 7.5d) also preferably ends in state 1 with
po1 ~ 0.83. 9o is higher than any other microscopic yield of ethoxy-TOTA and actually
exceeds the total yield Y. Note that there is no contradiction in having some of the
microscopic yields larger than the total yield because the former ones are weighed by the
probability of finding the initial state (< 1) to give the total yield (Equation 7.2). y,/2 is
fitted using Equations 7.4 and 7.5, and scaled by 1.65 and 0.35 to obtain the lower and
higher turquoise lines in Figures 7.5d,e. Clear deviations from the experimental y,3 data
are observed, especially for |V| < 250mV, and suggest that the directionality depends
on the sample voltage. Indeed, py; evolves from ~ 95% for V ~ 180mV to ~ 80% for
V ~ 250mV. Because of 393 = yo — y12, the yield y9; has similar deviations as ys3 but of
opposite sign. While the variations of y»3 to the non-voltage dependent directionality case
(turquoise line in Fig. 7.5d) are significant, they represent only a small fraction of y,; and
are therefore barely observable in Figure 7.5d. We speculate that they are due to small
tip-height changes with the voltage, which in turn mainly affects y,,. Indeed, the ethoxy
moiety passes below the tip for switching from state 2 to 1.%X1

Finally, we consider switching from state 1 (Fig. 7.5¢). For |V| 2 270 mV, we hardly
observe any directionality. Given that the STM tip is positioned close to the symmetry
plane of state 1 (cross in Fig. 7.1c), the final states 2 and 3 are almost equivalent and
similar yields y;2 and g3 are expected. However, there are deviations between y,, and
113 with a clear preference of 2 as final state for V < 270 mV. Similar to the yields in
Figure 7.5d, these deviations may be linked to the tip that is located above the path of
rotation, i. e. between configurations 1 and 2.

7.3.7. Tuning the directionality of the rotation

The ethoxy moiety seems to be attracted by the tip, which leads to a directionality of
the rotation. The adsorption geometry of the molecule relative to the substrate atoms
and neighboring molecules may also influence the energetic landscape of the ethoxy moi-
ety, and in turn affect the directionality. In the following, we discuss the influence of
(i) the tip position, (ii) the adsorption geometry and (iii) neighboring molecules on the
directionality.

Additional microscopic yield data (SI, Sec. 7.7.4) were recorded, where the tip has
been laterally displaced by 0.15nm (dot in Figs. 7.5a and 7.1c—e). As expected, the total
yield Y is hardly affected by the change of tip position. However, the microscopic yields

XLL A direct fit to the yo3 data (gray line in Fig. 7.5d) leads to vibrational modes at ~ 230meV and
~ 373meV. While the energy of the second mode is consistent with that obtained fitting ys1, the
energy of the second mode is drastically different. Furthermore, the energy of the second mode is
inconsistent with DFT calculations, which indicate a vibrational gap between 200 and 350meV. In
addition, the width o¢ of the first mode spectral form (Eq. 7.6, SI, Sec. 7.7.1) has to be increased to
excessively large values to achieve an acceptable fit.
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y;; are drastically modified, and reflect the different symmetry of the tip-molecule system.
The new tip position is close to the symmetry plane of state 3, leaving states 1 and 2
approximately equivalent. In turn, the switching from the initial state 3 shows fairly low
directionality (ps; $ 0.6, p3a 2 0.4). Moreover, the switching between 1 and 2 occurs with
almost identical yields y12 ~ yo1, in contrast to ys1 ~ 5y12 observed with the previous tip
position. Therefore, a displacement of the tip as small as 0.15nm can have a drastic effect
on the directionality. For the new position, the favored final state 1 is the one closest to
the tip, which is consistent with an attractive force between the ethoxy moiety and the
tip.

An important role of the substrate appears to be rather unlikely because the platform
decouples the moiety from the surface. Nevertheless, the adsorption geometry of ethoxy-
TOTA on Au(111) is chiral as inferred from DFT calculations along with STM data.!41,284
It breaks the symmetry of the substrate and induces a chirality of the molecule-substrate
system, while the molecule itself is hardly changed upon adsorption, i. e. remains achiral.
Indeed, the mirror plane of the molecule is rotated by ~ —4° (enantiomer left) or by ~ +4°
(enantiomer right) relative to a close-packed (110) direction of Au(111). We measured
microscopic yields as the ones shown in Figure 7.5 on two different enantiomers but did
not observe a significant variation of the directionality. Therefore, within the uncertainty
of the measurements, the directionality is not affected by the substrate.

As to factor (iii), adjacent TOTA molecules without substitution at the central carbon
atom were observed to strongly affect the directionality of switching whereas neighboring
OH-TOTA and ethoxy-TOTA molecules were passive. In particular, when the tip is
positioned above ethoxy-TOTA close to an adjacent bare TOTA molecule (Fig. 7.6a),
the switching into state 1, 4. e. rotation of the moiety towards the adjacent TOTA, is
efficiently suppressed. At 300mV, y9; and y3; are respectively reduced by factors of ~ 10
and ~ 5 compared to the case without neighboring TOTA molecule. Most switching
events instead occur between states 2 and 3 (Fig. 7.6b). We attribute this striking effect
to Coulomb repulsion between the moiety and the TOTA neighbor. Indeed, adsorbed
TOTA molecules are positively charged as evidenced by the fact that TOTA in contrast
to ethoxy- and ethyl-TOTA molecules do not form clusters on Au(111).284 The topmost
ethyl moiety of ethoxy-TOTA is most probably also positively charged because of the bond
with electronegative oxygen. The measurements show that the electrostatic repulsion
exceeds the attraction to state 1 caused by the STM tip.

States 2 and 3 are almost symmetric with respect to the adjacent bare platform.
Switching between these states is therefore expected to be mainly controlled by the tip
position. Indeed, switching from state 3 to state 2, where the moiety is closer to the tip,
is more efficient than the reverse process. The corresponding directionality induced by
the tip (ys2 » Hya3) is similar to the case without a TOTA neighbor (Figs. 7.5d,e where
Y21 & 4.7Tys3 and ys; ~ 4.7y32). The net result of the various yields is that the molecule
with a neighbor prefers state 2 (Fig. 7.6b) instead of state 1, which exhibits the largest
lifetime when no TOTA is present (Fig. 7.2). Modifications of residence times and reaction
yields by adsorbates have also been reported for other systems, such as intramolecular

hydrogen transfer in a porphycene molecule on Cu(110) and phthalocyanine molecules on
Ag(111).290,291

We did not observe a significant influence of OH-TOTA or ethoxy-TOTA neighbors
on the directionality of switching. This may be expected because OH-TOTA or ethoxy-
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Current (pA)

Figure 7.6.: (a) STM topograph showing a single ethoxy-molecule (turquoise) adjacent to a bare
TOTA platform (light green). The image was processed by merging the raw data with a smoothed
and inverted Laplace-filtered image. Tunnel parameters: 100mV, 30 pA (b) Time series of the
tunneling current measured with the tip positioned over the cross in (a). V' =300mV was applied
and the current feedback was opened at I = 7TpA. The current levels 1-3 correspond to states
1-3 (cf. Fig. 7.1c—e). The states are indicated in (a), where the orientation of the ethoxy moiety
corresponds to state 2.

TOTA molecules do not repel each other on Au(l1l), which indicates that they are
significantly less charged than TOTA.?84 In these cases, the tip position determines the
directionality.

We also investigated the microscopic yields of the ethyl moiety in ethyl-TOTA (data
not shown). The topmost methyl moiety tends to switch into the state that minimizes the
separation from the tip. The measured directionalities are rather low (po; 31 = 60...70 %),
similar to those of ethoxy-TOTA at large voltages, |V| > 350mV. The reduced direction-
ality is possibly related to the excitation of the C-H stretching vibrational mode that
occurs in this energy range in ethyl-TOTA and ethoxy-TOTA.

We then employed the tip-induced control of the directionality to perform clockwise
or anti-clockwise rotation of an ethoxy moiety (Figure 7.7).

At least two different tip positions are necessary to obtain a complete rotation (e. g.
white and gray crosses in Fig. 7.7a-d). The tip-induced directionality allows realizing a
complete rotation without backward steps with a success rate of » 0.903 = 0.73.
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(f)

1[€]2 1

Figure 7.7.: (a—f) STM topographs of the same ethoxy-TOTA molecule (marked with a turquoise
border). From (a) to (d) the torsion angle 0oy, was switched at 185 mV in a clockwise direction
and from (d) to (f) and back to (a) in an anti-clockwise direction. Two crosses in (c—f) indicate
the tip positions used for switching into and from the state. For example, in (c) the gray and
white crosses indicate the tip positions for current injection between topographs (b) to (c¢) and
between (c¢) and (d). As the labeling of the states depends on the tip position, the color of the
labels (numbers) indicates which tip position is used as a reference.

7.4. Summary

We present a model study of two closely related molecular stepper motors that were
designed to work on a metal substrate under excitation with tunneling electrons in a
STM. The motors are comprised of the TOTA platform as a stator and ethoxy and
ethyl moieties as rotors. The platform approach reduces the complex interactions with
the metal and thus preserves important properties built into the gas-phase molecules.
This simplifies a detailed analysis and also defines three symmetry equivalent positions
where the rotor is stabilized via CH--O bonds. Current-induced rotation of the moieties is
demonstrated, the STM tip is used to generate directionality of the motion, modification
of the directionality by adjacent charged adsorbates is revealed, and microscopic reaction
yields are determined. By means of DFT calculations for the two related molecules, we
show how the energies and displacement patterns of the vibrational modes, along with
the barriers towards rotation, can lead to several orders of magnitude variation of the
reaction yield.

7.5. Experimental details

7.5.1. Synthesis of the molecules

Functional groups were attached to the cationic TOTA platform by polar C—-C and C-O
bond formation. The synthesis of 12c-ethyl-4,8,12-trioxatriangulene (ethyl-TOTA) and
OH-TOTA is described in Refs. 284 and 232, respectively.

The synthesis of 12c-Ethoxy-4,8,12-trioxatriangulene (ethoxy-TOTA) was performed
as follows: 390 mg (16.7 mmol) sodium was added to 100 ml ice cooled ethanol and stirred
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for 1h. Afterwards 100 mg (269 umol) 4,8,12-trioxatriangulenium-tetrafluoroborate was
added to the solution. After 20 min ultrasonic treatment the mixture was stirred at room
temperature for 17h. The solution was concentrated to 20 ml, dissolved in 300 ml anhy-
drous diethyl ether and washed three times with 200 ml ultrapure water. The combined
aqueous layers were extracted with 200ml anhydrous diethyl ether. The combined or-
ganic layers were dried over magnesium sulfate and evaporated under reduced pressure.
The beige solid was purified by sublimation at 1.2 x 10-2mbar and 170 °C yielding white
crystals.

Yield: 42.0mg (127 pmol, 47 %).

IH-NMR (600 MHz, aceton-d6, 300 K, TMS): 6 = 7.51 (t, 3J = 8.3 Hz, 3 H, H-2,6,10), 7.13
(d,3J =8.3Hz, 6 H, H-1,3,5,7,9,11), 3.04 (g, 3.J = 7.0Hz, C-Hy), 0.82 (¢, *J = .0Hz, 3 H,
C-Hj) ppm.

IBC-NMR (151 MHz, aceton-dg, 300 K, TMS): 6 = 153.8 (C-3a, 4a, 7a, 8a, 11a, 12a), 131.1
(C-2, 6, 10), 112.0 (C-1, 3,5, 7, 9, 11), 109.7 (C-7b, 11b, 12b), 57.4 (CHy), 55.6 (C-12¢),
15.4 (C-Hy) ppm.

MS (EL 706V): m/z (%)= 285.05(100) [C;oHyO4]", 330.09 (0.5) [M]*.
MS (EL 70eV): m/z (%) (CyHy,0,): measured 330.08915; calculated 330.08921.

EA (CyHy,0,): measured C: 75.83, H: 4.00, N: 0.00 %; calculated C: 76.36, H: 4.27, N:
0.00 %.

Melting point: 235.3°C.

FT-IR: i = 2976.35 (w), 2324.29 (w), 2014.61 (w), 1615.44 (s), 1486.14 (s), 1456.42 (s),
1386.93 (w), 1341.62 (w), 1308.22 (w), 1260.34 (s), 1199.69 (m), 1159.52 (w), 1116.12
(w), 1067.35 (s), 1053.98 (m), 1013.23 (s), 957.27 (m), 943.30 (s), 902.46 (m), 882.00 (m),
785.23 (s), 774.61 (s), 759.51 (s), 737.88 (s), 664.74 (w) cm~L.

7.5.2. Measurements

Au(111) surfaces and chemically etched W tips were cleaned by repeated Ar* bombard-
ment and annealing. After mounting into the STM, the tips were repeatedly indented
into molecule-free areas of the substrate. To obtain a sharp tip the sample was repeat-
edly contacted with the tip until the contacts were stable at a conductance G ~ Gy and
adatoms were imaged as circular protrusions of < 700 pm diameter. All STM images were
acquired using the constant-current mode (4.6 K, 1079 Pa).

7.6. Theoretical details

The electronic structure and harmonic vibrational modes of free-standing ethoxy-TOTA
and ethyl-TOTA were computed from Kohn-Sham DFT as implemented in VASP.292 A
plane-wave basis energy cutoff of 500 eV was used together with the optB88-vdW exchange
correlation functional.’82 Forces were relaxed to within 0.02eV/A and vibrations were
obtained with a finite-difference amplitude of 0.02 A. The rotation barriers were computed
using the nudged elastic band (NEB) method??? with a single intermediate image between
the stable configurations.
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7.7. Supporting information

7.7.1. Action spectroscopy
7.7.1.1. Fit function

The action spectra have been fitted using!3!:

Y (V)= 3 Ya(V). (7.4)

where the sum is over the vibrational modes of energy A2 (h: reduced Planck constant)
involved in the rotation. In the present cases of ethoxy-TOTA and ethyl-TOTA these are
only two modes and one, respectively. For a given vibrational mode with energy A{2, the
reaction yield Yq, 4. e., the probability to induce a rotation per electron, reads!3!:

leV| - hQ2 leV|+ hQ
leV| leV|
2
+pv(\eV|>aG] ) - LB VE0e)
leV] 2 Erf(Q/v20¢)

Yo (V) = K(Q)[1+ Ec(leV] - hQ) - Ec(leV|+hQ)

(7.5)

where K (£2) is a dimensionless prefactor, Erf(X) the error function, V' the applied sample
voltage and e the elementary charge. Equation 7.5 assumes Gaussians with a standard
deviation og centered at £hS) for the vibrational density of states (vDOS) of the relevant
modes:

B 1 o (L =hQ2Y [ (hw+ hQ)?
p”(w)_aG@Erf(Q/ﬁa){ p( 207 ) p( 207 )} (76)

which takes into account all broadening effects encountered in practice like, e. g., thermal,
noise/instrumental and intrinsic lifetime broadening.!??

Equation 7.5 depends on three parameters: ), K(€) and og. Therefore, fitting
experimental action spectra requires three fit parameters per vibrational mode.

7.7.1.2. Interpretation and simplification of the fit function

The width og of the vibrational modes is typically on the order of 10 meV in our ex-
periments. The last term in Equation 7.5 can be neglected for [eV| > hQ + 30 because
pu(eV) og converges to zero (less than 1.2% deviation). Moreover, Eg(|eV] - h§2) and
Eq(leV]|+ hQ) effectively converge to 1/2 (less than 0.5% deviation). Equation 7.5 sim-
plifies to:

leV| - h$2

Yo(V) = K(Q) eV

0(leV| - hQ), (7.7)
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Figure 7.8.: (a) Yields inferred from Equation 7.5 for a vibrational mode at h§2 = 0.2 eV with
a Gaussian broadening og = 0.02 eV (red) and og = 0.01 €V (blue). The dashed black curve
corresponds to the yield given by the simplified Equation 7.7. The inset is a zoom for sample
voltages close to the excitation energy of the vibrational mode. (b) Relative difference between
the yields given by Equations 7.5 and 7.7.

where 6 is the step function, which allows to extend the definition of Equation 7.7 to
voltages |eV| < hw. Equation 7.7 corresponds to the reaction yield due to single vibrational
mode with a vDOS described by a Dirac d-function.'?® Related expressions have been
used to describe the inelastic excitations in solid-state tunneling junctions.?%4

We would like to emphasize that the derivation of Equation 7.5 is done in the wide-
band limit, where the densities of states of the tip and adsorbate-+surface are assumed to
be independent of the energy. Under these conditions, the factor (|eV|-hQ)/|eV| gives the
proportion of tunneling electrons whose energy is sufficient to excite the vibrational mode
of energy h). The prefactor K () describes the combined probability of (i) a tunneling
electron with sufficient energy to excite the vibrational mode of interest and (ii) the mode
to decay into the reaction of interest, e.g., a rotation.

Figure 7.8 illustrates that Equation 7.7 is a very good approximation of the yield,
except close to the excitation energy. The deviation between the yields given by Equa-
tions 7.5 and 7.7 becomes more pronounced when the broadening of the vibrational mode
oq is increased. However, the relative difference decays rapidly and is on the order of
1% for sample voltages |eV| - hQ > 20 (Fig. 7.8b). This rapid decay also occurs when
Lorentzians pj, are assumed for the vibrational DOS (cf. Eq. 7.6). Considering that yields
for |eV| < hQ + 20 are usually low and may be barely experimentally measurable within
a reasonable time, Equation 7.7 is generally well suited to fit experimental action spectra
for |eV]| - hQ > 20¢. It neglects broadening effects and reduces the fit parameters to the
energy of the vibrational mode h{) and the prefactor.

7.7.1.3. Discussion of the prefactor K

The probability of an electron with sufficient energy to induce vibrational excitation
depends on the electron-phonon coupling. This probability can be on the order of 1 to
10 %.281-283 Although K is the combined probability of (i) excitation of a given vibrational
mode and (ii) decay of this mode into the reaction of interest, we will see that K is
effectively independent of the electron-phonon coupling.

The reaction yield may be rewritten as:'2°
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Va(v) = (@) 225, 78)

where K () is a prefactor describing the efficiency of the excited mode with energy
R in inducing the reaction. I;,,(V,Q)/I(V) is the related inelastic proportion of the
tunneling current, ¢. e. the fraction of tunneling electrons exciting the vibrational mode
h€). It may be worth mentioning that a larger electron-phonon coupling increases the
ratio I, (V,Q)/I(V). The prefactor K(Q) is actually included in the factor K(Q) in
Equations 7.5 and 7.7.

For an over-barrier process, i.e., when enough energy is transferred to the system
to overcome the reaction barrier (in contrast to tunneling processes), the prefactor is
determined by:2?

- . Yre(£2)
K(Q) B 'Veh(Q) ’

where yrc(€2) is the conversion rate of the vibrational mode AS2 into decay channels that
induce the reaction and 7., (£2) is the rate at which the vibrational mode decays into other
channels. The predominant decay channel very often is electron-hole pair creation,'?®
which is also related to the electron-phonon coupling. Therefore, while a large electron-
phonon coupling leads to a larger proportion of electrons exciting the vibrational mode
of energy hf), it effectively does not affect the yield because 7., increases in the same
proportion (cf. Equations 7.8 and 7.9).

(7.9)

Following the derivations in Ref. 129,

() K(Q) | yre()
K(Q) B 2Qpa(EF)F ) QQpaiEF)F’

(7.10)

where p,(EFr) is the DOS of the adsorbate at the Fermi energy Er and I is the width of
the electronic resonance. Thus, K depends on the conversion rate yrc of the vibrational
mode into the reaction and on the system parameters p,(Er) and T

In the off-resonant tunneling regime, relevant for the ethoxy-TOTA and ethyl-TOTA
molecules, the position of the current-carrying orbital E, with respect to E satisfies the
relation |E, — Er| > T'/2, and one has p,(Fr) ~ I'/(2n(E, - Er)?). Consequently, the
prefactor can be expressed as:

Yre () (Eq - EF)z'

K(Q)~7 q T

(7.11)

As may be expected, K, and hence the reaction yield Y, is proportional to the
conversion rate ygrc relative to the oscillation frequency €2 as well as to the orbital level
position |E, — Fr| relative to the resonance width T

From the analysis of the prefactor K (§2), we predict that reaction yields on (partially)
insulating surfaces should be significantly larger than on metal surfaces because I' would
be significantly reduced. Alternatively, the electronic decoupling may be implemented in
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the molecules themselves. In that respect, for the same functional unit (e.g., rotor), larger
yields are expected for physisorbed systems than for chemisorbed systems.

7.7.2. Mode analysis

Figures 7.9 and 7.10 illustrate some of the calculated vibrational modes of the moiety for
ethoxy- and ethyl-TOTA. The length of the green arrows is associated to the displacement
amplitude of the corresponding atoms.

(a) 376 (b) 375 (c) 368 (d) 363 (e) 359

€

(f) 183 (g) 181 (h) 171 (i) 169

Figure 7.9.: Calculated vibrational modes that are predominantly localized on the moiety of
ethoxy-TOTA. Mode energies are given in meV. (a—e) C—H stretching modes. (f-j) C-H bending
modes.

(a) 375 (b) 375 (c) 369 (d) 366 (e) 363

(f) 182

Figure 7.10.: Calculated vibrational modes that are predominantly localized on the moiety of
ethyl-TOTA. Mode energies are given in meV. (a—e) C—H stretching modes. (f-i) C-H bending
modes.

We recall that the rotors have three stable positions, where two hydrogen atoms

of the moieties bind via a CH--O hydrogen bond to one of the three oxygen atoms of
the platform. Vibrational modes of the moiety involving a large displacement of the
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corresponding hydrogen atoms may lead to an effective weakening of the hydrogen bond.
In turn, such a vibrational mode may efficiently decay into a rotation of the moiety.

