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Zusammenfassung

Organische und biologische Makromolekiile sind von grofsem Interesse innerhalb der
Nanotechnologieforschung, da ihre Eigenschaften in zukiinftigen Anwendungen niitz-
lich sein kdnnen. Interessante Funktionen wie optische Aktivitdt, Wirt-Gast-Interak-
tion und molekulare Erkennung basieren auf Effekten, die auf der Ebene des Einzel-
molekiiles stattfinden. Zur Untersuchung der Eigenschaften und Funktionen von
Molekiilen mit submolekularer Auflosung ist eine atomar definierte Umgebung mit
geringster Kontamination notwending. Eine solche kann z.B. auf einer sauberen Ober-
fliche im Ultrahochvakuum, wo oberflichenempfindliche analytische Techniken und
fortschrittliche Nanostruktur-Fertigung moglich sind, zur Verfiigung gestellt werden.
Atome und kleine organische Molekiile sind mittels thermischer Vakuumsublima-
tion einfach auf eine Oberfliche im Vakuum zu iibertragen. Viele grofte funktionale
Molekiile sind jedoch nicht verdampfbar und zerfallen bei erhohter Temperatur, was
ihre Anwendung und Untersuchung innerhalb der UHV-Umgebung verhindert.

Zur Erforschung der Eigenschaften einzelner sowie zu Nanostrukturen assem-
blierter nichtfliichtiger Molekiile auf Oberflichen wird Elektrospray-lonenstrahldeposi-
tion (ES-IBD), eine Technik fiir Ubertragung intakter nichtfliichtiger Molekiile auf
Oberflichen im UHV und in-situ Rastertunnelmikroskopie (STM) kombiniert. Eine
im Hause entwickelte ES-IBD-Quelle ermdéglicht Molekularstrahl-Depositionen mit
beispielloser Prozess-Kontrolle. Die Zusammensetzung des Ionenstrahls wird mit
Flugzeit Massenspektrometrie (TOF-MS) vor der Deposition bestimmt. Molekularer
Fluss und Bedeckungsgrad, die durch den Tonenstrom und die Strahlenergie kontrol-
liert sind, konnen gemessen und gesteuert werden. Die modifizierten Oberflichen
werden in-situ durch STM charakterisiert, was die Abbildung der strukturellen und
elektronischen Eigenschaften mit submolekularer Auflésung erlaubt. Ex-situ Analyse
durch Rasterkraftmikroskopie (AFM) erlaubt die Untersuchung der Strukturbildung
auf der Meso-Skala. Abgesehen davon werden Laser Desorptions lonisierung (LDI),
Matrix-unterstiitzte LDI (MALDI) und Sekundérionen-Massenspektrometrie (SIMS)
durchgefiihrt, um die chemischen Kompositionen und Reinheit der adsorbierten Ma-
terialien zu tiberpriifen.

Diese Arbeit stellt zunéchst die Grundlagen unserer Experimente und den gegen-
wartigen Stand der Forschung molekularer Tonenstrahldeposition vor. Im folgenden
wird die experimentelle Methode im Detail am Beispiel von Rhodamin 6G, einem
organischen Farbstoff, als Modellsystem charakterisiert. Es wird gezeigt, dass ho-
mogene Schichten von intakten adsorbierten Molekiilen auf der Oberfliche gebildet
werden und Adsorbatmolekiile einzeln durch STM beobachtet werden kénnen. Eine
Untersuchung mit SIMS und LDI zeigt, dass die kinetische Energie der Molekiilionen
bei einer Kollision mit der Oberfliche bestimmen, ob intakte Molekiile oder Frag-
mente deponiert werden.

Molekulares Schicht-Wachstum wurde mit Cluster-lonenstrahlen des nichtfliichti-



gen Tensids Natrium-Dodecylsulfat (SDS) untersucht. Auf Graphit und SiO, Ober-
flaichen werden mit AFM kristalline Strukturen, die als invertierte Doppelschicht-
Membranen beschrieben werden kénnen, beobachtet. Die Schichten zeigen, typisch
fiir Tenside, eine Anordnung der Molekiile die auf dem Strukturmotiv einer Kopf-Kopf
und Schwanz-Schwanz-Geometrie basiert. Ein dhnliches strukturelles Merkmal, das
im STM beobachtet wird, ist die flachliegende Doppelreihe der Molekiile auf Cu(100)
Oberflichen, was die Robustheit dieses Strukturmotivs unterstreicht.

Die Eigenschaften funktionaler molekularer Systeme wird anhand zweier grofier
funktionaler Molekiile untersucht: Makrozyklen-Komplexe und Proteine. Wirt-Gast-
Komplexe dreier Kationen, Na™, C's™ und H™, die in der Kavitit eines Dibenzo-24-
Crown-8 (DB24C8) Makrozyklus gefangen sind, werden direkt in den Elektrospray-
Losungen gebildet und intakt auf die Oberflichen iibertragen. Die Charakterisierung
durch STM und Dichtefunktionaltheorie-Berechnungen zeigt die Struktur der Kom-
plexe mit dem Alkali-Ion in der Kavitét.

Cytochrom ¢, ein Ladungstransfer Protein, wird auf Oberflichen im UHV aus
einem lonenstrahl von hohem oder niedrigem Ladungszustand deponiert. STM zeigt
entfaltete Stringe mit klar erkennbarer submolekularer Struktur nach der Deposi-
tion der hohen Ladungszustinde. Wenn niedrige Ladungzustiande deponiert werden
findet man zwei deutlich unterschiedliche Strukturen. Gefaltete Proteine erscheinen
als kugelige Einheiten von 2-3 nm Durchmesser, wiahrend entfalteten Proteine als
flachliegende Striange abgebildet werden. Auf Au(111) organisieren sich die entfaltete
Stringe in kompakten, zweidimensionalen Inseln. Zusétzlich werden die Variationen
der kinetischen Energie bei der Deposition und eine erhéhte Oberflichentemperatur
untersucht, um deren Einfluss auf die Anderung der Konformation von adsorbierten
Proteinen zu studieren.

Die Ergebnisse dieser Arbeit eroéffnen neue Moglichkeiten fiir die Herstellung von
funktionalen Nanostrukturen auf Oberflichen. Sowohl die Herstellung von Schichten
als auch die kontrollierte Immobilisierung einzelner funktionaler Molekiile wurde mit
ES-IBD demonstriert und mit STM in submolekularer Auflésung in-situ charak-
terisiert. Eine grofte Vielfalt nichtfliichtiger Substanzen von kleinen bis zu sehr
grofen funktionalen Molekiilen mit unterschiedlichen Bindungsmotiven wie kovalen-
ten, Komplex-Koordinationen oder Wasserstoffbriickenbindungen, ist ESI-kompatibel
und kann daher als Baustein fiir die Konstruktion neuer Materialien benutzt werden.

Schlagworter: Elektrospray-lonisation, lonenstrahldeposition, Massenspektrome-
trie, Rastertunnelmikroskopie, Ultrahochvakuum, Wirt-Gast-Interaktion, Protein



Abstract

Organic and biological macromolecules have attracted great interest within nanotech-
nology research due to properties that can be useful in future devices. Interesting
functionalities such as optical activity, host-guest binding and molecular recognition
are based on effects at the single molecular level. To study the properties and func-
tions of molecules at submolecular scale, an atomically defined environment with
low contamination is of great advantage. This can for instance be provided on a
clean surface in ultrahigh vacuum (UHV), where surface sensitive analytical tech-
niques and advanced nanostructure fabrication can be applied. Atoms and small
organic molecules are easily transferred to a surface in vacuum by thermal sublima-
tion. Many large, functional molecules, however, are nonvolatile and disintegrate at
an elevated temperature, which hinders their application and investigation within the
UHYV environment.

To explore the properties of nonvolatile molecules adsorbed at surface as well as
the nanostructure fabricated from such molecules, electrospray ion beam deposition
(ES-IBD), a technique capable of transferring nonvolatile molecules intact to sur-
faces in UHV, and in situ scanning tunneling microscopy (STM) are combined. A
home-built ES-IBD setup allows molecular beam deposition with an unprecedented
level of control: the ion beam composition is monitored by time-of-flight mass spec-
trometry (TOF-MS) prior to the deposition, molecular flux and coverage controlled
via the ion beam current and the beam energy can be measured and adjusted. The
modified surfaces are characterized in situ by STM, which reveals structural and elec-
tronic properties with submolecular resolution. Moreover, ex situ analysis by atomic
force microscopy (AFM) allows to access meso-scale structural formation. In addi-
tion, Laser Desorption Ionization (LDI), Matrix-Assisted Laser Desorption Ionization
(MALDI) and Secondary Ton Mass Spectrometry (SIMS) are performed to check the
chemical composition and purity of the adsorbed materials.

This work first introduces the principles of our experiments and reviews of the lit-
erature on molecular ion beam deposition. In the following, the experimental method
is characterized in detail using Rhodamine 6G, an organic dye, as a model system.
It is shown that homogeneous layers of adsorbed, intact molecules are formed on the
surface and single molecule adsorbates are observed by STM. An investigation by
SIMS and LDI reveals that the kinetic energy of the molecular ions upon collision
with the surface determines whether intact or fragment ions are deposited.

Molecular layer growth was studied using cluster ion beams of the nonvolatile
surfactant SDS, resulting in an arrangement of the molecules typical for surfactants
in a head-to-head and tail-to-tail manner based on the structural motive. Crystalline
structures are observed by AFM resembling inverted bilayer-membranes formed on
graphite and Si0O, surfaces. A similar structural feature revealed by STM is a flat-
laying double row of the molecules on Cu(100) surface showing the robustness of the
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structural motive.

The properties of single molecular functional systems are studied on two types
of large functional molecules: macrocycle complexes and proteins. Macrocyclic host-
guest complexes of the three cations: Nat, Cs™ and H* trapped in the cavity of
dibenzo-24-crown-8 (DB24C8) are formed in the electrospray solutions and trans-
ferred intact to the surface. Characterization by STM and density functional theory
calculations shows the structure of the complexes with the alkali ion present in the
cavity. The shape of the complex at the surface is also determined.

Cytochrome c, an electron transfer protein is deposited on surfaces in UHV as
an ion beam of high or low charge-state. STM reveals unfolded strands with distin-
guishable submolecular structural features after the deposition of high charge states.
When low charge states are deposited, two significantly different structures are ob-
served. Folded proteins appear as globular features of 2-3 nm diameter, while un-
folded proteins are imaged as flat strands. On Au(111) the unfolded strands fold into
compact two-dimensional patches. Additionally, the variation in kinetic energy upon
deposition and elevated surface temperature are also studied regarding the change in
conformation of the adsorbed proteins.

The results of this thesis open up new opportunities for the creation of functional
nanostructures on surfaces. Both the preparation of layers and thin films as well as
the controlled immobilization of single functional molecules were demonstrated with
ES-IBD and characterized at submolecular resolution in situ by STM. A great vari-
ety of nonvolatile substances from small to large functional molecules with different
binding motives like covalent, complex coordination or hydrogen bonds, is compatible
with ESI and thus can be used as building blocks to construct new materials in a
well-controlled manner.

Keywords: electrospray ionization, ion beam deposition, mass spectrometry,
scanning tunneling microscopy, ultrahigh vacuum, host-guest interaction, protein
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Part 1

Introduction






Nanoscience involves the study and application of nanoscale objects, defined by
a size of 1-100 nm in at least one dimension. Moreover, the properties of nanocom-
pounds can diverge dramatically from the bulk properties because a variety of phy-
sical phenomena evolves as the size of materials decreases towards the nanoscale,
at which quantum mechanical effects dominate. Moreover, at such a small length
scale the surface of an object becomes more influential than its volume. The aim of
nanotechnological research includes the discovery of physical, chemical and biological
properties of nanomaterials as well as the ability to control and manipulate objects
at the atomic and molecular scales. The prospect of nanotechnology was first intro-
duced by Richard Feynman in "There’s Plenty of Room at the Bottom", a talk given
at the American Physical Society conference in 1959. Feynman suggested the idea
of developing methods for material synthesis using—then still unknown—tools to ma-
nipulate individual atoms or molecules to build a structure at a desired proportional
size. Since then, new technologies emerged and the findings of nanotechnological re-
search have influenced many areas of everyday life and technology such as electronics,
medicine, biomaterials and energy production.|1, 2, 3]

Today, two general strategies to create nanoscale objects exist, fop-down and
bottom-up. Top-down approaches incorporate the production of smaller objects from
larger entities. The related techniques include thin-film deposition [4], etching [5], op-
tical and electron beam lithography.|6, 7| Top-down technologies are most advanced
in the fabrication of silicon-based devices. The bottom-up approach is based on the
arrangement of microscopic constituents into larger-scale assemblies. This typically
involves molecular self-assembly [8], molecular recognition [9], self-organized growth
[10] and other processes in supramolecular chemistry.[11] At the length scale where
these processes manifest, the optical microscopy cannot be applied due to insufficient
resolution. More advanced analysis tools are employed to probe the fabricated struc-
tures. In this context, the development of scanning probe microscopy (SPM) has had
a great impact on nanotechnology since it can be used to visualize a multitude of
physical properties down to the single atom. In general, the mechanical properties
of nanostructures on surfaces can be studied using atomic force microscopy (AFM)
[12]|, while the electronic properties are explored by scanning tunneling microscopy
(STM) and spectroscopy [13]. Not only the information on surface topography and
density of states can be acquired by STM but also chemical bonding, magnetic order-
ing and interactions, molecular excitation and vibration, recognition or hierarchical
processes.[14, 15, 16] Apart from characterization, scanning probe microscope tips
can also be used to pattern surfaces by moving the adsorbates.[17, 18, 19|

Nanostructure fabrication often requires a vacuum environment since contami-
nation from the surrounding can have a great effect on the purity of the created
structures. Due to the requirement of atomic precision for the construction process,
already an infinitesimal amount of impurities can cause a large deviation from the
desired structure. One key example where vacuum processing has been extensively



utilized is the manufacturing of semiconductor nanostructures such as quantum-well
heterojunctions or quantum dots.[20, 21] Ultra high vacuum (UHV) not only enables
clean and well-controlled material fabrication, but also the ability to access advanced
surface analytical techniques for which UHV is required.[22, 23] These include for
example SPM, photoelectron spectroscopy and low energy electron diffraction.

While nanotechnological research of materials like metals and semiconductors
needs engineering of electronic band structures, shapes, or specific surfaces for dis-
tinct optical, electronic or chemical properties, functional organic molecules already
possess such novel properties in nature. Many types of molecules ranging from small
organic substances to macromolecules and polymers are useful for the development
of biomaterials [24], nanosensors [25], or functional systems for various applications
in nanoelectronics |26, 27, 28] and medicine [29]. Many functional organic and bio-
logical molecules possess unique properties which are essential in complex biological
processes such as, light harvesting, electron donors/acceptors, host-guest interactions
and molecular recognition.|30, 31, 32| These molecules have been extensively studied
in their native environment, which are aqueous solutions.[33, 34, 35| In spite of the
promising properties, a large amount of functional molecules are nonvolatile, thus dif-
ficult to be applied directly to the vacuum processing by thermal evaporation, which
is the conventional way to fabricate surface-based nanostructures in UHV. These
molecules disintegrate at elevated temperatures. Therefore, a suitable procedure has
to be employed for transferring nonvolatile molecules intact to a surface in vacuum
environment in order to build nanostructures in a clean, controlled manner.

Our approach to this challenge is to use the combination of electrospray ion beam
deposition (ES-IBD) [36] and in situ analysis to investigate large functional molecules
at a submolecular scale. A home-built ES-IBD [36] apparatus is employed for vacuum
deposition of nonvolatile molecules on solid surfaces (see chapter 2). Using this tech-
nique ion beams of gas-phase materials are formed and deposited onto surfaces. The
method allows the controlled deposition of a vast class of molecules and particles in
high vacuum and in UHV. The chemical composition of the ion beam can be selected
and characterized prior to the deposition. The kinetic energy of the ions can be ad-
justed through electric fields. If desired, collisions with background gas molecules can
induce molecular fragmentation at sufficient collision energies. During deposition the
collision energy of ions and surfaces can be tuned in order to yield intact molecules
or fragments on the surface. Moreover, parameters, which influence the adsorption
directly, namely the surface temperature as well as the ion flux and net fluence, the
integrated current over the entire deposition period, are fully controlled during the
experiment.

After surface modification, in situ STM is utilized for surface characterization.
The measurements are performed at room temperature or at approximately 40 K.
STM analysis allows the morphological and structural characterization of adsorbed
material at high resolution as well as probing of electronic density of states. Thereby,
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informations about the intra-molecular and molecule-surface interactions at the sur-
face can be extracted.

In addition to in situ characterization in UHV, the deposition can also be per-
formed in high vacuum so that the samples can be taken out for ex situ analysis
by supplementary techniques, which can be applied also to nonconductive materials.
Atomic force microscopy (AFM) is employed for ex situ structural characterization
of the structures grown on surfaces in vacuum. This approach can also be used to
determine the stability of the fabricated structures in ambient conditions as well as to
characterize structures made from aqueous solutions. Matrix-assisted laser desorp-
tion ionization (MALDI-TOF) and secondary ion mass spectrometry (TOF-SIMS)
are employed for the chemical characterization of deposited materials on the surface.
The results are then compared with the substances contained in the initial ion beam
and allow conclusions about chemical modifications on the surface.

This thesis consists of three main parts. In an introductory part (chapters 1-
2), scientific principles of physical and chemical processes related to this research
are explained, followed by the detailed description of experimental techniques and
procedures. The experimental results are discussed in the next part divided into four
individual chapters. Chapter 3 presents the versatility of surface modification which
can be obtained by tuning relevant parameters during the IBD process. Rhodamine
6G, a fluorescent dye, is used as a model system to characterize the method. The
effect of the kinetic energy of the ions in the gas phase and upon collisions at the
surface is studied by MALDI and SIMS, showing that the collision energy determines
whether the molecules will be deposited intact or as fragments. Moreover, we show
that homogeneous and clean deposition is possible. The topographic images of the
modified surfaces obtained by STM for low and high coverage confirm these results.

Crystal growth of amphiphilic molecules in vacuum, in the absence of hydrophilic-
hydrophobic interactions, is demonstrated in chapter 4. Gas-phase cluster formation
in vacuum and crystalline structure formation on surfaces of the surfactant sodium
dedecyl sulfate (SDS) is investigated. These are compared with layers of the same
materials grown on surfaces from aqueous solutions. The results indicate multilayered
crystalline growth, which shows that ES-IBD is in principle equivalent to molecular
beam epitaxy (MBE).

The last two chapters present the studies beyond small organic molecules. In
chapter 5 the investigation of macrocyclic host-guest complexes is reported. A large
cyclic compound in the crown ether family, dibenzo-24-crown-8 (DB24C8), is chosen
as the host. Three types of cations are used as guest species to form three different
complexes with DB24C8 in solution. Atomic structures of the different complexes at
surface are explored and the results show the guest ion residing in the central cavity
of DB24C8. Together with theoretical calculations the interactions between the host
and the guest in a complex adsorbed on the surface can be explained.[37]

Of highest interest to molecular nanotechnology are biological molecules, because
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of the diversity of complex functions they provide in nature. In the last chapter, the
transfer of Cytochrome c, a protein, which is responsible for electron transport in
cells, onto surfaces in UHV is presented. Normally the functionalities of biomolecules
emerge from highly specific chemical interactions which are mediated by the presence
of fluid and solvated ions. Thus transferring biological molecules into vacuum would
mean to characterize them in an unconventional environment yet at better resolution.
Here, structural differences between folded and unfolded Cytochrome c are revealed
by STM, corresponding to initial conformations, which can be steered in solution.
The influence of the deposition energy and the surface properties are studied. Apart
from pre-unfolding of Cytochrome c in solution, an approach to unfold the proteins
on surfaces is introduced by increasing the surface temperature after the deposition
of folded structures.

Implications from the results and an outlook are given in the last part of the the-
sis. It is shown that the combination between IBD and in situ STM characterization
allows to explore a large variety of nonvolatile substances at an atomic scale, which
were previously unavailable in vacuum. Several types of molecules ranging from small
organic substances to large biological species like proteins are studied at a submolecu-
lar level. Through these investigations the behavior of such complex molecules outside
their native environment are discovered. New materials are created on surfaces in a
well-defined manner. The versatility and controllability of this approach paves the
way for the design and construction of nanomaterials for novel applications. In this
way the distinct functions of single molecules, complexes or molecular assemblies can
be exploited.

In view of the large variety of molecules and nanoparticles that ES-IBD can be ap-
plied to, this method represents both bottom-up and top-down approaches for nano-
structure fabrication. The bottom-up approach involves the deposition and character-
ization of single molecules or complexes, which represent a functional single molecular
systems. Moreover, the layer deposition of nanomaterials can also be performed by
ES-IBD as a production step within a top-down approach. The ability to combine
these two fundamental principles of material synthesis opens up new possibilities in
the architecture of vacuum-based nanofunctional systems.

12



Chapter 1

Basics

In this chapter, the basic physical and chemical principles of molecular interactions
and processes involved in transferring nonvolatile molecules from liquid environment
into gas phase ions as well as the deposition of molecules on surfaces are described. In
the first part, intra- and intermolecular interactions including the nature of protein
folding and supramolecular interactions in host-guest systems are briefly discussed.
Adsorption mechanisms of molecules on surfaces are introduced through examples of
molecular systems on surfaces.

The second part focuses on molecular ion beams. The principles of electrospray
ionization (ESI), that is how molecular ion beams are formed from aqueous solutions
are reviewed. Furthermore, the effects of ion-surface collisions with an emphasis on
molecular ions and soft landing are discussed and the related research is reviewed.

1.1 Molecular Interactions

The structure of matter is determined by chemical binding and molecular interactions.
For molecules and complexes, where many different intra- and intermolecular inter-
actions occurring at several strengths, complex behaviours can emerge. Hierarchies
of interactions lead to highly ordered structures by self-organization or hierarchical
assemblies. Several external parameters also have influences on the molecular inter-
actions. One important criterion is the environment where the interactions occur.
For instance, the interactions of molecules in aqueous solutions are mediated by sol-
vents which are absent in the gas and solid phase. When molecules are transferred
through different interfaces, they undergo several interactions. Some examples of such
processes include evaporation or ionization of molecules from the solution into gas
phase and adsorption of gaseous molecules onto solid surfaces. The latter is governed
by intermolecular and molecule-surface interactions, which determine the adsorption
process.
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Similarly surface properties also play an important role in the interactions involved
in the adsorption behaviors of molecules. Thermal sublimation of molecules onto sur-
faces has been employed for the study of molecular interactions in UHV.[38, 39, 40]
This approach cannot be applied to large nonvolatile molecules since they decompose
at elevated temperatures. Therefore, the investigation of large molecules on surfaces
in the UHV environment has been hindered. According to this limitation, the aspects
involved in intra- and intermolecular interactions such as chemical bond strengths and
organizational hierarchies in these large systems are not well understood. The com-
bination of IBD and in situ STM allows these systems to be investigated. Therefore,
chemical bonds and interactions occurring upon the adsorption of large molecules on
surfaces in UHV can now be characterized.

