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Abstract

This thesis describes the realization of a new type of scanning tunneling microscope
dedicated to long-term variable-temperature studies at liquid-solid interfaces: The
Immersion Scanning Tunneling Microscope. This new instrument was applied in
two fundamental studies investigating solvent and temperature-induced e�ects that
in�uence the evolution of self-assembled molecular monolayers in liquids by a�ecting
the underlying thermodynamics and kinetics.

In a comprehensive description, the development of the immersion scanning tun-
neling microscope is presented in detail. The key concept of this new instrument is
the complete immersion of the microscope body into solution. The temperature of
the solution, and thus also of the microscope, is precisely controlled inside a heatable
and hermetically sealed container. Fast thermal equilibration after a temperature
change is promoted through the choice of materials, a highly symmetric design and
the introduction of heat-bridges. At steady state, temperatures are stabilized by
feedback-control, hence reducing thermal drift to a minimum. Furthermore, ow-
ing to the hermetic isolation of the microscope and solution, solvent evaporation
is completely eliminated, thereby removing any principal limitation for the dura-
tion of experiments at liquid-solid interfaces. Elaborate corrosion tests revealed the
vulnerability of less noble metals and epoxy glues against corrosive solvents. Yet,
the implementation of an e�ective corrosion protection concept using gold and a
�uoroelastomeric coating material enables the usage of the highly appropriate but
rather reactive fatty acid solvents. First test-experiments proved the low-drift and
high-resolution imaging capability of the instrument at variable-temperatures be-
tween room temperature and 100 ◦C. Even over the course of days, stable imaging
can be achieved without any corrosion-induced contamination of the solution.

The immersion scanning tunneling microscope was used for two scienti�c case
studies. In the �rst study, the origin of solvent-induced polymorphism of trimesic
acid monolayers self-assembled at the solution-graphite interface was studied. Using
fatty acids, trimesic acid assembles in two polymorphs: The porous chickenwire and
denser �ower structure for longer and shorter fatty acids, respectively (heptanoic
acid = chickenwire, hexanoic acid = �ower). In contrast to experimental �ndings,
thermodynamic evaluations point towards a superior stabilization of the chickenwire
polymorph for both solvents. In the end, stereochemically speci�c coadsorption
of solvent molecules in a unique feature of the �ower polymorph, i.e. additional
elongated small pores, was identi�ed to be the structure determining factor. This
was revealed by variable-temperature experiments using the immersion scanning
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tunneling microscope, which showed a reversible phase transition from the �ower
polymorph to the chickenwire polymorph at 110 ◦C (solvent = hexanoic acid).

A second study is presented, where in novel experiments the monolayer cov-
erage of 2,6-naphthalenedicarboxylix acid at the nonanoic acid-graphite interface
was tracked at temperatures between 57.5 and 65.0 ◦C. The coverages decreased
slowly over the course of days with a time dependence described by single exponen-
tial decays. From the individual rate constants a surprisingly high energy barrier
for desorption of 208 kJ mol−1 was derived. In vast discrepancy to this �ndings,
an adapted Born-Haber cycle resulted in a desorption enthalpy of 16.4 kJ mol−1,
indicating the existence of a high-energy transition state.
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Zusammenfassung

Diese Dissertation beschreibt die Realisierung eines neuen Typs von Rastertun-
nelmikroskop, das auf temperaturabhängige Langzeitstudien an Flüssig-Fest Grenz-
�ächen spezialisiert ist: das Immersions-Rastertunnelmikroskop. Dieses neue Instru-
ment wurde in zwei grundlegenden Studien angewandt. In diesen Studien wurden
lösungsmittel- und temperaturinduzierte E�ekte untersucht, welche die Entwick-
lung von selbstassemblierten molekularen Monolagen in Flüssigkeiten durch ihren
Ein�uss auf die dabei zugrunde liegende Thermodynamik und Kinetik verändern.

In einer umfassenden Beschreibung wird die Entwicklung des Immersions-
Rastertunnelmikroskops detailliert vorgestellt. Das Schlüsselkonzept dieses neuen
Instruments ist das vollständige Eintauchen des Mikroskopkörpers in Lösung. Die
Temperatur der Lösung, und damit die des Mikroskops, wird in einem beheizbaren
und hermetisch verschlossenen Behälter präzise geregelt. Ein schnelles Erreichen des
thermischen Gleichgewichts nach einer Temperaturänderung wird durch die Wahl
der Materialien, eines hochsymmetrischen Aufbaus und die Integrierung vonWärme-
brücken gefördert. Im stationären Zustand werden die Temperaturen durch einen
Regelkreis stabilisiert, wodurch die thermische Drift auf ein Minimum reduziert
wird. Darüber hinaus wird durch die hermetische Isolierung von Mikroskop und Lö-
sung die Verdampfung des Lösungsmittels vollständig eliminiert, wodurch jedwede
prinzipielle Begrenzung der Dauer für Experimente an der �üssig-fest Grenz�äche
entfällt. Ausführliche Korrosionstests zeigten die Anfälligkeit von halb- und un-
edlen Metallen sowie Epoxidklebern gegenüber korrosiven Lösungsmitteln. Die Um-
setzung eines e�ektiven Konzepts zum Korrosionsschutz unter der Verwendung von
Gold und einem �uorelastomeren Beschichtungsmaterial ermöglicht jedoch den Ein-
satz der besonders geeigneten aber korrosiv wirkenden Fettsäuren als Lösungsmittel.
Erste Testexperimente bewiesen die geringe Drift und das hochau�ösende Abbil-
dungsvermögen des Instruments in einem Temperaturbereich zwischen Raumtem-
peratur und 100 ◦C. Selbst über Tage hinweg kann eine stabile Bildgebung ohne
korrosionsbedingte Kontamination der Lösung erreicht werden.

Das Immersions-Rastertunnelmikroskop wurde für zwei wissenschaftliche Fall-
studien eingesetzt. In der ersten Studie wird der Ursprung des lösungsmittelbe-
dingten Polymorphismus von Trimesinsäure-Monolagen, welche sich an der Lösungs-
Graphit Grenz�äche selbstassemblieren, untersucht und vorgestellt. Unter der
Verwendung von Fettsäuren assembliert Trimesinsäure zu zwei Polymorphen: der
porösen Chickenwire- und der dichteren Flower-Struktur für jeweils längere bzw.
kürzere Fettsäuren (Heptansäure = Chickenwire, Hexansäure = Flower). Im Gegen-
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satz zu experimentellen Ergebnissen deuten thermodynamische Analysen auf eine
überlegene Stabilisierung des Chickenwire-Polymorphs in beide Lösungsmittel hin.
Als strukturbestimmender Faktor wurde schlieÿlich die stereochemisch spezi�sche
Koadsorption von Lösungsmittelmolekülen in einem Alleinstellungsmerkmal des
Flower-Polymorphs, d. h. in dessen länglichen kleinen Poren, identi�ziert. Dies
wurde in temperaturabhängigen Experimente unter Verwendung des Immersions-
Rastertunnelmikroskops festgestellt, welche einen reversiblen Phasenübergang vom
Flower-Polymorph zum Chickenwire-Polymorph bei 110 ◦C zeigten (Lösungsmittel
= Hexansäure).

Eine zweite Studie wird vorgestellt, bei der in neuartigen Experimenten die
Monolagenbedeckung von 2,6-Naphthalindicarbonsäure an der Grenz�äche zwischen
Nonansäure und Graphit in einem Temperaturbereich von 57,5 bis 65,0 ◦C verfolgt
wurde. Die Bedeckungen nahmen langsam über Tage hinweg ab und ihre Zeitab-
hängigkeit konnte als einfacher exponentieller Abfall beschrieben werden. Aus den
einzelnen Geschwindigkeitskonstanten wurde eine überraschend hohe Energiebar-
riere für die Desorption von 208 kJ mol−1 abgeleitet. In groÿer Diskrepanz zu
diesem Ergebnis ergab ein adaptierter Born-Haber-Zyklus eine Desorptionsenthalpie
von 16,4 kJ mol−1, was auf die Existenz eines hochenergetischen Übergangszustands
hinweist.
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Chapter 1

Introduction

In the 1980s, Jean-Marie Lehn proposed his idea of supramolecular chemistry as
a new discipline in the �eld of chemistry.1 Rewarded with the Nobel Prize in
1987,2 Lehn changed the focus of chemistry from structures and properties of single
molecules to the non-covalent interaction between them. In this respect, a partic-
ularly interesting phenomenon is intermolecular self-assembly, as it describes the
spontaneous organisation of molecules to non-covalently bounded supramolecular
structures reaching from 3D crystals to highly ordered 2D and 1D structures on
surfaces.3,4 Self-assembly experienced a tremendous growth in interest, studies and
discoveries over the last decades, not at least through its importance in biology5,6 and
in material science as a bottom-up approach for the fabrication of nano-materials.7�9

Around the same time when Lehn stated his proposal, Gerhard Binning and
Heinrich Rohrer presented the �rst Scanning Tunneling Microscope (STM) in 1981,
an instrument with unprecedented resolution capability beyond the di�raction limit.
10,11 Enabling real space imaging of structures at the atomic scale and even the
controlled manipulation of single atoms,12 STM played a pivotal role in studying
self-assembly processes and contributed greatly to the advent of nano-science. For
their pioneering work, Binnig and Rohrer received the Nobel Prize in Physics in the
year 1986.13 Since then, the development of more sophisticated STMs took place.
Apart from the original application in vacuum10,14,15, contemporary state-of-the-art
STMs are capable to operate at ambient conditions,16,17 at high pressure18 and even
in liquids19�21.

Liquids, particularly the liquid-solid interfaces, are proved to be ideal environ-
ments to study the phenomenon of supramolecular self-assembly, not least because
of an enhanced mobility of the molecules, modest preparational e�orts and straight-
forward experimental approaches using STM.22,23 In this �eld, many studies aim
to establish an enhanced fundamental understanding of the driving forces behind
supramolecular self-assembly. In general, self-assembly at the liquid-solid interface
evolves under equilibrium conditions controlled by thermodynamic forces but, also
kinetic e�ects can play a fundamental role in monolayer formation. Yet, the �nal
structure is rarely already prede�ned by the molecular building blocks themselves,
as environmental conditions can drastically in�uence the equilibrium conditions. In
this respect, the interplay of parameters like molecular structure, type of solvent, the
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1. Introduction

surface, solute concentration as well as temperature are crucially important in liquid
environments. A particularly interesting and relevant parameter is temperature as
it a�ects both, thermodynamics through the entropic contribution to the free energy
and kinetics by providing activation energy to overcome barriers. Surprisingly, and
in stark contrast to its importance, only a few studies focus on temperature. Pre-
sumably, technical limitations are the main reason for the low number of studies as
variable-temperature STM experiments in liquids imply additional complications.
So far, the majority of variable-temperature STM experiments are performed using
locally heated sample holders.24�26 Unfortunately, the usage of liquid solvents with
relatively high vapour pressure, e.g. the highly appropriate homologues series of
fatty acids, inevitably results in a continuous loss of solvent over the course of the
experiment. The accompanied change in concentration distorts the �nal results and
with ongoing time, samples can even completely dry out. Since this e�ect is even
enhanced at elevated temperatures, variable-temperature liquid-solid STM experi-
ments are strongly restricted in duration or in the choice of solvent, i.e. are limited
to solvents with low vapour pressure. Furthermore, locally heated sample holders
induce substantial thermal drift over the entire instrument. Generally, thermal drift
is reduced over the course of time as thermal equilibration proceeds, but progres-
sive evaporation of volatile solvents prohibit extended waiting times. At the end, a
trade-o� between settling thermal drift and keeping solvent evaporation at a min-
imum is dictating the duration of STM experiments with locally heated samples,
while scienti�c interests come often secondary.

In 2014, Hipps and co-workers took a novel approach to overcome this dilemma
by suppressing solvent evaporation through a saturated solvent atmosphere inside
of a temperature controlled closed chamber.27 Therefore, a reservoir of pure solvent
is placed next to a home-built STM. By suppressing solvent evaporation, extended
waiting times for thermal equilibration are a�ordable while heating of the entire
STM avoids substantial thermal drift from the start. The great potential of the
instrument was proven by �rst long-term STM experiments over 24 h at tempera-
tures up to 75 ◦C to evaluate the temperature dependency of porphyrin monolayers
adsorbed at the toluene-Au(111) interface.27 Even though this approach represented
a milestone for long-term variable-temperature STM experiments at the liquid-solid
interface, points for improvement can be identi�ed. The original system features
a high thermal mass and a non-optimal heat transport through the instrument,
resulting in ine�ective thermal equilibration. The creation of a saturated solvent
atmosphere is limiting the instrument to less corrosive solvents as all STM compo-
nents are exposed to the vapour. Moreover, minor concentration changes through
solvent evaporation from the sample cannot be fully excluded during heating.

The ongoing e�orts to realize long-term variable-temperature STM experiments
underpin their high potential to gain enhanced fundamental knowledge and to clarify
the reasons for phenomena observed in self-assembly at liquid-solid interfaces. In this
respect, observations in two earlier studied model systems, trimesic acid (TMA) and
2,6-naphtahlendicarboxylix acid (NDA), require further evaluation.28,29 Using fatty
acids as solvents, TMA self-assembles on graphite into two di�erent polymorphs,
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1. Introduction

i.e. the �ower and chickenwire polymorph for shorter and longer solvent alkyl chain
length, respectively. The origin of this experimentally observed solvent-induced
polymorphism is so far not fully understood.28 The other model system, NDA,
features an uncommonly low degree of structural quality of its monolayers for a self-
assembly at the liquid-solid interface. A kinetic inhibition in the desorption process
might be the reason for that e�ect, limiting the normally enhanced self-healing
ability of monolayers in liquid environments.29 In both cases, variable-temperature
experiments could contribute to further insights in the underlying reasons.

Motivated by the ground-breaking work of Hipps et al. and to clarify open ques-
tions of previous research, we tackle the development of a new type of STM: The Im-
mersion Scanning Tunneling Microscope (I-STM). In a completely novel approach,
we propose the immersion of a dedicated STM in solution while both, STM and solu-
tion, are hermetically sealed in a feedback-controlled heatable container. Suppress-
ing any solvent evaporation, limitations in experimental durations are eliminated
and extended waiting times to reduce thermal drift are a�ordable. Nonetheless, op-
timizations in terms of neat thermal exchange across the entire STM aim to improve
thermal equilibration and the fast reduction of thermal drift. With the development
of the I-STM, the origin of solvent-induced polymorphism in TMA monolayers and
the possible existence of kinetic limitations in NDA self-assembly can be evaluated
with the aid of variable-temperature I-STM experiments. Complementary eval-
uation of thermodynamic quantities, by variable-temperature UV-vis spectroscopy,
vacuum e�usion experiments as well as computational density-functional theory and
molecular mechanics calculations will provide further inside in the underlying ther-
modynamic forces and proposed kinetic e�ects.

This thesis continues with an introduction to the theoretical background and ba-
sic principles of scanning tunneling microscopy. In chapter 3, UV-vis spectroscopy
and vacuum e�usion are presented and discussed as experimental methods to derive
enthalpy changes during dissolution and sublimation processes, respectively. A brief
overview of the used molecules and surfaces in the experimental parts is given in
chapter 4. Chapter 5 provides an introduction to monolayer self-assembly at the
liquid-solid interface, including thermodynamics, kinetics and all relevant parame-
ters. The main part of the thesis starts with a comprehensive description of the
conception and design of the I-STM as well as with an evaluation of its performance
(chapter 6). With the aid of the I-STM, the phenomenon of solvent-induced poly-
morphism of TMA monolayers is studied and presented in chapter 7. In a second
study (chapter 8), desorption kinetics of NDA monolayers is evaluated and quan-
ti�ed by variable-temperature STM experiments. All results and �ndings of this
thesis are summarized and concluded in the �nal chapter 9 including an outlook.
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Chapter 2

Scanning Tunneling Microscopy

STM is a surface sensitive, real space imaging method to visualize surface topogra-
phies at the atomic scale.10,11,13 In the context of molecular monolayers on surfaces,
a STM is a very powerful tool to analyse molecular structures. Owing to its high
resolution capability and sensitivity to the electronic con�guration of the adsorbate-
surface system, STM can be used to measure bond-length, the lattice parameter of
the monolayer or the degree of surface coverage. Various environments are feasi-
ble for STM such as ambient,16,17 vacuum,10,30 high pressure18,31 and even in liq-
uids19�22. Furthermore, STM can operate at temperatures ranging from mK 32 to
high temperatures of >1000 K.33,34

2.1 Principle and Theoretical Background

As STM belongs to the family of scanning probe microscopy (SPM), a probe, i.e. a
sharp metal tip, is used to analyse the surface of a sample (Fig. 2.1).

Figure 2.1: Basic principle of an STM scanning in constant current mode.
Depending on the density of states of the adsorbate-surface system the to-
pographic surface pro�le (contrast) can di�er between di�erent adsorbates.

While moving the tip along a straight line, the vertical de�ection of the topology
is recorded. This is done line by line until the speci�ed area is completely mapped.
To obtain the surface information, a tunneling current is established between the
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2.1. Principle and Theoretical Background 2. Scanning Tunneling Microscopy

tip and the surface. This results in a limitation on STMs, as they can only analyse
conductive surfaces with a conductive tip. Since no mechanical contact is established
between the tip and the surface, electrons have to tunnel through a barrier from the
tip to the surface or vice versa.

In the view of classical physics, it is impossible for an electron with the energy E
to penetrate a potential barrier V0 if E < V0. Considering the wave-particle dualism
in quantum mechanics, electrons can be treated as waves with corresponding wave
functions Ψ. The wave function of an electron (E < V0) is not re�ected like a particle
in classical physics, but rather decays exponentially inside the potential barrier (Fig.
2.2a) as expressed with Eq. 2.1.35

Figure 2.2: (a) Wave function Ψ of an electron before and inside a �nite
potential step. (b) Wave function Ψ of an electron tunneling through a
�nite vacuum barrier (thickness = d) between two metal electrodes (sample
and tip) with applied bias UBias. Adapted and reproduced from Chen 35

Introduction to Scanning Tunneling Microscopy: Second Edition Copyright
(2007), with permission of Oxford Publishing Limited through PLSclear.

Ψ(z) = Ψ(0)e−κz (2.1)

Here, κ =
√

2m(V0 − E)/~ is the reciprocal exponential decay length of the wave
function inside the barrier. m is the electron mass, ~ the reduced Planck constant
and z the spatial coordinate. Considering two electrodes in close proximity, i.e.
the gap d is small enough to render e−κd > 0, a non-zero probability exists for an
electron to tunnel through the �nite potential barrier between the two electrodes.35

In a STM, the two electrodes are the sample and the tip. For simplicity, sample
and tip are considered to be metals with equal work functions Φ. Furthermore,
thermal excitation will be neglected in this simpli�ed approach making the Fermi
level to the upper limit for occupied states in a metal. Now, de�ning the vacuum
level as the reference level for energy, the energy of the Fermi level is equal to the
work function (EF = −Φ). With sample and tip at the same potential, electrons
will spontaneously tunnel in both directions, establishing an equilibrium. Applying
a bias UBias between sample and tip, both Fermi levels shift with respect to each
other and de�ning an energy window [EF − eUBias, EF ] (Fig. 2.2b). Now, electrons
at the sample state Ψn with the energy En located in the interval [EF − eUBias, EF ]
can tunnel from the sample (negative electrode) to the tip (positive electrode),
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establishing a net tunneling current IT . Considering a very small interval, i.e. for
a bias much smaller than the work function (eUBias � Φ), the energy levels En of
all relevant sample states are close to the Fermi level energy EF . The probability to
observe an electron initially located in the sample with the energy En at the tip is
proportional to,

|Ψn(d)|2 = |Ψn(0)|2e−2
√

2mΦd/~ (2.2)

with e−2
√

2mΦd/~ being the transmission coe�cient.35 Hence, the net tunneling
current IT is proportional to the sum of all sample states n located in the energy
interval [EF − eUBias, EF ], it can be stated with their respective tunneling probabil-
ities:

IT ∝
EF∑

En=EF−eUBias

|Ψn(0)|2e−2
√

2mΦd/~ (2.3)

For small eUBias the variation of the density of states (DOS) within the energy
interval [EF - eUBias, EF ] is negligible. Applying the local density of states (LDOS)
of the sample ρs the tunneling current IT is given by:

IT ∝ UBias ρs(0, EF )e−2
√

2mΦd/~ (2.4)

More sophisticated models to determine IT are stated by Bardeen, Terso�,
Hamann and Chen.35�37 Nonetheless, the simpli�ed model of Eq. 2.4 elucidates
two key features of STM imaging. At �rst, it shows that the contrast strongly de-
pends on the LDOS of the sample, i.e. high LDOS results in higher current which in
turn leads to a higher brightness in the STM images and vice versa. Second, Eq. 2.4
explains the high vertical resolution of STMs. Owing to the exponential dependency
of the tunneling current on the tip-sample distance d, STM is very sensitive to any
variation of d, e.g. IT changes about a magnitude with ∆d = 1 Å.38

STM can operate in two modes: Constant high and constant current mode. In
the constant high mode the tip height remains constant. The surface information
is collected through the variation of IT as d changes along the sample topology.
Consequently, this mode bears the threat of a tip crash as d is not adjusted at all.
More common is the constant current mode illustrated in Fig. 2.1. Here, a set
point tunneling current IT,set is maintained. The tip-sample distance d is constantly
adjusted by a feedback loop to eliminate the variation of IT,set. The Z-position of
the tip is recorded and used to extract a height pro�le to gain a topographic surface
image. Yet, small variations of IT cannot be excluded completely but used to extract
an additional tunneling current image. For both, the images are generated by the
assignment of respective height or current values to a colour code. The controlled
manipulation of the tip with respect to the surface in X, Y and Z is discussed in
the following section 2.2.
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2.2 Piezoelectric Actuators

The relative movement between probe and sample must be controlled in a very pre-
cise way. Usually, the tip is the moving part and the sample is �x. Apart from
the scan movement, the tip must be positioned and stabilized in close proximity to
the surface to enable electron tunneling. This is commonly achieved with the aid
of a fully automated coarse approach (cf. section 2.4) including a nanopositioner
(cf. section 2.3). For both, scanning and distance stabilization, the ability of piezo
actuators to deform in a very precise and controllable manner is used. The most
common piezoelectric materials are lead zirconate titanate composites (PZT ). De-
pending on composition, the individual PZT types di�er in their piezo electrical
properties.39,40 In the following two sections the two most commonly, and also in
this work, used piezo actuator types are introduced: The tube piezo actuator and
the multilayer piezo actuator.

2.2.1 Tube Piezo Actuator

Tube piezo actuators are used in STM to perform the movement of the tip in the
X, Y and Z directions. These tube piezo actuators consist of a monolithic PZT

tube with a Z-electrode fully covering the inside and four equally segmented outer
electrodes (X+, X−, Y+ and Y−). Tube piezo actuators are polarized radially,
either towards the inside or outside of the tube (Fig. 2.3).

Figure 2.3: (a) Cross section scheme of a tube piezo actuator. The two
possible polarizations are indicated by green and blue arrows, respectively,
while the arrows point in the positive polarization direction. (b) Tube piezo
actuator in its initial state and (c) bended towards Y−.

Polarized PZT features a tetragonal crystal unit cell (A = B 6= C) with its
polarization axis along C. Upon applying an electrical �eld, the tetragonal crystal is
expanded or contracted along its polarization axis if the polarization of the electrical
�eld is orientated equally or unequally to the polarization axis, respectively. At
the same time, the dimension of the unit cell perpendicular to the polarisation
axis changes: An expansion along the polarization axis results in perpendicular
contraction of the unit cell and a contraction along the polarization axis leads to a
perpendicular expansion. The relation between the applied electrical �eld and the
deformation along the polarisation axis is given by the piezoelectric coe�cient d33

(m/V) and for the perpendicular deformation d31 (m/V). For a tube piezo actuator
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only the deformation perpendicular to the polarization axis is used to generate the
X, Y and Z movement. For the deformation along the Z-axis, a voltage U is applied
between the inner and all outer electrodes. The travel ∆ZP can be estimated with:

∆ZP ≈ d31 · ZP ·
U

dT
(2.5)

Here, ZP is the initial length of the electric contacted tube and dT is the wall
thickness of the tube.39

For the lateral bending of the tube in the X-Y plane the electrodes are addressed
individually. For instance, by applying a voltage U between the Z and the Y− elec-
trodes, the piezo will either bend towards Y− or Y+ depending on the polarization
of the material and the polarity of the voltage U . The bending results from the
perpendicular expansion or contraction of the PZT crystals between the electrodes.
Figure 2.3c shows the bending towards Y− through a contraction. The elongation
along Y− can be doubled by additionally applying the inverted U signal (bipolar
mode) to the opposing electrode, e.g. expansion at Y+. The lateral bending of a
tube piezo actuator ∆S in the X-Y plane can be estimated with Eq. 2.6.

∆S ≈ n
√

2 · d31 · Z2
T · U

π ·DI · dT
(2.6)

Here, ZT is the initial length of the tube, DI is the inner diameter of the tube
and the factor n considers to the operation mode (n = 1→ unipolar mode, n = 2→
bipolar mode).39 During scanning the tip sample distance d is constantly adjusted,
hence, the voltage signal for the Z deformation is superimposed to the signals for
scanning of the tube.

2.2.2 Multilayer Piezo Actuator

Multilayer piezo actuators consist of several parallel-connected layers of PZT sepa-
rated by metal electrodes as indicated in Fig. 2.4.

Figure 2.4: Scheme of a unipolar multilayer piezo actuator.

The electrodes contact the PZT material between them similar to the tube piezo
actuator. The generated force/deformation is parallel to the polarization axis (Z-
direction). Hence, the used piezoelectric charge constant is d33 (m/V) and the total
expansion ∆ZP can be calculated with:
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∆ZP = d33 · n · U (2.7)

Here, U is the applied voltage and n is the number of PZT layers.39 Multilayer
piezo actuators work unidirectional in expansion mode and cannot compress any
further from their initial geometry. These types of piezo actuators are highly ap-
propriate for the integration into stick-slip nanopositioners that are widely used for
the automated coarse approach in SPM.

2.3 Stick-Slip Nanopositioner

For electrons to tunnel, probe and sample must be in close proximity to each other
with d < 1nm. To meet this condition, a very precise mechanical positioning system
is needed. One component of this system is the nanopositioner. Several types of
nanopositioners exists41 as simple leverage systems19 or stick-slip based systems like
the beetle42 or pan type.43 Here, for the I-STM, a stick-slip nanopositioner is used
(cf. chapter 6). Its basic setup is shown in Fig. 2.5.

Figure 2.5: Scheme of the of stick-slip nanopositioner applied in the I-STM.

The actuator of this nanopositioner is a multilayer piezo glued between a mass
(the payload) and an axis that is clamped between two spring loaded clamping jaws.
In order to move the axis relative to the jaws, a force FP greater than the clamping
force FC must be applied. For making a step, the actuator expands along Z and
lifts the mass up while the position of the axis relative to the jaws is preserved
(FP < FC). In the next setep, the multilayer piezo returns to its initial geometry.
This is done fast enough to overcome the clamping force FC of the jaws (FP >

FC), hence, the nanopositioner makes a step. Depending on the expansion and
compression dynamics of the piezo the nanopositioner moves forward or backward.
A slow expansion and fast compression results in a forward step. In turn, a step
back is taken for a fast expansion of the piezo followed by a slow compression. The
corresponding saw-tooth drive signals are illustrated in Fig. 2.6.

The step size is proportional to the amplitude of the drive signal. Step sizes for
the automated coarse approach (cf. section 2.4) are typically chosen between 40
nm � 50 nm, while for a fast manual tip-sample manipulation the step sizes can be
increased to 100 nm � 150 nm. The saw-tooth frequency corresponds to the speed
of motion and is typically set to 1000 Hz during manual manipulation.
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Figure 2.6: Saw-tooth drive signal for a stick-slip nanopositioner for (a)
forward and (b) backward movement.

2.4 Automated Coarse Approach

The approach of the tip within a distance of less than 1 nm to the sample surface
cannot be achieved with the discrete step size of a stick-slip nanopositioner alone
(∼40 nm). However, the required precision can be achieved through the combination
of the nanopositioner and the STM scan unit, i.e. the tube piezo actuator. The tube
piezo actuator expands continuously and bridges the distance between the discrete
steps of the nanopositioner in a repeated approach cycle. Figure 2.7 shows the
position of the tip with respect the surface during the automated coarse approach.

Figure 2.7: Position of the tip with respect to the sample surface during the
automated coarse approach.

The starting point of the approach cycle is the fully expanded tube piezo actuator
with the attached tip as illustrated in Fig. 2.7. For the I-STM, a tube piezo actuator
with a total theoretical Z-range of ∼470 nm from maximum compression at -130
V to maximum expansion at +130 V is used (cf. section 6.5.1).44 In the �rst
step of the approach cycle, the tube piezo actuator compresses completely. In the
next step, the nanopositioner moves a de�ned number of steps toward the sample
surface. It is important that the total travel of the nanopositioner is set to less
than the maximum Z-range of the tube piezo actuator. Otherwise, there is a risk
of a tip-surface crash. After the movement of the nanopositioner, the tube piezo
actuator expanse to its maximum. During the expansion, the STM controller applies
a constant tunneling bias UBias between the tip and the sample. The feedback
compares the measured tunneling current IT with the setpoint current IT,set. If
the tube piezo actuator is fully expanded and IT < IT,set, the approach cycle ends
without establishing tunneling current, i.e. the tip is still too far away from the
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sample. For the automated coarse approach the approach cycle is repeated until
IT = IT,set.

As this process is rather time consuming, it is recommended to place the tip
via manual control in close proximity to the sample surface before the automated
coarse approach is started. For instance, during the automated coarse approach the
tip moves about ∼600 nm per second. With the aid of a digital camera, it is possible
to manually placed the tip in a distance of ∼0.2 mm to the sample. In this case,
the automated coarse approach takes already ∼55 min.
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Chapter 3

Thermodynamic Methods

In the following section the theoretical background for the experimentally deter-
mination of the dissolution (∆Hdiss) and sublimation (∆Hsub) enthalpy will be de-
scribed. Furthermore, the used experimental setup and the experimental procedure
to acquire the data are explaned.

3.1 Variable-Temperature UV-vis Spectroscopy

The enthalpy of dissolution (∆Hdiss) is the enthalpy change during the transition
of a substance from its bulk crystal structure into a solution. Apart from the phys-
ical and chemical properties of a substance and solvent, pressure and temperature
strongly a�ect with the solubility. At constant pressure, ∆Hdiss can be determined
through temperature dependent concentration measurements of a saturated solution
via variable-temperature UV-vis spectroscopy.

3.1.1 Theoretical Background

A well-suited technique to measure the solubility of a solution is UV-Vis spectroscopy
(UV = ultra violet, Vis = visible). UV-Vis spectroscopy is an electron absorption
spectroscopy. While the Einstein-Bore equation grants access to the type of sub-
stance by its unique broad bands, the Beer-Lambert-Bouguer law (Eq. 3.1) is the
physical foundation for the absorption intensity � the absorbance A.45

log(
I0

I
) ≡ A = ε · c · d (3.1)

The intensity of the light transmitted through the pure solvent is I0 and through
the solution is I. d is the optical path length, c the concentration, and the adsorption
of the transmitting light is taken into account with the extinction coe�cient ε.
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3.1. Variable-Temperature UV-vis Spectroscopy 3. Thermodynamic Methods

The absorbance A is related to the solute concentration. With a standard bulk
concentration of 1 mmol L−1, A is proportional to the equilibrium constant Kc (Eq.
3.2).

Kc =
cdiss
cbulk

= cdiss with cbulk = 1 (mmolL−1) (3.2)

The van't Ho� equation can be applied to derive the standard dissolution en-
thalpy and the standard dissolution entropy from the temperature dependency at
the solubility (Eq. 3.3).

ln(A) = Ln(Kc) = −∆G◦

RT
= −∆H◦

RT
+

∆S◦

R
(3.3)

Here, ∆G◦ is the Gibbs free energy at standard conditions, ∆H◦ the standard
enthalpy and ∆S◦ the standard entropy of dissolution. To derive the enthalpy of
dissolution, the absorbance A of a saturated solution must be determined for a set
of di�erent temperatures (T1, T2, . . . , Tn). Plotting the logarithm of the measured
absorbances ln(A) over the reciprocal temperature T−1 yields the standard enthalpy
H◦ that directly corresponds to the dissolution enthalpy ∆Hdiss (∆H◦ = ∆Hdiss).
The slope of a linear �t directly corresponds to ∆Hdiss. Furthermore, the inter-
ception with the Y-axis corresponds to the standard entropy change of dissolution
∆S◦diss.

3.1.2 Experimental Setup

Variable Temperature UV-vis Spectrometer

To quantify the temperature dependent solubility via UV-vis spectroscopy, a conven-
tional �bre optic UV-vis spectrometer has been extended with a feedback controlled
cuvette heater. A sketch of the setup is depicted in Fig. 3.1.

PC

lamp detector

temperature 
controller

T (°K)

power 
supply

+ - cuvette

thermocouplePeltier elements

light shield

Figure 3.1: Scheme of the UV-vis spectrometer setup with cuvette heater.

A DH-mini UV-Vis-NIR light source from Ocean Optics with two light bulbs
(tungsten and deuterium) is covering a wavelength range of 200 nm to 2500 nm.46
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3. Thermodynamic Methods 3.1. Variable-Temperature UV-vis Spectroscopy

In turn, the Ocean Optics USB4000 spectrometer only detects wavelength from 200
nm to 1100 nm, setting the detection limit of the setup.47. A macro cuvette (110-QX
from Hellma Analytics) with a transmission range between 200 and 3500 nm and an
optical path length of 1 mm is used. The source-to-cuvette and cuvette-to-detector
light guidance is implemented via glass �bre cables and a simple lens system.

Heating of the cuvette is realized with two standard Peltier elements (QC-17-
1.4-8.5M from Quick-Ohm Küpper) at both sides.48 The solution temperature is
measured via a 5SRTC K-type thermocouple from OMEGA Engineering reaching
into the cuvette.49 The EA-PS 3032-05-B DC power supply from Elektro Automatik

is proving the heating power in combination with a 2416 temperature controller
(Eurotherm).50 A detachable PTFE frame is used to �x and orientate the cuvette
in the light path. To avoid noise from ambient light, the cuvette and its heater
unit are completely covered. UV-Vis spectra are recorded with the Ocean Optics

software Spectra Suit v6.1.

a)

light source detector

b) thermocouple

Peltier elements

cuvette

Figure 3.2: (a) Setup of the temperature-controlled UV-vis spectrometer.
(b) Cuvette mounted in the heater unit with immersed thermocouple.