7.7.3. Master equation of rates and yields of a three-state rotor

A master equation connects the probability p; of finding the system in the state ¢ at the
time ¢ with the microscopic rates r;; for switching from an initial state ¢ to a final state

7

dp; _

E Zpﬂ"ji _pirij- (712)

%]

The studied three-state rotors are switched via single tunneling electrons. Changing the
tunneling current affects the switching rates r;; and the probabilities p;, and therefore
Equation 7.12 depends on the tunneling current. To circumvent this limitation, the mas-
ter equation with respect to time (Eq. 7.12) is rewritten to a master equation with respect
to the number of tunneling electrons n as a (quasi) continuous parameter. Note that rep-
resenting n as a continuous parameter is justified by the low yield of the investigated rotor,
where one out of every 106 electrons may induce a switching event. The transformation
is achieved via the following substitutions:

I — n (7.13)
pi = o (7.14)

where «; is the probability to find state ¢ after n tunneling electrons and y;; is the number
of switching events per tunneling electron ( y;; < 1). Note that y;; is effectively a yield,
but in contrast to the total yield Y (Equation 7.8), it considers a particular transition
from state ¢ to state j. With these substitutions the master equation reads:

da ~(y12 + ¥13) Y21 Ys1 aq
an Y12 ~(ya1 + Y23) Y32 a, a=| a (7.16)
Y13 Y23 —(ya1 + Y32) as
Its stationary solution (%2 = 0) is

88



7.7 Supporting information

651
(6%) =
a3

Y23 Y31 + Y32 Y21 t Y21 Y31
Y12Y23 + Y23 Y31 T Y31 Y12 + Y32 Y21 + Y13 Y32 + Y21 Y13 + Y12 Y32 + Y23 Y13 + Y31 Y21 (7-17)

Ys2 + (y12 - ysz)Oq
Y21 T Y23 + Y32

1—041—052

Experimentally, time-series of the tunneling current have been acquired (Fig. 7.2 2,
Sec. 7.3.3 ) at a given voltage and a given tip-sample distance. a; and y;; are determined
experimentally using:

i til;
@ =gt = e (7.18)
Yn; Y tilfe
=1 =1
Yij = n” (7.19)

where I; is the current corresponding to state i, ¢; (n;) the time (number of tunneling
electrons) during which the system is in the state i, and NN;; the number of observed
transitions from state ¢ to state j. The consistency of the microscopic yields y;; was
verified by inserting them into Equation 7.17 and comparing the resulting a; with those
obtained experimentally. The corresponding deviations are systematically below 4 %,
which shows that the uncertainties on the experimentally determined microscopic yields
are rather limited.

7.7.4. Additional microscopic yields of ethoxy-TOTA

In contrast to the total yields, the microscopic yields y;; of ethoxy-TOTA drastically
depend on the precise tip position. Lateral displacements of the tip as small as 0.15nm
can significantly change the microscopic yields. For instance, for the data shown in
Figures 7.5¢—d of Section 7.3.6, the tip was positioned above the white cross displayed
in Figure 7.11. Changing the location of the tip to the black dot (Figure 7.11) leads
to drastically different microscopic yields as shown in Figure 7.11c-d. For example, the
microscopic yield 312 (y13) is higher (lower) by approximately a factor 5 when the tip is
above the black dot compared to the case when the tip is above the white cross.

The modifications of y;; actually reflect the changed symmetry of the tip-molecule
system. While the white cross (Figure 7.11a) is close to the symmetry plane of state
1, the black dot is closer to the symmetry plane passing through state 3. Therefore,
for the tip position depicted by the black dot (white cross), the states 1 and 2 (2 and
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Figure 7.11.: (a) STM topograph of ethoxy-TOTA with an overlayed scaled molecular structure.
The black dot (white cross) indicates the same relative positions as the white circle (cross) in
Figures 7.1c-e (Sec. 7.3.1). Both positions allow to distinguish states 1-3 (cf. Figs. 7.1c-e) as
distinct current levels at constant tip height. (b) Definition of the yields y;; for switching from
state ¢ to state j. States 1, 2, and 3 are defined with respect of the tip position (black dot) during
switching, . e. they correspond to the highest, middle, and lowest current level, respectively. (c—
d) Measured yields y;; for switching out of state (c) 1, (d) 2 and (e) 3 with the tip positioned over
the black dot in (a). Different symbols correspond to different STM tips and molecules. While
the data points at high yields are based on ~ 500 switching events, the lowest yield corresponds to
~ 2 events. Bars indicate the standard deviation o expected for a Poisson process. Dashed lines
correspond to fits to y;/2 using Equation 7.5, and show the expected yields of non-directional
switching. The fits indicate electron-induced vibrational modes between 177 to 185 meV and
355 to 400 meV. The upper (lower) solid turquoise lines in (c) and (d) represent the fits of y;/2
(dashed lines) multiplied by a factor of 1.5 (0.5) and 1.6 (0.4), respectively.

3) are approximately equivalent. Indeed, the directionality for switching out of state
3 is relatively low for the tip position marked with a black dot (ps3; $ 0.6, p3s 2 0.4,
Fig. 7.11e), in contrast to the data obtained at the tip position marked with a white cross
(Figure 5e). Switching out of state 1 is directional for the tip position marked with a
black dot with y;2 ~ 3xy;3 for |V| < 350 mV (red and black symbols in Fig. 7.11c), whereas
no directionality is observed at the white cross for [V/| 2 270 meV (red and black symbols
in Fig. 5¢). Finally, switching from state 2 is directional with both tip positions. It may
be worth mentioning that only two levels instead of three are observed when the tip is
positioned in a symmetry plane.

At the tip position marked with a black dot, state 1 still corresponds to the smallest
distance between the ethoxy moiety and the tip and therefore remains favored as a final
state. This suggests that the STM tip induces directionality via an attractive force on
the ethoxy moiety, as discussed above.
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Coverage-Controlled Superstructures of
C; Symmetric Molecules:
Honeycomb versus Hexagonal Tiling

This chapter is based on a manuscript published in the Angewandte Chemie International.
The article is freely available and distributed under the terms of the Creative Commons
CC BY license:

Torben Jasper-Tonnies, Manuel Gruber, Sandra Ulrich, Rainer Herges, and Richard
Berndt, Angew. Chem. Int. Ed. 59, 7008 (2020), Frontispiece of issue 18.

8.1. Abstract

The competition between honeycomb and hexagonal tiling of molecular units can lead
to large honeycomb superstructures on surfaces. Such superstructures exhibit pores that
may be used as two-dimensional templates for functional guest molecules. We present hon-
eycomb superstructures of molecules that comprise a C3 symmetric platform on Au(111)
and Ag(111) surfaces. The superstructures cover nearly mesoscopic areas with unit cells
containing up to 3000 molecules, more than an order of magnitude larger than previ-
ously reported. The unit cell size may be controlled via the coverage. We developed
a fairly general model that describes the energetics of honeycomb superstructures built
from ('3 symmetric units. Based on three parameters that characterize two competing
bonding arrangements, the model is consistent with the present experimental results and
also reproduces various published results. The model identifies the relevant driving force,
mostly related to geometric aspects, of the pattern formation. In turn, the model may be
employed to guide the design of molecules for building mesoscopic superstructures.

8.2. Introduction

Molecular self-assembly on substrates may be used to fabricate desired molecular nanos-
tructures on surfaces. The assembly process is initiated and controlled by the molecule-
substrate and molecule-molecule interactions. The former interaction ideally ensures the
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stable adsorption of the molecules and their efficient diffusion on the surface at suitable
temperatures.’ The molecule-molecule interactions usually determine the self-assembled
molecular patterns. Often weak interactions are used such as hydrogen bonding, disper-
sion forces, w-7 stacking, metal coordination, and electrostatic interactions.??6-2%9 Local,
directional and selective molecule-molecule interactions, e. g. hydrogen bonding and metal
coordination, are particularly attractive because they enable further control of the pat-
terns via suitable design of molecules (see, e. g. Ref. 300).

A vast variety of molecular surface tilings, both periodic and nonperiodic, have been
reported.60,87:97,299,301-309 Tp particular, a competition between honeycomb and hexagonal
arrangements of C3 symmetric molecules can lead to honeycomb superstructures, which
have attracted considerable interest for several reasons. These superstructures exhibit
cavities that may serve to arrange functional guest molecules or for synthetic molecu-
lar recognition.60:310-316  EFyrthermore, a variety of periodic patterns exhibiting different
pore-to-pore distances have been obtained employing a single compound on a given sur-
face.?17325 Tt has been reported that the number of molecules composing the unit cells
is affected by the molecular coverage.??® Although this control via coverage should, in
principle, enable superstructures of any size, the largest unit cells reported so far were
comprised of some two hundred molecules per unit cell. In addition, honeycomb super-
structures may turn out useful to control the density of functional molecules on surfaces.
In the context of platform molecules,? 442 where a functional unit is attached to a molec-
ular base,87:88,91,92,210,326-328 the pattern of the platforms is imposed on the functional
units.

Here, we report on coverage-controlled molecular superstructures of a C'5 symmet-
ric molecule on Ag(111). While the molecule has lateral dimensions of ~» 1nm, the
superstructures have lattice parameters exceeding 50 nm, contain up to approximately
3000 molecules per unit cell, and cover nearly mesoscopic surface areas. The present molec-
ular unit is a platform onto which different functional groups can be attached.140; 141,284
Moreover, we developed a model describing the dimension of the honeycomb superstruc-
tures of ('3 symmetric molecules. According to the model, the geometric properties of
the superstructures essentially depend on three parameters related to the two competing
molecule-molecule interactions that favor either hexagonal and or honeycomb arrange-
ments. The model explains the large superstructures reported here and also reproduces
previously observed superstructures of various C3 molecular units. The parameters of
the model can in principle be inferred from force-field calculations with moderate com-
putational effort. Therefore it may be employed to predict geometric properties of new
molecules and to guide the design of new C3 molecules to realize particular honeycomb
superstructures.

8.3. Experiments

8.3.1. Preliminary results for methyl-trioxatriangulenium
For the experiments we used the compound methyl-trioxatriangulenium (Me-TOTA, Fig. 8.1d)

for a number of reasons. This molecule may be sublimated clean and intact in an ultra-high
vacuum environment, which enables convenient control of the surface coverage, 140,141,284
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Its C'5 symmetry allows for a range of molecular assemblies. The molecule is mobile on
the surface when prepared at suitable temperatures, which is essential for the molecules
to be able to explore different superstructures. In addition, the TOTA platform and the
related compound triazatriangulenium are very versatile and the methyl moiety may be
exchanged for other moieties of interest. This has been demonstrated for small moieties
such as hydrogen, ethyl, ethynyl, and propynyl!40:141.284 a9 well as porphyrins, diazocine,
norbornadiene, imine, and azobenzene derivatives.4? 86-92

Using low-temperature scanning tunneling microscopy (STM) along with density
function theory (DFT) calculations!40:141,281 we previously showed that the TOTA plat-
form lies flat on Au(111) substrates with the attached moiety standing vertical (Fig. 8.1d).
Me-TOTA binds to Au(111) via physisorption with an adsorption energy on the order of
-2 eV, which is comparable to that of a covalent bond. This large binding energy is caused
by the extended 7 electron system of the platform The adsorption is strongest when the
center of the molecule is located above a hollow site of the Au(111) surface.

Below we first present the patterns formed by Me-TOTA on Au(111). While fairly
large superstructures were observed, we suspected that the herringbone reconstruction of
this substrate may be a limiting factor for the self-assembly process and therefore extended
our study to Ag(111). Indeed, much larger superstructures were achieved as presented
below.

8.3.2. Experimental results on Au(111) substrates

At low coverages, Me-TOTA forms a honeycomb mesh on Au(111) (Fig. 8.1a). XM A unit
cell with two molecules is indicated by a red rhombus whose corners are located at pores
of the molecular network. We label the structures by the number N of molecules along
the line connecting two adjacent pores. According to this definition, Figure 8.1a shows a
N =1 superstructure.

Figure 8.1e displays a model of a pair Me-TOTA molecules that is based on the STM
observations. The two molecules are rotated by 60° with respect to each other, which
enables the formation of two O--H hydrogen bonds. The sides of the molecules form an
angle of 35° with a densely-packed direction of the Au substrate (Fig. 8.1e) rendering the
adsorption geometry chiral. For an isolated molecule, DFT calculations predict a very
similar value of 36° (Chap. 9, Sec. 9.9.6).

In addition, the pairwise interactions make the honeycomb structures chiral as well.
For example, the O atom of the left molecule in Figure 8.1e binds to the H atom located
below the O atom of the right molecule. In the other enantiomer the H atom above the
O atom of the right molecule is involved in bonding.

The structure of Figure 8.1e involves the occupation of two hollow sites (marked
green and yellow for the left and right molecule, respectively) that correspond to hep
and fcc positions of the Au lattice. The calculated energy difference between these sites
(<30 meV) is within the uncertainty of DFT calculations (Chap. 6, Sec. 6.7.2).

On sample areas with different local coverages other ordered superstructures were
observed (SI, Sec. 8.7.1). While they exhibit the same symmetry as the simple honeycomb

XL Tmages were recorded at 4.6 K.
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Figure 8.1.: (a—c) Constant-current STM topographs of a series of honeycomb superstructures
of Me-TOTA on Au(111) (tunneling parameters: 30 pA, (a) 1V, (c-b) 100 mV). Some molecules
are marked with rounded triangles whose color is representative of the molecular adsorption
site — hollow site in hep or fec position of the substrate lattice — and of the orientation of
the molecule relative to the substrate (cf. e-g). The vertices of the blue hexagonal meshes
indicate the approximate positions of the underlying surface Au atoms neglecting the herringbone
reconstruction. Red rhombi show the unit cells of honeycomb superstructures of orders (a) N =1,
(b) 2 and (c) 3. The colorscale shown as an inset in panel (¢) ranges over 0.23 nm, and is common
for the three topographs. (d) Lewis structures of methyl-trioxatriangulenium (Me-TOTA). (e-g)
Pairwise configurations commonly observed for Me-TOTA on Au(111). Scaled gas-phase models
of Me-TOTA are overlayed on hexagonal meshes indicating the Au(111) surface atoms (nearest
neighbor distance a = 0.288 nm). Hydrogen (oxygen) atoms are depicted by yellow (red) spheres.
The center-to-center distances between the molecules are 1/37/3 a = 1.01nm for (e) and (f) and
V13 a =1.04nm for (g).

pattern the sizes of the unit cells are larger. Figures 8.1a—c show examples of N = 1,2, and
3 superstructures. The number of molecules per unit cell (red rhombi) is Ny = N(N +1),
i.e. 2, 6, and 12 molecules, respectively. Fach unit cell is comprised of two subunits
with hexagonal packing of the molecules that corresponds to a V13 x /13 R13.9° mesh
relative to the underlying Au plane. The equivalent matrix notation of the structure reads
(3 1)XLD The subunits are different in terms of the molecular orientations (rotated
by 60°) and the adsorption sites (fcc vs. hep). The molecules are arranged in a corner-
to-side manner within the subunits (e. g. molecules marked in yellow in Fig. 8.1¢), and
side-by-side at the subunit boundaries.

XLUI For completeness, we point out that a more dilute hexagonal packing of Me-TOTA on Au(111) has
been reported elsewhere.®5 The difference may be related to deviations in the sample preparation (wet
chemistry versus sublimation).
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Closer inspection of the side-by-side arrangement (Fig. 8.1f) reveals a subtle difference
of the N > 1 structures compared to the simple N = 1 honeycomb mesh. The angle
between a densely-packed direction of the substrate and the side of a molecules is 44°
rather than 35°. This small rotation leads to corner-to-side orientation that improves
O--H bonding (Fig. 8.1g). Neighbors share one such bond in the subunits whereas two
hydrogen bonds occur in the side-by-side configuration at boundaries. Naively one may
expect that the molecules will form patterns that maximize the number of double hydrogen
bonds. However, as will be shown below, this is not the primary driving force.

We observed Me-TOTA superstructures up to N ~ 8 on Au(111). The structures have
an epitaxial relation with the underlying surface within the uncertainty of the calibration
of the piezo scanner of < 5 %.317325 To the best of our knowledge, such a relation was not
reported before for honeycomb superstructures. We therefore hinted that the herringbone
reconstruction of Au(111) may prevent the formation of superstructures with larger N.
To test this hypothesis, we used a Ag(111) substrate. Its lattice parameter is very close
to that of Au(111) and its surface is unreconstructed and regular over large terraces.

8.3.3. Large honeycomb superstructures on Ag(111)

The deposition of Me-TOTA on Ag(111) at ambient temperature produces very large
honeycomb superstructures. Figure 8.2a (Page 98) shows a N = 43 mesh. The distance
between pores is 44.7 nm and each unit cell comprises ~ 1900 molecules. Another example
of a large honeycomb superstructure with NV = 54 corresponding to ~ 3000 molecules per
unit cell is shown in Figure 8.2b. Interestingly, the lines separating unit cells exhibit
different orientations than those of Figure 8.2a (compare, for instance, the yellow and
green triangles in Figs. 8.2a and b, respectively). A more detailed analysis shows that a
chirality is induced by adsorption of the molecules on the Ag(111) mesh. The corner-to-
side arrangement of the molecules, occurring at the borders of hexagonal domains (e. g.,
triangles in Figs. 8.2a and b), defines a direction relative to the underlying substrate.
The molecules in domains R and S (green an yellow triangles in Figs. 8.2a and b) arrange
themselves along axes (green and yellow lines in Fig. 8.2¢) that are rotated by +13.9°
relative to a densely packed atomic row (dashed red line in Fig. 8.2c). In other words, R
and S are rotational domains (27.8° rotation). The additional numbers 1 and 2 denote
areas where the molecules occupy fcc and hep adsorption sites.

Comparing Figures 8.1 and 8.3 we find that the honeycomb superstructures observed
on Ag(111) are essentially the same as on Au(111). In both cases, the molecules within
a domain are arranged with a corner-to-side configuration (e.g., molecules marked by
magenta or yellow triangles in Fig. 8.3) and occupy the same type of hollow adsorption
site. Molecules belonging to neighboring domains are rotated by 60° relative to each
other. The side-by-side configurations at domain boundaries on Ag(111) (Fig. 8.3b) and
Au(111) (Fig. 8.1f) are identical.

The large superstructures on Ag(111) are more prone to defects at the unit cell
corners. Figure 8.3a shows an example: the domain at the lower right (magenta) is
interrupted by a row of molecules with a different orientation (green). These molecules
actually occupy bridge sites, a case we did not observe for superstructures of intermediate
N. In addition, the pores are sometimes occupied by a molecule (molecule marked in grey
in Fig. 8.3a).
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Figure 8.2.: See the next page for the caption.
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Figure 8.2.: (Caption) (a) Constant-current STM topograph of a N = 43 superstructure of Me-
TOTA on Ag(111) (Image width: 97nm; tunneling parameters: 1V, 30pA). Each bright dot
corresponds to a single molecule. The brightest spots may be due to ethyl-TOTA impurities
(on the per mil level). Triangular areas (example indicated by a yellow triangle) corresponding
to half of the superstructure unit cell exhibit edges with 43 molecules (neglecting defects). Red
lines (lower-right corner) indicate densely packed directions of the Ag(111) surface. The inset
on the right displays the false-color scale. (b) STM image of a N = 54 Me-TOTA pattern on
Ag(111) with the opposite chirality as reflected by the domain orientations in (a) (yellow) and
(b) (green). Each unit cell contains almost 3000 molecules. The data shown are the deviations
(£10%) of the tunneling current from a constant value of 23pA at 0.8 V. (¢) Corner-to-side
molecular arrangements relative to the silver-atom mesh (gray) for the enantiomers S and R.
The yellow and green lines indicate the orientation defined by the corner-to-side stacking of the
molecules in the domain R and S, respectively. The dashed red line is oriented along a densely
packed atomic row. The letters in (b) and (c¢) specify the enantiomers in the corresponding
domain, while the numbers indicate adsorption sites (1 and 2 for fcc and hep hollow sites).

Figure 8.3.: (a) Constant-current STM topograph of Me-TOTA on Ag(111). The image show a
a defect-rich area at the vertex of IV = 43 unit cells, where the pore is occupied by a molecule
(grey). A mesh is superimposed onto the lower part of the topograph to indicate the positions
of the underlying silver atoms. The molecules marked in magenta and yellow are oriented as
expected for the hexagonal domains. They also occupy different hollow adsorption sites. Green
triangles point out molecules adsorbed at bridge sites forming a defect raw. Image width: 9.2nm,
tunneling parameters: 1V, 30pA. The inset shows the color scale used. (b) Ag lattice with
scaled molecular structures illustrating the arrangement of molecules at domain boundaries.
The pairwise geometries are identical to those on Au(111) (Figs. 8.1f and g). The numbers
identify different adsorption sites (e. g., 1 for fec and 2 for hep).

8.4. Model

To interpret the evolution of the unit cells from 2 molecules in the N = 1 honeycomb
structure to huge cells with N = 54 we developed a model that considers C5 symmetric
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molecules with two interactions that favor either honeycomb or hexagonal patterns. Re-
lated models have been previously reported for specific systems. Ye et al.??0 assumed
that trimesic-acid molecules maximize the density of double hydrogen bonds, which leads
to a coverage dependence of N. Xiao et al.??' considered the intermolecular interaction
energy per surface area as a function of N. Both models invoke energy density rather
than total energy. However, for a given coverage, one would expect the latter quantity
to be minimized in the ground state. Honeycomb structures of trimesic-acid molecules
on a hexagonal lattice of sites have also been studied with Monte Carlo simulations.3??
The simulations involved two short-range pairwise interactions and lead to periodic su-
perstructures with NV up to 4 (lattice parameter ~ 4.5 nm).

Our model aims to describe the ground-state structure of any C3-symmetric molecule
exhibiting two dominating pairwise interactions characterized by the energies ey, and yex.
The obtained ground-state structure is the result of a competition between adsorption and
interaction energies, and depends on the coverage #. We note that a given sample coverage,
used as a global quantity, does not necessarily reflect a single (local) molecular density,
but may be realized by a combination of areas with different molecular densities.

8.4.1. Assumptions

The interaction energy Fy is defined as the average energy reduction of a single molecule
due to the interaction with neighboring molecules, while €445 is the adsorption energy
per molecule. 45 is assumed to be constant for all molecules in all superstructures.
Analogously, the two dominating pairwise interactions of the molecules are supposed to
be independent of the order N of the superstructure. Adsorption on the second layer
is assumed to be unfavorable because no second-layer molecules were reported for the
systems considered below.

We mainly focus on the case where the total energy of the molecules is dominated
by adsorption rather than interaction energy, i. e. |eaqs| > |En|. This case is particularly
interesting because (i) predictions of the ground-state superstructure can be made without
a precise knowledge of €545 and (ii) this condition is often fulfilled for largish molecules on
metal surfaces. Indeed, interactions mediated by hydrogen bonds and dispersion forces
bind with energies on the order of 0.1eV, while adsorption of molecules is often much

stronger, i. . |eags| in the order of a few electronvolts per molecule. In the present case
of physisorbed Me-TOTA calculations yielded |egs| ~ 2 €V 141,284

Finally, kinetic aspects are neglected.

