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Abstract

The adhesion of marine mussels has peaked the interest of many in the scientific
community because of their ability to firmly attach to a wide range of substrates
in wet and saline conditions. Such environments are generally unfavorable for
conventional synthetic adhesives. With the hope of developing better, potentially
biocompatible adhesives a lot of work has gone into studying the mechanisms
involved in mussel adhesion. The catechol functional group has been found to be
crucial in the attachment process and a large number of studies using the surface
force apparatus have looked into catechol mediated adhesion. In addition, the
catechol group is also able to undergo a redox reaction and has been well studied
using electrochemistry. Yet, so far, these two aspects of catechol chemistry have
remained largely disconnected.

This work aims to demonstrate a way to connect these two approaches. A
catechol functionalized self assembled monolayer was produced and then charac-
terized using cyclic voltammetry. It was then put up against different surfaces in
the electrochemical surface force apparatus where a potential dependent, switch-
able adhesion was measured against mica. Furthermore, adhesion was strongly
dependent on the ionic strength of the environment. This observation may help
understand which mechanisms mussels use in nature to form adhesive bonds.

Altogether, the combination of a functionalized monolayer and the electrochem-
ical surface force apparatus provides a promising sample system for future study
of the interfacial behavior of catechols and other electrochemically active function-
alities.

As a side product of this work, a new design for a thin film electrode was
developed and improvements were made to an electrochemical cell setup, which
will potentially benefit future work in catechol electrochemistry and other research
areas.
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Zusammenfassung

Die Adhäsion von Meeresmuscheln hat das Interesse vieler in der wissenschaftlichen
Gemeinschaft geweckt, da sie in der Lage sind, sich fest an einer großen Vielfalt
von Substraten festzusetzen, selbst in nasser und salziger Umgebung, die generell
ungünstig für konventionelle, synthetische Klebstoffe ist. Mit der Hoffnung auf die
Entwicklung besserer, potentiell biokompatibler Klebstoffe, sind große Anstren-
gungen in die Untersuchung der involvierten Adhesionsmechanismen geflossen. Die
funktionelle Gruppe der Catechole hat sich als entscheidend für den Adhäsions-
prozess herausgestellt, weshalb sich eine große Anzahl wissenschaftlicher Studien
mit der Catechol-basierten Haftung im Oberflächenkraftapparat befasst hat. Abge-
sehen davon, ist die Catechol-Gruppe aber zu einer Redox-Reaktion fähig, die
mittels elektrochemischer Verfahren gut untersucht ist. Bis jetzt sind diese beiden
Aspekte aber großteils getrennt voneinander betrachtet worden.

Diese Arbeit soll eine Möglichkeit aufzeigen, diese beiden Ansätze zu vereinen.
Eine Catechol-funktionalisierte, selbstorganisierte Monoschicht wurde produziert
und mittels zyklischer Voltammetrie untersucht und charakterisiert. Sie wurde
dann im elektrochemischen Oberflächenkraftapparat gegen verschiedene Oberflä-
chen untersucht, wobei eine Potential-abhängige, schaltbare Adhäsion gegen Mica
gemessen wurde. Zusätzlich wurde eine starke Abhängigkeit der Adhäsion von der
Ionenstärke beobachtet. Dies könnte helfen zu verstehen, wie sich Meeresmuscheln
in der Natur an Oberflächen anhaften.

Die Kombination aus einer funktionalisierten Monolage und dem Oberflächen-
kraftapparat bietet ein vielversprechendes Testsystem für die zukünftige Unter-
suchung des Verhaltens von Catecholen und anderer elektrochemisch aktiver Funk-
tionalitäten an Grenzflächen.

Im Laufe dieser Arbeit wurde außerdem ein neues Design für eine Dünnschicht-
Elektrode entworfen, und es wurde eine existierende elektrochemische Zelle ver-
bessert, was eventuell zukünftigen Arbeiten an der Catechol Elektrochemie und in
anderen Bereichen zugute kommen wird.
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Abbreviations and Symbols

Abbreviations Description

AFM Atomic Force Microscopy
CCD Charge-coupled Device
CE Counter Electrode
CV Cyclic Voltammetry; Cyclic Voltammogram

DHCA Dihydrocaffeic Acid
DMT Derjaguin-Muller-Toporov Model

EC-SFA Electrochemical Surface Force Apparatus
EDC 1-Ethyl-3-(3-dimethyl-aminopropyl)carbodiimide
EDL Electric Double Layer

FECO Fringes of Equal Chromatic Order
JKR Johnson-Kandall-Roberts Model

L-DOPA L-3,4-dihydroxyphenylalanine
ME 2-Mercaptoethanol
MFP Mussel Foot Protein
NHS N-hydroxysuccinimide
OPC Open Circuit Potential
PVD Physical Vapour Deposition
RE Reference Electrode
SFA Surface Force Apparatus
SHE Standard Hydrogen Electrode
WE Working Electrode
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Symbols Description [SI Unit]

aO/R Activity coefficient [1]
Fadh Adhesion Rupture Force [N]
NA Avogadro constant [ 1

mol
]

Q Charge [C]
µ/µ̃ Chemical Potential/Electrochemical Potential [J]
i/ip Current/Peak Current [A]
R Radius [m]
E Electrical Potential [V]
e Elementary Charge [C]
H Enthalpy [ J

mol
]

S Entropy [ J
molK

]
F Faraday Constant [ C

mol
]

G/G̃ Gibbs Free Energy/with External Field [ J
mol

]
q Heat Energy [ J

mol
]

N Number of Particles in Statistical Physics [1]
n Number of Transferred Electrons [1]
p Pressure [Pa]
E0� Reaction Formal Potential [V]
E0 Reaction Standard Potential [V]
ν Scan Rate in CV [mV

s
]

A Surface area [m2]
Γ∗ Surface Coverage [mol

cm2 ]
T Temperature [K]
t Time [s]
R Universal Gas constant [ J

mol×K
]

V Volume [m3]
Δγ Work of Adhesion [ J

m2 ]
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1. Introduction

1.1. Motivation

Over hundreds of millions of years, marine mussels and other maritime organisms
have evolved the ability to adhere strongly to a wide range of underwater surfaces
[1]. They remain tethered in a suitable habitat and are not swept away by ocean
currents and tides while they perform essential biologic functions [2, 3]. This
provides such a major evolutionary advantage for these creatures that they devote a
significant part of their entire metabolic budget to the production and maintenance
of their complex biological adhesion system [4, 5].

It turns out that this sticky peculiarity of maritime biology has a considerable
societal impact in a number of areas. In the form of biofouling, the adhesive
properties of maritime organisms have a massive economic and ecological effect
in the naval sector due to increased fuel consumption and hull maintenance costs
[6]. These problems also extend to other industries that use seawater or structures
submerged in it such as industrial water cooling systems [7, 8]. A growing multi-
billion dollar anti-fouling coating industry as emerged to combat these issues [9].
Yet, a more thorough study of the adhesion mechanisms is required for future
advances in this area.

More recently, the adhesive abilities of mussels and other species have peaked
the interest of many in industry and in the scientific community from a biomimetic
perspective – exactly because of the firm attachment underwater. Given their ori-
gin and purpose, these marine adhesives are perfectly suited and made for usage
and durability underwater. In stark contrast, most modern synthetic polymeric
adhesives, e.g. many epoxide-based ones [10], are negatively affected by the pres-
ence of water. It is often necessary to go to great lengths to avoid any residual
moisture on the parts that should be stuck together before the adhesive is applied.
Even when cured, exposure to water can weaken and eventually fully degrade
synthetic adhesive polymers leading to joint failure [11].

An area of potential application for glues based on the adhesives used by marine
organisms is as medical tissue adhesives as a replacement for the classic surgical
suture. Glues used for closing wounds or even inside the body need to be non-
toxic, work well in a wet environment and be generally bio-compatible. Ideally,
the adhesive would be fast and easy to apply and be degraded by the body when
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no longer needed without producing harmful waste products [12]. Mussel-adhesive
based polymers may have advantages in these areas over existing medical glues
like various cyanoacrylates that can have cytotoxic effects [13]. There have already
been a number of promising attempts at developing biocompatible mussel-based
adhesives on an elastin [14] or hydrogel basis [15–17] and the field continues to
make rapid progress [18–20].

Future progress in all of these and many more applications will require a more
fundamental understanding of the adhesion mechanisms employed by organisms
such as marine mussels. As will be discussed in section 1.2.1, the catechol func-
tional group is thought to play a key role in crosslinking the adhesive and forming
bonds with a range of surfaces. It therefore makes sense to study the chemical
and interfacial properties of catechol with the ultimate goal of understanding the
bonds formed with various substrates and the energy landscape associated with
these processes.

1.2. Literature review

1.2.1. From Mussel to Catechol

The most common examples of maritime organisms studied for their adhesion
mechanism are the mussel species of the Mytilus genus, in particular Mytilus cal-
ifornianus, Mytilus galloprovincialis and Mytilus edulis. They all share an elabo-
rate attachment system via the so-called byssus produced by the mussel foot. The
byssus consists of threads that connect the base of the mussel foot inside the shell
and the surface the mussel is attached to. At the distal end of each thread the
attachment plaque forms the adhesive connection to the substrate [4]. An image
of a mussel of the species Mytilus californianus with parts of the mussel foot and
the byssus labeled in a schematic is shown in figure 1.1.

Study of the adhesive plaque has shown that it consists of a number of "mussel
foot proteins" (mfp)1, which take over a number of specialized functions [21]. Mfp-
1 is thought to act as a protective coating while mfp-2 and mfp-4 predominantly
make up the matrix and connection to the thread [22, 23]. Most notably, mfp-3
and mfp-5 are mainly found at the plaque-substrate interface and are responsible
for forming bonds with the substrate and providing adhesion [3, 24]. Mfp-6 is
found alongside mfp-3 and mfp-5 and has been determined to support the adhesion
mechanism by creating a reducing environment [25]. Fig. 1.3 shows a schematic
of the adhesive plaque in which the proposed functions of a number of mfps are
indicated.

1Also found abbreviated in the literature as fp or mcfp/mgfp/mefp where c, g or e stands
for the species Mytilus californianus, Mytilus galloprovincialis or Mytilus edulis respectively.
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Figure 1.1.: Bio-adhesion of a mussel of the species mytilus californianus. a) Image
of the mussel adhering to a piece of mica substrate clearly showing the
byssus threads and adhesive plaques. b) Labeled drawing showing the
internals of the mussel biology. Reproduced with permission form
ANNUAL REVIEWS [4]. See appendix A for copyright clearance.

The process of the mussel plaque formation has been extensively studied using a
variety of techniques. Initially, the mussel foot contacts the surface and creates
a negative pressure environment akin to a suction cup. It then adjusts pH, ionic
strength and the redox environment using various secretions before injecting the
adhesive proteins. This ensures that the initial steps of the adhesion process
happen under conditions very different from typical sea water conditions (pH ∼ 8
in an oxidizing environment). [1, 26]

Chemical analysis of the mfps has shown that they share an unusually high
abundance of the catecholic amino acid 3,4-dihydroxyphenylalanine (L-DOPA,
structure is shown in figure 1.4a) [27]. L-DOPA is produced after protein syn-
thesis through hydroxylation of the proteinogenic amino acid tyrosine via tyrosine
hydroxylase [28, 29]. Over the last two decades the knowledge about their key role
in the adhesion mechanism has lead to the intensive study of catecholamines and
catechols, which is the focus of the present work as well.