1.1.1 Chemical Bonding in Molecules

Atoms are attracted to one another and form bonds resulting in molecules, liquids
or solids. Chemical binding is the result of the electromagnetic force, and can be
categorized by bond strength and binding characteristics.[41]

Weak bonding such as van-der-Waals-type binding is originated from a polar-
ization of the electron cloud in the proximity of an adjacent nucleus, causing a nondi-
rectional weak attraction. This bonding type can be found in noble gas crystals,
polymers and to some extent in all materials. The energy of van-der-Waals bonds is
usually below 0.04 eV.

Hydrogen bonds are responsible for many recognition processes in biological
systems. They belong to a specific type of dipole-dipole interaction, in which a
hydrogen atom binds to an electronegative atom (e.g. O, N), attracted by a dipole
in an adjacent molecule or functional group. Hydrogen bonds show a variety of
strengths and are highly directional. They can be categorized as strong (0.62-1.24
eV), moderate (0.17-0.62 eV) and weak (< 0.12 eV). The bond lengths and angles
vary between 1.2-3.2 A and 90° — 180°, respectively. The strong bonds tend to have
shorter bond lengths and large bond angles.

Ionic bonds are formed between charged atoms or molecules, i.e. ions. For in-
stance in sodium dodecyl sulfate (SDS) C12H550,~ anions and Na™ cations are held
together by the electrostatic force. Ionic compounds often form crystalline structures.
The ionic bond is typically in the range of 1.0-3.5 eV.

A strong bonding such as covalent bond occurs between two atoms with compa-
rable electronegativity. These atoms having unfilled electron shells are held together
by sharing of electron pairs through a common wave function. The bond strength
which is in the range of 2.2-4.4 eV, is determined by bond length and angle between
two adjacent bonds. The fixed angle between the atoms in the covalent bonds is also
responsible for the predictable shape of organic molecules. If the binding between
two atoms is entirely from lone pair electrons of one atom, the coordination bond
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is formed. In this case donor atoms donate a pair of electrons to the acceptors to
form chemical bonds. Coordination bonds can be found between central metal atoms
or ions surrounded by molecules or anionic ligands, which donate electron pairs to
the central metal atom. A configuration called chelation is given when two or more
individual bonds are formed between a polydentate ligand and a metal ion.

Apart from chemical bonding, a cooperative type of molecular attraction, which
plays an important role in maintaining biological structures such as proteins or lipid
bilayers, is based on hydrophobic effect.[42] This effect occurs when non-polar
molecules are present in polar solvents, typically water. Water molecules attract
strongly to one another via hydrogen bonds and thus squeezes out non-polar organic
molecules to exclude them from the polar environment. This mechanism resembles
attraction between the organic molecules apart from van-der-Waals force and 7 — 7w
stacking interaction. The hydrophobic interaction plays an important role in the
case of amphiphilic molecules which consist of both hydrophobic and hydrophilic
parts. Driven by the hydrophobic interaction, amphiphilic molecules are oriented at
an interface regarding the polarity of the solvents. Such self-organization can lead to
a functional structure, for example lipid bilayers that form all cell membranes. On
the other hand, it is possible to obtain an invert membrane with shielded hydrophobic
interior provided a hydrophobic solvent.

1.1.2 Proteins

Proteins are important parts in living organisms since they participate as catalysts,
transporters, etc. [43] in most of the biochemical processes taking place in cells.
Proteins are constituted from amino acid building blocks covalently assembled in a
macromolecular chain. This chain has the unique property to fold into a regular 3D
structure. Fig. 1.1 shows an example of the three-dimensional protein structures.
Twenty different types of amino acids existing in nature, which can be categorized
based on their side-group properties being either neutral, polar, charged, etc. The
properties of amino-acid side groups determine how the amino acids interact with
one another and with the surrounding. The function of a protein directly depends
on its structure and conformation, which result from the complex intramolecular
interactions.

Hydrophobic amino-acid residues, that only bond via van-der-Waals interaction
are packed together at the inside of the globule due to the hydrophobic effect in order
to avoid contact with water. On the other hand, hydrophilic side chains attracted
to one another and to water through hydrogen bonds, are found at the rim. The
third type of amino-acid residues is amphipathic, that is having both polar and non-
polar characters. Therefore, they usually act as an interface between hydrophobic
and hydrophilic molecules.[43]

Four levels structural hierarchy of a protein can be classified.[43] Primary struc-
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Figure 1.1: Three-dimensional structure of human serum albumin|44|, Pro-
tein Data Bank entry 1UOR.

tures relates to the sequences of amino acids which are determined based on genetic
code. The joining of amino acids through peptide bonds yields polypeptide chains.
It is often found that the polypeptide chains can take the form of alpha helices or
beta sheets which have well-defined structures, that are the secondary structures
of proteins. These conformations are the results of hydrogen bonding between N-H
and C=0 groups of different amino-acid residues in polypeptide backbones or main
chains. The folding of two or more secondary structures including other linking ele-
ments into a compact structure through several kinds of weak interactions results in a
tertiary structure. Finally, the association of individual folded polypeptide chains
forms a quaternary structure which represents the functional entity in the cell.

Protein folding, which is the consequence of molecular interactions is a very com-
plex process, that results in the three-dimensional functional protein. The fact that
this process occurs with such precision despite the dominating kinetics, is subject
to the ongoing research.[45] Therefore, a study of chemical bonds and hierarchical
assembly in proteins offers an opportunity to understand how specific conformations
are obtained and thus how they function.

1.1.3 Supramolecular Interactions

Supramolecular chemistry was defined by Jean-Marie Lehn (Nobel prize in chem-
istry 1987) as the chemistry of molecular assemblies and of intermolecular bonds;
van-der-Waals, hydrogen, dipole-dipole interaction—in other words, as chemistry
beyond the molecule.[46, 47| Supramolecular chemistry was originally referred to
as noncovalent interaction between a host and a guest molecule. However, mo-
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dern supramolecular chemistry also evolves towards molecular devices and machines,
molecular recognitions, self-assembly and self-organization which are the basic pro-
cesses in nanochemistry.|[41]

Host-guest interaction has been developed along with the evolution in the field
of supramolecular chemistry. It can be described as the binding of a host to a guest
molecule to form a host-guest complex. The guest molecules are attracted to the
hosts through noncovalent interactions between the binding sites of the hosts and
the guests.|48, 41| The hosts are usually large molecules such as enzymes or cyclic
compounds having a central cavity. The variety of guest species range from atomic
ions to sophisticated molecules like hormones, pheromones, and neurotransmitters.
Donald Cram, who shares the Nobel prize in chemistry with Lehn and Pedersen in
1987, stated that the host-guest relationship involves a complementary stereoelec-
tronic arrangement of binding sites.[49]

Supramolecular and host-guest chemistry is based on the different properties of
the involved chemical bonds. A framework provided by strongly covalently bonded
atoms enables the design of highly specific reactions, catalysts, sensors or molecular
recognition.

The host molecules can be classified by their structures such as Corands, Cryptands,
Spherands, etc. Corands are the first type of host molecules developed by Pedersen.[50]
They can be described as macrocyclic polyether that can be synthesized varying the
number of oxygen atoms in the ring. This group of molecules are named crown ether
with dibenzo-18-crown-6 being the first type discovered. Crown ethers are popu-
lar in complexation chemistry due to the versatility of affinity to numerous guest
species as well as many possible ways of synthesis. Moreover, functionalization can
be performed and derivative compounds can also be created.

Each type of crown ethers has a selectivity for binding specific types of cations.
For example, 15-crown-5 has high affinity for Na™*, 18-crown-6 for K, 21-crown-7 for
Cs™ and 30-crown-10 for two Na™ ions.[41] The ion affinity of crown ethers are usually
higher than linear polyethers due to chelate effect [51] and partial preorganization
(macrocyclic structure) [49].

1.1.4 Surface Modification by Molecules

Modification of solid surfaces by functional molecules provides an opportunity to
create tailored nanomaterials for specific novel applications. In combination with
advanced surface characterization techniques, chemical bonding and interactions of
molecules occurring at the surface can be studied and applied to yield the desired
structure. Apart from understanding the chemical processes, the surface investigation
allows to discover new properties and functions of materials, which can be useful for
the design and fabrication of a more sophisticated molecular systems on the surfaces.

Organic molecules are widely used as building blocks for the molecular assembly
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due to their variety of functions, flexibility and controllable synthesis. One of the
special focus is on biomolecules such as amino acids [52] and peptides [53, 54| which
in most cases have the ability to form hydrogen bonds in specific directions. Such
mechanisms are the basis for folding of proteins into particular structures responsible
for their corresponding functions.

The folding of proteins in nature relies on several factors including the fluid envi-
ronment. In the nontypical environment on solid surfaces the protein’s conformation
and function could be different. Several studies have been performed to characterize
the immobilized proteins on surfaces prepared at solution interfaces.[55, 56, 57, 58, 59|
The conformation, orientation as well as chemical properties of the adsorbed proteins
are characterized by several approaches. Among those, electrochemical STM (EC-
STM) is often employed to study the electron transfer properties of proteins, which,
in many cases, indicates the retaining of their functions.|[60, 61| The vacuum prepara-
tion of a protein coated surface, which allows advanced in situ analysis has not been
shown by any methods other than ES-IBD (see chapter 6).

Apart from the adsorption and assembly of one molecular type at surfaces, coad-
sorption between two different substances can be performed to achieve a higher level
of complexity. An important example is the formation of host-guest complexes. The
well-known metal-Porphyrin and -Phthalocyanine complexes has been widely inves-
tigated in liquid and vacuum, showing a great variety of functions and organization
of a network through self-assembly.|62, 63, 64, 65|

While at the solid-liquid interface the electrochemical properties of the surface-
electrolyte-adsorbant-system plays the key role in the adsorption process, in vacuum
the adsorption of molecules on surfaces is determined by binding energies, molecular
flux, surface properties, and temperature. The binding energy between the molecules
and the surface as well as the temperature determine the diffusion of the molecules
on the surface. Based on the binding energy, the adsorption can be categorized into
physisorption (no chemical change in the molecules) and chemisorption (with chemical
change in the molecules). Physisorption occurs through weak binding caused by van-
der-Waals- or dipole-dipole interactions between the molecules and the surface at a
separation distance larger than 0.3 nm. On the other hand, chemisorption which is
a strong binding results from covalent or ionic bonds at a shorter distance from the
surface.|[52]

In the physisorption regime, important processes involved in the construction of
well-defined nanostructures can occur. Self-organization and self-assembly processes
depend on the ratio between the flux of the molecules that is supplied and the dif-
fusion on the surface. When a high flux of molecules is supplied and the diffusion
is low, the competitive diffusion and molecular interactions lead to a self-organized
nanostructure.[66] In contrast, a low flux of molecules combined with high diffusion
on the surface leads to self-assembly, in which the system reaches thermodynamic
equilibrium. The mechanism which controls self-assembly based on the interplay be-
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tween the interactions among the molecules and the interactions between molecules
and the surface.[67]

1.2 Electrospray Ionization (ESI)

Mechanisms involved in a liquid emerging from the end of a tip in an electric field
have been studied since 1914.[68] Followed by some development [69, 70|, a process
named "electrospray" was proposed by Dole in 1968.[71] The early research narrowly
focused on specific types of polymers and only in mass spectrometric aspects. The
development of the technique into a new eminent tool for biochemical application
was first introduced by Yamashita and Fenn in 1984 [72] as Electrospray Ionization
(ESI).

In general ESI allows a large variety of nonvolatile molecules from aqueous solu-
tions to be transferred intact into gas phase ions. Those can be positive or negative,
single or multiple charged. The ionization methods which had existed before, such as
fast atom bombardment and plasma desorption make use of highly localized energetic
processes of short duration to ionize molecular substances into the gas phase. These
mechanisms could only applied very limited to molecules since fragmentation occurs
frequently.

The common application of ESI is in mass spectrometry, in which nonvolatile
molecules in solutions are transferred into gas-phase ions at the interface to the mass
spectrometer.|73] In this work, ESI is employed as the source to produce gas-phase
molecular ions to form an intense continuous beam for vacuum deposition since it can
be applied to a large variety of molecules and particles including fragile biological
substances such as proteins. In the following the basics of ESI are reviewed with
respect to the implications for mass spectrometry and deposition.

1.2.1 Creation of Charged Droplets from Solutions

The first step in the ESI mechanism is the creation of charged droplets.|73] Fig.
1.2a displays an overview scheme of the positive-mode orthogonal ESI setup. The
negative-mode ESI can be obtained in the same way by reversing the polarity of
the power supply. At ml/hr speed a solution containing molecules is pumped in the
electrospray needle which has a tip with a small orifice (1-100 pum). The needle and
the counter electrode are connected to a high voltage power supply. To create an
electrospray a high voltage is applied between the needle and the counter electrode.
Since the tip of the needle is very thin, a very high electric field at the end of the tip
is generated. This electric field penetrates the solution (typically contains molecules
in polar solvent) through the tip of the needle. The solution is polarized and posi-
tive and negative electrolyte ions are created. The positive electrolyte ions move in
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the direction towards the counter electrode while the negative electrolyte ions move
towards the needle, which is connected to the positive output of the power supply.
The movement of positive and negative ions in liquid in the opposite directions under
an influence of electric field is based on electrophoretic mechanism.[74] The accumu-
lation of the positive ions at the tip leads to mutual charge repulsion. At the same
time the positive charge carriers are attracted by the counter electrode. When these
forces overcome the surface tension of the liquid, its surface expands and form a cone
called Taylor cone [75] at the end of the needle tip. At a sufficiently high electric
field, a fine jet is released from the cone apex and subsequently breaks up into small
charged droplets due to Rayleigh instability (Fig. 1.2b).[76]
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Figure 1.2: (a) a scheme of positive-mode orthogonal ESI setup, (b) a Taylor
cone and jet which breaks into small charged droplets

1.2.2 Solvent Evaporation and Production of Gas-Phase Ions

After the creation of small charged droplets, the solvent contained in the droplets
evaporates, resulting in the reduction in droplet size while the number of excess
charges in a droplet remains constant.|73| This induces an increase of the electrostatic
repulsion between equal charges accumulated at the surface of the droplet. The
repulsive force increases as the droplet shrinks to radius R and charge q.

qRy = 87T(€0’)/R3)1/2 (11)
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Equation 1.1 is Rayleigh stability condition [77] for a droplet of radius R and
charge qr,, which is satisfied when the electrostatic repulsion is equal to the force
due to surface tension . The charge q increases with decreasing radius R and the
droplet becomes unstable. In ESI; coulomb fission [78| of charged droplets occurs
near this limit resulting in a plume of smaller droplets with lower amount of charges.
As this represents an iterative process, at last it results in molecular ions.

Two mechanisms were proposed for the generation of gas-phase ions from small
charged droplets. The first mechanism was proposed by Dole et al. |71], the so called
charge residue model. This model explains the situation when the electrospray
solution is highly diluted. The production of gas-phase ions proceeds through the
creation of very small droplets by coulomb fission containing only one molecular ion
in the droplet. The gas-phase ions are obtained when the entire solvent in such
droplets evaporates.

The second mechanism called Ion Evaporation was proposed by Iribarne and
Thomson [79, 80]. According to this model, at a certain point during solvent evapo-
ration of the charged droplets, the ions can be emitted from highly charged droplets
as independent desolvated gas-phase ions. This process occurs when the radius of
the charge droplet is equal to 10 nm or below. At this critical point, the ion emission
dominates coulomb fission, thus the production of gas-phase ions begins.

1.2.3 Atmospheric Interface

The ions produced by ESI in an atmospheric environment have to be transferred into
vacuum to be used for mass spectrometry or deposition. The transfer and formation
of an ion beam from the ion cloud generated by ESI will be briefly explained in this
section.[81, 82, 73|

Fig. 1.3a shows a scheme of the phenomena occurring at the atmospheric-vacuum
interface. Gas-phase ions created at atmospheric pressure enter a vacuum vessel
through an aperture along with the background gas (N2). Tons and gas are expanded
and accelerated into the vacuum side due to a large pressure gap between two sides
of the aperture. In the region close to the aperture, the mixture of ions and gas
moves with speed around the sound velocity. Since the pressures are typically above
10~ mbar, the gas molecules still interact. Thus far from the aperture, gas molecules
move randomly and are eventually pumped. In between these two regions, ions and
gas molecules undergo extensive collisions within an area confined to the shock wave.
The collisions leads to scattering of the beams of ions and gas. In the silent zone
enclosed by the Mach disk, the expansion of ions and gas molecules result in rapid
cooling. Here, ions and gas move at equal speed in the same direction.

Nozzle-skimmers combinations are conventional ion optical elements which have
been used to collect collimated ion beams from the silent zone. However, the drawback
of this method is the high loss of current due to the fact that relatively small solid
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Figure 1.3: (a) gas expansion into vacuum through a small aperture (b) a
scheme of an ion funnel at the vacuum interface

angle can be transmitted and thus most of the ions are blocked by the skimmer.
To solve this problem, an ion optical tool, the so called ion funnel, has been deve-
loped. These devices achieve ion currents of one order of magnitude higher than the
conventional skimmer interface for the same experimental conditions.[83] A scheme
of an ion funnel with interfaces to both atmospheric and low pressure is shown in
Fig. 1.3b. The ion funnel consists of a series of ring electrodes with subsequently
decreasing internal diameters. Radio frequency- and dc-voltages are applied to each
electrode in such a way to create an effective potential that confines the ions from
the expansion to the central axis.[83] As a result an effective transmission of the ions
to the low vacuum side can be achieved over a wide m/z range. A home-built ion
funnel is employed in our IBD setup to increase the current yield.

In summary, molecules in solutions are ionized into gas phase by ESI. A capillary, a
nozzle-skimmer combination or an ion funnel can be used at the interface to transmit
the ions from atmospheric pressure to vacuum. Ton beams are formed in vacuum and
can be used for mass spectrometry or depositions.

1.3 Soft Landing and Collisional-Induced Dissocia-
tion

The result of the deposition of particle beams on surfaces can be influenced by several

parameters, such as the properties of particle and surface, exposure time, or incidence

angle.[84] For molecular ion beam one crucial parameter is the kinetic energy of
the ion, since it does not only exceed those of conventional thermal beams from
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evaporation sources by several orders in magnitude, it is, moreover, a free parameter,
which can be used to influence the result. In this section, the effect of collision
energy on molecular ion beam deposition at surfaces will be in focus since it has a
significant influence on the IBD process, particularly the binding probability between
the molecules and the surface as well as the fragmentation by ion-surface collision.
Fig. 1.4 shows ranges of energy classified by different kinds of collision phenomena
into thermal (0.1-1 eV), hyperthermal (1 — 102 eV), low energy (102 — 10° eV) and
high energy (10° — 10® eV) ranges.
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Figure 1.4: energy range of ion-surface collision

The lowest energy range associated with meV up to several eV collision energy
is thermal range. In this range, the main processes occurring at the surface are
physisorption or chemisorption of the molecules which are well-studied with neutral
molecular beam from evaporation sources.

The high and low energy range of keV up to MeV is usually applied for chemical
analysis of materials on surfaces and material modification. In ion beam analysis,
the ion flux is usually minimized in order to avoid destruction of materials from the
intense collisions. Analytical methods in this energy range are Secondary Ion Mass
Spectrometry (SIMS) and Rutherford Backscattering (RBS). In SIMS, the secondary
ions ejected from the sputtered surface are detected while in RBS, the detection
of back-scattered primary ions is performed. For material modification, sputtering
and ion implantation are typical techniques applied in these energy ranges. These
methods are widely employed in semiconductor device fabrications for doping, thin-
film deposition, or dry-etching.[85, 86, 87|

Relevant to molecular ion beam deposition is the hyperthermal collision energy
range of 1-100 eV (see Fig. 1.4). Here inelastic scattering, adsorption, chemical
reaction and modification may occur. The collision energy is equivalent to or higher
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than typical energies of chemical bonds thus collisions can induce bond cleavage in
which broken bonds are present together with the possibility to form new bonds.
For this reason, ion-surface collisions at hyperthermal energies are a highly complex
phenomenon, interesting for research in surface science. A large variety of chemical
processes occurs at hyperthermal energies. Surface modification by means of IBD,
particularly soft landing of molecular ions, reactive landing which induces chemical
modification of the surface as well as collisional-induced dissociation (CID) at surface
also belong to this energy scale. While the dissociation of several molecules can be
induced by CID, some species such as fullerene (Cgy) could not be fragmented by
collision with surfaces, even at the energy above 250 eV. [88, 89, 90|

Several works study chemical interactions at hyperthermal energies.[91, 92, 93]
These include soft landing, reactive landing and CID. Soft landing was first proposed
in 1977 [94] as a surface modification method by deposition of intact molecular ions.
In some cases, charge state retention is also included in the definition.[91]

An application of soft landing was reported in 1997.|95] Polyatomic ions were
successfully soft landed onto fluorinated self-assembled surface (F-SAM) at collision
energy of 5 eV. The suggested reasons supporting soft landing process were steric
hindrance in the polyatomic ions combined with the inert nature of the ordered
matrix formed by fluorinated alkylthiolate chains. As well large biomolecules such as
proteins were found to survive soft landing onto gold substrate.|96] A protein mixture
was mass-selected for particular charge states of each type of proteins and soft landed
onto different spots on the surface as a microarray. The deposited materials on each
spot was rinsed and the corresponding mass spectra match the original types of
proteins. In addition to biomolecules, ordered crystalline structures on surfaces were
obtained by soft landing of synthetic nanographene molecules.[97] The nanographene
was embedded in a matrix and desorbed into gas phase ions by solvent-free MALDI.
Recently soft landing of reactive organometallic complexes onto an inert F-SAM was
found to create chemical reactions at the interface leading to a chemically modified
surface.[98] In our work, soft landing of organic dyes [99] (chapter 3), amphiphilic
molecules (chapter 4), macrocycle host-guest complexes [37] (chapter 5) and proteins
(chapter 6) are demonstrated.

Another type of ion-surface interaction which can be employed to study chemi-
cal reactions at surfaces is reactive landing (RL). Self-assembled monolayers (SAMs)
are one important example where interactions between ions approaching the surface
and atoms on the top-most layer have been studied in the framework of reactive
landing.[100] Providing suitable collision energies, covalent bonds can be formed be-
tween the atoms in the functional groups of the SAM and the projectile ions creating
a novel monolayer surface which is difficult to achieve otherwise.[101] Interactions of
peptides with SAMs has been investigated by Laskin et al.[93] Lysine-containing pep-
tides were found to form covalent bonds with SAM on gold surface through RL.[102]
The optimal efficiency for RL was achieved when the collision energy is 40 eV. High
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collision energies lead to efficiency reduction since the scattering of ions away from
the surface competes with RL. Functional groups of SAMs also play a significant
role in the reactions. This was found to have a greater influence on the secondary
structures of soft-landed peptide ions than their kinetic energy, charge and initial
conformation.[103]

Collisional-induced dissociation (CID) results from conversion of translational to
internal energy during ion collisions at the surface. The first model of CID mechanism
[104] involved two-step processes; excitation at surface and dissociation of inelastic
scattered ions at some distance from the surface. This model is consistent with most
of the experiments of polyatomic ions, but does not fully cover the CID processes of
some other molecular systems. More extended explanations were later reported and
can describe more types of experiments.[105, 106, 107] These include a three-step
model and the evidence for dissociation both at the surface and in the gas-phase.