8.4.2. Energy considerations

Hereafter, negative interaction and adsorption energies indicate attraction.  For
leags| > |En|, every adsorbed molecule reduces the energy of the system (Supporting
information (SI), Sec. 8.7.2) and the ground state is obtained by first maximizing the
number of adsorbed molecules and then minimizing the intermolecular interaction energy
in a second step (SI, Sec. 8.7.2). If not all available molecules can be accommodated
in any superstructure of order NV, the ground state is the superstructure with maximal
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density py. Otherwise, the ground state is found among those superstructures that can
lead to a coverage # by minimizing the interaction energy.

In the following, we consider a single phase with a superstructure N. Separation into
several phases is not expected as discussed in the SI, Section 8.7.3. Below we first derive
expressions for the molecular densities and interaction energies that are required for the
total energy minimization.

8.4.3. Molecular density and interaction energy

Figures 8.4a and 8.4b display schematics of (3 symmetric molecules in honeycomb and
hexagonal arrangements. In the honeycomb mesh, every molecule has three nearest neigh-
bors at a center-to-center distance d; (Fig. 8.4a). The number of nearest neighbors in-
creases to six in the hexagonal arrangement (Fig. 8.4b), with a center-to-center distance
de. The angle ¢ takes different stacking directions of the two configurations into account
(Fig. 8.4b). With the above definitions, the unit-cell area of a honeycomb superstructure
of order N reads (SI, Sec. 8.7.4):

3
Ay _ g {3+C(N- 1) [3 cos(p) + VB sin(p)] + (N - 1)202} @&, (8.1)
where ¢ = do/d;. Since the number of molecules in the unit cell is Ny = N(N + 1), the

molecular density is given by:

N(N+1)
=—2 8.2
PN Ax (8.2)
The densities p; and pe of honeycomb N =1 and hexagonal structures are:
4 2

nEsAE " ek (8.3)

from which we find: 31
Po 22 (8.4)

p1 2 c?

This implies that the molecular densities in the honeycomb N = 1 and hexagonal structures
are equal for ¢ = \/3/2. We note that for ¢ = \/3/2, the largest molecular densities are
achieved for N =2 and 3, and in particular ps 3 > p;.

Different evolutions of the superstructures may be expected depending on the pairwise
interaction energies. The interaction energies of the configurations depicted in Figures 8.4a
and b are £y = 3eg, and F,, = 6cgex, Where eg. and ege, are the energies of an edge-edge
and a corner-edge bond, respectively. These values correspond to the energy reduction
of a single Me-TOTA molecule due to the interactions with neighboring molecules in
honeycomb N = 1 and hexagonal structures, respectively. The interaction energy in
honeycomb superstructures of order N depends on the relative position of the molecules.
Molecules at the edges of domains, at the corners, and in the hexagonal structure have
interaction energies p. +4 EHex, 2 EHe +2 EHex, aNd 6 Egey, respectively. In turn, the average
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8 Coverage-Controlled Superstructures of C3 Symmetric Molecules

interaction energy Ey reads:

(N— 1)5Hex + €Hec
N +1 ’

Ex=6 (8.5)
where negative values of FEy, €, and egey indicate attraction. The derivative of Equa-

tion 8.5,
dEN 6

AN ~ (N+1)2
reveals that Ey monotonously increases (decreases) with N for egc/eqex > 2 (€ne/EHex <
2).

(25Hex - 5Hc) s (86)
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Figure 8.4.: Schematic of (a) honeycomb and (b) hexagonal arrangements of C3 symmetric
molecules represented by triangles. dj (de) denotes the center-to-center distance between neigh-
bor molecules in the honeycomb (hexagonal) stacking. ¢ is the angle between the vectors dy
and de and can assume values between 0 and 60°. The pairwise interaction energies for the
arrangements are (a) ege and (b) egex. (¢) Evolution of the density (in units of p;) evaluated
using Equation 8.2 as a function of the order N of the honeycomb superstructure. Curves were
calculated for various ¢ = de/dy while keeping ¢ = 30°. The numbers in colored boxes indicate
the orders NV of the superstructures that maximize the density for given ¢ and . The inset is a
zoom of the case ¢ = 1.18, which exhibits a maximum density for N = 7. (d) Order Ny,x of the
superstructures with maximum density versus the distance ratio ¢ and angle ¢. The color code
used for Npax is shown on the right. White color is used for Npax > 10. XLV

102
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For low densities of Me-TOTA on Au(111) the N = 1 honeycomb structure is ob-
served, which implies F; < F., and therefore eg. < 2epex. Under this condition, Ey
increases with the order N, i. e. high orders are unfavorable at low coverage. The discus-
sion below pertains to this case, eye/epex > 2.5V

The evolution of the density py with the order N of a honeycomb superstructure
is shown in Figure 8.4c for ¢ = 30° and various ratios c. For ¢ = 1.30, the density
decreases with N (rectangles in Fig. 8.4¢). The N = 1 structure consequently maximizes
the density and minimizes the interaction energy making N = 1 the ground state of the
system for any coverage. The situation is different for ¢ = 1.15, where the molecular
density continuously increases with N (green squares in Fig. 8.4c). The system evolves
from a N =1 honeycomb lattice at low coverages into superstructures with larger N to
accommodate further molecules at larger coverages. In practice, the maximum size N
may be limited by kinetics and surface irregularities such as steps.

A markedly different evolution occurs for ¢ = 1.25. The density first increases from
N =1to N =2, and then continuously decreases towards larger N (crosses in Fig. 8.4c).
Only superstructure with NV = 1 and 2 may be expected in this case. Larger N imply
a less favorable interaction energy and also a reduced density. When the distance ratio
¢ is changed, the density assumes a maximum at other values N = N,.,. For instance,
¢ = 1.18 leads to a maximum of N =7 (inset to Fig. 8.4c). We have calculated the maximal
superstructure order Ny, for a range of angles ¢ and distance ratios c. The results are
displayed in Figure 8.4d with colors representing Ny.x. For any angle ¢, any N may occur
if the distance ratio c is in a suitable range.

8.4.4. Comparison of the model to experimental data

The model was tested for a variety of superstructures of C's symmetric molecules. Table 8.1
summarizes the relevant parameters. System B corresponds to this work. Systems C-I,
K, and L were previously reported. A and J are fictitious cases with particularly small or
large values of c.

For systems A-J, we calculated the interaction energies Ey (in units of |Ey,|) and the
densities py (in units of p;) for different values of N (Fig. 8.5). The pairwise-interaction
energies were either extracted from the corresponding reference or calculated using the
Generalized AMBER Force Field'7 (cf. Sec. 4.1, Chap. 4). Owing to the normalization,
the N =1 honeycomb structure has a density of 1 and an interaction energy per molecule of
—1in all cases. The interaction energy per molecule increases as the order NV is increased,
i. e. structures with higher N are less favorable.

Superstructures of order N can be obtained through control of the surface coverage

XLV N ax in Fig. 8.4d was technically derived as follows: (i) The order N was considered a continuous

variable and the equation ddp—&v =0 was solved as a necessary condition for a maximum. (ii) Starting

at the positive, real solutions of (Z’—]G’ =0, the integer Npyax with the highest density was numerically
determined as function of ¢ and ¢. At the border between two colored areas in Fig. 8.4d, the highest
density was numerically derived at two successive integers. (iii) The limit Np,,x — oo and solutions of
‘fip—ﬁ = 0 give the condition ¢ = cos(p) + 1/v/3 sin(p). This condition defines the border between the
green and white area in Fig. 8.4d.

XLV We recall that both energies are negative.
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8 Coverage-Controlled Superstructures of C3 Symmetric Molecules

Table 8.1.: Parameters used in Fig. 8.5 extracted from experimental observations (B-1 and K-L)
or fictitious (A, J). System B is Me-TOTA.

SyStem c ()0(0) ch/gHex Nrtr?ae)? Nrerzi(a%
A 0.60¢ 30¢  2.50¢ 00

B 1.03 18.6 215%¢ oo b4e
C317,318,320 0,98 30 2.334 00 8¢
D323 1.10 285 2.14° 00 12¢
E321 1.00 15 3.06 00 8
F322 1.17  19.5 2.27 7 8
G330 1.17 48 2.73 5) 5f
H331 1.50 26 2.83° 1 1e
[324 1.58 22 2.75¢ 29 29
J 2.00e  22¢  2.75¢ 1

K319 1.19 35 1.14 5) 2¢
1325 1.16 57 1.76° 4 4f

*Fictitious value. ®Calculated with the Generalized Amber Force Field.!65:167 <Upon

substrate-induced modification (SI, Sec. 8.7.5). ¢Extracted from Ref. 332. ¢Hexagonal

structure was also observed. fUpon annealing the sample. 9Only N > 1 structures are
based on the same pairwise interactions.

so long as the density increases with N. Our model predicts that this is the case for
systems B-E and in the fictitious scenario A. Hexagonal lattices were indeed reported for
B-D with the orders of the largest observed structures scattering between 7 and 54. These
upper limits may have various reasons including limited control of the coverage, kinetics,
and surface inhomogeneities. Systems D-E actually exhibit different superstructures at
submonolayer coverages, which may be due to kinetics or a dependence of the adsorption
energies on the superstructure. In addition, for the systems B and C, our model predicts
a large number of high N superstructures within a small density interval. For instance,
a coverage increase of Me-TOTA by 0.6 % would change a N = 50 superstructure into a
hexagonal lattice. Consequently, small variations in densities between different sample
areas lead to superstructures with different NV as observed for Me-TOTA and system C.
It may be worth mentioning that between N =50 and N = oo, the interaction energy Ey
increases by only 0.3 % for Me-TOTA, which may explain the larger number of defects in
the N ~ 50 structures.

For systems H-J, the honeycomb lattice is preferred at all coverages because it min-
imizes the interaction energy and provides the most dense packing. Honeycomb super-
structures up to NV = 4 were observed under special circumstances for system I. Motivated
by this observation of only low N, we considered a fictitious ratio of epc/epex = 2.75 that
favors low order structures XMV, System H exhibits both honeycomb and hexagonal lat-
tices at submonolayer coverages suggesting that eye ® 26gex.

For systems F, G, K, and L, the density initially increases and then decreases with

XLVL A calculation of the interaction energies for system I is challenging because the intermolecular inter-
action is mainly mediated by flexible alkoxy chains that are deformed in the N > 1 assemblies.
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N. In these examples the size of the honeycomb superstructures can be controlled up
to N = Npax. Our model predicts Npax = 7, 5, 5, and 4 for systems F, G, K, and L,
which is in line with the experimental observations (Table 8.1). Note that for K and L,
Ehe/Ehex < 2. For such cases, the molecules exhibit a hexagonal packing (N = co) at low
coverage, which can evolve into lower order (N < oo) honeycomb superstructures at larger
coverage.

o
o

Interaction energy per molecule (|E;|)
)
O

e
o

Density (p1)

Figure 8.5.: Parametric plot of the interaction energy per molecule (Eq. 8.5) in units of |E1| versus
molecular density (Eq. 8.2) in units of p; for honeycomb superstructures. Letters and symbols
indicate different systems from Table 8.1. Lines connect the data points for each system starting
from N =1 (point at coordinates (1,-1)) to N =2,3,... (see inset on the right indicating the
direction of increasing V). Upper ends of the curves correspond to N = co. Negative interaction
energies Ey indicate attraction. For the case considered here, epc/epex > 2, En increases with
N.

8.4.5. Case of a reservoir of molecules

The above model assumes (i) |eaqs| > |En| and (ii) a fixed number of available molecules.
Condition (i) is violated when the system is coupled to a reservoir of molecules. This
may for instance be the case when a concentrated solution of molecules is drop cast to
the sample or when the molecular deposition is performed over a relatively long time. In
this case the total binding energy for a superstructure N reads (SI, Sec. 8.7.2):

E
EX" =pnA (5Ads + TN) ; (8.7)

where A is the surface area. Because both the adsorption eags and the interaction Ey
energies are assumed negative, it is favorable to accommodate as many molecules in the
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8 Coverage-Controlled Superstructures of C3 Symmetric Molecules

first layer as the density py of the superstructure allows, i.e. 6 = py. For |eaqs| > |Enl,
Equation 8.7 simplifies to Ei°" » pyAcaqs, and the ground state of the system is the
superstructure that maximizes the density py. In contrast, for |eagqs| < |En|, E3t »
pNA EyN/2, such that the ground state is the structure that minimizes pyFy. It may
be worth mentioning that pyFEy corresponds to the interaction energy density, <. e. the
quantity minimized by Xiao et al.3?!

For ep4s # Ey the adsorption and interaction energies compete and the result is not
straightforward. Ibenskas and Tornau®? derived a ground state phase diagram for this
regime.

8.4.6. Discussion

We recall that our model attempts to determine the ground state. Kinetic limitations may
therefore lead to the observation of intermediate superstructures as illustrated by systems
G and L (Table 8.1). The initial hexagonal and disordered metastable configurations
evolve toward honeycomb superstructures of order N, upon annealing. Trapping into
metastable states may be facilitated when the energies involved are close to the ground
state energy. This problem arises at large N where interaction energy differences are small.
For instance the interaction energy differences between the N =50 and 51 structures are
~ 20 ueV for a single Me-TOTA molecule and » 45 meV for the complete unit cell.

The model drastically simplifies the complexity of interactions and atomic positions
at surfaces. It may nevertheless be useful beyond an interpretation of existing structures
and provide some guidance for the design of molecules that implement certain superstruc-
tures. First, the decision between a honeycomb and a hexagonal lattice at low coverage
is determined by the ratio eyc/enex > 2 (Enc/Ehex < 2), 4. €. the respective strengths of the
intermolecular attractions. Second, the geometric parameters ¢ = do,/d; and ¢ may be
adjusted to favor a particular lattice in the limit of large coverages (Fig. 8.4d). Finally, a
large variation of the density with N (Fig. 8.5) simplifies the control of the superstructure
order N via the coverage. It also renders a superstructure more stable with respect to
coverage variations.

8.5. Conclusions

The triangular molecule Me-TOTA forms honeycomb superstructures on Au(111) and
Ag(111). The characteristic scale of the patterns is controlled by the molecular coverage.
The largest unit cells observed (» 3000 molecules) are significantly larger than previ-
ously reported coverage-controlled honeycomb structures.?'7325 We developed a general
three-parameter model of the energetics of honeycomb superstructure of C3 symmetric
molecules. The ground-state structure is rationalized in terms of energy minimization
rather than a surmised energy density optimization. The model reproduces important as-
pects of the present experimental results as well as several previously reported structures.
This demonstrates the versatility of the model, which may in turn be used to guide the
design of molecules for honeycomb superstructures.
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8.6. Experimental details

Synthesis: Me-TOTA molecules were synthesized following Ref. 284 (Chap. 9, Sec. 9.9.1).

Sample preparation: Clean and flat Au(111) and Ag(111) surfaces were prepared by re-
peated cycles of Ar sputtering and subsequent annealing. Molecule deposition was per-
formed by sublimation from a Ta crucible under pressures below 10-7 Pa onto a sample
held at ambient temperature (Chap. 3, Sec. 3.5.3). The samples were then inserted into
a cryogenic STM without breaking the vacuum.

8.7. Supporting information

8.7.1. Additional data of Me-TOTA on Au(111)

Figure 8.6 shows an overview topograph of Me-TOTA on Au(111), which exhibits super-
structures of different orders. The coexistence of several superstructures, with different
molecular densities, suggests that kinetic effects have hindered the convergence to the
ground state characterized by a single superstructure.

Figure 8.6.: Large-scale constant-current STM topograph (93 nm wide) of Me-TOTA on Au(111).
Different areas of the sample are labeled with the order of the corresponding superstructure.

8.7.2. Total binding energy
We recall that every superstructure of order N is associated with a molecular density py

and an averaged interaction energy Ey. On a sample of surface area A with a molecular
coverage 6, #A molecules are available. To simplify the discussion, we only consider
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8 Coverage-Controlled Superstructures of C3 Symmetric Molecules

coverages 6 that match given molecular density py. In this case, the ground state structure
can be described with a single superstructure /N, while intermediate coverages may involve
two superstructures.

Every molecule adsorbed within the first layer reduces the total binding energy by €aqs
(adsorption) and by Ey/2 (interaction with neighboring molecules), while other molecules
(in the gas phase or second layer) do not contribute to the binding energy. For a su-
perstructure N with py > 6, 4. e. a superstructure that can accommodate all available
molecules, the total binding energy is:

EN), (8.8)

E]TVOt = 914 (Z‘:Ads + 7
whereby parts of the surface may remain molecule-free. However, if py < 8, only pyA
molecules are in the first layer, while 6 A — py A molecules are in the second layer or in the
gas phase and do not contribute to the binding energy. In that case, the total binding
energy reads:

EN). (8.9)

Ey" = pnA (6Ads +—
Thus, the total binding energy of a structure and 6 A available molecules can be expressed
as:
A o+ EN if py > 0.
g 2 |04 (erae 2E) L s (8.10)
pNA (gAds + TN) , otherwise.

The ground-state superstructure N is the one that minimizes Equation 8.10.

For epqs > Ey, the interaction between the molecules may be viewed as a perturba-
tion. In that case, the adsorption energy is minimized first, followed by a minimization
of the interaction energy. The first minimization is realized by fulfilling py > 6, as this
condition ensures that all available molecules are adsorbed within the first layer. From
the subset of superstructures N minimizing the adsorption energy, the ground state is the
one that minimizes the interaction energy Ey. The resulting superstructure N is the one
minimizing the total binding energy.

In the particular case that the system is coupled to a reservoir of molecules, the
coverage is not fixed but follows the molecular density py, as every adsorbed molecule
reduces the total binding energy, 7. e. molecule-free areas on the sample are energetically
unfavorable. The total binding energy then simplifies to:

E
E;{}Ot = pNA (gAds + TN) . (811)

In other word, the ground state for that case is the superstructure minimizing the energy
density E1°'/A.

8.7.3. Single phase N vs. phase separation

Below we determine conditions under which a single phase being energetically preferred

over several phases. We consider a surface area with coverage py and superstructure order
N that decomposes into two phases of orders o and 3 covering fractions x, and zz of the
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area. This implies
PN = To Po +2aps and x, +xp = 1. (8.12)

Using Equations 8.12, the fraction x, covered with phase o reads:

2o = NP8 (8.13)

Pa — Pp

We first consider the case epc/epex > 2. As shown in Section 8.4.3, this condition
leads to interaction energies Ey that increase with N. We further assume geometric
parameters ¢ and ¢ of the pairwise interactions (defined in Figs. 8.4a and b) that lie in
the green area of Figure 8.4d (Sec. 8.4.3). This assumption leads to increasing densities
pn with increasing N. The orders a and [ then are lower and higher, respectively, than
N (cf. Eq. 8.12). The relations between the interaction energies and the densities read

Ea <FEn< Eﬁ and Po < PN < Pg- (814)
Neglecting energy contributions of phase boundaries and using Equations 8.12 the
total interaction energy of the two phases is given by:

NaEa+N5E5 B ZBaApaEa-f-(l—l’a)A,OgEﬁ
2 B 2 ’

(8.15)

where N, (Ng) is the number of molecules that arrange in phase « (/) and cover the area
o A (25 A). The factor 1/2 avoids double counting.

A single phase is preferred over several phases when XLV

Ny Eo+NsgEs> Ny Ey. (8.16)

Using Equations 8.12, 8.13, 8.14, and 8.15 the above equation develops to

EN—Eﬁ >,0_(XE5—EQ

. (8.17)
PN =P8 PN P8~ Pa
Since p./pn < 1, a more restrictive condition is
Ex-Es Ez-E,
N_TBL 8 (8.18)

ON=PB  PB—Pa

Figure 8.7 shows the interaction energy F as a function of coverage py for a fictitious
system fulfilling Equation 8.14. The left and right terms of Equation 8.18 correspond to
the slopes of the red and blue lines in Figure 8.7. Equation 8.18 is fulfilled in this case
and generally when

d*En/dp3; > 0. (8.19)

Systems B-E fall into this class (cf. Fig. 8.5).

A single phase is also expected for all systems that assume a maximal density at a

XLVIL Negative energies indicate binding.
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Interaction energy
per molecule

m
Q

Pa PN Pg
Density

Figure 8.7.: Interaction energy En as a function of density py for a fictitious system satisfying
Equation 8.18 . The red and blue lines exhibit slopes (Ex-Eg)/(pn—pp) and (Eg—Eq)/(pg—pa)-

finite order Ny, (cf. Fig. 8.4d, Sec. 8.4.3) because their density increases up to this order
and higher orders are inaccessible. This is the case of systems F and G.

Equation 8.19 is not satisfied for the fictitious system A. Nonetheless, a single phase
is preferred because p,/py is sufficiently small to fulfill Equation 8.17.

Finally, we address the case egc/epex < 2, 4. €. systems in which Ey decreases with
increasing N. Additionally we assume that py decreases with N, i. e. parameters ¢ and
¢ that lie in the red area of Figure 8.4d (Sec. 8.4.3). Arguments analogous to the ones
used above apply and lead to the conclusion that a single phase is preferable. Systems
K-L belong to this class with minimal density for the hexagonal structure (N = oo0) and
a maximal density at a finite order N,,q,.

In summary, a single-phase ground state is preferred in all cases considered.

It may be worth noting that usually the number of molecules will be no integer
multiple of the number of molecules per unit cell, N(N + 1). While this has a negligible
effect on large terraces, it may become relevant when the molecules are confined to a small
area.

8.7.4. Unit cell area of honeycomb superstructures

A lattice vector a; of the rhombic unit cell of a superstructure of order N is given by

ar(N) = dy + R(60°) dy + (N - 1) do, (8.20)

where d; and do, are the lattice vectors of the simple N = 1 honeycomb and hexagonal
meshes. R(#) is the matrix for an in-plane rotation by the angle . Equation 8.20 is
illustrated in Figure 8.8 for N = 3.

The second lattice vector dy; of the superstructure reads:
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PN (D guW [\

B o

DY 4 =9

Figure 8.8.: Sketch of a N = 3 honeycomb superstructure. A rhombus (dashed black line) shows
a unit cell with lattice vectors dr and dyy.

an(N) = R(120°) dy + R(60°) dy + (N = 1) R(60°) doe (8.21)
= R(60°) dr. (8.22)

The angle between d; and ayy is therefore 60°, and |d;| = |d;|. The area Ay of the rhombus
is
V3

Considering the definitions of d; and d,, (Figs. 4a and b, Sec. 8.4.3), we have:

. - du
dew =cR(p)dy, c= —. (8.24)
dq
Equation 8.1 in Section 8.4.3 is obtained from Equation 8.23 using Equations 8.20 and
8.24.