Stock Solution Thermostat

To determine the dissolution enthalpy, a saturated solution must be prepared and
conditioned at the exact same temperature at which the absorbance measurement
takes place. Saturated solutions can be simple prepared by adding a su�cient
amount of solute to a solvent. A stable solute sediment at the beakers bottom guar-
antees the saturation and serves as a solute reservoir during temperature changes.
Unfortunately, this approach bears the risk to pick up some of the sediment during
pipetting. To avoid this, a relatively large solvent volume in a high beaker establishes
enough space between the settled sediment and the solution surface and provides
enough volume for the measurement series. This is considered in a home-built heat-
able and hermetically sealed container � the stock solution thermostat.

So far, two versions of the thermostat are developed. The �rst version featured an
inner container out of PTFE in which the solvent and the solute crystals are �lled
in (Fig. 3.3a). Unfortunately, metal abrasions were implemented in the PTFE,
leading to a contamination of the solution. Therefore, a revision of the thermostat
was unavoidable.
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a) b) c) d)

Figure 3.3: Disassembled stock solution thermostat (a) version 1 and (b)
version 2. (c-d) Assembled version 2 stock solution thermostat on top of
the magnetic stirrer. For additional thermal isolation a glass beaker with
plastic hood is covering the device.

In the second version, the inner container is a high glass beaker (�lling level
= ∼18 mL) covered by a thin glass plate. Both parts are sealed inside a stain-
less steel container via a lid made out of the same material and an O-ring gasket.
Eight stainless steel screws are providing the needed sealing pressure. The heating
is implemented via a heating wire (∼45 Ω) wrapped around the outer container. A
K-type thermocouple is measuring the temperature in a bore at the containers bot-
tom. The temperature is kept constant by a Eurotherm 2416 temperature controller
setting the output of a EA-PS 3032-05-B DC power supply from Elektro Automatik.
To promote a homogeneous solute distribution in the solution, a magnetic stirrer is
used driven by the MR Hei-End magnetic stirrer from Heidolph (heating function
was not used).51

3.1.3 Experimental Procedures

The procedures starts with the preparation of a saturated solution with the stock
solution thermostat. Therefore, the inner glass container is �lled with ∼18 mL of
pure solvent and a su�cient amount of the bulk solute to ascertain saturation at
all temperatures (establishment of sediment). Depending on the solubility at higher
temperatures, a preliminary test to determine the required amount of substance can
be appropriate. After the immersion of the magnetic stirrer, the glass container is
covered by a microscopy slide and sealed inside the heatable container. Finally, the
container can be heated to the �rst measurement temperature while the solution
is slowly stirred at ∼100 rpm. The protocol consists of 2 h of steering after the
container reached its target temperature followed by at least 18 h of halt. Within
this equilibration period the undissolved bulk crystals can settle to the bottom of
the inner container. Thereafter, the saturated solution is ready for the UV-vis
absorbance measurement.

The preparation of the UV-vis spectrometer consists of the preheating of the
lamps to their operation temperature. Otherwise, intensity variations can distorted
the data. Ocean Optics states a warm-up time of 6 min + safety for the DH.mini
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UV-Vis-NIR light source.46 In parallel, the cuvette can be pre-heated to the desired
measurement temperature, the same as the preparation temperature of the solution.
The �rst measurement is the determination of the reference spectrum of the pure
solvent (I0). Therefore, ∼140 µL of pure solvent are pipetted into the pre-heated
cuvette. At this �lling level the thermocouple is immersed into the pure solvent
for a reliable temperature measurement. It is recommended to wait for additional
10 min to assure a homogeneous temperature distribution of the solvent before the
reference spectrum is taken as an average of 1000 single spectra. The integration
time is always set to the maximum to fully exploit the dynamic range of the detector
unit (60 ms for the used fatty acid solutions). It is important that the integration
time of the reference and solution spectra are always identical.

Thereafter, the cuvette is emptied with a lint free paper tissue. For that, the
cuvette can be removed from the heater together with its PTFE frame. The �tting
of the frame assures the similar orientation of the cuvette to the light path before
and after removal. For the measurement of the solution spectrum (I) the cuvette is
again pre-heated. Now, the preparation device is carefully opened and ∼140 µL of
solution are pipetted and placed into the pre-heated cuvette. This should be done
relatively fast to avoid substantial cooling, i.e. concentration changes, of the stock
solution and the taken sample. In the cuvette, the solution should be heated to
the measurement temperature for at least ∼10 min before the spectrum is taken. In
parallel, the preparation device is sealed again and heated or cooled down to the next
temperature following the same procedure as mentioned before. It is recommended
to select the measurement temperatures in a non-monotonic order to identify kinetic
in�uence on the dissolution process.

Figure 3.4 illustrates the data processing of a temperature dependent absorbance
measurement at the example of a saturated NDA-9A solution. In order to minimize
the in�uence noise in the absorbance, it is recommended to integrate an absorbance
range instead of taking a single peak value. Note that large �uctuations at the
lower detection limit (200 nm) can drastically alter the absorbance. Hence, the
selected absorbance range should be in a spectral range, where the absorbance is
stable. For instance, in Fig. 3.4c, the region around the smaller peak at ∼295nm is
more appropriate as the region around the strong peak at ∼245nm, which may be
in�uenced by the lower detection limit.

The cleaning protocol for the cuvette consists of the extraction of the solution
with a twisted lint free paper tissue �rst, followed by �ushing of the cuvette with
isopropanol. After the isopropanol is extracted (paper tissue), the cuvette is �ushed
with clean water. Now, a 1 % solution of a cuvette cleaning agent (Hellmanex
III from Hellma) with distilled water is prepared to �ush the cuvette with the
aid of a disposable syringe. Until the next measurement, the cuvette is placed in
the prepared cleaning solution for at least 2 h. Before the next measurement is
conducted, the cleaning agent is removed by �ushing the cuvette with pure distilled
water. To accelerate the drying process, the cuvette can be placed in an oven at
∼70 ◦C.
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Figure 3.4: UV-vis spectrum of (a) pure 9A solvent and (b) NDA-9A so-
lution. (c) The absorbance corresponds to the NDA concentration in the
NDA-9A solution. (d) Van't Ho� plot. Blue squares correspond to single
temperature dependent absorbance measurements. The slope of the linear
�t corresponds to the standard dissolution enthalpy ∆H◦ and the Y-axis
intercept to the standard dissolution entropy change ∆S◦

3.2 Vacuum E�usion

The required enthalpy for the phase transition of a substance from its solid state to
its gas phase without an intermediate liquid phase is the enthalpy of sublimation
∆Hsub. The sublimation enthalpy can be extracted from the temperature dependant
vapour pressure of a substance, which is approximately proportional to the e�usion
rate. A well-established method to derive the enthalpy of sublimation is the deploy-
ment of a Knudsen e�usion cell in combination with a quartz crystal microbalance
(QCMB) to count the e�used mater.

3.2.1 Theoretical Background

A Knudsen cell is a heatable container with a small ori�ce that can create a molecular
beam in vacuum. Inside the Knudsen cell an equilibrium is maintained between the
solid (or liquid) phase and the vapour of the test material, while a portion of the
vapour escapes from the container through the ori�ce (molecular beam).52,53
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Figure 3.5: Scheme of a Knudsen e�usion cell (substance = green).

This statement remains valid if the actual device meets some requirements. First,
the device must be able to provide a high degree of temperature stability (isothermal
environment).52 The e�usion of mater should not disturb the equilibrium between
the vapour and the solid material. Hence, the ori�ce must be small and a su�cient
amount of solid mater always available.52 The wall thickness of the ori�ce must be
small compared to its diameter. Otherwise, i.e. with a tube like ori�ce geometry,
molecules might be re�ected.53 Furthermore, the diameter of the ori�ce must be
comparable small to the mean free path of the molecules within the cell52,53. Under
vacuum conditions the loss of material through the ori�ce can be calculated with
Eq. 3.4:

∆m

∆t
=

1

4

p(T )

RT
〈v〉AO with 〈v〉 = (8kBT/πM)1/2 (3.4)

Here, ∆m is the e�used mass in the time period ∆t, p(T ) is the vapour pressure
within the cell, R is the gas constant, T is the temperature, AO is the area of the
ori�ce, and 〈v〉 the average gas velocity with the Boltzmann constant kB and the
molecular mass M . The mass e�usion per unit time ∆m/∆t corresponds with the
vapor pressure inside of the Knudsen cell p(T ) multiplied with T−1/2.54 The in�uence
of T−1/2 on the e�usion rate can be neglected within a su�ciently small temperature
range. Accordingly, ∆m/∆t can be expressed as:

∆m

∆t
∝ p(T ) (3.5)

Hence, the e�usion rate ∆m/∆t serves as an approximation for the vapour pres-
sure. The e�usion rate can be measured with a QCMB. A standard QCMB consists
of a thin quartz plate with electrodes on both sides (Fig. 3.6a). Quartz is piezoelec-
tric and can be deformed by an electrical �eld. An applied oscillating electrical �eld
induces an acoustic sheer oscillation (Fig. 3.6b). Hence, a transversal wave propa-
gates perpendicular to the surface of the plate and meets its minimum impedance
when the thickness of the plate is a multiple of a half wavelength (standing shear
wave).55,56
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Electrode

Electrode

Quartz disc

b)a)

Figure 3.6: (a) Front side (left) and back side (right) of a 6MHz CNT06IG
QCM from Colnatec. (b) Scheme of a QCMB operating in shear mode.
Adapted with permission from Deakin and Buttry 55 . Copyright (1989)
American Chemical Society.

Adding an adsorbed layer to a QCMB results in a reduction of the discs fun-
damental frequency through the increased oscillating mass. As the fundamental
frequency of a quartz oscillator can be measured with high precision, a plate quartz
crystal oscillator can be used as a very sensitive instrument to weigh thin layers.57

The change of the fundamental frequency can be measured to calculated the mass
of the adsorbed layer with the Sauerbrey equation (Eq. 3.6).

∆f = − 2f 2
0

AQυtrρQ
∆m with υtr = 2NQ (3.6)

Here, ∆f is the change of the fundamental frequency, f0 is the fundamental
frequency of the pristine QCMB, ∆m is the deposited mass, AQ is the active area
of the QCMB, and ρQ is the density of quartz (2.648 g cm−3). The propagation
velocity of the transversal wave is υtr, de�ned as the doubled frequency constant of
the quartz crystal cuts NQ (NQ for AT-cuts = 1670 kHz mm and for BT-cuts NQ

= 2500 kHz mm).55,57

Furthermore, the frequency change ∆f over a time period ∆t correlates to the
mass deposition ∆m over the same period. Hence, the e�usion rate of a Knudsen
cell (∆m/∆t) is proportional to the rate of frequency change of a QCMB (∆f/∆t):

∆f

∆t
=

∆m

∆t
∝ p(T ) (3.7)

With the temperature dependency of the vapour pressure, the enthalpy of sub-
limation ∆Hsub can be obtained from the Clausius-Clapeyron equation (Eq. 3.8).54

dp

dT
=

∆Hsub

∆VmT
(3.8)

With the assumption that the molar volume of the gas Vm,gas is much bigger as
the molar volume of the bulk crystal Vm,bulk, the change of the molar volume ∆Vm
can be approximated with the molar volume of an ideal gas Vm,gas = RT/p, leading
to:

20



3. Thermodynamic Methods 3.2. Vacuum E�usion

dp

dT
=
p∆Hsub

RT 2
(3.9)

The intergration of equation 3.9 results in a logarithmic relation of the vapour
pressure p to the sublimation enthalpy ∆Hsub (Eq. 3.10).

ln(p) =
∆Hsub

RT
(3.10)

With equation 3.10 and the relation of the QCMBs rate of frequency change to
the vapour pressure of a Knudsen cell (Eq. 3.7), the enthalpy of sublimation ∆Hsub

can be obtained by measuring the frequency decline rate ∆f/∆t vs. Knudsen cell
temperature T (Eq. 3.11).

ln(
∆f

∆t
) ∝ ∆Hsub

RT
(3.11)

To derive ∆Hsub from a set of ∆f/∆t vs. T data points facilitates a Van't Ho�
plot (ln(∆f/∆t) vs. 1/T ). The data points can be �tted with a linear function,
where the slope corresponds to the sublimation enthalpy ∆Hsub. A high quality
of the �t indicates a negligible temperature dependency of ∆Hsub in the respective
temperature range and also a negligible in�uence of T−1/2 (Eq. 3.5).

3.2.2 Experimental Setup

E�usion Chamber

The e�usion rate is measured at vacuum conditions with a pressure of at least
10−7mbar. The e�usion chamber is a six way CF63 crosspiece (Fig. 3.7a). Two
opposing �anges are reduced to CF40 �anges to host the Knudsen cell and QCMB.
Both, the Knudsen cell and QCMB are centered at the �ange axis in a distance of
about 6cm to each other (Fig. 3.7b).

The chamber is evacuated by a turbo molecular pump TMU 260 and a dual
stage rotary vane vacuum pre-pump DUO 004 B, both from Pfei�er Balzers. The
pressure is measured via the VSI19PN vacuum gauge from Thyracont.

Knudsen Cell

The design of the used Knudsen cell (Fig. 3.7d-e) is further development from the
setup proposed by Gutzler et al.58 In this setup, the Knudsen cell consists of a cru-
cible (purple) closed by a detachable ori�ce cap (light blue). The crucible volume
(∼93 mm3) to ori�ce diameter (�1 mm) ratio is reasonable and meets the require-
ments stated by Knudsen and Freedman (Eq. 3.4).52,53 Isothermal conditioning of
the crucible and ori�ce is promoted by an Al2O3 tube, heating the crucible via a
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d)b) c)a) e)

Figure 3.7: (a) E�usion vacuum chamber with attached Knudsen cell and
a water cooled QCMB. (b) View through the view port onto the QCMB
holder and Knudsen cell in their axial arrangement. Note that the additional
QCMB perpendicular to the e�usion axis has no function in this setup (c)
Top view on the mounted QCMB. (d) Knudsen e�usion cell based on the
design from Gutzler et al.58 (e) 3D CAD sectional view of the Knudsen
cell assembly (purple = Knudsen cell, light blue = ori�ce cap, green =
thermocouple, orange = annular spring, dark blue = leaf spring).

closely wrapped around tungsten heating wire. Thermal isolation is implemented via
two Macor isolators and an inner radiation-shield. The temperature measurement
(green) takes place in close proximity to the crucible bottom using a thermocouple.
For a reliable temperature determination, the thermocouple is pushed against the
crucible bottom via a leaf spring (dark blue). The crucible in turn is pressed against
the upper rim of the Al2O3 by the spring loaded upper Macor isolator (orange =
annular spring). For �lling, the crucible can be detached from Al2O3 heating tube.
Therefore, the upper isolator and its spring loaded downholder ring can be removed.
Note that the crucible in this version is electrically insulated from its metal support
structure.

The Knudsen cell is concentrically attached to a CF40 �ange via a threaded
rod. The distance between �ange and Knudsen cell can be adjusted. The setup
additionally features a shutter with integrated QCMB (Fig. 3.7b, d), but for the
determination of sublimation enthalpy a di�erent QCMB was used. The heating
current is provided by a EA-PS 3032-05-B from Elektro Automatik, a 2408 controller
from Eurotherm is used to stabilize the target temperature.

Quartz Crystal Microbalance (QCMB)

The close proximity of the internal QCMB in the shutter of the Knudsen cell to the
hot crucible can lead to �uctuations in the frequency measurement. Therefore, an
external water-cooled QCMB was used. (Fig. 3.7b-c). In this setup, the QCMB
is �xated via a bayonet lock in its support structure. The used type is a 6MHz

CNT06IG QCMB from Colnatec with a disc diameter of 14 mm. Temperature
stabilization is archived by water cooling. The D8-G cooling device from Haake

provides a constant coolant �ow and promotes temperature conditioning between
room temperature and −15 ◦C. The QCMB frequency is excited and measured by
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a Q-pod quartz crystal monitor and recorded by the Q-pod Transducer Software,
both from In�con.59

3.2.3 Experimental Procedure

In the �rst step, the carefully cleaned and outgassed Knudsen cell crucible must be
�lled with the compound of interest. After reassembling the crucible, it is important
to check the electrical contact between the crucible and the thermocouple to ensure
reliability of the temperature measurement. Next, the QCMB is placed in its support
structure and �anged to the chamber. After the chamber is evacuated to a pressure
of at least 10−7mbar and the QCMB stabilized to 20 ◦C, the measurement can be
started.

To measure the e�usion rate the Knudsen cell is heated up until initial e�usion is
detected through a decline of QCMB frequency. After the temperature is stable for
at least 15 min and the e�usion rate is constant, the frequency decline rate ∆f/∆t

can be recorded. To acquire reliable data, the frequency decline rate should be
recorded over at least 10 min (∼1000 data points) after the QCMB has stabilized.
Thereafter, the temperature can be raised to the next temperature to record the
next frequency decline rate, and so on. After acquisition of all frequency decline
rates the enthalpy of sublimation can be determined as described in section 3.2.1.
Figure 3.8 depicts this process at the example of NDA.
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Figure 3.8: (a) Frequency decline vs. time trace at a single temperature
during the sublimation of NDA. Only the last 10 min are used (orange
line) to determine the slope as the not yet stabilized setup at the beginning
would a�ect the results. The di�erent rate at the beginning indicates that
the crucible temperature has not yet stabilized. (b) Van't Ho� plot and
linear �t of the measured frequency decline rates ∆f/∆t.
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Chapter 4

Molecules and Substrate

4.1 Molecules

Two carboxylic acid building blocks were studied in the course of this thesis: 2,6-
naphthalene-dicarboxylic acid (NDA) and benzene-1,3,5-tricarboxylic acid or trimesic
acid (TMA), illustrated in Fig. 4.1.

Figure 4.1: Chemical structures of (a) 2,6-naphthalenedicarboxylic acid
(C10H6(CO2H)2) - NDA, (b) Benzene-1,3,5-tricarboxylic acid or trimesic
acid (C6H3(CO2H)3) � TMA.

Both molecules feature an aromatic backbone functionalized with carboxylic acid
groups to form hydrogen bonds with themselves or with an appropriate binding
partner like the homologous series of fatty acids (cf. section 4.2). NDA and TMA
were both purchased from Sigma-Aldrich with a purity of 99 %. For STM and
UV-Vis experiments the molecules were used as received, while for the sublimation
experiments the molecules were outgassed in vacuum.

4.2 Solvents

For the preparation of solutions hexanoic acid (6A), heptanoic acid (7A) and
nonanoic acid (9A) from the homological series of fatty acids were used as solvents
as well as two branched hexanoic acid derivates 2-methylhexanoic acid (methyl-6A)
and 2-ethlyhexanoic acid (ethyl-6A) (Fig. 4.2).

These solvents are highly appropriate for monolayer formation at the liquid-solid
interface, due to their carboxylic acid groups (protic solvents). The protic solvents
are able to form hydrogen bonds with the used carboxylic acid solutes TMA and
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Figure 4.2: Chemical structure of fatty acid solvents and hexanoic acid
derivates: (a) hexanoic acid (C6H12O2) - 6A, (b) heptanoic acid (C7H14O2) -
7A, (c) nonanoic acid (C9H16O2) - 9A, (d) 2-methylhexanoic acid (C7H14O2)
- methyl-6A, (e) 2-ethlyhexanoic acid (C8H16O2) - ethyl-6A.

NDA. The �ve solvents feature a low dielectric constant ε in the range from∼2.5 - 3.2
due to extended aliphatic chains, giving them a non-polar character.60 All solvents
are used as received and were purchased from TCI (Tokyo Chemical Industry) with
purities of >98 %.

4.3 Substrate

In this study, exclusively highly oriented pyrolytic graphite (HOPG) in the (0001)
orientation was used as substrate for self-assembly and as a calibration standard for
the STM.

Figure 4.3: (a) Scheme of two graphite (0001) layers with indicated rhombus
unit cell. The C-atoms that are visible in STM are highlighted in green, (b)
atomically resolved STM image of HOPG with corresponding FFT insert
(STM sample voltages and current setpoint: 4.4 mV, 59 pA). Adapted and
reprinted with permission from Ochs et al. 61 . Copyright (2020) Review of
Scienti�c Instruments.

HOPG was purchased from Optigraph in the ZYB grade (mosaic spread = 0.8◦

± 0.2◦). HOPG features an in plane C-C distance of 1.422 ± 0.001 Å and a lattice
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parameter of a = b = 2.464 ± 0.002 Å, γ = 120◦.62 The ABAB stacked layers are
separated by a distance of 3.35 Å.63 In STM images, only every second atom of
the top layer is visible. According to the stacking, every second C-atom of the top
layer is located above an atom of the layer below. These atoms are not visible in
an STM image as their local electron densities is reduced by neighbouring C-atoms
below.64,65 The visible C-atoms are highlighted in green in Fig 4.3a with an apparent
atom spacing corresponding to the lattice parameter. A clean substrate surface was
always prepared by cleaving the top layers with an adhesive tape shortly before
solution was applied.
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Chapter 5

Molecular Self-Assembly on Surfaces

Molecular self-assembly is a thermodynamically driven process. It encompasses
the spontaneous organization of initially unordered molecules into structurally well-
de�ned arrangements stabilized by non-covalent interactions.1,3,66,67 At surfaces,
molecular self-assembly is de�ned as the con�nement of single adsorbed molecules
to a 1D or 2D assemblies under the reduction of their degrees of freedom. For
the formation of such structures, di�usion and reorientation are key. Yet, these
processes require thermal activation to overcome activation barriers. Temperature
must be high enough to induce molecular mobility but low enough that monolayers
/ structures remain thermodynamic stable.

Monolayer self-assembly can take place at the vacuum-solid or the liquid-solid in-
terface at UHV or ambient conditions, respectively. Under UHV vacuum conditions,
these process are controlled by molecule-molecule and molecule-substrate interac-
tions, while at liquid-solid interfaces additionally contributions to self-assembly arise
from molecule-solvent and solvent-substrate interactions (Fig. 5.1).68 Since the fo-
cus of the present work is self-assembly at liquid-solid interfaces, self-assembly under
UHV conditions will not be further addressed.

Figure 5.1: In�uencing parameters for self-assembly at the liquid-solid inter-
face. Reproduced from Kudernac et al. 68 with permission from The Royal
Society of Chemistry (2009).

Molecular self-assembly exclusively uses non-covalent interactions. Character-
istic for non-covalent interactions is their rather weak bond strength.66 Van der
Waals interactions, Halogen- and Hydrogen-bonds π-π interactions are prominent
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examples for non-covalent interactions. The common assumption for self-assembly
is its stabilization by a dynamic equilibrium.68�70 The equilibrium is determined
by the adsorption / association and dissociation / desorption of molecules between
the solution and the interface. The weak nature of non-covalent interactions is a
requirement to achieve high degree of structure quality as it permits rearrangements
and error corrections.68,71,72.

5.1 Thermodynamics

The self-assembly of molecular structure is always associated to a gain in Gibbs free
energy ∆G < 0 towards its minimum, i.e. the equilibrium state of the system. Gibbs
free energy is an extensive thermodynamic potential. It combines the enthalpy and
entropy to describe the thermodynamic state of a system at a given temperature. For
isobaric and isothermal conditions the change of Gibbs free energy can be expressed
by:

∆G = ∆H − T ·∆S (5.1)

∆H is the enthalpy change, ∆S is the entropy change, and T is the temperature
of the respective system. During the formation of a monolayer the single molecules
change from a disorganized state with many degrees of freedom to a highly con-
strained and ordered structure. This will normally lead to a reduction of the systems
overall entropy (∆S < 0). Following the second law of thermodynamics, any spon-
taneous process in a closed system is associated with an increase of total entropy.
Yet, self-assembly in the most cases implies the reduction of entropy. However, to
yield a negative ∆G, the enthalpy gain ∆H < 0 from bond formation must exceed
the entropy cost ∆S.

Apart from being the driving force for monolayer formation, ∆G can be used
to identify the thermodynamic most stable monolayer polymorph. In this context,
it is important to consider the area an adsorbed molecule occupies on a surface.
According to the study from Conti and Cecchini, the thermodynamically most stable
polymorph is the one that results in the highest free energy gain per unit area A.73

∆g =
∆G

A
= ∆h− T ·∆s (5.2)

Here, ∆g, ∆h ∆s are the free energy, enthalpy and entropy change per unit area
A, respectively. The determination of the enthalpy and entropy changes with full
account of the solvent in�uence is challenging. Considering the enthalpic contribu-
tion, the enthalpy change ∆H during self-assembly cannot be assessed directly. Yet,
to obtain accurate values for the enthalpy change associated with the formation of
a monolayer from solution ∆Hsol→monolayer, an adapted Born-Haber cycle can be
deployed (Fig. 5.2).
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Figure 5.2: Adapted Born-Haber cycle. ∆Hsol→monolayer (orange arrow) is
not directly accessible, but a detour via crystal, vacuum, unsolvated mono-
layer and solvated monolayer (blue arrows) facilitates quanti�cation of the
overall enthalpy di�erence.74 Adapted with permission from Song et al. 74 .
Copyright (2013) American Chemical Society.

In a Born-Haber cycle, one unknown enthalpy in a cyclic process, i.e. where the
�nal state is similar to the initial state, can be determined with the knowledge of all
other enthalpies. The adapted Born-Haber cycle connects accessible reference states
of a molecule with the reaction enthalpies to transfer the molecule from one state
to another. These states are: The molecules dissolved in solution, the molecule's
bulk crystal, the isolated single molecule in vacuum, the unsolvated monolayer, and
the solvated monolayer.74 Note, that there is a di�erence in enthalpy between the
monolayer at the vacuum-solid (unsolvated monolayer) and at the liquid-solid inter-
face (solvated monolayer) due to the contribution of the solvent molecules covering
the adsorbed monolayer. The enthalpic di�erence in the interfacial energies of the
solvent-substrate and solvent-monolayer interactions is taken into account with the
solvent dewetting enthalpy ∆Hdewet. In the moment the substrate is covered by a
solution, the substrate is initially precovered by a solvent layer that has to desorb
�rst before the solutes can adsorb and from the monolayer. Hence, ∆Hdewet includes
the enthalpy cost for the dissolution of the solvent molecules and the enthalpic gain
due to the solvation of the adsorbed solute monolayer.74

With the knowledge of ∆Hsol→crystal, ∆Hcrystal→vacuum, ∆Hvacuum→monolayer and
∆Hdewet, one can determine the missing ∆Hsol→monolayer. Taking the direction of
response into account as illustrated in Fig. 5.2, ∆Hsol→monolayer can be calculated
with:

∆Hsol→monolayer = ∆Hsol→crystal + ∆Hcrystal→vacuum + ∆Hvacuum→monolayer

+ ∆Hdewet (5.3)
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Note that the arrows in the Born-Haber cycle indicate the direction of the pro-
cess. For instance, ∆Hsol→crystal corresponds to the dissolution enthalpy. Hence,
∆Hsol→crystal = −∆Hdiss and can be determined by variable-temperature UV-vis
spectroscopy (cf. section 3.1). The enthalpy ∆Hcrystal→vacuum corresponds to the
sublimation enthalpy and can be accessed via e�usion experiments (cf. section 3.2).
∆Hmonolayer→vacuum is corresponds to the binding and adsorption energies of an un-
solvated monolayer in vacuum and can be quanti�ed by Temperature Programmed
Desorption experiments (TPD). Both enthalpies can also be obtained theoretically.
Typical methods for the calculation of crystal and monolayer binding energies are
Density Functional Theory (DFT) and Molecular Mechanics (MM). The dewetting
enthalpy ∆Hdewet is theoretical accessible with MM simulations providing the ad-
sorption energies of both a solvent monolayer on substrate and on a solute monolayer.
A detailed description of the used experimental methods can be found in chapter 3,
while the theoretical backgrounds of DFT calculations and MM simulations are not
further detailed in this thesis.

The entropy contribution to monolayer formation ∆Ssol→monolayer to the free
energy change ∆G is experimentally intricate to access. However, theoretical ap-
proaches can provide estimates of ∆Ssol→monolayer like the model proposed by White-
sides et al.75 Here, the total entropy change ∆Ssol→monolayer can be expressed as the
sum of the individual entropy changes including translational, rotational, vibrational
and conformational contributions (Eq. 5.4).

∆Ssol→monolayer = ∆Strans + ∆Srot + ∆Svib + ∆Sconf (5.4)

The entropy contribution through conformation ∆Sconf is only signi�cant for
larger �exible molecules with relevant degrees of freedom in their conformation or in
strong chemisorbed molecule-surface interactions.70,75 The conformational change
for small and relatively rigid physisorbed molecules is minimal and can be ne-
glected.75

Björk et al.76 proposed a slightly di�erent model considering the electronic contri-
bution ∆Selec. In physisorbed systems ∆Selec can be typically ignored as di�erences
in the chemical states are insigni�cant. But if the molecule-surface interactions is
strongly a�ecting the chemical state of the molecules, ∆Selec cannot be neglected,
i.e. in the case of strong chemisorption.76

The entropy change through restricting the translational degrees of freedom
∆Strans can be determined with:

∆Strans = Rln[
Vfree
n

(
2πmkBTe

5/3

h2
)3/2] = Rln[

1

c
(
2πmkBTe

5/3

h2
)3/2] (5.5)

R is the gas constant and c is the solute molar concentration (c = n/V ).75 24 To
avoid an overestimation of the translational entropy, the free volume Vfree of the
solvent can be taken into account as proposed by Mammen et al..75 The free volume
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Vfree of the solvent can be calculated via the hard cube approximation as described
in the original publication from Mammen et al.75

The rotational contribution to the total entropy change can be calculated with
Eq. 5.6.

∆Srot = Rln[
1

γ
π1/2(

8π2kBTe

h2
)3/2(I1I2I3)1/2] (5.6)

Here, γ considers the symmetry of the molecule and I1, I2 and I3 corresponds
to the principle moments of inertia. Adapting equation 5.6 for liquids, the result
only di�ers by 2 % from the gas phase values.75 This is probably related to the
fact that γ is independent of solution concentration and the structure of the sol-
vent molecules.75 77 Finally, the vibrational entropy ∆Svib is taking the inter and
intramolecular vibrations into account (Eq. 5.7).76 78

∆Svib = kB

α∑
β=1

[
hνβ
kBT

1

e(hνβ/kBT ) − 1
− ln(1− e(−hνβ/kBT ))] (5.7)

Here, h is Plank's constant, kB is the Boltzmann constant, e is Euler's number, T
is the absolute temperature of the system, α is the index of the normal modes and νβ
is the vibrational frequency of the β-th normal mode. The magnitude of T∆Svib is
for almost all vibrational modes of a molecule very small and typically less than 2 kJ
mol−1 at 25 ◦C.75 Compared to the magnitude of ∆Strans and ∆Srot the contribution
of ∆Svib to the total change of entropy during monolayer formation ∆Ssol→monolayer
can be neglected. Hence, for a physisorbed monolayer ∆Ssol→monolayer renders to:

∆Ssol→monolayer ≈ ∆Strans + ∆Srot (5.8)

5.2 Kinetics

A thermodynamically controlled system will always evolve towards its dynamic equi-
librium that is characterized and maintained by an equality of forward and backward
reactions. Any hindrance e�ecting the forward or backward reactions inevitably re-
sult in kinetic trapping and can lead the system to a di�erent state. These kinetically
trapped states correspond to a higher free energy state compared to the thermody-
namic minimum. The evolution of a system either towards the thermodynamic or
kinetically trapped equilibrium depends on the available activation energy (thermal
activation) and existing barriers, i.e. the free activation energy ∆G‡ (Fig. 5.3).

Considering a system in its initial state at (A), an activation energy that is
su�cient to overcome ∆G‡TS,Therm will transfer the system to its thermodynamic
optimum at (C). If the activation energy is too small to overcome ∆G‡TS,Therm but
is still high enough to overcome ∆G‡TS,Kin, the system will still evolve but towards a
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Figure 5.3: Comparison of a thermodynamic and kinetically controlled reac-
tion. A system in its initial state (A) evolves under thermodynamic control
to (C) while kinetics steer the system to (B). Adapted with permission
from Björk 76 . Copyright (2018) Springer International Publishing AG part
of Springer Nature.

kinetically trapped state (B). For instance, (B) can be a kinetically trapped poly-
morph and (C) the thermodynamic most favoured one. But with su�cient thermal
activation the molecules will remain in solution (A). Hence, thermal activation can
be used to steer the evolution of a molecular system as it in�uences adsorption,
desorption and di�usion processes (cf. section 5.3.6).

Any transition from one state to another will proceed at a certain reaction rate
k. A simple model that describes the temperature dependency of the reaction rate
k is the Arrhenius equation (Eq. 5.9).79

k = k0 e
(−Ebarrier/RT ) (5.9)

Ebarrier is the activation barrier and k0 the pre-exponential factor taking the fre-
quency of the collisions of molecules and their orientation into account. An extended
model to determine k is the transition state theory proposed by Eyring.80 Every
change of state of a system is connected by a transition state with a correspond-
ing activation barrier, hence, a state with high potential energy. Considering the
dissolution of a bulk crystal, the transition state is the instant where bulk molecule-
to-molecule interactions are already broken, but a molecule-to-solvent interaction
has not yet formed, i.e. the molecule experiences hardly any favourable interaction.
According to the Eyring equation the reaction rate k is given by:79,80

k = κ
kBT

h
K‡ (5.10)

Here, kB is the Boltzmann constant, h is the Planck constant, T is the temper-
ature, κ is the transmission coe�cient, and K‡ is the equilibrium constant at the
transition state. K‡ can be expressed via the ratio of concentrations between the
activated complex and the initial and �nal components. For the example of a dissolu-
tion process ([bulk]+[solvent] 
 [solution])K‡ = [transition state]/[bulk][solvent].
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Generally, the equilibrium constant K can be expressed through the standard Gibbs
free enthalpy ∆G◦ (Eq. 5.11).79

K = e(−∆G◦/RT ) (5.11)

With Eq. 5.11 the Eyring equation 5.10 can be written as:

k = κ
kBT

h
e(−∆G‡/RT ) = κ

kBT

h
e(−∆H‡/RT )e(∆S‡/R) (5.12)

∆H‡ is the enthalpy of activation of the transition state, ∆S‡ the entropy of
activation of the transition state, and R is the gas constant.79,80

5.3 In�uences on Molecular Self-Assembly

The prediction and controlled synthesis of molecular self-assemblies is challenging
as there formation under dynamic equilibrium conditions depends on several tuning
parameters.69 At the liquid-solid interface the properties of the molecular building
blocks81,82, the type of adsorption70, the type of solvent83,84, the solution concentra-
tion85,86 and the temperature24,25 and can in�uence the �nal monolayer structure.
In the following sections these parameters will be discussed further.

5.3.1 Molecular Interactions

Any supramolecular arrangement is based on the interaction between the consti-
tuting molecules. A general classi�cation of intermolecular interactions is possible
through their range. Short range interactions are based on the transfer of electrons
(ionic bonds) or the sharing of electrons though the overlap of orbitals to form a co-
valent bond. Hence, short range interactions in�uence the chemical con�guration of
the binding partners. Long range interactions are non-covalent like hydrogen bonds,
halogen bonds, π − π interactions and Van der Waals forces. A characteristic of
long range interactions is the proportionality of their strength to the distance r−m

(m = positive integer).66 In molecular self-assembly, long range non-covalent inter-
actions contribute primarily to the formation of a supramolecular structure without
a�ecting the chemical state of the contributing components. In the following two
sections, Van der Waals interactions and hydrogen bonds will be addressed as other
interactions are not in the focus of the present work.