CID has been extensively studied, in particular as an alternative source of mole-
cular fragments for mass spectrometry. Collisions of atomic and molecular ions with
Langmuir-Blodgett (L-B) films induce chemical reaction or CID at surfaces.[108] En-
ergy as well as electron transfer during collisions are determined by the outermost
functional groups (C'F3 vs C'Hs) of the L-B films. Dissociation of protein tetramers
and pentamers through CID on the F-SAM surface [109] was also reported from the
same group. The result yields monomers of proteins with equally-divided charges.
These identical monomers could not be observed as the products from CID in the
gas phase of the same initial proteins. Another example for the application of CID is
the use as a probe for stability of complex formation between vancomycin and cell-
wall analogue peptides.[110] Charge states of vancomycin were found to significantly
influence the binding energy between the host and the guest molecules.

Collision energy is an important factor determining the interactions between the
ions and the surfaces. The collision energies for IBD belong to the hyperthermal range
which includes soft landing, reactive landing and CID. In chapter 3, the characteri-
zation of soft landing and CID processes upon IBD is presented. The depositions of
molecular ions shown in chapter 4, 5 and 6 are based on soft landing to preserve the
integrity of the molecules.
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Chapter 2

Materials and Methods

This chapter provides a detailed description of the experimental setup as well as the
methods and procedures used throughout this work. In the first part, the electro-
spray ion beam deposition (ES-IBD) apparatus is presented. The entire process of
surface coating, starting from preparation of electrospray solutions to the deposition
of molecules on surfaces is explained in detail. Sample preparation as well as mea-
surement procedures are explained. The analytical methods employed for structural
and chemical characterization of the modified surfaces, including AFM, STM and
MALDI are described thereafter.
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Figure 2.1: Scheme overview of the experimental setup for ES-IBD in com-
bination with in situ STM (top view)

Fig. 2.1 shows a scheme of the experimental setup. The source is connected
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to a UHV-STM via the UHV deposition chamber. The STM part consists of two
main UHV chambers: preparation- and STM chamber. Manipulators and mechanical
hands allow the samples to be transferred between these three parts such that the
sample never has to leave UHV. A loadlock is connected to the preparation chamber
in order to transfer samples and STM tips from outside. Gate valves are installed to
isolate adjacent chambers. In the preparation chamber a sample stage, mounted on a
manipulator, is used to transfer the tips and samples to the STM chamber as well as
exchange samples with the deposition chamber. Single crystalline metal surfaces are
cleaned on the sample stage in this chamber before being transferred to the deposition
chamber for IBD. The ESI-source also contains a manipulator, that is used to hold
the sample during deposition and to transfer it to the preparation chamber.

2.1 The Electrospray Ion Beam Deposition Source

The ES-IBD setup is employed for the deposition of nonvolatile molecular ions on
surfaces in vacuum. Fig. 2.2 displays an outline of the machine showing all main
components. The functions and characteristics of these components are described in
detail in the following sections.

To transform nonvolatile molecules into intact gas phase ions, a nondestructive
ionization process, namely electrospray ionization (ESI) is applied.[111] In general this
technique is suitable for soluble molecules with a few exceptions, such as nonpolar or
organic compounds without functional groups. Apart from the atmospheric interface,
the IBD setup consists of six differentially pumped inter-connected vacuum chambers
separated by apertures of 2 mm diameter intended to let the beam pass (Fig. 2.2).
The first vacuum chamber (0.1 mbar) is evacuated by a roots pump (Balzers Pfeiffer
WEKP500A) which is capable of running at a high gas load. The other five chambers
(1072—107'% mbar) are pumped through turbo molecular pumps. Because EST occurs
at atmospheric pressure, differential pumping is needed to attain UHV conditions in
the last chamber where the deposition takes place. When the setup is idle, a gate
valve between the 3rd and 4th chambers is closed and all the pumps upstream of the
gate valve can be switched off. This is done to reduce noise due to ambient sound
during STM measurement or for maintenance purpose. The turbopumps in the last
three chambers behind the gate valve are always running in order to maintain UHV
condition. As indicated in Fig. 2.2, with differential pumping it is possible to bridge
the gap of 13 orders in magnitude between ambient pressure (1000 mbar) and UHV
(107'° mbar).

After the ions are generated and form a beam. It is collimated, focused and guided
through the vacuum chambers by ion optical elements; including an ion funnel, rf-
quadrupoles and electrostatic lenses. In order to achieve a controlled deposition, the
ion beam composition is characterized by time-of-flight mass spectrometry (ES-TOF)

28



HV sample holder
for ex-situ analysis
max. 8 samples

time-of-flight mass retarding grid detector

spectrometer

positive and negative ions UHV suitcase

acceleration 3kV in-situ transfer
linear, 50 drift ‘\ bakeable connection
spray needle Ny 1
pneumatic / nanospray l
iEARRGIE G UHV sample holder

curtain gas 05 .. 2MHz [:‘;:gz S-L“;I;i:mples
150 °C, N, collimation 9 9 9

|

| .
= E A EIE

I W | A e

capillary ion funnel quadrupole Q2 electrostatic lenses aperture
glass, f. 1 MHz, 0...500 V 05...2MHz -135... 4135V 2 mm orifice
metalized dc: 0...500V mass selection steering plates current monitoring

mbar mbar mbar mbar mbar mbar mbar

Figure 2.2: Electrospray Ion Beam Deposition Setup
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before the deposition is performed. A retarding grid energy detector integrated in
the HV-sample holder is used to determine the beam energy. In this manner, a
mass-selected beam can be focused on the target sample and the deposition can be
performed either at 1077 or 107! mbar (see Fig. 2.2). A UHV suitcase can be
employed to transfer the sample to and from the IBD apparatus without leaving the
UHYV condition. The ion current on the target sample is recorded with respect to the
deposition time to estimate the amount of particles deposited on the surface.

2.1.1 Electrospray Ionization Source

Two types of electrospray sources are utilized in our ES-IBD setup. The first type
is a pneumatically assisted electrospray, which is shown in Fig. 2.3a. The second
type (Fig. 2.3b) is called nanospray since it utilizes spray needles of much smaller
diameter and thus consumes only very little amount of solution. The needle is placed
orthogonally in the pneumatically assisted source and horizontally in the nanospray
source. A capillary is used in both cases to let the ions pass into the vacuum chamber.
Hot curtain gas is applied against the direction of ion flow to dry off the solvents.
Additionally, for pneumatically assisted source an entrance plate is placed before the
capillary to direct the droplet/ion stream towards the capillary entrance.

In both sources a solution containing molecules to be ionized is fed through a
spray needle. In the pneumatically assisted ESI source N, gas at room temperature
flows through a concentric outer cylinder to assist the nebulizing process. The needle
assembly is purchased from Agilent Technologies (Weinheim, Germany). A high
voltage of 4-4.3 kV is applied to the entrance plate and the capillary, which creates
the electrospray moving towards the capillary. A hot curtain gas (N;) heated to the
temperatures between 80-200 °C, flows through the channel along the side of the
capillary and in the direction opposite to the ionized droplet motion. In combination
with the orthogonal configuration, this scheme ensures the effective drying of the
solvent in the charged droplets. As a result, a stable flux of gas phase ions enters into
the first vacuum chamber through the capillary.

In the nanospray source, the spray needle is either a metal capillary of 50 um
diameter or a small metalized glass needle (Proxeon Biosystem, Odense, Denmark).
In operation both are oriented in-line with the capillary. To generate the electrospray,
the needle is moved close to the capillary entrance at a distance of a few millimeters.
A voltage of about -750 V is applied to the capillary entrance. Since the initial
droplets are very small ; a nebulizer gas is not needed for the nanospray source.
Charged droplets are created and dried by hot curtain gas in the same way as for the
orthogonal spray setup. The created gas phase ions pass through the capillary. Since
a very small amount (2-10 ul) of solution can be loaded to the off-line nanospray
needle at a time, the spray only lasts for 5-30 minutes. In continuous operation, as
required for IBD, refilling would often be needed during the operation. Moreover, due
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to the small amount of solvent, it is more likely to have contamination as compared
to the pneumatically assisted spray source for which a large volume (usually up to
20 ml) of solution can be provided without interrupting the spray process.

ES-solution

|

Ny — — ;
c%':gglg;"s curtain gas
l nanospray (15300)
needle
ES-needle - ] ,—] \ ,—I

N /

entrance / . capillary

plate (-4 k\) f-jpel,"% (-750 V)
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Figure 2.3: Electrospray Ionization Source (a) Pneumatically assisted spray
source, (b) Nanospray source

Consequently, the nanospray source is preferably used for mass spectrometry ex-
periments. Only very small amounts of material is needed to create an ion beam,
which is needed for a few minutes to complete a measurement. For deposition ex-
periments, however, a stable current is needed for the whole duration of deposition,
which can last up to several hours. The nanospray setup with the small glass needle
is not suitable for such purpose since the needle can be clogged easily from the ac-
cumulation of the solid materials at the apex. Due to the missing nebulizer gas, the
produced current is less stable compared to the orthogonal setup and might contain
small droplets. Therefore, for depositions the pneumatically assisted spray source is
better suited.

Electrospray solutions are prepared by dissolving the substances in appropriate
solvents, which need to be polar, and moderately volatile. Typical solvents are water,
methanol (MeOH), ethanol (EtOH) and acetonitrile (MeCN) and mixtures of those.
In some cases in which the substance cannot be dissolved in one of the typical solvents,
diethylether, dichlormethane (DCM), tricholormethane, acetone or tetrahydrofurane
(THF) are used. These uncommon solvents usually cause a less stable spray and
lower current due to their low polarity or high volatility.

For positive-mode ESI, a small amount of acid is often added to the solution in
order to increase the concentration of H* and thus the current. In general, 0.1-1.0
% vol formic acid (HCOOH) is added. In some cases the presence of acid or other
ions can change the chemical state of the substances causing them to be ionized in

31



an unusual way. For example, in protein solutions, denaturing can occur at low pH
value. Also in the solutions of crown ethers, Na™ and Cs" are added as charge
carriers to explore the host-guest interactions. For mass spectrometry experiments,
the concentration of the prepared solution is about 1 umol /ml while up to two order of
magnitude higher concentration is required for deposition experiments. 1072 — 1071
mmol/ml are the typical values that represent a good compromise between high
current and limited contamination of the source.

2.1.2 Ion Funnel

In order to achieve high currents for deposition, a nozzle-skimmer is replaced by an
ion funnel to collimate and guide the ion beam through the first vacuum chamber
after the supersonic expansion at the capillary exit. Fig. 2.4a shows a model of
the ion funnel as cross section along the axis. The device consists of a series of
ring electrodes which have decreasing internal diameters at the downstream side
resembling an actual funnel. The first electrode has the inner diameters of 30 mm
after a cylindrical part. The inner diameters of the following electrodes decrease
linearly towards the exit. The last electrode has an inner diameter of 2.5 mm. Rf-
and dc-voltages are co-applied to these electrodes through a resistor-capacitor-circuit.
The ions are trapped radially by the rf-field and accelerated through the funnel by
the superimposed dc-voltages to create a funneling effect in the narrow part. The
effective potential barriers resulting from the rf-field become more significant as the
inner diameter of the electrode become smaller. The height of the effective potential
barrier is also charge-state and mass dependent.[112] Additionally, collisional damping
of the ions by interaction with buffer gas is crucial to make sure that the ions do not
gain too much energy from the rf-filed.

Fig. 2.4b shows simulated trajectories of particles with different m/z through
the ion funnel at 0.1 mbar with an rf-amplitude of 200 V and a dec-voltage of 50 V.
The effect of collisions between particles and buffer gas on the ion trajectory and
transmission can be clearly seen for low m/z particles (10 Th). Moreover, those
light particles are trapped by the rf-potential at the narrow end which leads to a
low transmission in this mass range. The particles of 1000 Th can be transmitted
efficiently through the funnel while the trajectory of higher m/z particles (10000 Th)
diverges due to the high initial kinetic energy gained in the supersonic expansion,
which enables heavy ion to get beyond the effective potential barrier. This beam
divergence makes the heavy particles hit the electrodes of ion funnels and leads to
low transmission for very high m/z. Since ESI typically supplies ions in the m/z
range up to 5000 Th, by replacing a skimmer with an ion funnel, the obtained current
increases by one order of magnitude.
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Figure 2.4: Ton Funnel (a) a model of an ion funnel cut through the axis (b) simu-
lated trajectories of different m/z particles through the ion funnel at 0.1 mbar with
an rf-amplitude of 200 V and a dc-voltage of 50 V

2.1.3 Quadrupole Ion Guides

Two quadrupoles with an identical geometry are used in the IBD setup. Both of the
quadrupoles have 10 cm length and the radius of each rod is 3 mm. The four rods
are assembled in the way that the radius of the cavity is 2.5 mm. The operating
frequencies can be chosen between 0.5, 1 and 2 MHz. RF-voltages between 0 V and
600 V can be applied.

Due to the high operating pressure (1072 mbar) quadrupole Q1 is usually operated
at the voltage below 200 V. At high rf-voltages the metallization of the insulating
components can occur due to gas discharge creating a shortcut between quadrupole
rods. Q1 is used for the beam collimation and as an ion guide. The ions exiting the
funnel are trapped in the radial rf-field and thermalized by the collisions with buffer
gas. Equivalent to the ion funnel, the collisional damping supports the trapping,
so that no high fields are needed. A difference in dc-potential at the exit aperture
between Q1 and Q2 extracts the thermalized ions into the next chamber (10™° mbar).
At this pressure no collisions with buffer gas occur. Therefore, the kinetic energy of
the ions is defined at this stage and the absolute dc-voltage at this aperture can be
used to control the kinetic energy of the ions.

Quadrupole Q2 is used as an ion guide and for mass selection. It is operated at
the pressure of about 10~° mbar. Mass selection can be done by applying differential
dc-voltages between the two pairs of quadrupole rods.
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Figure 2.5: Ion optical assemblies consist of electrostatic lenses, steering plates
and apertures.

2.1.4 Electrostatic Lenses

Ion beams are focused and guided throughout the whole high vacuum part of the ap-
paratus by ion optical assemblies, which are composed of electrostatic lenses, steering
plates and apertures. Each lens consists of three concentric ring electrodes of 10 mm
diameter while a 4-fold segmented ring constituting a set of steering plates, which
can be used to control the beam directions. Between two lens systems there is an
aperture of 2 mm diameter, which separates two successive pumping stages. The lens
upstream of the aperture is used to focus the ions through the hole into the next
chamber, the lens downstream is used to restore the beam collimation. Voltages can
be applied to the lens to focus the ion beam at a certain desired local distance, while
steering plates can move this point within the focal plane. Like this, the points of
interest, such as the sample surface, the extraction volume of the mass spectrometer
or an aperture can be targeted precisely. Applying a proper set of voltages to the
steering plates and lenses is aided by software control of a multitude of voltage chan-
nels. To choose the right voltages, the beam is steered around the central axis by the
steering plates while recording the current on an electrode area comprising the spot
where the beam should be directed to (see chapter 3, Fig. 3.1c). This process leads
to a current image of the area where the desired target point can be visualized. The
voltages applied to the steering plates can then be chosen in a way that the beam is
directed to the target point.

34



2.1.5 Time-of-Flight Mass Spectrometry

The linear time-of-flight mass spectrometer (TOF) is employed for chemical charac-
terization of an ion beam before the deposition. Ions are accelerated through the
TOF by an electric field and arrive at the detector at different time depending on
their m/z. The TOF is placed in the 4th chamber where the pressure is 1077 mbar.
It is mounted onto a vertical manipulator so that it can be moved into the beam axis
for mass spectrometry and out of the beam when the depositions are performed. Fig.
2.6 displays a model of the TOF and the corresponding potential landscape when it is
operated at positive (black voltages) or negative (blue voltages) mode, respectively.
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Figure 2.6: TOF Mass Spectrometer, a model of the TOF and its components
including the potential landscape for the positive (black) and negative (blue) ion
modes

The beam enters the TOF through an entrance aperture and fills the extraction
region between the push-plate and a grounded grid. Push- and pull-plates are pulsed
in order to extract the ions from the extraction into the acceleration region which
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consists of six frame plates of rectangular shape. To accelerate the ions, increasing
time-independent voltages are applied to the frame-shaped plates from plate 1 to plate
6. These voltages are negative for positive ions and reversed for negative ions. After
acceleration, the ions enter the field-free drift region inside a drift tube and fly to the
detector which is mounted on top. The voltage of -3 kV (positive mode) or +3 kV
(negative mode) is applied to plate 6, the drift tube and the detector, which is either
operated versus ground potential (positive mode) or +6 kV (negative mode). When an
ion reaches the detector, a current pulse is produced by the amplification of secondary
electrons created upon each impact event. In an external preamplifier the current
pulse is further amplified, discriminated and the resulting signal is converted into
TTL pulses, which are recorded digitally by a time-to-digital card in a PC with 1 ns
resolution. A histogram of counts with respect to flight time of the ions represents
the TOF-spectrum which can be converted to a mass spectrum through a calibration.

Calibration is performed in order to convert the obtained data which are recorded
as a function of flight time into mass spectra which is a function of mass-to-charge-
ratio (m/z). The substances used for calibration are chosen based on the ability of
peak identification to deliver the need fix-points. Typically salts are used since their
mass spectra contain a manifold of well-separated peaks which can be easily iden-
tified. The ion beams obtained from salt solutions consist of mostly singly charged
clusters which are produced from drying droplets containing salt ions.[113, 114] An-
other important characteristic of the calibration spectra is that they should span the
whole m/z range of interest in order to achieve a precise calibration for the full range.
Csl and SDS (see chapter 4) are commonly used in our experiments as calibration
substances.|115, 36|

2.1.6 Sample Holders

Sample holders for deposition are in the TOF chamber at 10~7 mbar or in the UHV
chamber at 107!° mbar. The samples are placed in the sample holders behind an
aperture of 4 mm diameter. The sample holder in the TOF chamber (HV sample
holder) serves multiple purposes. Fig. 2.7a displays a scheme of this type of sample
holders.

Apart from accommodating the sample, it can also be employed to characterize
the beam energy by creating potential barrier to energetically filter the incoming
beam. The energy detector integrated in the sample holder consists of a shield grid,
a sweep grid, plate 1 and plate 2. The two grids (0.5 mm pitch, 50 pm tungsten
wires) are used to create a linear potential slope with low disturbance to minimize
the error in energy measurement to 0.1 eV per charge.[115] The voltage applied to
the sweeping grid is swept from 0 to 40 V while the current on the most inner plate
(plate 2) is recorded. The absolute value of the first derivative of the current as a
function of the grid voltage corresponds to the kinetic energy distribution of the ion
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beam. Fig. 2.7b displays a measured current as a function of grid voltage and the
derived beam energy distribution.
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Figure 2.7: (a) HV sample holder scheme (b) data from beam energy mea-
surement: currents on the detector (upper panel) and their absolute values of the
first derivative (beam energy distribution, lower panel) as a function of grid voltage

The cover plate and the sample are separately connected to electrometers (Keith-
ley 617) (Fig. 2.7a) for individual current monitoring. A voltage can be applied to
the sample at the time of the current measurement to adjust the incidence energy
upon deposition. Two types of HV sample holders are used for depositions at 10~°
mbar: a single sample and a 6-fold sample holders. The difference between these two
types is only the number of samples that can be placed on the holders. The advan-
tage of the 6-fold sample holder is that six deposition experiments can be performed
without having to transfer the samples in and out of the loadlock for each deposition.
Moreover, this design also supports the reproducibility and increases the throughput
of the experiments. While a deposition is performed on one target sample, a voltage
is applied to five other samples to repel the beam so that the samples left unaffected
(see chapter 3, Fig. 3.1).

Based on the same principle as the HV-sample holder, the UHV sample holder is
designed for accommodating the crystal samples prepared in UHV and intended for
in situ STM characterization. For deposition, the cleaned sample is transferred from
the preparation chamber to the UHV deposition chamber by the sample holder which
is mounted on a manipulator (see Fig. 2.1). The sample can be cooled and heated
on the UHV sample holder within a range of 100-1000 K. The heating is performed
using an electron beam heating stage. A thermocouple is integrated for temperature

37



measurements.

2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is employed for surface characterization after ion
beam deposition at high vacuum or after liquid deposition of reference samples. It is a
scanning probe technique for visualizing surface topography at nanometer resolution.
AFM imaging is based on the force between a sharp tip and the surface. This force is
kept at a constant level by a feedback mechanism. A topographic image is recorded
by lateral rastering the tip across the surface while recording the tip height.|[12]

Through out this work a commercial AFM (Nanoscope IV, Digital Instruments,
Vecco) equipped with etched silicon tips is used. Tt is operated at ambient condition
only in intermittent contact mode (tapping mode). In this mode the cantilever holding
the tip is driven to oscillate up and down by a piezoelectric actuator close to its
resonance frequency. The interaction between the tip and the surface induces a
change in resonance frequency and thus in oscillation amplitude. In tapping-mode
AFM images can be obtained by recording the height between tip and surface—the
actual topography—but also the oscillation amplitude and the phase. The obtained
images are then analyzed using the Nanoscope software and the WsxM software.|116]

A typical resolutions for AFM operated at ambient conditions are 10-100 nm in
the lateral scale and 0.3-0.5 nm in the vertical scale. This characteristic implies that
small isolated objects on a surface can easily be identified even with a low height. On
the other hand, two small objects located near to each other cannot be distinguished.

In this study, samples characterized by AFM were prepared by two methods;
IBD in high vacuum, and liquid deposition at ambient surrounding. For IBD, the
clean samples are loaded onto the sample holder through the loadlock in the high
vacuum chamber where the depositions are performed. After the depositions, the
modified samples are taken out of vacuum and characterized by AFM. For liquid
deposition, samples are immersed in the solution containing the molecules followed
by blow-drying. The dried samples are then characterized by AFM.

2.3 UHYV surface preparation

The single crystals used in this work are Cu(100), Au(111) and Rh(111) purchased
from MaTeck GmbH (Jiilich, Germany). The surfaces are prepared by three repeating
cycles of Art sputtering at 1 kV (15-20 min) followed by annealing for 5-15 min. This
results in a clean surface with extended terrace. The annealing temperature depends
on the type of metal surface; 800 K for Cu(100), 900 K for Au(111) and 1300 K
for Rh(111). Typically a current of approximately 1.8-2.4 A is passed through the
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filament of the ion gun (PSP vacuum technology Ltd.) resulting in a gas discharge
from which a sputtering current of 12-18 A is extracted. This current impinges on
sample surfaces with the area of 38-63 mm?. Annealing is done by electron beam
heating of the samples. In this technique, electric current in the range of 2.0-2.5 A is
passed through a filament beneath the sample causing thermionic electron emission.
A high voltage (400-700 V) is applied between the filament and the sample accele-
rating the electrons onto the sample, where the kinetic energy is converted into heat.
The filament is integrated in the sample holder which can be easily repaired. This
design also provides local heating which leads to a fast sample cleaning process.