8.7.5. Pairwise interaction energies of Me-TOTA

The interactions energies were estimated from calculations with the generalized AMBER
force field™” using Avogadro, an open-source molecular builder and visualization tool
(Version 1.2.0).166 The structure of the Me-TOTA molecules was fixed to that inferred
from DFT calculations upon relaxation on Au(111).141:284 The pairwise interaction en-
ergies ey = —160meV and epex = —100meV (cf. Sec. 4.1, Chap. 4) were obtained by
minimization of the total energy of two molecules constrained to a plane.

Previous calculations predicted a charge transfer between the Me-TOTA molecules
and the metal substrate.284 This adds further electrostatic interaction between the molecules.
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To estimate its energy, a partial charge |q| = 0.3 e (e: electron charge) was assumed to be
localized to the center of the Me-TOTA molecule. Image charges in the substrate were also
taken into account. This lead to a repulsive pairwise electrostatic interaction of » 50 meV.
The total pairwise interaction energies are ey, = —110meV and ege, = 50 meV.

The pairwise interaction may in general be affected by the substrate, e. ¢g. through
deformation of the molecules. For the model presented in the main text, however, it is only
necessary to determine whether epc/epex > 2 or < 2, i. e. whether the honeycomb or the
hexagonal structure is more favorable. This information can be determined experimentally
from measurements at submonolayer coverage.

Despite the above caveat, we observed that the ratios ey./cpex estimated from gas
phase calculations are nonetheless consistent with the experimental observations for al-
most all systems in Table 1. The only exception is Me-TOTA, for which we found it
necessary to take image charges into account.
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Stability of Functionalized Platform Molecules on
Au(111)

This chapter is based on a publication in The Journal of Chemical Physics. It represents
the submitted manuscript except for editorial changes. It is reprinted from the article

Torben Jasper-Tonnies, Manuel Gruber, Sujoy Karan, Hanne Jacob, Felix Tuczek, and
Richard Bernd, J. Phys. Chem. Lett. 8, 1569 (2017), Editor’s Pick,

with the permission of AIP Publishing.

9.1. Abstract

Trioxatriangulenium (TOTA) platform molecules were functionalized with methyl, ethyl,
ethynyl, propynyl and hydrogen and sublimated onto Au(111) surfaces. Low-temperature
scanning tunneling microscopy data reveal that > 99% of ethyl-TOTA and methyl-TOTA
remain intact whereas 60% of H-TOTA and > 99% of propynyl-TOTA and ethynyl-TOTA
decompose. The observed tendency towards fragmentation on Au(111) is opposite to the
sequence of gas-phase stabilities of the molecules. Although Au(111) is the noblest of all
metal surfaces, the binding energies of the decomposition products to Au(111) destabilize
the functionalized platforms by 2 to 3.9 eV (190-370 kJ/mol) and even render some of
them unstable as revealed by density functional theory calculations. Van der Waals forces
are important, as they drive the adsorption of the platform molecules.

9.2. Introduction

The properties and functions of molecules adsorbed to metals crucially depend on the ad-
sorption geometry and the electronic coupling to the substrate. Chemical anchor groups
consisting of a molecular subunit or just a single atom are used to determine these pa-
rameters for a class of molecules.!7,36,37,334-345  Recently platform molecules have been
used as anchors to a substrate and to achieve decoupling from neighbor molecules.*!:346
Extended aromatic platforms are particularly interesting because they adhere to a sub-
strate via physisorption instead of chemisorption. With these platforms lying flat on the
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substrate the functional molecule juts out into vacuum.*? The electronic coupling at the
molecule-surface interface is mediated by an extended 7 system. Accordingly, physisorbed
platforms were employed as high-conductance contacts between a metal electrode and
molecular wires** 0 and Zn-porphyrin molecules.*® To reduce the electronic coupling a
spacer may be inserted between the functional molecule and the platform.41,42,209,347,348
Photochemical cleavage of an axial phenyl acetylene from a platform molecule at the
ethanol/Au(111) interface was reported.34?

While Au(111) is the noblest of all metal surfaces,?>® nm-sized Au structures can
be catalytically active.3313%® Here we show that even on well-ordered Au(111) surfaces
some functionalized trioxatriangulenium (TOTA) platform molecules fragment despite the
fact that they physisorb. XMVIT359 We functionalized TOTA platforms with methyl, ethyl,
ethynyl, propynyl and hydrogen. After sublimation onto Au(111) all methyl-TOTA and
> 99% ethyl-TOTA on Au(111) are intact. However, » 60% of the H-TOTA molecules
and almost all (> 99%) propynyl-TOTA and ethynyl-TOTA decompose. Intriguingly,
this tendency towards fragmentation on Au(111) is opposite to the sequence of gas-phase
stabilities of the molecules. Density functional theory (DFT) calculations show that the
different on-surface stabilities reflect the binding energies of the products to Au(111).
Dispersion interaction binds the platform molecules to Au(111) and affects the positions
of the intact molecules and the decomposition products but hardly affects the stability
against fragmentation.

9.3. Experimental Results

9.3.1. Deposition of TOTA functionalized with methyl, H, and
ethynyl onto Au(111)

Functionalized platforms 1-3 (Fig. 9.1) were sublimated onto Au(111) at mild parameters
to make sure that intact molecules were deposited (Sec. 9.7). During sublimation the
samples were held at ambient temperature and then investigated using scanning tunneling
microscope (STM) at low temperature (7' = 4.6 K).

Figures 9.1a and b present typical STM topographs recorded after sublimation of
methyl-TOTA (1) molecules. Pristine Au(111) areas appear low (dark). A single molecule
1 is imaged as a triangular shape with a central circular protrusion (green bordered
molecule in Fig. 9.1b). The triangle (height < 0.16 nm) and the central protrusion
(0.23 nm) correspond to platform 1 and the attached CH,; moiety, respectively. The
platform lies flat on Au(111) with an upright CH; group as desired. The molecules ar-
range into hexagonal clusters, preferably on the hcp and fcc areas of the herring-bone
reconstructed Au(111) substrate. These clusters are stabilized by CH--O bonds with
bond angles of 150 to 170° and H-O distances between 0.27 and 0.32 nm. Although we

XIVIT For small molecules the binding energy was often used to define physisorption and chemisorption.
This approach is not useful for largish molecule where dispersion interaction may be significant. For
example, the calculated adsorption energy of 4-mercaptobenzoic acid on Au(111) of 1.75 €V is mainly
due to dispersion interaction (1.2 eV).3%9
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9.3 Experimental Results

Figure 9.1.: (1-3) Functionalized trioxatriangulenium (TOTA) platform molecules: methyl-
TOTA (1), H-TOTA (2), and ethynyl-TOTA (3) molecules. (4) Bare TOTA platform 4 with
counterion BF, . (a, ¢, e, g) STM topographs of 1-4, respectively, on Au(111). Image width
44 nm. (b, d, f, h) Close-up views, image width 4.4 nm, of 1-4. Green, turquoise, magenta,
yellow, and gray symbols highlight single molecules 1-4 and 4b, respectively. The color scale
shown in (c) is used throughout but corresponds to different maximum height in each image.
1—-4 and 4b exhibit maximum apparent heights of 0.23, 0.16, 0.36, 0.22, and 0.21 nm at 100 mV.
(e) was recorded at —1.0 V.

imaged thousands of molecules, we did not find a single fragmented molecule. In other
words, methyl-TOTA remains intact on Au(111).

The deposition of H-TOTA (2) molecules leads to a different result (Figs. 9.1c and
d). Here two patterns with apparent heights of 0.16 and 0.21 nm (turquoise and yellow
squares in Figs. 9.1c and d) were found. The higher pattern (yellow) is identical to the
pattern found after deposition of the bare platform 4 (Figs. 9.1g and h). Consequently,
the higher pattern is attributed to the bare platform 4. In Figure 9.1c, 4 is a fragment
of H-TOTA. Its occurrence indicates that the bond between the central H atom and
the platform occasionally dissociates upon deposition. The lower pattern (turquoise in
Figs. 9.1c and d) is attributed to the intact H-TOTA molecule. In drastic contrast to
the methyl-functionalized molecule 1, only ~ 41 % of more than 3000 H-TOTA molecules
were intact after deposition. The central H atom of H-TOTA is not individually resolved
as expected (see, e.g., Refs. 235 and 236). Despite its similar geometry, the H-TOTA
molecule appears ~ 0.06 nm lower than the bare platform 4. This difference is caused by
an electronic effect as discussed below.
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9 Stability of Functionalized Platform Molecules on Au(111)

Figures 9.1e and h present topographs recorded after deposition of ethynyl-TOTA (3)
molecules. Again, the bare platform 4 (yellow square in Fig. 9.1e) is found as a fragment
on the sample. In addition, a different pattern denoted 4b (gray markers in Figs. 9.1e and
f) occurs. Pattern 4b is exclusively found after deposition of ethynyl-TOTA molecules
with fractions varying between 5 and 80 % at coverages of 0.05-0.45 molecules per 1 nm?.
As discussed below we attribute pattern 4b to the bare platform in a different adsorption
state than 4. Intact ethynyl " TOTA molecules (magenta in Figs. 9.1e and f) appear
highest (0.36 nm) due to the attached ethynyl group. However, less than 1% of the
ethynyl-TOTA molecules are intact on Au, showing that the C,H moiety makes these
molecules marginally stable on Au(111).

9.3.2. Intermolecular interactions

The topographs in Figures 9.1c, e, and g provide important additional information. By
contrast to the functionalized molecules 1-3 and molecule 4b, the bare platform 4 does
not cluster. The molecules 4 rather prefer to maximize their average nearest-neighbor
distance d in fcc and hep regions of the substrate (Figs. 9.1c, e, and g). The square of
the average nearest-neighbor distance, d?, describes (up to a constant factor) the sur-
face area that is occupied by a single molecule. Given a long-range repulsive interaction,
d? is expected to be inversely proportional to the coverage, which determines the area
that is available for a single molecule. Fig. 9.2a shows that this proportionality indeed
holds. Moreover, it evidences that d is not limited to specific values. This observation
excludes the possibility of surface-mediated long-range interactions via Friedel oscilla-
tions of surface-state electrons, where d would change with a period of half of the Fermi
wavelength, 7. e. 1.8 nm for Au(111).360-362

Long-range interactions between adsorbates can also be mediated by elastic deforma-
tion of the substrate.?63365 The herring-bone reconstruction, which is due to a stressed
atomic layer, is sensitive to changes of the surface elastic energy.!5?366 However, we find
that the herring-bone reconstruction is unaffected by submonolayer coverages of platform
4. Moreover, the platform is physisorbed to the Au substrate and consequently the in-
duction of a significant amount of strain is unlikely. Hence, an elastic surface-mediated
interaction is improbable.

Next, the nearest-neighbor (NN) pair distribution functions for low coverages were
investigated (Figs. 9.2b and ¢). They show that the NN distances have lower and upper
limits, e. g. in case of Fig. 9.2b there are no NN distances < 2 or > 3.5 nm. This effect
along with the shape of the distributions indicates long-range Coulomb repulsion between
the molecules?%® and suggests a significant charging of the adsorbed platform 4, consistent
with its cationic nature in the gas phase.

Clusters of functionalized platforms 1-3 and the pattern 4b (Figs. 9.1c, e, and g)
exhibit the same hexagonal structure and orientation with respect to the substrate. They
are stabilized by CH--O bonds between the platforms (Chap. 8). The formation of H bonds
indicates a smaller intermolecular Coulomb repulsion and consequently less charging of the
molecules, consistent with their neutral character in the gas phase. In fact, the on-surface
interactions of the molecules 1-4 (Fig. 9.1) reflect the molecular tendency to ionize. A
related switching of intermolecular interactions by attaching a ligand to a molecule has
recently been reported for Fe-tetramethyl-tetraazaannulene on Au(111).367
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Figure 9.2.: (a) Average nearest-neighbor distance squared (d?) versus inverse coverage evaluated
for the bare platform 4. Each data point is an average over at least 300 molecules from large
areas of a newly prepared sample. This average neglects differences in local coverage between
hep and fee areas that are significant at low densities (S 7 nm? per molecule). The line shows
a linear fit to the data (d? = a/, v being the coverage in molecules per nm?). We find a = 0.89,
which is close to the value expected for a hexagonal lattice (v/3/2 ~ 0.87), which the molecules
approximately form (cf. molecules 4 in Figs 9.1c and e). (b-—¢) Nearest-neighbor (NN) pair
distribution functions of the bare platform 4 for coverages (b) 0.14 and (c¢) 0.03 molecules per
nm? (Figs. 9.1g and 9.4a, respectively). The distributions were obtained from > 200 molecules.
Steric hindrance limits the smallest distance to ~ 1 nm. The data point marked by an arrow in
(a) corresponds to the data shown in (b).

9.3.3. Induced dissociation and electronic states near Er

As presented above, methyl-TOTA (1) is stable on Au(11l) at ambient temperature,
H-TOTA (2) fragments, and ethynyl-TOTA (8) is marginally stable. Moreover, the
occurrence of the bare platform as fragment indicates that the bond between platform and
attached moiety dissociates upon deposition. To verify that this bond is weaker than the
other bonds of the adsorbed molecules, we investigated the stability of the molecules upon
injecting high currents into the molecules. Indeed, injection of several nA current into the
functionalized molecules 1-3 at elevated voltages (2 2 V) dissociates the attached moieties
from the platform, but does not lead to further fragmentation of the platform. An example
for such an induced dissociation is shown in Figure 9.3 for a methyl-TOTA molecule (1) on
Au(111). Initially (Fig. 9.3a), methyl-TOTA molecules arranged in a compact island are
observed. After applying a current/voltage pulse to a molecule at the position indicated
by a black point, a new state is obtained (Fig. 9.3b) whose characteristics match the
bare platform 4. This kind of dissociation, which was repeatedly observed, is selective,
i. . no other molecules are affected. After an induced dissociation, the STM tip was
usually contaminated, 7. e. contacts to the bare Au substrate revealed a non-metallic tip
and STM images tended to be fuzzy. We attribute this contamination to the transfer of
the functional group or fragments thereof to the tip. After tip preparation by repeated
dipping into the Au surface STM images could again be recorded with a clean metal tip.
Figure 9.3b was actually recorded with such a re-prepared tip.

Further information about the electronic states of adsorbates can be obtained with
the help of differential conductance (dI/dV') spectra, which probe the local density of
states (LDOS, Chap. 3). dI/dV spectra of methyl-TOTA (1) and the bare platform 4
(Fig. 9.3¢) reveal a LUMO peak at ~ 0.6 €V for the platform 4 that is not present at
methyl-TOTA (1). Actually all investigated functionalized platforms do not exhibit any

117



9 Stability of Functionalized Platform Molecules on Au(111)

() FTy T T Ty
@ 2F
E E ;
>1§_W/\"’d_§
N fAu(111)§
Oi.l....|....|....|....|.E
2 -1 0 1 2
Sample voltage (V)

(dy ET T T
‘Qlé 3
S 1F 4 3
AN,
3 \Jw\’*&l_”
(0] ST T T P -
2 -1 0 1 2

Sample voltage (V)

Figure 9.3.: (a-b) STM topographs (a) before and (b) after STM-induced dissociation of the
methyl moiety from the single molecule 1 indicated by black points. (c—d) Differential conduc-
tance (dI/dV') spectra of a methyl-TOTA (1), the TOTA platform (4), and fragment 4b along
with the respective background spectra of the bare Au(111) substrate. Black arrows indicate the
positions of the LUMO peak of 4 when it is (c) isolated or (d) adjacent to 1. The steep rise of
the conductance of 1 at ~ —1.8 €V is attributed to the HOMO. The Au(111) spectrum in (d)
exhibits a rapid rise at ~ —0.5 V that is related to the edge of the surface state. The increase
of the dI/dV signal in (d) for sample voltages < —1.5 €V is due to tip states. For clarity some
spectra are vertically shifted: (c) 1: +1.5 nS, 4: +0.9 nS and (d) 4b: +0.9 nS, and 4: +0.3 nS.
The feedback loop was opened at 0.5 nA and 2 V (1 V for 4 in (d)).

prominent state in the range |E - Er| $ 1.5 eV. For methyl-TOTA (1) a steep increase
of the differential conductance is visible for energies below E — EFr < -1.5 eV. This is
an onset of a HOMO peak. A complete measurement of this peak at the tunneling
parameters of Figure 9.3c would lead to the aforementioned induced dissociation of the
molecule. The dI/dV spectra of the bare platform 4 in Figures 9.3c and d reveal a further
piece of information. The energy of the LUMO of 4 depends on its environment. Isolated
molecules 4 show a LUMO at ~ 0.6 eV (Fig. 9.3c). An adjacent functionalized platform
shifts the level away from Er by ~ 0.2 eV (Fig. 9.3d). Polarization screening of neighboring
molecules may cause this shift as observed for, e. g., perylenetetracarboxylic-dianhydride
on Au(111),%68 and tetracene on Ag(111).36°

Besides the bare platform 4, also pattern 4b was identified as a fragment of 3
(Figs. 9.1e and f). The dI/dV spectra of 4 and 4b (Fig. 9.3d) reveal a marked dif-
ference of their electronic structures. Whereas 4 exhibits a LUMO resonance at below
1 eV, fragment 4b has no state for |[E — Er| $2 eV. The absence of an unoccupied state
close to Er along with the clustering of 4b (see section 9.3.2) is presumably caused by a
different charge state.
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9.3.4. Decomposition products

As to fragment 4b, several observations indicate that it is the bare platform in a different
adsorption state on Au(111). 4b is found exclusively after decomposition of ethynyl-
TOTA (3, Figs. 9.1e and f). Neither the sublimation of the bare platform (4, Figs. 9.1g
and h) nor the decomposition of H-TOTA (2, Figs. 9.1c and d) lead to the presence
of 4b. Thus, its formation is most likely a kinetic effect of the dissociation of ethynyl-
TOTA. As an intermediate, molecule 4b should be energetically less favorable than 4.
Consistent with this, 4b can be converted to 4 by injecting current into the molecules at
elevated voltages (2 2 V) and the reverse process could not be achieved despite various
attempts at different manipulation parameters. Another intriguing observation is that
the fraction of 4b after deposition of ethynyl-TOTA drastically depends on the coverage
of the molecules (Figs. 9.4a and b). Low (high) coverages correlate with small (high)
fractions of molecule 4b (e. g., 0.05 (0.45) molecules per 1 nm? translates to ~ 5 % (80 %)
4b). When the coverage is increased from 0.29 (Fig. 9.1e) to 0.45 molecules per 1 nm?
(Fig. 9.4b), the intermolecular distance of the bare platform slightly reduces by ~ 0.1 nm.
However, the fraction of 4b increases from 59 % to 80 %, ¢ e. most of the additional
molecules disintegrate into molecule 4b. This coverage dependence indicates that the
interaction with other molecules hinders the conversion of 4b to 4. Since 4 is signifi-
cantly charged (Sec. 9.3.2), this hindrance may be linked to the intermolecular Coulomb
repulsion of 4 that renders 4, in contrast to 4b, energetically less favorable at higher
coverages. Analogously, the rather high molecular density within the clusters of molecule
4b can be explained (Fig. 9.4b). In Chapter 8 it is shown that such high densities may be

Ethynyl-TOTA

Figure 9.4.: STM topographs after deposition of different coverages of ethynyl-TOTA (3)
molecules on Au(111): (a) 0.05 and (b) 0.45 molecules per 1 nm? (Image width 44 nm). In
(a) the fragments 4b are at the reactive elbows of the herring-bone reconstruction and marked
by a gray square, respectively. In (b) the molecules 4b (gray) cluster to large islands. Bare
TOTA molecules (4, yellow) do not cluster. The color scale shown in (b) on the right upper side
is used and corresponds to an apparent height of 3.7 nm. (b) was recorded at -1 V.
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9 Stability of Functionalized Platform Molecules on Au(111)

energetically unfavorable for submonolayer coverage. XX However, on the samples con-
cerned here molecules 4 are co-adsorbed and a higher density of 4b decreases the density
(and therefore the Coulomb repulsion) of 4. Thus, the Coulomb repulsion of 4 may also
render the compressed clustering of 4b favorable.

The aforementioned properties of 4b are all similar to those of the functionalized
platforms and could be explained by an moiety attached to the platform. However, there
were, in contrast to the induced dissociations of the functionalized platforms (Sec. 9.3.3),
no indications of a detached moiety after conversion of 4b to 4. As molecule 4b is a
fragment of C,H-TOTA, the attached moiety should comprise either one or two C atoms.
Such moieties are neither chemically intuitive (high gas-phase dissociation energies of the
related bonds: (i) HC,—H: 5.8 eV (560 kJ/mol), (ii) HC=CH: 10 eV (965 kJ/mol))3" nor
consistent with the STM topographs. Hence, fragment 4b is most likely the bare platform
in a metastable adsorption state.

While fragments 4 and 4b are directly observed upon dissociation of CoH-TOTA
(Figs. 9.1e and f) the fate of the C,H group is less clear. STM topographs reveal fuzzy
areas (SI, Sec. 9.9.4) that may represent clusters of C,H. The high reactivity of C,H
may also lead to the formation of gaseous molecules like HC,-CyH (bond formation
energy —6.5 eV (627 kJ/mol) in the gas phase)3™ and their partial desorption at ambient
temperature.

The fragmentation of H-TOTA molecules upon adsorption on Au(111l) at ambient
temperature (Fig. 9.1c) may lead to H atoms on the sample—in addition to the bare
platforms 4. H atoms on Au(111) were reported to desorb at ~ 110 K via the formation of
H,.372 In agreement with that, we found no indications of their presence on our samples.