Van der Waals Forces

Van der Waals interactions are of electrostatic nature and describe the non-covalent
interactions of atomic and/or molecular dipoles. Dipoles in atoms and molecules
arise from the polarisation of their electron clouds.87 Van der Waals interactions
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can be distinguished by the type of the participating dipoles. Generally, three
types of dipole interactions exist: permanent-permanent dipole (Keesom forces),
permanent-induced dipole (Debye forces) and the induced-induced dipole interac-
tion (London dissipation forces),88 while the term Van der Waals interaction is
often related only to the latter. In molecular self-assembly, the London dissipation
force is of great interest as it contributes to the adsorption of molecules. London
dissipation forces originate from non-homogeneous electron density distributions in
the electron clouds. These �uctuations establish a transient dipole in the atom or
molecule. A transient dipole in one atom/molecule can induce another transient
dipole in a neighbouring atom/molecule, resulting in an attractive force.66,87 For
atoms the attraction strength vary with the distance proportional to r−6, while for
molecule-molecule and molecule-surface interactions r−m can di�er. Typically, these
interactions are weak with binding energies less than 5 kJ mol−1.89 But since they
are additive, their summation can be signi�cant in terms of molecule-molecule and
molecule-surface interaction.66,87

Hydrogen Bonds

Hydrogen bonds or hydrogen bridges describes the intermolecular attraction between
a hydrogen atom H covalent bound to an atom X with an atom Y (X −H · · ·Y ).66
Both, atom X and Y , feature a strong electronegativity. By virtue of its strong
electronegativity, X is pulling the electron of the hydrogen atom closer to itself,
resulting in a polar covalent bond. As a result, H becomes positively charged,
rendering X−H a H-bond donor group. The strong electronegativity of Y in its own
intramolecular con�guration is in most cases leading to a negative potential at Y ,
whereby it becomes a H-bond acceptor. Consequently, the electrostatic attraction
of the negative charge of Y and the positive charge of H leads to an attractive
interaction. In this con�guration the hydrogen is bridging between X and Y .66,90

Typical H-bond donors are N −H, O−H, S−H, P −H, F −H, Cl−H, Br−H
and I −H, while H-bond acceptors include N , O, P , S, F , Cl, Br and I.66

The wide energy range of hydrogen bonds has its origin in the various contribu-
tions of di�erent interaction types to the overall H-bond strength. Depending on the
strength, hydrogen bonds can have a van der Waals, electrostatic and even a pro-
nounced covalent character.90,91 Therefore, hydrogen bonds gradually increase their
electrostatic and decrease their dispersive character with rising bond strength.90 The
strength of a hydrogen bond strongly correlates with electronegativity of X and Y .
In weak hydrogen bonds (2 - 20 kJ mol−1) the electronegativity of at least X or Y
is moderate to low.91,92 For instance, P−H · · ·O, C−H · · ·O and C−H · · ·N feature
a weak donor to strong acceptor binding, while O−H · · ·S or N−H · · ·π are strong
donor to weak acceptor bonds. Strong hydrogen bonds (20 - 40 kJ mol−1) feature
a strong donor to strong acceptor binding like O −H · · ·O or N −H · · ·O.90,92

With increasing energy the bond distance d(H ···Y ) decreases. For weak H-bonds
d is in the range of 0.3 to 0.15 nm, while for strong bonds the distance becomes
reduced to 0.15 to 0.12 reaching covalent distances.92,93 This is also re�ected in the
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bond geometry. Strong hydrogen bonds like O − H · · · O can arrange in a nearly
linear manner with a bond angle of ∼180 ◦, while weaker associations like C−H ···O
tend to smaller angles (160 ◦ ± 20 ◦).92

The directionality and strength in combination with their non-covalent character
explains the great role of hydrogen bonds in molecular self-assembly. In monolayer
self-assemblies, molecules with functional carboxylic acid groups (COOH) are often
used as they reliably form cyclic hydrogen bonds between molecules (Fig. 5.4a).

O

HO

O

H O

+-b)O

HO

O

H Oa)

Figure 5.4: (a) Cyclic hydrogen bond dimer of two carboxylic acid
groups(COOH). (b) Resonance assistance through π polarization in the
cyclic hydrogen bond dimer from (a). Adapted with permission from Grosch
et al. 94 https://pubs.acs.org/doi/10.1021/acs.jpca.7b12635. Copy-
right (2018) American Chemical Society. (Further permissions related to
the material excerpted should be directed to ACS)

These cyclic con�gurations feature an increased bond strength of ∼60 kJ mol−1

through resonance e�ects (Resonance Assisted Hydrogen Bond, RAHB).89,95 RAHBs
can occur intra- and intermolecular. Generally, RAHBs consist of a chain of π
conjugated double bonds connecting the H-bond donor and acceptor group. The
increased bond strength originates from a circular electron density transfer in the
π system (Fig. 5.4b). By transferring the electrons to the H-bond acceptor side,
it increases its electronegativity. Consequently, the electron density is transferred
away from the donor group rendering them more positive. This cooperative e�ect
increases the electrostatic interaction between the donor and acceptor and shortens
the bound distance d(H · · · Y ) (covalent character).94,96,97

Apart from the cyclic dimer con�gurations also cyclic trimers bene�t from reso-
nance e�ects. Figure 5.5 shows binding motifs for carboxylic acid groups.

Figure 5.5: Binding motifs of hydrogen bonds between carboxylic acid
groups: (a) cyclic dimer, (b) cyclic trimer, and (c) catemeric motifs. The
carboxylic groups of the catemeric motifs can be either in the (d) syn-planar
or (e) anti-planar con�guration. Adapted and reprinted with permission
from Lackinger and Heckl 81 . Copyright (2009) American Chemical Society.
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5.3.2 Adsorption

The adsorption of molecules is controlled by the same forces that also apply for
molecular interactions. Yet, it must be considered that one binding partner, the
surface, has an quasi in�nite amount of electrons.98,99 Therefore, the molecules in-
teract with a continuum of unsaturated states. Hence, despite many similarities
to chemical bounding among molecules, adsorption requires a separate treatment.99

Generally, two types of absorption exists: chemisorption and physisorption. The for-
mer, chemisorption, forms strong molecule-surface interactions that resembles the
formation of ionic or covalent bonds. Thereby, the charge transfers (ionic) or orbital
overlapping (covalent) are leading to the formation of new hybrid orbitals.99 Even
the formation of new species can be observed through dissociative chemisorption like
in the adsorption of thiols on gold surfaces leading to a strong chemisorption of the
sulfur to the gold surface and the release of H2.99�101 Surfaces with high reactivity
like the transition metals Cu, Ag and Au promote the chemisorption of reactive
molecular partners, in particular those that feature heteroatoms with lone electron
pairs, e.g. oxygen, nitrogen or sulfur.70

A prominent example for a less reactive surface is HOPG (cf. section 4.3). Ad-
sorption on HOPG is mostly controlled by weak interactions through physisorption
processes. In contrast to chemisorption, the electronic structure of the molecule is
mostly una�ected during physisorption.99 The underlying binding forces are dissipa-
tive Van der Waals interactions (cf. section 5.3.1) and for coadsorption of aromatic
solvents π−π interactions (cf. section 5.3.4). Instead of inducing a transient dipole
with a transient dipole in another molecule, here, a transient dipole of a molecule
or atom induces an image charge within the surface. This changes the distance
dependence of the physisorption potential to z−3 as compared to the atom-atom
interactions r−6.98,99 Here, z is the distance between surface and the nucleus of the
adsorbing atom, while r is the distance between two nuclei of interacting atoms.

Upon adsorption the molecules optimize their adsorption geometry, i.e. also their
orientation with respect to the surface. Covalently bonded chemisorbed molecules
tend to optimize the overlap of their orbitals with the surface. Physisorbed molecules
generally tend to optimize their average distance to the surface. Consequently,
molecules with bulky peripheral substituents show a tendency to adsorb with their
bulky groups in hollow sites instead of top sites. Hence, the atomic structure of the
surface can be exploit to steer the �nal outcome of the monolayer self-assembly.70

However, the impact of this tendency on the �nal monolayer structure depends
on the adsorption strength in relation to the additionally contributing molecular
interactions. For instance, MM simulations conducted from Martsinovich for our
recent kinetic study (cf. chapter 8) revealed, that the adsorption energy of single
physisorbed NDA molecules on HOPG only di�er by 0.95 kJ mol−1 between the
best and worst adsorption sides. Repeating the same calculations for an island of
5 × 5 molecules the value is even less (0.04 kJ mol−1). Hence, in this case, the
in�uence of the adsorption geometry even decreases with monolayer formation.
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5.3.3 Molecular Structure

The sophisticated choice of molecular building blocks can steer the �nal monolayer
structure in the desired direction. Structural parameters are the molecules backbone
geometry as well as the number and positions of functional groups. Carboxylic acid
(COOH) functionalized molecules with 2- and 3-fold symmetric backbone geometries
are particular interesting as they create lamellar or/and hexagonal patters.24,29,102

Prominent examples of 2-fold molecules that exclusively form row structures are
shown in Fig. 5.6a-d, while the molecules in Fig. 5.6e-f self-assemble into honeycomb
networks like the chickenwire or �ower structures and in the case of BTB additionally
in a row24 or an oblique103 structure.

Figure 5.6: Molecular structure of 2- and 3-fold carboxylic acids:
(a) Benzene-1,4-dicarboxylic acid or terephthalic acid (TPA), (b) 4,4′-
biphenyldicarboxylic acid (BPDA), (c) 2,6-naphthalenedicarboxylic acid
(NDA), (d) 4,4′-stilbenedicarboxylic acid (SDA), (e) Benzene-1,3,5-
tricarboxylic acid or trimesic acid (TMA), and (f) 1,3,5-benzenetribenzoic
acid (BTB). Adapted and reprinted with permission from Lackinger and
Heckl 81 . Copyright (2009) American Chemical Society.

Except for the BTB row structure24, all of those molecules adsorb planar on
the surface promoted by their aromatic backbone featuring at least on phenyl ring.
3-fold carboxylic acids are highly appropriate to self-assemble into planar porous
monolayers. By adding phenyl rings to the three lobes of the molecular backbone,
the cavity size of the evolving network can be controlled. In terms of host-guest
chemistry this is an essential parameter to select potential guest species.

As illustrated in Fig. 5.5, carboxylic acid groups can form cyclic dimer, cyclic
trimer and the catemeric H-bond motifs. This motifs gives raise to the expression
of di�erent polymorphs, e.g. for BTB the oblique and chickenwire structure103 and
for TMA the chickenwire and �ower structure (cf. Fig. 7.1 of section 7.2).81,104

5.3.4 Solvent E�ects

Solvents can be classi�ed in polar and non-polar solvents re�ecting their ability to
dissolve certain solutes: Polar solvents dissolve polar solutes and non-polar solvents
dissolve non-polar solutes. The polarity of a solvent can be quanti�ed by the dielec-
tric constant ε (higher ε = higher polarity). Further characteristics are the existence
of aromatic groups (π − π interactions) or the ability to form hydrogen bonds with
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solutes or not, i.e. protic vs. aprotic solvents, respectively. Solvent-solute interac-
tions contribute to the enthalpic stabilization of the molecules in solution ∆Hdiss.
Generally, this contribution is less than the enthalpy gain of the molecule-molecule
interactions in a bulk crystal or trough monolayer formation on surface. The ther-
modynamic driving force behind dissolution is the gain in entropy ∆Sdiss, rendering
∆Gdiss negative. The magnitude of ∆Gdiss de�nes the solubility, i.e. the chemical
potential of a solute in solution. A high or low solubility corresponds with a lower or
higher chemical potential of the solutes in solution, respectively. Self-assembly can
occur if the chemical potential of the solutes is lower on the surface as in solution,
i.e. ∆Gsol→monolayer < ∆Gdiss.

The stronger the gain of free energy through dissolution, the less a solvent pro-
motes self-assembly. Hence, comparing the ∆Gdiss of di�erent solvents can reveal
the solvent that yields the strongest thermodynamic driving force for self-assembly.
Furthermore, by comparing the free energy per unit area ∆gdiss of di�erent sol-
vents the thermodynamic most stable polymorph can be identi�ed as proposed by
Conti and Cecchini (cf. section 5.1) - primary solvent e�ect.73 Hence, the choice
of solvent can be used to steer the monolayer structure, known as solvent-induced
polymorphism.103,105�107

At the liquid-solid interface, an adsorbed monolayer is always solvated by solvent
molecules. This interaction must always be taken into account when it comes to
analyse ∆Gsol→monolayer as solvation can drastically reduce the desorption energies,
i.e. monolayer stability.74,102 Compared to UHV, where higher desorption energies
(> 150 kJ mol−1) prohibit desorption at room temperature, solvation renders this
value lower and desorption at room temperature becomes possible.61,74 In a Born-
Haber cycle, this is considered with the reference state of a solvated monolayer and
∆Hdewet (cf. Fig. 5.2). The magnitude of ∆Hdewet depends on the type of solvent,
i.e. the type of interaction contributing to the enthalpic gain of solvation. For
instance, fatty acids are able to interact with solute monolayer via H-bonds and
Van der Waals forces, while π − π interactions are feasible for aromatic solvents.

An additional solvent e�ect is solvent coadsorption.83,108 Like solute molecules,
solvent molecules can adsorb on surfaces and assemble into ordered structures. Apart
from pure solvent monolayers, solvents can coadsorb with the solute on the surface.
Coadsorption is always associated with a gain of free energy, i.e. the coadsorbed
monolayer is more stable as the pure solute monolayer. Solvents can replace solute
molecules of a pure solute monolayer or adsorb in the cavities of porous solute
monolayer (e.g. honeycomb networks) as a guest species without a�ecting the initial
solute network. For the latter, solvent coadsorption can stabilize a solute polymorph
even if another polymorph would be favoured by a primary solvent e�ect.

Solvents containing H-bond donors or acceptors, alkyl chains or aromatic rings
are able to coadsorb at the liquid-solid interface.23 Surface adsorption and inter-
molecular interactions like H-bonds, van der Waals forces and π − π-interactions
promote the coadsorption of these solvent types. For fatty acids, only H-bonds and
van der Waals forces apply through the lack of aromatic rings. Here, the increase
of the overall H-bond density of the monolayer might be a factor for the additional
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gain of ∆G < 0. An early study from Tao et al. gives a hint in this direction.109 In
this study, the coadsorption of 6A, 8A and 10A fatty acid solvents to a monolayer
comprised of long chain di-acids HOOC− (CH2)n−COOH (n = 10, 12, 14, 16, 18,
20) showed a correlation between the amount of solvent coadsorption and overall
H-bond density.

5.3.5 Concentration

For the most cases, the packing density of a self-assembled monolayer can be tuned
with the concentration of the solution � a phenomenon known as concentration-
induced polymorphism. As a general rule, high solution concentrations promote
high packing densities in the monolayer. This can be explained with an enhanced
chemical potential of the solute at higher concentrations. The higher chemical po-
tential reduces the entropy cost for the self-assembly, whereby more densely packed
structures become thermodynamically stable. For instance, BTB molecules assem-
bles in a densely packed row structure for saturated BTB heptanoic acid solutions
on HOPG.24 At 50 % saturation a coexistence of the BTB row and chickenwire
polymorphs can be observed indicating fairly similar free energy of both poly-
morphs. Below 10 % saturation only the porous chickenwire structure emerges.24

Another example is the concentration induced polymorphism of alkoxylated dehy-
drobenzo[12]annulenes (DBAs) dissolved in 1,2,4-trichlorobenzene. On HOPG, the
densely packed linear structure assembles from high solution concentration (1.1 ×
10−4 mol L−1), while the porous honeycomb structure is formed at low concentration
(5.7 × 10−6 mol L−1).86
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Figure 5.7: NDA monolayer coverage on HOPG assembled from a NDA-9A
solutions of di�erent concentrations versus temperature. Vertical error bars
correspond to the standard deviation.

Apart from polymorphism, concentration can be used to control the monolayer
coverage. High solution concentrations promote high, i.e. typically full, coverage and
low concentrations partial monolayer coverage with an adjustable range between full
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and zero. A preliminary study to the work from chapter 8 revealed the concentration
dependent monolayer stability of an initially adsorbed full NDAmonolayer at the 9A-
HOPG interface. The coverage was traced for three di�erent solution concentrations
while the temperature was raised by increments of 5 ◦C with at least 18 h between
every temperature step (Fig. 5.7). Each coverage value was evaluated from a set of
25 images (350 × 350 nm, total area ∼3.5 µm2). Unfortunately, ultraslow kinetics
occurs in this molecular system. Depending on the temperature, the desorption
processes need ∼4 to ∼7 days for a solution concentration of 0.11 mmol L−1 to
settle at an equilibrium coverage. Even if the equilibrium coverage is not reached
after 18 h, Fig. 5.7 shows a clear concentration e�ect with an enhanced monolayer
stability with increasing concentration.

5.3.6 Temperature

Thermodynamics

According to thermodynamics, the equilibrium between solution and the monolayer
on the surface exists, independent from the way it is reached. This equilibrium can
be quanti�ed by Gibbs equation for the change of the free energy of self-assembly
(cf. Eq. 5.1). Here, temperature directly e�ects the magnitude of the term for the
entropy cost: −T ∆Ssol→monolayer. Increasing T , increases −T ∆Ssol→monolayer, and
hence, destabilizes the monolayer till complete desorption occurs (∆H ≤ T∆S).
Apart from monolayer stability, this relation can in�uence the structure of the
monolayer as other polymorphs can become thermodynamically more stable, i.e.
temperature-induced polymorphism.24,25 Let us consider two di�erent polymorphs:
One featuring a lower packing density (LPD) and the other a higher packing density
(HPD). For the HPD-polymorph, more molecules adsorb on the surface per unit area
and an enhanced binding energy per unit area exist compared to the less densely
packed polymorph. In this example we consider ∆hHPD > ∆hLPD. Furthermore,
the entropy costs are higher for the HPD-polymorph as more molecules are adsorbed
on surface (∆sHPD > ∆sLPD). Hence, even if the HPD-polymorph features a higher
binding energy as the LPD-polymorph, the higher slope ∆s of the HPD-polymorph
enforces a faster increase of ∆gHPD per temperature. Provided that the monolay-
ers are su�ciently stable, a phase change can occur with increasing temperature as
illustrated in Fig. 5.8.

At Teq, the free energies per unit area of both polymorphs are equal and a coex-
istence of the HPD- and LPD-polymorph can occur. Figure 5.8 shows a generally
higher temperature stability of less densely packed polymorphs if other contribu-
tions are neglected. For instance, coadsorption of solvent molecules can additionally
stabilize, in particular, a less densely packed polymorph and may alter the �nal
outcome. Such more subtle e�ects were neglegted in this general example.
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Figure 5.8: Gibbs free energy per unit area vs. temperature for two poly-
morphs. One with a higher packing density (HPD) and one with a lower
packing density (LPD) in blue and green, respectively. At Teq, ∆g is equal
for both polymorphs (∆gHPD = ∆gLPD). With increasing temperature a
phase transition occurs from the HPD- to the LPD-polymorph.

Kinetics

From a kinetic viewpoint, the equilibrium between solution and monolayer can be
de�ned as a dynamic equilibrium between adsorption and desorption with similar
rates (kadsorb and kdesorb). As stated in section 5.2, a reaction rate k can be quanti�ed
with the Arrhenius equation (cf. Eq. 5.9) or the transition state theory by Eyring (cf.
Eq. 5.12). Accordingly, all reaction rates depend on temperature. With increasing
temperature, more reactants can overcome the activation barrier resulting in an
acceleration of the reaction rates. Furthermore, higher adsorption and desorption
rates lead to an enhanced error correction with increasing temperature.68,71

A kinetic limitation at the liquid solid interface exists if the adsorption or/and
desorption rate is diminished by a limiting factor. With a limitation in the ad-
sorption rate the monolayer growth will be slowed down but the energetically most
favoured polymorph may still evolve. On the other hand, a reduced desorption
rate will often give rise to metastable structures as excess molecules cannot desorb
fast enough from the surface. Hence, a kinetically trapped polymorph with a non-
optimal free energy might be stabilized. Temperature can be a ways to transfer the
system to the thermodynamically favoured polymorph if the desorption barrier is
su�ciently high enough (cf. Fig. 5.3).110

At the liquid-solid interface, kinetic limitations in the adsorption or/and des-
orption rates can have their origin in the supernatant solution as it provides the
solute transport to and from the sample surface, i.e. the solute di�usion rate. A low
di�usion rate reduces the solute �ux towards the surface and less building blocks are
available for adsorption, hence, the monolayer growth is slowed down. Furthermore,
a low solute di�usion rate can also limit desorption as less solutes can be transported
away from the interface. Di�usion through a solution is driven by a concentration
gradient, while temperature can contribute to the di�usion rate through the tem-
perature dependency of the solute properties. The solute di�usion rate ksol,diff can
be stated with Fick's law:111,112
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ksol,diff = D(T )
dc

dz
with D(T ) =

kBT

6πηR0

(5.13)

Here, c is the concentration of the solute and z is the perpendicular distance

from the surface. The term
dc

dz
is the concentration gradient perpendicular to the

surface, which will reach zero if the dynamic equilibrium is reached. D(T ) is the
temperature dependent di�usion coe�cient, while kB is the Boltzmann constant, R0

is the hydrodynamic radius of the di�using molecules, and η the dynamic viscos-
ity, which in turn is also a function of the temperature T (decreasing with raising
temperature for the most liquids).

In summary, temperature can be used to steer self-assembly by manipulating the
thermodynamic equilibrium or to overcome kinetic limitations. Yet, monitoring and
controlling the temperature of self-assembly from solution over an extended time
scale via STM is challenging, but possible as Jahanbekam et al. demonstrated.27

In chapter (6), the development and design of a designated STM suitable to per-
form long-term experiments at liquid-solid interfaces at elevated temperatures are
discussed.113
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Chapter 6

Immersion-Scanning-Tunneling-

Microscope

This chapter describes the development process and characterisation of the I-STM.
Parts of this chapter are reproduced and adapted from O. Ochs, W. M. Heckl,
and M. Lackinger. Immersion-scanning-tunneling-microscope for long-term variable-
temperature experiments at liquid-solid interfaces. Rev. Sci. Instrum. 2018, 89,
053707, with the permission of AIP Publishing.

Fundamental insights into the kinetics and thermodynamics of supramolecu-
lar self-assembly on surfaces are uniquely gained by variable-temperature high-
resolution STM. Conventionally, these experiments are performed with standard
ambient microscopes extended with heatable sample stages for local heating. How-
ever, unavoidable solvent evaporation sets a technical limit on the duration of these
experiments, hence prohibiting long-term experiments. These, however, would be
highly desirable to provide enough time for temperature stabilization and settling
of drift but also to study processes with inherently slow kinetics. To overcome this
dilemma, we propose a STM that can operate fully immersed in solution. The in-
strument is mounted onto the lid of a hermetically sealed heatable container that
is �lled with the respective solution. By closing the container, both the sample and
microscope are immersed in solution. Thereby solvent evaporation is eliminated and
an environment for long-term experiments with utmost stable and controllable tem-
peratures between room-temperature and 100 ◦C is provided. A recent study on the
solvent-induced polymorphism of self-assembled TMA-monolayers at the solution-
graphite interface even proved the short-term stability (∼3 h) of the I-STM at 110 ◦C
(highest temperature reached so far with the I-STM, cf. chapter 7). Important ex-
perimental requirements for the I-STM and resulting design criteria are discussed,
the strategy for protection against corrosive media is described, the temperature
stability and drift behavior are thoroughly characterized, and �rst long-term high
resolution experiments at liquid-solid interfaces are presented.
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I performed the development, fabrication, assembly and commissioning of the
I-STM as well as all experiments and corresponding data analysis / interpretation
under the supervision of PD Dr. M. Lackinger.

6.1 Requirements

For experiments on self-assembled monolayers at liquid-solid interfaces operating
temperatures up to 100 ◦C are envisaged, resulting in basic requirements: First
of all, parts and glued joints must be resistant against the utilized solvents. For
many self-assembly studies at liquid-solid interfaces fatty acids are the solvents of
choice.81 However, fatty acids are incompatible with the typically used epoxy glues
and would dissolve the glued joints of the STM over the course of time, even pro-
gressively faster at elevated temperatures. For optimized thermal drift properties,
the container temperature, and consequently the temperatures of solution and STM
should be maintained as stable as possible (at least within 0.1 K) over the entire
temperature range. Thermal equilibration times and heating of the surroundings
should be minimized. The container has to be hermetically sealed to avoid any sol-
vent evaporation. Cold spots inside the container, where solvent would condensate
must be avoided. The STM should feature a reliable and e�cient fully automatic
coarse approach to be able to also retract and re-approach the tip when the STM is
lowered into the container, i.e. without optical access. Tips and samples should be
easily exchangeable. As for any other SPM, the design must be rigid and compact
to minimize its vibration susceptibility. In addition, the STM should be integrated
into an external vibration isolation and well shielded against acoustic and electro-
magnetic noise.

6.2 Conception

A liquid-solid STM with the ability to measure at elevated temperature would be a
door opener to new types of experiments with regards to thermodynamic and kinetic
in�uences on monolayer formation / disintegration. Two main issues are identi�ed as
keys to the development of such an instrument; high drift and elevated evaporation
rates through the heating process / higher temperatures. A high drift level will
ultimately lead to a distortion of the images lowering the relevance of the acquired
images. Furthermore, solvent evaporation will always change the solvent-to-molecule
(i.e. concentration) ratio resulting in a variation of the solution properties, e.g. shift
of the dynamic equilibrium in a self-assembly process. This e�ect will even increase
for measurements at higher temperatures. To avoid these problems the following
concept has been deployed, as illustrated in Fig. 6.1.

A simple but e�ective way to prevent a liquid from evaporation is to seal it
hermetically without any void space to transfer into the gas phase. To implement
this in the design of the I-STM, the entire STM is completely immersed into so-
lution and hermetically sealed in a heatable chamber to prevent any solvent from
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Figure 6.1: Concept to minimize high thermal drift and an enhanced evap-
oration rate at elevated temperatures.

evaporation and to control the operating temperature. As a direct consequence of
the heating process high drift will emerge due to temperature gradients across the
microscope. To reduce these temperature gradients the �rst step is the integration
of a well-designed temperature feedback controller to precisely stabilize both STM
and solution at the target temperature. Upon reaching the target temperature the
drift or rather the temperature gradients have to be reduced as fast as possible.
Integration of heat bridges in the STM design and the selection of materials with
good thermal conductivities promotes a faster reduction of temperature gradients,
and hence thermal drift. In order to minimize the drift-level from the start, a
rotationally symmetric design is deployed to promote a more homogeneous temper-
ature distribution, since the heating is radially applied from the sealing chamber
(cylindrical shape). Another e�ect of a highly symmetric design is the partial drift
self-compensation through a symmetric thermal deformation of the structure.

6.3 Corrosion Protection

The design of the I-STM includes a combination of di�erent materials, i.e., metals,
ceramics and plastics for the mechanical and electrical construction as well as glues
to fuse parts together. A highly important material property is the chemical re-
sistance against the used corrosive fatty acids. Tests to identify this property, and
to �nd su�cient coating materials for vulnerable materials, were conducted. Their
procedures and results are all described in the following sections.
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6.3.1 Chemical Resistance of the Applied Materials

The chemical resistance of a material, especially against the highly appropriate fatty
acids, has emerged to be key for the long-term stability of the I-STM and the purity
of the solution. Some less noble metals and glues have proven to be not su�ciently
inert against the corrosive behaviour of these acids. Therefore, every material with
direct contact to the hot fatty acid solution during the operation of the I-STM had
to pass a test procedure to validate its chemical inertness. Materials like aluminium
alloys, which were only used for applications without any direct contact to the fatty
acid solvents, e.g. frameworks or support structures, were spared out of this test
procedure. A material was ranked as inert if it withstood the corrosive behaviour
of 100 ◦C hot nonanoic acid over a time period of 2 weeks without any indication
of degradation of the material or contamination of the solution. The test setup
consists of simple glass beaker �lled with nonanoic acid (TCI, 98 % purity) placed
on a heating plate with steering function. A PTFE coated magnetically stirrer
inside the glass beaker is constantly sirring the 100 ◦C hot nonanoic acid around a
completely immersed material sample. As a result of this test procedure six metals
/ alloys could be identi�ed that failed the criteria to be ranked as inert: OFHC-
copper, Brass, Samarium-cobalt, Silver (pure or as alloy component in solders), Lead
(in leaded solders) and Super Invar 32-5 (Table 6.1).

All six materials resulted in a contamination of the nonanoic acid and a degra-
dation of the material itself. In terms of OFHC-copper (oxygen-free high conduc-
tivity, purity (≥99.99 %), 0.017 Ω mm2 m−1 at 20 ◦C), the immersed sample looked
perfectly clean without the typical indications of corrosion, but the nonanoic acid
experienced a dramatic colour change from its clear transparent state to an intense
turquoise colouring (Fig. 6.2a).119 However, after the removal from the nonanoic
acid also the OFHC-copper sample started to evolve a raw turquoise patina on its
surface which both could be a hint for the formation of a copper(II)-compound (not
further investigated). As expected, the same behaviour was observed for brass since
it possesses a high share of copper. The only application in the I-STM for brass are
IC-pins (gold coated brass) used as plugs and connectors for separable electrical con-
nection. Before the IC-pins where tested the gold layer was removed. Unfortunately,
the datasheet of the used IC-sockets does not tell the exact composition of the used
copper/zinc alloy but in terms of its original application in microelectronics an alloy
with a good electrical conductivity (low share of zinc) would be highly appropriate,
e.g. CnZn5 (5% zinc).134 After the exposure to nonanoic acid, Samarium-cobalt
(Sm2Co17 ) was completely corroded accompanied by a dark-brownish colour shift
of the acid and residuals at the bottom of the test beaker. In the design of the
I-STM, silver is used for the electrodes of the nanopositioner piezo. For the deter-
mination of its inertness, a complete piezo was immersed in the nonanoic acid. The
result was a complete removal of the silver electrodes without any residuals at the
bottom of the beaker or a visual colour shift of the nonanoic acid. For testing the
solders, all three (Sn60Pb40, Sn96.5Ag3.5 and Au80Sn20 ) were applied to a tube
piezo actuator, but only the gold/tin-solder passed the test procedure (Fig. 6.2c -
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Table 6.1: List of all metals, ceramics and plastics tested in terms of their chemical
resistance after exposure to nonanoic acid over a time period of 2 weeks at 100 ◦C.

Material Result Typ of degradation
Au80Sn20 Gold/tin-solder114 inert �
Brass115 not inert corrosion of the sample; turquoise

discolouration of the acid
FKM (Viton)116 inert �
Gold117 inert �
Kapton118 inert �
OFHC-copper119 not inert corrosion of the sample; turquoise

discolouration of the acid
PEEK120 inert �
Platinum-Iridum Pt90Ir10 121 inert �
PTFE122 inert �
PZT39 inert �
Samarium-cobalt
Sm2Co17 123

not inert corrosion of the sample; dark
brownish discolouration of the
acid

Shapal Hi-M soft124 inert �
Silver (piezo electrodes)125 not inert corrosion of the sample
Sn60Pb40 leaded solder126 not inert corrosion of the solder points;

dark grey residuals in the acid
Sn96.5Ag3.5 silver solder127 not inert corrosion of the solder points;

dark grey residuals in the acid
Stainless steel - type
1.4057128

inert �

Stainless steel - type
1.4301129

inert �

Stainless steel - type
1.4401130

inert �

Stainless steel - type
1.4571131

inert �

Super Invar 32-5132 not inert dark corrosion of the sample;
brownish residuals in the acid

Zirconium dioxide133 inert �

blue circle). The leaded Sn60Pb40 and the silver substituted lead free Sn96.5Ag3.5
solders failed the inertness test, resulting in a dark grey discolouration accompanied
by a complete loss of their stability � both crumbled of the test piezo. The failure
of both solders can most likely be traced back to their silver and lead share as all
other compounds have been proven inert against the nonanoic acid. Super Invar
32-5 showed a comparable behaviour as samarium-cobalt with a dark corroded sur-
face, brownish residuals at the glass beaker bottom and a brownish colour shift of
the acid (Fig. 6.2b). All these materials where at least used once in the develop-
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ment processes of the I-STM as they feature desirable properties, but their limited
corrosion resistance requires protection. The applied corrosion protection concept
will be discussed in the mechanical and electrical design sections 6.4 and 6.5, since
it evolved and changed closely connected to design changes from version to version.

b)a) c)

Figure 6.2: Nonanoic acids after 2 week in contact with test samples of (a)
OFHC-copper and (b) Super Inver 32-5 both at 100 ◦C. (a) The OFHC-
copper was most likely oxidized to Cu2+ as indicated by the turquoise
discolouration of the acid. (b) The nonanoic acid from the Super Inver
32-5 test showed a brownish colour shift with residuals from the material
corrosion. (c) Tube piezo actuator (mechanically damaged test piece) with
several crumbled test soldering points of the leaded Sn60Pb40 and the
lead free silver substituted Sn96.5Ag3.5. Only the AuSn-solder point is
still intact, without any sign of degradation (blue circle).

For the metals, ceramic and plastics this test procedure is su�cient, since the
mechanical stress on these materials during their application is negligible. In terms
of the applied glues a much higher mechanical stress level occurs, especially at the
nanopositioner piezo. During the probe-sample approach the nanopositioner piezo
expands and contracts at a frequency of 1 kHz, and the resulting accelerations apply
an alternating tearing and pushing load at the joints. The highest acceleration occurs
at the steep �ank of the saw-tooth signal. To rank a glue as inert it is fundamentally
important to additionally test its mechanical behaviour under operating conditions.
Hence, for testing of the glues an additional setup was necessary (Fig. 6.3). The
highest mechanical stress appears at the nanopositioner piezo. Consequently, a
nanopositioner was fabricated for each glue for tests under real conditions. Since the
e�ort to fabricate a nanopositioner is rather high, the glues were �rst tested under
static conditions, i.e. with the same protocol as applied for the metals, ceramics
and plastics. All together 16 glues based on di�erent chemistries were tested and
the results are summarized in table 6.2.

Only three glues withstand the 2 weeks exposure to 100 ◦C hot nonanoic acid:
KL06-B, KGL 130 EP and PJ1390-1. The KL06-B and the KGL 130 EP from
Klebe- und Gieÿharztechnik Dr. Ludeck GmbH are both based on the same epoxy /
anhydride chemistry, and show the same level of inertness.141 The only di�erence in
their properties is a better processibility of the KGL 130 EP. The PJ1390-1 is a single
component, solvent containing, low viscosity polyimide-based glue with properties
comparable to Kapton.145 With all three glues an adapted test-nanopositioner was
fabricated and immersed in a glass beaker �lled with constantly steered 100 ◦C
hot nonanoic acid. To test the stability of each glue under a dynamic load the
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Table 6.2: List of the glues tested in terms of their chemical resistance after exposure
to nonanoic acid over a period of 2 weeks at 100 ◦C.