The adhesive mfp-3 and mfp-5 in particular have been found to contain the
highest amount of L-DOPA with concentrations of around 20 and 30 mol % re-
spectively. This abundance suggests that L-DOPA and consequently the catechol
group are crucial for mussel glue adhesion. Indeed, it has been found that cate-
chols enable a wide range of bonding mechanisms usable for adhesion and polymer
crosslinking (see fig. (1.2) [1, 3, 30].

For adhesion to the substrate, the catechol group is thought to rely on hydrogen
bonds (1.2 b), coordination bonds (1.2 c), hydrophobic interactions (1.2 d) and
potentially π-π interactions (1.2 e). Crosslinking is theorized to be achieved using
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Figure 1.2.: Catechol functional group and proposed adhesion/interaction mecha-
nisms. a) The catechol group. b) Hydrogen bonds with surface hy-
droxyl groups. c) Interaction via metal complexation. d) Hydropho-
bic interaction. e) π-π interaction. f) Covalent bonding (Schiff base
reaction) g) cation-π interaction. h) One possible version of dimer-
ization/polymerization via formation of covalent bonds. i) Chelation
of metal ions by multiple catechol groups.

the same mechanisms in between functional groups in addition to the formation
of covalent bonds via e.g. Schiff base reaction or Michael type addition (1.2 f and
h) [31], chelation of metal ions by multiple catechol groups (1.2 i) and cation-π
interactions (1.2 g). Other reactions of mfps for adhesion and cohesion are possible,
e.g. in the form of electrostatic interactions and disulfide bonds but are generally
less studied in the context of mussel based adhesion [32].

Out of these pathways, hydrogen bonds and coordination bonds have generally
been considered to be the main mechanisms responsible for adhesion in catechol
rich proteins but more recent work by Gebbie et al. has shown that the situation
may not be as simple and that in fact cation-π interactions could play a more
important role than previously thought [34]. Similarly, Bilotto et al. have shown
that tyrosine is able to mediate adhesion comparable to that of catechol in the right
conditions [35]. Furthermore, Shin et al. have found that the presence or absence
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Figure 1.3.: Schematic of an adhesive plaque used in mussel adhesion indicating
the primary location and function of the various mfps. The inset
shows a mussel of the species mytilus galloprovincialis attached to
a mica sheet. Reproduced with permission form THE JOURNAL
OF BIOLOGICAL CHEMISTRY [33]. See appendix A for copyright
clearance.

of other functionalities (in particular amine groups from the amino-acid lysine) in
the vicinity of the catechol group can affect adhesion and cohesion strength [36].
Together, these results indicate that catechol chemistry alone may not be sufficient
to explain marine mussel adhesion.

1.2.2. Catechols and Catecholamines

(a) L-DOPA (b) Dopamine

Figure 1.4.: Structural formula of L-DOPA and Dopamine, two biologically im-
portant catechol-amines also commonly used as the basis of mussel-
inspired bio-mimetic adhesives.

Catechols are a class of compounds derived from catechol – a simple molecule
with a benze ring and two ortho hydroxyl groups (see fig. 1.2 a where R is hydro-
gen). Members of the catecholamines additionally have an amine group and many
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of them are important to human biology as hormones and neurotransmitters.
Apart from the various mfps, L-DOPA is the most commonly studied system for

mussel biomimetic adhesion and a number of studies have looked into synthetic
adhesive polymers enhanced by L-DOPA [37, 38]. Many of these polymers share
the same mechanisms for adhesion and cohesion as the mfps but their properties
can be adjusted by changing the polymeric back bone.

Dopamine (3,4-dihydroxyphenethylamine, structure is shown in fig. 1.4b) is
another catecholamine which shares the structure of L-DOPA but lacks the car-
boxylic acid group. It is well known for its role as a neurotransmitter in the human
central nervous system where it plays a crucial role in cellular signaling. In fact,
over- or underproduction of dopamine are related to illnesses such as Parkinson’s
disease and schizophrenia [39]. Like L-DOPA, dopamine has been commonly used
to produce catechol containing polymers [40].

A common theme in polymers based on L-DOPA, dopamine and other cate-
cholamines is the crucial influence of the amine group. It is either used for binding
to a polymeric backbone or participates in covalent crosslinking. In fact these
catecholamines are able to form polymers without any additives at all. The self-
polymerization of L-DOPA and dopamine are well known and intensively studied,
though the structure and polymerization pathways of dopamine in particular have
been a much debated issue [41]. In basic or oxidizing conditions, L-DOPA and
dopamine will auto-polymerize turning a solution of the compounds brown over
time if exposed to environmental oxygen [42].

Poly-L-DOPA and poly-dopamine have become materials of interest in material
science for use as multi purpose surface coatings [43]. Apart from increasing ad-
hesion, potential applications range all the ways from enhancing biocompatibiliy
of implant surfaces to improving CO2 capture efficiency in membrane-separation
systems [44–46]. For these purposes, polymerization can be triggered in a number
of ways, including alkaline pH, exposure to UV light and through electrochemistry
[42]. Natural polymerization products of L-DOPA and dopamine also play an im-
portant role in the animal kingdom (including humans) where they, among other
things, are the basis for melanin pigmentation and UV-protection [47].

1.2.3. Catechol electrochemistry

A distinguishing feature of catecholic compounds is their electrochemical activity.
Catechol and its derivatives can undergo a reversible oxidation reaction to an
ortho-benzoquinone. In this reaction, the two hydroxyl groups are oxidized to
ketones and give off one proton (H+) and one electron (e−) each. As may thus be
expected by application of Le Chatelier’s principle, the catechol form is generally
more stable under acidic and reducing conditions while the oxidized quinone form
is favored at higher pH and in oxidizing conditions [1]. Importantly, the quinone
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form has different chemical properties and in particular it is considered not to share
the majority of the interaction mechanisms that lead to catechol adhesion [48, 49].
Instead, the oxidizdized form of L-DOPA (DOPA-quinone) is believed to contribute
to cohesion through protein cross-linking [50]. Generally though, it appears that
the mussel biology favors the catechol form (L-DOPA) as it invests significant
amounts of its energy in providing and maintaining a reducing environment during
the adhesion process through use of mfp-6 and other methods [1, 50].

Figure 1.5.: Reversible redox reaction of catechol and ortho-benzoquinone. Two
protons and two electrons are given off during oxidation.

The redox behavior of catechol and various derivatives has been thoroughly
characterized in the past. Generally, an oxidation of the catechol group is observed
at pH dependent standard potentials (explained by the Nernst equation; see section
2.2) unless the quinone group undergoes an irreversible follow-up reaction [51,
52]. This is reported to happen preferentially at a pH > 9 via a 1,4-Michael
addition reaction [53]. The presence of an amine group in the molecule (such
as in L-DOPA and in dopamine) opens up further follow-up pathways such as
polymerization reactions to the oxidized species and therefore contributes greatly
to electrochemical irreversibly of the system [42].

This means amine-triggered reactions can be a hindrance for researching the
properties of the catechol group itself, especially in the case of studying the quasi-
reversible catechol oxidation and characterization of the two distinct states. For
these types of investigations, our group has therefore transitioned to working with
amine-free catechol derivatives, most notably dihydrocaffeic acid (DHCA, see fig-
ure 1.6 for the structure). This compound shares the structure of L-DOPA though
without the amine group, can be acquired commercially and is easy to handle [54].

1.2.4. Self Assembled Monolayers

Self assembled monolayers (SAMs) are a well known type of organic supra-molecular
structures that form spontaneously out of a solution on a suitable substrate first
reported by Bigelow, Pickett and Zisman in 1946 [55, 56]. They are prepared
from a solution of a linear organic compounds with a head group that strongly
and specifically adsorbes to a substrate incubated in the solution. As a general
requirement, the enthalpy gain associated with the adsorption must be big enough
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Figure 1.6.: Structural formula of DHCA, a catechol-containing compound closely
related to L-DOPA but with out an amine group.

to compensate for the entropic penalty of moving the molecules from the solution
into an organized 2D surface-confided structure [57]. The length of the hydrocar-
bon chain is a parameter that determines many of the monolayer properties where
longer chain-lengths generally result in a more densely packed and both mechani-
cally and chemically durable surface structure [58]. The other end of the organic
compound (referred to as tail or end group) points away from the substrate and is
at the newly formed SAM interface. A wide range of chemical functionalities are
available for the end group offering a broad spectrum of surface modifications.

SAMs find application in many areas that require and use thin films and surface
functionalization such as improving bio-compatibly [59], biosensing [60], microelec-
tronics [61], production of functionalized nanoparticles [62] and corrosion inhibition
[63]. Typical substrate-head group combinations are metal oxide with carboxyls,
Si or SiO2 with silanes or carboxlys and gold with sulfides or thiols [58].

1.2.5. Catechol Functionalized Self Assembled Monolayers

One area of particular relevance to this work are SAMs with an electrochemically
active catechol functionalization. SAMs can be prepared on a number of substrates
and with a variety of compounds. One typical combination, thiol-bound SAMs on
gold, has the advantage of a conductive substrate that allows electrochemical con-
trol of the SAM end group (see section 3.2). A number of works have focused on
preparing and characterizing such SAMs where this end group is comprised of a cat-
echol group. SAMs produced from custom synthesized catechol-thiol compounds
have been shown to exhibit the expected adhesive [64] and electrochemical prop-
erties [65, 66]. The SAM used in the present work is based on the one described
by Salmanipour and Taher who used a cysteamine SAM that was subsequently
functionalized with a catechol end group (see section 3.2) [67]. This procedure
was chosen as a basis partially for its speed (compared to alternatives such as
preparation of a lipid bilayer) and partially for its ease of use as it can easily be
prepared in our lab which is not equipped for the organic synthesis of catechol-thiol
compounds.
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1.3. Aims and Objectives of this Thesis

The surface force apparatus (SFA) has been a primary tool in the investigation of
mussel adhesion in the past. A number of studies have looked at adhesion between
different mfps [24], mfps and substrates (most commonly mica and TiO2) [23, 48,
49] and variations of these systems with varying pH and additives [33, 68]. While
these studies allow for a qualitative and comparative analysis of which systems
behave more or less adhesive under given conditions, they come with the inherent
disadvantage that it is unclear, which proportion of the present catechol groups
actually participate in the measured adhesion.

These shortcomings can partially be addressed using atomic force microscopy
(AFM) with single-molecule force spectroscopy as demonstrated by Utzig et al.
[69]. This approach allowed for measurement of the interaction free energy of
catechol with functionalized AFM tips from rupture force measurements using
Jarzynski’s equality [70, 71]. Nonetheless, even this approach had the disadvantage
that the oxidation state is only controlled via pH.

On the other side stands electrochemistry, which allows for accurate quantitative
measurements and would be sensitive to trace amounts of catechol, yet has so far
been difficult to relate to adhesion. In short, so far most works have focused either
on catechol adhesion or catechol electrochemistry but rarely have the two sides
of the field come together. Yet, this combination may be exactly what is needed
to move forward. A recently published study by Bhuiyan et al. demonstrated
that electrochemical in-situ control of a catechol-containing glue is possible, even
though on a macroscopic scale [72].