9.4. Calculated results

The CH; and C,H-functionalized platforms 1 and 3 are extreme cases with either ex-
clusively intact molecules or > 99% fragments on Au(111). We therefore calculated their
dissociation energies with DFT assuming different reaction scenarios (see below). More-
over, we focused on the bare platform 4 as a product because we hint that 4b may result
from a cooperative effect that is difficult to tackle with existing methods (see Sec. 9.9.5
in the SI). In other words, our calculations reflect the case of small coverages where most
of the deposited ethynyl-TOTA molecules fragment to 4. To adequately describe the ad-
sorption geometries, dispersion interactions were taken into account by using the vdWsuf
method (Sec. 9.8).179-181

9.4.1. Dissociation energies

Reaction I represents the gas-phase dissociations of molecules methyl-TOTA and ethynyl—-
TOTA (Fig. 9.5). It turns out (Tab. 9.1) that methyl-TOTA and ethynyl-TOTA are
stable with dissociation energies exceeding 2 eV (190 kJ /mol), which is consistent with the
observed stability towards sublimation. Moreover, in contrast to the observed instability

XLIX Analogous to methyl-TOTA, hexagonal arrangements of 4b are (more frequently) observed at low
coverage (cf. Fig. 9.1).
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9.4 Calculated results

on Au(111), the bond of the functional group is 1 eV stronger in ethynyl-TOTA than in
methyl-TOTA. Reaction I therefore cannot explain the experimental observations.

Reaction IT describes the on-surface dissociation assuming that the platform remains
on Au and the functional group desorbs (Fig. 9.5). Interestingly, both dissociation en-
ergies (IT in Tab. 9.1) are ~ 0.45 eV (43 kJ/mol) lower than the gas-phase values. This
destabilization is mainly caused by the more favorable adsorption of the flat platform 4
(0.4 eV) compared to the curved platforms with attached functional group (Fig. 9.5). It
is not due to the geometric deformation caused by the adsorption. Since both dissociation
energies exceed 1.5 eV (144 kJ/mol) and ethynyl-TOTA is 1 eV (96 kJ/mol) more stable
than methyl-TOTA, IT does not reflect the experimental observations.

Reaction ITI is a on-surface dissociation with both products remaining on Au (Fig. 9.5).
Remarkably, III reveals that ethynyl-TOTA is not stable on Au, while methyl-TOTA
is stable (Tab. 9.1). The dissociation of ethynyl-TOTA reduces the total energy by
~ 0.1 eV (9.6 kJ/mol) whereas dissociation of methyl-TOTA requires more than 0.4 eV
(38 kJ/mol). In other words, the on-surface dissociation III is consistent with the experi-
mental observation of mainly decomposed ethynyl-TOTA and fully intact methyl-TOTA
molecules on Au.

Dissociation CH,-TOTA (1) C,H,-TOTA (3)
| R-TOTA - R+TOTA 2.43 3.77
II | R-TOTA/Au- R+TOTA/Au 1.98 3.30
III | R-TOTA/Au - R/Au+ TOTA/Au 0.46 ~0.10

Table 9.1.: Dissociation energies of methyl-TOTA (1) and ethynyl-TOTA (3) in €V (96 kJ/mol)
for calculated reaction pathways I —II1. The dissociation energies were obtained as described in
Section 9.8.
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Figure 9.5.: Sketch of gas-phase dissociation I and on-surface dissociations II and IIT of the
substituent R from the platform. In the on-surface dissociations, R either (II) desorbs or (IIT)
adsorbs to Au(111).

121



9 Stability of Functionalized Platform Molecules on Au(111)

In addition to the dissociation pathways I-III it is conceivable that the R moieties
of two R-TOTA molecules directly react to R-R without the adsorption of the R moi-
eties on the substrate. In other words, the reaction 2R-TOTA/Au - R-R+2TOTA/Au
(denoted as IV below) might occur without reaction III as intermediate step. However,
the dissociation energies of reaction IV, 0.10 and 0.06 eV for R = C,H, and CHj, re-
spectively, are almost identical. As a consequence reaction IV (without reaction III as
intermediate step) cannot explain the drastically different stabilities of ethynyl-TOTA
(almost all dissociated) and methyl-TOTA (all intact) molecules on Au(111), in contrast
to reaction III.

9.4.2. Adsorption energies and geometries

The key reason for the different stabilities on Au(111) are the adsorption energies of the
ethynyl (C,H) and methyl (CH,) radicals (Tab. 9.2). The former is 1.9 eV (180 kJ/mol)
more favorable than that of CH;. Along with the lower adsorption energy of the bare
platform 4 this energy difference is enough to render ethynyl-TOTA (3) unstable whereas
methyl-TOTA (1) is not. Hence, the Au(111) surface is not inert enough for ethynyl-TOTA
to remain stable. Consistent with this interpretation, we observed that ethynyl-TOTA
dissociates on the more reactive Ag(111) surface, too (SI, Sec. 9.9.2).

| 1+ | 3" | 4° |CH,|C,H
E.q (PBE+vdW) | -2.17 | -2.15 | -2.62 | 1.5 | 3.4

E.q (PBE) +0.01 | —0.02 | -0.57 | -1.3 | -3.2
«CH,-TOTA, *C,H-TOTA, “TOTA

Table 9.2.: Adsorption energy in eV (96 kJ/mol) of the methyl-TOTA (1), ethynyl-TOTA (3),
and TOTA (4) molecules and the ethynyl (CH;) and methyl (CyH) radicals on Au(111). The
adsorption energies were obtained as described in Section 9.8.

Figure 9.6 shows the optimized geometries of an ethynyl (C,H) and a methyl (CH;)
moiety on Au(111). C,H adsorbs upright at fcc-hollow sites (Figs. 9.6a and b), whereas
CH, is located on top of a surface Au atom (Figs. 9.6c and d). The calculated Au-C
distances, 0.221 nm for C,H and 0.212 nm for CHj, are typical of covalent Au—C bonds.?!7
The strong binding of C,H reflects the fact that C,H binds to three Au atoms rather than
one in the case of CH;. Interestingly, CH; is marginally stable or unstable at the hollow
sites, as indicated by the relaxation to the top site in the DFT calculations. We attribute
this effect to the close proximity of the H atoms in CH, and the Au(111) for the expected
C—Au bond distance of 0.21 nm at the hollow sites. Details of the calculated adsorption
geometries of the platforms 1, 3 and 4 are presented in the ST (Sec. 9.9.6).
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LY aYaY

Figure 9.6.: Adsorption geometries of (a—b) an ethynyl (C,H) and (c—d) a methyl (CH;) moiety
calculated with PBE4+vdW (Sec. 9.8). (a) and (c) show side views, (b) and (d) top views. The
ethynyl and methyl moiety are adsorbed in hollow and top sites, respectively. Yellowish: Au
atoms of the first three (111) surface layers, gray: carbon, white: hydrogen.

9.4.3. Role of dispersion interaction

The decomposition of several molecules and the relative stabilities of intermediates in on-
surface reactions on Au have recently been attributed to the strong van der Waals (vdW)
interaction.?™377 We therefore investigated the role of dispersion for dissociation IT and
IIT by calculating the related adsorption energies with and without inclusion of vdW
interaction (Tab. 9.2), namely with the PBE+vdW functional (Sec. 9.8) and the pure
PBE. The adsorption energies of methyl-TOTA (1), ethynyl-TOTA (3), and TOTA (4)
increase by » 2.2 eV with PBE compared to PBE+vdW, reflecting strong dispersion
interaction with Au(111) and its crucial role for the adsorption process. The adsorption
energies of methyl-TOTA (1) and ethynyl-TOTA (3) may contribute to overcoming the
energy barrier of dissociation process ITII. However, the calculated adsorption energies
of 1 and 3 (Tab. 9.2) are almost identical and therefore cannot explain the observed
stability difference. Similarly, dispersion interaction has little influence on the dissociation
energies when the correct adsorption geometries are used. The energy differences relevant
for dissociation paths IT and III, namely between the bare platform 4 on one hand and
the functionalized platforms 1 and 3 on the other (» 0.4 eV) and between CH,; and C,H
(» 1.9 eV), are almost unaffected when changing from PBE+vdW to PBE. Hence, the
dispersion interaction plays an indirect role in the reactions. It defines the position of
the adsorbates on the Au(111) surface, but cancels out from the reaction energies. We
emphasize that vdW interactions are crucial, as not taking them into account, 7. e. only
using the pure PBE functional, leads to incorrect adsorption geometries and unreasonable
dissociation energies.

9.5. Discussion

Experimentally we observed that ethynyl-TOTA molecule fragments with a very high
probability. If a reaction barrier is present it obviously can be overcome at ambient
temperature. In any event, according to our DFT results dissociation lowers the energy
of the system. As to molecule methyl-TOTA, our calculations show that dissociation is
energetically unfavorable in agreement with its observed stability. An activation barrier
towards dissociation may add to this stability but cannot be evaluated from the available
data.

The pathway to dissociation is a multi-step process and it is not realistic to model the
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9 Stability of Functionalized Platform Molecules on Au(111)

complete dissociation with existing ab initio methods.” Nonetheless, it is interesting to
speculate about the mechanisms of fragmentation and molecular assembly. Dissociation
IIT may require that the functional group is oriented towards the surface. Disregarding
a hypothetical steering effect of the surface during the impact of the molecules, approxi-
mately half of the molecules are expected to impinge with the platform oriented toward
the surface. The observations for ethynyl-TOTA molecules (3, Fig. 9.1e) imply that
this orientation during impact is no obstacle to fragmentation. However, the barrier for
flipping 3 on a flat area is expected to exceed 1 eV (96 kJ/mol) because of its large
adsorption energy (Tab. 9.2). Diffusion of the molecules to step edges may facilitate a
reorientation. It is also conceivable that diffusing Au atoms may attack the moiety bond
of ethynyl-TOTA.

Our interpretation of the fragmentation data is consistent with results from other
functionalized TOTA platforms. We synthesized propynyl-TOTA, which may be viewed
as methyl-"TOTA with an inserted ethynyl spacer. As expected, we find propynyl-TOTA
to be only marginally stable on Au(111) with < 1 % molecules remaining intact (ST,
Sec. 9.9.3). The stability of ethyl-TOTA is also in line with our model. The gas-phase
dissociation energy of ethyl-TOTA and the binding energy of ethyl to Au(111) are ex-
pected to be similar to those of methyl. Indeed, in our experiments, we found almost only
(> 99%) intact ethyl-TOTA molecules on Au(111) (SI, Sec. 9.9.3).

9.6. Conclusion

The interaction of closed-shell platform molecules with the inert Au(111) surface surpris-
ingly renders a rather stable sp3 C bond within a molecule unstable. The stability of the
molecules depends drastically on their functional moiety. Modeling shows that the binding
energies of the fragments to Au(111) destabilize the sps C bond between the functional
moieties and the platform by 2 to 3.9 eV (190-370 kJ/mol) and essentially determine the
molecular stability. Dispersion interaction plays an important indirect role, as it binds the
platforms to the Au(111) surface, but it cancels out from the reaction energies. Moreover,
the results show that the thermal energy at ambient temperature and the impact of the
molecules are sufficient to overcome kinetic limitations.

9.7. Experimental Details

Synthesis of the molecules

Functional groups were attached to the cationic TOTA platform 4 by polar C—C and C—
H bond formation as described in the SI (Sec. 9.9.1). The powders of the functionalized
platforms 1-3 were purified by sublimation at ~ 0.5 Pa and » 100 °C.

L For example, the unit cell required for reliable adsorption geometries and energies contains 305 atoms
(Sec. 9.8). This renders ab initio calculations of reaction barriers with any reliable level of accuracy
extremely challenging, if not impossible.
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9.8 Theoretical Details

Sample preparation

Submonolayers of TOTA"BF,  salt and the molecules 1-3 were sublimated onto flat and
clean Au(111) held at ambient temperature. The sublimation parameters for molecules
1-3 were almost identical (< 10-7 Pa and ~ 70 °C) and milder than during the afore-
mentioned purification by sublimation to make sure that intact molecules were deposited.
The time between sublimation (< 2 min) and cool down of the sample to ~ 10 K for STM
measurements did not exceed 25 min.

STM

STM images were recorded at 4.6 K, < 107 Pa, low constant currents (20-40 pA), and
low positive sample voltages (100-130 mV). All STM topographs were acquired using the
constant-current mode.

9.8. Theoretical Details

DFT

Electronic structure calculations were performed by using DFT with non-empirical exchange-
correlation functional of Perdew-Burke-Ernzerhof*” (PBE) and the vdWs"f method to
model screened van der Waals interactions for atoms and molecules on surfaces!™181 ag
implemented in the FHI-aims code3™ denoted PBE+vdW above.

A hexagonal unit cell comprised of 5 layers with 305 Au atoms in total was used
with periodic boundary conditions. A k-grid of 2 x 2 x 1 was employed. The geometry of
two upper (three bottom) Au layers was relaxed (fixed to the bulk structure). The tight
(light) default species settings were employed for the adsorbents’ atoms (Au atoms).™
All geometries were optimized until forces were smaller than 0.01 eV /A (16 pN).

Dissociation energies

The dissociation energies of reaction I (Tab. 9.1) were obtained in two steps: H+R-TOTA —
H-R + TOTA— H+ R + TOTA. The first step was calculated with DFT-+vdW. For the
second step, experimental values of the dissociation energies of methane and ethyne mea-
sured at 298 K, 4.55 eV and 5.78 eV, were used.?”® The dissociations IT (Tab. 9.1) were
calculated in the same way but with R-TOTA and TOTA adsorbed on Au(111). All
data for the reaction III (Tab. 9.1) were obtained with DFT+4vdW calculations. Finally,
the dissociation energies of reaction IV (see section 9.4.1) were determined in two steps:
2R-TOTA/Au - 2 (R + TOTA/Au) - R-R + 2 TOTA/Au. The first step is reaction IT
for two isolated R-TOTA molecules on Au and was calculated as mentioned above. For
the second step, experimental values of the bond formation energies of H;C-CH; and
H,C-CH, measured at ambient temperature, -3.91 eV37 and —6.51 eV 37! were used.
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9 Stability of Functionalized Platform Molecules on Au(111)

Adsorption energies

The adsorption energies of the bare platform 1 and functionalized platforms 3 and 4
(Tab. 9.2) were directly calculated with the PBE+vdW and PBE functionals. The adsorp-
tion energies of the radicals were extracted from Table 9.1 as difference of the dissociation
energies of the reactions II and III.
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9.9. Supporting information

9.9.1. Synthesis

4,8,12-Trioxatriangulenium tetrafluoroborate (TOTA-BF)232:

Tris-(2,6-dimethoxyphenyl)methanol (2 g, 4.54 mmol) and pyridine hydrochloride
(10 g, 85.8 mmol) were stirred at 220 °C for 1.5 h. The melt was poured into water
(600 ml) and the red precipitate was filtered off. The yellow solution was acidified with
tetrafluoroboric acid and the resulting precipitate was filtered off. Recrystallization from
dichloromethane gave 699 mg (1.88 mmol, 41 %, Ref. 232: N/A) of a yellow solid.

m.p.: 385°C (Ref. 232: N/A).

"H NMR (500 MHz, (CD,),SO): ¢ = 857 (t, J = 8.5 Hz, 3H, H-5), 7.98 (d, J = 8.5 Hz,
6H, H-4) ppm.

C NMR (125.8 MHz, (CD5),S0): 6 = 152.94 (q, C-3), 145.45 (q, C-1), 143.41 (t, C-5),
112.41 (t, C-4), 106.23 (q, C-2) ppm.

MS (EI): m/z (%) = 285 (100).

12c-Hydro-4,8,12-trioxatriangulene (H-TOTA )234:

4,8,12-Trioxatriangulenium tetrafluoroborate (300 mg, 806 pmol) was suspended in
dimethoxyethane (150 ml) and sodium borohydride (150 mg, 3.98 mmol) was added. Af-
ter stirring at room temperature for 2 h, diethyl ether (50 ml) was added and the reaction
mixture was stirred for 30 min. Water (50 ml) was added and the solution was stirred
further for 30 min. The mixture was extracted with diethyl ether (3 x 100 ml) and the
combined organic extracts were dried (MgSO,) and concentrated in vacuo. Recrystalliza-
tion from ethyl acetate gave 167 mg (583 umol, 72 %, Ref. 234: 61 %) of colorless crystals.

m.p.: 313 °C (Ref. 234: 313 °C).

'"H NMR (600 MHz, CDCL,): § =7.22 (t, J = 8.2 Hz, 3H, H-5), 6.91 (d, J = 8.2 Hz, 6H,
H-4),4.89 (s, 1H, H-1) ppm.

BC NMR (150.9 MHz, CDCl,): 6 = 152.94 (q, C-3), 128.43 (t, C-5), 111.36 (t, C-4),
109.09 (q, C-2), 20.69 (q, C-1) ppm.

MS (EI): m/z (%) = 286 (25), 285 (100).

MS (CI): m/z (%) = 287 (100), 285 (93).

2c-Methyl-4,8,12-trioxatriangulen (methyl-TOTA)

Under nitrogen, magnesium turnings (100 mg, 4.00 mmol) were suspended in dry
diethyl ether (40 ml) and methyl iodide (250 pl, 4.02 mmol) was added dropwise. After
the reactions had started, the mixture was stirred at room temperature for 1 h. A sus-
pension of 4,8 12-trioxatriangulenium tetrafluoroborate (372 mg, 1.00 mmol) in dry THF
(100 ml) was added and the mixture was stirred for 1 more h. The mixture was poured
into an ammonium chloride solution (50 ml) and the organic layer was washed with water,
dried (Na,SO,) and concentrated in vacuo. Recrystallization from benzene gave 98 mg
(326 pmol, 33 %) of colorless crystals.

m.p.: 230 °C (Ref. 233: 230-231 °C).
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"H NMR (500 MHz, CDCl,): § = 7.22 (t, J = 8.2 Hz, 3H, H-5), 6.93 (d, J = 8.2 Hz, 6H,
H-4), 1.54 (s, 3H, H-6) ppm.

3C NMR (125.8 MHz, CDCl,): § = 152.34 (q, C-3), 128.07 (t, C-5), 114.72 (q, C-2),
111.34 (t, C-4), 31.58 (p, C-6), 24.17 (q, C-1) ppm.

MS (EI): m/z (%) = 300 (12), 285 (100).

12c-Ethynyl-4,8,12-trioxatriangulen (ethynyl-TOTA):

Under nitrogen, 4,8,12-trioxatriangulenium tetrafluoroborate (100 mg, 269 pmol) was
suspended in dry THF (200 ml) and a 0.5 m solution of ethynyl magnesium bromide in
THF (20 ml, 10 mmol) was added. After refluxing for 2 h, the mixture was cooled to room
temperature, poured into water (100 ml) and extracted with diethyl ether. The combined
organic extracts were dried (MgSO,), concentrated in vacuo and the crude product was
filtered over Florisil (cyclohexane / ethyl acetate 1:1) to give 47 mg (152 pmol, 57 %) of
colorless crystals.

m.p.: 243 °C. '"H NMR (500 MHz, THF-dg): § = 7.33 (t, J = 8.3 Hz, 3H, H-5), 6.99
(d, J=8.3 Hz, 6H, H-4), 2.96 (s, 1H, H-7) ppm.

C NMR (125.8 MHz, THF-dg): 0 = 153.04 (q, C-3), 129.97 (t, C-5), 112.29 (t, C-4),
111.54 (q, C-2), 84.84 (q, C-6), 74.59 (t, C-7), 22.55 (q, C-1) ppm.

MS (EI): m/z (%) = 310.1 (25), 285 (100).

MS (CI): m/z (%) = 311.1 (98), 285 (100).

IR (ATR): 7 — 3640 (w), 3292 (w), 3278 (m), 2957 (w), 2923 (m), 2855 (w), 2111 (w),
1611 (s), 1479 (m), 1455 (s), 1258 (s), 1062 (m), 1009 (s), 927 (m), 783 (s), 756 (m), 724
(s) cm™L.

HR-MS: (Cy, 1,05, calc. 310.06299): 310, 06312 (0.41 ppm).

UV/Vis (toluene): \q. (Ig €) = 286 (4.05) nm.

12c-Ethyl-4,8,12-trioxatriangulen (ethyl-TOTA):

Under nitrogen, magnesium turnings (500 mg, 20.6 mmol) were suspended in dry
THF (100 ml) and ethyl bromide (200 pL, 2.67 mmol) were added dropwise. After the
reaction had started, further ethyl bromide (1.60 ml, 21.4 mmol) was added and the mix-
ture was stirred at 60 °C for 30 min. Meanwhile, a suspension of trioxatriangulenium
tetrafluoroborate in dry THF was treated with ultrasound for 30 min. To this suspension
ethyl magnesium bromide in THE (20 ml, 4.12 mmol) was added and the mixture was
stirred at room temperature for 1 h. The mixture was poured into an ammonium chlo-
ride solution (100 ml) and the organic layer was washed with water, dried (MgSO,) and
concentrated in vacuo to give 222 mg (706 pmol, 88 %) of a colorless solid.

m.p.: 195 °C.

'"H NMR (500 MHz, THF-dg): § = 7.23 (t, J = 8.2 Hz, 3H, H-5), 6.92 (d, J = 8.2 Hz, 6H,
H-4),1.77 (q, J = 7.5 Hz, 2H, H-6), 0.72 (t, J = 7.5 Hz, 3H, H-7) ppm.
3C NMR (125.8 MHz, THF-dg): 6 = 153.69 (q, C-3), 129.20 (t, C-5), 114.02 (q, C-2),
111.96 (t, C-4), 38.98 (s, C-6), 29.72 (q, C-1), 8.11 (p, C-7) ppm.
MS (EI): m/z (%) = 285 (100

(23).

)-

MS (CI): m/z (%) = 315 (100), 285

IR (ATR): 7= 3065 (w), 2968 (w), 2015 (w), 2876 (w), 2849 (w), 1610 (s), 1482 (m), 1455
s), 931 (m), 782 (s), 755 (s) cm™L.

(s), 1256 (s), 1053 (m), 1009 (s),
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Elemental analysis (Cy,H,,05 calc.: C 80.24, H 4.49): C 76.03, H 4.46.
UV /Vis (DCM): A\pas (lg €) = 283 (3.71) nm.

12c-Propynyl-4,8,12-trioxatriangulene (propynyl-TOTA)40:

4,8,12-Trioxatriangulenium tetrafluorborate (150 mg, 403 pumol) suspended in 200 ml
anhydrous tetrahydrofuran (THF) were mixed with propynyl magnesium bromide (20 ml,
10 mmol, 0.5 M in THF) under nitrogen. The reaction mixture was heated under reflux
for 7 h and the solvent was removed under reduced pressure. The residue was purified by
chromatography over Florisil (cyclohexane/diethyl ether 1:1). The product was obtained
as a colorless solid (31.2 mg, 96.2 pumol)

'"H NMR (500 MHz, THF-d): 6 = 7.29 (t, J=8.2 Hz, 3H, H-5), 6.97 (d, J=8.2 Hz, 6H, H-4),
1.59 (s, 3H, H-8) ppm.