In some experiments, layers of atomically well-defined templates are grown on
the single crystalline metal substrates, in particular the boron nitride nanomesh on
Rh(111) (BN) [117, 118|. To prepare such surface, borazine is fed into the preparation
chamber through a leak valve while a cleaned Rh(111) crystal is heated to 1100 K.
The pressure in the chamber is kept at 1 x 107% mbar for an adsorption time of one
minute. The resulting template is used in this work for the deposition of proteins
(see chapter 6).

Apart from surface preparation, deposition of volatile molecules by thermal subli-
mation can also be performed in the preparation chamber. For this purpose, organic
molecular beam epitaxy (OMBE) source is installed. The source contains a crucible,
which is heated by a filament, and a thermocouple to monitor the temperature. The
whole source is connected to a bypass vacuum system and thus can be retracted and
isolated from the main chamber for refilling of molecules or during degassing. In
this thesis OMBE was used as a reference only for the crown-ether experiment (see
chapter 5) together with an additionally installed cesium atom dispenser.

The pressure in the preparation chamber is kept in the low 107!° mbar range by a
turbo pump (Leybold, 360 1/sec). The turbo pump can be isolated from the system
by a plate valve and turned off to avoid vibration noise during an STM measurement.
To maintain the pressure an ion getter pump (Meca 2000, 400 1/sec) can be operated
when the turbo pump is switched off.

For graphite and Si0, surfaces, used for high vacuum deposition and reference
experiments in liquid, the surface preparation is performed at ambient condition. A
clean graphite surface is prepared by stripping of the top-most layer by an adhesive
tape, while Si0, samples are cleaned by sonication in an organic solvent, followed by
rinsing with deionized water and drying in an oven.

2.4 Scanning Tunneling Microscopy
Scanning tunneling microscopy (STM) is employed for in situ surface characterization

after IBD in UHV. It is a scanning probe method like the AFM, but relies on the
distance-dependence of the tunneling current to probe the topography. The tunneling
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current is measured between a sharp metallic tip and a flat conducting surface.|13]
The gap between the tip and the surface must be small enough to allow quantum
tunneling upon applying a voltage difference between the tip and the sample. To
obtain the surface topography, the tip is raster-scanned across the surface in constant
current mode. In this mode, the current is kept constant by regulating the tip-surface
distance by a piezo with a feedback loop. As a result the topography can be extracted
as the height of the piezo/tip. Due to the high sensitivity of the STM measurement,
an atomically flat surface and UHV are required to achieve an atomic resolution.

The STM chamber is separated from the preparation chamber by a soft bellow
and a gate valve. It contains a small ion pump (Varian, 150 1/sec), a sample storage
carousel and the STM. The carousel has 12 places for storing the samples and tip
holders. The commercial variable temperature STM/AFM (Omicron Nanotechnology
GmbH, Taunusstein, Germany) is used for surface characterization at room tempera-
ture and at low temperature. The STM can be cooled by liquid helium through a flow
cryostat down to approximately 40 K. The whole STM chamber is mounted on an
active damping system (TMC STACIS 2100, Technical Manufacturing Corporation,
MA, USA) to reduce noise during the measurement. Chemically-etched tungsten tips
are used for the STM scan. Bias voltages and tunneling currents are varied among
different samples. These parameters are given in the results and discussion part for
measurement in the respective chapter.

2.5 Matrix-Assisted Laser Desorption Ionization

Matrix-Assisted Laser Desorption Ionization (MALDI) was simultaneously developed
by Tanaka [119], Karas and Hillenkamp [120]. The invention resulted in the Nobel
prize in chemistry in 2003.]121] MALDI makes use of the rapid and local heating by
a laser pulse to desorb and ionize nonvolatile molecules from solid or liquid. The
laser fluence determines whether the molecules will be vaporized intact or fragmen-
tation will occur. For this reason, the power of laser can be adjusted depending on
the energy needed for the desorption and ionization process. In general sufficiently
rapid irradiation often leads to successful desorption of intact molecules. However,
one difficulty in Laser Desorption Ionization (LDI) is that the energy transferred to
the irradiated sample is usually inadequate. To solve this problem the use of matri-
ces is implemented to facilitate energy transfer as well as to protect the molecules
from damage. The choice of matrices is based on their ability in light absorption and
charge transfer.[122] Good matrices in general are mildly acidic with carboxylic or
phenolic functional groups as well as conjugated and/or aromatic character which
provide chromophoric properties.[123] For UV-laser aryl-based acid is often used
while succinic acid, glycerol and urea are the common matrices for macromolecules
desorbed by IR-laser. Other examples of typical matrices are Sinapinic acid (SA),
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2,5-dihydroxybenzoic acid (DHB), 2’,4’,-Dihydroxyacetophenone (DHAP) and Fer-
ulic acid (FA). In the preparation of matrix solutions acetic or trifluoroacetic acid is
often added to promote ionization process, except for proteins in which denaturing
can occur through a change of pH.

In our experiments MALDI-TOF (Bruker Reflex IV, Bruker Daltonik GmbH,
Bremen, Germany) is employed to detect the deposited materials on surfaces ex situ
to confirm the chemical integrity after IBD. The mass spectrometer is operated in
positive-ion mode with the laser power adjusted to 10-40 % of the full scale. In the
forth pumping stage of the IBD source at 10~7 mbar, ion beams are deposited on Si
samples (7 mm x 7 mm) coated with the matrix 7, 7, 8, 8-tetracyanoquinodimethane
(TCNQ) (Alfa Aesar GmbH, Karlsruhe, Germany). Substrate preparation was car-
ried out by sublimation of TCNQ molecules onto the Si samples at 200 °C for a few
minutes under ambient conditions.[124, 125]
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Part 11

Results and Discussion
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Chapter 3

Soft Landing and Collisional-Induced
Dissociation (CID)

Functional molecules are attractive candidates for many applications due to their
specific properties such as fluorescence, catalysis, etc. Properties and functions of
complex molecules are an expression of their molecular structure, in which even a
small modification leads to significant changes or the disappearance of some pro-
perties. The investigation of such complex molecules by means of advanced surface
analysis methods, in particular STM, requires a preparation of a surface with intact
molecules in a clean environment that is UHV. Thermal evaporation has been suc-
cessfully employed for the deposition of small molecules on surfaces.[126, 127, 128|
However, large functional molecules often disintegrate at an elevated temperature
before they sublimate. To keep these molecules intact upon deposition, a gentle
deposition technique has to be applied. In this chapter, ES-IBD, an experimental
technique for controlled depositions of nonvolatile molecules at hyperthermal energy,
is evaluated with respect to cleanliness, homogeneity and intactness of the molecules.
For this purpose, samples prepared by ES-IBD are characterized with respect to gentle
deposition of Rhodamine 6G molecules in vacuum. ESI-TOF mass spectrometry was
performed prior to the deposition to ensure that the beam contains only the intact
molecules and no fragments are deposited. By varying the beam energy, collisions
of molecules with background gas or at the surface lead to fragmentation. MALDI
and SIMS are utilized for characterization of the chemical components on the surface
ex situ after the depositions. In situ STM analysis reveals the topography of the
modified surfaces and allows to study the homogeneity. The combination of these
techniques shows that ES-IBD is a suitable tool for well-defined surface modification
with nonvolatile molecules.

Ton Soft landing, first introduced in 1977 [94], is defined as the intact deposition
of molecular ions onto solid surfaces at very low energy (1-100 €V), in some cases
including charge retention.|84] Surface modification by means of ion beam deposition
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at low energy has been studied for several cases in high vacuum. [95, 96, 129, 102]
Polyatomic ions were reported to remain intact after soft landing onto fluorocarbon
surfaces (F-SAM).[95] It has later been shown by Cooks et al. that gas-phase ions
of large biopolymers, such as proteins can be non-destructively landed onto solid or
liquid matrices and recovered with retention of biological activity.]96, 129] Another
recent application of molecular ion beam deposition is reactive landing, in which
sufficiently high impact energy or a chemical active surface induces chemical reactions
between the deposited ions and the surfaces. An example of reactive landing is the
interaction between deposited peptide ions and self-assembled monolayer surfaces
(SAMs).[102] Covalent bonding between the peptides and functional groups of the
surface can be achieved by a proper tuning of the collision energy.

3.1 Experimental Design

A special design of the sample holder and the energy-controlled deposition used in
many experiments are presented here. As a key parameter in order to ensure soft or
reactive landing respectively, the collision energy of the ions with the surface has to
be controlled to avoid molecule disintegration from crash landing or to ensure ion-
surface reaction. Given an appropriately designed sample holder, this can be achieved
by applying a voltage to the sample to decelerate the ions in the electric field before
reaching the surface. This scheme can also be applied to avoid the contamination of
the sample when no deposition is intended. For instance, when a many-fold sample
holder (see Fig. 3.1b and chapter 2) is used and only one deposition is supposed to
take place at a time. In this case, all other samples are biased at a voltage higher
than the beam energy, so that no ions can reach the surface and only one sample is
modified.

Fig. 3.1b shows a scheme of the 6-fold sample holder. A retarding grid energy
detector is integrated at the center and the six samples are placed at the positions
behind six holes with 3 mm diameter (marked in red) on the cover plate. By sweeping
the voltages applied to the up-down and the left-right steering plates upstream the
sample holder from -10 to 10 V (see chapter 2), an electric current image of this sample
holder is acquired (Fig. 3.1c) and at the same time recording the current measured
on the front plate of the sample holder as a function of the steering plate voltage.
The image contrast is proportional to the measured current. In the current image,
the energy detector can be identified as a big circle in the middle of the rectangle
(marked by an arrow), which corresponds to the cover plate. Six sample positions
are visible as three spots on each side, left and right of the energy detector. The
sample positions are imaged at different contrast. Two samples, observed as dark
bigger spots, are not biased while the other four, appearing as small light spots, are
biased at +60 V.
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Figure 3.1: (a) Ion trajectories obtained from a simulation and the corres-
ponding potential energy landscape (upper panel) Equipotential lines (red)
surround the metal-sample electrode (brown). The ion beam (black) is deflected by
electric field. (b) Scheme of the 6-fold sample holder consisting of a retarding
grid energy detector and six sample positions behind a shield. (c) Electric current
image of the 6-fold sample holder obtained by steering the ion beam. The energy
detector is imaged as a big circle in the middle (see the arrow), with 6 samples as
three spots on each side. 60 V was applied to four samples (small light spots) while
to the others (bigger dark spots) no voltage was applied.
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This deposition method can be well understood by electrostatic simulations. Fig.
3.1a shows a simulation performed with SIMION 8.0 of a sample behind the aperture
and the ion trajectories (black lines). Three electrodes are located in this region;
the front entrance with an aperture through which the ions can fly, the sample and
the base plate. In the figure, the sample is biased at 60 V while the front and back
plates are on ground potential. A cut through the potential energy landscape of the
corresponding region is displayed above the image. The equipotential lines (red) are
illustrated in the simulation. The electrode geometry determines the shape of the
potential landscape, which is scaling linearly with the applied voltage. Therefore,
only inhomogeneous potential energy is obtained around the sample position. An ion
beam with a kinetic energy of 30 eV £2 eV, which is the same range as used in the
experiments, is directed towards the sample. The kinetic energy of the ions at this
value is not high enough to overcome the potential barrier, thus the ions are deflected
in the directions depending on the electric field they experienced and their initial
conditions. In such situation, no ions reach those samples but instead are reflected to
the back side of the cover plate, resulting in the reduced contrast in its current image
(Fig. 3.1¢). On the other hand, without a bias voltage, the beam passes through the
holes on the cover plate and reaches the sample, resulting in a drop of the current
measured on the front plate and thus in a stray contrast. Chemical analysis of the
surfaces by SIMS after the deposition confirms that the protected samples remain
clean, while Rhodamine 6G is only detected on the target surface.

In summary, our method provides a controlled deposition where the beam is di-
rected only towards the target sample, while other samples remain unaffected. It
can also be employed for the adjustment of the deposition energy by accelerating or
decelerating the incoming beam through the applied sample voltage. In this way,
a well-defined deposition can be achieved with controlled deposition energy and co-
verage while contamination is excluded. It will now be shown in this chapter that
the effect of deposition energy is an important factor determining the integrity of
molecules on the surface.

To characterize the function of kinetic energy on soft landing and chemical modi-
fications, ion beam deposition (IBD) of Rhodamine 6G is performed. The investiga-
tion focuses on the integrity of the molecules and the purity of the surface coating.
Chemical analysis is done to prove soft landing and the cleanliness of the surface.
Dissociation of molecules on the surface by increasing the deposition energy by ad-
justing the sample bias voltage is the effect known as collisional-induced dissociation
(CID).[130, 131]
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3.2 Collisional-Induced Dissociation of Rhodamine
6G 1n the Gas Phase

To monitor the chemical composition of the ion beams before deposition, ESI-TOF
MS was employed. The beams of Rhodamine 6G were characterized for various
declustering potentials (Vgey), which defines whether CID will occur due to the in-
tensity of the ion’s collisions with the background gas. Fig. 3.2 shows ESI-TOF mass
spectra of Rhodamine 6G at the V. of 50 V, 250 V and 350 V. At 50 V, a single
peak at mass-to-charge-ratio (m/z), given in units of Thomson (Th); 1 Th =1 u/e
[132], of 443 Th is observed corresponding to single positively charged Rhodamine
6G ion. As V. increases, a series of lower m/z peaks appears. At 250 V, a series
of peaks between 300 Th and 443 Th is observed. The peak distances vary in the
range of 13-16 Th. The peak with strongest intensity appears at 415 Th, which cor-
responds to a fragment generated by the loss of one ethyl group from the Rhodamine
6G molecule.[99] At 350 V, The peak series shifts towards lower m/z values (150-443
Th) , centering at around 300 Th where the strongest peak appears. The Rhodamine
6G peak at 443 Th can be observed at a very low intensity at this potential.

Rho 6G*
443 Th
Ve =50V
415 Th
V=250 V
0 100 200 300 400 500 600

m/z (Th)

Figure 3.2: ESI-TOF mass spectra of Rhodamine 6G at different decluster-
ing potentials The main peak at 443 Th corresponds to single-charged Rhodamine
6G ion. Lower m/z peaks are originated from fragmentation of the molecules induced
by increasing declustering potential.

These observations can be explained by nozzle-skimmer (later replaced by an ion-
funnel) fragmentation (see chapter 2). The ions are accelerated and gain more kinetic
energy as Vgeq increases. These ions collide with neutral gas molecules in the first
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pumping stage, resulting in collision-induced dissociation (CID) of the ions in the
gas phase. Further disintegration upon increasing V.. creates smaller fragments as
observed by the shift of the mass spectrum towards lower m/z values.

The results indicate that the beam composition can be altered by tuning V.
Ion beams containing intact molecules or fragments can be created. This provides
a method through which the intact molecule- or fragment-coated surfaces can be
prepared.

3.3 Surface Characterization by STM

In order to demonstrate the deposition capability and test the homogeneity of the
molecular film growth, in situ surface characterization by STM was performed (see
chapter 2). For structural characterization by STM, ion beams containing only intact
Rhodamine 6G ions (443 Th), confirmed by ES-MS, were deposited on three differ-
ent surfaces in UHV. The samples were not biased by voltages which results in the
deposition energy of 26 + 2 eV. STM measurements were performed in situ at 43 K
because the investigation at room temperature was hindered by surface mobility of
molecules and did not yield stable images. Fig. 3.3 displays topographic images of
the modified surfaces: Au(111) (a, b) and Cu(100) (c¢). Fig.3.3d displays a zoom-in
image of a commonly observed structure overlayed by a model of Rhodamine 6G.
The fluence of the deposition on Cu(100) was 60 pAh, while on Au(111) the fluences
of two depositions are 50 pAh and 357 pAh.

For low-fluence depositions of Rhodamine 6G on Au(111) (Fig.3.3a) and on Cu(100)
(Fig. 3.3c) bright features of sizes between 1.5- 4.0 nm in diameters are observed on
step edges and on terraces. The observed structures decorate the step edges of both
surfaces while randomly distributed on Cu(100) terraces. On Au(111) terraces the
structures are mostly adsorbed at the elbow sites. The coverage of 0.05 ML and 0.2
ML are found for the modified Au(111) and Cu(100) surfaces, respectively. A mag-
nified view of the commonly observed small bright feature is displayed in Fig.3.3d.
The structure is overlayed with a model of Rhodamine 6G molecule. Light blue color
represents carbon atoms while red and dark blue correspond to oxygen and nitrogen
atoms, respectively. It can be noticed that the size and shape of the structure fit well
to the model.

For high-fluence deposition a coverage close to a full monolayer is obtained on
Au(111) (Fig. 3.3b). A flat homogeneous layer with the same pattern as the surface
reconstruction of Au(111) can be clearly observed from the topographic image.

The small structures with the size of approximately 1.5 nm, observed in Fig.
3.3a, ¢ and d, are attributed to single Rhodamine 6G molecules. The mobility of
Rhodamine 6G on Cu(100) and on Au(111) surfaces leads to step-edge decoration and
some aggregation of the molecules which results in the observed larger-size features.
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Figure 3.3: STM topographic images of Rhodamine 6G deposited by IBD
in UHV on Au(111) (a, b), Cu(100) (c) and a zoom-in structure (d) Step-
edge decoration and random distribution of bright features on terraces are observed
for Au(111) and Cu(100) for low coverage. For high coverage a full monolayer of
Rhodamine 6G is observed on Au(111) following the surface reconstruction. An
overlayed model structure of Rhodamine 6G fits to the size and shape of the structure
shown in (d).
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The fact that at low coverage the single molecules are observed only at pinning sites
points to a weak molecule-surface interaction as well.

The higher apparent coverage obtained on Cu(100) compared to Au(111) when
depositing with same low fluence could be explained by the presence of multiple
step edges in the scanned area. The surface topography of the region on Cu(100)
with extended terraces (not displayed here) shows a similar coverage as the gold
surface. For the high-fluence deposited Au(111) surface, the flatness and homogeneity
of the full monolayer suggest the self-organization of intact Rhodamine 6G molecules
following the symmetry of surface reconstruction.

STM characterization demonstrates that intact Rhodamine 6G-coated surfaces
can be achieved with high purity. ES-IBD together with soft landing provides a
clean well-defined surface modification with high homogeneity. The observation of
single molecule on the surface suggests that no chemical modification occurs upon
deposition. However, to ensure the integrity chemical characterization of the surface
has to be performed after the deposition. This procedure allows to check whether
the molecules remain intact and chemical components adsorbed on the surface match
those contained in the ion beam (see Fig. 3.2 top panel). This result shows that
the combination of ES-IBD with soft landing and in situ STM analysis is a suitable
approach for the investigation of molecular structures and properties at the nanoscale.

3.4 Characterization of Fragments on the Surface

Based on ES-MS measurements, the fragmentation of Rhodamine 6G in the gas
phase by increasing V., was discussed. In this section, chemical characterization
of adsorbed Rhodamine 6G is performed in order to test whether the molecules or
fragments deposited on surface can be detected and distinguished. For this purpose,
three types of ion beams are prepared varying Vi (see Fig. 3.2). The first beam
contains only the intact Rhodamine 6G ions. The second beam contains both the
intact molecules and the fragments (V. = 150 V). The third beam contains only
fragments (Ve = 350 V). Three types of samples are prepared from IBD of each
ion beam on Si0, surfaces in high vacuum. The impact energy of all depositions is
below 5 eV and the fluence is approximately 15 pAh. The complementary mass spec-
trometric techniques, MALDI and SIMS are employed to characterize the chemical
components on the surface ex situ after the depositions.

Fig. 3.4a shows MALDI-TOF mass spectra of the intact and intact+fragment
deposited samples. Fig. 3.4b shows TOF-SIMS spectra of the intact and fragment-
only deposited samples. For MALDI measurement of the surface coated by the intact
molecules, only a single peak at 443 Th can be observed with a high intensity. As
discussed before in the ES-MS section, the peak at 443 Th belongs to the intact
Rhodamine 6G ions. The mass spectrum obtained from the surface deposited by
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Figure 3.4: (a) MALDI-TOF mass spectra of Rhodamine 6G, intact and
intact-+fragment on Si0, (b) SIMS spectra of Rhodamine 6G, intact and
fragments on Si0, The single charged Rhodamine 6G peak at 443 Th appears
dominantly in both MALDI and SIMS spectra for the intact sample. An additional
fragment of 415 Th appears in the MALDI spectrum for intact+fragment deposition.
The peak at 204 Th belongs to the matrix molecules, TCNQ. The SIMS fragment-
spectrum shows a series of peaks in the range of 250-415 Th as the main feature.
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the beam containing both intact molecules and fragments is different than the one
from intact molecules only. In this spectrum, the peaks at 415 Th, 204 Th and
150 Th appear in addition to the intact Rhodamine 6G peak. The peak at 415 Th
belongs to the fragment created by the loss of one ethyl group of Rhodamine 6G
molecule. The peak at 204 Th, belongs to TCNQ), the molecules used as a matrix in
this measurement. The peak at 150 Th, which also appears at a very low intensity in
the intact mass spectrum could be originated from fragmentation of TCNQ. It should
be noted that the function of matrix molecules is to assist the desorption ionization
process. Therefore, in some cases where the molecules can be easily ionized without
disintegration, the use of matrix molecules are not necessary.

In Fig. 3.4b, SIMS mass spectra obtained from intact and fragment deposited
surfaces are shown. The Rhodamine 6G peak at 443 Th is observed as the dominant
peak for the intact case. Some low intensity fragment peaks of m/z above 350 Th can
also be detected. Since SIMS is well-known to easily generate fragments during the
15 keV Ga' bombardment, a small amount of fragments detected in the spectrum
must be expected. For the fragment-coated surface, a series of fragment peaks from
250-415 Th can be observed as the main feature in the spectrum. Apart from the
fragments, the intact molecule peak at 443 Th also appears at a very low intensity
(1%). This feature can also be observed in the ESI-TOF mass spectrum (see Fig.
3.2, the lowest panel). The fragments detected by SIMS on the surface are consistent
with the fragments obtained in the gas phase by ES-MS.

The results indicate that the chemical components obtained on the surfaces by
SIMS and MALDI after deposition match the components of the initial beams. An
additional experiment also confirms that other samples on the 6-fold sample holder
biased at 60 V neither contain molecules nor fragments. This also shows that no neu-
trals are deposited, since they would not be fragmented by nozzle-skimmer fragmen-
tation. Besides, the beam was completely repelled and left such samples unaffected
while the deposition on the target sample is being performed. This experiment shows
that ES-IBD provides controlled depositions of molecules on surfaces. The desired
chemical components can be selected as the ion beam contents and transferred to the
surface in their original state.