This thesis aims to highlight a potential new sample system and methodology
for investigation of catechol based adhesion. The starting point is the working
hypothesis that catechol adhesion is strictly dependent on the catechol oxidation
state and can be switched electrochemically. Based on this, an experimental setup
is designed in which adhesion can be measured under control of the oxidation state
by combining a catechol terminated SAM with the electrochemical surface force
apparatus (EC-SFA).

Using a short chain SAM creates a system in which the location and orientation
of the active group is well defined and uniform because the catechol group is con-
fined to the surface. Together with electrochemical control of the oxidation state
via polarization of the surface, this gives precisely the kind of advantages needed
to quantitatively measure the difference in adhesion between catechol and quinone
forms. This combination will thereby help to understand the energy landscape of
catechol and quinone surface interactions and elucidate their precise role in mussel
adhesion.

Altogether this should help to answer some of the following research questions:
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• Does a catechol functionalized SAM exhibit similar electrochemical and ad-
hesive properties as dissolved catechols and mfps?

• Is a catechol functionalized SAM a suitable sample system for study in the
EC-SFA?

• Is it possible to measure a potential dependent adhesion in this system?

• If so, does the reduced form of catechol show a stronger adhesion then the
oxidized form as is commonly assumed?

10



2. Methodology

2.1. Self assembled monolayers

Gold-thiolate SAMs are one of the most commonly used type of thin films, due to
the ease of use and adaptability. Molecularly smooth gold films, perfectly suited
as substrate, can be produced quickly and cheaply using mica template-stripping
techniques. Thiol based SAMs on such gold substrates are ubiquitously used in
the field of interface physics including in our group.

Moreover, all sample systems employed for the experiments shown in this work
are based on two SAMs grown from two short chain thiols, cysteamine (2-amino-
ethanethiol) and β-mercaptoethanol (2-mercaptoethanol, ME) whose chemical
structures are shown by themselves in figure 2.1 and as a SAM in figure 2.3 a)
and b).

Once a surface has been incubated and the SAM has grown, the end group may
be further modified to study more complex system like bio-molecules. For this, the
toolbox of synthetic organic chemistry offers a great number of options, depending
on the identity of the end group [62]. One well established technique for this pur-
pose is the usage of carbodiimde crosslinking agents such as 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (3-(ethyliminomethyleneamino)-N,N-dimethylpropan--
1-amine, EDC) and N-hydroxysuccinimide (1-hydroxy-2,5-pyrrolidinedione, NHS).
EDC and NHS (structures shown in figure 2.2) prompt the formation of peptide
bonds between amino acids, peptides and proteins but can also be used to link
surface-confined amine groups with carboxylic acids in solution or vice versa. This
is a commonly used reaction employed in a broad range of fields. A breakdown
of the mechanism is given e.g. by the article by ThermoFisher on carbodiimide
crosslinker chemistry [73].

In the present work, EDC/NHS crosslinking was used to functionalize a SAM of

(a) Cysteamine (b) 2-Mercaptoethanol (ME)

Figure 2.1.: Structural formula of cysteamine and ME, the two short chain thiols
used in the gold-thiolate SAMs studied in the present work.
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(a) 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC) (b) N-hydroxysuccinimide (NHS)

Figure 2.2.: Structural formula of EDC and NHS, the carbodiimide crosslinking
agents used in this work for modifying a cysteamine SAM.

cysteamine on a gold substrate. A catechol functionalized electrode was produced
by linking the amine-terminated SAM with the carboxylic acid group of DHCA
with EDC/NHS as indicated in figure 2.3 c).

2.2. Electrochemistry

Many chemical reactions involve the transfer of charge in the form of electrons
(e−) from one species (which is thereby oxidized) to another (which is reduced).
These kinds of reactions, called reduction-oxidation or "redox" reactions, are some
of the fundamental reaction types and are essential to all branches of chemistry. It

(a) (b) (c)

Figure 2.3.: Chemical structures of the used SAMs. a) ME SAM on gold substrate.
b) cysteamine SAM on gold substrate. c) Subsequent modification of
the cysteamine SAM with crosslinking chemistry through EDC/NHS.
The electrochemically active catechol-terminated monolayer is pro-
duced by forming a peptide bond with DHCA.
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is further possible to split the reaction into two half reactions, in which oxidation
and reduction do not necessarily need to happen in the same place.

In a liquid electrolyte with two submerged electrodes for example, it is possible
to spatially separate the two reactions by allowing (e.g. in a battery) or forcing
(e.g. in electrolysis) electrons to move from one electrode to the other through
an external electrical connection. Electrochemistry is the branch of chemistry
that studies the relation between chemical reactions and electricity. The goal is
to relate fundamental and measurable quantities like the electrical potential (E),
current (i), transferred charge (Q) etc. with the progress of chemical reactions and
understand the thermodynamic and kinetics involved. This includes among other
things electrolysis, corrosion and, more generally electrode processes.

2.2.1. Fundamentals relevant to this work

Thermodynamics allows to predict whether a process can occur spontaneously or
not. For conditions of constant pressure p and temperature T the thermodynamic
potential minimized is the Gibbs free energy G. This means for a reaction to
proceed, a change in Gibbs free energy ΔG = ΔH − TΔS < 0 is required where
H is enthalpy and S is entropy.

Whereas for most chemical reactions energy can only be transferred in the form
of mechanical work (

�
pdV ) or heat (q) and thus ΔH = q, in electrochemical

systems electrical work needs to be taken into account as well. Indeed, if all work
is of electrical nature, one easily arrives at equation 2.1.

ΔG0 = −nFE0 (2.1)

This relates the reaction Gibbs free energy with the standard potential E0, which
is a characteristic of any given electrochemical reaction. F is the Faraday constant
and n corresponds to the number of transferred electrons. [74]

It is worth emphasizing that reaction standard potentials are a relative quantity.
Even though every electrochemical reaction has an associated standard potential,
it is only ever possible to measure differences in these potential, as a half-cell can
never be measured alone. Therefore, a common reference half-cell, the so-called
standard hydrogen electrode (SHE), has been established and assigned a standard
potential of 0.00 V. Be that as it may, using the SHE is rather impractical for
most experiments. Thus, for convenience, a number of other half-cells with a
stable potential vs. the SHE are usually used for everyday measurements. One
such system, that was employed for the present work, is the silver|silver chloride
(Ag|AgCl) electrode in 3 M KCl which has a potential of 0.21 V vs. the SHE. [75]

The standard potential of a reaction is defined and measured in standard condi-
tions, that is 1 M concentration of all involved species in solution (including H+).

13



Under different conditions (temperature or concentrations) the cell potential can
be calculated using the Nernst equation (equation 2.2).

E = E0 +
RT

nF
ln(

aO
aR

) (2.2)

Therein, R is the universal gas constant. If a potential is applied externally the
Nernst equation can predict how concentrations of reduced and oxidized species
will change in response. More accurately, rather than concentrations, the Nernst
equation contains the activity coefficients of the oxidized and reduced species, aO
and aR, respectively, which are a type of effective concentrations. In practice,
at least in dilute solutions, the activity coefficients can be approximated as the
concentrations.

For practical purposes, the standard potential E0 is commonly replaced with
the formal potential E0� which is more accessible experimentally. If the described
redox reaction involves release or capture of H+ the potential will therefore also
be pH dependent.1 It is important to realize that when a potential is applied
the Nernst equation will initially only be fulfilled locally at the electrode (see also
section 2.2.3). Over time diffusion will lead to an equilibrium in the bulk solution
as well. In the case of a surface confined analyte, e.g. an electrochemically active
SAM, this will be significantly sped up. [76]

From a fundamental thermodynamic perspective, the driving force for chemical
change of any given species (as well as phase transitions) can be found in the
chemical potential µ defined by equation 2.3. [76]

µ =
∂G

∂N
(2.3)

If an external electric field is present, the energy of charged species is affected which
can be written as G̃ = G + nFE where G̃ is the Gibbs free energy including the
external field. Inserting G̃ in equation 2.3 yields the electrochemical potential µ̃
which can be used to describe the behavior of all participants in (electro)chemical
reactions (equation 2.4). A gradient in µ̃ is also the driving force behind diffu-
sion (concentration gradient) and electro-migration (potential gradient for charged
species). This quantity is thus of crucial importance for considerations of processes
in electrolytes and interfaces.2 [75, 76]

µ̃ =
∂G̃

∂N
=

∂(G+NnFE)

∂N
= µ+ nFE (2.4)

1This is the case for catechol oxidation/reduction.
2It is also commonly used in solid state physics to describe electron energy.
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When an electrode is immersed in an electrolyte a difference in µ̃ will cause ions
to either dissolve out of the electrode material or adsorb out of the electrolyte
solution. In either case this causes a charge separation between the surface and
the electrolyte and thus a potential difference with an associated electric field.
Charged ions in the solution are attracted to the reversely charged electrode and
will accumulate in its proximity forming the so called electric double layer (EDL).
The EDL plays a crucial role in all solid-liquid interface considerations. A variety
of models have been developed to describe the EDL, starting from Herman von
Helmholtz in 1853 [77].

2.2.2. Three electrode system

In electrochemistry research, in most cases, it would be desirable to study processes
at a single electrode. However, this is a fundamental problem, as two electrodes
are required to allow current flow through the electrolyte. Furthermore, current
flow through a reference electrode (RE) would change the measured reference po-
tential through concentration change and a resistive potential drop according to
Ohm’s law. Therefore, most electrochemical measurements, including all measure-
ments presented in this work, use a three electrode system consisting of working
electrode (WE), reference electrode and counter electrode (CE). There, the WE is
the electrode of interest for the experiment. The RE has a stable, known standard
potential while the CE is generally made of an inert material, commonly Pt, and
designed to have a surface area much larger than the WE. This avoids diffusion
limitation on that side of the cell and ensures enough current can be supplied
without reaching a large overpotential at which e.g. hydrogen is produced.

In a three electrode system, the potential E is measured between the WE and
the RE, but the current i flows and is measured between WE and CE. A potentio-
stat controls E as required by applying a current between WE and CE until the
potential between WE and RE reaches the set value. Figure 2.4 shows a schematic
of a three electrode system and a potentiostat in its simplest form with a simplified
circuit diagram.

2.2.3. Cyclic Voltammetry

Generally, voltammetric measurements record the current i as a function of the
applied electric potential E. In cyclic voltammetry (CV) the applied potential is
varied linearly over time back and forth between two set potentials as shown in
the bottom half of figure 2.5. Important experimental parameters of a CV3 are
the potential range, i.e. the minimum and maximum potentials, the scan rate ν

3Here CV also stands for cyclic voltammogram.
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Figure 2.4.: Diagram of a three electrode system with WE, RE and CE connected
to the potentiostat. On the right side a simplified circuit diagram of a
potentiostat is given. In this setup the potential E is applied between
the WE and RE using an ideal voltage source. An operational ampli-
fier (Op-amp 1) provides as much current as needed to the CE while
no current flows through the RE. The current is measured using a loss-
free current sensor in which another operational amplifier (Op-amp 2)
electrically separates WE and ground and the current is calculated us-
ing the voltage drop (Uread−out) over a know resistor (Rf ). The circuit
is based on drawings by ALS Co. and Custom Sensor Solutions Inc.
[78, 79]

.

which is the measure of how quickly the potential is changed (given in mV/s) and
the sequence number of the recorded cycle.