BC NMR (125.8 MHz, THF-d8): 6 = 153.03 (q, C-3), 129.56 (t, C-5), 112.18 (t, C-4),
111.78 (q, C-2), 81.62 (q, C-6), 80.86 (t, C-T7), 22.23 (q, C-1), 3.05 (p, C-8) ppm.

MS (EI): m/z (%) — 324 (31), 285 (100).

MS (CI): m/z (%) = 325 (100), 285 (81).

9.9.2. Ethynyl-TOTA and TOTA on Ag(111)

Figures 9.7a and b present typical STM topographs recorded after sublimation of ethynyl-
TOTA (3) and TOTA (4) molecules, respectively, onto Ag(111). On both samples the
same triangular building block was found (yellow squares). It corresponds to the bare
platform 4 on Ag(111). Like on Au(111), almost all ethynyl-TOTA molecules decompose
on Ag(111).

C2H-TOTA

Figure 9.7.: (a—b) STM topographs after deposition of ethynyl-TOTA (left image) and bare
TOTA (right image) molecules onto Ag(111). The color scale shown in (b) is used in both
images and corresponds to a maximum apparent height of 0.2 nm. Both images were recorded
at a sample voltage of 1 V.

The STM images in Figs. 9.7 reveal a further piece of information. Whereas bare
platforms 4 do not aggregate on Au(111) (Fig. 9.1g in Sec. 9.3.1), they form clusters on
Ag(111). The intermolecular interactions reflect the balance between attractive van der
Waals and H bonding and Coulomb repulsion. The latter originates from charging of the
adsorbed molecules. Consequently, the clustering on Ag(111) indicates a reduced molec-
ular charge compared to the case of Au(111). Ag(111) being more reactive than Au(111),
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the platform is presumably more strongly coupled to the electron gas of Ag(111). In
addition, the bare platform 4 is a cation. Therefore, increased coupling to a metal pre-
sumably reduces the positive partial charge on the molecule. Hence, a different cou-
pling to the substrates is consistent with attractive/repulsive intermolecular interaction

on Ag(111)/Au(111).

Next, we address the fragment 4b. The properties of 4b on Au(111) are similar to
those of the bare platform 4 on Ag(111). Both form clusters, which is consistent with
small partial charges, and do not exhibit a LUMO close to the Fermi energy. In contrast,
the clustering, and hence the charge state of the bare platform 4 is different on Ag and Au
as discussed above. Moreover, its LUMO is either far from or close to the Fermi energy
on these surfaces, respectively. Taken together, these observations hint that the fragment
4b may represent a differently charged state of the bare platform 4.

9.9.3. Ethyl-TOTA and propynyl-TOTA on Au(111)

In addition to the molecules presented in the Section 9.3.1, we also deposited ethyl-
TOTA and propynyl-TOTA on Au(111). Figures 9.8a and b present topographs of ethyl-
TOTA. The shape of intact ethyl-TOTA molecules is similar to methyl-TOTA. However,
it appears ~ 0.05 nm higher (0.28 nm height) than methyl-TOTA. Almost all ethyl-TOTA
molecules (99.7 % of more than 1000 molecules considered) are intact on Au(111), which
is consistent with the interpretation of the fragmentation presented in the article.

Propynyl-TOTA was investigated by depositing a mixture of 60 % propynyl-TOTA

Figure 9.8.: STM topographs on Au(111) (100 mV; color scale: 0.32 nm). (a) Ethyl-TOTA.
In (a) ethyl-TOTA and TOTA 4 are indicated by turquoise and yellow circles, respectively. A
majority of molecules remain intact and display a correspondingly large height. (c) Mixture
of 60% propynyl-TOTA and 40% ethyl-TOTA. Ethyl-TOTA, propynyl-TOTA, TOTA 4, and
TOTA 4b are indicated by turquoise, red, yellow, and gray circles, respectively. The fraction of
TOTA 4 and 4b is much larger than in (a). Given that ethyl-TOTA is essentially stable, the
fragments are due to the decomposition of propynyl-TOTA. (b) and (d) display detailed images
of intact ethyl-TOTA and propynyl-TOTA.
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and 40 % ethyl-TOTA onto Au(111) (Figs. 9.8¢c and d). A vast majority of molecules is
fragmented.

9.9.4. Fragments of ethynyl-TOTA on Au(111)

Figure 9.9.: STM topograph of typical fragments after deposition of ethynyl-TOTA (3) on
Au(111) (100 mV; color scale: 0.37 nm). Besides fragments 4 (yellow) and 4b (gray), . e.
TOTA platforms, fuzzy areas (red circle) occurred and also small dots were occasionally observed
(turquoise circle). The fuzzy areas and small dots may originate from ethynyl moieties on
Au(111).

9.9.5. Calculated MDOS

Figure 9.10 presents the calculated molecular orbital density of states (MODOS) of
methyl-TOTA (1, green) and TOTA (4, yellow) adsorbed to Au(111). The MDOS is
defined as the projection of all electronic states of the molecule-surface system into the
states of the molecule in the gas phase. For molecule 1 (CH;—TOTA) the calculated en-
ergy of the HOMO (LUMO) with respect of Er is » —1.1 eV (2.9 ¢V). This is similar to the
experimental data, where no LUMO was observed below 2 eV and an onset of an occupied
state was detected at ~ —1.5 eV (Fig. 9.3c). The HOMO in the theoretical data is closer
to Er than in the experiment. This is actually expected, since DFT calculations tend
to underestimates HOMO-LUMO gaps.?20 The MODOS of the bare platform 4 shows
in contrast to that of molecule 1 a LUMO close to Er. Consequently, the calculated
platform corresponds to 4 and not 4b on Au(111) (cf. Fig. 9.3d).

In our calculations, the platform relaxes to 4 (state close to Ef) rather than 4b
(no state), despite the fact that various starting geometries were used. This has so far
prevented an unambiguous identification of 4b. The fact that 4b clusters and 4 does not,
however, suggests that the charge state of 4b is different from that of 4. Such an elec-
tronically different, metastable state may be difficult to identify with DFT calculations.
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Figure 9.10.: Calculated molecular orbital density of states (MODOS) of methyl-TOTA (1)
and TOTA (4) molecules adsorbed to Au(111). The MODOS is calculated via the projection
of all gas-phase orbitals of the molecule onto the states of the molecule-surface system. The

calculations have been done as implemented in the FHI-aims code (default settings). For clarity
the MODOS of 1 is vertically shifted.

9.9.6. Adsorption geometry of TOTA and methyl-TOTA on
Au(111)

The calculated adsorption geometries of TOTA (4) and methyl-TOTA (1) are very similar
(Figs. 9.11a and b). Both molecule adsorb at the hep-hollow site of the Au(111) surface.
Moreover, the orientations of the molecules with respect to the substrate are almost
identical. The calculated orientations are consistent with those found in STM topographs
(see example in Fig. 9.12). The calculated distance of the planar TOTA platform and
the surface atoms is 0.33 nm. Since the platform of methyl-TOTA is tilted, the central C
atom is 0.1 nm higher than the outer C atoms. The distance between the outer C atoms
and surface layer is 0.29 nm. The calculated adsorption geometry of ethynyl-TOTA
(not shown) is essentially identical to that of methyl-TOTA because the same platform
mediates the interaction with the surface.

Figure 9.11.: Calculated adsorption geometry of TOTA and methyl-TOTA on Au(111). The
center of both molecules is positioned at the hep-hollow site of Au(111). As indicated in (b),
the orientation on the molecules is characterized by an angle of 36° between the sides of the
molecules and a close-packed direction of the Au(111) layer.
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Figure 9.12.: STM topograph of TOTA on Au(111) (100 mV; color scale: 0.22 nm). The close-
packed (ﬁO) directions of Au(111) are shown by green arrows. The indicated angle between the
sides of the molecules and a close-packed direction is close to the calculated value of 36°.
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Deposition of a Cationic Fe(lll) Spin-Crossover
Complex on Au(111): Impact of the Counter lon

The results presented in this chapter were published in The Journal of Physical Chemistry
Letters. The publication is reprinted (adapted) with permission from

Torben Jasper-Tonnies, Manuel Gruber, Sujoy Karan, Hanne Jacob, Felix Tuczek, and
Richard Bernd, J. Phys. Chem. Lett. 8, 1569 (2017). Copyright 2017 American Chemical
Society.

10.1. Abstract

Spin-crossover molecules on metallic substrates have recently attracted considerable inter-
est for their potential applications in molecular spintronics. Using scanning tunneling mi-
croscopy, we evidence the first successful deposition of a charged Fell! spin-crossover com-
plex, [Fe(pap)2]* (pap—N-2-pyridylmethylidene-2-hydroxyphenylaminato), on Au(111).
Furthermore, the bulk form of the molecules is stabilized by a perchlorate counter ion,
which depending on the deposition technique, may affect the quality of the deposition and
the measurements. Finally, we evidence the switching of the molecules on Au(111).

10.2. Introduction

Molecular spintronics is a fertile research field that aims at exploiting molecules for spin
transport.?!  Advantages over conventional spintronics can be found in new properties
arising at molecule/metal interfaces?* 2729735 or the possibility to realize functions within
the molecules themselves. Among functional molecules, spin-crossover (SCO) molecules
are particularly interesting as their functionality is associated with a change of the spin.
In that respect, SCO molecules on metal surfaces stimulated considerable efforts in recent
years,107,108,308,375,380-397 Yot these studies are not only restricted to Fell but also to un-
charged complexes while the SCO family of molecules is much larger.3*® SCO compounds
with different coordinations provide different sets of spin states, which is of interested
for molecular spintronics. Here, using scanning tunneling microscopy (STM), we investi-
gate a charged Fe! SCO complex, namely [Fe(pap)s]* (pap—N-2-pyridylmethylidene-2-
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Figure 10.1.: (a) Model molecule of [Fe(pap)2]*, a spin-crossover complex composed of a central
Fe!ll ion surrounded by two pap ligands. The angle between the two planes formed by the pap
ligands is close to 90°. (b) Simplified electronic configuration of the five d electrons of the Fel'l
ion. In the LS (HS) state, the electrons occupy the tos (t2e and eg) orbitals leading to a total
spin S=1/2 (S=5/2). The molecular model was created with VESTA.3%

hydroxyphenylaminato), deposited on Au(111) by sublimation and electrospray-ionization
deposition (ESID). Intact Fe(pap), molecules along with molecular fragments are observed
on the surface. Furthermore, strong indications of the presence of perchlorate ions are
shown for the samples prepared by sublimation in contrast to samples prepared by ESID.
Finally, the switching of Fe(pap), molecules is reported.

10.3. Results and discussion

|Fe(pap)2]* molecules are composed of a central Fe'l! jon surrounded by two pap ligands
(Fig. 10.1a). The two pap ligands are arranged orthogonally to each other, so that the
central Fe ion is subject to an octahedral ligand field.'% This field splits the initially
degenerate d orbitals of the Fe ion into e, and to, sets of orbitals (Fig. 10.1b) which are
differently populated depending on the spin state of the molecule.*%® In the low-spin (LS)
state, the five d electrons occupy the to, orbitals leading to a total spin S=1/2, while in
the high-spin (HS) state the electrons fill all ty, and e, orbitals leading to a total spin
S=5/2 (Fig. 10.1b). In contrast to the precedent successful report of Fel'-based SCO
compound sublimation,07,108,308,375,380-393 where the LS and HS have respectively S=0
and S=2, both spin electronic states of [Fe(pap)s]* are paramagnetic. Since [Fe(pap)a]*
is positively charged, the crystallization of the compound requires a negative counter ion.
Here we consider perchlorate (ClO}) as counter ion. [Fe(pap):|ClO, exhibits a thermal
spin transition with hysteresis around 180 K.105:401-403  Fyrthermore, the spin transition
can be induced by light. Actually [Fe(pap)]ClO4 was the first Felll compound reported to
show light-induced excited spin state trapping,'® an effect where light induces LS to HS
transitions and the produced HS state remains metastable at low temperatures (typically
below 80 K).404:495 The main questions we address here are: (i) Does this Fe!'! compound
withstands sublimation and deposition on metal surfaces? (ii) what is the impact of the
counter ion, being present for charged SCO complexes, on the deposition?

We sublimed [Fe(pap)2]ClO4 on Au(111) (see Sec. 10.5) and investigated it using
STM at low temperatures (T = 4.6K and 5.1K). A typical large-scale STM topograph
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Figure 10.2.: STM topographs upon sublimation of [Fe(pap)2|ClO4 onto Au(111). (a) Large-
scale topograph of Fe(pap)s on Au(111) exhibiting different molecular structures. The most
common structure is composed of two elongated lobes such as the structure encircled by a solid
red line. Different structures, notably composed by an odd number of elongated lobes can
also be monitored (e.g. the structure encircled by a dashed red is composed of 3 elongated
lobes). The inset of (a) describes the color scale used for all topographs throughout this chapter.
(b) Topograph of the most frequent molecular structure together with a superimposed scaled
molecular model of [Fe(pap)s|*. (c) Topograph of the molecule presented in (b) upon application
of a =3V voltage pulse that resulted in the rotation of the molecule. Consecutive topographs of
the very same area imaged at (d) negative and (e) positive voltages. The image widths are (a)
35nm (V' =-1.0V, I =370pA), (b), (¢c) 2.5nm (V =-1.0V, I =320pA), (d) 18 nm (V =-1.0V,
I=170pA) and (e) 18nm (V =1.0V, I =170pA).

of the sample is shown in Fig. 10.2a. The Au(111) surface appears rather clean and the
herring-bone reconstruction is discernible as blue lines on a darker background. Differ-
ent molecular structures are observed, where the elementary unit is an elongated lobe.
Fig. 10.2b shows the most common molecular structure, appearing as a pair of elon-
gated lobes, with a superimposed scaled molecular model of the [Fe(pap)s]|* molecule.
The symmetry of the topograph matches the molecular model. The topograph of the
molecule has a width of 1.6 nm compared to the model’s width of 0.8 nm. This apparent
discrepancy is actually expected, as the topograph is related to the convolution of the
molecule’s orbitals with that of the tip. In contrast, the height of the model (0.77nm) is
larger than the apparent height of the topograph (0.15nm). While the apparent height is
strongly affected by electronic considerations and should not be expected to be similar to
the height of the model molecule, the large difference may nevertheless reflect a flattening
of the molecule upon adsorption on the surface. Based on the relatively good agreement
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between the topograph and the model molecule, we ascribe the double-lobe structures
(Fig. 10.2b) to single Fe(pap), molecules, where each of the lobes corresponds to a pap
ligand. Further justifications for this assignment will be given below. Yet, other molecular
structures are observed in Fig. 10.2a, notably structures composed of an odd number of
lobes (e.g. structure encircled by a dashed red line in Fig. 10.2a). These structures may
be composed of intact molecules together with fragments or composed only of fragments.
Nevertheless, fragments of molecules are involved indicating a partial decomposition of
the Fe(pap), molecules. We estimate that the fragment proportion is larger than 40 %
LI In the following, we will focus on molecular structures resembling that of Fig. 10.2b,
which are believed to be intact Fe(pap)s molecules.

Figs. 10.2b and ¢ show topographs of a single Fe(pap)s molecule before and after
the application of a -3V voltage pulse over the center of the molecule with the feedback-
loop open. The voltage pulse induces a rotation of the molecule. Furthermore, despite
the relatively large applied sample voltage (-3V), the overall shape of the molecules
remains the same after the switching attempt. This supports our claim that the molecular
structure observed in Fig. 10.2b is a single Fe(pap)s and not solely composed of two
neighboring fragments. For completeness, we mention that the attempts to dissociate
2n+1 lobe structures using voltages similar to that used for switching were unsuccessful.

The topographs presented in Figs. 10.2a—d, acquired with a negative sample voltage,
reveal a relatively clean Au(111) surface. However, when imaging at positive sample volt-
ages, the Au(111) surface appears fuzzy. For example, Figs. 10.2d and e show topographs
of the very same area imaged at negative and positive voltage, respectively. Only the
topograph imaged at positive voltage presents the fuzzy features (Fig. 10.2e). A mod-
ification of the STM tip, for instance by adsorption of a contaminant, is excluded here
as the subsequent topograph acquired at negative sample voltage again (not shown) is
similar to that presented in Fig. 10.2d. Therefore, the objects responsible for the fuzzy
features resides on the Au(111) surface and seems to be displaced by the tip but blocked
by the molecular structures. For instance, in the lower left area of the topograph pre-
sented in Fig. 10.2e, a part of the Au(111) surface does not show the fuzzy features as it
is encircled by molecular structures. Interestingly, the fuzzy features appear with a small
corrugation corresponding to the atomic arrangement of the underlying Au(111) as pre-
viously observed for different systems.*06:497 Yet, considering the nature of the object on
the surface, we suggest that the object on the substrate is the small perchlorate counter
ion. This hypothesis is checked in the following.

In order to prepare the Fe(pap)s molecules on Au(111) without the perchlorate
counter ions, we employed a different deposition techniques, namely ESID. The general
principle of the technique is to ionize the molecules dissolved in a solvent and to guide
them towards the substrate located in an ultra-high vacuum chamber. In our setup, the
molecules traverse a mass spectrometer, so that the mass-to-charge ratio of the molecules
that will arrive at the substrate can be selected.'® Fig. 10.3a shows the mass spectrum ob-
tained for [Fe(pap)2|ClO4 in methanol (see Sec. 10.5) where three distinct peaks centered
at m/z = 440, 520 and 690 are resolved. The first peak is compatible with [Fe(pap)s|* (ex-

LI To arrive at this lower-bound estimate, all molecular structures composed of 2n number of lobes are
supposed to be n intact molecules, while molecular structures composed of 2n + 1 lobes are supposed
to correspond to n intact molecules and one fragment.
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Figure 10.3.: (a) Electrospray-ionization mass spectrum of [Fe(pap)2|ClO4 dissolved in methanol.
The dashed vertical line indicates m/z setting of the mass spectrometer during deposition. (b)
STM topograph upon ESID of [Fe(pap)2]™ on Au(111). Mostly molecular structures composed
of two elongated lobes, similar to that of Fig. 10.2b, are observed on the surface. Topographs
(c) before and (d) after increasing the sample voltage to —2.5V with the tip placed over the
upper molecule. The appearance of the upper molecule changes from the usual double-lobe to a
cross-shape appearance. Topographs (d) before and (e) after switching the lower molecule. The
same procedure as between (c¢) and (d) was used. The image widths are (b) 35nm (V = 0.5V,
I=50pA), (c)-(e) 6z4nm? (V =-0.5V, I = 50pA).

pected m/z = 450), while the second and third peaks are indicative of [Fe(pap),ClOH|*
(expected m/z = 550) and [(Fe(pap)s)2ClO4|?* (expected m/z = 725), respectivelylL.

[Fe(pap)a ]t molecules without their counter ion were deposited on the Au(111) sur-
face by setting a m/z value of 435 on the mass spectrometer (see Sec. 10.5). A typical
large-scale post-deposition topograph is shown in Fig. 10.3b. A large number of molec-
ular structures similar to those of Fig. 10.2b (e.g. molecule encircled by a solid red
line in Fig. 10.3b), assigned to intact Fe(pap), molecules, are observed. An additional
structure compatible with an Fe(pap), dimer (e.g. molecule encircled by a dashed red
line in Fig. 10.3b) is present and further discussed in the supplementary information. In
contrast to the samples prepared by sublimation, relatively few molecular fragments are
found. Indeed, the lower bound of fragment proportion is about 5% to compare to the

LII The center of all three peaks occurs below the expected m/z value of the ions. This is because the data
shown in Fig. 10.3a was acquired in constant-resolution mass mode with a low resolution to ensure a
large ion transmission.
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40 % found for the sample prepared by sublimation. This indicates that ESID is more
suitable than evaporation for the present fragile SCO molecules. Furthermore, in the to-
pograph presented in Fig. 10.3b, the Au(111) surface appears relatively clean in contrast
to the topograph of Fig. 10.2e acquired with the same voltage polarity. Actually, the
topographs are similar and independent of the sample voltage used for acquisition (not
shown). Since the only difference between the two samples is the deposition method and
considering the previous considerations, we suggest that the fuzzy features observed in
Fig. 10.2e are indeed due to perchlorate counter ions. We conclude that sublimation of
charged SCO molecules is possible with the counter ions being present on the surface. It
should be noted that the data do not reveal whether the counter ions and the [Fe(pap)s]*
molecules remain charged on the surface. Consequently, no statement can be made on
the oxidation state of the Fe(pap), molecule adsorbed on the surface.

To switch the molecules, we positioned the tip on the top of the molecule and applied
voltage pulses of up to about -3 V. This procedure was used as it led to tip-assisted switch-
ing of other spin crossover compounds on metallic substrates.!07.108:392° A large number of
switching attempts were performed. The attempts resulted in the displacement or rotation
of the molecule (as also seen for the samples prepared differently, Figs. 10.2b—c) expect
for two successful attempt presented in Figs. 10.3c—e. Before the switching attempt, the
molecule of interest appeared as two neighboring elongated lobes (Fig. 10.3¢), while af-
ter switching, the molecule exhibits a cross-like shape (upper molecule in Fig. 10.3d).
Next, Figs. 10.3d—e show topographs before and after switching the lower molecule. The
switched molecules (Fig. 10.3e) both appear with a cross-like shape. The switching ob-
served in Figs. 10.3c—e may be the expected spin crossover. However, since other processes
may also be the origin of the conformational changes (e.g. change of oxidation state%®)
and since the differential conductance measurements (see SI) do not provide additional
information, the origin of the conformational changes currently cannot be unambiguously
identified. Nevertheless, the conformational switching from a parallel-lobe to a cross-like
shape reflects a modification of the electronic structures in the entire molecule. There-
fore, the switching independently demonstrates that the molecular structure ascribed to
Fe(pap), is not solely composed of two unconnected neighboring fragments. Unfortu-
nately, this switching was observed only twice among hundreds of attempts. We infer
that switching of Fe(pap)s molecules is possible but with a very low yield as the energy
transferred to the molecule mostly led to a displacement or rotation of the molecule in-
stead of a conformational change as reported for other complexes.1%® For completeness,
we note that the two successful switching events were realized on a ESID sample.