3.5 Soft Landing and Collisional-Induced Dissocia-
tion at Surface

To investigate the effect of beam energy on soft landing, the voltages applied to the

samples were adjusted so that the deposition energies are varied between 2-100 eV. An

ion beam containing intact Rhodamine 6G was deposited onto Si0, surfaces in high
vacuum. Due to its high sensitivity, SIMS is employed for ex situ characterization
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of the surfaces after the depositions. The obtained mass spectra of Rhodamine 6G
deposited at the incidence energies between 2-100 eV are displayed in Fig. 3.5a. In
all spectra, the same series of peaks can be observed. However, the intensity of each
peak in each spectrum is significantly different. The peak at 443 Th corresponds to
the intact Rhodamine 6G molecule. Tt is detected in all spectra up to 100 eV collision
energy. Other small peaks, which are visible at low incidence energies, rise at an onset
of 60 eV collision energy. The peaks of m/z lower than 443 Th, whose intensities
increase with the incidence energy, are attributed to the fragments generated from
the collisions between the molecules and the surface. Higher incidence energy results
in smaller fragments, which appear at relatively high intensity in the spectrum for
100 eV, such as those having m/z between 355 Th and 415 Th. It can also be noticed
at this energy that the intact peak has lower intensity compared to the strongest
fragment peak. The fragment pattern in the spectra obtained from CID at surface
are similar compared to the one from gas-phase fragmentation (see Fig. 3.4b) The
results suggest that same fragments are produced either by collisions in the gas phase
or at the surface.

Soft landing ratios are extracted from the SIMS data for each incidence energy.
The relation between the incidence energy and soft landing ratio shown in Fig. 3.5b
shows that at the incidence energy below 60 eV, more than 80 % of the molecules are
soft landed. The soft landing ratio reduces significantly as the energy is higher than
this value. However, due to the ionization process SIMS always creates molecular
fragments. Therefore, an offset from 100 % soft landing even at the low deposition
energies is present. At 100 eV, less than 50 % of the molecules remain intact upon
deposition.

Soft landing energies for several types of ions and surfaces have been reported.
Polyatomic ions can be soft landed onto F-SAM surface at 5-10 eV incidence energy
|95] while larger molecules, like peptides were found intact after being deposited on
an SAM surface at the energy up to 150 eV.[133, 93] Optimum energy for soft landing
of 3 eV /charge was reported for the deposition of yeast hexokinase on both solid and
liquid surfaces.[129] The proteins, MP-11, soft landed at 10-12 eV on a gold elec-
trode, were confirmed by voltammetry to retain their native properties and electron-
transfer functionality.[134] Gas-phase synthesized Cr(benzene), sandwich complexes
were soft-landed onto C1;COOH —SAM on a gold substrate at 5-20 eV.[135] Accord-
ing to our study, soft landing energies of Rhodamine 6G are in the range of 2-60 eV,
which is comparable to what reported from other studies mentioned above. However,
the upper limits of soft landing or the onset for fragmentation is rarely given in other
studies.

The collision energy of 60 eV, which is an order of magnitude higher than the
binding energy of a C-C bond, could exceed the fragmentation threshold. However,
large molecules have many degrees of freedom among which the collision energy can be
distributed. Compared to the 1 eV /atom rule for soft landing energy of nanoparticles
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Figure 3.5: (a) SIMS spectra of Rhodamine 6G deposited on Si0O, surface
in high vacuum at incidence energies 2-100 €V The same series of peaks was
obtained in all spectra. At 100 eV, the peak corresponding to Rhodamine 6G™* at
443 Th decreases in intensity relative to the fragment peaks at lower m/z. These
fragment peaks rises with increasing incidence energy at an onset of 60 eV. (b) Soft
landing ratio as a function of incidence energy extracted from the SIMS
spectra Soft landing ratio decreases as the incidence energy increases. 100 % soft
landing was not achieved due to additional fragmentation characteristic for SIMS.
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[136], Rhodamine 6G contains 64 atoms, and thus would disintegrate at around 64
eV. This agrees well with our result.

This experiment indicates a strong effect of collision energy between the molecules
and the surface on soft landing. The incidence energy has to be controlled with respect
to the types of molecules and surfaces in order to maintain the molecular properties
and functionalities after surface coating. Apart from soft landing, the incidence
energy can also be adjusted to obtain reactive landing or to generate chemical active
species at the surface.

3.6 Summary and Conclusions

Ion beam deposition of Rhodamine 6G implies that ES-IBD allows soft landing of
molecules under clean conditions where surface modification can be achieved with
high purity and homogeneity. The integrity of the deposited materials can be main-
tained by controlling the experimental parameters. High declustering potentials pro-
mote the collision between the ions and neutral background gas, leading to the dis-
sociation of molecules in the gas phase. Upon deposition the incidence energy can be
tuned by biasing the target sample with voltage to slow down or accelerate the ions
arriving at the surface. In this way, the collision energy between the molecules and
the surface can be adjusted for both soft, reactive and dissociative landing conditions.
The soft landing limit of 60 eV found is very large, however it confirms the simple 1
eV /atom rule known for the soft landing of clusters.
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Chapter 4

Crystalline Inverted Bilayer Growth
from Molecular Cluster Ion Beams

Electronic devices based on organic thin films offer an attractive alternative to con-
ventional inorganic microelectronics due to potentially lower costs and compatibility
with flexible substrates.[137, 138] There has been an enormous effort in the direc-
tion of making organic molecular materials with good characteristic of field-effect
transistor (FET) and low power consumption [139, 140| as well as efficient light-
harvesting.[141] In order to achieve good device characteristics, crystalline organic
films produced in vacuum to avoid contamination are often advantageous.

As a model system for the growth of organic crystals from ion beams, the de-
position of the organic surfactant, sodium dodecyl sulfate (SDS) on solid surfaces
in vacuum is presented. Crystallization of SDS has been extensively studied at the
liquid-air [142], liquid-solid [143, 144] and liquid-liquid [145, 146] interfaces. The
well known characteristic of surfactants is the difference in hydrophobicity between
two parts of the molecule. Together with hydrophilic-hydrophobic interactions this
structure gives rise to a variety of highly ordered self-assembled structures, such as
micelles, tubes or membranes [147] of high stability that play an important role in
many applications and our everyday life, such as foams, detergents or lubricants.
Since the hydrophilic-hydrophobic interaction is the key for the self-assembly of sur-
factants, a variety of structures can be made from aqueous solution where this type of
interactions can occur.[148, 149] However, a controlled fabrication of surfactant crys-
tals with structural characterization at molecular level requires vacuum environment.
In this case the situation could be different particularly because the hydrophobicity
is absent, which might strongly effect the structure formation. The study of the as-
sembly of surfactants in vacuum, where hydrophobic effect is hindered, thus provides
a case for the design and production of new materials.

In order to study the crystal growth mechanism of SDS in vacuum, the molecules
in the gas phase were deposited onto surfaces in high vacuum and in UHV by IBD. To
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ensure that the ion beams contain only the desired materials, the beam composition
was monitored prior to the deposition by ESI-TOF. Sublimation processing was re-
ported to induce decomposition of SDS molecules.[149] After IBD, ex situ AFM was
employed to characterize the surface at ambient condition while STM was applied for
the in situ analysis in UHV. Additionally chemical characterization of the modified
surfaces were carried out ex situ by MALDI to check the integrity of the chemical
components on surfaces upon depositions.

4.1 Gas Phase SDS Clusters

ES-TOF Mass Spectrometry

In order to check the material content of the ion beam before the deposition, a precise
chemical beam characterization is needed. Here, the formation of SDS clusters in the
gas phase was studied quantitatively by ESI-TOF MS. An aqueous solution of SDS
equivalent to those used for liquid deposition, prepared at the concentration of 1072M
was used as electrospray solution. A series of mass spectra for various declustering
potentials (Ve ) was recorded by ESI-TOF in order to fragment the clusters and gain
access to their subunits. Fig. 4.1a shows the series of mass spectra up to 7000 Th,
from top down, obtained for increasing V. from 110 V to 560 V. In each spectrum,
several series of peaks with equal neighboring distances can be observed. At low Vi,
a broad feature with low intensity without any resolved peaks appears in the m/z
range above 3500 Th. At high V.., the peak series continue into this m/z range and
the number of series reduce with the increasing V.. Note that at 360 V, the broad
feature still exists as a background of the peak series at high m/z range above 4000
Th.

Fig. 4.1b displays a part of the spectrum in Fig.4.1a for Vi — 110 V, in the
m/z range of 1700-2650 Th. The number assigned for each peak corresponds to the
lowest possible charge of the clusters the peak represents. Apart from the smallest
cluster with minimum charge, each peak also belongs to larger clusters of the same
m/z. For the single-charged series (1), the equivalent distance between adjacent peaks
corresponds to one SDS molecular mass (228 u) per one charge, i.e. the cluster size
increases by gathering of more SDS molecules. In general SDS clusters can be written
in the form of zNa™(SDS), where z is the charge of a cluster and n is the number
of SDS molecules contained in the cluster.

The broad feature at high m/z of the low Vjy spectra in Fig. 4.1a could be
attributed to unresolved highly charged large SDS clusters. The neighboring distances
between adjacent peaks at high m/z become very low. Therefore the peaks cannot be
resolved due to instrumental limitation and isotopic broadening. As V., increases,
especially these highly charged large clusters gain energy for the collision with the
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Figure 4.1: (a) ESI-TOF mass spectra of charged SDS clusters for various
declustering potentials (b) a zoom-in spectrum for V., = 110 V
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background gas and break into lower charged smaller clusters. This agrees with the
observation for the spectra at high V., where the lowly charged cluster peaks appear
again in the m/z region up to 7000 Th. From this result it can be concluded that
the ion beam can be created with a high purity, containing large highly charged SDS
clusters.

Matrix-Assisted Laser Desorption Ionization (M ALDI)

Na*
23 Th

K+
39Th 229 Th
Na*(SDS)
311Th  470h

0 200 400 600 800
miz (Th)

Figure 4.2: LDI spectra of single-charged SDS clusters deposited on Si surface
by IBD at 28 eV incidence energy. The peaks at 23 Th and 39 Th corresponds to
Na* and K, respectively. The one at 311 Th belongs to the smallest cluster of
Na*(SDS). Other peaks could be originated from fragmentation of the clusters.

In order to check the integrity of SDS molecules after being soft-landed onto
a surface, MALDI-TOF was employed to characterize the surface after deposition.
No matrix molecules were used in this experiment (LDI). SDS was deposited on a
S10, surface in high vacuum by IBD. The ion beam mainly contains SDS clusters
of single charge along with small amount of those with double and triple charges
in the m/z range of 500-3000 Th. After the deposition at the incidence energy of
28 eV, the sample was characterized ex situ by MALDI-TOF. Fig. 4.2 shows the
LDI mass spectrum obtained from the surface characterization. Several peaks can
be observed up to 800 Th. The first two peaks at 23 and 39 Th belong to Na™ and
K™, respectively. The peak at 311 Th corresponds to a single charged SDS with
Na™ as charge carrier. Other peaks at higher and lower m/z range could result
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from contamination or from laser excitation during desorption of molecules from the
surface, by which many fragments could be created.

The appearance of the primary singly-charged clusters of SDS (Na*(SDS)) in the
LDI spectrum confirms that the SDS molecules remain intact on the surface upon
IBD at 28 eV incidence energy.

4.2 Crystalline Growth on Surfaces in Vacuum

Structure Formation on 570, and Graphite

To study the crystallization process in the absence of liquid, SDS clusters were de-
posited on S70, and on graphite surfaces by IBD in high vacuum. The SDS structures
formed on surfaces by cluster ion beam deposition in high vacuum remain stable for
several days with a slow evolution under ambient conditions. Therefore they can be
studied by ex-situ AFM, which is performed immediately after deposition and after
being kept for a few days in air.

All the AFM images shown here are obtained immediately after deposition. The
surface characterization by AFM after exposure to air for a few days reveals larger
domains of the same structures. However, the observed small shifts of the struc-
ture height could possibly caused by the incorporation of water molecules from the
surrounding.

Topographies of the modified graphite and 570, surfaces are shown in Figs. 4.3a,
d and 4.4a, b, respectively. In both cases flat islands of 3.7 & 0.4 nm are observed
with submonolayer coverage. These islands stack up with the same height to form
higher layers at increasing coverage (Figs. 4.3e and 4.4c). The island sizes in the
range of 50-500 nm are observed independent of coverage. The homogeneous size and
density of the islands show that the ion beam is well-defined and only gas-phase SDS
molecular clusters are deposited on the surfaces. The well-defined morphology of the
island together with the presence of straight edges suggests crystalline ordering of the
SDS molecules on the substrates. While this feature appears rather weak for SiO,
(Fig. 4.4b inset), it can be clearly observed in the case of low coverage for graphite
(Fig. 4.5a). Elongated islands with two long parallel edges are the main observed
feature. Additionally, the alignment of the islands on graphite shows three different
directions related by 60° £ 3° with respect to one another (Fig. 4.5b). This indicates
an anisotropic growth of the islands along the crystals’ principle directions.

A different feature observed between the structures on graphite and Si0, is the
height of the interface layers. At low coverage on graphite the interface layer is only
0.6 + 0.2 nm high (Fig. 4.3b) and disappears at high coverage. On the other hand,
this first layer on S70, has a height of 3.0 & 0.4 nm and is always present for all
coverages.
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Figure 4.3: (a, d) AFM images of SDS on graphite by IBD in high vacuum,
(b, e) line profiles of the structures marked by A and B, (c, f) suggested growth
models corresponding to A and B
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Figure 4.4: (a, b) AFM images of SDS on Si0, by IBD in high vacuum red
arrows in the inset marked crystalline edges, (c¢) line profile of the structure marked
in (b), (d) suggested growth model

Figure 4.5: (a) AFM image of SDS on graphite by IBD in high vacuum, (b)
orientation of SDS crystals on the surface in three different directions following
crystals’ symmetries of graphite.

65



In order to determine the molecular interactions and structure of the fabricated
films it is useful to compare the morphology observed in AFM to the anhydrous forms
of bulk SDS crystals grown from solution.[148, 149] All SDS crystals grown in solution
are {100} platelets with alternating polar and apolar regions reminiscent of typical
surfactant bilayers, where molecules are ordered in a head to head and tail to tail
manner.[148, 149] The main axis of the molecules within each layer is oriented almost
perpendicular to the {100} face resulting in approximately 3.8 nm spacing between
the bilayers.

Two major binding forces responsible for the growth of SDS crystals are ionic/dipole
occuring in the polar region, and van-der-Waals bonding occuring in the apolar re-
gion. The combination of these two forces results in a significantly lower surface
energy of the metal-sulfate terminated {100} planes and therefore in the observed
plate-like crystal morphology.

The size of the unit cell of SDS crystals measured by X-ray diffraction [150],
which is approximately 3.8 nm, agrees well with the measured layer thickness of
(3.7 £ 0.4) nm on graphite and SiO,. However, due to the absence of hydrophobic
interaction in vacuum, the ionic/polar interaction dominates. Therefore, in contrast
to a solution grown crystal with surfaces terminated by polar groups, an inverse
bilayer configuration terminated by apolar chains is the more plausible model (Figs.
4.3c, f and 4.4d).

Compared to the bilayers the height of 3.0+ 0.4 nm of the interface layer on SiO,
is significantly larger than half, yet slightly lower than the full height (Fig. 4.4c).
Since the morphology suggests a layered structure, the possible explaination for the
molecular arrangement of this layer is a bilayer of molecules exhibiting reduced height.
This could result from the roughness of Si0, surface which is in the range of 1.0 nm,
or from the presence of a closed monolayer of 0.6 nm height between the terraces,
similar to that observed on graphite (Fig. 4.4d).

The interface layer of 0.6 nm height observed on graphite at low coverage can be
interpreted as a crystalline structure formed by flat-laying double rows of molecules
in a head-to-head and tail-to-tail manner, which agrees with the size of the unit
cell.[148] In addition, coatings of flat-laying amphiphilic molecules are also well-known
at liquid-solid interfaces and at surfaces in vacuum.[151, 152, 153] The detailed in-
vestigation of the flat-laying structure on Cu(100) will be discussed in the following.

Crystal Growth on a Metal Surface in UHV

After the deposition of large SDS clusters on graphite and SiO,, layers of upright
standing molecules are observed, with the exception of a 0.6 nm thick layer in between
the SDS submonolayer islands on graphite and on S70,. In order to further explore
this possibility for the vacuum growth of SDS at the molecular level, SDS clusters
was deposited on a Cu(100) surface in UHV for in situ analysis by STM. To avoid
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a thick insulating film which can be difficult for STM characterization, only small
clusters (m/z < 5000 Th) were mass-selected and deposited with a submonolayer
coverage. The depositions were also performed on Au(111) and graphite surfaces but
the molecules are too mobile and a stable STM images are difficult to obtained.

Na*(SDS),
888 Th

Wk

0 500 1000 1500 2000 2500 3000
m/z (Th)

Figure 4.6: ESI-TOF mass spectrum of charged SDS clusters (m/z <
5000 T'h) contained in the beam for UHV deposition

ESI-TOF was employed for beam characterization prior to the depositions. The
obtained mass spectrum is shown in Fig. 4.6. Here, the SDS clusters with m/z below
880 Th and above 3000 Th was cut off. The strongest peak at 888 Th corresponds
to the single-charged SDS cluster consisting of three SDS molecules and a Na™ as
charge carrier. (Nat(NaDS)3). Charge states of all the observed peaks are ranging
from +1 to +4. The observed spectrum confirms that the beam contains only SDS
clusters of the chosen sizes required for the deposition. The fluence for the deposition
is 20 pAh which corresponds to 360 SDS molecules per area of 100x100 nm?. This
leads to approximately 2% coverage.

After the deposition of the selected beam on Cu(100) surface in UHV, character-
ization of the modified surface was performed in situ by STM at room temperature
and at 43 K. The topographic images obtained at room temperature are shown in
Fig. 4.7 for a large scale (a) and a zoom-in (b). In Fig. 4.7a, thin parallel suppression
lines are observed along two certain directions near step edges. While the lines along
one direction can be more clearly observed and have a distance of approximately
4.2 nm between the adjacent lines, those along another direction appear in a weaker
contrast. A zoom-in image displaying an area, where only the lines in the second
direction are present, is shown in Fig. 4.7b. This allows to measure the distance
between the adjacent lines, which are about 5-6 nm.

A similar characteristic compared to the observed structure were previously shown
from the studies of the adsorption of SDS and a similar surfactant on surfaces by
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Figure 4.7: (a, b) STM images of SDS clusters on Cu(100) surface by IBD
in UHV scanned at room temperature, (c) sugested growth model

electrochemical STM (EC-STM).[154, 155] Three rotational domains were observed
from the adsorption of SDS on Au(111) electrode. [155] The width of the protrusion
was 5.0+£0.4 nm. The structure was proposed to be formed by an array of SDS hemi-
micelles. However, the growth phase was found to depend on the applied potential.
At a graphite-solution interface, the same array morphology was reported.|154] The
height of the protrusion was 0.1-0.2 nm, which is in a similar range to our observation.
Due to the low height, formation of micelle structure is less probable compared to
the geometry in which SDS molecules align horizontally on the surface. However, the
observed distance larger than the SDS unit cell could result from the low packing
density which is illustrated as a suggested model in Fig. 4.7c. This could be the
result of different interactions and growth speed compared to the formation of bulk
SDS crystals.

For the STM characterization at 43 K, a slightly different morphology was ob-
served. Fig. 4.8a shows crystalline domains of flatly adsorbed SDS on the copper
surface as a dark contrast, indicating the lower density of states of the molecular layer.
Here the islands also have a characteristic elongated shape that indicates crystalline
ordering of the molecules. On the two fold symmetric Cu(100) surface four growth
directions are observed. Fig.4.8b displays a zoom-in image of the domain structure.
Within one domain, a set of parallel protrusions is observed. The width of one protru-
sion is 3.7 nm. Fig.4.8c is a fourier transform of Fig.4.8b. The parameter d calculated
from the fourier transform image represents the distance of a molecular double row as
shown in the model in Fig. 4.8d, which also suggests the head-to-head and tail-to-tail
configurations. This flat-laying molecular phase also support the interpretation of
the 0.6 nm thick submonolayer phase on graphite (Fig. 4.3a-c).

The crystal growth of SDS by IBD in UHV allows characterization of the sub-
structure in a different environment than previously studied. The results show that

68



Cu (100)

2d1=
0.54 nm-’

Figure 4.8: (a, b) STM images of SDS clusters on Cu(100) surface by IBD
in UHV scanned at 43 K, (c) fourier transform image of (b), (d) corres-
ponding growth model
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crystallization, which leads to a homogeneous layer formation, is obtained despite
the absence of liquid. The ability of SDS molecules to diffuse on the copper surface
at room temperature could be accounted for the observed excessive distances of the
double rows and the fuzzyness of the images. At 43 K, due to the limitation in the
mobility of SDS, stable domains are formed and a molecular resolution is obtained.

Although the upright standing phase cannot be observed by STM characterization,
its existence cannot be excluded. Fast tip degradation together with the fuzzyness of
the images shows either the mobility of the molecules on the surface or the presence
of a second phase.

4.3 Crystal Growth on Surfaces in Solution

Surfactant bilayer membranes made by liquid cast coating of SDS molecules from
an aqueous solution are shown in Fig. 4.9. The liquid was deposited on Si0O, and
graphite surfaces and the samples were blown dry in air before the AFM measure-
ments at ambient condition. Fig. 4.9a, ¢ show the modified surface morphology of
S10, for low and high coverage. Fig. 4.9b, d display those for graphite.

Flat islands are observed on both surfaces. For Si0,, the islands grow in random
directions and the layer height is 3.0-3.7 nm. For graphite, at low concentration
the growth follows crystal structure of the surface (Fig. 4.9b), while multilayers are
formed inhomogeneously at high concentration. The first layer height is 1.6-1.9 nm
and each of the upper layers is 3.7-3.8 nm high. The observed features for graphite
resembles the growth of SDS on mica previously reported.[156] The inhomogeneous
coverage was suggested to originate from the drying process. Since the molecules
aggregate at liquid-air interface at a hydrophobic surface, the region which is dry
later has high concentration of molecules, resulting in multilayer islands. Figs. 4.9¢
and f show tentative model of the molecular structure of SDS on both surfaces. On
S10, a surfactant bilayer is likely to be formed, while on graphite a single layer
of SDS with apolar chains adsorbed on the surface is more probable for monolayer
coverage. Due to the variation in the observed height of the layers, SDS could form
an upright standing or a tilted molecular arrangment, which would correspond to
different degrees of incorporation of more molecules in the film.[148] The upper layer
on graphite for high coverage could be formed by stacking up of surfactant bilayers,
as observed for Si0,,.

The growth of SDS based on solution processing leads to inhomogeneous surface
coating. The coverage as well as contamination level are difficult to be controlled.
In order to achieve a clean homogeneously coated surface of well-defined coverage

organic crystal layers, a surface preparation technique with more control is needed
that is ES-IBD.
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Figure 4.9: AFM images of SDS clusters deposited on SiO, (a, ¢) and on
graphite (b, d) by liquid drop casting at low and high concentration. Den-
dritic flat island is observed on SiO,. On graphite, the island growth follows surface
structure at low concentration and forms multi-layers with inhomogeneous coverage
at high concentration. (e, f) corresponding growth models suggest surfactant
bilayer on Si0, and single layer on graphite with either upright standing or tilted
molecular arrangement
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4.4 Conclusions

The hierarchy of molecule-surface and intermolecular interactions strongly reflects on
the morphology and structure of the SDS crystals on surfaces. The basic structural
feature, which is a molecular double row results from the combination of strong attrac-
tive interaction between the sodium-sulfonate groups and weak interaction between
the alkyl chains enforcing a stable head-to-head and tail-to-tail ordering. This struc-
tural feature is observed both in solution and in vacuum, and even dominates upon
an increasing molecule-surface attraction from graphite to copper, which nevertheless
leads to altered texture and morphology.