Glue Result Typ of degradation
353ND135 not inert disintegration/dissolution
Araldite 2015136 not inert disintegration/dissolution
Duralco 4460137 not inert disintegration/dissolution
EP-P 653138 not inert disintegration/dissolution
EP-P 655T139 not inert disintegration/dissolution
EP-P 695 not inert disintegration/dissolution
H74140 not inert disintegration/dissolution
KGL 130 EP141 inert �
KL06-B142 inert �
Master Bond EP42-2LV143 not inert disintegration/dissolution
OD2002144 not inert disintegration/dissolution
PJ1390-1145 inert �
UHU Plus Endfest146 not inert disintegration/dissolution
UHU Plus Schnellfest147 not inert disintegration/dissolution
UHU Plus Sofortfest148 not inert disintegration/dissolution
X60149 not inert disintegration/dissolution

respective test-nanopositioner was alternating driven up and down over a period
of 2 weeks. The movement of the test-nanopositioner was controlled by a home-
built controller unit based on an Arduino Uno microcontroller board connected to
a E-870.11 piezo driver unit from PI.150 Via two end switches the Arduino Uno is
able to read the upper and lower position of the nanopositioner, and to trigger a
direction change. Both end switches are implemented by simple metal contacts and
a U-shaped aluminium counterpart screwed on top of the test-nanopositioner. The
whole setup was sealed in a glass beaker with plastic cap.

a) b)

Figure 6.3: (a, b) Test setup of the adapted nanopositioner to determine the
chemical resistance and mechanical stability of the glues under operation
conditions. An aluminium rod attached to the glass beaker's lid works as a
stand for the upper and lower metal contact (end switches) and as a base
plate, onto which the nanopositioner's �xed clamping jaws are attached to.
During the stress test the setup is immersed in 100 ◦C hot nonanoic acid,
and the nanopositioner is driven alternating up and down by a home-built
controller unit, based on a Arduino Uno microcontroller board.
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Unfortunately, all three glues did not withstand the mechanical stress level of
an expanding and contracting nanopositioner piezo. Especially, the PJ1390-1 per-
formed very badly as it fell o� immediately after the start of the nanopositioner.
This is most likely attributed to a low adhesion level. In the case of the KL06-B

and KGL 130 EP both glues endured the stress test a slightly longer (∼2 h), but
�nally it came to the destruction of the piezo itself. Concluding from the fracture
pattern the problem is not the adhesion of both glues, but rather the inability to
compensate the alternating deformation of the piezo during the movement of the
nanopositioner (low elasticity).

To overcome this problem a two layer approach was proposed consisting of a
mechanically stable glue, shielded by a covering layer for the protection against the
harmful in�uence of the fatty acids. A glue that provides the necessary mechanical
properties, and has been proven ideal for the fabrication of nanopositioners at am-
bient and vacuum conditions is the H74 from Epoxy Technology. So far, the H74

is the best choice for the fabrication of a nanopositioner and was deployed in every
version of the I-STM. Di�erent protection concepts for the H74 were applied, and
adapted during development of the I-STM. This concepts will be described in detail
in the next section. For the joining of all other mechanical parts the chemically
inert KGL 130 EP was used as this glue provides the required mechanical stability
for the respective applications in combination with an improved processability as
compared to the KL06-B.

6.3.2 Corrosion Protection Principles

Preliminary corrosion tests of all materials revealed a high vulnerability of less noble
metals and epoxy glues to fatty acids that, in turn, are highly appropriate and
relevant solvents for self-assembly studies. Speci�cally, copper, brass, Super Invar,
samarium-cobalt, silver and lead were ranked as not inert in the corrosion tests. For
the glues, two candidates (KL06-B and KGL 130 EP) were proven inert against
the corrosive fatty acids but unfortunately, they can only be used in applications
with static loads due to their lack in elasticity. Especially for the dynamic loads
of the nanopositioner, the well established, but not inert H74 is highly appropriate
through its combination of elasticity and adhesion. So far, the H74 is the only
option to manufacture a reliable stick-slip nanopositioner. In order to use the less
noble metals and the H74 glue for the I-STM, these materials have to be protected.
Since the requirements to a coating material di�er between the materials and their
speci�c application, di�erent coating materials are needed. Until now, four coating
materials could be identi�ed: Parylene type C, gold, gold solder (Au80Sn20) and
the �uoroelastomer LET-VITSEAL (Fig. 6.4).

Parylene

Parylene is an electrical insulating, hydrophobic, optical transparent polymeric coat-
ing material with a high chemical resistance against organic and in-organic sub-
stances, e.g. acids, solutions, gases and water. It is widely used as a corrosion
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GoldParylene-C Gold solder (AuSn) LEZ-VITSEAL

Lead Super Invar Samarium-cobald Copper Silver H74Brass

Figure 6.4: Assignment of the seven not corrosive resistant materials to four
appropriate coating materials.

protection layer to shield materials from harmful substances, even in medical appli-
cations due to its inherent bio-compatibility and bio-stability.151 152 The application
of Parylene takes place through a CVD-process (Chemical Vapour Deposition) at
room temperature, particularly important for temperature sensitive materials. This
coating method creates pinhole-free layers with thicknesses varying from 0.1 µm to
20 µm, coating even smallest cavities as compared to liquid solution-based coating
processes.153

The starting material for a non-halogenated parylene coating is the di-p-xylylene
dimer sublimated at 150 ◦C (1) (�gure: 6.5).154�156

600°C,
1 mm Hg

100%

<30°C

100%

H2C CH2

H2C CH2

1

H2C CH2

2

n

H2C CH2

parylene-N3

Figure 6.5: Di-p-xylylene dimer to poly(p-xylylene) (parylene-N) reaction.
Adapted with permission from Gorham 154 . Copyright (2003) John Wiley
and Sons.

The di-p-xylylene dimer can be dissociated by vacuum vapour-phase pyrolysis
at 600 ◦C to form two molecules of the reactive intermediate, p-xylylene radical
(2). After the dissociation, the p-xylylene intermediate spontaneously polymerizes
on surfaces maintained below 30 ◦C to form linear poly-p-xylylene (3), also called
parylene-N.154 Besides the non-halogenated p-xylylene there are also a wide range
of halogenated dimers to create di�erent types of parylene coatings. The most
common parylene-types are: parylene-C-, parylene-D- and parylene-F (also called
parylene-HT) (�gure: 6.6).152 157

These parylene-types di�er in their electrical and physical properties. Their
synthesis procedure is similar to the N-type's, but with di�erent temperatures for
sublimation, pyrolysis and deposition. One very interesting parylene type for the
coating of the I-STM is the C-type as it o�ers the best combination of chemical
resistance with a low moisture/gas permeability, elasticity and good adhesion.152 If
needed, the adhesion can be further enhanced through the preliminary application of
a SiO2 primer. Beside the deposition at room temperature, parylene-C can also be
applied at higher temperatures (deposition at 90 ◦C), but then develops slightly dif-
ferent material properties.158 For the thermal endurance of parylene-C over 100000
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Figure 6.6: Halogenated parylene types: (a) parylene-C, (b) parylene-D and
(c) parylene-F (parylene-HT)

h in air a temperature of 106 ◦C has been stated, determined by Advanced Coating

through an Arrhenius extrapolation based on an induction-time to initial weight-loss
method.159 Since exposure to fatty acids imposes a much higher chemical load, a
SiO2 reinforced parylene-C layer was applied to a test-nanopositioner assembled
with the H74 glue. The test-nanopositioner endured ∼4 weeks in 100 ◦C hot
nonanoic acid while running alternatingly up and down (∼2 mm travel; ∼15000
cycles) without any degradation and contamination of the acid. This test quali�es
parylene-C as a suitable coating material for the protection of the I-STM in fatty
acid solvents.

Gold

Gold (Au) is a very e�ective coating material to protect metal components from
corrosive media via the application of a pinhole-free layer. Depending on the coating
quality a pinhole-free gold layer can be galvanically achieved with a layer-thickness
from ∼2 to 4 µm.160 161 Compared to parylene, gold coated metal parts do not loss
their electrical conductivity which is particularly important for the design of inert
electrical feedthroughs or other electrically conductive setups, e.g. the tip/sample
exchange systems. With an exception for lead, gold can be applied to all less noble
metals of the I-STM design (Fig. 6.4).

The most appropriate way of applying a pinhole-free gold layer to a metal part
is electro-galvanic coating using an electrolyte. Most modern gold electrolytes are
based on a cyan-complex, e.g. potassium dicyanoaurate(I) (K[Au(CN)2]) with a
pH-value of ∼4.162 To apply a pin-hole free gold layer on metals like super invar
or stainless steel an intermediate adhesion layer like copper and nickel has to be
applied preliminary.

An alternative to an intermediate metal layer is the usage of more acidic gold
electrolytes based on potassium tetracyanoaurate(III) with a pH-value of ∼2.163
However, the deposition rate of this electrolytes is rather low as compared to the
potassium dicyanoaurate(I) based electrolytes. To accelerate the growth, the potas-
sium tetracyanoaurate(III) based electrolyte can be used as primer followed by a
potassium dicyanoaurate(I) based electrolyte with a signi�cantly higher deposition
rate. A well-established electrolyte combination for such a task is the potassium
tetracyanoaurate(III) based electrolyte Flash with a deposition rate of 1.5 µm h−1

at 0.7 A/dm2 and the potassium dicyanoaurate(I) based electrolyte Midas with a
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higher deposition rate of 5.5 µm h−1 at 0.5 A/dm2), both from Tifoo.162,163 To guar-
antee a pinhole-free gold layer a layer thickness of 6 µm was applied to all parts (1
µm with Flash, 5 µm with Midas). Growing gold-layers >20 µm is not possible as
the layers will start to detach with further growth.

The corrosion resistance of a 6 µm thick gold layer was tested via a Super Invar
and copper sample, both immersed in 100 ◦C hot nonanoic acid over a time period
of 2 weeks without any indication of corrosion at the sample or contamination of
the pure acid.

Gold Solder (AuSn)

Apart from pure gold also gold solder (AuSn), an alloy of gold and tin, has been
proven as a reliable and inert coating material for copper and silver. Thinly applied
via a soldering iron at ∼380 ◦C, a copper sample withstood the corrosion in 100
◦C hot nonanoic acid for 2 weeks without any alteration of the sample or solution.
Many standard tin solders used in electrically bonding are alloyed with copper, lead
or silver. As a consequence, all electrically bonding points of the I-STM were realized
with the Au80Sn20 solder from IPT Albrecht to create reliable electrical contacts
in a corrosive environments.114

Fluoroelastomers

Fluoroelastomers are in general �uorocarbon based elastic rubbers with a high
level of chemical resistance. A popular type of �uoroelastomers is FKM (�uor-
caoutchouc), widely used for the fabrication of gaskets and sealing pastes due to
its high chemical resistance and thermal stability. Compared to FKM, FFKM
(per�uoro-elastomer) contains an even higher amount of �uorine, providing this ma-
terial with a higher chemical and thermal stability.164 Certainly, FKM were proven
as su�ciently inert for the application in the I-STM as gaskets (O-rings) and as a
sealing compound (2 weeks exposure to 100 ◦C hot nonanoic acid). For instance,
the sealing compound LEZ-VITSEAL from AET Lézaurd GmbH was proven inert
and suitable to withstand the mechanical load of an operating stick-slip nanopo-
sitioner, hence represents a reliable alternative to parylene-C. LEZ-VITSEAL is a
FKM based sealing compound with a ketone-alike solvent, rapidly creating a pas-
sivation layer at air. This material can be used in a temperature range from -40
to +250 ◦C,165 but especially for the use with fatty acids, further corrosion tests
are necessary before temperatures well above 100 ◦C can be targeted. Furthermore,
LEZ-VITSEAL is easy to apply and does not require specialized equipment or knowl-
edge as compared with the deposition of parylene-C through a service provider.
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6.4 Mechanical Design Principle

The following subsections are dedicated to the description of the mechanical design
principle of the I-STM, which can be separated into three major parts: The actual
STM (Section 6.4.1), the hermetically sealed and heatable container (Section 6.4.2),
and the external vibration isolation with the µ-metal enclosure for electro-acoustic
shielding (Section 6.4.3), constituting the I-STM setup (Fig. 6.7).

inner STM

outer STM

container for the

thermostatic fluid-bath

vibration isolation

cable bridge

connector plate

main connector

preamplifier

μ-metal enclosure

mechanical core assemblies

electrical support assemblies

Figure 6.7: Explosion view of the main assemblies of the I-STM (µ-metal
enclosure in sectional view) categorized in mechanical core and electrical
support assemblies. The mechanical core assemblies are all described in
this section while the electrical support assemblies and the wiring are all
explained in section 6.5

In the proposed design, the STM body is mounted on the inside of the containers
lid, and thus becomes immersed in solution within the container just by closing the
lid. The heatable inner container itself is integrated into an outer container and both
are forming the assembly of the container for the thermostatic liquid-bath (CTLB).
This assembly again is integrated in the base plate of the external vibration isolation.
To minimize the length of the tunnelling current signal wire, the preampli�er is
located close to the lid. A main connector plugged into the containers lid connects
all electrical signals going into or coming from the STM, and distributes them via
single wires to an external connector plate and the preampli�er, safely guided by a
cable bridge. A more detailed description of the electrical support assemblies and
the wiring can be found in section 6.5.
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a) b) c)

Figure 6.8: (a) STM (version 3 inner STM; version 2 outer STM) mounted
in the manipulator and placed above the CTLB. (b - c) STM immersed and
sealed inside CTLB with attached main connector (wires are guided by a
cable bridge). The CTLB is mounted inside the massive vibration isolation
(spring suspended and eddy current damped).

6.4.1 Scanning Tunneling Microscope

Apart from mechanical stability, the main design focus was to realize a system with
low susceptibility to thermal drift, in particular after temperature changes. The
impact of temperature gradients is minimized by the implementation of favourable
design principles. In this respect, the use of either highly heat conductive materials
and the introduction of heat bridges, reduces temperature gradients and facilitates
fast thermal equilibration times. For didactic reasons the detailed description of the
STM is divided into two subassemblies: The inner STM and the outer STM.

� Inner STM

The inner STM represents the STM's core unit. It includes the scan unit -
performing the actual scan movement while maintaining a de�ned distance to
the sample surface - and an integrated stick-slip nanopositioner for a manually
controlled and fully automated tip-sample coarse approach. A tip exchange
system glued onto the scan unit and a corresponding tip holder, allows the
quick change of scanning tips.

� Outer STM

The outer STM assembly consists of a two-part metal framework that houses
the inner STM, and the integrated sample exchange system with its associated
sample holder.

57



6.4. Mechanical Design Principle 6. Immersion-Scanning-Tunneling-Microscope

Inner STM

The design of the inner STM fuses a scan unit with tip exchange system together with
a stick-slip nanopositioner to a compact and rotational symmetric unit. Altogether,
provides the inner STM all necessary movement capacities for the operation of a
STM immersed in solution. Apart from some intermediate stages, so far, three
working versions of the inner STM were fabricated and tested. The latest version is
illustrated and marked as version no. 3 (Fig. 6.9), and represents the only version
that was applied for scienti�c use.

 

parylene-C coating

Version 3

(inert)

Version 1

(not inert)

Version 2

(inert)

KGL 130 EP, H74 

& LEZ-VITSEAL 

H74 H74 & parylene-C

new feedthrough

new tip exhange system

gold coated 

electrods

inert thermal 

conductiv materials 

& heat bridges

new feedthrough

Figure 6.9: Version 1 to 3 of the inner STM with indications of major
changes and key features of each version.

From version to version weaknesses in terms of endurance and chemical inertness
were identi�ed and eliminated. Between every version some improvements were key
in the development of the inner STM, and will be mentioned during the presentation
of the latest design of the inner STM (version 3). All single parts of the inner STM
version 3 can be looked up in the explosion view of Fig. 6.11 with their corresponding
designation.

The scan-unit (Fig. 6.10b) consists of a lead zirconate titanate (PZT) tube piezo
actuator (EPL# 2 / PZT-5A, 6.5 mm outer diameter, 12.7 mm length and a wall
thickness of 0.675 mm from EBL Products, Inc.) with one single inner and four 90
◦ segmented outer gold over copper electrodes.44

Electrical insulation of the piezo electrodes against each other in solution is
not required as fatty acids are completely insulating without any leakage current
detectable even at higher temperatures. In terms of corrosion protection, the copper
adhesion layer of the electrodes is not su�ciently shielded by the gold layer applied
from the manufacturer. Furthermore, the fabrication processes of the tube piezo
leads to bare copper edges between the four outer electrodes, since the gold is applied
before the closed outer electrode is segmented. To protect the intermediate copper
layer an additional 6 µm thick gold layer is galvanically added to the existing Au-
electrodes with the gold electrolyte Midas.
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a) c)b) integrated

nanopositioner

scan-unit

e)
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Figure 6.10: (a) Complete assembly of the inner STM, (b) Sectional view
of the inner-STM with highlighted integrated nanopositioner and scan-unit,
(c) Piezo shielding coloured in blue consisting of: the scanner platform, four
scanner shields and shielding platform, (d) tip-holder with attached tip, (e)
Sectional view of the tip holder socked and attached tip holder.

The tube piezo actuator carries the counterpart for the exchangeable tip hold-
ers - the tip holder socket (Fig. 6.10e) - both �rmly glued together with the KGL
130 EP. The tip holder socket consists of four parts (Fig. 6.11): the electrically
grounded shielding platform (1.4571 � stainless steel), an electrical insulator (Sha-
pal), a magnet (Sm2Co17 ) and the counter disk to which the tunneling voltage is
applied. The Sm2Co17 -magnet is placed inside the electrical insulator, and covered
and protected by the hat-shaped counter-disk. The tip holders are pulled against
the counter disk by this magnet and the matching cylindrical geometries of both
parts are establishing a reliable mechanical and electrical attachment. To expedite
thermal equilibration of the tip exchange system, three thin interwoven 0.2 mm
thick PTFE coated stainless steel wires are used for �exible thermal (and electrical)
grounding of the shielding platform. This becomes necessary because the whole sub-
assembly is thermal isolated due to the low thermal conductivity of the tube piezo
actuator. The tip exchange system of version 3 was adapted from a system where
the magnet was direct contact with the tip holders (Fig. 6.9 - version 1). Only a
thin gold layer against the fatty acids was covering the magnet. Due to the brittle
behaviour of the magnetic Sm2Co17 material the edges of the magnet started to
break o� during the exchange of the tip holders. This was drastically lowering the
stability and the fatigue life of the inner STM. The required curing temperature
of the KGL 130 EP (220 ◦C) is su�ciently lower as the Sm2Co17 -magnet's Curie
temperature of 350 ◦C.141 123 Hence, the magnets are able to preserve their magnetic
properties throughout the curing.

The tip holders are fabricated out of the magnetic stainless steel 1.4057. Their ge-
ometry features a �0.5mm thick hole into which the STM tips (�0.25 mm platinum-
iridium wire) are placed, and �xed by a M2 screw.

As illustrated in Fig. 6.10b, the scan unit is concentrically glued (KGL 130

EP) to the scanner platform (1.4571 � stainless steel) � the base plate of the inner
STM. To avoid crosstalk between the sensitive tunneling signals (tunnelling voltage
UTV in mV-range, tunnelling current ITC in pA-range) and the high piezo driving

59



6.4. Mechanical Design Principle 6. Immersion-Scanning-Tunneling-Microscope

voltages (±130 V), the tube piezo actuator is surrounded by a closed metal shielding.
This shielding consists of the scanner platform, four stainless steel (1.4571) scanner
shields and the shielding platform, all parts are blue coloured in Fig. 6.10c. In
the �rst two versions, the four scanner shields were fabricated out of OFHC-copper,
protected by a closed gold layer (version 1), and an additional layer of parylene-C
in version 2. Unfortunately, both protection layers failed at the contact area with
the screws, since the screw-heads start to remove the protecting layers. To prevent
this, the piezo shields were fabricated out of stainless steel 1.4571 for version 3 (Fig.
6.9).

The shape of the scanner platform features four equally spaced out grooves for
electrical feedthroughs (PEEK ) at its lateral surface. One of these feedthrough
is only used as a strain relieve for the tunnelling voltage wire, while the other
three double feedthroughs (PEEK isolator with gold coated stainless steel pins (type
1.4301)) additionally conduct the driving voltages of the scanner.

All parts together � the scanner platform with its four feedthroughs, the scan
unit and the four scanner shields � are constitute the inertial mass, i.e., the payload
of the integrated stick-slip nanopositioner (∼20 g, design inspired and adapted from
the ANPz51 series from attocube systems). The nanopositioner is driven by a unipo-
lar piezo-stack actuator (PL055.30 from PI ) with a z-travel of 2.2 µm at 100 V.
citepPL0xx2020 Both silver electrodes are protected against the harmful fatty acids
through a closed layer of gold solder which simultaneously connects each electrode
to a PTFE coated stainless steel wire (pre-coated with gold to facilitate soldering).
In this design the piezo is glued between the scanner platform and a hollow zirco-
niumoxid axis with a quadratic cross-section � the nanopositioner axis � with the
H74 glue from Epoxy Technology. The nanopositioner axis is clamped between two
jaws (1.4571 � stainless steel) loaded by two springs pushing the jaws against the
axis. Both springs are adjusted by screws to a force of friction FC of ∼5 N, which
has been proven ideal for the operation of these nanopositioners. The springs are
placed inside the loose jaw, while the �xed jaw is �rmly attached to the STM body
of the outer STM.

To prevent the ingress of liquids and to establish an electrical connection of
the nanopositioner piezo, the hollow nanopositioner axis is sealed by a PEEK -
feedthrough at its upper end (KGL 130 EP). The connection wires of the nanopo-
sitioner piezo are passed through the hollow nanopositioner axis to the internal
soldering points of the PEEK -feedthrough � gold coated stainless steel pins at both
sides. Two versions of PEEK -feedthroughs were developed before. The �rst version
(Fig. 6.9) was a simple PEEK -plug with two holes to guide the nanopositioner's
connection wires (sealed with the H74 glue) out of the hollow axis. However, in
the case of a torn wire the whole nanopositioner had to be replaced. This problem
was solved in version 2 by the implementation of a PEEK -feedthrough featuring a
plug-connector system consisting of two gold coated brass IC-Pins. Unfortunately,
repeated plugging and unplugging destroyed the gold protection layer. This was
eventually solved by using the gold coated stainless steel pin based soldering con-
nection of version 3.
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Figure 6.11: Assembly of the inner STM (version 3) in explosion view.

In a �rst attempt to protect the not inert H74 glue used for the nanopositioner,
both gluing points and nanopositioner piezo were coated with parylene-C (version
2). Since parylene-C is applied via a CVD-process the deposition cannot be re-
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stricted to a speci�c area, hence the entire inner STM is coated with parylene-C.
Nevertheless, to guarantee the functionality of the nanopositioner the surface of its
axis had to be spared out, as well as the surface of the tip exchange systems contact
disc to provide electrical contact to tip holders. This was archived by masking of
the respective areas with tape before the deposition. The chemical and mechanical
stability of parylene-C was proven through preliminary test. Yet, after ∼1 year
of operation in contact with the corrosive fatty acids a delamination between the
nanopositioner piezo and the parylene-C layer occurred, despite the use of a SiO2-
primer. According to the damage pattern the delamination started at the edge of
the spared out nanopositioner axis, which has always been the weakest spot of the
protection layer. As a consequence, parylene-C was no longer used as a protection
layer for the inner STM. Starting with version 3 the H74 glue, and additionally the
nanopositioner piezo were both protected by a ∼0.5 mm layer of the LEZ-VITSEAL
�uoroelastomer sealing paste. With the application of LEZ-VITSEAL temperatures
above 100 ◦C are theoretically possible (cf. section 6.3.2). In a recent study on the
solvent-induced polymorphism of TMA-monolayers self-assembled at the solution-
graphite interface, measurements at 110 ◦C over a period of ∼3 h were achieved.
For extended long-term studies at even higher temperatures, further corrosion tests
at the targeted temperatures are required.

Outer STM

The development of the I-STM also results in three versions of the outer STM. All
were fabricated and tested, but only version 2 of the outer STM was deployed for
the scienti�c studies of this work.

Parallel to the scienti�c application of version 2, further development took place
and a 3rd version of the outer STM was created and fabricated. Both, versions 2 and
3, feature a version 3 inner STM and can be used independently. Between version
1 and 2 a new design approach was implemented (6.12). With respect to the usage
of materials with low thermal expansion coe�cients and the implementation of a
drift compensation, a concept that keeps thermal drift at a minimum was realized
in version 1. In turn, the latest versions 2 and 3 feature a principle that expedites
thermal equilibration (fast reduction of thermal drift) through enhanced thermal
conductivity in combination with the introduction of heat bridges. In this section
only version 2 and 3 of the outer STM will be described in detail, since versions 1
was not applicable for scienti�c use. An overview of both versions is shown in the
explosion view of Fig. 6.17.
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Figure 6.12: Version 1 to 3 of the outer STM illustrating its development
history. Version 1 of the outer STM is optimized in terms of low thermal
expansion during a temperature change through the implementation of PZT
columns as a drift compensation and the usage of Super Invar 32-5 for all
metal parts. Version 2 of the outer STM is optimized for fast thermal
equilibration instead of low thermal expansion through the implementation
of heat bridges, e.g. stainless steel for the columns. Version 3 represents a
further development of the outer STM in terms of fast thermal equilibration
and accessibility.

The version 2 outer STM consists of a massive STM body (1.4571 � stainless
steel), i.e. a monolithic cylindrical framework with three pillars onto which the
sample holder stage (accommodating the sample holder exchange system) is �rmly
screwed on. Together with the inner STM, the outer STM constitutes the complete
assembly of the STM, while the STM body represents the sca�old for the sample
holder stage and the inner STM. The inner STM is attached to the mounting stage
of the STM body via two screws inside the �xed clamping jaw of the inner STM
(Fig. 6.13).

a) b)

fixed clamping

jaw

c)

mounting stage

Figure 6.13: (a � b) complete assembly of the STM consisting of a version
3 inner- and version 2 outer STM with attached tip- and sample holders,
(b) in sectional view. (c) Sectional view of the outer STM version 2 with
attached sample holder.
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The STM is primarily heated through heat conductance from the container via
the lid, onto which the STM is attached to (chapter. 6.4.2). Hence, swift thermal
equilibration is promoted by an e�cient coupling between the STM and container
lid as well as e�cient heat transport across the STM. In this respect, the contact
area between the STM body and the container lid was maximized. For a better heat
transport from the container lid to the sample holder stage, the three pillars are now
integral parts of the stainless steel STM body. In version 1, with focus on low ther-
mal expansion, this pillars were made out of PZT, creating a drift compensation for
the thermal expansion of the scan- and nanopositioner-piezo (same thermal expan-
sion). But, by the same token, this introduces a heat barrier in the system (thermal
conductivity of PZT-5A = 1.5 Wm−1K−1).44 When the container is �lled, thermal
equilibration is additionally mediated by the solution that perfectly connects the
heatable container and the STM. However, the thermal conductivities of typically
employed solvents (nonanoic acid = 0.150W m−1 K−1 at 290.3 K, heptanoic acid =
0.144 W m−1 K−1 at 290.3 K)166 are modest, rendering this contribution relatively
low. Hence, it cannot replace the e�ciency of heat transport through the stainless
steel pillars or an external heat bridge. Especially the heat transport between the
outer and inner STM is rather problematic as the heat �ow is hampered by the
zirconium nanopositioner axis (2 W m−1 K−1 at 293.15 K).133 This is compensated
by four �exible 0.2 mm thick pure gold wires (297 W m−1 K−1 at 290.3 K)167 con-
necting the sample holder platform (outer STM) and the scanner platform (inner
STM), hence, bypass the insulating zirconium axis of the nanopositioner. Each wire
is clamped between one piezo shields and the scanner platform (inner STM). At the
opposite end they are �rmly attached to the sample holder platform of the outer
STM via two screws (1.4301 stainless steel, two wires one screw).

The sample exchange is provided by magnetic attachment of cylindrical sample
holders in a matching geometry � the sample holder stage (Fig. 6.14 and 6.17). This
setup consists of seven parts: The contact disc (1.4571 � stainless steel), a Sm2Co17
magnet, an insulating Shapal disc, the grounded sample holder platform, a PEEK -
insulator, a TC-connector nut (1.4571 � stainless steel, TC = tunneling current)
with its matching TC-connector disc (1.4571 � stainless steel) for the connection of
the tunnelling current signal wire. Analogous to the tip holder exchange system of
the inner STM, a Sm2Co17 magnet is placed underneath the contact disc, pulling
the sample holder against its cylindrical geometry to arrange and �xate the sample
concentrically to the tip holder. A short Kapton isolated copper wire connects the
contact disc and TC-connector nut. Both stainless steel parts were preliminary
gold coated at the soldering points. For electrical insulation a Shapal disc is placed
underneath the contact disc, and a PEEK isolator surrounds the TC-connector nut.
All parts are fused together and sealed with the KGL 130 EP glue forming a closed
unit that is �rmly attached to the STM body via three M3 screws (1.4301 stainless
steel). A 0.2 mm thin PTFE coated stainless steel wire type 1.4401 is soldered to
the TC-connector disc. In turn, the TC-connector disc is attached to its matching
TC-connector nut via a M2 screw (1.4301 stainless steel) to establish a removable
electrical connection to the contact disc.
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a) b) c)

Figure 6.14: (a) Sample holder exchange system of version 2 outer STM
with magnetically attached sample holder, and (b) sectional view with blue
highlighted sample. (c) Sample holder with blue highlighted sample

This principle for a removable connection to the contact disc is inherited from a
previous concept implemented in version 1 of the outer STM (Fig. 6.12a). In the
�rst version a PEEK -connector with two IC-pins was embedded into the triangular
sample holder platform with a matching PEEK plug. The core material of these
pins is brass protected by a thin layer of galvanically applied gold. Brass was proven
to be not inert against the corrosive fatty acids (cf. section 6.3.1). Over time, the
gold layer got compromised, leading to a contamination of the fatty acid solution.
This results in the need of a new and inert conception that was �nally implemented
starting with version 2 of the outer STM. The triangulare shape of the �rst sample
holder platform minimized the solution volume needed for a complete �lling (see
section 6.4.2).

Samples are placed in cylindrical sample holders for a convenient sample ex-
change and �rm �xation without the usage of a glue (Fig. 6.14). A stainless steel
washer (1.4571 type), pushed down by a snap ring (1.4301 � stainless steel) clamps
sample. During tunneling contact the tip holder is in close proximity to the sample
holder. Depending on the tip length the spacing between the tip holder and the
sample holder snap ring can be very narrow (∼1 mm), hence, the accessibility of the
solution in the sample holder can be inhibited to a certain level, ultimately leading
to inhomogeneities in the solution composition, particular after heating. To avoid
this, two notches are carved into the sample-holder socket and four 1.5 mm holes
are drilled into the washer.

With version 2, the concept of expediated thermal equilibration was proven to
be very e�ective. To further improve this, major changes were implemented in the
design of the version 3 outer STM (Fig. 6.15). The main idea was to enhance
the thermal conductivity through whole structure. For that, the STM body and the
sample holder stage are forming now a massive cylindrical and monolithic framework
with a larger contact area between them. Apart from that, the structure features a
higher mechanical stability in combination with a better accessibility during main-
tenance.

The outer STM can now be split into two parts: The STM body (stainless steel
1.4571) - connecting the STM to the container lid while accommodating the inner
STM - and the new sample holder stage providing the sample exchange. Both parts
are �rmly attached to each other via six screws (Fig. 6.17). The screw holes are
sealed with thin PTFE gaskets underneath the screw heads. To avoid any leakage
of solution into the interspace of both parts, two O-rings are sealing the assembly.
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Figure 6.15: (a) Complete assembly of the STM consisting of a version 3
inner- and version 3 outer STM with attached tip- and sample holders, (b)
sectional view. (c) Sectional view of the outer STM version 3 with attached
sample holder.

Access to the sample holder is now provided through four windows, radially milled
into the sample holder platform (stainless steel 1.4571).

The sample exchange system of version 3 (Fig. 6.16) follows the same principle
as implemented in version 2 of the outer STM. A Sm2Co17 magnet is placed un-
derneath the contact disc (1.4571 � stainless steel), pulling a sample holder against
it. A Shapal disc is providing the e�cient electrical insulation of the contact disc
to the grounded sample holder platform. The tunneling current signal wire is di-
rectly attached to the contact disc, making additional components, like the contact
nut and cable connector of version 2, redundant and the assembly less complex and
prone to defects. A 0.5 mm thick gold coated metal pin (1.4301 � stainless steel)
is soldered to the end of the tunneling current signal wire, a 0.2 mm thick PTFE
coated stainless steel wire (type 1.4401). The pin is clamped by a M2 set screw
(1.4301 � stainless steel) inside the connector box, which is an integral part of the
contact disc (Fig. 6.16b). All parts of the sample holder stage are fused and sealed
with the inert KGL 130 EP glue.

a) b)

Figure 6.16: (a) Sample holder exchange system of version 3 outer STM with
magnetically attached sample holder, and (b) sectional view with close up
of the sample holder and the integrated connector box.

To facilitate fast thermal equilibration of the inner STM, four �exible 0.2 mm
solid gold wires are connecting the scanner platform of the inner STM with the
sample holder platform of the outer STM. Similar to version 2, two gold wires are
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screwed together onto the sample holder platform with a M2 screw (stainless steel
1.4301).
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Figure 6.17: Exploded views of version 2 and 3 of the outer STM with
sample holder assemblies.
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6.4.2 Container for the Thermostatic Liquid-Bath

Immersion of the STM in a completely or partially �lled heatable and hermetically
closed container is the core idea behind the development of the I-STM. Beside the
ability to keep the temperature of the STM stable by means of a closed-loop tem-
perature control, the hermetical sealing of the STM prevents any evaporation of
solution over an extended time period, even at higher temperatures. This function-
ality is implemented in the CTLB. In this section, the latest version 2 of the CTLB
is presented as it is the only version that is applied to scienti�c use.

The heart of this assembly is the inner container, a heatable stainless steel (type
1.4571) basin for the solution with a total �lling volume of ∼72.0 mL (Fig. 6.18a
and b). The size of the container was determined through a compromise between
keeping its volume reasonably low to reduce the amount of required solution and
having enough space for safely lowering the STM into the inner container. With the
STM immersed, the container has a free volume (�lling capacity) of ∼ 36.9 mL for
the version 2 outer STM, and ∼ 34.8 mL for version 3. It is notable that complete
�lling of the container is not always necessary. In principle, a ∼ 40% �lling level is
su�cient to submerge the sample without any notable in�uence on the performance
as compared to a completely �lled container. Alternatively, just a µL droplet of
solution could be applied on the sample-substrate as in conventional experiments
with an additional amount of solution at the container bottom for generating a
saturated vapour atmosphere, as proposed in the design by Hipps et al..27

c) d)b)a)

Figure 6.18: (a) Version 2 of the inner container, (b) sectional view. (c)
Sectional view of the complete CTLB assembly with immeresed STM (ver-
sion 3 inner and outer STM). (d) Closing of the inner container realized
through a hold-down ring pressed down by six nuts.