10.4. Summary

The successful deposition of [Fe(pap)q]* molecules, a charged Fe'™ SCO compound, on
Au(111) was demonstrated. The ESID leads a much higher proportion of intact molecules
on the Au(111) surface compared to the deposition by sublimation. Furthermore, we
showed that evaporation of [Fe(pap),|ClO4 on Au(111) result in not only having the
Fe(pap), molecules on the surface but also the C1O4 counter ions visible at positive sample
voltages. The ClO, counter ions were not observed on sample prepared with ESID, as the
instrument was configured to only transmit [Fe(pap)q]* ions. Finally, we observed a tip-
assisted switching of a molecule, which may be ascribed to the expected spin transition.
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We speculate that SCO transitions may be facilitated by intercalating a decoupling layer
between the Fe(pap), molecules and the metal substrates. This study paves the route
of Fel SCO complexes on single-crystal surfaces, which present promising molecular-
spintronics perspectives.

10.5. Experimental details

10.5.1. Synthesis of the molecules

[Fe(pap)2]|ClO4 molecules were synthesized following Ref. 401.

10.5.2. Sample preparation

Clean and flat Au(111) surfaces were prepared by several cycles of Ar sputtering (1.5 keV)
and subsequent annealing to 550°C. Two techniques were used for the deposition of the
molecules: (i) sublimation and (ii) ESID. For (i), the molecules were introduced into a Ta
crucible, which was heated up until deposition could be monitored by a quartz balance.
The temperature of the crucible could not be directly monitored. However, thanks to
auxiliary measurements, the sublimation temperature is estimated to be between 80 and
100°C. For (ii), the molecules were dissolved in methanol, then the molecules were injected
with a syringe, guided towards the sample surface and characterized using a home-built
instrument.'®® To get higher average ion current, we selected a m/z of 435 + 20 which
encompass the expected m/z of a charged [Fe(pap)s|* at a relative kinetic energy of 5eV.
The molecule depositions were performed at pressures below 10~ mbar onto a sample held
at room temperature.

10.5.3. STM

STM tips were prepared by chemical etching of a tungsten wire and subsequent flashing
in ultrahigh vacuum. The STM were operated at ~ 4K. All the STM topographs were
acquired using the constant-current mode.
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10.6. Supporting information

Figure 10.4.: STM topograph upon evaporation of [Fe(pap)2|ClO4 on Au(111). The topograph
reveals a Au(111) step edge decorated with single pap ligands. The long axis of each pap ligand
is oriented along the step edge. Image size is 12z4nm? (V = -0.1V, I = 300 pA).

Figure 10.5.: Constant-current STM topograph on an ESID sample with molecular structures A
and B. A is composed of a pair of parallel elongated lobes and compatible with a single Fe(pap)s
molecule as discussed above. The overall size of B makes it consistent with a Fe(pap)s dimer.
However, B appears as two neighboring U-shaped structures and not solely two times the A
structure. Furthermore B has an apparent height about 60 pm larger than that of A. The origin
of the B structure remains unclear, but we speculate that it may be [(Fe(pap)2)2|ClOy, i.e. two
Fe(pap)2 molecules linked by a counter ion. This assumption is based on the fact that B is only
observed on ESID samples and that the settings of the mass spectrometer were such that such
a molecule could be transmitted. Image size is 11z8nm? (V = 0.5V, I = 50pA).
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Figure 10.6.: Differential-conductance spectra of Fe(pap)s on Au(111). The measurements were

performed pre and post switching of the very same molecule, i.e. the upper molecule in Figs. 10.3c

and d. Both spectra have similar shapes and do not show strong molecular states over the entire

sample voltage range. The blue spectrum is vertically shifted by 0.1 nS for clarity.
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Robust and Selective Switching of a Fe(lll)
Spin-Crossover Compound on Cu;N/Cu(100) with
Memristance Behavior

The results presented in this chapter were published in Nano Letters. The publication is
reprinted (adapted) with permission from

Torben Jasper-Toennies, Manuel Gruber, Sujoy Karan, Hanne Jacob, Felix Tuczek, and
Richard Berndt, Nano Lett. 17, 6613 (2017). Copyright 2017 American Chemical Soci-
ety.

11.1. Abstract

The switching between two spin states makes spin-crossover molecules on surfaces very
attractive for potential applications in molecular spintronics. Using scanning tunneling
microscopy, the successful deposition of [Fe(pap)q|* (pap = N-2-pyridylmethylidene-2-
hydroxyphenylaminato) molecules on CusN/Cu(100) surface is evidenced. The deposited
Fe!ll spin-crossover compound is controllably switched between three different states, each
of them exhibiting a characteristic tunneling conductance. The conductance is therefore
employed to readily read the state of the molecules. A comparison of the experimental
data with the results of density-functional-theory calculations suggests that all Fe(pap),
molecules are initially in their high-spin state. The two other states are compatible with
the low-spin state of the molecule but differ with respect to their coupling to the substrate.
As a proof of concept, the reversible and selective nature of the switching is used to build
a two-molecule memory.

11.2. Introduction

Molecular spintronics aims at utilizing molecules for spin-based applications.?!  The
main motivations to go beyond conventional spintronics are new properties emerging
at the metal/molecule interfaces?* 272935411414 and the possibility to incorporate func-
tions (e.g., switching) within the molecules themselves. In this context, spin-crossover
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(SCO) molecules are particularly interesting since they provide a spin-switching function-

ality. Consequently, SCO molecules on surfaces attracted considerable interest in recent
years.107,108,308,375,380-397, 410

Two main difficulties were identified for SCO molecules on surfaces. First, the deposi-
tion of delicate SCO compounds on surfaces is challenging as it can lead to their dissocia-
tion.33:375:385 Furthermore, strong molecule-substrate interaction often prevents switching
of the adsorbed molecule.108:392 In that respect, so far, all successful studies were limited
to Fel! SCO molecules, although compounds with different oxidation states or different
central ions are available3?® and actually desirable as they exhibit different sets of spin
states. Very recently, an Fel'l SCO molecule, [Fe(pap)s|* (pap = N-2-pyridylmethylidene-
2-hydroxyphenylaminato), was successfully deposited on Au(111).*1% However, although
switching events were observed, they occurred with an extremely low yield, and thus the
nature of the switching could not be determined.

Here, we employ the same molecule, namely [Fe(pap)s|*, and deposit it on a
Cu,N/Cu(100) substrate. Using scanning tunneling microscopy (STM), we show that the
molecules are intact on the surface, although the charge state cannot be unambiguously
identified. Furthermore, thanks to a reduced molecule-substrate coupling, the molecule
can be selectively and reversibly switched into three distinct states, characterized by
different tunneling conductances, with a relatively high yield. With the help of gas-phase
density-functional-theory (DFT) calculations, the spin states of the different molecular
conformations are identified. Finally, the selective switching capability was used to build
a two-molecule memory.

11.3. Results and discussions

|Fe(pap)a|* molecules are composed of a central Fe3* ion surrounded by two pap ligands
(Figure 11.1a). The pap ligands are orthogonal to each other, such that four nitrogen and
two oxygen atoms form an octahedron around the Fe ion.19%:403 The Fe ion is therefore
subject to an octahedral ligand field, which splits the initially degenerate d orbitals of
the Fe into e, and ty, sets of orbitals. Depending on the energy splitting between the
e, and ty, orbitals, a total spin of S = 1/2 or of S = 5/2 may be realized (Figure 11.1b).
This leads to a low-spin (LS) and high-spin (HS) state, respectively. The transition from
one spin state to the other may be induced by external stimuli such as temperature
and light.105,401-403,415  Actually, the first observation of light-induced excited spin state
trapping?0*1% on an Fe!'! compound was with [Fe(pap)s|*.1%5 As stated above, Fe(pap)s
was successfully deposited and switched on Au(111).410 However, the switching yield is
extremely low and the conformations of the molecule could not be related to a particular
spin state of the molecule. As the low yield is probably caused by an overly strong
molecule-substrate coupling, we use a CusN/Cu(100) substrate instead of Au(111) in the
present study. This choice is motivated by a previous report of switching of single SCO
molecules on CuyN/Cu(100).198

We deposited [Fe(pap)s|* molecules on a CusN/Cu(100) substrate by sublimation
of [Fe(pap)2|ClOy (see Section 11.5 and Ref. 410) and investigated it using STM at low
temperature (7' = 4.6 K). The substrate surface is composed of CuyN islands (about 5nm
wide) separated by trenches of bare copper.!54:156:416  UUpon deposition of [Fe(pap)s|*
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Low

Figure 11.1.: (a) Model of [Fe(pap)a]*, a SCO complex composed of a central Fe!ll ion surrounded

by two pap ligands. The angle between the planes of the pap ligands is close to 90°. (b) Simpli-
fied electronic configuration of the Fel'! ions. In the HS (LS) state, the electrons occupy the tog
and ey (tgg) orbitals leading to a total spin S =5/2 (S =1/2). (c) Large-scale STM topograph of
[Fe(pap)a|* deposited on CuaN/Cu(100). The surface exhibits CusN islands (dark blue), some
of which host a Fe(pap)s molecule (e.g., dashed circle). Molecular adsorbates (reddish to yellow-
ish) have aggregated at Cu(100) areas, which are located between the CusN islands. (d) STM
topograph of two Fe(pap)2 molecules on a CuaN island. A calculated molecular structure of HS
|[Fe(pap)sa|* is overlaid over the left molecule. The color scale shown at the bottom was used
through the entire chapter. Image sizes are (c) 14.1x7.1nm? and (d) 4.122.1nm?. The color
scales range over (c¢) 0.42nm and (d) 0.23 nm.
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molecules on the substrate at room temperature, the molecules preferentially adsorb
at bare Cu trenches. Consequently, at low coverage, no Fe(pap)s molecules are ob-
served on the CuyN islands (see Supporting Information (SI), Sec. 11.6.1). However,
when the molecular coverage is sufficiently increased to almost completely cover the Cu
trenches, single Fe(pap)s molecules are found on CuyN islands (e.g., encircled molecule
in Fig. 11.1¢). Below, we focus on the molecules that are adsorbed on CuyN islands.
We would like to stress that, since the charge state of the adsorbed molecules cannot be
unambiguously determined from our data (see below), they are henceforth referred to as
Fe(pap)s, i.e. without specifying their charge. In a previous report,*1? the sublimation
of [Fe(pap)s|ClOy4 led to the presence of the ClO, counter ions on the surface, observed
as fuzzy features at positive sample voltage. In the present case, no such fuzzy features
were observed. We speculate that the counter ions are still present at the surface, but
are attached to the more reactive Cu trenches. They do not affect the measurements of
single Fe(pap), molecules on CuyN islands.

Figure 11.1d shows two Fe(pap)s molecules on a CuyN island. The topograph of
Fe(pap)s on CugN is similar to that on Au(111) but exhibits different intramolecular
features.410 Differences in the topographs are expected as the molecule should be less
coupled to a CuyN substrate compared to a Au(111) substrate, hence leading to different
hybridization of the molecular orbitals with that of the substrate. Indeed, the CuyN acts as
an insulating layer to electronically decouple the investigated object from the substrate.*'”
The topograph of Fe(pap)s on CuyN (Fig. 11.1d) displays a four-lobe structure. Two lobes,
placed diagonally around the center, are laterally more extended and thus define the long
axis of the molecule. The two other lobes are located almost perpendicularly to the long
axis. These lobes are closer to each other and appear higher. As discussed below, long
and short axes are expected for [Fe(pap)s|* from DFT calculations. Furthermore, the
length along the long axis depends on the molecular spin state, and thus may be used
as a readout channel. Yet, anticipating the discussion below, we overlay the calculated
molecular structure of HS [Fe(pap)s|* on the topograph (left molecule in Fig. 11.1d). The
agreement, is relatively good. The calculated length of 1.0nm is shorter than the 1.9nm
apparent length in the topograph. Such a difference between model and topograph is
expected as the orbitals of the molecule extend into vacuum and the topograph is related
to the overlap of the molecular orbitals with those of the tip (see Sec. 3.1.1). Interestingly,
the apparent height of Fe(pap)s on CuaN (0.24 nm) is much larger than that of Fe(pap)s
on Au(111) (0.15nm).#! The different apparent height may reflect a reduced coupling
to the substrate. In turn, a reduced molecule-substrate coupling facilitates switching of
SCO molecules on surfaces.08,375,387,392

In order to switch the molecule, the tip was positioned over the center of the molecule
followed by an increase of the sample voltage above 1.8 V until a change in the tunneling
current was detected (feedback off). Switching of Fe(pap)s molecules is indeed possible
with a much larger yield (discussed below) compared to that of Fe(pap)s, on Au(111)
(Ref. 410). Interestingly, and in contrast to previous reports of switching of SCO com-
pounds in direct contact to surfaces,!08:308:390 not only two but three different states are
found. Figures 11.2a—c show the three conformations (A, B, and C) of the same Fe(pap),
molecule upon switching. The first conformation (Fig. 11.2a), referred to as state A, has
an elongated shape with an apparent length of 1.9nm. All Fe(pap)s molecules on CuyN
are initially in state A, which presumably is the state of lowest energy. In conforma-
tions B and C, the Fe(pap), molecule appears shorter by 11% (1.7nm), leading to an
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Figure 11.2.: STM topographs of the same Fe(pap)s molecule (a) in its initial state A; (b) and
(c) in the switched states B and C, respectively. (d) Molecular structure resulting from gas-
phase DFT calculations of HS and LS [Fe(pap)2|*. The two molecular structures have different
lengths as indicated by dotted lines. (e) Normalized differential-conductance spectra measured
with the same tip over the center of the same molecule in states A, B, and C (see SI, Sec. 11.6.4,
Fig. 11.9, for raw data). The normalized differential conductance onerm is obtained as follows:
Tnorm (V') = Oraw(V) = Copack. (V), where C := 014w (1 V) /0back. (1 V). 0raw (V) and opue. (V) are
the differential conductances measured over the molecule’s center and over the CusN substrate,
respectively. The normalization method is inspired from Ref. 418. The STM image in (a—c) share
the same color scale covering 0.21 nm and have the same width (2.8 nm). They were acquired at
a voltage V' = 0.1V and a current I = T00pA. In (e), the current feedback loop was opened at a
set point of 1.2nA and 1.0 V.

approximately square shape of the molecule. The main difference between B and C is the
orientation of the molecule relative to the CusN lattice (see SI, Sec. 11.6.2). C is rotated
by approximately 45° compared to A and B. Furthermore, the center of the molecule
appears higher in state C. Actually, the apparent height of the molecular center is unique
for each conformation (Fig. 11.2a—c). Consequently, the molecular conformation can di-
rectly be inferred from the apparent height (or the conductance) of the molecule at its
center. The three conformations of Fe(pap), exhibit very distinct topographic features.
The question arises whether the different conformations of the molecules are related to
different spin states.

We performed gas-phase DFT calculations of [Fe(pap)s|* in the HS (S = 5/2) and low
spin (S = 1/2) states. The calculated molecular structures are presented in Fig. 11.2d.
In the HS (LS) state, the average Fe-O and Fe-N distances are 0.195nm and 0.221 nm
(0.189 nm and 0.194nm), respectively. These calculated distances are very close (relative
difference of 3% or less) to 0.193nm and 0.214nm (0.188nm and 0.195nm) found by
X-ray diffraction for the HS (LS) state.!0%493 The [Fe(pap)s]* molecule in the HS state is
longer (1.0nm) than in the LS state (0.9nm). This corresponds to a length reduction of
10 % upon switching from HS to LS. Considering that a similar relative length reduction
of 11 % was observed for the transitions from conformation A to conformations B and C,
we ascribe conformation A as the HS state. From topographic considerations, molecular
conformations B and C are both compatible with the LS state. As the charge state of
the adsorbed molecule is unknown, the topographs are also compared to the calculated
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geometries of the neutral Fe(pap), molecule (see SI, Sec. 11.6.3). This comparison leads
to the same HS- and LS-state assignments, i.e. conformation A (B-C) corresponds to the
molecule in the HS (LS) state.

To gain further insight into conformations A, B and C, differential-conductance spec-
tra were measured over a Fe(pap), molecule that was successively switched into the dif-
ferent conformations. The normalized dI/dV spectrum taken atop the molecular center
in state A shows a dominant feature around -1.24V (blue curve in Fig. 11.2¢). There
is indication of a second peak at 0.71V, whose amplitude, however, is close to the noise
level. The corresponding spectra of the B and C states exhibit both an additional peak at
-0.14V (black and red curves in Fig. 11.2e). However, the amplitude of the peak is much
more pronounced for state C. A second peak is observed at —1.25V and -1.21V in states
B and C, respectively. These measurements reveal that A, B, and C have different but
similar electronic structures. In particular, states B and C display additional states right
below the Fermi level. While the HS state of other SCO molecules on surfaces could be
inferred from the presence of a Kondo resonance,'07:108:392 ip the present study no Kondo
resonance was found for any of the states (like in Ref. 308). This is most probably due to
a non-sufficient molecule-substrate coupling.

Note that, while bulk molecules are expected to be in the LS state at 4 K, the Fe(pap)s
molecules on CuyN are initially in the HS state. Similar observations were made for
other complexes3®7:392,419,420 and tentatively explained by state-dependent surface-energy
considerations.*?!

From the the topographic considerations we may ascribe the state B and C as the
LS state. Thus, both states are compatible with the LS state, although they have distinct
topographs and slightly different differential-conductance spectra. We suggest three pos-
sible explanations: (i) One of the states B and C may be an intermediate trapped state;
(ii) one of the two states is due to a different charge state of the molecule and (iii) states
B and C both correspond to the LS state, their difference being the electronic coupling to
the CusN substrate. An unambiguous decision cannot be made based on the present ex-
perimental data alone. However, the electronic structure is expected to change from a LS
|[Fe(pap)s]* molecule to a molecule with an intermediate spin. Charging of molecules may
also modify the electronic structure. Gas-phase DFT calculations of the projected density
of states (PDOS) at the Fe center support these expectations.*?2 However, the addition
(removal) of a charge to (from) an adsorbate by injecting electrons (holes) usually requires
different polarity of the voltage between tip and sample.*?3 Moreover, scenarios (i) and
(i) @ priori do not require a rotation of the molecule. This is not in favor of scenarios
(i) and (ii). Instead, we favor scenario (iii) on the basis of the following arguments. The
switching between B and C is characterized by a rotation of the molecule relative to the
substrate, as previously reported for other systems.!27,253:409 The rotation of the molecule
requires a degree of decoupling between the molecule and the substrate in line with the
observation of lateral displacement of molecules (see SI, Sec. 11.6.7). As shown by the
topographs of Fe(pap)s on an atomically resolved CusN substrate (see SI, Sec. 11.6.2),
the rotation of the molecule leads to O atoms of the molecules be positioned differently
with respect to CusN, most probably resulting in a different coupling with the substrate.
Therefore states B and C would both correspond to the LS state, but couple differently
to the substrate, which induces subtle topographic and spectroscopic differences. In that
case, the switch between B and C is not an intrinsic but an extrinsic property enabled
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Current (nA)

Figure 11.3.: Time series of the tunneling current measured with the tip positioned over the
center of a Fe(pap)s molecule. A sample voltage of 2.5V was applied. The current trace shows
three current levels colored in blue, black and red from which the state of the molecule (A, B, and
C) can be inferred. Intermediate tunneling currents (gray points) are visible as (i) the switches
are faster than the I-V converter and (ii) the current is oversampled. Indeed, the sampling rate
is about 7kHz while the I-V converter has a cut-off frequency of 1kHz. The current feedback
was opened at a current of 2.4nA and a voltage of 2.5V.

by the substrate, as previously observed for other systems.?4425 This interpretation is
independently supported by differential conductance spectra with a voltage range larger
than that presented in Figure 11.2e, i.e. from 1.0 to 2.1V (see SI, Sec. 11.6.4).

As stated above, Fe(pap)s on CugN can be switched into three different states, each of
the state having a different apparent height at the center. These characteristic apparent
heights suggest different tunneling conductances, which may be used to promptly and
efficiently read the state of an investigated Fe(pap)s molecule. Figure 11.3 shows the
tunneling current for the tip positioned over the center of a Fe(pap)s molecule with an
applied sample voltage of 2.5V. The current trace exhibits three distinct levels with an
average current of 2.4nA, 2.8nA (+17%) and 4.3nA (+79%) colored in red, black and
blue, respectively. With the help of additional topographs and current-voltage curves
(see SI, Sec. 11.6.5), they are identified to reflect states C, B, and A, respectively. In
other words, Fe(pap)s on CusN shows a memristive!%%426 hehavior and the molecular
state can be directly inferred from the tunneling current. Interestingly, the conductance
level observed for the three states in Fig. 11.3 is different than what is expected from the
apparent heights in the topographs acquired at low voltages (Figs. 11.2a—c). Actually,
the HS state may be observed with the highest or lowest conductance, depending on the
sample voltage (see SI, Sec. 11.6.5). Therefore, the assignment of spin states should not
be solely based on conductance measurements.

The time series of the current in Fig. 11.3 provide some additional information. First,
they show that the switching is fully reversible. Actually, the molecule can be put in any
desired state (A, B, or C) by lowering the sample voltage once the target conductance,
which is unique for each state at fixed tip-sample distance, is reached. Furthermore, the
switching does not show any sign of fatigue, even after hundreds of events (SI, Sec. 11.6.6,
Fig. 11.12a). No spontaneous switch of Fe(pap), on CuyN was observed, even after hours
of measurement with mild tunneling conditions (V' < 1.5V and I < 1nA). In addition,
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the switching rate is found to be strongly voltage dependent. Indeed, the switching rate
reduces from 7.3s7! to 0.7s~! when the voltage is decreased from 2.5V (I » 2.5nA) to
1.9V (I » 6nA). A detailed analysis of the switching can be found in Section 11.6.6
of the SI. Last but not least, the switching rate (and henceforth the switching yield)
at V' = 2.5V is relatively high, exceeding by an order of magnitude that of previously
reported switching of single SCO molecules on surfaces.!%8

For a potential integration of Fe(pap), molecules into devices, e.g., high-density mem-
ories, the selectivity of the switching process is demonstrated. Fig. 11.4a shows a topo-
graph of two neighboring Fe(pap), molecules in state A (HS) on CuyN. Placing the tip

(a) State A (b) State B (c) StateC (d) StateC (e) StateC

State A State A State A State B State C

Figure 11.4.: (a—e) STM topographs recorded after selective and deterministic switching. In
order to switch the molecules, the feedback loop was opened at 0.1V and 100 pA, the sample
voltage was then increased to 1.8V, and kept until the targeted state was reached. Image sizes
are 2.6x4nm?. The color scale covers 0.21 nm.

over the upper molecule and using a switching procedure similar to that of Fig. 11.3,
the upper molecule is switched to state B, while the lower molecule remains in state A
(Fig. 11.4b). This means that we can individually, selectively and actually determinis-
tically switch a Fe(pap)s molecule without affecting its neighbors. Figs. 11.4a—e show a
series of topographs that demonstrate selective and deterministic switching in a molecular
dimer. Interestingly, the molecular dimer may assume 32 = 9 configurations, out of which
five are shown in the figure. Another sequence of switching is shown in Section 11.6.7 of
the SI.