IBD of SDS clusters on Si0, and graphite results in slightly different features
of the first layer. While on graphite almost perfect horizontally laying SDS double
rows are observed as the first layer in vacuum (Fig. 4.3c), on SiO, surface without
liquid environment more than one situation can account for the formation of the
interface layer: the roughness of the surface and the presence of the flat-laying phase.
Newly formed SDS surfaces only weakly interact with the next layers, which therefore
preferably grow as SDS bilayers (Fig. 4.4d). Finally, the strongly adsorbed SDS
molecules on the Cu(100) surface also show a head-to-head and tail-to-tail ordering
in the form of a double row structure complying with hierarchical interactions that
govern the self-organized crystalline growth of SDS.

The interaction of the polar Si0, surface and the SDS molecule is strong in
comparison to only weak binding forces that act on the double layer growing on top
of the graphite surface or on a double layer of SDS terminated by aliphatic chains.
The enhanced mobility on the graphite surface thus leads to a strong expression of
the characteristic crystalline shape of SDS and to an epitaxial relation between the
SDS layer and the graphite surface, as indicated in Fig. 4.5b. Moreover AFM tip-
induced deformation of islands is observed as a consequence of the weak molecule
surface interaction. On graphite, therefore, the AFM investigations had to be carried
out extremely gentle, i.e. at low cantilever amplitude and with a high tip-surface
distance. The strong molecules surface interaction between the sulfonate group and
the Si0, surface suppresses the diffusion and thus only in higher layers, weak signs
of crystalline facets can be identified.

At last, also the soft deposition of large inverse-micelle clusters is influential to
the structure formation. In this configuration the aliphatic chains point to the out-
side where they bind weakly to the substrate surface. We hypothesize that during
deposition the adsorbed clusters are mobile as a whole and preferably fuse into larger
islands of upright standing SDS molecules in an inverse membrane configuration.

In summary, ion beam deposition proves to be a suitable tool for the growth
of crystalline molecular structures on surfaces. The deposition of SDS cluster ion
beams on solid surfaces in vacuum resulted in stable films of material on the surface,
which were observed by ex-situ AFM and in-situ STM. Inverted double-membranes
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as well as a flat laying phase were obtained, all exhibiting characteristic features of
crystalline ordering such as a constant layer thickness of 3.7 nm, low roughness, and
characteristic domain shape. The hydrophilic-hydrophobic interaction is not present
in vacuum environment, yet the hierarchy of bond strength given by the molecular
structure of the amphiphiles leads to the growth of nanostructures that follow the
head-to-head and tail-to-tail design principle of surfactants in aqueous environment.
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Chapter 5

Grafting of Preformed Host-Guest
Complexes

Host-guest interaction is one of the major fields of research in supramolecular chem-
istry, [157, 158, 46] and plays a fundamental role in many chemical and biological
processes. Functional surfaces based on host-guest complexes are thus desirable for
many applications, such as molecular recognition, ion sensing, heterogenous catalysis
or molecular switching.[159, 160, 161, 162] Macrocycles are particularly attractive for
the fabrication of templates with tunable functionality. The variety of shapes and
chemical compositions characterizing the ring moiety and central ion allows for the
fabrication of templates with properties that are tuned by the modification of the
independent functional groups at the inner and outer sides of the macrocycle or by
the exchange of the central ion.[163]

Crown ethers are an important class of macrocycles due to their highly selec-
tive ion-affinity which depends on the cavity size.[50| Ever since the development
of supramolecular chemistry, research on host-guest interactions of crown ethers has
been carried out extensively in solution [164] and in the gas phase [165]. At the solid-
liquid interface densely packed crown ether layers were imaged with electrochemical
STM.[166, 167]

Here, the host-guest interactions between a large crown ether, Dibenzo-24-crown-
8 (DB24C8) and three different cations are investigated. Fig. 5.1 shows a structural
model of DB24C8 and of the incorporated ions. Size comparison is given based on
the diameters.

In situ Scanning Tunneling Microscopy (STM) is employed to study the complex
structures deposited on a surface in UHV. Two different approaches were applied to
grow the host-guest complexes on a surface. One approach is the co-sublimation of
DB24C8 and cations by organic molecular beam epitaxy (OMBE), which is shown
to be limited by the thermal stability of the complex. The alternative approach is to
preform the complexes in solution and deposit them as gaseous ions on the surface
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Figure 5.1: Structural model of DB24C8 and of the incorporated ions (dia-
meter given).

by ion beam deposition (IBD).[36, 99] Time-of-flight mass spectrometry (TOF-MS)
is employed to characterize the beam composition in situ prior to the deposition.
Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) is uti-
lized for chemical characterization of the surface after the deposition to confirm the
integrity of the deposited complexes. The structure of the formed complexes are ob-
served by in situ STM. In addition, density functional theory (DFT) calculations are
carried out to interpret the experimental results.

5.1 Limitation of Thermal Sublimation

DB24C8 and cesium are co-deposited to a surface using organic molecular beam
epitaxy (OMBE) and a cesium dispenser in order to test the host-guest complex
formation. As a reference, sublimation of DB24C8 alone is also performed to compare
the behavior of the pristine DB24C8 molecules at the surface to that of charged
cationic complexes.

The molecules were deposited onto an atomically clean Cu(100) surface. The
sublimation temperature between 350 K and 400 K was applied for the depositions,
while the surface remained at room temperature. The sublimation temperature is
kept low to avoid the thermal decomposition of the molecules. For the same reason,
the degassing temperature of the molecular source was set only as high as 400 K,
resulting in an order of magnitude higher pressure (107° mbar) than usual in the
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preparation chamber during the experiments due to additional degassing during the
evaporation.

After the deposition, the Cu(100) surface is characterized by in situ STM. At
room temperature, a stable structure is difficult to achieved due to the high mobility
of the molecules at the surface. Therefore, cooling of the surface during the STM
measurements is necessary. All the results from these experiments are obtained when
the surface is cooled down to 43 K.

40nm

20nm
e e |

-

..
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Figure 5.2: STM topographies of (a) DB24C8 evaporated on Cu(100) and
(b), (c) after the co-deposition of Cs atoms for high and low coverage

Fig. 5.2 shows the observed structures on Cu(100) surface for three different
experimental conditions. Fig. 5.2c¢ shows the STM results from the co-deposition
of DB24C8 and cesium at low coverage. In this case small islands with extremely
high mobility are obtained. Even at 43 K no immobilized complexes are observed
by STM. At higher coverage with (Fig. 5.2b) and without Cs atom dosing (Fig.
5.2a), unordered fractal structures are generally observed at the surface. Neither
single molecules or complexes nor ordered domains could be identified. Added to
that, the characteristics of the observed structures changed significantly throughout
several experiments. The cleanliness of the surface is also difficult to control due to
the high pressure (in the range of 107 mbar) in the deposition chamber resulting in
some additional big islands as in Fig. 5.2a.

Unlike IBD, where a beam characterization can be performed prior to the depo-
sition, the status of the evaporated materials in OMBE cannot be obtained in situ.
Therefore, it cannot be assumed that the molecules remain intact upon sublimation
and adsorption. This means that in general the thermal processing of crown ether
complexes is difficult due to limited stability and low evaporation temperature. The
latter inhibits proper degassing of the evaporator and the purification of the com-
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pound in UHV.

5.2 ES-Mass Spectrometry of Host-Guest Complexes
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Figure 5.3: ESI-TOF mass spectra of DB24C8-C'st, DB24C8-Nat, and
DB24C8-H* ion beams used for IBD

Ion beams of three different DB24C8-cation complexes were prepared, character-
ized and deposited on a Cu(100) surface in UHV by IBD (see chapter 2). Before
deposition the ion beam composition is characterized by the ESI-TOF. The incor-
poration of cations C'st, Na™ and H™ in the complex was achieved by adding CslI,
NaCl and formic acid to a solution of DB24C8. Mass spectra shown in Fig. 5.3 were
acquired by a built-in time-of-flight (TOF) mass spectrometer prior to deposition to
assure the purity of the beam. From top down, mass spectra of DB24C8 — C's™t,
DB24C8 — Na* and DB24C8 — H" complexes are displayed, respectively. In each
mass spectrum, only one dominant peak is observed. The corresponding m/z of the
three peaks are 581 Th , 471 Th and 449 Th, which correspond to singly charged
complexes of DB24C8 with one C's™, Na™ or H" ion as respective charge carrier.[168]
The absence of any other peaks of significant intensity in the mass spectra indicates
the high purity of the beams, i.e. only the desired complexes will be deposited on the
surface.

5.3 Proof of Soft Landing by MALDI-MS

In order to confirm soft landing of the DB24C8-cation complexes upon IBD, ex situ
MALDI-TOF was employed on samples prepared in high vacuum. (see chapter 2)
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The C's™ complex was chosen for this experiment because it can only originate from
ion beam deposition. In contrast, the Na®™ or H* complex can be formed as well by
DB24C8 with an H™ from a proton donor or Na™ contamination that unavoidable in
ex situ characterization. DB24C8 — C's* ion beams were deposited at various inci-
dence energies on a surface covered by 7, 7, 8, 8-Tetracyanoquinodimethane (TCNQ),
which acts as a matrix.[124, 125] The integrity of the host-guest macromolecular
complex, DB24C8-C's™ on the surface upon IBD was tested by MALDI. The effect of
incidence energy on dissociation of the complex was studied. Incidence energies were
adjusted to 5 eV, 36 eV and 56 eV for each deposition.

Cs’

133 Th DB24C8-Cs’
581 Th
TCNQ
204 Th DB24C8-Na’
{ 471 Th
el I 1 | 5eV
'™ l | | 36 eV
| |Jlu. ||l L. l 56 eV
0 100 200 300 400 500 600

m/z (Th)

Figure 5.4: MALDI-TOF mass spectra of DB24C8 — Cs™ complexes from
IBD in high vacuum at the beam energy of 5 eV, 36 eV and 56 eV. TCNQ (204
u) is used as a matrix. For 5 eV and 36 €V deposition energy the peaks at 133 Th,
581 Th and 471 Th can be identified as C's™, DB24C8 + C's* and DB24C8 + Na™.
For 56 eV the peak at 581 Th disappears and additional peaks in the low m/z-range
occur with high intensity.

Soft landing deposition can safely be assumed for a low deposition energy of 5
eV, set for all the IBD experiments in UHV, based on the experience obtained by
many other experiments in our [99] and other labs [95, 129, 93, 135]. The presence
of a regular feature for the majority of structures on the surface observed by STM
(see Fig. 5.5) suggests that intact molecular complexes have been deposited to the
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surface. However, at higher deposition energy the bonds within the complex can
break and cause molecular disintegration.

Fig. 5.4 shows MALDI-TOF mass spectra for three different incidence energies.
The peaks at 102 Th, 133 Th, 204 Th, and 471 Th can be observed for all spectra.
The peak at 581 Th occurs only at the incidence energy of 5 eV and 36 eV. For 56
eV, the 581 Th peak is absent along with the rising of some additional peaks in the
low m/z range.

The peak at 204 Th belongs to TCNQ, which is used as a matrix. Fragmentation
of TCNQ due to laser irradiation results in a peak at 102 Th. The peak at 133
Th and 471 Th corresponds to C's™ and DB24C8 + Nat, while the 581 Th peak
is attributed to DB24C8 + C's™, the original components of the deposited complex.
The disappearance of the DB24C8 + Cst peak at 56 ¢V could be explained by
disintegration of the complex upon collision at the surface. The increase in the
intensities of some low m/z fragment peaks also supports this explanation. The
excess of single C's™ ions for 5 eV and 36 eV incidence energies could be caused by laser
excitation. During the adsorption process, it is possible that some complexes loose
their C's™ counter ions and catch Na™ from the environment. Therefore, the C's™ and
DB24C8 + Na™ peaks are observed in the mass spectra even though they were not
contained in the beam prior to the deposition. At 56 eV, the host-guest complexes
could already be disintegrated at the surface by collisional-induced dissociation (CID)
(see chapter 3). However, some remaining DB24C8 molecules were still capable of
catching Na™ ions from the environment, expressed by the presence of DB24C8+Na™
peak in the mass spectrum. The status of the DB24C8 molecules in this case cannot
be determined. They could still remain intact or the rings could break open and some
could be disintegrated into fragments.

It can be concluded from the observation that upon IBD at the incidence energy
up to 36 eV, the host-guest complexes of large crown ether and cations remain intact
at the surface. At high incidence energy of 56 €V, the complexes are disintegrated by
CID.

5.4 Atomic Structures at the Surface

After deposition of a desired coverage of the complex in UHV, the Cu(100) sample was
transferred in situ to the STM. Fig. 5.5 shows STM topographs obtained after cooling
the sample to 43 K, whereas at room temperature the molecules were highly mobile
and a well-defined molecular structure could not be observed. At low temperature
the general feature observed for all three complexes is the presence of an oval-shaped
structure of an apparent height of (1.8 4 0.2) A with a lateral size of 12-15 A along
the short axis, and 16-21 A along the long axis (see Fig. 5.5g). Long and short axis
are defined by connecting the maxima of the submolecular features in the topography.
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For the alkali ion complexes of DB24C8 with C's™ and Na*t, molecular substructure
consisting of four lobes is visible. Due to the fact that crown ethers are not shape-
persistent, small variations in shape can occur, which is reflected in the observed
distributions for the length of axes of approximately +1.5 A.
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Figure 5.5: Overview and magnified single complex STM topographies of
DB24C8-cations complexes on Cu(100) prepared by IBD (a, d) DB24C8 —
Cs™, (b, e) DB24C8 — Na™, (c, f) DB24C8 — H™ (g) line profiles along the long
axis displayed at an equal lateral and vertical scale
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In the DB24C8 — C's™ complexes (Fig. 5.5d) an additional bright feature in the
center can be observed (red arrow in Fig. 5.5g). Also, one of the lobes on the short
axis is typically found to be significantly brighter than the others. For Na™, both
lobes on the short axis are equally bright and their relative positions are very close.
The structure appears to be more elongated than the C's™ complex and an additional
feature in the center cannot be observed.

-

-

Figure 5.6: an STM image of a Cu(100) surface deposited by DB24C8 — H™
ion beam Four-lobe complexes similar to DB24C8 — Na™ are observed occasionally
as contamination.

For DB24C8 — H" complexes, a single bright lobe without any substructure is
observed. Since the DB24C8 — H™ ion beam was occasionally contaminated by a
small amount of DB24C8 — Na™ complexes, some STM topographs show 4-lobe
features of the Nat complex together with the single lobe structures that correspond
to the HT complex, proving that the absence of an internal structure in the D B24C8—
H™ complexes is not due to poor STM-tip condition (Fig. 5.6).

Apart from the main observed structures, some dark hollows and small spherical
islands, which can be seen in Fig. 5.5a and b are also present on the surface. The
hollows could be attributed to the oxygen vacancies, which generally appear when the
surface has been left in the chamber for a certain time.[169] The small spherical is-
lands, which occur mostly in the case of DB24C8— Na™ complex, could be originated
from parts of the disintegrated structures or contaminations due to a long deposition
time. Since C's™ fits better in the cavity of DB24C8 than Nat, DB24C8 — Na*
complexes are less rigid and have more flexibility to move, thus the higher amount of
defect structures for DB24C8 — Na™t can be expected.

In order to interpret the observed structures after ion beam deposition, theoretical
modeling of the DB24C8-cation complexes, adsorbed at the surface, was carried out
from DFT-based calculations (see Appendix i). The obtained adsorption geometries
for the DB24C8 — Cs*™, —Na' and —H™ complexes are illustrated in Fig. 5.7. For
the most stable structures of the adsorbed DB24C8 complexes, STM images were
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computed by integrating the density of states between the bias potential (-1.3 V) and
the Fermi energy, following the Tersoff-Hamann approach. [170, 171] A comparison
of the resulting images at a tip height of about 1.2 A above the molecule is shown in
Fig. 5.7.

DB24C8-Cs* DB24C8-Na* DB24C8-H*

Figure 5.7: (top row) Geometry of the DB24C8 complex at the Cu(100)
surface DB24C8 — Cs™, -Na* and -H™ from left to right (middle row) Simulated
STM images according to the above structures (bottom row) Magnified STM
topographs of single complexes

The images reflect the DB24C8 geometrical structure, with the benzene rings
located at the edges of the longer axis. Due to their vicinity to the surface they are
imaged as fainter areas in contrast to the lifted ether chains, which in turn give rise
to the bright spots near the center of the structures. The Cst complex exhibits a
centrosymmetric disposition of the bright lobes, with one brighter side corresponding
to a higher position of the ether chain. The Nat complex displays an S-shaped
pattern with the central lobes having comparable intensity. In the sodium complex
the resulting structure is strongly asymmetric. The folding of one side of the chain
towards the center of the ring leads to an S-shaped central cavity. The corresponding
STM image appears more elongated than the one for the cesium complex which shows
a more compact, oval-shaped conformation. The simulated images also differ in the
middle of the cavity region, where the ion is located. While Na™ is virtually not
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imaged, the larger C's™ is mapped as a light spot in the center of the simulated
image.

Based on the good agreement between the experimental and theoretical STM
images, the calculations strongly support the experimental evidence of complex for-
mation between alkali ions and DB24C8 via coordination around the central cavity.
The absence of self-assembled domains as well as the results from the DFT calcu-
lations suggest that the complex, which has been deposited as an ion, retains its
positive charge.

Depending on the size of the ion and its interactions with the host molecule, the
location of the ion inside the ring cavity and the morphology of the complex vary. In
the STM topographies the size of the central cavity is found to scale with the size of
the ions, i.e. C's™ > Nat, in particular for H* the substructure cannot be observed.

The most stable adsorption geometry for the DB24C8 — Na* complex suggests
that the Na™ ion is coordinated to four oxygen atoms near one of the two benzene
rings. For the DB24C8 — C's* complex the alkali center is coordinated to six oxygen
atoms. The proton in the DB24C8 — H* complex was found to hardly affect the
adsorption geometry and the consequent STM imaging. Nevertheless, its presence in
the complex at the surface is indicated by the different behavior of the DB24C8— H™*
(Fig. 5.5¢) complex compared to evaporated DB24C8 (Fig. 5.2a).

Figure 5.8: Two uncommon structures found for the DB24C8 — Na™ com-
plexes compared to a regular 4-lobe conformation

For a large molecule many conformational states of similar adsorption energies are
expected. In the experiment a few structures with small differences in shape com-
pared to those most commonly observed were found for DB24C8 — Nat complexes
(Fig. 5.8). DFT calculations show that the potential energy surface for the adsorbed
systems is relatively flat, as witnessed by the presence of numerous local minima
within less than 0.1 eV. This gives rise to many possible orientations on the surface
and small deviations in shape. Minima on the potential energy landscape differ by
small displacements of the metal center or parts of the organic ring with respect to
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the Cu(100) surface. While the main bonding occurs via chemisorption of the alkali
ions, the rest of the complex is less interacting with the copper and consequently
retains some degrees of freedom. Strong deviation from the typical shape as shown in
Fig. 5.8 might result from catching additional guest atoms in the cavity since Na™*
does not fill it entirely. This could also explain why such uncommon structure is not
observed in the case of DB24C8 — C's™ complex, where the guest ion fits well in the
cavity.

Physisorption of pure DB24C8 on Cu(100) is mostly affected by the interaction
of the benzene rings with the metal surface. The well-known inadequacies in the
DFT description of Van-der-Waals-interactions prevent a detailed analysis of the
adsorption mechanism, which is however estimated as being exothermic for about 0.2-
0.3 eV. The coordination of an alkali ion into the DB24CS8 instead results in a much
more favored adsorption on Cu(100). The adsorption energies for the DB24C8-Na™
and -C's* complexes were calculated as 1.17 eV and 1.72 eV, respectively. Compared
to the value for DB24C8 alone, this explains the experimental evidence of a significant
difference in mobility between the coordinated and uncoordinated crown ether.

5.5 Conclusions

Crown ether complexes, which are large and fragile functional molecular systems,
were successfully deposited on a surface by means of ES-IBD, where conventional
sublimation processes failed to produce reproducible results. In particular, the fabri-
cation of crown ether complexes at the surface by co-evaporation of the constituents
proved to be erratic, indicating that no well-defined surface modification is achieved.

ES-IBD, on the other hand, is able to pre-produce the desired complex by mixing
its constituents in solution under ambient conditions, and deposit it onto the surface
in UHV in a well-defined way. Beam-characterization prior to the deposition indicates
the high purity of the beams containing only the desired complex species. Low energy
deposition under soft landing condition keeps the complexes intact at the surface as
confirmed by ex situ chemical analysis.

Structural investigation by STM at 43 K with submolecular resolution allowed
to identify the type and conformation of the complexes, which was confirmed by
DFT calculations. It is found that the crown ether is adsorbed flat on the Cu(100)
substrate, with the cation placed within the cavity. Substructure of the complexes
can be observed when alkali ions are incorporated in the complexes. DFT calculations
show that the deposition as preformed complex by IBD enables a strong binding to the
surface. Moreover, the charge of the molecular complex is retained after deposition.
In order to deposit three different complexes, the same methodology can be applied
while the only difference in the procedure is the preparation of the solution.
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Chapter 6

Folded and Unfolded Proteins in
UHV

6.1 Introduction

Proteins are highly complex biological polymers, which are composed of a fixed se-
quence of amino acids. Their function is directly related to their conformation, into
which they fold by self assembly in their natural environment. In living systems pro-
teins can act as catalysts, transporters, storage for other molecules, provide immune
protection, generate movement or transmit nerve impulses.|[172] Due to the complex-
ity of the protein molecule and its microscopic dimensions, it is a challenging task
to understand the processes involved in its functions. Since proteins operate on the
single molecular level, analysis at this resolution is required.