The measured current response (see top half of figure 2.5) is the sum of two
parts: capacitive background current and faradaic current from the analyte. The
capacitive current is the result of charging the surface and the EDL like in a ca-
pacitor and is present in any CV measurement irrespective of the analyte. The
faradaic current stems from the electrochemical reactions happening at the elec-
trode. Crucially for the interpretation, the presence of an electrochemically active
species in solution or on the electrode surface results in a peak recorded in the
current during oxidation and/or reduction if the formal potential E0� falls within
the potential scan range. This peak is produced by two competing effects. On
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Figure 2.5.: Schematic of potential E (bottom) and current i (top) as a function
of time t during a CV measurement of sample data from a quasi-
reversible reaction in a bulk solution of DHCA.

the one hand, the local concentrations of oxidation and reduced species change
according to the Nernst equation (equation 2.2) with the applied potential E. The
concentration change, which requires oxidation or reduction and thus current flow
happens faster as E gets closer to E0� . On the other hand, the oxidation/reduc-
tion rate is limited by mass transport to and from the electrode because only the
molecules present directly at the interface can give off or receive electrons. Thus,
the current eventually becomes limited by diffusion as the deciding factor is trans-
porting electrochemically active species between electrode and bulk solution. This
results in a current decrease with time and thus in CV with potential too. In their
usual depiction, CVs are shown as current vs. potential curves, e.g. the current
shown in figure 2.5 is folded in on itself yielding a characteristic "duck"-like shape
(compare e.g. figure 4.1b a). [75, 80]

CV is a commonly used analytical technique in electrochemistry as it is simple
to perform but can be very sensitive to small amounts of analyte. It allows a qual-
itative analysis through the position of the peak currents and gives a quick assay
to the presence of electrochemically active compounds. A quantitative analysis
is also possible though it can be challenging, especially if more than one species
contributes to the measured current.

A commonly employed analysis method is the Randles-Sevcik equation, which
relates the peak current ip with the scan rate and a number of other parameters.
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For an analyte in bulk solution the relation ip ∝ √
ν is observed in which the

proportionality factor includes the bulk concentration, the electrode surface area
(A) and the diffusion coefficient. In the case of a strongly surface-adsorbed an-
alyte (e.g. an electrochemically active SAM as proposed in this work) a linear
relationship between ip and ν is observed instead.4 The peak current can then
be described as shown in equation 2.5 based on the surface area and the active
surface coverage Γ∗ measured in molecules per surface area. The latter quantity
is of particular interest as a crucial characteristic of a SAM that is is generally
difficult to determine using methods other than CV. [76, 80]

ip =
n2F 2

4RT
νAΓ∗ (2.5)

An alternative method of estimating the surface coverage is to numerically inte-
grate the peak area of the CV and thereby calculate the amount of charge trans-
ferred in the reaction. Both approaches are employed in section 4.1.2 where they
are shown to produce comparable results.

2.3. Surface Force Apparatus

The surface force apparatus is a device used to very precisely measure forces be-
tween two opposing surfaces. It can be used for the study of interactions such
as electrostatic forces, van der Waals forces, capillary forces, hydration forces, hy-
drophobic interactions, specific protein binding and, as used in this work, adhesion
forces [81, 82]. This is achieved by accurately measuring the distance and force
between the two surfaces while their relative movement is controlled with using
piezo-actuator. Experiments using lateral movement for the study of friction and
lubrication or measuring changes of the contact area while in contact are possible,
though in the most common application, the surfaces are simply brought into con-
tact and then retracted. This approach, usually termed a force-run, is used in the
present work as well. While SFA experiments in air or vacuum are possible, most
experiments are performed in some solution in a liquid cell to probe the solid-liquid
interface.

At this point it is necessary to discuss the force-distance profile observed for
such an experiment and how adhesion can be measured from the data. Figure 2.6

4This assumes no desorption of the electrochemically active species which is reasonable for
the case of a strongly adsorbed SAM. Since there is no dissolved species involved in the this
electrochemical reaction, the current does not depend on a diffusion coefficient. In fact, here the
adsorbed species acts as a form of pseudo-capacitance. A comprehensive derivation can be found
in the book on electrochemical methods by Bard and Faulkner [76].
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Figure 2.6.: Schematic diagram showing a typical force-distance profile measured
in the SFA. Normal force (FN) and separation distance (DS) are
pointed out for five points of interest. (1) and (5): At large separa-
tion no force is measured. (2): In the last section of the approach an
attractive jump in can be observed. (3): When in contact (DS = 0),
the discs can not move any further but a compression force is recorded.
(4): During retraction, an adhesion force may hold the surfaces to-
gether until the adhesion ruptures and the surfaces jump apart.

shows a schematic of the normal force FN and the separation distance DS for a
typical force run and highlight 5 steps of interest ((1) through (5)).

At the start of the force-run, while the two surfaces are still macroscopically
separated (1), no interaction force is expected between the two. A small force
may still be measured at this point related to mechanical or thermal drift, which
can be compensated for during data analysis. As the surfaces approach, at very
small DS, a negative force may be observed over the last few nanometers of the
approach (2). At this point, attractive forces (commonly van der Waals forces)
pull the surfaces together resulting in a fast "jump in". Once the surfaces are in
contact, further movement of the piezo actuator gives no more separation distance
change (except for a little deformation of the contact) but results in a compression
with a linear force increase. In the force-distance plot, this is seen as a hard wall
compression (3) with a diverging force at (close to) zero distance DS.

At this point, the piezo movement is reversed, and the compression force de-
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creases linearly to zero. However, in an adhesive system the surfaces cannot be
simply pulled apart. The adhesive interaction holds the surfaces in contact even
as the piezo actuator tries to pull them apart. This results in a negative adhesion
force that increases until, at some point, the work of adhesion γadh is overcome
(4).5 After the adhesion rupture and the resulting "jump out", the surfaces are
separated again and no force (except for a potential mechanical or thermal drift)
is observed (5). The highest (negative) adhesion force before rupture Fadh can be
used for estimating the work of adhesion in further analysis. [81, 83]

The choice of surfaces lies at the heart of the SFA principle. For each experiment,
suitable surfaces are customarily prepared by modifying hardened, cylindricaly cut
glass discs with optical glue, mica, thin metal layers and organic functionalizations.
Typical SFA configurations use molecularly smooth, template-stripped layers of
gold (potentially further functionalized) and freshly cleaved mica substrates. The
experimental realization of the SFA uses multiple beam interferometry to measure
the distance between the two surfaces. This imposes two fundamental requirements
on the surfaces: First, they need to be semi-transparent6 so that light can pass
from the white light source through the setup into the spectrometer and detector.
Secondly, the surfaces need to form an optical cavity that creates the interference
pattern and allows calculation of the separation distance. In practice, this means
both surfaces need to have a thin, very flat metal film at or close to the interface.
This is usually achieved by using thin mica sheets with 40-50 nm metal films on
both sides. With this setup, either mica-mica or mica-metal configurations could
traditionally be measured. However, as recently demonstrated by our group in the
publication by Wieser et al., metal-metal configuration can also be achieved using
a third metal layer [82].

In all SFA experiments, the two modified quartz discs are put in a cross-
cylindrical, configuration i.e. rotated 90◦ from each other. The cross-cylindrical
surface interaction is geometrically equivalent to a sphere-plane interaction which
is essential for the further interpretation. When brought into close contact, light
bounces back and forth between the reflective surfaces in multiple beam interfer-
ometry. The constructive and destructive interference creates Newton rings, which
can be seen using a microscope aimed at the contact and can be used for posi-
tioning the contact spot and objective. The transmitted light, which consists of
sets of discrete wavelengths, is then directed into an imaging spectrometer with
a 2D CCD camera where this interferometric pattern appears as so called fringes

5Note that the "work of adhesion" is an interfacial energy (also referred to as surface tension)
with the dimension of energy per area, thus in SI units J

m2 .
6Unless one works in reflection mode, where the light source and spectrometer are on the

same side and one of the surfaces is reflective. All experiments shown in this work were performed
in the usual transmission mode.
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of equal chromatic order (FECO). Changes in the absolute separation distance
between the surfaces are mirrored in a wavelength shift of the FECOs which is
how DS is calculated. [81, 84]

The force in SFA was traditionally determined by monitoring the displacement
of a flexible spring and Hooks law. More recently, our group has transitioned to
using semiconductor strain gauges as force sensors, which are placed in between the
piezo actuator and the surface holder. This gives a similarly good force resolution
but decouples the two measurements and also allows for measurement of lateral
forces enabling e.g. friction experiments (see again Wieser et al. [82]).

In a strain gauge, applied strain translates to a change in electrical resistance
which can be measured. Its output signal, which is measured in mV/V (out-
put/input from a Wheastone bridge) can be translated into a force, if the force is
sufficiently small to be in a linear regime. This uses a calibration with a known
reference force like the gravitational force from known weights. A series of small
weights in the mg range was used for calibration for the experiments presented in
the present thesis.

2.3.1. Electrochemical Surface Force Apparatus

The SFA can be combined with electrochemical measurements resulting in the
electrochemical surface force apparatus (EC-SFA) [85]. In this mode of operation,
typically one surface will function as the WE on which the potential is controlled
by the potentiostat. In the setup used in this work, the RE and CE used in the SFA
liquid cell are a miniature Ag|AgCl electrode and a ring made of Pt wire as implied
in figure 2.7. Apart from controlling the surface polarization, this expanded SFA
concept also enables study of changes in surface roughness, electrochemical thin
film growth and the EDL under potential control [85].

Figure 2.7 shows a diagram of the electrochemical SFA with the important
components and sensors highlighted. It also shows which parts are contained
within the liquid cell and in which order the sensors are arranged.

21



Figure 2.7.: Diagram showing the principal components of the (EC-)SFA. The
setup is centered on the two cross-cylindrical discs contained in the
liquid cell together with the CE, RE and WE (which is connected to
a conductive surface). A piezo actuator controls the relative move-
ment of the discs while a strain gauge is used to measure the normal
force FN . The separation distance (DS) is determined from FECOs
produced by multiple beam interferometry and measured in a imaging
spectrometer.
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3. Materials and Instrumentation

This thesis was typeset in LATEXusing the online Overleaf editor. The layout is
based on the template available on GitHub by Jörg Herzinger [86].

3.1. Chemicals and Surfaces

All measurements in water are performed in and all solutions are prepared with
MilliQ water from a Merck-Millipore filtration system with a resistivity of 18.2
MΩ/cm and 2-3 ppm total organic content. Glassware was cleaned with concen-
trated sulfuric acid and MilliQ water and dried with absolute ethanol before use.

Electrochemical characterization and SFA adhesion force measurements used
a 100 mM solution of sodium perchlorate (Alfa Aesar, ≥ 98 %) as electrolyte.
Where stated, the pH of the electrolyte was adjusted to 8 using sodium hydroxide.
DHCA (≥ 8 %), the compound used for catechol functionalization, was obtained
from Sigma-Aldrich in dry form. The crosslinking agents, EDC and NHS were
both purchased from Sigma-Aldrich with a purity of ≥ 98 %. The thiol-based
compounds used for preparing the SAMs, cysteamine in the form of cysteaminium
chloride (≥ 97 %) and ME in the form of pure liquid ME (≥ 99 %) were acquired
from Sigma-Aldrich. All shown chemical structures were drawn using ChemDraw
JS [87].