The CTLB is heated through a tightly wrapped heating wire (Isotan CuNi44,
diameter 0.40 mm, 25 windings, 45 Ω total resistance, polyurethane based wire
enamel � E6146 ) around the inner container, �xated via Te�on-tape (PTFE). For
the heating wire, a comparatively small diameter was chosen to increase its resis-
tance in order to supply a given heating power with relatively high voltages and
small currents. This allows usage of smaller lead wires, thereby minimizing mechan-
ical coupling (see section 6.4.3 and 6.5.2). In terms of achieving a homogeneous
heat distribution across the container, a highly heat conductive material is desir-
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Figure 6.19: Exploded view of the CTLB version 2.
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able for the inner container. However, an initial attempt (version 1 of the CTLB)
with a galvanically gold plated OFHC-copper inner container proved to be insu�-
ciently protected against corrosion. A leakage in the gold protection layer lead to
a strong turquoise discolouration of the nonanoic acid (6.20a, cf. chapter 6.3.1).
The defect occurred at the sharp edge of a triangular groove at the bottom of the
inner container. Together with the matching triangular shape of the outer STM's
�rst version (Fig. 6.12), this geometry was implemented in order to minimize the
solution volume.

c)b)a)

Figure 6.20: (a) Inner container of the CTLB version 1 after a repeated
inertness test. A leakage in the gold layer, presumably at the edges of the
triangular groove resulted in a strong contamination of the nonanoic acid.
(b) Version 1 of the CTLB. (c) Version 2 of the CTLB with rounded edges
at the inner containers bottom (stainless steel 1.4571).

Since gold plated copper showed a great vulnerability, stainless steel 1.4571 was
chosen for the �nal version, as a compromise between inherent inertness and heat
conductivity (Fig. 6.20c). As a further precaution, the design was changed in order
to avoid any sharp edges. Hence, the triangular groove at the bottom was removed
for a big rounding (�6 mm). This was also easier to manufacture, but resulted in
an additional solution volume of ∼10 mL for the version 2 outer STM, and ∼8 mL
for version 3.

To reduce the required heating power and warming of the surroundings, the
inner container is integrated in a larger stainless steel 1.4571 outer container. For
further thermal isolation, the interspace between inner and outer container is �lled
with aerogel granulate (0.012 Wm−1K−1 at ambient conditions),168 and the contact
area between both parts is minimized. The temperature is measured by a type
K thermocouple (5SRTC from Omega) inside a bore at the bottom of the inner
container.49

The container lid features a groove for a Viton O-ring gasket and is pushed
against the inner container by six nuts via a metal ring (hold-down ring, 1.4571 �
stainless steel), to evenly distribute the pressure and accomplish hermetical sealing
of the STM (Fig. 6.18d). Temperature gradients are reduced by setting the lid back
inside the inner container, in order to avoid cooling of exposed parts. At the same
time, the container lid serves as the base plate for the STM, which is �rmly attached
at the inside of by six O-ring sealed stainless steel screws (type 1.4301). Furthermore,
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the lid also accommodates all electrical feedthroughs for the drive voltages and signal
wires. These feedthroughs consist of glued in gold plated IC-pins (brass) isolated by
PEEK-bodies. All electrical connections (including signal wires) are simultaneously
established by a single custom designed multipole connector at the outside of the
lid (Fig.6.21). For a detailed described of the pin-assessment see section 6.5.2.

b)a) c)

Figure 6.21: (a) Top and (b) bottom view of the multipole main connector.
(c) Top view of the main connector plugged into the container lid.

6.4.3 Vibration Isolation and Electro-Acoustic Shielding

The image quality of an operating STM is strongly related to its susceptibility to ex-
ternal noises, hence, its mechanical stability, electro-acoustic shielding and vibration
isolation. The shielding from electro-acoustic noises can be achieved via a grounded
housing, covering the whole STM. For the protection against �oor vibration a two-
step damping stage is highly appropriate. Every damping stage and the STM itself
have their own frequency transfer functions, describing the frequency-dependent re-
sponse of the system to an external excitation. Since the damping stages and the
STM are serially coupled, the total frequency-dependent response of the entire sys-
tem Gsys(ω) can be calculated by the product of the individual frequency transfer
functions (G1(ω) = �rst damping stage; G2(ω) = second damping stage; GSTM(ω)

= STM; Eq. 6.1).38

Gsys(ω) = G1(ω) ·G2(ω) ·GSTM(ω) (6.1)

The resonance frequency of tube scanners is typically in the range between 0.5
kHz and 10 kHz, which in turn will always be the limiting factor for the scanning
speed of a STM.38 Hence, for an e�cient shielding of the STM, it is important
that both damping stages should be strongly damped with the characteristics of
low pass �lters and resonance frequencies well below the expected acoustic and �oor
vibrations.

In the speci�c case of the I-STM an air-suspended optical table is used as the �rst
stage (G1(ω)) followed by a spring suspended eddy current damping (G2(ω)) - the
vibration isolation of the I-STM. Unfortunately, no data or even the manufacturer
or type of the used optical table (1 x 2 m; 3 cm thick granite plate over a 3 cm
thick steel plate; four air-suspended absorbers integrated in a massive steel frame)
are available but resonance frequencies of comparable devices range between 1 - 2
Hz.169 170 Hence, optimizing the vibration isolation is the most e�ective measure.
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To design a damping system based on a spring suspended harmonic oscillator
with a low eigenfrequency, a high inertial mass m in combination with a low spring
constant k is needed (Eq 6.2).

f0 =
ω0

2 · π
=

1

2 · π
·
√
k

m
(6.2)

The implementation for the I-STM consists of a ring shaped base plate that
accommodates the CTLB, and, in turn, is suspended by three parallel stainless steel
spring (each k = 0.07 Nmm−1) supported on three outer pillars (Fig. 6.25 and 6.26,
design inspired by the four point suspended vibration isolation of the UHV VT-SPM

from Scienta Omicron). For eddy current damping, 21 U-shaped sheet metals made
of copper (copper �ns) are radially mounted on the ring, each embracing a �xed
Sm2Co17 permanent magnet. At the top of each pillar an adjustment screw allows
the levelling and centring of the ring. Both, the softness of the springs (ktotal = 0.21
Nmm−1) and the relatively high inertial mass of the moveable assembly (∼2.6 kg)
yield a desirably low resonance frequency of ∼1.4 Hz. This should facilitate e�cient
damping at higher frequencies through its low pass characteristics.

a) b)

Figure 6.22: (a) Complete assembly of the I-STM with its outer µ-metal
enclosure aside. (b) Square root of the tunneling current power spectral
density. During the acquisition, the tunneling current feedback was active
but slowed down. The setpoint current was 0.5 nA and an average of 24
spectra is presented.

All these measures e�ectively shield the STM from external noise, re�ected in a
very low noise level of the tunneling current as shown by the spectrum in Fig. 6.22b.
The overall level with a peak of ∼130 fAHz−0.5 is quite low, but the spectrum
shows mechanical resonances of the STM setup and their overtones at ∼1.02 kHz
and around ∼6 kHz that, however, have proven negligible in terms image quality.
Furthermore, the STM is fairly insensitive to external acoustic noise even without
the µ-metal enclosure. For instance, in the retracted state (STM mounted in the
manipulator (section 6.6.1) and placed above the CTLB, Fig 6.8a) with arrested
vibration isolation, the lab-background noise resulted in a peak of 650 fAHz−0.5 at
a frequency of 0.5 kHz. The additionally exposure to a sound level of 87 dB raised
that spectrum to a peak-value of ∼5 pAHz−0.5 at 0.8 kHz (Fig. 6.23).

In the immersed state (STM sealed inside the CTLB) with unlocked vibration
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Figure 6.23: Square root of the tunneling current spectral power density
with exposure to an acoustic noise of 87 dB (a) STM in the retracted state
with arrested vibration isolation, and (b) in the immersed stated with un-
locked vibration isolation.

isolation the tunneling current only results in a peak of 800 fAHz−0.5 at a frequency
of 0.8 kHz. Additional isolation from acoustic noise can be achieved with the µ-metal
enclosure reducing the impact of the external noise on the tunneling current to nearly
zero. The excellent signal-to-noise ratio of the tunneling current spectra from Fig.
6.22 also re�ects the superb electrical screening concept implemented in the I-STM.

For handling purposes, e.g. for retracting the STM from the container in order
to exchange tips or samples, the vibration isolation can be arrested by means of a
locking device (Fig. 6.25), whose principle is illustrated in Fig. 6.24.

d)a) b) c)

locking of the vibration isolation

Figure 6.24: Mechanism of the locking device. (a) In open state (blue
highlighted stator support works as linear guidance). (b) Pushed up against
the oscillator base plate. (c) Rotating of the locking disc (clockwise =
closing, counter clockwise = opening. (d) In closed state.

The locking device consist of a ring shaped base plate, guided by three bushes
sliding on the stator supports of the magnet holder (blue highlighted in Fig. 6.24a
and b). By pushing the locking device base plate up (Fig. 6.24b) three spring
loaded clamping bolds are engaging in matching holes of the oscillator base plate.
This pushes the oscillator base plate against three �xed stops (lower spring holders
pushed against the notch of the spring columns, cf. Fig. 6.26). To arrest the
device in the upper locked position a rotatable locking disc with three holes (blue
highlighted in Fig. 6.24c) is integrated into the ring shaped base plate. By rotating
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the closing disc clockwise the holes are sliding to the side and the whole locking
device is �xated (Fig. 6.24d). Unlocking is archived in reverse order (Fig. 6.24d to
a).
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locking bolts

locking device 

baseplate

locking device

locking disc

clamping springs

clamping bolts
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eddy current damping

(stator)

eddy current damping

(oscillator)

rotational guide

sliding bolts

spring suspensions

base plate

Figure 6.25: Exploded view of the vibration isolation and the locking device
in detail. For a detailed exploded view of the vibration isolations subassem-
blies see the following Fig. 6.26.
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threaded rod
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lower spring holder
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spring column
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copper fins

magnets
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Figure 6.26: Detailed exploded view of the vibration isolation's subassam-
blies.

6.5 Electrical Design Principle

The operation of the I-STM requires di�erent electronical devices, e.g. a STM-
controller, a preampli�er, a power supply etc. All signals and drive voltages provided
by these electronics are connected to the internal components of the I-STM following
a wiring concept. The electronics and their wiring are constituting the electrical
design of the I-STM, divided in an external and internal (everything inside the
µ-metal enclosure) part.

6.5.1 External Driver Devices

Scan Control Devices

During scanning of the STM tip, the tunneling current ITC is maintained to a de�ned
value. Accordingly, the tip-sample distance needs to be adjusted continually through
a feedback controlled manipulation of the piezo driving signals (X+, X− Y+ Y−
and Z). For the I-STM, the analog SPM 100 controller with the analog-to-digital
converter V-Scan is used, constituting the SPM 1000 control electronics system
from RHK Technology (Fig. 6.27a).
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a) b) c)

Figure 6.27: (a) RHK SPM 100 STM control electronics and RHK V-
Scan analog-to-digital converter (RHK SPM 1000 ). (b) Femto LCA-2K-2G
transimpedance ampli�er. (c) Housing of the Physik Instrumente E-870.11
drive electronic with its manual control interface.

The SPM 100 electronics can generate tunneling voltages (UTV ) between 0.01
V to 10 V.171. Since the SPM 100 can only process voltage signals, the tunneling
current ITC is preliminary transformed and ampli�ed to an equivalent voltage signal
(UTC). To simplify further explanations, UTC and ITC will be both termed with
tunneling current. The current to voltage transformation is done by the LCA-2K-
2G transimpedance preampli�er from Femto (Fig. 6.27b). The ampli�er provides
a 2 GV/A gain limited by a maximum output voltage of ±10 V at a bandwidth of
2 kHz.172. To maintain the probe-sample distance and for scanning, the SPM 100

provides piezo drive signals from -130 V to +130 V.171 The interconnection of the
SPM 100 and the LCA-2K-2G is depicted in Fig. 6.28.
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LCA-2K-2G
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nanopositioner

scan piezo

probe / sample
tunneling

external electrical components preamplifier & resulting internal effects

Figure 6.28: Connection scheme of all external electrical devices.

The communication between the analog-to-digital converter V-Scan and the PC
is done by the multifunction data acquisition board DT3016 from Data Transla-

tion.173 Process control and visualization of the acquired data is realized with the
XPM Pro Software from RHK Technology.

For the movement of the integrated nanopositioner a E-870.11 drive electronic
from Physik Instrumente generates a saw-tooth voltage signal (continuous or single
pulses) with amplitudes between 0 V to 100 V with a maximum repeat frequency of
1 kHz.150 A manual pre-approach or movement of the nanopositioner is granted via
an interface (simple buttons) integrated in the housing of the E-870.11 (Fig. 6.27c).
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The automated tip/sample coarse approach requires the synchronized interaction of
the nanopositioner and the tube piezo actuator. During this process, the E-870.11
is controlled via TTL-pulses (transistor-transistor-logic) generated by the V-Scan

100. The pulses result in a de�ned number of single nanopositioner steps, followed
by an extension of the tube piezo actuator through the SPM 100.

Temperature Control Devices

The temperature conditioning of the STM is provided by the CTLB. For that task,
a 160 W DC-power supply (0 - 65 V; 0 - 2.5 A) introduces the required electrical
power to the heating wires of the CTLB (EA-PS 3065-03 B from Elektro Automatik,
Fig. 6.29a).50

a) b)

Figure 6.29: (a) EA-PS 3065-03 B DC-power supply from Elektro Au-
tomatik. (b) 2416 process controller from Eurotherm.

A 5SRTC K-type thermocouple from Omega integrated in the bottom of the
inner container of the CTLB is measuring the temperature. The temperature
read out is done by a programmable 2416 process controller from Eurotherm (Fig.
6.29b).174 49 Together with the EA-PS 3065-03 B DC-power supply a PID feedback
control loop is closed to maintain the temperature of the CTLB or to run predicted
temperature programs. These programmes can be edited with the Eurotherm's itool
software (Fig. 6.30).

2416 
(Eurotherm)

itool 
(Eurotherm)

heating wire
EA-PS 3065-03 B

(Elektro Automatik)

5SRTC K-type
(Omega)

Figure 6.30: Connection scheme of the temperature feedback control.

External Wiring

All wires are connected at an integrated connector panel perfectly matching the µ-
metal enclosure (Fig.6.31). Only the power supply for the preampli�er (1) is guided
underneath the µ-metal enclosure through a groove.

The tunneling signals UTV and UTC are both routed via low noise coaxial cables
with BNC-connectors from the SPM 100 to the connector panel ((2) = UTC , (3) =
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1 2 3 4 5 6 7 8

Figure 6.31: LCA-2K-2G preampli�er power supply cable (1) and the con-
nector panel accommodating all signal feedthroughs. (2) = tunneling cur-
rent UTC (BNC), (3) tunneling voltage UTV (BNC), (4) Scan and nanopo-
sitioner control voltages (multi-pin connector), (5) and (6) spare thermo-
couple feedthroughs (K-type), (7) K-type thermocouple connector for the
temperature measurement of the CTLB, (8) heating current of the CTLB
(2-pole connector).

UTV ). Shielded BNC-connectors are used for the connection of the drive voltages
X+, X−, Y+, Y− and Z of the tube piezo actuator to the SPM 100, as well as for
the connection of nanopositioner signals P+ and P− to the E-870.11. Each of the
�ve drive voltages (X+, X−, Y+, Y− and Z) is individually connected, hence via
shielded low noise coaxial cables. For the nanopositioner, the inner wire is used for
P+ and the coaxial shielding for the ground electrode P−. At the connector panel,
all seven drive voltages (X+, X−, Y+, Y−, Z, P+ and P−) are jointly connected
in one multi-pin connector (4). With an exception for P+ and P−, all signal wires
are routed via a coaxial cable that are shielded by the SPM 100 's shielding ground
S. For the control of the E-870.11 an additional BNC cable is connecting the

controller to the SPM 100.
The thermocouple can be accessed at the connector panel (7). Therefore, a

(Ni/Cr) thermocouple cable with K-type connectors at both ends is connecting the
signal to the 2416 temperature controller. Two thick copper wires are used for the
transportation of the heating current. At the power supply, two banana jacks are
used, while at the connector panel a universal 2-pin connector is used (8). The 2416
is controlling the EA-PS 3065-03 B via a voltage signal (0 � 10 V), connected with
a home-built BNC to D-sub (15-pin) cable.

External Grounding

The grounding of all external components is shown in Fig. 6.32. Since the power
supply from the local power grid my result in noise pick up, an uninterruptable
power supply (UPS) is used as a �lter. The used device is the Pinnacle Plus 700

from Alpha Technologies providing a clean 230 V sine signal at 50 Hz (±0.5 Hz).175
The SPM 100, the V-Scan 100, the PC, the 2416 -temperature controller and the
EA-PS 3065-03 B power supply are directly connected to the UPS ground potential.
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Both, the connector panel and the E-870.11 piezo driver are connected to the SPM
100 ground potential � the shielding ground S. Hence, the I-STM is connected to
the SPM 100 's shielding ground S (cf. section 6.5.2).

E-870.11

(piezo driver)

Pinnacle Plus 700

(UPS)

ground potential

(power grid    )

connector panel

(ISTM)

2416 

(temp. controller)

EA-PS 3065-03 B

(power supply)

shielding ground S

power control

V-Scan 100

(A/D-converter)

SPM 100

(SPM controller)

PC

PC communication

data 

exchange

Figure 6.32: Grounding of all external electronics and the I-STM: Black
= ground potential of the power grid and the Pinnacle Plus 700 ; green =
ground potential connected over the PC communication ports; turquoise =
ground between the SPM 100 and V-Scan; blue = ground connection be-
tween the 2416 -temperature controller and EA-PS 3065-03 B power supply;
orange = shielding ground of the SPM 100.

Unfortunately, the additional interconnections between the electrical components
can create ground loops (coloured connections in Fig. 6.32). But since the connector
panel, i.e. the I-STM, is only connected to the shielding ground potential S, the
I-STM is una�ected. This is archived through a rigorous separation of all signals
and supply voltages from the shielding ground potential S (insulated connector
panel feedthroughs).
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6.5.2 Internal Wiring and Shielding

In this section the complete internal wiring of the I-STM inside the µ-metal enclosure
is described and illustrated in detail. The wiring is always described from the signals
application site (STM or CTLB) to the connector panel, regardless of their direction
of action. An overview of the complete internal wiring is provided by Fig. 6.33. Fig.
6.34 illustrates the pin assignment of the main connector (I-STM) and the container
lid (CTLB).
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heating current +

heating current -

K-type thermocouple (Ni/Cr)

K-type thermocouple (Ni)
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Figure 6.33: Internal wiring of the STM and CTLB.
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Figure 6.34: Pin assignment (a) of the I-STM main connector and (b) of
the CTLB lid viewed from both sides.

Tunneling Voltage

The tunneling voltage UTV is applied to the tip via the electrical contact between the
tip holder and its matching counter disc. A solder tail at the counter disc promotes
the soldering to a thin 0.2 mm thick PTFE coated stainless steel wire (type 1.4401).
For that, both parts are preliminary gold coated. The PTFE coated stainless steel
wire is shielded by a tightly wrapped 0.2 mm thick solid gold wire connected to the
signal ground TV ). To avoid ground loops, the wire is connected at one end only.
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Figure 6.35: Wiring of the tunneling voltage and its shilding from the tip
holder socket to the feedthroughs of the scanner platform: tunneling voltage
with signal ground wire = feedthrough 4.

Starting from the solder tail, the tunneling voltage cable is running outside of
the piezo shielding through a hole in feedthrough no. 4 of the scanner platform. A
strain relief is provided by gluing (KGL 130 EP) the cable into the feedthrough. At
the other side of the tunneling voltage cable, UTV and the signal ground TV are
separated, and soldered onto two IC-pins of a PEEK -feedthrough from the container
lid (Fig. 6.34b). Each gold over brass IC-pin from the container lid was additionally
covered with gold solder to establish a solid protection against the corrosive fatty
acids.

Both, UTV and TV are picked up by a 2-pole PEEK -plug glued into the main
connector (Fig. 6.34a). Right after the PEEK -plug, both signals are joined into
a thin low noise coaxial cable (purple wire in Fig. 6.33). Before, both signals are
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always shielded by the grounded container lid and main connector. Outside of the
main connector, the coaxial cable is guided safely over the vibration isolation by a
cable bridge to its BNC-feedthrough at the connector panel.

Tunneling Current

The tunneling current ITC is connected to the substrate and the preampli�er. The
principle to connect the tunneling current cable to the contact disc is di�erent for
version 2 and 3 (Fig. 6.14 and 6.16).

In both versions a 0.2 mm thick PTFE coated stainless steel wire is used for
ITC . Similar to the tunneling voltage, the tunneling current wire is shielded by a
tightly wrapped 0.2 mm thick solid gold wire (signal ground TC). The stainless
steel wire from version 2 (Fig. 6.36) is soldered to the TC-connector nut, while the
twisted gold wire stops closely (∼2 mm) before the soldering spot. In version 3 the
TC-connector is replaced by a 0.5 mm thick gold coated stainless steel pin to which
the tunneling current wire is wired.

Version 2 Version 3

tunneling current ITC

signal ground TC

Figure 6.36: Version 2 and 3 sample holder stages with schematically added
tunneling current wires.

For both versions, any further wire routing is the same. Analogous to the tun-
neling voltage, ITC and TC are separately soldered to two feedthrough pins (Fig.
6.34b) after running through the STM body. After the main connector, a thin low
noise coaxial cable (purple wire in Fig. 6.33) is transporting the tunneling current
to the preampli�er. In order to protect the unampli�ed tunneling current signal,
the wire is kept as short as possible, hence, the preampli�er is located closely to
the container lid. For the ampli�ed and transformed tunneling current signal UTC
a thin low noise coaxial cable is used to connect the BNC-socket of the preampli�er
to the BNC-feedthrough of the connector panel.

Drive Signals of the Scan Piezo

The movement of the tube piezo actuator is controlled by �ve voltage signals, each
applied to the PZT piezo ceramic over a separated gold over cooper electrode: X+

and X− for the X-axis, Y+ and Y− for the Y-axis and Z for the Z-axis. Each
electrode is contacted via a thin 0.2 mm PTFE coated stainless steel wire to their
corresponding feedthrough pin (Fig. 6.37).
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Figure 6.37: Wiring of the tube piezo actuator from its �ve electrodes to
the feedthroughs of the scanner platform: X+ = pin F of feedthrough 3,
X− = pin B of feedthrough 1, Y+ = pin A of feedthrough 1, Y− = pin E
of feedthrough 3, Z = pin D of feedthrough 2.

The signalsX+ and Y− run through feedthrough 3,X− and Y+ over feedthrough
1 and Z is sharing feedthrough 2 with the shielding ground S (Fig. 6.39). For the
outer electrodes (X+, Y−, X− and Y+) the stainless steel wires can directly access
the electrodes, while the wire for the Z-electrode is routed underneath the tube piezo
actuator. Therefore, a small groove is milled into the scanner platform. To prevent
any ingress of liquids, this groove is sealed. For all further cable routing the signal
pairing from the scanner platform is maintained. After running through the STM
body every control signal is soldered to an IC-pin of the container lid. Outgoing
from the main connector, all �ve signal wires are directly guided to the connector
panel by means of a cable bridge. In order to reduce the susceptibility to external vi-
brations by mechanical coupling through the wires, �exible Kapton-isolated copper
wires (�0.2 mm) are used between the main connector and the connector panel.

Drive Signals for the Nanopositioner

Two signals (P+ and P−) are required for driving the piezo of the nanopositioner.
Inside the inner container these signals are connected by a 0.2 mm thick PTFE -
isolated stainless steel wire. Starting from the two silver electrodes of the piezo,
each wire is guided through the hollow axis of the nanopositioner (Fig. 6.38).

P+

P-

P+

P-

1

2

180°

Figure 6.38: Wire routing of the drive signals P+ and P− through the
hollow axis of the nanopositioner to the electrical feedthrough.

The grooves where the wires enter the axis are already sealed with H74, by
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joining the piezo and the axis. Inside the axis, the two wires are connecting the
electrodes to the PEEK -feedthrough (two gold coated 1.4301 stainless steel pins)
that terminates the axis at the opposite end. At the outside, two 0.2 mm stainless
steel wires are soldered to the pins of the PEEK -feedthrough. The wires are guided
through the STM body to their feedthroughs at the container lid. From there, on
the wiring is similar to the �ve tube piezo drive signals.

Shielding Ground

To avoid cross talk between the drive signals of the tube piezo actuator with the
tunneling signals UTV and ITC , the enclosure of the tube piezo actuator (piezo
shielding, cf. Fig. 6.10c) is separating the signals from each other. One part of
this shielding is the scanner platform, which consequently has to be connected to
ground potential - the shielding ground S. This is realized by a short 0.5mm thick
gold coated stainless steel wire, soldered into a small bore next to the bottom side
of feedthrough 2 (Fig. 6.39).
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Figure 6.39: (a) Scheme to connect the shielding platform of the tip ex-
change system and the scanner platform with ground potential: shielding
ground = pin C of feedthrough 2.

The wire is soldered to the scanner platform (partial gold coating around the
soldering bore) and pin C of feedthrough 2. The four piezo shields surrounding the
tube piezo actuator are screwed to the scanner platform, hence, these four parts
are directly connected to S. The shielding platform of the tip exchange system is
already connected to the ground potential of the scanner platform via its thermal
grounding (three twisted 0.2 mm thick PTFE coated stainless steel wires). However,
the wires are not directly connected to the scanner platform, but through the upper
side of pin C. All further wiring is identical with wiring of the piezo drive signals.

Heating Current and Thermocouple Wiring

The heating power is applied via a heating wire tightly wrapped around the in-
ner container. From there, both ends of the heating wire are guided through the
aerogel heat isolation that is �lling the interspace between the inner- and outer con-
tainer. The heating current is connected to the outside through to a 4-pin PEEK -
feedthrough at the bottom of the outer container (Fig.6.40).
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outer container

a) b) K-type thermocouple (Ni/Cr)

K-type thermocouple (Ni)

heating current -

heating current +

shielding ground S

outer container inner container

Figure 6.40: (a) Bottom side of the CTLB with its separable electrical
PEEK -feedthroughs. (b) Wiring scheme.

To prevent mechanical coupling, a �exible meshwork of 0.2 mm thick Kapton-
isolated copper wires is used. This meshwork is connecting the heating current of
the CTLB to the connector panel. For e�cient shielding, the outer container is
connected to the shielding ground S. A bare 0.5 mm thick copper wire is clamped
between the inner container and a screw. The other end of the wire is soldered to an
IC-pin of the 4-pin PEEK -feedthrough. Similar, to the heating current, a �exible
meshwork of 0.2 mm thick Kapton-isolated copper wires is used to establish the
connection between the shielding ground ( S) and the connector panel.

The temperature of the inner container is measured with the 5SRTC K-type
thermocouple from Omega, placed inside a �1 mm bore at the bottom of the con-
tainer. For electrical insulation between the heating wire and inner container an
insulating paint is used (the 74117 heat-resisting spray paint from NIGRIN ). To
guarantee a proper contact between the thermocouple and the bottom of the hole,
the thermocouple cable is glued into a PEEK -feedthrough, with the cable length
longer than the bore. Hence, by screwing the feedthrough into the outer container
the thermocouple is pushed against the inner container. To minimize mechanical
coupling the used thermocouple wire is only 0.5 mm thick (AWG 24).

Internal Grounding

For the e�cient shielding of the tunneling signals UTV , UTC respectively ITC , a �ve
layered shielding concept is implemented in the design of the I-STM, as illustrated
in Fig. 6.41.

The ground potential S of the SPM 100 is directly connected to the connector
panel. From there, the ground potential is further distributed to the µ-metal enclo-
sure and the entire vibration isolation assembly. Beside its screening against acoustic
noises, the µ-metal enclosure also represents the �rst shielding layer against exter-
nal electromagnetic noise. The outer container is connected to the ground potential
through its �rm attachment to the vibration isolation and is the second shielding
layer. The inner container and the inner STM have a direct connection to the shield-
ing ground S (cf. Fig. 6.33). The sealed inner container (with its lid) represent
the third shielding layer by enclosing the entire STM. The outer STM as well as the
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(preamplifier)

connector panel

shielding layer 5
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Figure 6.41: Connection of all assemblies to the ground potential of the
SPM 100 -controller, i.e. shielding ground. Assemblies who represents the
shielding layers 1 to 5 are highlighted by colour.

main connector have direct contact to the lid, hence, are connected to the ground
potential. The �nal shielding layer 5 are the signal grounds TV and TV protecting
the tunneling signal wires. To avoid ground loops, the BNC-feedthroughs of the
tunneling signal wires are insulated from the connector panel.

6.6 Support Devices

The mechanical core and electrical support assemblies constitute the complete setup
of the I-STM (Fig. 6.7). Apart from those, several additional support devices are
crucial to provide the operability of the I-STM, regarding the experimental pre- and
post-preparation, maintenance as well as the assembly / disassembly of the STM.

6.6.1 Manipulator

Critical steps in the preparation and termination of experiments is the immersion
and retraction of the STM. The space between the STM and the inner container
is very narrow (∼1 mm) bearing the risk of a crash. To avoid damages, the STM
is guided by means of a manipulator for vertical movements to guarantee the save
immersion and retraction (Fig. 6.42).

The manipulator is a tripod with a vertical linear guidance system at its centre.
Each tripod leg has a machined out bolt at its lower end, �tting into one of three
bores that were drilled into the base plate of the vibration isolation. By placing
the manipulator legs into the bores, the STM is centered to the inner container.
To connect the STM with the manipulator a customized mechanical connector is
attached to the carriage of the linear guidance system (Fig. 6.42c). Two knurled-
head screws (brass) inside the mechanical connector are pushing the lid against the
base body of the connector, while the STM is �rmly screwed to the lid. In this
con�guration, the lid with attached STM can be moved vertically. There is an end
stop for insertion and the base plate of the manipulator limiting the maximum travel.
The vertical manipulation is manually operated. Therefore, an aluminium rod with
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a) b) c) d)

Figure 6.42: Vertical manipulator with mounted STM standing on the vi-
bration isolation, centred above the CTLB (a) in the retracted state and
(b) in the inserted state. (c) Side view of the linear guidance system with
mounted STM. (d) Top view of the manipulator.

a ball handle at its upper end (Fig. 6.42d) is attached to the connector. A clamping
lever on top provides the arrestment of the vertical manipulator. The precise linear
guidance system is protecting the STM from any mechanical damage during insertion
or retraction. Furthermore, the manipulator provides the save transportation of the
STM during cleaning or maintenance.

6.6.2 Camera System

Since the I-STM operates in a sealed container without any optical accesses, a
fully automated coarse approach is mandatory. Depending on the initial tip-sample
distance, the approach process can be rather time consuming. In order to save
time, it is highly recommended to place the probe in close proximity to the sample
surface before the approach is started. This in turn bears the risk of a tip crash. To
minimize this threat and to provide better control, the manual pre-approach can be
monitored by a magnifying camera system (Fig. 6.43).

b)a) c)

Figure 6.43: (a) Digital mvBlueFox-IGC 200w industrial camera with mag-
nifying lens system mounted on its support stative. A LED ring is attached
to the lens system with its control box aside. (b) Camera system focused
on the sample. (c) Image acquired with the mvBlueFox-IGC 200w.

The used camera is the digital industrial camera mvBlueFox-IGC 200wc from
Matrix Vision with a resolution of 752 x 480 pixels.176 The camera is equipped
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with a magnifying lens system (manufacturer unknown; focal length 8.5 � 51 mm;
6x zoom). A stative allows the adjustment of the camera to optimize the view on
the sample (∼30◦). This is done while the STM is mounted in the manipulator at
the highest vertical position. Since the camera assembly easy picks up vibrations
it should never be in contact with the I-STM during a measurement. However, to
keep the focus settings of the camera, the distance between the camera and sample
surface must always be the same. Therefore, a base plate was designed for the
camera stative that matches with the circular base plate of the vibration isolation
(Fig. 6.43a). After the manual pre-approach the camera system can be removed
in order to protect the I-STM from vibrations. Furthermore, due to the centering
of the sample to the vibration isolation base plate, the camera system can be used
from all sides (360◦) without changing the focus. This can be very helpful to �nd
the optimal viewing spot.

For a proper illumination of the sample, an aluminium ring with 16 LEDs is
mounted onto the front-end of the lens system. The 16 LEDs are separated into
90◦-segments (4 LEDs). Each segment can be individually controlled to �nd the
optimal lighting of the sample. The brightness can be adjusted by activating either
all or every second LED.

6.6.3 Cleaning Device

Immersing the STM into solution inevitably results in solvent residues on the entire
instrument. Yet, complete removal of all solution residues is crucial before starting
new experiments with altered conditions such as concentration, solvent, or solutes.
Cleaning the complex geometry of the STM by wiping is virtually impossible. There-
fore, development of a dedicated cleaning device and protocol (cf. section 6.8) was
necessary.

An e�ective way of removing remaining residues is �ushing of the whole STM
with a cleaning agent. In this case 100% ethanol, as isopropanol caused MΩ short
circuits at the sample holder stage. Straightforward immersion of the STM into a
beaker �lled with 100% ethanol is already removing the majority of the residues,
but it has shown that still some residues remain. This is particularly true for the
unavoidable cavity between the piezo shielding and the scanner. A signi�cant im-
proved cleaning result can be achieved through the continuous �ow of a cleaning
agent throughout the STM assembly and its cavities by the aid of a cleaning device
(Fig. 6.44).

In the proposed design, a peristaltic pump - the CP83 in the 24 V con�guration
from Gemke Technik - is creating a �ow of cleaning agent between ∼60 mL/min
(at 30 rpm) and ∼310 mL/min (at 145 rpm) with adjustable �ow rate.177 The
cleaning agent is stored in a 250 mL glass bottle reservoir and �ows in a closed
loop through �exible and chemical inert Santoprene-tubes.178 Starting from the
reservoir, the cleaning agent is pumped into a 3-ways splitter. Each of the two tube
is again connected to a 4 way splitter to �nally distribute the cleaning agent onto six
Santoprene-tubes. The six tubes are individually connected to one of the six inlets
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a) b) c)

Figure 6.44: (a) Complete assembly of the cleaning device with its clean-
ing agent reservoir, peristaltic pump and the cleaning basin, all connected
through �exible Santoprene tubes. (b) Cleaning device with attached tripod
manipulator holding the STM over the cleaning basin. (c) Close up.

integrated in stainless steel cleaning basin. The basin features a similar geometry
as the inner container of the CTLB and can be sealed during cleaning. E�cient
�ushing of the STM from all sides is realized through the arrangement of the inlets.
A drain at the bottom of the basin leads the cleaning agent over a Santoprene-tube
back into the reservoir.