Mass spectrometry provides one of the most powerful tools for protein characteri-
zation and identification, since the mass of a protein as well as its amino acid sequence
can be precisely determined.[173] ESI- and MALDI- mass spectrometry are techniques
commonly employed for this task.[174, 175] The mass spectrometry approach allows
also limited access to the three dimensional protein structure by combining it with
cross section measurements in ion mobility spectrometers.[176] More precisely, the
three-dimensional protein structures can be measured by X-ray crystallography of
protein crystals [177, 178], while NMR spectroscopy reveals the structure of protein
assemblies in solution.[179, 180] Additionally, advanced computational methods are
often used to support these results.[181, 182]

X-ray crystallographic structures of large biological entities such as ribosomes
have also been extensively investigated relating to their functions, leading to the No-
bel prize in chemistry in 2009. In the last decade, a resolution of a few Angstrom
was achieved for the ribosomes’ structures.[183, 184] An approach to combine cryo-
electron microscopy with the diffraction technique to obtain a high structural resolu-
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tion had also been shown earlier.[185]
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Figure 6.1: (a) Structure of horse heart Cytochrome c (Resource for Biocom-
puting, Visualization, and Informatics at the University of California, San Francisco),
(b) heme c

The various, highly resolving investigation techniques summarized here are always
probing a manifold of identical proteins. The analysis of proteins by scanning probe
techniques is unusual and rarely carried out on the individual molecule at submolecu-
lar level. One reason for that is the difficulty in sample preparation. An approach
to characterize an array of nanoparticle-protein complexes on a surface fabricated
by micro-contact printing has been carried out recently by STM.[186] Electrical de-
tection was performed through the tunneling current for a quantitative analysis of
the biological binding events. In order to achieve submolecular-resolved complex
structures by STM, vacuum deposition of the single proteins on surfaces is favorable.

To bring proteins softly into vacuum, ESI can be employed. One of the main
reasons for the success of this technique is that proteins can generally be transferred
intact into gas phase by this process.[111] A combination of ESI and soft-landing
techniques was used to study the mass-selected deposition of a protein microarray.
Mass spectrometry of the rinse solutions from the deposited proteins shows a set of
results matching the mass of the initial compounds and biological activity was found
for the redissolved proteins.|96, 187| Previous work from our lab showed that proteins
can be deposited to clean surfaces by ES-IBD and retain a globular shape.[188|

In this study, ES-IBD together with in situ mass spectrometry and STM are
employed for the surface deposition and characterization of proteins in UHV. In prin-
ciple, the structure and conformation of single proteins on surfaces can be explored
by STM with submolecular resolution. As a result chemical interactions of individual
proteins can be monitored in vacuum. For instance, the complex behavior of proteins
and the interactions at the surface could lead to conformational change or ordering.
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Additionally, an attempt is made towards the understanding of protein stability in
vacuum influenced by external parameters, such as elevated temperature or impact
energy upon collision at the surface. In general, for proteins to function properly, their
native conformation has to be maintained. Due to the close relationship between the
conformation and function, the study of protein conformation is an important step
to understand the biological process behind the complex functionality.

Positive ion beams of proteins are created from electrospraying aqueous solutions
containing the proteins. Whether folded or unfolded conformations are deposited is
controlled by the pH value of the solution and mass selection of low- and high- charge
states respectively. Time-of-flight (TOF) mass spectrometry is used to characterize
the beams chemically before deposition and to monitor the mass selection. The
beam is deposited on surfaces prepared in an adjacent UHV chamber right before the
deposition (see chapter 2). After the deposition the samples are transferred in situ
into the STM, where they are measured at room temperature or 40 K.

The protein which is investigated in this thesis is Cytochome ¢ (CytC), a heme
containing protein, consisting of 104 amino acids (AAs) adding up to a molecular
weight of 12,384 Da. It has been investigated widely with regard to its function and
conformation under physiological conditions [189], as well as its behavior in the gas
phase by electrospray mass spectrometry [190, 191|. CytC is particularly interesting
since it is central to several processes in electron transfer and apoptosis.[192] Oxida-
tion and reduction occurring at the iron center of the heme complex are responsible
for the main function of CytC in the electron transport chain.

(c)
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Figure 6.2: (a, b) AFM images of CytC deposited on graphite by IBD in
high vacuum, (c) line profile across the structures as marked on the image
Globular islands of several sizes can be observed on the surface.

Vacuum depositions of proteins bovine serum albumin (BSA) were previously car-
ried out in our laboratory.|[188] Topographic analysis of the surface by AFM revealed
homogeneously adsorbed patterns on a clean surface. For CytC, AFM investigation
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was carried out prior to STM analysis to check the feasibility of the experiment and
the cleanliness of the modified surface ex situ. In Fig. 6.2a and b, the results of
the AFM characterization of the vacuum deposition of CytC on graphite are shown.
Globular islands of diameters between 10-85 nm and height between 0.4-2.4 nm can
be observed on the otherwise clean surface. Fig. 6.2c displays the line profile across
the structures marked in Fig. 6.2b. According to this result, a clean, protein-coated
surface can be achieved by ES-IBD allowing a scanning probe technique to be utilized
for structural characterization. A direct visualization of single proteins or even sub-
molecular resolution cannot be achieved by AFM in atmosphere, and thus the more
advanced analysis, that is UHV-STM, is required.

6.2 ES-MS of Folded and Unfolded Proteins

Denaturing of proteins is the change of their conformation from the folded to an
unfolded structure (see chapter 1). The denaturing of proteins can be induced by
various external parameters, e.g. temperature, mechanical stress or pH value of the
surrounding. Two CytC solutions with different pH values were prepared for ESI-TOF
mass spectrometry by adding different amount of formic acid (FA) to the electrospray
solutions. ESI charges proteins by attaching multiple protons, a process, which can
be enhanced by acidifying the solution.[193]

Fig. 6.3 shows ESI-TOF mass spectra from two types of CytC solutions. The
spectrum in Fig. 6.3a was obtained when 0.1 % acid was added to the CytC solution.
The peaks appearing in the m/z range between 1000-3000 Th correspond to charge
states between +5 to +12 (blue curve). After 5 % formic acid was added to the
solution, the characteristic dark red color of the solution vanishes, indicating protein
denaturation. The peaks in the mass spectrum (Fig. 6.3b) shift towards lower m/z
range, revealing charge states up to +20 (red curve). The measured mass of 12, 38546
Da confirms the intactness of the CytC molecules.

The decrease in the pH value by adding acid to the solution results not only in
an increased beam current, but also the observed charge per molecule increase. The
relation between the charge state of the gas phase ion and the conformation of the
protein, has been intensively studied for CytC by ion-neutral collision cross section
measurements and H/D exchange dynamics.[191, 194, 195] The results suggest three
main conformational states: Unfolded proteins preferably form high charge state ions
(z > 10), while folded and partially unfolded proteins are found in low charge states
(z < 8). Consequently, ES-IBD offers a way to prepare ion beams of a defined protein
conformation by m/z-range selection of the corresponding charge states, enhanced
by adjusting the FA concentration.

To investigate the structures of folded and unfolded proteins, two distinctly differ-
ent CytC ion beams were prepared for deposition from the solution containing 0.1 %
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Figure 6.3: ESI mass spectra of equine cytochrome c from a H,O/MeOH
solution containing 0.1 % (blue) and 5 % (red) formic acid. (a) without mass selection
low charge states from +5 to 412 are found for low FA concentration. High charge
states up to +20 are observed for high FA concentration. (b) Mass selection of high
(z = +12 — +18) and low (¢ = +7 — +10) charge states yields beams that contain
preferably unfolded or folded protein ions, respectively.
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and 5 % formic acid. A small amount of acid increasing the H* concentration in
a solution is often helpful to increase the ion beam current, however, it has to be
limited in order to prepare a solution containing folded CytC. Ion beams of high and
low charge state were mass selected in the ranges of 600-1200 Th (z = +12 — +18)
and 1250-2000 Th (z = +7 — 4+10) with a quadrupole ion guide in addition to the
adjustment of the pH-value (see Fig. 6.3b). At the target in UHV deposition currents
of 15-60 pA can be achieved, which relates to a deposition time of 0.5-3 hours for a
submonolayer coverage of 5-20 % of the surface area.

The results of mass spectrometry of CytC shows that different types of ion beams
can be prepared. The beam components vary, when adjusting influential parameters
such as pH value of the electrospray solutions. In the following, the influence of the
gas phase conformation on the morphology of CytC deposited on different surfaces is
studied.

6.3 Folded and Unfolded Proteins at Surfaces

The interaction with the surface plays an important role for the assembly and struc-
ture formation of adsorbate molecular layers. Since proteins contain many different
functional groups, it is possible that their specific interactions with different surfaces
influences the mobility and thus the molecular structure and arrangement. To inves-
tigate the structure of proteins after IBD, the two prepared ion beams (mass spectra
in Fig. 6.3b) were deposited on surfaces in UHV. In situ STM characterization was
carried out directly after the deposition.

Low charge state, folded CytC beams were deposited on three surfaces: Cu(100)
is a strongly interacting surface, on which the molecules are expected to be fully
immobilized already at room temperature. Au(111) is less interactive except at the
elbow sites of the reconstruction [196] that can act as pinning centers. Finally the
boron-nitride nanomesh (BN), an insulating monoatomic BN layer on Rh(111), in-
teracts weakly, yet offers a regularly modulated surface of approximately 2 nm pitch,
which can serve as a template for ordering.[197]

Figure 6.4 shows the three surfaces after the deposition of a submonolayer coverage
of low charge state, folded CytC ions. On all surfaces two types of structural features
can be distinguished: i) high, globular structures of 1.0-1.8 nm height with lateral
dimensions of 2-4 nm, and ii) low height, string-like features (on Cu and BN) or
patches (on Au) with a height of 0.2-0.3 nm (see line profiles Fig. 6.4d). It is evident,
that the strings found on Cu(100) and BN correspond to unfolded protein strands,
on Au(111) agglomerated into a compact patch. The globular features resemble the
shape and size of the three-dimensionally folded protein,[198] taken into account the
limitations imposed by the STM method. Here in particular, large organic structures
appear less high due to a lower electronic density of states as compared to the metal,
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while the lateral dimensions of high aspect ratio structures are overestimated due to
the convolution with the tip shape.

The interaction of the folded protein with the surface does not induce unfolding.
This is indicated by the observation of a similar ratio of folded and unfolded proteins
on all surfaces and confirms the observation of former protein soft-landing studies
that observe enzymatic activity after soft landing.[96, 199] The observed features can
thus be rationalized by the configurations illustrated in Fig. 6.4e. Since the ion
beam of low charge state CytC contains folded as well as partially and completely
unfolded proteins,[191, 195] globular features of heights above 1 nm will be observed,
when a folded or partially folded protein is present, while the features of 0.25 nm
height correspond to unfolded proteins, that appear isolated as strands or patch-
like agglomerations. Partially unfolded proteins are imaged as a mixture of flat and
globular structures in the vicinity of each other.

Even though the surface does not induce unfolding, it has a distinct influence
on the distribution of the deposited material. Measured at room temperature, on
Cu(100) only minor step edge decoration is observed, which indicates that diffusion
is inhibited and thus the molecules stick where they landed. On the less interactive
Au(111) and BN surfaces measurements have to be performed at low temperature 40
K to reduce the surface mobility enough to observe individual proteins. Consequently,
the step edge and the elbow sites of the reconstruction act as a pinning centers on
Au(111), where folded and unfolded molecules are attached. The surface mobility
also accounts for the observation of the compact patches as discussed in detail later.
In contrast to Au(111), the BN nanomesh reconstruction provides a template of much
smaller length scale, trapping the molecules on the terraces and moreover limiting the
free motion of the unfolded protein strands, which hinders the formation of compact
patches.

Agglomerations of globular features observed on Au(111) and Cu(100) suggest
a higher surface mobility for folded as compared to unfolded proteins (see inset of
Fig. 6.4a). Intuitively, the smaller contact area of the surface with a folded protein
rationalizes this observation. However, the relatively large height of the globular
structures combined with its insulating nature causes frequent interaction with the
STM tip. As a consequence, the resolution and imaging quality of globular protein
structures is limited, which is apparent in the missing submolecular detail or inverted
contrast as seen in the inset of Fig. 6.4a. Present high resolution AFMs, however,
will be able to image the topography of those objects without this problem, providing
valuable data about the shape of a protein surface.[200] Moreover, local force fields
mapped with AFM can provide chemical information. FEspecially in combination
with functionalized tips, this could allow to answer the question what of the original
functionality is present in vacuum.[201, 202]

To this point, it can be concluded that folded proteins can be introduced into
vacuum and retain their shape upon deposition. The structure formation of un-
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Figure 6.4: STM topography of folded proteins after the deposition of low
charge state CytC ion beams. (a) on Cu(100). (b) on Au(111). (c) BN/Rh(111)
boron nitride nanomesh. (d), Line profiles showing completely and partially folded
proteins as high, globular features and unfolded proteins as low features. (e) Sketch of
possible protein configurations: several nanometer high features result from partially
or completely folded proteins, strings or patches of 0.25 nm height correspond to
unfolded protein strands. 94



folded proteins is interesting for vacuum based nanotechnology. In particular the
self-assembly of a protein via folding from an unfolded AA chain seems highly un-
likely to occur under UHV conditions at a metal surface. We studied the behavior
of unfolded CytC using the mass selected ion beams of high charge state in order to
deposit purely unfolded proteins (see Figure 6.3b, red spectra).

The results of the depositions resemble the observations after the deposition of low
charge state with the globular structures entirely absent. String shaped adsorbates
are observed on the otherwise clean Cu(100) surface after the deposition of a 0.05
ML coverage of high charge state CytC (z > 12) (Fig. 6.5a). A statistical analysis
yields a length of 2543 nm, which is significantly shorter than the expected length of
35.5 nm of the entirely unfolded protein. Considering, however, the high stability of
the secondary structure in vacuum leads to intact a-helices,[203] the expected length
may be obtained as the following.

The unfolded CytC strands on Cu(100) may be described by wormlike chains with
a contour length L. In the case of an extended polypeptide chain in S-configuration
the contour length is given by

Lg=(n—1)x0.345nm = 35.5nm, (6.1)

where n = 104 is the number of amino acid residues. However, one has to take into
account that CytC contains 47 amino acid residues with a-helical arrangement [177].
Therefore, the contour length of a chain molecule with both extended g-configurations
and a-helices is given by

47 x 0.54

Losg=(n—1-47) x 0.345nm + 36

nm = 26.4nm, (6.2)
where an a-helix has 3.6 residues per turn and the corresponding pitch length is
0.54 nm. Since STM image analysis yields L = 25 + 3 nm (Fig.6.5¢c), based on
this calculation we conclude that the a-helices have not been unfolded during the
experiment.

On Cu(100) at room temperature no pair of CytC molecules with the exactly
same adsorption configuration can be found. In principle, the flexibility of the poly-
mer chain allows for an enormous amount of possible configurations in three dimen-
sions and also when the confinement to the surface reduces the degrees of freedom.
However, purely unfolded CytC on Cu(100) shows no sign of surface mobility such as
step edge decoration, agglomeration or ordering. As a consequence, unfolded CytC
protein ions are immobilized immediately upon contact with the strongly interacting
Cu(100) surface. The observed geometry thus resembles the gas phase ion’s configu-
ration projected to the surface. Caused by the coulomb repulsion, highly charged
protein ions have an extended chain conformation. Our data from the analysis of
the distribution of intermolecular distances (see Fig. 6.5d) matches the behavior of a
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Figure 6.5: STM topographies of unfolded cytochrome c deposited from ion
beams of high charge state. (a) CytC on Cu(100), large scale image. (b) high
resolution image from (a) showing three peptide stands. (c¢) Histogram of the chain
length on Cu(100) showing a length of 25 4+ 3 nm, which fits with an unfolded pro-
tein with intact a-helices. (d) The second and fourth momentum of the interchain
distance measured from STM images (hollow circles) fits the wormlike chain model
for a noninteracting polymer (straight lines). (e) Unfolded CytC on Au(111). (f)
Magnification of compact patches of cytochrome c¢. Two small patches of approx.
40 nm? represent one protein each, the large patch 80 nm? comprises two strands.
(g) The histogram of the patch area. 96



three-dimensional worm-like chain with a persistence length of 6 nm projected onto
a surface (see Appendix ii).[204]

In contrast, after the deposition of high charge state CytC ion beams on Au(111),
compact patches that cover an area of approximately 39 44 nm? are observed (Figs.
6.5e, f). The compact patches are found at the step edges and at the elbow sites of
the reconstruction, indicating surface mobility of the unfolded proteins on gold. The
compact structure is a result of attractive intramolecular interactions. In contrast to
the gas phase, on a metal surface charged sites are either neutralized or effectively
screened. While the protein is initially immobilized at one or only few points — for
instance via opened disulfide bonds or a carboxylic acid group — the rest of the chain is
mobile and able to find an energetically favorable position, which is in the vicinity of
another part of the chain. The characteristic pseudo diameter of these patches in the
plane of the Au(111) surface is determined by the aforementioned persistence length
of the unfolded CytC proteins. This mechanism is sufficient to explain the occurrence
of irregular patches and suggests that the intrachain interactions are unspecific, since
no identical patches are found.

The primary structure of CytC is imaged as a set of protrusions. The height of the
structures on Au(111) of 0.15-0.35 nm (Fig. 6.5f) is found to be higher than the height
of 0.15 - 0.25 nm of the string-shaped adsorbates on Cu(100). In the close-packed
patches, not all side groups of the AA are laying flat on the surface. Protrusions
above 0.3 nm height are thus attributed to the side groups of AAs pointing out of
the surface plane. Three individual peptide chains on Cu(100) are shown in Fig.
6.5b, each composed of many protrusions of varying size or equivalent pitch of 0.5-
0.8 nm. This length corresponds to the size of two or three AAs. Accordingly, the
number of 30-60 lobes is found to be a fraction of the number of AAs. On Au(111)
the distribution and size of submolecular protrusions is consistent with CytC on
copper. However, since the CytC chain interacts with itself, the number of observed
protrusions is reduced to 20-30 per patch. The variation of the intensity in the lobes
is related to the different density of states for each AA group, which suggests the
investigation by inelastic tunneling spectroscopy with the ultimate goal to identify
the AA sequence.[205]

Submolecular Structure of Protein/Peptide Adsorbates

The amino acid sequence determines the three-dimensional structure of a protein
and thus its functionality. Therefore, sequencing proteins, as the identification of a
single amino acid and its position in the chain, is central to the study of proteins. In
the presented STM images of unfolded CytC (Figs. 6.5) lobes are observed, which
correspond to one to three amino acids, which demonstrates that STM provides
enough resolution to in principle identify amino acids.

In the following, STM is employed to characterize the structure of unfolded CytC
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on Au(111) and Cu(100) in detail. We investigate the variation in contrast of the
CytC submolecular features upon variation of the bias, because differences in local
density of states (LDOS), which are characteristic to the proteins’ structural elements
could allow for an identification. In a comparable system, guanine bases in a single
stranded DNA can be distinguished from other nucleotides due to the appearance
of distinct bright spots along the chain.|205] However, our experiment on a much
more complex system, composed of 20 different units, requires additional information
which is gained by the variation of the gap voltage. This could allow to identify the
structural elements of proteins by the local change of contrast within the observed
structure once a complete set of tunneling spectra for amino acids is known. In the
following this possibility is studied.

“
1.5V
5nm

Figure 6.6: STM images of high-charge CytC on Au(111) at various tun-
neling voltages Negative voltages provide similar compact structure with a bright
spot on the right. Contrast changes are observed when the bias voltages are positive.

A set of topographic images of the same selected area, displayed in Figs. 6.6 and
6.7 for unfolded CytC on Au(111) and Cu(100) respectively, is obtained by varying
the bias voltage. The observed structures agree with the observations made before.
With each set a contrast inversion of the protein chain is found at a certain bias.

In Fig. 6.6, the structures obtained from negative bias have a similar two-
dimensional compact configuration. A bright spot can be observed on the right
side of the compact structure as marked by the arrow in the panel for -0.7 V. As the
bias changes towards positive voltage, the shape of the structure remains unchanged,
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Figure 6.7: STM images of high-charge CytC on Cu(100) at various tun-
neling voltages Similar chain conformations with contrast changes are observed at
bias voltages between -0.5 and -2.0 V.

while the contrast with respect to the other lobes changes. In general, at positive bias,
the lobe pattern shows an overall different contrast. For instance at +2.5 V other
distinctly bright spots appear at completely different positions than for negative bias.

For Cu(100) only the negative range of bias voltages is imaged, since a stable
image could not be obtained at positive bias. However, a similar result is found.
STM images of the same area on the surface show that the chain conformations look
similar for all voltages. In contrast to Au(111), by changing towards positive bias
the whole chain inverts in contrast already at low negative bias. Again the relative
intensity of the lobe pattern changes.

This change of contrast on different lobes as the bias changes indicates the distinct
difference in the density of states of the submolecular units, which correspond to
one or several amino acids. This suggests a possibility to identify the amino acid
residues in the proteins. Tunneling spectroscopy can be employed to obtain the above
information with better resolution. An unambiguous identification, however, will only
be possible if the conformation on the surface is clear, in particular since several amino
acids contribute to one lobe observed. This will require tip manipulation to obtain
a reproducible configuration. Moreover, an extremely huge reference data for all 20
amino acids in different sequences and for all possible configurations will have to be
obtained. Although this approach requires a tremendous effort, it may be practical
for smaller systems.

6.4 Parameters Influencing the Protein Conforma-
tion on the Surface

During surface preparation and characterization, several parameters can influence the
adsorbed protein conformations. The pH value of the solution and the presence of
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organic solvents or acid can induce unfolding in the electrospray solution. In vacuum,
the structure formation of adsorbates can be influenced by thermal treatment. In
addition, the collisions of the molecules with the surface in IBD are energetic enough
to influence the state of the protein, for instance induce unfolding. In the following,

the effect of elevated surface temperature and deposition energy on the structure of
adsorbed CytC is studied.

6.4.1 Influence of Thermal Treatment

Elevated temperature is well-known to cause most proteins to denature in solution
starting at temperatures above 40 °C'. Therefore, the CytC coated surface was tem-
perature treated to test this influence on the adsorbed proteins in vacuum. Moreover,
an increase in temperature can result in an increased mobility of the adsorbates on
the surface, which may result in self-organized structures.

To perform this test, an ion beam containing folded CytC was deposited on the
Cu(100) surface by IBD (corresponding to the blue mass spectrum in Fig. 6.3b). As
shown before, in situ STM characterization revealed the globular islands, which are
attributed to the folded part, and unfolded chain aggregates beneath those structures
(Fig. 6.8a).

The Cu(100) substrate with folded and partially unfolded proteins was annealed
stepwise to 393 K and 473 K. STM characterization (Fig. 6.8) shows the decrease in
size of the globular islands at the surface, while the amount of the unfolded chains
covering the surface is increasing. The initial sizes of the globular islands in Fig. 6.8a
are 4 £ 1 nm in diameter and the height is 0.7 = 0.2 nm. These values reduce to
2.5£0.5 nm in diameter and 0.4+0.2 nm in height in Fig. 6.8b. The further increase
in temperature to 473 K results in substantial amount of small features (below 2
nm diameter and below one Angstrom height) on an overall rough surface on which
neither large globular features nor long chains can be observed (Fig. 6.8c).

This behavior complies with a strong molecule surface interaction characteristic
for Cu(100) mostly inhibiting adsorbate diffusion. Instead, small fragments are cre-
ated by unfolding the intact protein and subsequent disintegration of the unfolded
chains. The results indicate that proteins can be unfolded or denatured on surfaces
in UHV by raising the surface temperature.