Thin films of gold and silver (for surface functionalization and as semi transpar-
ent mirrors for white light interferrometry in SFA) were produced using thermal
evaporation of high purity metal granules the in-house physical vapor deposition
(PVD) system. Titanium adhesion layers for the electrodes described in section
3.3.2 and transparent titanium layers on SFA discs used in section 4.2.2 were pro-
duced by sputtering a titanium target with an argon plasma in the same PVD
system.

All used SFA discs are prepared from standard glass SFA discs with a 1 or
2 cm curvature radius (all experiments use discs with matched curvature). Mica
used for surface preparation and experiments is muscovite mica (chemical formula
(KF)2(Al2O3)3(SiO2)6(H2O)) and purchased in the form of optical grade VI mica
[0001] sheets (S&J Trading Inc.). Mica-templating gold thin film SFA-discs are
prepared by gluing a mica substrate with a gold layer with a thickness of around
40 nm to the disc using heat cured two component epoxy glue ("EPO-TEK" by
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Epoxy Technology). Before use, the mica substrate is peeled off while immersed in
ethanol, thereby exposing a fresh, atomically smooth gold surface [88, 89]. Back-
silvered mica SFA discs were prepared from cleaved mica sheets coated in a thin
(approximately 40 nm) silver film which are cut to size and fixed to the disc with
optical adhesive ("NOA65" from Norland; cured for at least 4 hours under a long-
wavelength UV lamp). Titanium coated SFA discs were produced by sputtering
titanium on SFA discs with either a back-silvered mica surface or coated with a
layer of optical adhesive (disc curvature matched due to surface tension). Where
necessary, weights were used to hold the mica sheets in place during the curing
process to insure they follow the desired curvature.

3.2. SAM preparation

SAMs can be grown out of an ethanolic solution but both water and ethanol-water
mixtures can be employed for SAMs with hydrophilic end groups (as is the case
for cysteamine and ME) [90]. Based on the procedure by Salmanipour and Taher
[67], water was chosen as solvent in this case for the SAM solutions and subsequent
functionalization using EDC and NHS.

For preparation of the SAM, 100 mM solutions of cysteamine and ME were pre-
pared and then diluted to 10 mM for incubation. ME was measured volumetrically
because in its pure form it is a volatile liquid with a noxious smell that must be
handled in a fume hood. Before contact with the clean electrodes, all solutions
were filtered with a syringe-filter with a pore size ≤ 200 µm. For experiments us-
ing a mixed cysteamine/ME SAMs, electrodes were incubated in a solution mixed
volumetrically as specified.

For the SAM formation, the SAM solution was filled into a small vessel with
the fresh electrodes and left to rest for a minimum of four hours. The vessels were
covered with a lid and a layer of aluminum foil to block out dust and outside light.

Preparation of the catechol-terminated monolayer used electrodes with the cys-
teamine SAM and was based on the preparation by Salmanipour and Taher [67].
The electrodes were removed from the cysteamine solution and rinsed thoroughly
with MilliQ water. They were then immersed in a solution containing 2.5 mM
EDC, 5 mM NHS and 10 mM DHCA for at least 14 hours over night and also
again rinsed thoroughly before use.
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3.3. Cyclic voltammetry

3.3.1. Electrochemical cell

All electrochemical measurements shown in this work were performed using a
PalmSense4 potentiostat system and the PSTrace 5.8 software. For all CV ex-
periments a leak-free miniature Ag|AgCl electrode was used as RE and a platinum
mesh was used as CE. Two types of gold electrodes were employed as WE as
discussed below.

CV measurements were performed in an electrochemical cell originally designed
for use in our group by Dominik Dworschak. This cell (shown in figure 3.2 a)
has a cylindrical main chamber in which the WE, RE, and CE can be placed
for measurement. The main chamber is connected to three side chambers which
have holes that allow a gas to be blown in from the outside during operation. By
virtue of this design, gas can bubble through the electrolyte, saturate the liquid
and displace any other dissolved gasses without causing turbulence in the main
chamber. For the present work, inert argon gas was bubbled through the chamber.

However, this cell did not have an easy and consistent way to place the electrodes
needed for the intended experiments. Since a consistent electrode placement is a
necessity for reproducible and comparable electrochemical measurements (due to
varying ohmic drop across WE and CE), one of the first challenges of this thesis
was to design a suitable cap for the electrochemical cell.

(a) (b)

Figure 3.1.: Design of the new cap for the electrochemical cell. The cap has holes
for screws, the RE and a wire connecting the CE platinum mesh.
It also has a slit opening to accommodate the glass chips with the
working electrode. a) Frontal view. b) Isometric view.
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The final design of this cap is shown in figure 3.1. When placed on and secured
with screws to the top of the cell, it provides openings for the RE and a wire
connected to the platinum mesh CE. An inlet slit opening holds the glass chip with
the WE (as described below) in place and allows for quick removal and exchange
of the used electrode. Figure 3.2 b shows the cap installed on the cell.

(a) (b)

Figure 3.2.: Pictures taken of the electrochemical cell used for all measurement in
this work. The liquid volume of the cell is divided into a main chamber
where the measurement takes place and three side chambers for gas
exchange. a) Design of the cell without any additions. b) The cell
setup with the gas inlet tubes and the new cell cap electrode holder
installed.

3.3.2. Electrode Design

The first type of electrode was prepared by template-stripping from mica sheets
with a 80-100 nm layer of gold. Glass chips with a size of around 10×26 mm2 were
cut from microscopy slides (VWR) glued to the gold side using optical adhesive.
Shortly prior to use, the chips with the gold were then peeled off the mica under
ethanol. To determine the geometric surface area, a close-up picture was taken of
the electrodes next to a millimeter scale and the outline was traced in ImageJ.

A second type of electrode was newly designed and produced for the present

26



(a) (b)

(c) (d)

Figure 3.3.: Parts used for making the thin film electrodes using PVD. The glass
chips placed on the evaporation mask (a and b) and aligned using the
evaporation holder (c and d). The cut outs in the mask define the
electrode geometry. Up to 10 electrodes can be prepared simultane-
ously. a) Frontal view of the evaporation mask. b) Isometric view of
the evaporation mask. c) Frontal view of the evaporation chip holder.
d) Isometric view of the evaporation chip holder.

work and the development process was a substantial part of this thesis. It uses
direct evaporation of gold onto glass rather then template-stripping. This has the
advantage of a simpler production and a higher control of real surface area per
geometric surface area. An evaporation mask (see figure 3.3) was designed that
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limits the gold covered area to a defined shape and thus to a known geometric
surface area.

Glass chips with a size of around 13×26 mm2 were cut from microscopy slides
(VWR) and thoroughly cleaned using ethanol in an ultrasonic bath. For the
evaporation, they are placed on the backside of the evaporation mask where they
are held in place using a simple, 3D printed chip holder and weighed down by a
thin metal plate. Mask and chips are then placed in the PVD where they are first
covered with a thin (≈ 5nm) titanium adhesion layer and then with ≈50 nm of
thermally evaporated gold. After evaporation, the electrode chips are immediately
ready for use.

(a) (b)

Figure 3.4.: New design of thin film electrode that is evaporated directly on a glass
chip with the the clamp for holding and connecting a wire. a) Frontal
view of electrode and clamp with the holes for the screws highlighted.
b) Exploded isometric view of the clamp and chip design for the thin
film electrode.

A simple 3D-printed clamp was designed to hold the chips as shown in figure 3.4.
When assembled, the clamps are held together with two 10 mm M4 size screws and
fitting nuts. A piece of gold wire is placed on top of the thin evaporated extension
on the glass chip during assembly which later serves as connection between elec-
trode and potentiostat. Rectangular pieces of parafilm are placed between glass
chip and clamp and are supposed to compress and deform when tightening the
screws. This holds the chip and the wire tightly in place during incubation and
measurement. A picture of a finished electrode of this type is shown in figure 3.5.

Technical drawings of the evaporation mask, the chip holder, the electrode clamp
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Figure 3.5.: Picture of the custom designed thin film electrode with clamp and
gold wire and ready for use.

and a contraption that aides the assembly of the clamp are shown in appendix B.

3.3.3. Data analysis

Analysis of the electrochemical data was performed with custom written Python
3.8 scripts using mainly the NumPy module for calculations and the Matplotlib
module for plotting [91, 92]. Here only a short overview is given of the necessary
analysis steps performed on the raw data. The basic python scripts used for read-
ing, manipulating and plotting the data are shown in appendix C.1 for reference
and are also available upon request.

CV data is exported by PSTrace in a CSV table format which is read in using the
pandas library and then converted into a numpy array containing the potential and
current for each cycle. Apart from plotting the current vs. potential curves, two
types of further data analysis were required in this work. First, integration of peak
areas was needed for comparing the loss of signal over a number of subsequent cy-
cles and to estimate the surface coverage of electrochemically active species. This
was achieved using a simple numerical integration via the trapezoidal rule (built
into NumPy). Second, the peak current of each cycle within a given potential
range needs to be extracted and analyzed according to the Randles-Sevcik equa-
tion (compare section 2.2.3). Finding the peak current can be accomplished by
taking the maximum current in the potential range (potentially with a subtracted
background and filtered from fake peaks using the scipy.signals module). With a
set of scan rates and the corresponding peak currents, an electrochemically active
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coverage Γ∗ can then be calculated using a linear regression (see section 4.1.2).

3.4. Surface force apparatus

3.4.1. Setup

The SFA used for the measurements described in this work has been described
in detail in the recently published paper by Wieser et al. [82]. Figure 3.6 shows
a drawing of the liquid cell from said work. The setup uses a white LED source
(400–700 nm) and driver from Thorlabs. FECO analysis uses an imaging spec-
trometer and a sCMOS (Zyla) camera cooled to -20 ◦C from Andor. A Quantalux
TM 2.1 MP camera is used to view the Newton rings and position the contact.
Fine disc movement is controlled by piezoelectric actuators and a loop controller
by PI instruments. Manual, coarse movement is performed via xyz-translation
stages by Thorlabs. The normal force is measured using a strain gauge force sen-
sor ME-Messysteme GmbH. The SFA setup is isolated from outside vibrations by
suspension from bungee cords attached to the ceiling and the liquid cell and strain
gauge are surrounded by a plexiglass casing to reduce thermal fluctuations.

Figure 3.6.: Schematic of the EC-SFA cell. Shown are the placement of the elec-
trodes, the force senor and the light source and objective. Reproduced
with permission from AIP Publishing [82]. See appendix A for the
copyright clearance.

On the software side, the imaging spectrometer and associated camera are con-
trolled by Andor Solis. The Quantalux camera is operated by ThorCam. Piezo
actuators are controlled by a LABVIEW based software and the strain gauge
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signal is read out by GSVmulti (ME-Messysteme GmbH). Andor Solis saves the
spectroscopic data in the form of image files which are then converted into distance
datapoints by SFA Explorer developed in our group by Kai Schwenzfeier [84].