For save immersion of the STM into the cleaning basin, three columns with
centric drilled bores at their upper ends are arranged around the basin for the
docking of the vertical STM manipulator (Fig. 6.44b and c).

6.6.4 Docking Station

The docking station is a very useful tool during the assembly process of the STM
and for maintenance by simplifying the access to all electrical in- and outputs. The
setup consists of two parts: The docking port and the patch �eld (Fig. 6.45).

a) b)

Figure 6.45: (a) Docking station consisting of the docking port and the
patch �eld. (b) STM connected to the docking port.

The docking port represents a counterpart for the container lid with the same pin
arrangement as in the main connector. By plugging the STM onto the docking port,
all in- and output signals can be accessed over a connected patch �eld. Especially
in the assembly process, when it comes to the adjustment of the retention force (∼5
N) of the nanopositioner, the docking station is a very helpful device.
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6.6.5 Assembly Rail

The �nal step in the STM assembly is the joining of the container lid, the outer
and the inner STM. This includes the electrical wiring of all parts. Since all wires
have to �t into the limited space of the STM body, the wires are kept reasonable
short, not at the least to avoid cluttering or jamming. Hence, the interspace is very
narrow, and soldering is only possible if all parts are well arranged with respect to
each other, as provided by the assembly rail illustrated in Fig. 6.46.

Figure 6.46: Assembly rail with the �xated and mutually centered container
lid, STM body (version 3) and inner STM.

The assembly rail provides customized supports for the container lid, the STM
body and the inner STM that also facilitate their rotation around the main axis.
Every support is placed on a carriage running on a linear guidance rail. The ability
to adjust the distance and the angle of every part / subassembly simpli�es the
assembly process and reduces the risk of damages, which a likely to occur during
the fusion of the STM body with the inner STM.

6.7 Experimental Procedures

The procedures to perform a new experiment starts with the preparation and veri�-
cation (e.g. UV-Vis spectroscopy) of the solution, followed by the �lling of the inner
container up to the intended level. For that, the STM is connected to the vertical
manipulator and placed above the container. Note that the main connector must
be plugged into the lid preliminary. In order to establish hermetical sealing of the
STM, an O-ring gasket is placed in the groove on top of the inner container. With
the aid of a tweezer, �rst the tip holder and then the sample holder are introduced
into the STM. For the preparation of the tip, a platinum-iridium wire is clamped
into a tip holder via a M2 set screw (Fig. 6.11). By grapping the wire with a
blunt wire cutter right next to the tip holder (in a very steep angle), followed by
a combination of cutting and tearing, a sharp tip can be created. The preparation
of the substrate depends on its kind, e.g. for HOPG, cleaving via an adhesive tape
is the most common method. After the substrate is prepared, it is locked inside
the circular sample holder socked (Fig. 6.17). After introducing the tip and sample
holder into the STM, a pre-approach is performed still outside of the inner container
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with the aid of a camera (cf. section 6.6.2) until the tip is in close proximity to the
sample surface. Now the STM can be immersed into the �lled inner container by
means of the vertical manipulator. Finally the STM can be sealed, i.e. the con-
tainer is closed by a hold-down ring and six nuts. Even when the STM is still in
the manipulator outside of the container, the noise level is su�cient for checking the
imaging quality of the tip and stability of the STM. After the vibration isolation is
de-arrested and the µ-metal enclosure installed, the desired operation temperature
is selected at the 2416 temperature control unit. During heating, it is advisable to
hold the tip, i.e. the scan unit, retracted until the setpoint temperature is stabilized.
With the reach of the setpoint temperature the automatic coarse approach is used
to establish tunneling contact and scanning can be started.

6.8 Cleaning Protocol

After �nishing an experiment the STM is completely covered with residuals of the
used solution. Before the STM can be retracted from the inner container it is
important that the nanopositioner is retracted completely. Next, the main connector
can be detached and the six nuts removed with their downholder ring. Finally, the
STM can be retracted from the inner container and the sample and tip holder
removed with the aid of a tweezer.

For an e�cient removal of all solution residuals, the cleaning protocol of the STM
comprises a preliminary cleaning through a quick wiping of its accessible exterior
parts with a low-lint paper tissue. This is followed up by its immersion into a glass
beaker �lled with 100 % ethanol, and sonication for ∼15 min. After this treatment
the STM is continuously �ushed for ∼30 min under the aid of the cleaning device
(section 6.6.3). Finally, to remove possible remaining residues and to dry the STM,
it is placed into a preheated oven at 100 ◦C for at least ∼1 h. For all cleaning steps
the STM is mounted in the vertical manipulator for controlled immersion and save
transportation through the lab.

Apart from the STM, also the inner container of the CTLB is completely covered
with solution and a large residue at its bottom. The simple geometry of the inner
container makes cleaning easier. At �rst, the solution is pumped out of the inner
container with a disposable syringe and wiped out with an ethanol soaked low-lint
paper tissue. In the next step the complete assembly is removed from the vibration
isolation. The inner container is �lled with 100% ethanol and sonicated for ∼15 min.
After further wiping with ethanol soaked paper tissues the whole assembly is heated
at 100 ◦C for at least ∼1 h. The disassembled tip and sample holder are cleaned
in the same way. After all components have been cleaned and dried, the CTLB
will be mounted back to the vibration isolation. Before the main connector can be
attached, the STM must be inserted into the inner container. Now the manipulator
can be detached and the downholder ring placed onto the container lid. Finally, the
main connector can be attached to re-establish the electrical connections and the
I-STM is ready for a new experiment.
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6.9 Characterization of the I-STM

6.9.1 Temperature Control

In order to evaluate the temperature stability of the CTLB, the thermocouple
reading was recorded over time for di�erent setpoint temperatures between room-
temperature and 100 ◦C. The corresponding standard deviations for di�erent oper-
ation temperatures range from ±0.011 ◦C to ±0.025 ◦C. As shown in Fig. 6.47, a
pronounced maximum occurs around ∼75 ◦C.
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Figure 6.47: Standard deviation of the inner container temperature vs. set-
point temperature. For each measurement, the temperature was recorded
for 1 h with a sampling time of 1 s. Measurements were started 2 h after
the respective setpoint temperature was reached.

This peculiar behaviour is related to the characteristics of the digital power
supply, as it switches between output transformation circuits when the power exceeds
∼14.3 W (rising output) or falls below ∼11.6 W (falling output). For the heatable
inner container, this happens between 65 ◦C and 90 ◦C. If necessary this less
stable temperature range could be shifted by a series resistor or a single circuit
power supply that covers the complete power range. Applying the highest tolerable
electrical power of ∼30 W (0.81 A, 36.1 V) in terms of heating wire rating results in
a heating rate of ∼ 1.4 ◦C min−1, allowing to reach a temperature of 100 ◦C within
∼54 min. Maintaining a temperature of 100 ◦C requires ∼14 W heating power (0.55
A, 25.5 V), while the outer container reaches a surface temperature of ∼53 ◦C.

6.9.2 Drift and Long-Term STM Experiments

An important �gure of merit for ambient STMs is not only absolute value of the
steady state drift velocity of lateral drift, but also how fast it can be reached. There-
fore, the temporal evolution of drift velocity was quanti�ed in long-term STM ex-
periments for ∼6 h after a speci�c setpoint temperature had been reached. These
measurements were carried out for di�erent operation temperatures ranging from
room-temperature up to 100 ◦C, and the results are summarized in Fig. 6.48.

Therefore, the positions of unique features were determined in subsequently ac-
quired 150 x 150 nm2 STM images (with similar slow scan directions) by means of
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Figure 6.48: (a) Time evolution of lateral drift velocity for di�erent oper-
ation temperatures (see the text for details), (b) Enlarged view of the last
∼hour as marked in (a), i.e., when drift reached its steady state value.

a cross-correlation. The average drift velocity was obtained simple by dividing the
o�set by the elapsed time. STM measurements were started ∼10 min after the set-
point temperature was reached (except for the room-temperature measurements),
and data were taken every ∼7 min. Consequently, initial drift velocity values may
also include piezo creep. For all operation temperatures, the lateral drift substan-
tially decayed in the �rst 1-2 h, and settles after about ∼4 h to values between 0.06
nm min−1 and 0.25 nm min−1. As evident from Table 6.3, average drift velocities
increase with operational temperatures.

Table 6.3: Lateral drift velocities at di�erent temperatures; uncertainties were de-
termined as standard deviations of all values obtaines after 04:30 h.

Temperature (◦C) Lateral drift (nm/min)
Room temperature (no feedback) (0.13 ± 0.04)
40 (0.06 ± 0.05)
60 (0.10 ± 0.04)
80 (0.14 ± 0.10)
100 (0.25 ± 0.12)

The notably larger decay time observed for a setpoint temperature of 80 ◦C
(cf. green curve in Fig. 6.48) is possibly related to the aforementioned switching
behaviour of the output of the used digital power supply. However, it seems not to
have any in�uences on the steady state value. The oscillating behaviour observed
after ∼4 h gives rise to the high uncertainties in Table 6.3, but its origin remains
unclear at the moment.

6.9.3 Calibration and Scan Range

The piezoelectric coe�cient � the proportionality factor between applied electrical
�eld and piezo deformation � increases with increasing temperature.179 Therefore,
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both the scan range and the STM calibration are temperature-dependent, with
notable e�ects in the temperature range between room-temperature and 100 ◦C.27

Accordingly, for a precise determination of lattice parameters and distances from
the images, a temperature dependent calibration of the STM is required. Therefore,
atomically resolved images of graphite (10 × 10 nm2) were acquired for a range
of operation temperatures after an equilibration time of ∼6 h, i.e. when drift was
settled. Short image acquisition times of ∼25 s aid in reducing the in�uence of the
remaining lateral drift below ∼1 % (at 100 ◦C) of the image size. The results are
summarized in Fig. 6.49, indicating a ∼14 % increase of the proportional factor
between room-temperature and 100 ◦C with a mostly linear behaviour between 40
◦C and 80 ◦C. Note, that remarkably di�erences in the piezo coe�cients for the X-
and Y-direction were deduced, yet with similar temperature dependence. The origin
of this asymmetry presumably is a non-uniform polarization of the piezo tube. In
any case, the low drift during calibration provides us with con�dence to apply these
di�erent calibration factors for the X- and Y-direction.
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Figure 6.49: Piezo coe�cients for the X- and Y-direction vs. operation
temperature.

6.9.4 Imaging Properties

The imaging capabilities of the I-STM are demonstrated at operation temperatures
between room-temperature and 100 ◦C by means of self-assembled monolayers of
2,6-napthalendicarboxylic acid (NDA) at the nonanoic acid-graphite interface and
pristine graphite, respectively. Selections of acquired images are presented in Fig.
6.50.

Both the clearly resolved submolecular features in NDA and the atomic resolution
of graphite demonstrate the high resolution capabilities of the I-STM at elevated
temperatures. Moreover, the evolution of supramolecular assemblies can now be
monitored over arbitrary long periods of time, opening up possibilities to reveal
processes with ultraslow kinetics. For instance, the image of NDA domains in Fig.
6.50b was acquired at 60 ◦C. The suitability of the I-STM for long-term experiments
is exempli�ed by Fig. 6.50(d) showing an image of a NDA monolayer acquired ∼18
h after the solution was heated to 70 ◦C. The sample was already dwelling in
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Figure 6.50: STM images of (a)�(e) 2,6-naphthalene dicarboxylic acid
(NDA) monolayers at the nonanoic acid-graphite interface (saturated so-
lution) and (f) atomically resolved image of graphite (inset: corresponding
2D FFT) recorded in a dry state, i.e., without solution in the container; all
images were acquired after settling of the thermal drift at the temperatures
indicated in the lower left corner. Tunneling parameters: (a) 0.23 V, 59.9
pA, (b) 0.52 V, 50.2 pA, (c) 0.27 V, 58.2 pA, (d) 0.27 V, 49.6 pA, (e) 0.16
V, 50.2 pA, and (f) 4.39 mV, 59.4 pA.

solution at temperatures between 30 ◦C and 70 ◦C for ∼10 days (stepwise ramping
of temperature) in the sealed container. In addition, the low drift facilitate precise
measurements of lattice parameters. For instance, by applying the temperature-
dependent calibration factors, the atomically resolved graphite image (acquired at
100 ◦C) shown in Fig. 6.50(f) results in lattice parameters of a = (0.241 ± 0.004)
nm, b = (0.241 ± 0.004) nm, and γ = 120◦ (cf. chapter 4). Even through precise
geometric measurements in the images require thermal equilibrium and settling of
the thermal drift, the proposed I-STM even allows image acquisition during heating
with low rates. In this respect, the same sample area could be tracked over 1:15 h
while heating with a rate of 4 ◦C h−1. However, larger lateral drifts are unavoidable,
but can be actively compensated using tracking features of the control software.
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6.10 Summary and Conclusion

In summary, we have demonstrated a new instrumental approach to long-term STM
experiments at liquid-solid interfaces with variable temperatures between room-
temperature and 100 ◦C. Solvent evaporation - the main reason for limitations of
the experimental duration - is completely eliminated by working in a hermetically
sealed heatable container. Thereby extended waiting times for complete thermal
equilibration and settling of thermal drift can be a�orded, resulting in the possi-
bility to obtain low-drift high-resolution images at elevated temperatures. Further
ingredients to fast settling times and low steady state values of lateral drift are tem-
perature constancy as achieved with a temperature controller and optimized heat
transport across the instrument as implemented by design and choice of materials.
All solvent exposed parts are inherently inert (stainless steel) or protected by a
�uoroelastomer-based sealing paste, facilitating experiments even in more corrosive
solutions, such as the in self-assembly of ubiquitous fatty acids. The main �eld of
application of the I-STM lies in supramolecular self-assembly, where temperature
is a crucially important parameter that a�ects both kinetics and thermodynam-
ics. Even though irreversible temperature-induced changes could already be studied
with conventional instrumentation by heating and subsequently characterizing the
sample after cooling down again to room-temperature, the proposed I-STM allows
the direct and e�ective determination of transition temperatures with high preci-
sion. Moreover, the dynamics and hysteresis of reversible changes in self-assembled
monolayers can now be studied in unprecedented detail as arbitrary long experi-
ments enable quasi-static temperature changes. The proposed setup is not limited
to liquid environments and might similarly be used for temperature-dependent stud-
ies in de�ned gas atmospheres or for experiments that require the absence of oxygen.
Therefore, the container lid features additional inlets that could be used for vacuum
pumping or as a gas inlet. Finally, the I-STM could also act as a platform for fur-
ther SPM developments. In this respect, integration of a tuning-fork sensor could
introduce non-contact AFM capabilities. Therefore, the extraordinary low lateral
drift achieved upon thermal equilibration is bene�cial in terms of the longer acqui-
sition times for non-contact AFM images. Alternatively, the proposed setup could
similarly be extended to operate as a temperature-controlled electrochemical STM
by further developing the sample holder stage into an electrochemical cell.
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Chapter 7

Solvent-Induced Polymorphism

This chapter is reprinted and partially adapted with permission from O. Ochs, M.
Hocke, S. Spitzer, W. M. Heckl, N. Martsinovich, and M. Lackinger. Origin of
Solvent-Induced Polymorphism in Self-Assembly of Trimesic Acid Monolayers at
Solid�Liquid Interfaces. Chem. Mater. 2020, 32, 12, 5057-5065. Copyright (2020)
American Chemical Society.

Encoding information in the chemical structure of tectons is the pivotal strategy
in self-assembly for the realization of targeted supramolecular structures. How-
ever, frequently observed polymorphism in supramolecular monolayers provides ex-
perimental evidence for a decisive additional in�uence of environmental parame-
ters, such as solute concentration or type of solvent, on structure selection. While
concentration-induced polymorphism is comparatively well understood, the thermo-
dynamic and molecular origins of solvent-induced polymorphism remain elusive. To
shed light on this fundamental aspect of selfassembly, we explore the solvent-induced
polymorphism of TMA monolayers on graphite as a prototypical example. Using
the homologous series of fatty acids as solvents, TMA self-assembles into the antici-
pated chickenwire polymorph for longer chain fatty acids, whereas the more densely
packed, but still porous �ower polymorph emerges in shorter chain fatty acids. Ac-
cording to our initial working hypothesis, the origin of this solvent-induced polymor-
phism lies in the solvent dependence of the free energy gain. Utilizing an adapted
Born Haber cycle constructed from measured TMA sublimation and dissolution en-
thalpies as well as DFT-calculated monolayer binding energies, we quantitatively
assessed the selfassembly thermodynamics of both polymorphs in 6A, 7A, and 9A.
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Yet, in contrast to the experimental �ndings, these results suggest superior thermo-
dynamic stability of the chickenwire polymorph in all solvents. On the other hand,
additional experiments comprising variable-temperature STM corroborate that the
�ower polymorph is thermodynamically most stable in 6A. To resolve this apparent
contradiction, we propose a thermodynamic stabilization of the �ower polymorph
in 6A through the stereochemically speci�c coadsorption of shape-matched solvent
molecules in its unique smaller elongated pores. This alternative explanation gains
further support from experiments with side-substituted 6A solvents. Combination
of a quantitative thermodynamic analysis and studies with systematic variations of
the solvent's molecular structure holds great promise to enhance the understanding
of thus far underexplored solvent e�ects.

I performed the variable-temperature STM experiments (TMA-6A solution), the
sequential room-temperature STM experiments (TMA-6A to TMA-7A solution), the
concentration dependent room-temperature STM experiments (TMA-6A and TMA-
7A solutions) and variable-temperature UV-vis experiments (TMA-7A and TMA-9A
solutions) as well as the corresponding data analysis / interpretation and preparation
of the manuscript under the supervision of PD Dr. M. Lackinger. TMA sublimation
experiments were done by PD Dr. M. Lackinger. Variable-temperature UV-vis
experiments (TMA-6A solution) were provided by S. Spitzer under the supervision
of PD Dr. M. Lackinger. Room-temperature STM experiments with TMA-fatty
acid solutions, using 9A and side substituted 6A as solvents, were performed by M.
Hocke under the supervision of PD Dr. M. Lackinger. MM and MD calculations
were provided by Dr. N. Martsinovich from the University of She�eld.

7.1 Introduction

The power of molecular self-assembly lies in its potential to realize targeted supramo-
lecular structures by encoding their blueprints in the chemical structure of the tec-
tons through the stereochemical arrangement of functional groups for intermolecular
binding. The reliable expression of speci�c intermolecular binding motifs either fa-
cilitates structure prediction or provides the basis for tailoring tectons for targeted
structures. Carboxylic acid moieties are a prominent example thereof as they pre-
dominantly form, according to graph-set notation,180 R2

2 (8) cyclic double hydrogen
bonds (H-bonds). Exclusive and full expression of this intermolecular binding motif,
for instance, in C3v symmetric tricarboxylic acids, necessarily results in honeycomb
networks.81 Supramolecular monolayers at liquid-solid interfaces constitute an ideal
study object for fundamental research, not at least because structures are readily
resolved by STM.22 Moreover, due to their vast variability in structure, composition,
and chemistry, as well as the straightforward preparation, interfacial supramolecular
monolayers bear great potential for applications in surface patterning and function-
alization.

Frequently observed polymorphism in supramolecular monolayers, however, clear-
ly indicates that structures are not always predetermined by the tecton's chemical
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structure but rather reveals an additional, occasionally decisive in�uence of environ-
mental parameters such as type of solvent, solute concentration, surface, and tem-
perature.24,25,84�86,103,105,107,108,181�187 It is by no means obvious whether the observed
polymorphism originates from kinetic e�ects or is governed by equilibrium thermody-
namics.188,189 For the concentration-induced polymorphism, the observation of more
densely packed polymorphs for higher solute concentrations seems to hold universally
and is consistently explained by a generic thermodynamic origin: higher solute con-
centrations are associated with enhanced chemical potential; thereby, more densely
packed structures gain thermodynamic stability, essentially due to the reduced en-
tropy cost of self-assembly. This readily explains why even polymorphs with ener-
getically inferior binding motifs can become thermodynamically selected.190 While
the physicochemical e�ect of solute concentration on polymorph selection is ar-
guably best understood, the role of further environmental parameters remains elu-
sive. Among those, the type of solvent is crucially important, because solvents can
have a pronounced e�ect, but are chosen on a largely empirical basis. Often, various
solvents are tediously tested until self-assembly of stable monolayers is eventually
accomplished. For a more insightful approach, it is desirable to gain fundamen-
tal knowledge either on thermodynamic grounds or even more profoundly at the
molecular level on why and how speci�c solvents stabilize distinct polymorphs. As a
widely studied model system, we explore the solvent-induced polymorphism of TMA
monolayers. This small, highly symmetric, and conformationally rigid tecton gives
rise to an astonishingly large number of distinct structures and intriguing observa-
tions.28,191�208 Here, we concentrate on the solvent-induced polymorphism observed
for the homologous series of fatty acid solvents on graphite28 as the �rst reported
case of a phenomenon that turned out to be common.25,84,86,103,105,107,108,181�186 Al-
though our original publication dates back to the year 2005, no detailed account on
the origin of this paradigmatic �nding has been yet provided.

7.2 Results and Discussion

Using the homologous series of unbranched fatty acids as solvents, two hexagonal
TMA monolayer polymorphs termed �ower and chickenwire are observed at the
interface of graphite, whereby the former polymorph self-assembles in shorter chain
fatty acids up to 6A and the latter polymorph in longer chain fatty acids from 7A
onward.28 STM images alongside with corresponding DFT-optimized structures of
both polymorphs on graphite are presented in 7.1.

The chickenwire polymorph exclusively features R2
2 (8) cyclic double H-bonds be-

tween all carboxylic acid groups, resulting in a hexagonal structure with two TMA
per unit cell and a = b = (1.65 ± 0.05) nm. In the �ower polymorph, one out of
the three carboxylic acid groups of each TMA is involved in R3

3 (12) cyclic H-bonds,
resulting likewise in a hexagonal structure, yet with six molecules per unit cell and a
= b = (2.60 ± 0.05) nm. Both polymorphs feature H-bonded supramolecular rings
composed of six TMA as secondary buildingblocks that delimit circular pores with
a diameter of ∼1.0 nm (green circles in Fig. 7.1). In the chickenwire polymorph,
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Figure 7.1: STM images of TMA (a) chickenwire and (b) �ower polymorphs
on graphite(0001) acquired in saturated 9A and 6A solutions, respectively.
On the right hand side, the corresponding DFT-optimized structures are
shown (for clarity, only the topmost graphite layer is depicted, while the
calculations were carried out on two-layer slabs). The hexagonal unit cells
are outlined by black lines. Green circles highlight the ∼1 nm large circular
pores that are common to both polymorphs, while orange ovals highlight the
smaller elongated pores that are unique for the �ower polymorph. (Sample
voltages and current setpoints: (a) 510 mV, 41 pA; (b) 1.01 V, 84 pA).

these hexameric rings are interwoven, that is, each TMA simultaneously belongs to
three adjacent rings, whereas in the �ower polymorph, these rings are hexagonally
close packed and each TMA uniquely belongs to one ring. This packing results in
smaller elongated pores between the edges of the hexameric rings that are unique for
the �ower polymorph (orange ovals in Fig. 7.1). In both polymorphs, all TMA are
equivalent with respect to their intermolecular binding. Remarkably, other TMA
polymorphs are not known at liquid-solid interfaces, with the exception of heavily
sonicated solutions.200 However, in this case, structure formation is not well un-
derstood, and its reasons may as well lie beyond equilibrium thermodynamics. A
possible explanation is provided under the premise that at least one carboxylic acid
group of each TMA must form R2

2 (8) H-bonds. If alternatively only R3
3 (12) H-

bonds are allowed, the only remaining fully H-bonded polymorphs are chickenwire
and �ower.

7.2.1 Quantitative Thermodynamics

According to the fundamental theoretical study by Conti and Cecchini, the poly-
morph that results in the lowest (most negative) free energy per unit area

∆g =
∆G

A
= ∆h− T ·∆s (7.1)
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is thermodynamically most stable at liquid-solid interfaces.73 This work forms
the foundation for our initial working hypothesis: the origin of the TMA solvent-
induced polymorphism lies in a distinct solvent and polymorph dependence of ∆g

(primary solvent e�ect). Consequently, ∆g would be lower (more negative) for
the �ower than for the chickenwire polymorph in 6A, whereas ∆g would be lower
for the chickenwire than for the �ower polymorph in 7A and longer chain fatty
acids. Thereby, solvent in�uences on either the enthalpy gain or the entropy cost
for self-assembling TMA from solution are similarly conceivable and could both give
rise to higher thermodynamic stability of the �ower polymorph in 6A. An accurate
quanti�cation of solvent e�ects on the enthalpy gain is of primary importance, while
any assessment solely based on monolayer binding energies with respect to vacuum is
insu�cient. Yet, obtaining accurate values for the monolayer enthalpy with respect
to solution is challenging for both experiment and theory. As a �rst step toward
quantifying the solvent in�uence, we proposed a Born-Haber cycle for selfassembly
from solution,74 as illustrated in Fig. 7.2.

Figure 7.2: Born-Haber cycle for the indirect determination of the enthalpic
driving force ∆Hsol−mono of monolayer self-assembly on solid surfaces from
solution

The enthalpy di�erence between solution and monolayer (∆Hsol−mono) is indi-
rectly determined from the sublimation enthalpy (∆Hsub), the monolayer binding en-
thalpy with respect to vacuum (∆Hvac−mono), and the dissolution enthalpy (∆Hdiss):

∆Hsol−mono = −∆Hdiss + ∆Hsub + ∆Hvac−mono (7.2)

Within this approach, the solvent dependence is contained in ∆Hdiss; hence,
measurements for di�erent solvents are the key for unveiling the solvent dependence
of ∆Hsol−mono as a possible thermodynamic origin of solvent-induced polymorphism.
For a complete assessment, a non-negligible dewetting enthalpy ∆Hdewet has to
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be included that accounts for di�erences in interfacial energy, when the graphite-
solution is replaced by the monolayer-solution interface.74 For the moment, we ignore
∆Hdewet, but we will discuss its in�uence later.

E�usion experiments in high vacuum yield ∆Hsub = 154 kJ mol−1 for TMA
(Fig. 7.3) in perfect agreement with literature values.209

Figure 7.3: The TMA sublimation enthalpy ∆Hsub was determined from
indirect measurements of the TMA saturated vapor pressure as a function
of temperature in e�usion experiments using a home-built Knudsen cell and
a water-cooled Quartz Crystal Microbalance (QCMB).58 (a) Change of the
QCMB resonant frequency ∆f versus time t traces for the indicated crucible
temperatures of the Knudsen cell. Slopes of individual traces (correspond-
ing to deposition rates) were obtained from linear �ts. (b) Corresponding
Van't Ho� plot of deposition rates and crucible temperatures. The red line
represents a linear �t to the individual data points and from its slope a TMA
sublimation enthalpy of ∆Hsub = 154 kJ mol−1 is deduced. The perfectly
linear behavior indicates a negligible temperature dependence of ∆Hsub in
this temperature range.

∆Hvac−mono was obtained from DFT calculations. Detailed analysis of the Moiré
pattern inherent in the chickenwire polymorph revealed its incommensurability with
respect to graphite.206 To nevertheless facilitate periodic boundary conditions, we

used a quadrupled unit cell based on a commensurate
(

14 1

−1 13

)
superstructure

containing eight TMA. Thereby, the tensile strain in comparison to a freestand-
ing monolayer could be kept below 1%, and the resulting angle between TMA and
graphite lattice of 3.9◦ lies well within the experimental range. For the �ower poly-

morph, we used a commensurate
(

11 1

−1 10

)
superstructure for a single unit cell

containing six TMA, in accord with experimental lattice parameters (cf. appendix
A, Fig. A.1). DFT calculations result in ∆Hsol−mono per TMA of -180.3 kJ mol−1

for the chickenwire and -173.0 kJ mol−1 for the �ower polymorph in agreement with
reported values.73,204,210 The corresponding intermolecular binding energies, that is,
without TMA-graphite interactions, amount to -91.9 kJ mol−1 and -80.6 kJ mol−1
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per TMA for chickenwire and �ower polymorphs, respectively. An enthalpic prefer-
ence for the chickenwire polymorph was expected and originated in the diminished
strength of R3

3 (12) as compared to R2
2 (8) H-bonds.211 Interestingly, the chicken-

wire polymorph features a slightly weaker adsorption energy per TMA (unit cell
averaged) of -88.4 kJ mol−1 as compared to -92.4 kJ mol−1 for the �ower poly-
morph, suggesting more favorable TMA adsorption sites in the �ower polymorph,
as plausibly expected for a commensurate superstructure.

∆Hdiss were experimentally determined in 6A, 7A, and 9A through measuring
the temperature dependence of TMA solubility by UV-vis absorption spectroscopy
(cf. appendix A, Figs. A.3 to A.5). Van't Ho� plots for all three solvents are
summarized in Fig. 7.4.

Figure 7.4: Van't Ho� plots of the temperature dependence of TMA solu-
bility in 6A (orange squares), 7A (green circles), and 9A (blue triangles),
as determined from UV-vis absorption spectroscopy. Symbols represent
individual measurements, whereas the lines represent linear �ts. The nega-
tive slope corresponds to the dissolution enthalpy ∆Hdiss in the respective
solvent, whereas the intercepts correspond to the standard dissolution en-
tropies ∆S0

diss (both in units of the universal gas constant R).

The (negative) slopes correspond to ∆Hdiss, while the intercepts correspond
to the standard dissolution entropy ∆S0

diss. Fitting the data with straight lines
results in ∆Hdiss(6A) = +13.0 kJ mol−1, ∆Hdiss(7A) = +10.5 kJ mol−1, and
∆Hdiss(9A) = +14.6 kJ mol−1. These values are rather similar and do not show
a clear trend but appear surprisingly small. Dissolving TMA could be expected
to be highly endothermic because of the strong H-bonded networks in the bulk
crystal, as re�ected by the large ∆Hsub. Yet, the small ∆Hdiss can readily be
explained by a superb stabilization of TMA solutes in solution through solvation
by H-bonding with fatty acid solvent molecules. Thereby, the broken H-bonds from
the bulk crystal are retained and their contribution to ∆Hdiss becomes e�ectively
neutralized.74,102 As evident from Fig. 7.2, for a given molecule, hence a �xed ∆Hsub,
a larger (more endothermic) ∆Hdiss leads to a higher ∆Hsol−mono, that is, a larger
enthalpic driving force for adsorption from solution. For a meaningful comparison
of competing polymorphs, however, molecular packing densities have to be taken
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into account. Therefore, we evaluated the enthalpy gain per unit area

∆h =
∆Hsol−mono

Amolecule
(7.3)

Thereby, Amolecule is the average area per TMA in the monolayers and was derived
from the experimental lattice parameters. Results for both TMA polymorphs in
all three solvents are summarized in 7.1 and indicate an enthalpic preference for
the chickenwire polymorph in all three solvents. Yet, the di�erences in ∆h are
comparatively small and possibly lie below the experimental error.

Table 7.1: Experimental lattice parameters a = b of both hexagonal structures,
resulting area per molecule molecule, and enthalpy gain per unit area ∆h for both
polymorphs in all three solvent as estimated from the Born-Haber cycle.

parameter chickenwire �ower
a (nm) 1.65 2.60

Amolecule (nm2) 1.18 0.976

∆h(6A) (
kJ

nm2 ·mol
) -33.4 -32.8

∆h(7A) (
kJ

nm2 ·mol
) -31.2 -30.3

∆h(9A) (
kJ

nm2 ·mol
) -34.7 -34.4

On the other hand, self-assembly of more densely packed polymorphs is also
associated with higher entropy cost. Hence, it is not su�cient to solely consider the
enthalpy gain, but the entropy cost similarly has to be taken into account. Yet, its
accurate quanti�cation is even more challenging and currently remains beyond reach.
Hence, we propose using the absolute values of ∆S0

diss, that re�ects the entropy
di�erence between TMA in solution and in the bulk crystal, as the relative measure
for the solvent dependence of the entropy cost. This approach implies comparable
entropies of TMA in the monolayer and in the bulk crystal, as justi�ed by the
essentially similar H-bonding environment. Even though minor di�erences could
arise from vibrational entropy, it is important to state that the solvent dependence
is captured. Standard dissolution entropies ∆S0

diss correspond to the intercepts of the
van't Ho� plots in Fig. 7.4, resulting in ∆S0

diss(6A) = 57.5 J mol−1 K−1, ∆S0
diss(7A)

= 48.9 J mol−1 K−1, and ∆S0
diss(9A) = 59.5 J mol−1 K−1. The higher value for

6A than for 7A not only explains the higher TMA solubility but also indicates a
larger entropy cost per molecule for TMA self-assembly from 6A solutions. However,
again, it is the entropy cost per unit area

∆s =
∆S

Amolecule
(7.4)

that is relevant for monolayer self-assembly. A molecule for the chickenwire poly-
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morph is about 20% larger than for the more densely packed �ower polymorph (cf.
Table 7.1). Consequently, for equal entropy cost per molecule ∆S, the entropy
cost per unit area ∆s is about 20% larger for the �ower than for the chickenwire
polymorph. Although the di�erences in ∆h are relatively small between both poly-
morphs, the signi�cantly larger ∆s of the �ower polymorph results in a pronounced
thermodynamic preference of the chickenwire polymorph in all solvents. In particu-
lar, 6A, which features an almost 20% larger ∆S than 7A, while the ∆h values are
comparable, would be a less likely solvent to thermodynamically stabilize the �ower
polymorph through a primary solvent e�ect.

Lastly, we qualitatively discuss the in�uence of the experimentally hardly ac-
cessible dewetting enthalpy ∆Hdewet on TMA polymorph selection. Our previous
molecular mechanics calculations suggested that the solution-monolayer interface is
energetically less favorable than the solvent-graphite interface,74 in particular for
alkanoic solvents that adsorb relatively strongly on graphite. Consequently, the en-
thalpy contribution from dewetting should be endothermic. Moreover, the chicken-
wire polymorph exposes a larger area fraction of the underlying graphite to solution
due to its smaller packing density, i.e., higher porosity (cf. 7.1). Based on these
considerations, we propose that the endothermic ∆Hdewet should be larger for the
�ower polymorph, further contributing to its inferior thermodynamic stability.

7.2.2 Thermodynamics Versus Kinetics

In all experiments with 6A as the solvent, exclusively, the �ower polymorph was
observed despite its putative thermodynamic instability against the chickenwire
polymorph. This raises the question of a possible kinetic stabilization. Several
studies unambiguously demonstrate kinetic trapping of supramolecular monolayers
at liquid-solid interfaces,83,110,212�214 implying that the perception of an e�ective dy-
namic equilibrium does not necessarily hold true. The most common way of experi-
mentally addressing this crucial point are additional thermal treatments to promote
attainment of the thermodynamic equilibrium.83,110,213 Commonly, samples are ex
situ heated and subsequently characterized by STM at room temperature. Yet, in
situ experiments with STM imaging at elevated temperatures provide unique and
detailed molecular level insights by directly assessing the sample state at the re-
spective temperature.24,25,215 To conduct these experiments with the comparatively
volatile 6A solvent, we employed our recently developed I-STM.113 This instrument
was designed for long-term experiments at liquid-solid interfaces at elevated temper-
atures with unprecedentedly low drift and high resolution, while solvent evaporation
is fully eliminated by a hermetic enclosure.