According to the above discussion, the unfolded CytC can further disintegrate at
the temperature above 400 K. Especially no enhanced diffusion was observed. In order
to confirm this observation, the effect of temperature on the readily unfolded CytC
on Cu(100) surface was studied. This time, the temperature was kept at 400 K to
check whether the mobility of the unfolded chains will induce structural organization.
In this experiment, the ion beam containing only high charge states was used for IBD
(Fig. 6.3b, red spectrum). After the deposition, the Cu(100) surface was annealed at
400 K for 1 min, followed by the second annealing for 10 min at the same temperature.
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Figure 6.8: STM images of low charge-state CytC on Cu(100) deposited by
IBD in UHV: (a) as deposited, (b) annealed at 393 K and (c) at 473 K. Size
reduction of globular islands and extended amount of unfolded chains are observed
after annealing at 393 K. Further annealing to 473 K results in small elevated spots
on an overall rough surface.

400 K, 1 min 54 400 K, 10 min

(b)

Figure 6.9: STM images of high charge-state CytC on Cu(100) deposited
by IBD in UHV as grown (a), flash annealed (b) and 10-min annealed (c)
at 400 K The length of the unfolded chains decreases after each annealing step.
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Fig. 6.9 shows the structures of the chains as deposited, and after each annealing
step. The change in size of the chains upon annealing can be observed. The width
of the chains does not change significantly. The length of the strands decreases upon
further annealing from 25 nm to 16 nm and 7 nm at average as a consequence of
fragmentation.

The changes in configuration of the unfolded CytC upon annealing can be com-
pared to the ones observed for folded CytC (Fig. 6.8) In both cases, the long chains
could not be found after the second annealing at the temperature of 400 K or above,
however, the limited mobility is still observed. In contrast to CytC on the gold
surface, which is mobile at room temperature and thus forms compact patches, the
strong interaction of CytC with the copper substrate inhibits such ordering.

6.4.2 Influence of the Deposition Energy

As discussed in chapter 3, the incidence energy upon deposition has a direct influ-
ence on the soft landing efficiency.[84] It is assumed that large and fragile biological
molecules require a deposition with low incidence energy in order to retain the in-
tegrity on the surface, which is generally referred to as soft landing. For proteins
it has been shown that this is possible on specially prepared soft surfaces, such as
functionalized self-assembled monolayer (SAM) surfaces |95] or glycerol-based liquid
surfaces [96].

To study the effect of surface collision on the structure of CytC on a metal surface
in the low incidence energy-range, two otherwise identical IBD experiments were
performed varying only the incidence energy. The goal is to test soft landing of
proteins and whether the energy leads to deformation of the structure, unfolding or
higher mobility on the surface.

Fig. 6.10 shows STM images of Cu(100) surface deposited by the beam containing
low-charge states of CytC at the incidence energy of 5 eV (a) and 27 eV (b) per charge.
These correspond to kinetic energies per molecule for the charge states +7-+10 of
35-50 eV and 189-270 eV, respectively. At this energy fragmentation or unfolding is
possible. However, a similar topography was obtained for both cases. The structures
observed on the surface consist of globular islands with unordered chain aggregates
in the vicinity, which is interpreted as either partly-unfolded CytC or folded CytC
immobilized by binding to unfolded adsorbed CytC strands. This result shows that an
incidence energy in the range of 5-27 eV per charge does not lead to the disintegration
or unfolding of the molecules.

For comparison, the impact energy of 1 eV per atom was found to ensure soft
landing of nanoparticles on a metal surface.[136] Since proteins are much larger par-
ticles — 1669 atoms for CytC — the disintegration should be induced by a very high
impact energy according to this rule. Soft landing experiments with other molecules,
including peptides, confirmed that the rule of thumb of 1eV per atom is correct also
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Figure 6.10: STM images of low charge-state CytC on Cu(100) deposited at
the incidence energy of 5 and 27 eV per charge Depositions at both energies
reveal similar structures of globular islands underlying by unordered chain aggregates.

for molecules.|99, 37, 93| Still, deformation and unfolding can occur at lower energy
without breaking covalent bonds. The identical morphology and general structural
features found for low and high deposition energy show that this is, however, not the
case. Moreover, an enhancement of the mobility upon increasing the impact energy
is not observed either.

Summary and Conclusions

The study of proteins by STM in a UHV environment proved the feasibility of us-
ing IBD in combination with in situ analysis for large, functional, fragile molecules.
Surface coatings can be produced in a controlled manner resulting in homogeneous
coverage of proteins on an otherwise clean surfaces. Single proteins of folded and
unfolded conformation can be visualized. IBD allows to steer, which configuration of
the protein is deposited. The deposition of low-charge CytC results in large three-
dimensional globular islands, which are folded proteins with the unfolded string ag-
gregates nearby. The deposition of high-charge states results in flat lying chain-like
conformations of unfolded proteins or two-dimensional folding. By changing the gap
voltage, the relative intensity of the submolecular features was changed, which might
allow to identify structural elements of the adsorbed proteins. The observed mixture
between the folded and unfolded structures for the low-charge CytC on different sur-
faces is constant and thus is only the consequence of partially unfolding occurring
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before the deposition in solution or in the electrospray. Hence, the surface does not
influence the folded state, that is it is stable in vacuum, however might not exactly
represent the native state of the protein.

Besides the unambiguous identification of the protein sequence, two-dimensional
self-assembly of oligopeptide- or even protein chains is another vision conveyed by
this study. Due to the limited thermal stability, up to now peptide self-assembly
at surfaces in vacuum was limited to mono- and dipeptides. Nevertheless, complex
behavior and effects such as chiral recognition could be demonstrated.[206, 207, 54]

The self-assembly of the peptide strand into compact, yet irregular patches ob-
served on the Au(111) surface, illustrates the possibility of two dimensional folding.
Not surprisingly, the CytC sequence evolved to be folded in aqueous solution, did
not yield regular assemblies. However, other sequences might do so0.[203] Compact
patches of CytC formed by unspecific interactions are weakly bound and thus only
form at low temperatures. However, this suggests that it might be possible to form de-
terministic structures at room temperature by exploiting a hierarchical self-assembly
approach that leads to stronger specific bonds in the folded structure. Finding ap-
propriate sequences will require substancial theoretical and experimental effort, yet
it promises to add to the understanding of self-assembly by folding as well as opening
the possibility for protein-like two-dimensional functional structures at surfaces.

Figure 6.11: STM images of high coverage folded CytC on Au(111)

Apart from the well-known influences causing denaturing of proteins in solution
and in the gas phase, unfolding of CytC on a surface in UHV by raising the sur-
face temperature was demonstrated. Surface interactions play an important role in
the conformations of the adsorbed proteins. The unfolded chains can retain their
gas-phase conformations on Cu(100) or fold into compact two-dimensional coils on
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Au(111). The incidence energies of 5 and 27 eV per charge upon depositions reveal
similar structure of adsorbed CytC on the surface. Therefore, collision energies in
this range do not lead to protein unfolding.

This study shows that proteins are compatible with vacuum technology and thus
paves the way towards the development of technological applications of proteins on
surfaces. For this either folded or unfolded proteins can be used. The fabrication of
2D- and 3D-functional nanostructures on surfaces by folding of tailored peptides on
the surface can be envisioned. Fig. 6.11 shows a high coverage of folded CytC on
Au(111) surface, which was achieved by only a few hours of deposition. This shows
that IBD is capable as a method allowing surface modification by a full monolayer of
proteins in UHV. This opens up the opportunity to provide biofunctional thin films
on surfaces in a clean environment.
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This thesis covers studies of a broad range of functional molecules on surfaces in
UHV. Due to the thermal instability or lack of vapor pressure of many nanoscopic
particles, the combination of electrospray ion beam deposition (ES-IBD) and in situ
STM analysis enables submolecular resolved investigations under well controlled UHV
conditions. This thesis intends to cover a range of new possibilities: experiments start
from small molecules, continue over coordination compounds and epitaxy and finally
show the application of our approach to biological macromolecules.

To initially characterize the experimental approach of ES-IBD, Rhodamine 6G, an
organic dye is deposited on surfaces. The STM analysis shows a homogeneous layer
of the molecules on otherwise clean surfaces for different coverage. Collision-induced
dissociation (CID) of the molecular ions was studied. The declustering potential is
adjusted to vary the collision energy with the background gas and thus the level of
molecular fragmentation. In this manner, intact molecules or fragments can be chosen
as the composition in the ion beam. Surface deposition by the ion beams containing
either intact molecules or fragments is confirmed by secondary ion mass spectrometry
(SIMS) and matrix-assisted laser desorption ionization (MALDI). The results show
that the adsorbed chemicals on the surface correspond to the substances contained
in the initial beams.

Based on these initial study of CID in the gas phase, the fragmentation of molecules
by collisions at a surface could be investigated. Several parameters can be adjusted
during the deposition to explore a variety of structure formations and interactions,
which could occur. One important parameter is the kinetic energy upon deposition,
which is varied by biasing the target sample. Above 60 eV collision energy, sub-
stantial amounts of fragments are detected on the surface by SIMS. This result not
only ensures that intact deposition can be reliably performed below that value, but
also allows further investigations on the effect of collision energy upon the structure
formation on surfaces.

The collision energy is an important factor for reactive landing, which takes place
in the hyperthermic energy range. Chemical reactions at the surface can be induced
by the impact of molecules or molecular fragments. Covalently bound molecular
networks of functional molecules is one possible application of this approach. The
molecular fragments can be created from selective dissociation either in the gas phase
or at the surface. These radical ions are highly reactive and thus lead to chemical
interactions on the surface to form stable covalent-bonded networks.[208|

Hydrophobic interactions have a major influence on the ordering of amphiphilic
molecules such as sodium dodecyl sulfate (SDS), the model system for the following
study. Layered growth of SDS is found on surfaces from aqueous solution and in
vacuum, however, different molecular arrangement of the crystalline structures are
found. In the electrospray, the SDS molecules aggregate and form large, highly
charged clusters. Vacuum deposition of these resulted in inverted bilayers on graphite
and Si0, surfaces, in contrast to normal membranes formed under the influence of
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the hydrophobic interaction. In vacuum the dominating structural motive is a head-
to-head arranged SDS dimer, which is the basis for all observed structures including
flat-laying double rows on Cu(100) observed by in-situ STM.

The study of SDS deposition shows that ES-IBD represents a deposition method
equivalent to molecular beam epitaxy (MBE). The high quality molecular multilayers
fabricated show that ES-IBD could be applied to fabricate layers that can serve
as the basis for devices. Moreover, the amphiphilic bilayers are also interesting as
artificial membranes with unusual properties. The experiment could be extended
towards embedding of functional substances similar to proteins in real membranes,
or receptors, which are only softly bound in the membrane to allow rearrangement
that would support properties like chemical binding and recognition processes.

Large functional molecules, for which vacuum deposition by thermal sublimation
cannot be applied, were successfully deposited on surfaces by ES-IBD. Coordina-
tion compounds represent an increasing level of complexity. Host-guest complexes
of a macrocyclic crown ether, dibenzo-24-crown-8 (DB24C8) and various cations are
formed in electrospray solutions and transferred to a Cu(100) surface in UHV by
ES-IBD. Chemical characterization of the surface by MALDI confirmed the integrity
of the adsorbed complex. STM at low temperature provides the molecular substruc-
ture of the complexes on the surface. The difference in the structure between the
complexes formed by DB24C8 and Cs*, Na'™ and H™* is visible with submolecular
resolution showing the cavity of DB24C8. In combination with density functional
theory (DFT) calculations, binding energy and interactions of the three different
host-guest complexes at the surface are explained. The results show that DB24C8-
alkali ion complexes stick to the Cu(100) surface while the DB24C8-H™" complex is
very mobile even at low temperatures.

This study provides the basis for the investigation of more complex host-guest
macrocyclic systems. Due to the independence of functional groups interior and ex-
terior of macrocycles, chemical modification of the molecules can be performed to
manipulate the intermolecular interaction without interfering their host-guest func-
tionality and vice versa. The modification of the interior functional groups can be
performed to achieve, for instance molecular recognition or chiral interaction between
the host and the guest molecules, where the exterior functional groups can be modi-
fied to obtain two-dimensional arrangements on surfaces. According to this unique
property of macrocycles, two dimensional networks of macrocycles can be fabricated
with various functionalities.

The final part of the thesis involves the investigation of a complex biological
molecule that is a protein, Cytochrome ¢ (CytC). Two different configurations of
CytC: folded and unfolded, are successfully deposited and studied on surfaces. Simi-
lar to the crown ether experiment, the preparation of the electrospray solution turns
out to be a simple way to define the structure of the deposited species. Unfolded
proteins are prepared by adding formic acid and organic solvents to the electrospray
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solution. In order to create an ion beam containing either folded or unfolded protein
ions, mass selection is performed in the gas phase to select either the low or the high
charge-state range. Characterized by STM, the deposition of low charge states re-
sults in three dimensional islands, observed isolated and as clusters together with flat
chain aggregates nearby. High charge-state deposition yields only chain-like structure
on the surface. The three dimensional islands and the chains correspond to folded
and unfolded CytC, respectively. The observed chains for low charge-state deposi-
tion, could result from partially unfolding in the electrospray solution. The unfolded
protein is imaged with submolecular resolution and their structural features, which
could be attributed to single or multiple amino acids, can be resolved.

Figure 6.12: Topographic images of folded and unfolded (left) and only
unfolded (right) BSA on Cu(100) surface

In addition to the unfolding of proteins in solution, other parameters, which may
cause proteins to unfold are studied in vacuo. Increasing of the surface temperature
after the deposition caused the adsorbed proteins to unfold followed by subsequent
disintegration, while the impact energy of 27 eV per charge still yields intact de-
position. Furthermore, the surface has a great influence on the adsorbed protein
conformation. Folded CytC is very mobile until a binding site defined by the surface
or aggregates of other molecules is found. The limitation in mobility of the unfolded
chains on Cu(100) leads to a structure, which is the projection of their gas phase
configuration. On Au(111), where pinning is only given at the elbow sites, the chains
are folded into two-dimensional compact structures.

This study is currently continued by other proteins such as bovine serum albumin
(BSA). The difference between folded and unfolded structures resemble the results
obtained from CytC (Fig. 6.12). The result implies that a homogeneous layer of
different types of proteins can be prepared by ES-IBD on a clean surface. The possi-
bility to deposit gas-phase proteins on surfaces opens up manifold opportunities. The
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creation of two and three dimensional protein crystals of selected conformation is one
future goal of paramount importance. A further investigation into the functionality
of the adsorbed proteins could also provide the possibility to mimic the biological
process occurring in nature and study them with the unprecedented resolution of
the STM. Moreover, self-organization of unfolded proteins or peptides can also be
explored on surfaces by the deposition of high charge-state proteins or adjusting the
influencing parameters such as surface temperature. This study could provide a step
closer to the two-dimensional folding of proteins into a well-defined structure, which
supports structural characterization and enables further growth of three-dimensional
protein crystals.

In summary, the results obtained in this thesis from the investigation of many
classes of functional molecules ranging from small organic to large biological sub-
stances show many different ways towards the design and controlled fabrication of
new materials from nonvolatile compounds. The combination of ES-IBD and in situ
STM analysis allows a broad range of molecules to be studied on surfaces at sub-
molecular level that were not available before. Molecular interactions and chemical
processes in complex molecules happening at the nanoscale can now be investigated
with unprecedented precision.

Future research will aim to explore the functional aspects of nanomaterials created
from nonvolatile molecular substances. As molecules become bigger, their functions
get more complex. As a result the interpretation of measurements becomes increas-
ingly difficult. The fully controlled approach of ES-IBD thus is superior to other
sample preparation techniques. For instance in contrast to evaporation it is always
known what species is deposited. This knowledge is particularly important when
scanning probe techniques are used, since they unfold their full potential, when it is
known which molecule is observed. Therefore STM and AFM in combination with
ES-IBD enable the study of chemical and physical effects of highest complexity at the
submolecular scale. Interesting phenomena include molecular magnetism and other
spin correlation effects in molecules, catalysis or optical activity.

As an example of this approach in our laboratory a prototype molecular magnet,
Manganese-12-Acetate-16 (Mn12) has been studied as single molecule adsorbed on
a thin-insulating surface, which is then transferred to a low-temperature (1.5 K)
STM without leaving the UHV. The results suggest the preservation of molecular
magnetism of Mnl12 on the surface. This study is an important step for further
understanding of the properties of single molecular magnets on surface, which can be
applied as a basis to create nanomagnetic devices.

In a similar way as the study of Mnl12, the properties of other large functional
molecules can be explored on surfaces in UHV. This provides an opportunity to
discover molecules with exciting properties for vacuum-based applications.

In addition to being employed as individual, large highly functional molecules
can also serve as building blocks to form well-defined nanostructures at surfaces with
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desired functionalities. An attempt can be made to control the intermolecular inter-
actions, which define the structure formation. Molecular self-assembly is a typical
method to create molecular networks through noncovalent intermolecular forces. Due
to the weak interactions, these networks are less stable compared to covalently bond
networks. However, in order to build a covalent network, a more complicated proce-
dure is required. Selective dissociation of molecules by temperature treatment into
reactive radicals showed a possibility to produce covalent networks.[208] Reactive
landing of molecular ions or fragments onto reactive surfaces is another approach,
by which new covalent bonds can be created, such as peptides and self-assembled
monolayers.|93]

Here, ES-IBD can be employed to create radical ions from large molecules either
in the beam or on the surface to enable the formation of functional covalent networks.
Among the large molecules, proteins and peptides are promising candidates, which
support rational design and construction of preferred nanostructures. In addition to in
situ STM characterization, the bulk properties of such systems are highly interesting
for potential applications. In this context ES-IBD can be envisioned as a fabrication
technique for conductive polymer layers, catalytically active layers or sensor surfaces.

In general, ES-IBD can be used as a tool equivalent to MBE to grow epitaxial
layers of molecules for devices. The advantage of ES-IBD is that the molecular beams
are more controlled and a broader range of molecules can be applied, while MBE is
limited to atoms or volatile molecules. In this way, functional nonvolatile molecules
can be utilized in vacuum-based technology, providing a great opportunity to develop
more complex nanoscale devices.

The study of large nonvolatile substances can be extended from molecules to
nanoparticles. Since nanoparticles have many different shapes and properties, thus
can be assembled to form nanocrystals with new combined functionalities for applica-
tions in electronic, magnetic or optical devices. Carbon-based materials, such as car-
bon nanotubes and graphenes attracted great interests in molecular electronics.[209]
These materials can be used for a controlled deposition in UHV combined with other
nanoparticles or molecules to create a new device with novel functions.

This research shows the promising capability of ES-IBD as an unprecedented
method for device and sample fabrication. New types of electronic and memory
storage devices, high sensitivity sensors or biomimicking systems from nonvolatile
molecules and nanoparticles are now possible.
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Appendix

i) Density Functional Theory Calculations Descrip-
tion

DFT modelization of the adsorbed DB24C8 complexes on the Cu(100) surface [37]
was carried out by means of the QuantumESPRESSO package [210], which makes
use of plane-wave expansion of the system wave function in periodically repeated su-
percells. Here a 21.6 x 18.0 x 18.0 A? tetragonal cell is used; the Cu(100) surface was
modeled by just two Cu layers due to the large lateral extension of the cell, necessary
to avoid interactions between adsorbates in adjacent periodic images. The positions
of the copper atoms of the lowest layer were kept frozen at the equilibrium bulk
geometry during the optimization processes. Calculations were performed with the
Perdew-Burke-Ernzerhof exchange-correlation functional [211], using Vanderbilt-type
ultrasoft potentials [212] with a kinetic energy cutoff of 40 Ry; this led to a nearest-
neighbor Cu-Cu distance of 2.55 A, which is in good agreement with the experimental
value. For cesium a norm-conserving Troullier-Martins pseudopotential [213] is used,
due to the unavailability of ultrasoft potentials; convergence tests proved that the
40 Ry cutoff represents a satisfactory compromise between energetic/geometric ac-
curacy and sensible computational time usage. The k-points sampling was limited
to the Gamma point. The adsorption energies of the DB24C8-alkali complexes were
determined by the deposition of the complex with a Cl- counterion to avoid com-
putation of an overall charged supercell. STM images were simulated by means of
the specific tool in the QuantumESPRESSO package, based on the Tersoff-Hamann
approach.[170, 171] All images were produced using the XCrySDen program.[214|

Density functional theory calculations were performed by Dr. Giacomo Levita,
INFM-Democritos Modeling Center for Research in Atomistic Simulation, Trieste,
Italy as collaboration in this project.
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ii) Contour Length and Persistence Length of Highly
Charged, Unfolded CytC Strands on Cu(100)

As suggested by the imaging data (see Fig. 6.5 of chapter 6), the highly charged,
unfolded CytC strands on Cu(100) may be described by wormlike chains which are
characterized by a contour length L and a persistence length ,,.

During deposition, the conformation of an unfolded CytC strand is modified by
the transition from three dimensions in the ion beam gas phase to two dimensions
on the surface of the substrate. The protein adsorbs without having equilibrated on
the strongly interacting Cu(100) surface. Therefore, the resulting unfolded protein
conformation resembles a projection of the actual conformation in three dimensions
onto the surface, where the contour length is conserved. In order to determine the
molecular stiffness, the unfolded CytC strands are represented as continuous space
curves r(s), where s € [0, L] is the contour coordinate along the wormlike chain.
Using the contour length L = 26 nm and the persistence length [, = 6.4 nm the
calculated radius of gyration projected onto the surface of the substrate is given by
(see Refs. [204, 215] and references therein)

R IRy

2 (1L 203 2[4
— \l (p — ]2 + _r_ P (1 — e_L/lp)> =43 nm, (63)

3\'3 " L2

where (- - -) denotes a statistical average. The corresponding STM image analysis
of highly charged, unfolded CytC strands on Cu(100) unfolded CytC strands yields
ry = 4.5 nm. Besides the usual molecular stiffness of a neutral chain molecules,
electrostatic interactions between charged residues further stiffens the protein strand
leading to the above mentioned persistence length.

Moreover, equilibrium properties of wormlike chains are characterized by the mean
end-to-monomer distance projected onto the surface of the substrate

2
ro(s) = \/<(r(0) —1(s))*) = \/ 3 (21,5 — 212 (1 — e~1/1)), (6.4)
and the corresponding fourth moment

1/4 5

1/4
ra(s) = ((x(0) —r(s))") _<3> ra(s) . (6.5)

Equation (6.5) follows from a Gaussian distribution of intramolecular distances r(0)—
r(s). Fig. 6.5d shows the calculated (lines) and measured (symbols) mean end-to-
monomer distance r5(s) (lower data set) and the forth moment ry(s) (upper data
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set) as a function of the contour coordinate s. The upper data set has been shifted
by adding the value 1 for better visibility. The comparison of the experimental and
theoretical data validates the use of a wormlike chain model to analyze average confor-
mational properties of highly charged, unfolded CytC strands on Cu(100). However,
characteristic features of the well-defined sequence of - and a-configurations along
the chain may lead to specific conformations of individual proteins. For example the
short helix in the middle of the chain together with the S-configurations close to it
may act as a hinge, while other charged segments are rather stiff.

This analysis was performed by Dr. Ludgar Harnau, Mazx Planck Institute for
Intelligent Systems, Stuttgart, Germany as collaboration in this project.
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