3.4.2. Disc Preparation and Measurement

Preparation of functionalized SFA discs with hydroxyl- and catechol-terminated
SAMs was performed as described in section 3.2. Special care needs to be taken
when handling SFA discs because SFA experiments are susceptible to contamina-
tion with microscopic "particles" (e.g. dust grains). A "particle" in close proximity
of the contact spot will result in an apparent force before the surfaces are actu-
ally touching. To prevent contamination, SFA discs are always handled in a clean
room and in a laminar flow hood. Additionally, they are kept in closed containers
whenever they are not immediately needed. Functionalized discs were always kept
under water (MilliQ) except when transferring between containers and for short
unavoidable periods during assembly. Cell assembly with the functionalized discs
was performed immersed in water until the cell was able to hold liquid without
leaking. Only for non air-sensitive surfaces, i.e. back-silvered mica and Ti discs
which are partially prepared in ambient atmosphere anyways, assembly took place
in air.

Measurements of the catechol-terminated SAM vs. mica were performed first
in MilliQ water and subsequently in 100 mM sodium perchlorate. Before mea-
surement, the cell content was drained using the attached tubes, rinsed and then
refilled with fresh MilliQ water.

Prior to the force-run measurements, a clean, "particle-free" contact spot is
located using the translation stages, the camera and the strain gauge signal. Force-
runs are then recorded as described in section 2.3. For each force-run, the piezo
voltage is linearly increased up to a set threshold (at which the surfaces are in
hard contract) and then decreased back in the same fashion until the surfaces are
separated with or without an adhesion rupture event. The offset voltage of the
piezo actuator may be changed in between force-runs if the surfaces are observed to
be drifting further apart or closer together. Both data sources, spectrometer and
strain gauge, are set to the same sampling rate, usually 10 Hz, so that matching
data points can be collected and later used to generate a force-distance curve.

3.4.3. Data analysis

The two data sets collected for a typical SFA measurement are the distance between
the surfaces as determined from white light interferometry and force data collected
by a strain gauge. Out of this raw data, one can extract force-distance curves and
values for the maximum recorded adhesion force.
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While these appear to be relatively simple measures to extract, there are a few
issues that need to be addressed first.

The strain gauge signal, for example, is prone to a permanent linear drift. There-
fore, it is necessary to subtract a linear background from the force data in a first
step. This requires a number of data points to be recorded at large DS where no
force1 is acting between the surfaces. Furthermore, since the devices cannot be
assumed to have started measuring at the exact same time as the strain gauge
signal and the spectrometer readout are processed separately, a slight time offset
must be corrected for. Using a region of suitable data points, e.g. the "jump
in" or adhesion rupture, where sudden jumps happen in both force and distance,
the two complementary data arrays are aligned in time. Finally, the strain gauge
data (recorded in mV/V) needs to be translated into a force per radius using the
calibration factor (see section 2.3) and the disc curvature.

To calculate the adhesion force the background-corrected force sensor data is
split into an in- and and out-run. Fadh is estimated as the minimum value of the
out-run, while the minimum of the in-run is the "jump in" (though this is not
always observed above the strain gauge noise).

For processing this data, interactive Jupyter notebooks and a number of helper
modules were implemented using python 3.8 as part of this thesis [93]. The note-
books, modules and supporting scripts mainly make use of the NumPy, pandas
and Matplotlib modules [91, 92, 94]. A short overview of this notebook and parts
of the source code for the most important modules is shown in appendix C.2.

1except for Stokes’ drag and gravity
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4. Results and Discussion

A series of experiments was executed to study the electrochemical and adhesive
properties of the catechol terminated SAM introduced in section 2.3. Below the
most important results are presented and their implications for the understanding
of catechol based adhesion are discussed.

4.1. Cyclic voltammetry

4.1.1. Characterization of the SAM

Prior to any further investigation of the catechol terminated SAM, it is first nec-
essary to confirm whether the catechol group is indeed present on the SAM and to
understand how this system reacts to a change of potential. Both questions can
be answered using CV by looking for and studying the characteristic redox peak
pair produced by the electrochemically active catechol.

For this a set of template stripped gold electrodes was produced and function-
alized according to the protocol explained in section 3.2. CVs were recorded for
the functionalized electrodes and a non-functionalized template stripped gold elec-
trode that was similarly prepared and stored in Milli-Q water. Figure 4.1b a shows
CV cycles for functionalized (blue) and non-functionalized (green) electrodes com-
pared to a measurement of 1 mM DHCA solution (orange) obtained in a simplified
electrochemistry cell. The bulk solution reference data was recorded by the au-
thor for a related project thesis that preceded the current work. The current in
figure 4.1b a has been normalized and is given in arbitrary units to account for
the different cell geometries and current ranges.

The presence of the redox peaks for the incubated surface clearly shows that
the catechol-functionalization of the SAM was successful but it also reveals some
change in the electrochemical behavior compared to the bulk solution. In partic-
ular the standard/formal potential E0/E0� which can be estimated as the average
value of the potential at the oxidation and reduction peak is shifted towards lower
potential. In general, more background current is measured compared to the bulk
solution.

This makes sense, as only a very limited total amount of redox-active analyte is
available for reaction in the SAM compared to the case of a bulk solution which
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provides a reservoir of un-reacted species. This makes the capacitive current re-
sulting form charging of the electric double layer a bigger factor for the catechol
terminated SAM.

(a) (b)

Figure 4.1.: Electrochemical characterization of the catechol-terminated SAM. All
measurements used 100 mM NaClO4 as electrolyte. a) Comparison of
CV curves for a 1 mM DHCA solution (orange), a non-functionalized
template stripped gold electrode and a catechol-functionalized tem-
plate stripped gold electrode (blue). Current in arbitrary units. b) De-
crease of peak currents for a catechol-functionalized template stripped
gold electrode over 5 CV cycles quantified using the area under the
oxidation peak as indicated in cycle 5.

Another important aspect of the SAM characterization is analyzing its stability
towards repeated polarization. Prior measurements of DHCA in solution1 indicate
a slow decrease in peak current over many CV cycles.

A similar trend was also observed for the catechol-terminated SAM. Figure 4.1
b shows 5 successive CV cycles recorded for a voltage range of -0.1 to 0.6 V vs. a
Ag|AgCl RE. A noticeable decrease in peak current is already observed for these
5 cycles. The decrease was quantified using the area under the peak with a linear
background subtracted to account for capacitive current. The region of the current
(i) used to calculate the peak area is indicated for the fifth cycle. This measure
is related to the charge (Q) transferred in the reaction and therefore the amount

1at the time of writing unpublished
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of molecules participating in the reaction since the charge can be obtained by
integrating the current over time (equation 4.2). During the anodic trace in CV
the potential E is directly related to time t via the scan rate ν and thus the same
result can also be obtained by integrating the CV curve directly (equation 4.1).

E(t) = E(t = 0) + νt ⇒ dE = νdt (4.1)

Q =

�
idt =

�
1

ν
idE (4.2)

Using this method a decrease of almost 50 % was observed within the first 5
cycles. In general a quicker decrease is observed for larger potential ranges which
demonstrates that there exists a trade-off between the voltage range and cyclability
of the system. The used potential range thus needs to be chosen carefully and
specifically for each experiment.

This significant decrease also stands in direct contrast to the findings of Salma-
nipour and Taher who reported no change in the CVs over 100 cycles for a cys-
teamine SAM functionalized with protocatechuic acid, which only differs form
DHCA by the length of the carbon chain [67].

The decrease of oxidation and reduction current may mean that there are some
unexpected side reactions going on that make the system only semi-reversible. The
exact nature of these side reactions is not clear but they might be related to the
amine groups also present on the surface from un-reacted cysteamine.

4.1.2. Calculation of the Surface Coverage

As alluded to in section 1.3, the major advantage of a catechol-functionalized SAM
lies in providing a consistent density of catechol groups confined to the interface
which is absolutely necessary for studying the binding strength of the catechol
group using the SFA. This consistency is not feasible using e.g. films of mfps,
catechol containing hydrogels or catechol-polymers where an arbitrary amount
of catechol groups may be participating in cohesion or be far removed from the
interface.

The surface coverage Γ∗ was estimated using the Randles-Sevcik equation for
surface adsorbed species (equation 2.5) by finding the relationship between the
catechol-oxidation peak current (ip) and the scan rate (ν). For a set of 8 template-
stripped catechol-functionalized gold electrodes CVs were recorded at 4 different
scan rates (50, 100, 150 and 200 mV

s
) and the peak current were determined.

Between the measurements for different scan rates, no potential was applied for
15 seconds to allow for re-equilibriation of the electrolyte in the vicinity of the
electrode.
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For each electrode the peak currents for the four scan rates and are shown in
figure 4.2 b and are fit to the linear model: ip = k∗ν+d. An intercept (d) not equal
to zero is explicitly allowed in this model to account for the capacitve background
current. From the used electrodes a mean value and standard deviation for the
slope k are computed and then used to calculate the surface coverage Γ∗ according
to equation 4.3.

Γ∗ =
4RT

n2F 2

ip
Aν

=
4RT

n2F 2
k (4.3)

Using this calculation one arrives at a value for the slope2 k of (1.0±0.4)∗10−2 mAs
cm2V

which translates into a surface coverage Γ∗ of (2.7 ± 1.0) ∗ 10−12 mol
cm2 . This value

seems reasonable compared to the estimate of 4.0 × 10−11 mol
cm2 by Salamipour and

Taher who used a polished gold electrode that was electrochemically treated in
sulfuric acid [67].

Numerical integration of the peak area as discussed above provides an alternative
calculation of the surface coverage. The transferred charge Q is calculated from
by integrating the recorded current (with the subtraction of a linear background
to account for the capacitive current). It is then translated into a surface coverage
via equation 4.4 using the elementary charge e, the Avogadro constant NA, the
number of transferred electrons n (= 2) and the surface area A.

Γ∗ =
Q

enNAA
=

�
idt

enNAA
=

�
1
ν
dE

enNAA
(4.4)

This approach yields a surface coverage Γ∗ of (1.8± 0.9) ∗ 10−12 mol
cm2 from the same

set of electrodes (only scan rates of 100, 150 and 200 mV
s

were considered) which
compares well to the above estimate and thus supports the applicability of the
Randles-Sevcik equation for surface adsorbed species for this system. The major
drawback of the calculation via integration of the peak area lies in the choice of
a suitable background to subtract. The choice of the right beginning and end
potential for the linear interpolation is subject to error and can thus greatly skew
the integration result, especially at lower scan rates, where the peak may be more
of a "shoulder". For this reason, the Randles-Sevcik equation for surface adsorbed
species is employed going forward.

The density of a pure cysteamine SAM has been reported to be in the range of
10−9 mol

cm2 on thin film electrodes produced via thermal evaporation [95]. This means

2The unit of k can be simplified to a capacitance per area but this does not add to the
discussion.
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that less than 1 % of the SAM amine head groups were catechol-functionalized
assuming a similar cysteamine coverage in this experiment3.

It is noteable however, that significantly higher active coverages (in the range
of around 4× 10−10 mol

cm2 ) were reported in cases where the SAM was formed using
catechol-functionalized thiol compunds [65, 66]. Such a system may be a promising
candidate for further research.