We �rst studied the stability of the �ower polymorph in 6A for increasing temper-
atures. A representative STM image acquired after heating from room temperature
up to 80 ◦C is presented in Fig. 7.5a.

Full coverage of the �ower polymorph is maintained at this relatively high tem-
perature, indicating a remarkable overall stability. Even after further increasing
the temperature to 110 ◦C, TMA monolayers still remained stable. Yet, as shown
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Figure 7.5: STM images of TMA monolayers on graphite(0001) acquired in
saturated 6A solution after consecutive heating from room temperature to
(a) 80 ◦C and (b) 110 ◦C. At a sample temperature of 80 ◦C, we exclu-
sively observed the �ower polymorph (FL), whereas domains of the chick-
enwire (CW) polymorph emerged at 110 ◦C (see the right hand side of (b)).
Even though the contrast in these STM images can be uncommon, both
polymorphs can be easily and unambiguously distinguished by the vast dif-
ference in lattice parameters. (Sample voltages (a) +0.53 V; (b) +0.51 V;
setpoint currents were in the order of 30-50 pA, but precise values cannot be
stated here due to the superposition with a temperature-dependent o�set
current).

in Fig. 7.5b, we observed the coexistence of chickenwire and �ower domains. In
a subsequent STM experiment after cooling down to room temperature again, we
exclusively observed the �ower polymorph, indicating the back conversion of the
chickenwire domains. This �nding is in qualitative agreement with the theoretically
predicted TMA phase diagram,73 where the chickenwire polymorph constitutes the
high-temperature phase, due to the reduced entropy cost associated with its lower
molecular packing density. Hence, this reversible phase transition at around 100 ◦C
provides evidence for superior thermodynamic stability of the �ower polymorph in
6A at lower temperatures.

In variable temperature experiments with 6A solution, we always observed few
pores of the TMA polymorphs with bright appearance, as also evident in Fig. 7.5.
This STM contrast indicates �lling with an unknown, but fairly de�ned guest species.
Moreover, we also noticed the development of an o�set to the tunneling current that
further increased with increasing temperatures and persisted after cooling down
again to room temperature. We tentatively attribute both observations to heating
induced chemical changes of the TMA solution. A conceivable reaction would be
anhydride formation between solute and solvent molecules, where either one or more
carboxylic groups of TMA become functionalised by alkanoic acid groups or 6A-6A
anhydride dimers are formed. According to this hypothesis, the �lled pores result
from stable adsorption of the anhydride species, and the o�set current is related
to the water released by the condensation reaction. DFT structure optimization
followed by molecular dynamics simulations of various anhydride species indicate
their stable adsorption in the larger TMA pores with reasonably strong binding
energies to account for the unknown species in STM images (cf. appendix A, Fig.
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A.6).
In a second series of experiments, we addressed the question whether the less

stable chickenwire can be converted into the �ower polymorph in 6A. To prepare
samples with a metastable chickenwire polymorph at the 6A-graphite interface, we
�rst applied a small droplet of saturated TMA in 7A solution onto graphite in order
to cover the entire surface with the chickenwire polymorph (Fig. 7.6a, b).

Figure 7.6: STM images of TMA monolayers acquired (a) / (b) after ini-
tially applying saturated TMA in 7A solution onto graphite(0001) and (c)
/ (d) after additionally applying an excess of saturated TMA in 6A solution
(sample voltages and current setpoints: (a) / (b) +690 mV, 50.9 pA; (c) /
(d) +590 mV, 56.3 pA).

In large scale images the chickenwire polymorph can be immediately identi�ed
by its characteristic Moiré pattern.206 Next, an excess of saturated TMA in 6A
solution was applied to this sample. Subsequent STM imaging at room temperature
exclusively showed the �ower polymorph (Fig. 7.6c, d). The immediate spontaneous
conversion of the preassembled chickenwire to the �ower polymorph in 6A not only
corroborates superior thermodynamic stability of the latter but also demonstrates
the absence of kinetic trapping at room temperature, even in these strongly H-
bonded monolayers.

In addition, we explored the concentration dependence of TMA self-assembly for
6A and 7A solutions. Yet, we could not �nd any indications for a concentration-
induced polymorphism. As anticipated, self-assembly of stable TMAmonolayers was
not observable anymore by STM below critical concentrations that were determined
as (0.42 ± 0.06) mmol L−1 for 6A and (0.40 ± 0.02) mmol L−1 for 7A. These
�ndings neither con�rm nor contradict thermodynamic control.
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7.2.3 Solvent Coadsorption

On the one hand, we found unambiguous experimental evidence for superior ther-
modynamic stability of the �ower polymorph in 6A. On the other hand, according
to our assessment of ∆h and ∆s, this cannot be explained by a primary solvent
e�ect. To resolve this apparent contradiction, we propose solvent coadsorption as
a recognized important additional stabilizing or even structuredetermining contri-
bution for monolayer self-assembly at liquid-solid interfaces.23,24,199,216 Intriguingly,
both TMA polymorphs are porous, while the chickenwire is �more porous� than
the �ower polymorph on account of the molecular packing densities. Even though
both polymorphs feature one large circular 1.0 nm-wide pore in each unit cell, the
chickenwire polymorph exhibits an approximately 2.5 times higher area density of
these pores than the �ower polymorph owing to its smaller unit cell area (2.35 nm2

for chickenwire vs 5.85 nm2 for �ower). Consequently, any thermodynamically fa-
vorable contribution from solvent coadsorption in the larger pores would stabilize
the chickenwire rather than the �ower polymorph. Hence, stabilization of the �ower
polymorph by solvent coadsorption must be related to its unique smaller and more
elongated pores (orange ovals in Fig. 7.1). Based on the seemingly good geometric
match of extended (all trans) 6A solvent molecules with the smaller pores of the
�ower polymorph, we propose that stereochemically speci�c solvent coadsorption
in these pores tilts the thermodynamic balance. According to this hypothesis, the
additional thermodynamic stabilization is no longer feasible for 7A or longer chain
fatty acids, simply because their dimensions exceed the pore size.

To corroborate our hypothesis, we conducted experiments with side-substituted
6A solvents. The underlying idea is to evaluate polymorph selection for cases where
the proposed solvent coadsorption becomes sterically hindered, while the overall
solvent characteristics are preserved. To avoid interferences with the monolayer
H-bonding, the side groups should not form strong H-bonds. For these reasons,
we further explored 2-methylhexanoic acid (methyl-6A) and 2-ethylhexanoic acid
(ethyl-6A) as solvents (cf. Fig. 7.7).

We reckon that a signi�cant contribution to the stabilization of 6A coadsorp-
tion arises from H-bonds involving the solvent's carboxylic acid groups. Hence, we
anticipate steric hindrance to be most e�ective when the side groups are in close
proximity to the head group. Experimental results obtained for TMA saturated
solutions are presented in Fig. 7.7. Using methyl-6A as solvent still results in the
�ower polymorph, con�rming a behavior analogous to unsubstituted 6A. It is worth
to note that the intuitive contrast of the �ower polymorph with bright-appearing
TMA molecules (see Fig. 7.7a) was an exception, whereas an inverted contrast
where both types of pores appeared brighter (see Fig. 7.7b) was commonly ob-
served. This holds also true for unsubstituted 6A (cf. appendix A, Fig. A.2) and
may hint toward solvent coadsorption in both type of pores of the �ower polymorph.
In contrast, further experiments using ethyl-6A as solvent indeed resulted in self-
assembly of the chickenwire polymorph (cf. Fig. 7.7c) in accord with our working
hypothesis. The characteristic Moiré pattern indicates equivalency of the chicken-
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Figure 7.7: STM images of TMA monolayers on graphite(0001) acquired
in saturated solutions using (a)/(b) methyl-6A and (c) ethyl-6A as solvent.
Overlays show chemical structures of respective solvents. While methyl-6A
still results in the �ower polymorph, the chickenwire polymorph is observed
in ethyl-6A. (Sample voltages and current setpoints: (a) -582 mV, 61 pA;
(b) -582 mV, 54 pA; (c) -571 mV, 54 pA).

wire polymorph in ethyl-6A and the typical 7A or 9A solvents. We conclude that
steric hindrance imposed by the ethyl side-group inhibits solvent coadsorption in
the smaller pores of the �ower polymorph. As a consequence, the �ower polymorph
is thermodynamically less stable in ethyl-6A, resulting in self-assembly of the then
thermodynamically favored chickenwire polymorph. These results support our hy-
pothesis that the �ower polymorph is eventually stabilized against the chickenwire
polymorph by coadsorption of solvent molecules in its smaller pores.

7.3 Summary and Conclusions

We present a comprehensive study of solvent-induced polymorphism in TMA mono-
layer self-assembly at fatty acid-graphite interfaces. This phenomenon is inherently
more complex than concentration-induced polymorphism because exchanging the
solvent can have profound e�ects on the enthalpy gain, while varying solute con-
centrations primarily, if not exclusively, a�ects the entropy cost in a predictable
manner. To provide a thermodynamic explanation, we evaluated ∆g. The enthalpy
gain per unit area ∆h was quanti�ed for both polymorphs in all three solvents with
the aid of a Born-Haber cycle constructed from the measured TMA sublimation
and dissolution enthalpies as well as DFT-calculated monolayer binding energies.
The results indicate a slight enthalpic preference of the chickenwire polymorph in
all solvents, but the di�erences in ∆h are too small to be conclusive. Yet, the
entropy cost per unit area ∆s is signi�cantly larger for the �ower than for the chick-
enwire polymorph owing to the 20% higher molecular packing density of the former.
From this, we conclude on the superior thermodynamic stability of the chickenwire
polymorph in all solvents. Complementary variable-temperature experiments in 6A
solution unveiled a reversible phase transition from �ower to chickenwire polymorph
for increasing temperatures. With further support from the observed spontaneous
conversion of the metastable chickenwire into the thermodynamically more stable
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�ower polymorph in 6A already at room temperature, a kinetic stabilization of the
�ower polymorph in 6A can be ruled out. To explain the solvent-induced polymor-
phism of TMA on thermodynamic grounds, we propose a stabilizing contribution
from the stereochemically speci�c solvent coadsorption in the unique smaller elon-
gated pores of the �ower polymorph. This was corroborated by experiments with
side-substituted 6A solvents, where su�ciently large steric hindrance resulted in
self-assembly of the chickenwire polymorph.

The present study exempli�es a case of thermodynamic stabilization of a distinct
monolayer polymorph by solvent coadsorption, which is extremely sensitive to the
solvent's molecular structure with a sharp threshold: Addition of just one methy-
lene unit either in the main chain (7A instead of 6A) or in the side chain (ethyl-6A
instead of methyl-6A) sterically hinders solvent coadsorption in the smaller pores of
the �ower polymorph. These results demonstrate that polymorph-speci�c solvent
coadsorption is particularly relevant when the molecular structure of the solvent
becomes comparable to pore sizes and shapes. Extending these studies to further
literature-reported systems whose polymorphs exhibit di�erently sized and shaped
pores would be desirable for concluding on the generality of this stabilizing mecha-
nism.

Overwhelming and unambiguous results indicate a far more important and active
role of solvents rather than just being a supply medium and background continuum.
Solvent-induced polymorphism in interfacial monolayers constitutes an ideal study
object and versatile model system to promote the thermodynamic and molecular
level understanding of solvent e�ects: STM facilitates a straightforward structural
characterization, including the possibility to even directly image immobilized solvent
molecules. Moreover, the temperature evolution of supramolecular systems can be
directly studied by variable-temperature STM experiments, where in situ imaging at
elevated temperatures allows capturing of reversible phase transitions. These remain
unnoticed in ex situ heating experiments but serve as strong indicators for thermody-
namic control. Lastly, solvent e�ects are anticipated to be particularly pronounced
in monolayers as they are fully solvent-exposed. In addition to STM imaging, mono-
layer self-assembly can be further explored by quantifying its thermodynamics or
by the systematic variation of solvents. The thermodynamic analysis applied here
based on the Born-Haber cycle and dissolution entropies is widely applicable and
appropriate to unveil primary solvent e�ects. To explore further possible origins of
solvent-induced polymorphism, it would be rewarding to also extend these studies to
di�erent classes of solvents, for instance, nonprotic solvents and solvents that exhibit
inferior interaction with graphite such as 1,2,4-trichlorobenzene or phenyloctane. To
complement the thermodynamic analysis, structural variations of solvents that do
not a�ect the main modes of interaction, for instance, side substitution of widely
used alkanoic solvents, are invaluable for identifying and understanding solvent ef-
fects at the molecular level. The combined application of these two complementary
approaches to prevalent cases of solvent-induced polymorphism, for instance, of
halogen or van der Waals-bonded monolayers, holds great promise to enhance and
deepen the understanding of ubiquitous solvent e�ects. Eventually, this can bring
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us one step closer to the holy grail of a priori structure prediction.

7.4 Materials and Methods

7.4.1 Experimental Details

Room-temperature and variable-temperature STM experiments were carried out
with homebuilt instruments. Details of the variable-temperature instrument are
described elsewhere (chapter 6).113 Highly oriented pyrolytic graphite (grade ZYB,
Optigraph GmbH ) samples were cleaved with adhesive tape prior to each experiment,
and mechanically cut PtIr (90/10) tips were used for imaging. TMA and fatty acid
solvents were acquired from commercial sources (TCI and Sigma-Aldrich) and used
as received. The TMA sublimation enthalpy and the TMA dissolution enthalpies
in 6A, 7A, and 9A were determined, as described in chapter 3 and in our previous
work.74 Absorbance spectra were calibrated by comparison with solutions of known
concentration for each respective solvent.

7.4.2 Computational Details

Calculations of TMA adsorption on graphite were carried out using DFT, as imple-
mented in the CP2K software.217 The van der Waals density functional (vdW-DF)
by Dion et al. was used,218 with Goedecker-Teter-Hutter pseudopotentials219 and
double-zeta valence polarized basis sets.220 The Brillouin zone was sampled only at
the Γ point. The graphite surface was modeled using periodic cells, with dimensions
chosen such as to be commensurate with the experimentally measured size of the

TMA chickenwire and �ower polymorphs: a
(

14 1

−1 13

)
graphene supercell, which

is commensurate with (2 × 2) cells of the TMA chickenwire polymorph (eight TMA

molecules) and a
(

11 1

−1 10

)
graphene supercell, which is commensurate with one

unit cell of the TMA �ower polymorph (six TMA molecules). Two layers of graphene
were used to represent the graphite surface. The bottom layer was �xed and the
top layer was allowed to optimize. The vertical cell dimension was 20 Å, which
results in ∼13 Åof vacuum between cells in the vertical dimension. To calculate
intermolecular binding energies, isolated (not adsorbed) TMA monolayers were sim-
ilarly modeled as two-dimensional periodic systems, with a cell height of 20 Åin the
vertical dimension. Ab initio MD calculations of guest species in pores of the TMA
network on single-layer graphene used the same DFT method and were performed
with the NVT ensemble, time step 1 fs, and run time of 1 ps.
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Chapter 8

Ultraslow Desorption Kinetics

This chapter is reprinted and partially adapted with permission from O. Ochs, N.
Martsinovich, W. M. Heckl and M. Lackinger. Quantifying the Ultraslow Desorp-
tion Kinetics of 2,6-Naphthalenedicar- boxylic Acid Monolayers at Liquid�Solid In-
terfaces. J. Phys. Chem. Lett. 2020, 11, 17, 7320-7326. Copyright (2020) American
Chemical Society.

Kinetic e�ects in monolayer self-assembly at liquid-solid interfaces are not well
explored, but can provide unique insights. We use variable-temperature STM for
quantifying the desorption kinetics of NDA monolayers at 9A-graphite interfaces.
Quantitative tracking of the decline of molecular coverages by STM between 57.5 ◦C
and 65.0 ◦C unveiled single exponential decays over the course of days. An Arrhenius
plot of rate constants derived from �ts results in a surprisingly high energy barrier
of +208 kJ mol−1 that strongly contrasts with the desorption energy of +16.4 kJ
mol−1 with respect to solution as determined from a Born-Haber cycle. This vast
discrepancy indicates a high energy transition state. Expanding these studies to
further systems is the key to pinpoint the molecular origin of the remarkably large
NDA desorption barrier.

I performed all experiments, the corresponding data analysis / interpretation and
the preparation of the manuscript under the supervision of PD Dr. M. Lackinger.
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MM and DFT calculations were provided by Dr. N. Martsinovich from the Univer-
sity of She�eld.

8.1 Introduction

Equilibria are characterized and maintained by the equality of forward and back-
ward reactions. Consequently, attainment of thermodynamic equilibrium necessar-
ily requires a dynamic equilibrium, and hindering of either forward or backward
reaction inevitably results in kinetic trapping. Here, we focus on kinetic e�ects in
monolayer self-assembly at liquid-solid interfaces. According to a common assump-
tion, interfacial supramolecular monolayers readily attain thermodynamic equilib-
rium through continuous exchange of molecules with the supernatant solution. This
view is corroborated by observed dynamic responses of monolayers to changes in so-
lution composition or temperature,25,61,199,221 indicating ful�llment of the necessary
precondition for applying thermodynamical models. Desorption becomes feasible
already at room temperature, because solvation can drastically reduce desorption
energies.74,102 Hence, the energetics at liquid-solid interfaces is very distinct from
vacuum-solid interfaces, where desorption energies >150 kJ mol−1 that prohibit
room temperature desorption are common even for smaller molecules. Yet, obser-
vations of kinetically trapped phases at liquid-solid interfaces,83,214,222 in particular
for larger molecules, cast doubt on the prevalent concept of an e�ective dynamic
equilibrium. This view gains support from recent studies that unveiled surprisingly
large desorption barriers for porphyrins at liquid-solid interfaces.223,224

Kinetic e�ects are presently not well explored in monolayer self-assembly at
liquid-solid interfaces. Most current studies employ STM which facilitates straight-
forward assessment of structures in submolecular detail, but lacks su�cient tempo-
ral resolution. Only in a few cases, kinetic phenomena with time constants ranging
from milliseconds to minutes were studied by STM.201,225�227 To nevertheless use
STM for quantitative kinetic studies, model systems with exceedingly slow kinetics
are desirable. In this respect, variable-temperature experiments allow matching of
time constants, because most rate-determining elementary processes are thermally
activated, and their rate constants vary strongly with temperature according to the
Arrhenius equation. Since the self-assembly process is still too rapid to be captured
by STM, we propose to study monolayer dissolution kinetics by tracking surface
coverage over time. A closely related process of dissolution kinetics from molecu-
lar crystals into (aqueous) solutions also plays an important role in pharmaceutics,
because it determines drug dosage rates.228�231

We study the dissolution kinetics of NDA (Fig. 8.1a) monolayers at the 9A-
graphite interface. This choice was motivated by previous results that indicated
kinetic hindering: NDA monolayers feature uncommonly large defect densities,29

whereas comparable dicarboxylic acids self-assemble into highly ordered monolay-
ers.74,232,233

In the experiments, temperatures are increased until NDA monolayers reach the
verge of thermodynamic stability, as indicated by the decline of molecular coverages
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from typically full at room temperature to partial at elevated temperatures. There-
after the temporal evolution of molecular coverage is quantitatively tracked over time
at constant temperature by real space imaging. Key to these novel experiments is our
recently developed I-STM, devised for long-term variable-temperature experiments
at liquid-solid interfaces (cf. chapter 6).113 In most previously reported variable-
temperature studies only samples were heated,24�26,110,234 whereby solvent evapora-
tion is unavoidable and can become limiting. We completely removed this crucial
limitation by integrating the STM body into a hermetically sealed and precisely
temperature-controlled container, a concept similarly implemented by the Hipps
group.27 Thereby long-term variable-temperature STM experiments with unprece-
dentedly high resolution and low drift become feasible, yet without any principal
limitation for the duration of experiments.

8.2 Results and Discussion

STM images of self-assembled NDAmonolayers acquired at the 9A-graphite interface
are presented in Fig. 8.1. In the ordered domains an oblique unit cell can be assigned
with experimental lattice parameters a = (1.16 ± 0.02) nm, b = (0.74 ± 0.02) nm
and γ = (56 ◦ ± 1.0 ◦). Analogous to comparable dicarboxylic acids,29,74,102,235�238

the NDA monolayer consists of densely packed molecular chains formed by R2
2(8) H-

bonds between the carboxylic acid groups. Pinpointing individual NDAmolecules by
their STM appearance is not obvious. Yet, Molecular Mechanics (MM) calculations
yield a repeat distance of 1.15 nm along the H-bonded chains (cf. appendix B, Fig.
B.1). Precisely the same distance was identi�ed in the STM images, allowing to
elucidate the orientation of the H-bonded chains, and hence, that of NDA molecules.
Overlaying STM images with the MM simulated chains results in a C − H · · ·
O distance of ∼0.24 nm between NDA molecules in adjacent chains, indicating
formation of interchain H-bonds.29,93

At room temperature the surface is completely covered with NDA domains ex-
tending up to ∼300 nm, but smaller domains in the size range (50...100) nm are
frequently observed. More importantly, NDA monolayers exhibit an uncommonly
low degree of structural perfection. Molecular vacancies are often observed zero
dimensional defects (see Fig. 8.1a and 8.1b). A frequently observed line-defect is
shown in Fig. 8.1b and 8.1c. As illustrated by the overlay and corresponding model,
it consists of two intermingled H-bonded NDA chains with a chirality opposite to
both adjacent domains. These 1D defects persist even at elevated temperatures of
70 ◦C and are not eliminated by self-healing.

To evaluate the desorption kinetics of NDA monolayers, we studied the temper-
ature evolution of molecular coverages in variable-temperature STM experiments.
Upon heating above ∼50 ◦C we observed partial coverages due to desorption of
molecules, driven by the thermodynamic instability of full coverages. The pivotal
question, however, is whether the observed partial coverages already represent a new
stationary state, i.e. a thermodynamic equilibrium partly shifted to the dissolved
state, or further decline over time. To address this crucial point, we monitored the
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Figure 8.1: Self-assembly of NDA monolayers at the 9A-graphite interface.
STM images were acquired at 70 ◦C using room temperature saturated
solution. (a) Large scale STM image showing multiple domains (insert:
molecular structure of NDA). Dark appearing patches within the domains
(highlighted by arrows) correspond to vacancies. (b) STM image showing
a frequently observed line-defect, i.e. an anti-phase domain boundary, de-
marcated by two H-bonded NDA chains of opposite chirality. (c) close up
of the area indicated in (b) showing the detailed molecular arrangement.
(d) Molecular model as derived from (c) and indicated unit cell (image size
and tunneling parameters: (a) 100 nm, 0.59 V, 60 pA; (b) 25 nm, 0.27 V,
50 pA; (c) 10 nm, 0.27 V, 50 pA;).

surface coverage at constant temperature over time. Coverages were quanti�ed at
discrete times by acquiring statistically signi�cant STM data from a surface area
of ∼3.5 µm2 (cf. section 8.4.1 and appendix B, Figs. B.5 and B.6). We measured
desorption traces for temperatures between 57.5 ◦C and 65.0 ◦C, the results are
summarized in Fig. 8.2a. For the lowest measured temperature of 57.5 ◦C we �nd
a progressively declining coverage over the course of eight days. Note that such
long-term experiments were only possible, because solvent evaporation is ceased in
the hermetically sealed I-STM.113 For all traces the data points are well described
by single exponential decays, indicating �rst order desorption kinetics, and allowing
to deduce rate constants from �ts. For the three lower temperatures improved �ts
were obtained by exponential decays to asymptotically reached �nite �nal coverages
θ∞ rather than zero (e.g. for 57.5 ◦C R2 (θ∞ = 0 %) = 0.982 vs. R2 (θ∞ = 25.8 %)
= 0.996):

θ(t) = θt=0 · e−kt + θ∞ (8.1)
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The �tting results are summarized in Table 8.1. θ∞ decrease for increasing tem-
perature, with θ∞ = 0 actually measured for the highest temperature of 65.0 ◦C.
This behavior is consistent with interpreting θ∞ as partial coverages in thermody-
namical equilibrium. With increasing temperature the thermodynamic equilibrium
becomes gradually shifted to lower coverages, because of the growing favorable en-
tropy contribution to the free energy of the dissolved state.

Figure 8.2: Summarized results of kinetic measurements on NDA mono-
layer desorption; (a) Molecular coverage θ vs. time t traces measured by
STM at �xed temperatures (purple squares: 57.5 ◦C; green dots: 60.0 ◦C;
blue triangles: 62.5 ◦C; orange diamonds: 65.0 ◦C); Vertical error bars cor-
respond to standard deviations, and (invisibly small) horizontal error bars
re�ect the measurement duration of ∼90 min. Solid lines represent �ts with
single exponential decays to asymptotically reached �nal coverages θ∞ (cf.
Table 8.1 for �tting results). (b) Arrhenius plot of the rate constants. The
solid line represents a linear �t, with a slope corresponding to an activation
energy of +208 kJ mol−1. Fitting uncertainties account for vertical error
bars.

Activation energies of thermally driven processes can be assessed from the tem-
perature dependence of rate constants, with several studies demonstrating the utility
of STM experiments.239�241 All four rate constants derived from �tting desorption
traces lie on a straight line in the Arrhenius plot shown in Fig. 8.2b, and the slope
of the linear �t corresponds to an activation energy of +208 kJ mol−1. For compar-
ison, �tting the desorption traces of Fig. 8.2a with single exponentials (i.e. without
considering �nite θ∞) would result in a signi�cantly larger desorption barrier of
+289 kJ mol−1 (appendix B, Fig. B.7 and Table B.1). Hence, considering base
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values from thermodynamically stable partial coverages is important. Even though
relatively high, a desorption barrier of +208 kJ mol−1 appears consistent with the
ultraslow kinetics. Remarkably, the NDA desorption barrier is signi�cantly larger
than the barriers in the order of (100. . . 150) kJ mol−1 deduced for desorption of
porphyrins from monolayers into solution based on room temperature STM analysis
after quenching from higher temperatures.213,223,224

Table 8.1: Rate constants k and asymptotically reached �nal coverages θ∞ as ob-
tained from �tting desorption traces acquired at temperatures T ; �tting uncertain-
ties are stated in parenthesis;

T (◦C) k (10−4 min−1) θ∞ (%)
57.5 2.51 (±0.26) 25.8 (±2.74)
60.0 3.77 (±0.28) 24.4 (±2.09)
62.5 8.70 (±1.49) 9.80 (±4.52)
65.0 12.44 (±1.04) 0.0

Interpreting and explaining the experimentally derived desorption barrier is es-
sential for a fundamental understanding. The most straightforward assumption is
that desorption barriers are equal to desorption energies, i.e. the (free) energy dif-
ference between desorbed and adsorbed state of a molecule, in the end implying
the absence of a transition state. However, various studies propose sizable barriers
for both adsorption and desorption at liquid-solid interfaces associated with solvent
rearrangement processes.242,243 In the following, we will focus on the energetics of
desorption and discuss potential entropy e�ects later.

We obtained theoretical estimates for NDA desorption energies from MM cal-
culations (cf. Computational Details 8.4.2). Monolayer dissolution is expected to
proceed via desorption of more weakly bound undercoordinated molecules, e.g. at
domain edges. To assess their diminished desorption energies, and also the de-
pendence on the local binding, �nite islands of 5 × 5 molecules were calculated on
graphite, results are summarized in Fig. 8.3.

In the interior of the domain, NDA desorption energies are essentially constant
at ∼249 kJ mol−1, whereas notable di�erences occur between the two inequivalent
edges. These can be attributed to di�erences in H-bonding: Desorption energies
are signi�cantly lower at the edge running parallel to the ~b lattice vector, where
NDA molecules form H-bonds with only one carboxylic acid group, while the other
carboxylic acid group is dangling at the boundary. In contrast, at the edges running
parallel to the ~a lattice vector NDA molecules form H-bonds with both of their
carboxylic acid groups, and their desorption energy reaches almost that of interior
molecules. The small di�erence of ∼12 kJ mol−1 can be attributed to the lack of
interchain bonding at one side. The desorption energy di�erence of∼60 kJ mol−1 for
NDA molecules in the two non-equivalent edges largely re�ects the binding energy of
R2

2(8) H-bonds between two carboxylic acid groups.95,211 Corner molecules exhibit
the smallest desorption energy due to their inferior interaction with neighbors. These
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Figure 8.3: MM calculated desorption energies of NDA molecules (in kJ
mol−1) from a �nite island of 5× 5 molecules. Calculations were conducted
on graphite(0001) (not shown for clarity). Depending on the position of the
respective molecule in the island and the intermolecular binding to neigh-
bour molecules, desorption energies exhibit sizable spatial variations with
the highest values in the domain interior, and sign�cant di�erences between
the two inequivalent edges.

results mirror our previous calculations of terephthalic acid which self-assembles
into isostructural monolayers on graphite.28 Furthermore, the outcome is virtually
independent of island size. Results obtained for a 3× 3 island are essentially similar
(appendix B, Fig. B.4), indicating that diminished desorption energies only occur
for molecules directly at the domain edge.

Dissolution and desorption are anticipated to start at and proceed from domain
edges, because of the lower desorption energy of these undercoordinated molecules.
Moreover, edge sites are not annihilated during the dissolution, hence available for
driving it to completion. This is corroborated by STM imaging, where compar-
atively small NDA domains were observed throughout the monolayer dissolution
that constantly provide edge molecules (appendix B, Fig. B.6). Yet, high stability
of the edges parallel to the ~a lattice vector, and the resulting preferential desorption
from edges parallel to the ~b lattice vector should lead to distinct shapes of NDA
domains with two parallel and fairly straight edges. However, in STM images we
observe rugged domains (appendix B, Fig. B.6), possibly hinting toward a two-step
desorption process: First, NDA molecules detach from the islands, but still remain
adsorbed on the graphite surface in a mobile 2D molecular gas phase. Only in the
second step, molecules eventually desorb from the graphite surface into solution.
This two-step process should be energetically more favourable, but it is not nec-
essarily the dominating process as it could be associated with signi�cantly lower
pre-exponentials.

Based on the MM calculations we propose an average desorption energy of edge
molecules in the order of +170 kJ mol−1. At �rst sight, the MM derived NDA
desorption energy appears comparable with the activation energy extracted from the
Arrhenius plot. Yet, at liquid-solid interfaces NDA molecules desorb into solution,
whereas isolated molecules in vacuum were used as reference for MM. Consequently,
actual desorption energies are expected to be signi�cantly lowered by solvation and
the associated enthalpic stabilization in solution.

In order to estimate enthalpy di�erences of molecules at liquid-solid interfaces
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with respect to solution, i.e. to quantify the in�uence of the supernatant solution,
we proposed an adapted Born-Haber cycle (Fig. 8.4).74 It was originally devised for
thermodynamic models, but is similarly applicable to kinetic models.

Figure 8.4: Born-Haber cycle using single NDA molecules in vacuum,
molecules at domain edges, dissolved molecules in solution and the NDA
bulk crystal as reference states and considering a wetting enthalpy. Respec-
tive enthalpy di�erences are indicated. The diagram is drawn to scale to
illustrate the signi�cant lowering of the desorption energy by the presence
of solution.

Its main idea is to introduce the crystalline bulk of solute molecules as additional
reference state. According to Scheme 1, the desorption energy (negative binding
energy) ∆Hedge−sol = −∆Hsol−edge of NDA molecules at domain edges with respect
to solution is given by:

∆Hedge−sol = ∆Hedge−vac −∆Hsub + ∆Hdiss + ∆Hwet (8.2)

∆Hdiss and ∆Hsub correspond to NDA dissolution and sublimation enthalpies,
respectively, and are both experimentally accessible (vide infra). ∆Hedge−vac repre-
sents the MM calculated desorption energy of edge molecules into vacuum. ∆Hwet

considers solvent wetting e�ects, where upon NDA desorption solution-monolayer
interface is exchanged for solution-substrate interface. Since the interaction of sol-
vent molecules with the bare surface is normally stronger than with the monolayer,
∆Hwet is often exothermic for desorption.74,224

Temperature dependent measurements of NDA e�usion rates in high vacuum
yield ∆Hsub = 152 kJ mol−1 (Fig. 8.5) in reasonable agreement with the MM
calculated bulk binding energy of = 143 kJ mol−1. ∆Hdiss was determined by mea-
suring the temperature dependence of NDA solubility in 9A by UV-vis absorption
spectroscopy (Fig. 8.6). The acquired endothermic ∆Hdiss = 18.8 kJ mol−1 is in
the typical range for comparable solutions.74
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Figure 8.5: (a) E�usion rate measurements of NDA with a QCMB. The
graph shows resonant frequency shifts ∆f versus time t traces, acquired
for crucible temperatures of a Knudsen cell as indicated. The slopes of
the respective traces were determined by �tting with straight lines, and
correspond to the e�usion rates used for the Van't Ho� plot shown in: (b)
Van't Ho� plot of the NDA e�usion rates (squares) extracted from the traces
shown in (a). The straight solid line represents a linear �t, and its slope
corresponds to a NDA sublimation enthalpy of ∆Hsub = 152 kJ mol−1. The
excellent agreement between data points and �t indicates a constant, i.e.
temperature independent, sublimation enthalpy and the absence of chemical
changes of NDA during the sublimation.

Quantifying ∆Hwet is more intricate, but its e�ect is also often relatively small.
To estimate the wetting enthalpy, we used MM to calculate adsorption energies of
single 9A solvent molecules on either the NDA monolayer or bare graphite. Thereby,
we assume that the intermolecular contributions to wetting are essentially similar
for both cases. On graphite, 9A adsorption energies are almost constant for various
adsorption sites with a modest variation between (−69.7...−67.9) kJ mol−1. We use
a graphene unit cell averaged value of −68.6 kJ mol−1. In contrast, 9A adsorption
energies are as expected smaller on the NDA monolayer, and also exhibit larger site
variations between (−67.5... − 42.2) kJ mol−1. We use a NDA unit cell averaged
value of −49.1 kJ mol−1. This results in a wetting enthalpy ∆Hwet(9A) = −19.5 kJ

mol−1 for desorbing one 9A molecule from the NDA monolayer and re-adsorbing it
on graphite. To derive an estimate for the wetting enthalpy ∆Hwet(NDA) per one
NDA molecule, we renormalize ∆Hwet(9A):

∆Hwet(NDA) = ∆Hwet(9A) · ANDA
A9A

(8.3)

∆Hwet(NDA) = −19.5 kJ mol−1 · 0.712nm2

0.679nm2
= −20.4 kJ mol−1 (8.4)

Here, ANDA and A9A correspond to the surface areas occupied by a single NDA
and 9A molecule, respectively. Therefore, we used the area per molecule in ordered
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Figure 8.6: (a) UV-vis absorption spectra of saturated NDA in 9A solutions
acquired for temperatures between 30.0 ◦C (grey curve at the bottom) and
55.0 ◦C with temperature increments of 2.5 ◦C. The increasing absorbance
(i.e. concentration) for increasing temperature indicates an endothermic
dissolution. Integrated absorbances (in a wavelength range of (294. . . 298)
nm, see insert) were used for the Van't Ho� plot shown in (b). In this
spectral range, the absorbances were reasonably low to yield reliable values
and no peak shifts occurred as illustrated in the insert. (b) Van't Ho�
plot of integrated absorbances of saturated NDA in 9A solutions. The solid
line represents a linear �t, and its slope corresponds to a NDA dissolution
enthalpy of ∆Hdiss = +18.8 kJ mol−1.

monolayers as obtained from the STM derived unit cell for NDA and literature
reported unit cells for 9A.244 According to equation 8.4, adsorption of 9A on graphite
is more favorable as compared to the NDA monolayer and results in an exothermic
∆Hwet = −20.4 kJ mol−1. Combining all individual enthalpies in the Born-Haber
cycle eventually results in a desorption energy for edge molecules into solution of
∆Hedge−sol = +16.4 kJ mol−1, in vast discrepancy with the activation energy of
+208 kJ mol−1 as derived from the Arrhenius plot.