11.4. Summary

|[Fe(pap)s]* molecules have been successfully deposited on CusN. The deposited Fe!t SCO
compound can be reversibly, selectively, and determistically switched into three states.
Readout of the molecular state is possible through, e.g., the conductance. With the help of
DFT calculations it is inferred that the molecules are initially in a HS state. The two other
states are compatible with the LS state, with most probably different electronic couplings
to the substrate. This represents the first report of combined intrinsic (spin transition) and
extrinsic (different coupling to the substrate) switching of a spin crossover compound on
a surface. Furthermore, Felll SCO provides different spin states than previously reported
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from Fell compounds. The different set of spin states along with a “substrate-induced”
additional state provides promising perspectives for molecular spintronics.

11.5. Experimental and theoretical details

Synthesis of the molecules: [Fe(pap)2]ClO4 molecules were synthesized following Ref. 401.

Sample preparation: Clean and flat Cu(100) surfaces were prepared by repeated
cycles of Ar sputtering (1.0keV) and subsequent annealing to 450 °C. Next, to obtain the
CuyN islands, Ny was sputtered onto the clean Cu(100) substrate (500 V at an ion current
of 3pA for 70s) and the sample was subsequently annealed to about 350°C. Molecule
deposition was performed by sublimation from a Ta crucible at pressures below 10~ mbar
onto a sample held at room temperature.

STM: STM tips were prepared by electrochemical etching of a tungsten wire and
subsequent heating in ultrahigh vacuum. The STM was operated at ~ 4K. All STM
topographs were acquired using the constant-current mode. The differential conductance
was measured using a lock-in amplifier with a voltage modulation of 10 mV at a frequency
of 4780 Hz. The current feedback was turned off for spectroscopy while the sample-voltage
was swept.

DFT: Gas-phase calculations shown in the main text were performed with Gaus-
sian 09*27 using the PBE functional*?® with a def2svp basis set.#2?

To verify the robustness of the DF'T results with respect to changes of the functional,
we used four functionals, namely PBE,*?® B3LYP,430:431 BP86,%3%433 and TPSS.434:435
Furthermore, for a given functional, the calculations were performed using the follow-
ing basis sets: def2svp,129 def2svptzvp,?2? sto3G,436:437 6-311G™ 438446 No significant

differences were discernible between the various results.
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11.6. Supporting information

11.6.1. Low coverage of Fe(pap)2 on CuzN

Figure 11.5 shows an overview STM topograph of Fe(pap)s; on CusN at low molecular
coverage. The squarish CuyN islands (blue/black) are separated by Cu trenches (brown).
At low molecular coverages, the CuyN islands are devoid of Fe(pap),. However, numerous
molecular adsorbates are observed on the Cu trenches.

Figure 11.5.: Overview STM topograph of Fe(pap)s on CusN at low molecular coverage. The
width of the topograph is 60 nm.

11.6.2. Adsorption sites of Fe(pap)2 on CuzN

Figure 11.6 shows topographs of Fe(pap)s in states A, B, and C on an atomically resolved
CusN substrate. Red dots indicate the positions of N atoms, which appear as depressions
in the image. The N lattice was positioned using a larger topograph (12nm width; not
shown) and only the region of interest is displayed. In all observed molecular states, the
Fe ion of the molecule lies on top of a N atom. From the model molecule positioned on
the topograph, it is inferred that the O atoms are located on bridge sites (between two
neighboring N atoms of the lattice) in states A and B. In state C, the O atoms are close to
hollow sites. However, the limited distance between the two molecular O atoms (0.28 nm)
may prevent the O atoms from resting precisely at the hollow positions, for which a O-O
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Figure 11.6.: STM topographs of the same molecule in the (a) A, (b) B and (c) C state with
an atomically resolved CusN lattice. Scaled molecular models are superimposed on top of the
topographs. Red dots indicate the positions of the N atoms, which appear as depression at a
sample voltage of 1 V. The topographs have a width of 3nm. Note that the topographs were
processed to enhance the contrast. The images in (a—c) were obtained by merging the raw
topograph with the inverted, smoothed, and Laplace-filtered image.

distance of 0.53nm would be required. The different adsorption sites in states B and C
may lead to different electronic coupling to the substrate.

11.6.3. Geometry of the neutral molecule

In the following, gas-phase calculations of the neutral Fe(pap)s are considered. The
neutral Fe(pap)s complex has a HS and LS states with S = 2 and S = 0, respectively.
The calculated geometries are presented in Figure 11.7. Interestingly, the calculations
reveal identical lengths (within the precision given here) for the positively charged and
neutral complex, i.e. 1.0nm for the HS state and 0.9 nm for the LS state. This prevents
a determination of the molecular charge solely based on topographic data.

Note that the above calculations were performed with the same functional (PBE)
and same basis set (def2svp) as that presented in Section 11.3. These results are robust
against a change of the functional or the basis set (see Paragraph DFT in Sec. 11.5).

Figure 11.7.: Calculated geometry of the HS and LS state of the neutral Fe(pap)s molecule.
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11.6.4. Differential conductance spectra

Figure 11.8 shows differential conductance spectra with a voltage range larger than that
presented in Section 11.3, ¢.e. from 1.0 to 2.1 V. Interestingly, for one measurement, the
differential conductance exhibits a large jump at large sample voltage, and the differential
conductance exhibits hysteresis. This is due to the switching of the investigated Fe(pap),
molecule from state A to C during data acquisition.

40 ~ I T I T I T 4
- —— State
@ 30r__ state B T
< 20}— State C -
° Cu,N
S 10+ .
0 | p— t 1 1 ] 1 (-
1.2 1.6 2.0 24
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Figure 11.8.: Differential conductance spectra over the center of a Fe(pap)s in states A, B and C,
along with a reference spectrum on CusN. Spectra A and C were recorded during forward and
backward voltage sweep, respectively. The feedback loop was opened at V' =1.0V and I = 0.7nA.

A peak-like feature is visible for the three different states (Figure 11.8), which suggest
the presence of an unoccupied orbital. The onsets of the peaks in states B and C appear
at approximately identical voltages, which are larger than in state A. Furthermore the
differential conductance measured over A is significantly higher than that over B and C.
This independently suggests that B and C correspond to the same spin state (LS) but
differently coupled to the substrate, in agreement to the topographic comparison.

The switching of the molecule, observed as an abrupt jump in the differential conduc-
tance, occurs at a sample voltage at which the electrons are injected into an “unoccupied”
orbital. We speculate that this orbital is involved in the detailed switching mechanism.

Normalized differential conductance spectra are presented in Section 11.3 in order
to emphasize important features. For completeness, Figure 11.9 shows the raw dI/dV
spectra without normalization.

20 —— State A
—— State B
15 —— State C _

—— Cu,N background |

di/dV (nS)
>

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Sample voltage (V)

Figure 11.9.: Differential conductance spectra over CusN and over the center of a Fe(pap)s
molecule in states A, B, and C. The spectra of states A and B have been shifted by 3nS and
6nS, respectively, for clarity. The feedback loop was opened for at 1.2nA and 1.0 V.
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11.6.5. Assignment of the conductance states to molecular states

As discussed in Section 11.3, the different states of Fe(pap)s, on CuaN are characterized
by different conductances, which enables the direct observation of switching events in
time-series. However, the assignment of the conductance states to the different states of
the molecules is not trivial. Indeed, Figure 11.10a shows two current-voltage curves (cor-
responding to the forward and backward sweeps of the single spectroscopic measurement,)
acquired at the same tip-sample distance. The two curves cross at a sample voltage of
1.85V. Below (above) this voltage the junction comprising a molecule in state C (A) has
a higher conductance than that comprising a molecule in state A (C). Therefore, while a
molecule in state C is observed with a higher conductance than a molecule in state A at
low voltages, the sequence is reversed at voltage above 1.85V.

A similar observation is made in Figure 11.10b where current-voltage data of states
B and C are compared. However, the crossing of the two curves occurs at a voltage of
1.95V. The main outcome of Figure 11.10 is that the highest conductance is not always
observed for the same spin state. It depends on the sample voltage as summarized in Ta-
ble 11.1. In that respect, no spin-state assignment should be solely based on conductance
measurements.

In the Section 11.3 and in Figure 11.12, time-series acquired at voltages above 1.95V
are shown. The lowest conductance state is obtained when the investigated Fe(pap)s
molecule is in the state C. In contrast, Figure 11.11 shows a time-series acquired at a
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Figure 11.10.: Current-voltage curves monitoring the switching of the investigated molecule be-
tween the states a) A and C and (b) B and C. In each panel, the two curves correspond to the
forward and backward sweeps of a single spectroscopic measurement.
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Conductance | V <1.85V | 1.85V <V <1.95V |V >1.95V
Highest State C State A State A

Intermediate | State B State C State B
Lowest State A State B State C

Table 11.1.: Correspondence between molecular and conductance states for different voltage
ranges. Note that this correspondence could eventually change if substantially different tip-
sample distances were used. In the present case, the distance is fixed by the tunnel parameters
over the center of a molecule before opening the feedback loop (V =1V and I = 1nA to 3nA).

sample voltage of 1.9 V. In that case, as indicated in Table 11.1, the molecule in the state
B leads to the lowest conductance.

Figure 11.11 further illustrates the preparation of a Fe(pap)s molecule into a given
state. At time zero, the feedback loop was opened at I = 0.9nA and V =1.0V. The tunnel-
ing current then increased in response to a progressive increase of the sample voltage from
1.0 to 1.9V. While the sample voltage was 1.9V, a certain number of switching events was
monitored as abrupt changes in the tunneling current. Finally, when the desired state was
reached (here C), the sample voltage was ramped down to 1.0 V. STM topographs were
systematically acquired before (e.g., Fig. 11.11b) and after (e.g. Figure 11.11c¢) switch-
ing, which allows to link a conductance state to a particular (topographic) state of the
molecule. In the present example, the lower molecule is initially in state B (Figure 11.13b)
corresponding to a given conductance (shown in black in Figure 11.13a). Upon switching,
the conductance changes (shown in red in Figure 11.13a). With the help of an addi-
tional STM topograph, the red conductance state is associated to the molecule in state
C. This correspondence between molecular and conductance states is in agreement with
that inferred from Figure 11.10 and summarized in Table 11.1.
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Figure 11.11.: (a) Current time series illustrating the preparation of a Fe(pap)s molecule from
the B to C state. The feedback loop was opened at a current of 0.9nA and a sample voltage of
1.0 V. STM topographs of two Fe(pap)s molecules (a) before and (b) after switching the lowest
one from state B to C.
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11.6.6. Analysis of current time-series

In the main manuscript, it is stated that the switching is robust, i.e., it shows no sign
of fatigue. Indeed, the current time-series shown in Figure 11.12a presents about 770
switching events. Nevertheless, the current levels of the different states at the end of the
series do not significantly deviate from those at the beginning. In a histogram of current
values (Figure 11.12b) this leads to three narrow peaks. To further characterize the peaks,
they are fitted using Gaussians:

T — X 2

Aexp( (width) ), (11.1)
where x is the tunneling current. The parameters resulting from the the fits are summa-
rized in Table 11.2. The positions of the peaks (z) represent the tunneling currents char-
acteristic of the different molecular states, namely 2.416 + —0.002nA, 2.820 + =0.001 nA
and 4.272 + —-0.002nA for states C, B, and A, respectively. Additionally, since the time
interval between two points is constant (» 145ps), the area of a given peak is directly
related to the relative occupation of the corresponding state. As the peaks are Gaussians,
the integral of each peak is the product A x width. To obtain the relative occupation of

a state this integral is normalized with the sum of all three integrals (Table 11.2). The
highest relative occupation is found for state B (57 %).

To estimate individual transition probabilities, e.g., rg_ ¢, the switching events from
B to C were counted in Figure 11.12a and divided by the total duration of the time
series. This leads to the average number of events per second. To arrive at the transition
probability from B to C, one has to take into account the relative occupation of B, which
describes the fact that the molecule is in state B only for a fraction of the entire time
interval. The transition probability from B to C is then obtained by dividing the average
number of B-to-C transitions by the relative occupation of B. Analogous operations
performed for the other transitions lead to the following switching probabilities: ra_p =
45.82s7Y ranc = 1.00s™; rpoa = 5.99s7Y rpoe = 02787 rona = 0.67s7! and roLp <
0.03s71.
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Figure 11.12.: (a) Tunneling current as a function of time at a sample voltage of 2.5V with
the tip over the center of a Fe(pap)s molecule. The colors of the points (red, black and blue)
indicate the states of the molecules (C, B, and A, respectively). The feedback loop was opened
at a current of 2.4nA. (b) Histogram of the current data in (a) along with three fits according
to Eq. 11.1. The fitted parameters are listed in Table 11.2.
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State C State B State A
A (10 361+-13 | 652+-05 | 37+-0.1
xo (nA) 2.416 + -0.002 | 2.820 + -0.001 | 4.272 + -0.002
width (nA) 0.078 + -0.003 | 0.070 + -0.001 | 0.169 + -0.003
relative occupation (%) 35 57 8

Table 11.2.: Result of the Gaussian fits shown in Figure 11.12b. The number in parenthesis
indicate the uncertainty of the last digits given by the fitting procedure. The relative occupation
is obtained as described in the text.

Only an upper limit is given for ro_p as no direct C-to-B transition was observed.
Note that these probabilities are valid for the tunneling conditions presented in Fig-
ure 11.12.

Similar analyses were made for time series as the one shown in Figure 11.11. These
time series were acquired with a sample voltage of 1.9V in contrast to the 2.5V used in
the previous series (Figure 11.12). The decrease of the sample voltage (while the tunneling
current is larger) from 2.5V (Figure 11.12) to 1.9V (Figure 11.11) leads to a considerable
reduction of the switching rate, from 7.32s7! to 0.70s~!, i.e. by approximately one
order of magnitude. The following switching probabilities are obtained: r4_p = 36.31s7};
rasc =173 rpa=0.555"1 rgc=0.12s71; roL4 =0.09s71 and roLp < 0.03s7L

The switching probabilities from state B to A and from state C and A change con-
siderably between the two experiments, suggesting that the mechanism at the origin of
the corresponding switching is strongly voltage dependent.

11.6.7. Additional selective and deterministic switching of
Fe(pap),

Figure 11.13 shows a time-lapse sequence of 11 STM topographs of two Fe(pap)s molecules
on CuyN/Cu(100). Between the acquisition of each topograph, the tip was placed over
the center of one of the two molecule to switch it into the desired state. This sequence of
topographs again exhibits the robust character of the switching. In addition, the tunneling
parameters used in the present case to switch the molecule (about 2V and 6 nA to 10nA)
lead to small lateral displacements of the molecules. Compare for instance Figure 11.13h
to Figure 11.13j or Figure 11.13e to Figure 11.13k.
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Figure 11.13.: STM topographs of two Fe(pap)s molecules selectively switched.
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Concluding Remarks

Several aspects of molecules at metal electrodes are presented in this thesis exploring
structural, electronic, and switching properties of molecules using a cryogenic STM in
UHV. The results are summarized in the overview (Chap. 2) and in each chapter (Chaps. 5-
11). T hope that they will contribute significantly to the understanding of molecular metal
systems. Inspired by or based on the results of this thesis a few of my ideas for further
research projects are presented in this final chapter. As ideas for projects with a platform
molecule are most concrete, I will focus on them.

Conductance of molecule-metal contacts

In this thesis the planar TOTA platform molecule is used as an anchor unit to place
moieties in a vertical or inclined position on a metal substrate. Although this flat platform
binds via physisorption, its 7 system mediates an eztended electrical contact to the metal.
Moreover, the platform anchor group and pm-control of the electrode position lead to
reproducible contacts and large conductance without requiring chemisorption. Hence,
flat extended molecular units are an interesting alternative to the single-atom molecule-
metal contacts that have been a focus of research so far.

Shot noise measurements along with DFT-NEGF calculations (not shown in this
thesis, see Ref. 198) revealed that for a bare TOTA platform on Au(111) the electron
transport is dominated by a fully open spin-degenerate channel (see Chap. 4.3.2 for a
rudimentary introduction to transport channels). An eigenchannel usually gives a direct
spatially resolved picture of the orbitals involved in the transport.'® According to the
calculations the dominant eigenchannel of the TOTA junction exhibits ¢ symmetry. How-
ever, the available molecular orbitals of TOTA for electron transport exhibit 7 symmetry
and m-type channels contribute only a few percent to the conductance. This result in-
dicates a filtering of the orbitals involved in the electron transport process. This orbital
filtering may be caused by the predominant s character of the Au apex atom.'"® In other
words, the s character of the current-carrying orbital of the tip and the 7 character of the
molecular orbitals may not match well for efficient electron transport.

I propose to measure with an STM the conductance of phenyl-TOTA or propynyl-
TOTA on a metal such as Pt, which in contrast to Au has valence d orbitals available for
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conductance.??8:L1 Contacting the molecule with a tip of such a material may avoid orbital
filtering, and may result in a much higher conductance. Break junction experiments at
cryogenic temperature along with calculations of oligoacene molecules, i. e. flat extended
7w systems, indeed suggest a drastically different conductance behavior for Pt and Ag
electrodes.??® In contrast to Ag-molecule contacts, the electron transmission through
the Pt electrodes is reported to be band-like, 7. e. molecular features in the transmission
are smeared out, creating an energetically broad plateau of high transmission. Using
an extended molecular anchor group that enables such band-like electric coupling at the
molecule-metal interface may turn out to be less sensitive to geometric details of the
interface. It may therefore help to create reproducible, stable, and reliable contacts to
molecular circuits in future.

Rotor molecules mounted on surfaces

This thesis presents two closely related molecular stepper motors that were designed to
work on a metal substrate under excitation with tunneling electrons (Chap. 7). The
motors are comprised of the TOTA platform as a stator and ethoxy and ethyl moieties
as rotors. Although the resulting molecules exhibit no asymmetry, directional rotation
was generated by interactions with the STM tip, which can be regarded as an external
ligand. The natural continuation of these experiments would be to attach an asymmetric
rotor on the TOTA platform. This asymmetry may lead to a build-in directionality of
the rotation. Given the high scientific interest in molecular machines “V and the only
few examples of machines that are functioning on substrates, this project may contribute
significantly to the understanding and future design of molecular machines.

An alternative flat platform molecule

Although various interesting results of this thesis are obtained with TOTA derivatives,
the TOTA platform is not an ideal anchor molecule, as different degrees of fragmentation
were observed after deposition on Au(111), depending on the functional groups attached
to the TOTA molecules.

The binding energies of the decomposition products to the Au surface essentially
determine the molecular stability. This effect is undesirable and complicates the design
of suitable platform derivatives that are stable upon adsorption.

An interesting alternative to TOTA is TOBTA (4,8,12-trioxa-12c-boratriangulen).lV
The chemical structures of TOBTA and TOTA molecules differ only in the central atom.
The central atom of TOBTA is a B atom. It is expected to be more reactive than the
central C atom of TOTA. This expectation was confirmed by my preliminary STM results
for the bare TOBTA on Au(111) (not shown). In contrast to TOTA molecules, TOBTA
binds to step edges in an inclined position that probably enables the central B atom to form
a chemical bond to the Au edge. Intriguingly, I was able to exploit the higher reactivity

LIT Preparation of clean Pt surfaces is challenging.

LIV The Nobel Prize in Chemistry 2016 was awarded jointly to Sauvage, Stoddart, and Feringa "for the
design and synthesis of molecular machines."

IV The molecule was synthesized by Torben Jikel und Rainer Herges.
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to design a cluster most likely comprised of a TOBTA platform positioned parallel to
the substrate and binds to a single Au atom on Au(111). This TOBTA/Au/Au(111)
cluster was obtained after depositing a single Au atom from the tip and moving the atom
with the tip first partly below a TOBTA molecule. After this step the TOBTA molecule
was in an inclined position on the substrate. Further manipulation with the tip "pulls”
the molecule in a parallel position. I suggest to continue such investigations of TOBTA.
Especially, TOBTA clusters with different atoms such as Co, Ni, Ti etc. may exhibit
interesting electronic structures. Moreover, it may be possible to attach a magnetic atom
on top of TOBTA.

The higher reactivity may also enable an on-surface functionalization of TOBTA,
i. e. an on-surface attachment of a desired moiety on the central B atom of TOBTA.
According to chemical studies of Jékel und Herges™! the B atom of TOBTA is very
reactive to nitrogen bases such as ammonia. I suggest to deposit pyrazine molecules on
a TOBTA/Au(111) sample. This may lead to an on-surface functionalization of TOBTA
with pyrazine. Pyrazine molecules are expected to desorb from the bare Au(111) at
ambient temperature within hours.44"-44% This property may allow to prepare a sample
of high quality, i. e. a sample that is free of all pyrazine molecules that did not form a
bond to a TOBTA molecule. If successful, the project would be an important step to
synthesize more advanced molecules on a substrate.

VT Unpublished results.
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Acronyms

AFM atomic force microscopy

DFT density functional theory

DOS density of states

ESID electrospray-ionization deposition

HOMO highest-occupied molecular orbital

HS high spin

IETS inelastic electron tunneling spectroscopy

LDOS local density of states

LUMO lowest-unoccupied molecular orbital

LS low spin

Me-TOTA methyl-trioxatriangulenium

ML monolayer

MODOS molecular orbital density of states

MPSH molecular projected self-consistent Hamiltonian
NEGF nonequilibrium Green’s function

pap N-2-pyridylmethylidene-2-hydroxyphenylaminato ligand
P-TOTA propynyl-trioxatriangulenium

RTM Rastertunnelmikroskopie oder Rastertunnelmikroskop
SCO spin crossover

STS scanning tunneling spectroscopy

STM scanning tunneling microscopy or scanning tunneling microscope
TOTA trioxatriangulenium

UHV ultra-high vacuum

vDOS vibrational density of states
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