A similar experimental procedure was performed with a number of sets of elec-
trodes that were incubated in a mixed cysteamine/ME SAM solution prior to
catechol functionalization. The SAM mixture was prepared with a cumulative
concentration of 100 mM with cysteamine and ME added by weight or volume
according to the desired molar fraction (%) and diluted to 10 mM for incubation.
Measurements were performed for cysteamine molar fractions of 0, 20, 40, 50,
60 and 80 % and used the thermally evaporated gold electrodes (see preparation
detailed in section 3.3.2). The calculated coverages are shown in figure 4.1b in
comparison to the coverage calculated for the template stripped electrode above
(using a 100 % cysteamine SAM).4

This measurement yields a calculated coverage in the same range as the one
for the template stripped electrode for cysteamine fractions of 40 % and above.
For the SAM with 20 % cysteamine, a coverage of only around 1.8 ∗ 10−12 mol

cm2

was calculated. In the case of the pure ME SAM a coverage of 0.7 ∗ 10−12 mol
cm2 was

calculated using the same algorithm, however, for this system no catechol oxidation
peak was present to begin with. Here the only contribution to the current stems
from the background current, which also varies linearly with the scan rate [80].

It is unexpected that the coverage for both electrode types falls in the same
range even though the roughness of the gold film for the electrodes produced
by thermal evaporation should be considerably higher (about 5-6 fold) than for
template stripped gold electrodes and thus have an also significantly larger real
surface area per geometric surface area available for functionalization [85, 89]. The
exact reason for this can only be speculated upon without further research, but it
may be related to a low overall efficiency in the functionalization.

3The exact value would depend on the conversion factor between real and geometric surface
area and the efficiency of the cysteamine incubation which may vary slightly.

4Note that the shown values represent a single measurement each and thus no error bar can
be provided. This is due to a relatively high failure rate of the electrodes, especially at lower
cysteamine concentrations.
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(a)

(b)

Figure 4.2.: Calculation of surface coverage of electrochemically active catechol
species for the catechol-functionalized gold electrodes. a) Oxidation
peak currents of 8 template stripped electrodes (gray) as a function of
the used scan rate fit to a linear model. Mean value (red) and stan-
dard deviation (blue) of the linear regression are highlighted. The inset
shows an example CV from which the peak currents are estimated. b)
Coverages as calculated for a number of thin film electrodes incubated
with a mixed cysteamine/ME SAM before catechol functionalization.
The value at 100 % is calculated in a) for template stripped elec-
trodes. The inset shows the measured peak oxidation current and the
corresponding linear fits. A dashed line and arrow indicate increas-
ing coverage below 40 % cysteamine content and a constant coverage
above that value.38



4.2. Electrochemical Surface Force Apparatus

Based on the information gained form the electrochemical characterization of the
catechol-terminated SAM, parameters were set for probing its adhesive properties
in the EC-SFA. Various measurements were performed using gold coated SFA discs
that were prepared and functionalized as described in section 3.2. Unless otherwise
specified, the functionalized disc was connected to the working electrode and the
opposing disc, which is attached to the strain gauge and the piezo actuator, is not
connected to the potentiostat, i.e. at a floating potential.

4.2.1. Measurements against back-silvered Mica

Back-silvered mica, a common substrate for testing of mussel adhesion in the
SFA5, was used as the opposing surface for assessing the effects of potential control
on the adhesive properties of the functionalized surface. Force-distance curves
were recorded as described in section 2.3 and values for the adhesion force were
calculated from the strain gauge data using the script shown in appendix C.2.

In experiments performed in this system in MilliQ water (figure 4.3 a), two
force runs were recorded without an external potential applied (OCP). This was
followed by force runs at reducing and oxidizing potentials in the alternating se-
quence shown in figure 4.3 a. There, the x-axis shows the experimental sequence of
the recorded force runs with color coding for the applied potential. The potentials
for reduction and oxidation were chosen as 0.00 V and 0.35 V vs. Ag|AgCl (RE)
respectively as these values were determined to be suitable for reduction and oxi-
dation in the employed pH ranges. A matching sequence of force-distance curves
was recorded for a hydroxyl-terminated SAM produced from ME and is shown as a
reference measurement. The adhesion measurement was first performed in MilliQ
water and then continued in the pH 8 adjusted 100 mM sodium perchlorate elec-
trolyte solution.

A significant difference in adhesion force was observed between high and low
potentials for the catechol-functionalized surface. At reducing potential, forces
around 1-2 mN/m were measured compared to forces around 9-11 mN/m for the
first oxidation sequence and 6-7 mN/m for the second sequence.

No such trend was observed for the ME SAM, which showed almost no change
in adhesion force between oxidizing and reducing potential. Instead, it exhibited
a small increase over time. This may be related to a slow drift of the piezo
position which causes a slightly longer and harder compression, and thus a minor
increase in maximum contact area over time. Altogether, this shows that there

5Compare e.g. the work by Danner et al. [24].
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is a clear potential-dependence effect of the adhesion properties for the catechol-
functionalized SAM.

(a) MilliQ (b) 100 mM NaClO4

Figure 4.3.: Potential dependent adhesion measured between the catechol func-
tionalized SAM (black octagons) and a mica substrate in the EC-SFA
in to subsequent experiments. A reference measurement of a hydroxyl-
terminated SAM vs. mica is shown as grey squares. The left axis shows
the measured adhesion rupture force and the right axis shows the cal-
culated interaction free energy per catechol group calculated using the
surface density estimated in the previous section. Individual measure-
ments are shown in the recorded experimental sequence (x-axis). The
applied potential is by color with blue for reducing (0.00 V), red for
oxidizing (0.35 V) and green for the open circuit potential (OCP) of
around 0.2 V. a) shows the measurement is MilliQ water. b) shows
the same configuration in 100 mM sodium perchlorate solution with
the same axis scaling. The inset shows an example of a force run
recorded in MilliQ water.

A vastly different behavior presents itself when the same surfaces are measured
in a different aqueous environment with high ionic strength as seen in figure 4.3 b.
In this follow up experiment the surfaces were separated, the MilliQ water was
removed from the chamber and replaced by the 100 mM pH 8 adjusted NaClO4

electrolyte solution. With the surfaces back in close proximity, the potential de-
pendent adhesion measurement was continued.

Again, at reducing potential adhesion forces around 1-2 mN/m are measured for
the catechol-functionalized surface. However, at oxidizing potential the adhesion
force no longer increases immediately but it rather creeps up to a value aorund
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only 3-4 mN/m, which is just barely more then what was measured at 0.00 V.
Likewise, the disc with the hydroxyl-terminated SAM showed a significantly re-
duced adhesion as well. The respective adhesion forces of around 1 mN/m shown
in figure 4.3b are just barely resolved above the noise recorded by the strain gauge.

Reference data on the adhesion between gold and mica in the EC-SFA measured
in our group (so far unpublished) showed comparably small non-potential depen-
dent adhesion of less than 1 mN/m in the voltage range of 0.0 V to 0.35 V which
is studied here. A slightly increase in adhesion is observed in these reference mea-
surements at higher potentials, though even at 0.7 V the measured force/radius
remains below 2 mN/m.

Using a suitable theory of adhesion, the work of adhesion6 Δγadh can be calcu-
lated form the measured adhesion force Fadh in SFA. Two commonly used theo-
retical models for this purpose applicable down to microscopy length-scales, are
the Derjaguin-Muller-Toporov (DMT) and the Johnson-Kandall-Roberts (JKR)
theories of adhesive contacts. Both models describe the interaction of a sphere
with a plane (equivalent to the cross-cylindrical geometry used in SFA) but they
differ slightly in their assumptions. In the DMT model, adhesive forces act out-
side the contact area, while the compressed contacting area behaves repulsively.
In contrast, in the JKR model both adhesive and repulsive forces are experiences
in a deformed contact area. The expression relating Fadh with Δγadh in the two
models are given by equations 4.5 (DMT) and 4.6 (JKR) which only differ by a
constant factor of 3

4
. In both cases, R is the radius of curvature of the sphere from

the assumption of sphere-plane interaction. In SFA this translates into the radius
of curvature of the two cross-cylindrical discs. The DMT model is used for the
scale showing the work of work of adhesion scale in the figure 4.3b. [96, 97]

Fadh = 2πRΔγadh,DMT (4.5)

Fadh =
3

2
πRΔγadh,JKR (4.6)

While the adhesion rupture forces can be directly related to a value for Δγ,
the quantity of most interest is the difference in the work of adhesion between
the oxidizing and reduced potential. Using the average adhesion force from the
first (reducing) and second (oxidizing) polarization shown in figure 4.3b, a Δγox−
Δγred = Fox−Fred

2πR
of 1.4 ± 0.1mJ

m2 is calculated using the DMT model and a value
of 1.9 ± 0.2mJ

m2 is arrived at using the JKR model. Combined with the surface
coverage calculated above this yields a difference in adhesion energy between the

6This quantity is directly related to the difference in surface energy between the former and
newly formed interfaces, thus the symbol uses a Δ.
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two states of 52.7 ± 20.1 kJ
mol

(DMT; 70.3 ± 26.8 kJ
mol

JKR) which corresponds to
21.3 ± 8.1 kBT (DMT; 28.4 ± 10.8 kBT JKR) per molecule at a temperature of
25 ◦C. These values are at the upper range of what was measured by Utzig et
al. for the interaction between L-DOPA and various substrates with the AFM
[69]. For comparison, hydrogen bonds in biomolecules typically fall in the range
of 2-12 kBT per bond [98]. Given this information, one may begin to speculate
about the mechanism behind the potential dependent adhesion.

Interestingly, the Gibbs free energy of the catechol–quinone redox reaction cal-
culated from the standard potential of the reaction7 according to equation 2.1
gives a (pH dependent) value of around 77-97 kJ

mol
. This corresponds to 31-39 kBT

per molecule, which is comparable to the estimate of the difference in the work
of adhesion calculated above (21.3 ± 8.1 kBT DMT; 28.4 ± 10.8 kBT JKR). It
may be possible to relate these two quantities and extract a more fundamental un-
derstanding of the energy landscape. However, a more detailed study with other
counter-surfaces will be necessary to tell for sure.

It is interesting and somewhat unexpected, that a higher adhesion is observed
for oxidizing potential, as according to most sources, the reduced catechol form is
considered to be required for most adhesion mechanisms. On a mineral substrate
such as mica, the expected main mode to mediate adhesion should be through
complexation of surface metal atoms. However, as recent work by Bilotto et al.
has shown, catechol chemistry alone can not explain mussel adhesion [35]. In line
with this Gebbie et al. have have shown that cation-π interaction may play a more
important role than so far thought [34].

Furthermore, it needs to be taken into consideration, that according to the the
electrochemical measurements less then 1 % of the surface cysteamine groups are
catechol functionalized. This may have a two-fold contribution to the observed
behavior. First, it cannot be ruled out that nearby surface amine groups could
interact with the oxidized catechol groups. Follow-up reactions after catechol
oxidation are well known to be a limiting factor for the catechol adhesion and
electrochemical reversibility. Second, surface amines may themselves interact with
the opposing substrate. The amine-mica interaction is well known and does result
in an adhesive contact. There could be a so far little considered synergy and charge
transfer connected with catechol oxidation, especially considering every catechol
group releases two protons affecting the local pH upon oxidation.

Additionally, recent work by Shin et al. has shown a clear influence of nearby
amine groups in the form of the amino acid lysine on the adhesion of catechol

7As measured by Lin et al., the pH dependent formal potential is in the range of about 0.15-
0.25 V vs. a standard calomel electrode for a pH of 6-7. This corresponds to around 0.4-0.5 V
vs. the SHE.
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containing peptides [36]. Altogether, the interaction between this catechol func-
tionalized monolayer and the mica substrate is unquestionably more complex than
one might initially assume.