The discrepancy between the two independent approaches is remarkably large.
Admittedly, experimental errors in the Born-Haber cycle could also be relatively
large, because each individual contribution, notably ∆Hwet, bears comparatively
large uncertainties that add up in the error propagation. Nevertheless, the vast
discrepancy is too large to be attributed to experimental errors. It rather challenges
the common assumption that activation barriers and desorption energies are equal
for NDA monolayers at the 9A-graphite interface. This implies a di�erent origin of
the desorption barrier, associated with the existence of a high energy transition state.
The molecular origin of this transition state remains unknown, however, additional
experiments hint toward an important role of solvent composition.

In repeat experiments with 9A solvent from a di�erent batch we �nd substantial
deviations. Remeasuring a desorption trace at 62.5 ◦C resulted likewise in a sin-
gle exponential decay, yet the rate constant was ∼4.6 times lower, i.e. 1.9 × 10−4

min−1 (repeat) as compared to 8.7 × 10−4 min−1 (original) (Fig. 8.7a). Yet, an
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additional feature in UV-vis absorption spectra of the solvent of the repeat exper-
iment indicated its impurity (Fig. 8.7b).245 Its chemical nature remains presently
unclear, but we hypothesize that the impurity may be related to chemical changes
of the solvent, rather than being a foreign species. Although the di�erence in rate
constants appears rather drastic, it converts into a comparatively small energetic
e�ect, where the desorption barrier is increased by only 4.3 kJ mol−1 (assuming
similar pre-exponentials).

Figure 8.7: (a) Desorption traces of NDA monolayers acquired at the 9A-
graphite interface for the same temperature of 62.5 ◦C. The blue curve
shows the same data as in Fig. 8.2a, whereas the red curve presents data
from a repeat experiment using 9A solvent from a di�erent batch. Vertical
error bars correspond to standard deviations, (invisibly small) horizontal
error bars re�ect the measurement duration. Solid lines represent �ts with
single exponential decays to an asymptotically reached �nal coverage re-
sulting in k = (8.7 ± 1.49) 10−4 s−1 and θ∞ = 9.8 % (± 4.52 %) for the
original, and k = (1.9 ± 0.12) 10−4 s−1 and θ∞ = 12.42 % (± 1.63 %) for
the repeat experiment. Stated errors correspond to �tting uncertainties.
(b) UV-vis absorption spectra of the pure 9A solvents used for the desorp-
tion traces shown in (a). While the strong absorbance below 250 nm arises
from the carboxylic acid groups, distinct di�erences in the spectral range
(250...330) nm indicate both notable batch-to-batch variations and a less
pure state of the solvent in the repeat experiment. The chemical origin of
these variations, remains presently unclear.

8.3 Summary and Conclusion

In summary, we have quanti�ed the activation energy for NDA desorption from
monolayers at 9A-graphite interfaces by quantitatively tracking the decline of molec-
ular coverages over time at constant elevated temperatures. NDA desorption pro-
ceeds remarkably slow over the course of days. On the one hand, this facilitates
quanti�cation by relatively slow in situ STM measurements (∼90 min to acquire
statistically signi�cant data). On the other hand, experiments at �xed elevated

125



8.3. Summary and Conclusion 8. Ultraslow Desorption Kinetics

temperatures last for up to 8 days. This unprecedented experimental duration for
variable-temperature STM experiments at liquid-solid interfaces could only be re-
alized with our dedicated instrument (cf. chapter 6).113 Over the measured tem-
perature range from 57.5 ◦C to 65.0 ◦C, coverages follow single exponential decays
down to a base value θ∞ that is determined by the temperature dependent position
of the thermodynamic equilibrium. The extracted rate constants consistently lie on
a straight line in an Arrhenius plot, indicating a constant activation energy for the
rate-limiting elementary process. In addition, we quanti�ed the desorption energy
with respect to solution using a Born-Haber cycle, suggesting that the presence of
solution lowers the desorption energy of +170 kJ mol−1 with respect to vacuum
down to +16.4 kJ mol−1 with respect to solution. The present work focusses on
the energetics of desorption, but including entropy contributions, i.e. considering
free energies, would be more appropriate. Entropy is the thermodynamic driving
force for desorption, and manifests itself in the decreasing equilibrium coverages for
increasing temperatures. Yet, the relatively large errors in θ∞ due to the indirect
determination from �ts prohibit a detailed analysis.

The key result is that the activation energy as derived from kinetic measurements
di�ers notably from the desorption energy. From this vast discrepancy we conclude
on a high energy transition state. However, also here entropic e�ects are vitally
important, because rates are also determined by the free energy of the transition
state. High transition state entropies can promote processes with large transition
state energies through a large pre-exponential. Currently, we can only speculate
about the origin and nature of this transition state. However, assuming a transition
state where partly desorbed NDA molecules already gain entropy through leaving
the surface, but are not yet energetically stabilized by solvation could explain both
a high transition state energy and entropy.

Control experiments show sizeable deviations in rate constants for solvents from
two di�erent batches, where di�erences in the respective UV-vis absorption spec-
tra indicate the presence of chemically distinct species in one solvent. From this,
we hypothesize that the desorption kinetics, but less so the energetics, from NDA
monolayers may be strongly in�uenced by an interfacial boundary layer between ad-
sorbed monolayer and bulk solution. This boundary layer could be rate-determining
for desorption, for instance by preventing e�ective solvation of the desorbing species,
as the most important processes for lowering desorption energies.

Fundamental insights are expected from expanding these studies to comparable
model systems, i.e. carboxylic acid tectons in fatty acid solvents, for which we
recently reported an example of a dynamic structural response already at room
temperature without measurable kinetic limitations (cf. chapter 7).61 Hence, it
would be rewarding to explore whether NDA is a singular example for the observed
ultraslow desorption kinetics, and to unveil the underlying reasons at the molecular
level. The �rst hint toward kinetic hindering that also originally motivated this study
on NDA desorption was the low structural quality of its self-assembled monolayers,
which is an exception rather than the rule. In the light of inhibited desorption, the
persistence of the frequently observed line-defects (Fig. 8.1) at higher temperature
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is particularly interesting as it suggests an important role of desorption-readsorption
processes for self-healing, in particular for prochiral NDA molecules.

Lastly, we express our opinion that solvent purity requires more attention in the
�eld of monolayer self-assembly at liquid-solid interfaces, in particular for quanti-
tative studies. Solvents are almost exclusively used as received, but our study un-
ambiguously shows that even batch-to-batch variations can have a profound e�ect
on kinetics, potentially further extending to thermodynamics. Detailed knowledge
on the chemical identity of impurities and a deeper understanding of their in�uence
would not only be invaluable for the �eld, but constitutes a necessary precondition
to improve both the batch-to-batch and lab-to-lab reproducibility of quantitative
results.

8.4 Materials and Methods

8.4.1 Experimental Details

STM experiments

STM experiments were conducted with the I-STM operated by a commercial SPM
100 control unit (RHK) (cf. chapter 6).113 Sample temperatures (i.e. imaging tem-
peratures) were varied between room temperature and ∼70 ◦C, and held constant
with a Eurotherm 2416 temperature controller. STM images were acquired using
tunneling voltages between +0.25 V and +0.60 V (at the tip) and setpoint currents
around ∼50 pA. Mechanically cut Pt/Ir (90/10) wires used as STM tips without
any further insulation, but were conditioned by short voltage pulses during the ex-
periments. NDA (Sigma Aldrich, 99 % pure) and 9A (TCI chemicals, 98 % pure)
were both used as received. For all desorption experiments NDA in 9A solutions
were used with similar concentration of 0.11 mmol L−1. These were obtained by
diluting a saturated stock solution, and checked by UV-vis absorption spectroscopy.
Freshly cleaved highly oriented pyrolytic graphite (grade ZYB, Optigraph GmbH )
was used as substrate. For variable-temperature experiments the I-STM was �lled
with 10 mL of solution, resulting in complete immersion of the sample.

Coverage measurements

Molecular coverages were always evaluated the same way from a set of 25 large
scale STM images (350 × 350 nm2) covering a total surface area of ∼3.5 µm2.
Overlap between neighboring images was excluded by leaving a gap of at least 50
nm. Standard deviations were used as vertical error bars (see appendix B, Fig. B.6).
The origin of the time axis was de�ned as the time when the target temperature was
reached after initial heating periods of ∼30 min. The measurement halftime was
used as time coordinate, and the (invisibly small) horizontal error bars correspond
to the duration of ∼90 min required for each measurement.
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Dissolution enthalpy measurements

To determine the dissolution enthalpy of NDA in 9A, a reservoir containing a rel-
atively large amount of ∼18 mL solution was heated to the target temperature.
Saturation was ensured by the presence of a sediment. After the targeted measure-
ment temperature was reached, the stock solution was stirred for∼2 h and allowed to
settle and equilibrate for at least 20 h. For the actual measurement a small amount
of the saturated solution was pipetted from the reservoir into the cuvette (1 mm
optical path length, 110-QX macro-cuvette from Hellma Analytics) that was heated
to the same temperature as the reservoir by Peltier elements.74 Spectra were ac-
quired with a USB4000 UV-vis spectrometer using a UV-vis-NIR light source (both
Ocean Optics). Spectra of pure solvent from the same batch and heated to the same
temperature served as reference. Measurements were performed for temperatures
between 30.0 ◦C and 55.5 ◦C with increments of 2.5 ◦C. Measurement temperatures
were varied non-monotonously to avoid and recognize kinetic e�ects (cf. chapter 3).

Sublimation enthalpy measurement

The NDA sublimation enthalpy was determined by measuring the temperature de-
pendence of e�usion rates as proxy for saturated vapour pressure.74 These were
measured using a home-built Knudsen cell58 and a water-cooled CNT06IG quartz
crystal microbalance (Colnatex ), operated by a Q-pod quartz crystal monitor (In�-
con) in high vacuum (cf. chapter 3).

8.4.2 Computational Details

Molecular mechanics (MM) calculations were performed using the Tinker software246

with the MM3 force �eld.247�249 Modi�ed force-�eld parameters were used for the
cyclic O· · ·H-O R2

2(8) hydrogen bonds in carboxylic acid dimers as previously pro-
posed211 to yield a binding energy of 66.9 kJ mol−1 in good agreement with ex-
perimental results250 and both Density-Functional-Theory (DFT) and higher-level
calculations.251 For comparison, we also calculated NDA adsorption energies on
graphite with DFT using previously optimized parameters.11 The excellent agree-
ment between DFT (-94.8 kJ mol−1) and MM (-93.1 kJ mol−1) derived NDA ad-
sorption energies indicates high accuracy and appropriateness of MM calculations
for aromatic carboxylic acids on graphite.

Lattice parameters of the NDAmonolayer were optimized by systematically scan-
ning through a range of values for the lattice vectors a, b, and the angle γ between
them to �nd the minimum-energy structure, similar to a previously described pro-
cedure.74,106 Lattice parameters of NDA bulk crystals were optimized in a similar
manner, by treating the 3D bulk structure as a stack of 2D layers. For these layers
the previously optimized monolayer lattice parameters were used, while the lat-
tice parameters c and the angles α and β were systematically varied to �nd the
minimum-energy structure, similar to the procedure for the monolayers.74

Finite NDA islands of three sizes were considered: 3×3, 4×4 and 5×5 molecules.
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Binding energies were calculated in all non-equivalent positions as energy di�erences
upon removing a single NDA molecule. In all calculations, i.e. monolayer, islands
and bulk crystal, the z coordinates of all atoms were �xed to constrain the molecules
the same plane, while the in-plane coordinates x and y were optimized.

Adsorption of both a single NDA molecule and a 5×5 NDA island on graphite
were also calculated using MM. The graphite surface was modelled using extended
hydrogen-terminated graphene sheets, comprised of 20×20 primitive hexagonal
graphene unit cells (2 carbon atoms per unit cell, i.e. in total 800 C and 80 H
atoms) for adsorption of a single NDA molecule and of 24×22 non-primitive rectan-
gular graphene unit cells (4 carbon atoms per unit cell, i.e. in total 2112 C and 140
H atoms) for adsorption of the 5×5 NDA island. The extended graphene sheets were
large enough to ensure that the adsorbed molecules were at least 10 Åaway from the
edges. Atomic positions within the graphene sheets were �xed, while the adsorbed
NDA molecules were fully optimized. Positions and orientations of both the single
adsorbed NDA molecule and the NDA island were investigated systematically by
rotating the adsorbate through 120◦ (60◦ for the NDA island) in steps of 10◦ and
translating each orientation of the adsorbate on a grid covering the whole graphene
unit cell in steps of 0.1 Å, similar to a previously reported procedure.74

Very small variations of NDA adsorption energies were observed depending on
the position and orientation of the molecules: ≤ 0.95 kJ mol−1 variation for the
single NDA molecule and ≤ 0.04 kJ mol−1 per one NDA molecule for the 5×5 island.
Note that in the island the NDA molecules occupy a range of di�erent adsorption
sites because of the incommensurability of the NDA monolayer with the underlying
graphene. These results shows that the variation in adsorption sites has very little
e�ect on the substrate contribution to NDA desorption energies.
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Chapter 9

Summary and Conclusion

In this thesis, the in�uence of temperature and solvent on the self-assembly of
molecular monolayers at the liquid-solid interface is fundamentally studied. For
the characterisation of monolayers on surfaces, STM is used. In this respect, a novel
approach was taken by developing a new type of STM: The Immersion Scanning
Tunneling Microscope (I-STM). This new instrument is capable of performing long-
term variable-temperature STM experiments at liquid-solid interfaces without any
limitation in the duration of the experiments as solvent evaporation is completely
suppressed. To quantify entropy and/or enthalpy changes upon dissolution and
sublimation, variable-temperature UV-vis spectroscopy and vacuum e�usion tech-
niques are used, respectively. Molecular mechanics and density functional-theory
calculations are applied to determine binding and adsorption energies of molecules
in adsorbed monolayers and bulk crystals.

Immersion Scanning Tunneling Microscope

Liquid-solid STM experiments at elevated temperatures with locally heated sam-
ples inevitable lead to enhanced solvent evaporation rates and high thermal drift.
Thermal equilibration requires time but enhanced solvent evaporation can lead to
substantial concentration changes and the distortion of the �nal results. At the end,
this type of STM experiments is less determined by scienti�c interests but rather
by a trade-o� between settling at thermal drift and minimizing solvent evaporation.
This problem was solved with the development of the I-STM in the course of this
thesis. The instrument is working in a hermetically sealed and heatable container,
thereby solvent evaporation is completely eliminated. Hence, extended waiting times
for thermal drift to settle, i.e. complete thermal equilibration, become a�ordable.
Rapid thermal equilibration is further promoted by the choice of materials with good
thermal conductivities and a design optimized in terms of heat transport across the
instrument, i.e. introduction of heat bridges in a highly symmetric design. Low
steady-state lateral drifts (0.06 ± 0.04 to 0.25 ± 0.12 nm min−1) are achieved via
a precise temperature control (± 0.012 to ± 0.025 ◦C) between room temperature
and 100 ◦C. This opens up the possibility to aquire low-drift high-resolution STM
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images even at elevated temperatures. Fatty acids are highly appropriate solvents
for STM experiments at the liquid-solid interface. Yet, these solvents are rather
corrosive against less noble metals and epoxy based glues. To avoid corrosion of the
instrumental setup and to preserve the purity of the solution, all solvent exposed
parts are either made from completely inert materials or covered by a protection
layer. Depending on the material, a pinhole free layer of gold or/and a layer of a
fully inert �uoroelastomeric coating material is applied on the vulnerable compo-
nents. Thereby, the I-STM becomes completely inert against the corrosive fatty acid
solvents, while the purity of the solution is always ensured.

Being not limited to STM, the I-STM serves as a development platform for the
future integration of other SPM techniques, e.g implementation of a non-contact
AFM via a tuning fork probe stage. The required design implementations for AFM
extensions already exists. Di�erent environmental conditions are also feasible, e.g.
experiments in de�ned gas atmospheres or even at vacuum conditions are possible
through an additional inlet in the container lid. Use of the I-STM at even higher
operating temperatures above 100 ◦C appears also possible. While short-term mea-
surements (∼3h) at 110 ◦C have already been performed in this thesis, further
corrosion tests, especially for the coating materials, are of crucial importance before
considering long-term studies at signi�cantly higher temperatures (∼150 ◦C). Fur-
thermore, operating the I-STM as a temperature-controlled electrochemical STM is
feasible by adjusting the container and sample/tip holder stages, i.e. turning the
system into an electrochemical cell.

Solvent-Induced Polymorphism

In the �rst experimental part, the phenomenon of solvent-induced polymorphism in
liquid-solid self-assembly is studied. Therefore, TMA is used as a model system.
Dissolved in the homologous series of fatty acids, TMA self-assembles on graphite
into two di�erent porous polymorphs: The more densely packed �ower polymorph
for shorter alkyl chain length, while for longer chain length the less densely packed
chickenwire structure evolves with a sharp threshold between 6A and 7A. First,
the gain of Gibbs free energy per unit area ∆g was quanti�ed to provide inside in
the underlying thermodynamics. To this end, ∆h, the enthalpy gain per unit area,
was evaluated with the aid of a Born-Haber cycle for both polymorphs in 6A and
7A and additionally in 9A. The Born-Haber cycle was constructed from density-
functional theory calculated monolayer binding energies with respect to vacuum
and measured sublimation and dissolution enthalpies, using vacuum e�usion and
variable-temperature UV-vis experiments, respectively. While the enthalpy di�er-
ences between the chickenwire and �ower structure are too small to gain any con-
clusion (slight enthalpic preference of the chickenwire structure), the entropy cost
per unit area ∆s is signi�cantly larger for the �ower polymorph. This is owing to
the 20 % higher packing density of the �ower polymorph. Hence, in contrast to
the experimental observations, the chickenwire polymorph should be the thermody-
namic most stable polymorph in all solvents. Variable-temperature experiments in
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6A with the aid of the I-STM support this hypothesis, as with increasing tempera-
ture a reversible phase transition from the �ower to the chickenwire structure occurs
at 110 ◦C. With further support from additional experiments at room temperature
a kinetic stabilization of the �ower structure in 6A could be ruled out. Thereby, the
initially assembled chickenwire polymorph in 7A spontaneously converted into the
�ower polymorph by applying a su�cient amount of TMA-6A solution.

In the end, stereochemically speci�c solvent coadsorption is proposed as the
origin of the solvent-induced polymorphism of TMA. While both polymorphs feature
identically hexagonal pores, the �ower polymorph additional exhibits unique smaller
elongated pores. Experiments with side-substituted 6A solvent derivates (methyl-6A
and ethyl-6A) revealed a highly selective solvent coadsorption in the elongated pores
via stereochemically selection. By just adding a single methylene unit to the main
chain (6A to 7A) or to the side chain (methyl-6A to ethyl-6A), solvent coadsorption
is sterically hindered in the smaller elongated pores and the chickenwire polymorph
evolves. These �ndings indicate that solvent coadsorption can become structure
determining if size and shape of the pores are comparable to the molecular structure
of the used solvent.

The combination of a thermodynamic evaluation by applying an adapted Born-
Haber cycle and analysing dissolution entropies together with the structural varia-
tion of solvents without a�ecting their main mode of interaction, e.g. side or main
chain substitution of alkyl chains, holds great promise to identify and gain an en-
hance understanding of solvent e�ects. Deeper insights in these e�ects are expected
by applying this complementary approach on other cases of solvent-induced poly-
morphism, e.g. in van der Waal or halogen-bonded systems. To conclude on the
generality of the stabilizing e�ect of polymorph-speci�c solvent coadsorption, this
study could be extended to systems whose polymorphs exhibit pores with di�erent
sizes and shapes. Furthermore, evaluating di�erent classes of solvents, e.g. aprotic
solvents like 1,2,4-trichlorobenzene or phenyloctane that exhibit inferior substrate
interaction with graphite, might also provide deeper insights in the phenomenon of
solvent coadsorption.

Ultraslow Desorption Kinetics

Thermodynamic equilibria in self-assembly at liquid-solid interfaces are character-
ized through the continuous exchange of molecules between the molecular monolayer
and the supernatant solution, i.e. a dynamic equality between adsorption and des-
orption processes. Any hindrance in either adsorption or desorption results in kinetic
trapping and might stabilize the system at a metastable state.

In novel experiments, the dissolution kinetics of NDA monolayers self-assembled
at the 9A-graphite interface was studied. Using the I-STM, variable-temperature
experiments were performed, where the decline of NDA monolayer coverage vs. time
at constant elevated temperatures was tracked. Remarkably, the desorption of NDA
monolayers proceeds very slowly over the course of days facilitating the quanti�ca-
tion by relatively slow STM measurements. The time-dependent coverage of NDA
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monolayers was tracked for four temperatures between 57.5 ◦C and 65.0 ◦C. Cover-
ages followed single exponential decays settling at �nal �nite coverages. Each �nal
coverage corresponds to the temperature-dependent position of the thermodynamic
equilibrium. In an Arrhenius plot, the extracted rate constants result in a linear
slope, indicating a constant activation energy of 208 kJ mol−1 for the rate-limiting
process. Yet, using measurement data from dissolution and e�usion experiments
as well as molecular mechanics calculated binding energies, an adapted Born-Haber
cycle provided a desorption energy of only 16.4 kJ mol−1. This value stands in vast
discrepancy with the activation energy of 208 kJ mol−1 extracted from the rate
constants.

The discrepancy between the kinetic measurements and the data from the Born-
Haber cycle hints towards the existence of a high energy transition state. However,
verifying this hypothesis is virtually impossible without access to quantitative data
of the transition state entropy, as the rates are determined by the free energy of
the transition state. To resolve this discrepancy, a transition state is proposed
in which the molecules partially leave the surface. Thereby, entropy is already
gained but through the remaining interaction with the surface the molecules are
not yet energetically stabilized by e�ective solvation. At this point, the nature and
origin of this high energy transition state remain unclear. One explanation could
be the existence of a boundary layer between the adsorbed monolayer and solution,
determining desorption kinetics by preventing e�ective solvation as this is the most
important mechanism to decrease desorption energy.

Further control experiments revealed a signi�cant deviation in the rate constants
for a di�erent batch of solvents. In one solvent, UV-vis absorption spectroscopy
indicated the existence of chemically distinct species resulting in a measureable
decrease of the rate constant (factor ∼4.6). However, the in�uence of the impurity
on the desorption energy is rather small as the barrier increases by only 4.3 kJ

mol−1 under the assumption of a similar pre-exponential factor.
To unveil the underlying reasons for this phenomenon of ultraslow desorption

kinetics at the molecular level, further explorations are required. Expanding this
study to other model systems, e.g. comparable carboxylic building blocks in fatty
acid solvents, could also clarify if NDA represents a singular example for ultraslow
desorption kinetics. Yet, identifying a model system featuring ultraslow kinetics
can be intricate. A �rst hint could be an uncommonly low structure quality for self-
assembly at the liquid-solid interface through the inhibition of self-healing processes,
which was also the original motivation for the present study on NDA.

The study also demonstrated that the purity of solvent is crucially important
and requires more attention in self-assembly research at liquid-solid interfaces. Even
batch-to-batch variations can e�ectively alter self-assembly by a�ecting kinetics and
potentially also the underlying thermodynamics. The chemical identi�cation of im-
purities and the evaluation of their in�uence on self-assembly is highly desirable
for a deeper understanding and to improve the lab-to-lab and batch-to-batch repro-
ducibility of experimental results.
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Final Remarks

Studying molecular self-assembly is crucially important for the further advancement
of nanoscience. In this respect, temperature is a highly important parameter as it
a�ects both, kinetics and thermodynamics. With the development of the I-STM, an
instrument was realized to directly analyse the impact of temperature on monolayer
self-assembly at the liquid-solid interface in real space. The instrument is highly
suited for mechanistic studies. For instance, by varying the temperature, the I-STM
can be used to distinguish between a kinetically or thermodynamically controlled
process. Furthermore, the transition temperatures of reversible and irreversible
processes at liquid-solid interfaces could now be identi�ed in unprecedented detail
via quasi-static temperature changes in long-term experiments. The I-STM also
promotes the quanti�cation of the dynamics of reversible processes in monolayer
self-assembly, e.g. hysteresis in temperature-induced reversible phase transitions.
Moreover, rate constants of slowly proceeding kinetic e�ects and �nal thermody-
namic equilibrium states can be precisely determined and quanti�ed as limitations
in the experimental duration are e�ciently eliminated.

The capability and scienti�c utility of the I-STM to provide high-resolution imag-
ing data at elevated temperature from the liquid-solid interface over an arbitrary
long time period was proven in two fundamental studies. With the I-STM at hand,
further insights in kinetic e�ects and thermodynamic driving forces are expected
and future extensions to other SPM techniques or environments will even enhance
the applicability of this new instrument in nanoscience.
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Appendix A

A.1 Lattice Parameters of the TMA Flower Poly-

morph

The lattice parameters of the TMA �ower polymorph was derived from Fig. A.1
and other comparable images.

Figure A.1: STM image of the TMA �ower polymorph on graphite(0001)
acquired in saturated 6A solution. The lower part of this �split-image� shows
the molecular structure, whereas after reducing the tunneling voltage the
underlying graphite substrate was imaged in the upper part (sample voltage
used for imaging TMA and current setpoint: -588 mV, 62.4 pA).

An angle of between α = 5.5◦ ± 1.0◦ the lattices of the TMA �ower polymorph
and graphite was extracted. From STM images experimental lattice parameters of
a = b = (2.60 ± 0.05) nm were derived for the TMA �ower polymorph. These

experimental data are in perfect agreement with the proposed
(

11 1

−1 10

)
commen-

surate superstructure as used for the DFT simulations (vide supra), resulting in
αcommensurate = 4.7◦ and acommensurate = bcommensurate = 2.59 nm.
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A.2 Inverted Contrast of the TMA Flower Poly-

morph

In the STM contrast of Fig. A.2 both types of pores appear brighter than
the TMA networks. This inverted contrast is frequently observed for the �ower
polymorph in 6A and provides further evidence for solvent co-adsorption in both
types of pores, i.e. the smaller elongated and the larger circular pores.

Figure A.2: STM image of the TMA �ower polymorph on graphite(0001)
acquired in saturated 6A solution (sample voltage and current setpoint:
-600 mV , 53 pA).
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A.3 UV-Vis Absorption Spectra of TMA in 6A

The increasing absorbance for increasing temperature of a saturated TMA in
6A solution (Fig A.3) indicates an endothermic dissolution. For the Van't Ho� plot
(Fig. 7.4) the absorbance was integrated in the spectral range λ = (281 � 287) nm,
i.e. in a region where the absorbance is reasonably low to provide reliable values.

Figure A.3: UV-Vis absorption spectra of saturated TMA in 6A solutions
acquired for temperatures from 30.0 ◦C (black curve at the bottom) to 60.0
◦C with temperature increments of 5.0 ◦C. The increasing absorbance for
increasing temperature indicates an endothermic dissolution. For the Van't
Ho� plot (Fig. 7.4) the absorbance was integrated in the spectral range λ
= 281 - 287 nm, i.e. in a region where the absorbance is reasonably low to
provide reliable values.
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A.4 UV-Vis Absorption Spectra of TMA in 7A

The increasing absorbance for increasing temperature of a saturated TMA in
7A solution (Fig A.4) indicates an endothermic dissolution. For the Van't Ho� plot
(Fig. 7.4) the absorbance was integrated in the spectral range λ = (281 � 287) nm,
i.e. in a region where the absorbance is reasonably low to provide reliable values.

Figure A.4: UV-Vis absorption spectra of saturated TMA in 7A solutions
acquired for temperatures from 32.5 ◦C (black curve at the bottom) to 50.0
◦C with temperature increments of 2.5 ◦C. To exclude systematic errors due
to for instance kinetic e�ects, temperatures were varied non monotonously.
The increasing absorbance for increasing temperature indicates an endother-
mic dissolution. For the Van't Ho� plot (Fig. 7.4) the absorbance was in-
tegrated in the spectral range λ = 281 - 287 nm, i.e. in a region where the
absorbance is reasonably low to provide reliable values.
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A.5 UV-Vis Absorption Spectra of TMA in 9A

The increasing absorbance for increasing temperature of a saturated TMA in
9A solution (Fig A.5) indicates an endothermic dissolution. For the Van't Ho� plot
(Fig. 7.4) the absorbance was integrated in the spectral range λ = (281 � 287) nm,
i.e. in a region where the absorbance is reasonably low to provide reliable values.

Figure A.5: UV-Vis absorption spectra of saturated TMA in 7A solutions
acquired for temperatures from 32.5 ◦C (black curve at the bottom) to 50.0
◦C with temperature increments of 2.5 ◦C. To exclude systematic errors due
to for instance kinetic e�ects, temperatures were varied non monotonously.
The increasing absorbance for increasing temperature indicates an endother-
mic dissolution. For the Van't Ho� plot (Fig. 7.4) the absorbance was in-
tegrated in the spectral range λ = 281 - 287 nm, i.e. in a region where the
absorbance is reasonably low to provide reliable values.
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A.6 Guest-Species in TMA Polymorphs

DFT-optimization and MD simulations of di�erent TMA and hexanoic acid (6A)
anhydrides as possible guest-species in the ∼1 nm wide circular pore that is common
to both �ower and chickenwire polymorph are shown in Fig. A.6. The left hand
sides show the outcomes of structure optimization, whereas the structures obtained
after 1 ps long MD runs are shown on the right hand sides. The in�uence of the
supernatant solution is neglected here, the respective binding energies (stated in
parenthesis) are reasonably large to conclude on stable adsorption of these species
within the pores

Figure A.6: DFT-calculations (left hand side) and MD-simulations (right
hand side) were performed on graphene (omitted for clarity). (a) 6A anhy-
dride (-1.25 eV); (b) TMA 6A anhydride species with initially �at adsorbed
alkane tails (-1.55 eV); (c) TMA 6A anhydride species with initially upright
adsorbed alkane tails (-1.43 eV).
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B.1 NDA Monolayer Structure

Figure B.1: NDA monolayer structure as obtained by MM calculations. The
optimised lattice parameters are: a = 1.15 nm (corresponding to the repeat
distance along the H-bonded chains), b = 0.74 nm, γ = 60.0◦.
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B.2 NDA Bulk Structure

Figure B.2: NDA bulk structure as obtained by MM calculations. The
optimised lattice parameters are: a = 1.15 nm, b = 0.74 nm, c = 0.45 nm,
α = 74.7◦, β = 63.9◦, γ = 60.0◦.

B.3 NDA 5×5 Island on Graphene

Figure B.3: MM optimized �nite island comprised of 5×5 NDA molecules
on graphene (not fully shown here). This structure corresponds to the
energy minimum for all positions and orientations probed. Yet, the energy
variations were relatively small, also because of averaging over the non-
equivalent NDA adsorption sites in this incommensurate structure.
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B.4 NDA Binding Energy in a 3×3 Island

Figure B.4: MM derived desorption energies of NDA molecules (in kJ
mol−1) from a �nite island comprised of 3×3 NDA molecules. Calcula-
tions were conducted on graphite(0001) (not shown for clarity). Desorption
energies for edge molecules are similar to results obtained on a larger 5×5
island (see Fig. 8.3), indicating that desorption energies are only diminished
for molecules directly at the domain edge.

B.5 Masking Method

Figure B.5: Example illustrating how molecular coverages were determined
from individual STM images. (a) Original large scale (350 nm) STM im-
age (current image, tunneling parameters: 0.59 V , 49.5 pA); Even though
molecular details of the NDA domains cannot be inferred anymore at this
magni�cation, it was always possible to unambiguously distinguish NDA
domains from the uncovered graphite surface. (b) Processed image with
NDA domains masked in red; Therefore a feature of the image processing
software Gwyddion was used.252 The ratio of the area marked in red to the
total area of the image corresponds to the molecular coverage, i.e. ∼64 %
for the example here. For each coverage data point 25 of these large scale
STM images were evaluated, Fig. B.6 shows a full series.
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B.6 Complete Measurement Series at 57.5 ◦C

Figure B.6: Complete series of 25 large scale STM images (350 × 350 nm2,
tunneling parameters: 0.59 V , ∼50 pA) evaluated to determine a statisti-
cally signi�cant coverage value. These images were acquired at 57.5 ◦C in
∼77 min. of measurement time and were masked as described in Fig. B.5.
Overlap between adjacent images was avoided by leaving a gap of at least
50 nm. Depending on the local topography (e.g. step edges) either for-
ward or backward current images were used whichever provided more clear
information.
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B.7 NDA Monolayer Desorption Data for θ∞ = 0

Figure B.7: Summarized results of kinetic measurements on NDAmonolayer
desorption (same data set as in Fig. 8.2a); (a) Molecular coverage θ vs. time
t traces measured by STM at �xed temperatures (purple squares: 57.5 ◦C;
green dots: 60.0 ◦C; blue triangles: 62.5 ◦C; orange diamonds: 65.0 ◦C);
Vertical error bars correspond to standard deviations, and (invisibly small)
horizontal error bars re�ect the measurement duration of ∼90 min. Solid
lines represent �ts with single exponential decays to zero (i.e. θ∞ = 0 % set
for all desorption traces) (cf. Table B.1 for a summary of the �tting results).
(b) Arrhenius plot of the rate constants. The solid line represents a linear
�t, with a slope corresponding to an activation energy of +289 kJ mol−1.
Fitting uncertainties account for vertical error bars. Fitting the desorption
traces with single exponential decays, i.e. neglecting �nite partial coverages,
results in a signi�cantly higher activation barrier.
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B.8 Rate Constants for θ∞ = 0

Table B.1: Rate constants k as obtained from �tting desorption traces in Fig. B.7a
acquired at temperatures T with single exponential decays to zero; �tting uncer-
tainties are stated in parenthesis;

T (◦C) k (10−4 min−1)
57.5 1.27 (±0.09)
60.0 1.98 (±0.24)
62.5 6.56 (±0.74)
65.0 12.44 (±1.04)
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