4.2.2. Measurements against OH and Ti coated surfaces

A similar measurement to the one presented above was also performed with the
catechol-functionalized SAM vs. a titania (TiO2) and a hydroxyl-terminated sur-
face. These two surfaces provide a particularly suitable sample system for testing
catechol adhesion. TiO2 has been reported as one of the substrates with the
strongest catechol mediated adhesion [69]. Specifically, at a pH > 7, a biden-
tate adhesion with two coordination bonds occurs while in more acidic conditions
a somewhat weaker monodentate coordination bond or hydrogen bonding is ex-
pected [48]. The hydroxyl-terminated surface (provided by a ME SAM on gold
substrate) in contrast should provide the ideal reference system for testing out
catechol adhesion via hydrogen bonding alone.

Figure 4.4 shows the adhesion values measured for these two surfaces. For
the TiO2 surface, produced from cured optical adhesive and a sputtered Ti layer
as explained in section 3.1, an adhesion rupture force of around 10 mN/m was
recorded irrespective of the applied surface polarization. Additional testing (not
shown here) with lower and higher potentials applied to the catechol functional-
ized WE surface yielded the same result. Notably, adhesion forces vs. the OH-
terminated ME SAM surface8 were considerably higher and fell within a range of
45 to 60 mN/m.9 Nonetheless, this system also showed no dependence of the ad-
hesion force on the applied potential. Measurements for both surfaces, TiO2 and
the ME SAM, were also performed in 100 mM NaClO4 solution but no significant
adhesion force (> 1 mN/m) was recorded and is thus not shown.

Like the adhesion measurement against mica substrate, these experiments show
some potentially unexpected results. The large difference in adhesion strength
between titania and the ME SAM is remarkable, as is the fact, that the hydroxyl
terminated substrate gave the largest force/radius. This is again in direct contrast
to the results obtained by Utzig et al. who found that titania gave the largest
interaction free energy in single molecule adhesion against L-DOPA functionalized
AFM tips [69].

It is worth noting though, that the titania surface is produced via sputtering

8For ease of use, in this experiment, the surfaces were switched and the potential was applied
to the disc with the ME SAM.

9Three values (shown in grey) were recorded after minimal contact due to mechanical/thermal
drift of the piezo actuator and can thus not be taken into consideration. However, they serve
to illustrate the strength of adhesion seen in this system, as even these imperfect measurements
give significantly higher values than what is observed with any other substrate.
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Figure 4.4.: Adhesion measured between the catechol functionalized SAM and a
titania coated surface (squares) and a hydroxyl terminated SAM (cir-
cles). The left axis shows the measured adhesion rupture force and
the right axis shows the calculated interaction free energy per cate-
chol group calculated using the surface density estimated using elec-
trochemistry (see section 4.1. Individual measurements are shown in
the recorded experimental sequence (x-axis). The applied potential is
by color with blue for reducing (0.00 V) and red for oxidizing (0.35 V).
Unlike for the mica substrate, no change in adhesion is observed fol-
lowing a switch in polarization. Adhesion measurements were also per-
formed in 100 mM water but there no adhesion was observed. In three
measurements, shown in grey, a drift of the piezo actuator resulted in
the surfaces only lightly touching and thus a reduced adhesion. How-
ever even in these cases, the recorded adhesion was still much larger
than for any other surface configuration.

which results in a much rougher surface compared to template stripped gold and
cleaved mica. The real contact area may thus be much smaller then in the other
shown experiments since only the protruding parts of the TiO2 topography may
contact the opposing surface. The extent of this effect is hard to quantify as it
depends on the growth mode of titanium on the glue and microscopic deformation
of both glue and titania when in contact.

In these systems a contribution of the non-catechol functionalized cysteamine
molecules in the SAM also cannot be ruled out. For interaction with the ME SAM,
a work of adhesion of over 100 kBT per molecule is obtained under the assumption
that only the catechol groups on the surface participate to the adhesion force.
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An interaction free energy of that magnitude would indicate the formation and
breaking of covalent bonds between the catechols and the opposing surface, if
there is no participation of surface amine groups. Additionally, in the case of the
ME SAM, the opposing surface has the ability to donate hydrogen bonds given a
suitable acceptor.

Effectively, no difference in adhesion is observed between oxidizing and reducing
potentials, which begs the question, what makes these two systems so different
from the case of catechol vs. mica. Unfortunately, this is difficult to answer
without more data. A short discussion on what may be required to address this
issue is given in the outlook section below.

One notable trend, that was observed in all three studied configurations is the
drastic decrease in adhesion in 100 mM sodium perchlorate solution, i.e. in a high
ionic strength environment. Under these conditions, the catechol functionalized
SAM vs. titania and ME SAM resulted in no measurable adhesion, while catechol
functionalized SAM vs. mica gave a strongly decreased adhesion that was still
potential dependent. It is thus likely, that a similar effect is in play for all systems.

A different study10 in our group looked at the strength of amine-mica interaction
in sodium chloride solutions of various concentrations using the SFA. It revealed
a clear decrease in adhesion strength with increasing ionic strength, which can
most likely be attributed to a layer of sodium cations (over-)adsorbed to the mica
surface (inner EDL). With increasing sodium chloride concentration, this layer is
more densely packed and less defect rich and becomes more effective at preventing
amine groups from interacting with the surface.

It is possible that the same effect is responsible for the lowered adhesion vs. the
catechol functionalized surface. If sodium ions (or another species) are present at
and adsorbed to the interface in large quantities, the catechol may be hindered from
interacting with the surface thus preventing or significantly reducing adhesion. For
this consideration, it doesn’t matter whether the catechol interacts more strongly
in the reduced or oxidized form or even if other mechanisms (such as cation-π
interactions as proposed by Gebbie et al. [34]) are involved. Figure 4.5 illustrates
this concept for the case of a mica surface in a solution containing sodium cations.

For the case of underwater mussel adhesion this means saline conditions would
always impede attachment because of the high ion concentration at the interface
unless seawater is removed prior to mfp injection. Of course, water removal is
exactly what happens during the attachment process, when the mussel foot acts
as a form of "suction cup" just before plaque formation. Presumably, once the

10at the time of writing unpublished
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Figure 4.5.: A significantly reduced adhesion was recorded for all systems in 100
mM sodium perchlorate compared to MilliQ. A proposed explana-
tion is adsorbed ions from the inner EDL blocking catechol groups
from accessing and interacting with the mica surface as indicated here
for mica substrate and adsorbed cations (sodium). This explanation
agrees with findigs from another (not yet published) study performed
in our group.

adhesive bonds have been formed and the plaque and byssus polymers are cross-
linked, a hydration of the interface would be energetically unfavorable. Thus, even
if ions can later diffuse back into the structure, seawater components could no
longer break these bonds.

4.3. Summary, Conclusion and Outlook

In summary, CV was used to characterize the catechol functionalized SAM intro-
duced in section 1.3. It confirmed the presence of electrochemically active catechol
species after functionalization and gave an insight into their stability. Further-
more, it was possible to estimate a surface coverage of active catechol groups
that could then be used for relating results of the EC-SFA experiments to sin-
gle molecules. Two methods, analysis via the Randles-Sevcik equation for surface
adsorbed species and integration of the transferred charge, were used for this esti-
mation which produced compatible results. Both methods gave similar results and
in either case, the surface coverage was surprisingly low; less then 1 % of amine
groups of the underlying cysteamine SAM appear to have been converted into
electrochemically active catechol groups. While this number should be sufficient
to study the effects of catechol oxidation and reduction on adhesion, the presence
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of amines and other functional groups needs to be taken into consideration in any
interpretation.

Following electrochemical characterization, adhesion measurements under po-
tential control were performed with the catechol functionalized SAM in the EC-
SFA. In a configuration of monolayer vs. mica a reversible, potential dependent
adhesion was observed in MilliQ water that was significantly reduced in sodium
perchlorate solution. Interestingly, stronger adhesion was observed at oxidizing
potential, even though the reduced catechol form is usually associated with adhe-
sion. This supports the idea that there may be more to mussel adhesion than just
catechol chemistry as suggested by the works of Gebbie et al. and Bilotto et al.
[34, 35].

Experiments that put a titania surface and a hydroxyl terminated SAM up
against the catechol functionalized monolayer showed a significant adhesion, that
was not potential dependent. Furthermore, these sample systems showed little to
no adhesion once the high ionic strength electrolyte was introduced.

This last observation, which all studied sample systems had in common, may be
explained by adsorbed electrolyte ions blocking interaction sites on the substrate
as highlighted in figure 4.5. If the catechol groups are unable to reach the surface
they consequently cannot participate in any adhesion either.

It is worth reiterating here that in nature, mussels use a sophisticated "suction
cup" like mechanism to keep seawater (which has a high salt concentration) away
from the interface during initial steps of the plaque formation. This behavior
makes perfect sense from a biologic perspective if the presence of ions at the
interface interferes with catechol mediated adhesion.

The sample systems presented in this work provide a good basis for further study
of electrochemically switchable catechol adhesion, but as always, further research
will be necessary. Follow-up investigations may go in a number of potentially
interesting directions and make improvements based on what was learned so far.

Problems with the catechol functionalized SAM used in this work are the func-
tionalization efficiency (and thus low surface coverage) and potential of interaction
with amine groups from the base cysteamine layer. Both of these issues could be
addressed by using a SAM grown from a solution of a catechol-thiol compound
as demonstrated by Simmons et al. [65]. To the author’s knowledge, suitable
compounds are not commercially available and thus will need to be custom syn-
thesized, but in return such a system may give a much denser catechol coverage
and a more sensitive adhesion measurement.

Future EC-SFA experiments could further look at a range of other opposing
surfaces with various functionalizations. Interesting options for this would include
amine groups to study covalent bonding as a follow up to oxidation and even a
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catechol vs. catechol configuration to elucidate crosslinking mechanisms. Further-
more, the used electrolyte offers another parameter to play with. Using varying
concentrations and salt species could allow a better understanding of the kinetic
of how adsorbed ions block catechol access and limit adhesion. Finally, one can
consider adding small quantities of additives to the electrolyte solution to study
e.g. the interaction in the presence of dissolved Fe3+ or boronates which are well
know to form complexes with catechols [68, 99].

Altogether, the work presented in this thesis shows a promising new way of
studying catechol adhesion under electrochemical control. It also largely answered
the research questions asked at the beginning, though naturally new questions
have arisen that will need to be answered by future works. Some of these include:

• To what extent is mussel adhesion dependent on catechol chemistry?

• What other mechanisms play a central or supporting role?

• What is the impact on adhesion of different ion species present at the inter-
face?

Nonetheless, the use of a functionalized SAM provides a simple, yet consistent
sample system with a knowable surface coverage of catechols. Combining this with
the EC-SFA opens up new possibilities for the future study of catechol adhesion
with a much greater control of the oxidation state at the surface. Going forward,
this concept could even be extended to study the interfacial properties of other
electrochemically active species. This approach can enable a more comprehensive
study of the catechol bond energy landscape and thereby provide the basis for the
development of novel biomimetic adhesives.
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Figure A.1.: Copyright clearance for figure 1.1 originally by Lee et al. [4].
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Figure A.2.: Copyright clearance for figure 1.3 originally by Hwang et al. [33].
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Figure A.3.: Copyright clearance for figure 3.6 originally by Wieser et al. [82].
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B. Technical Drawings

Below technical drawings of some devices and parts developed over the course
of this thesis are shown. All of these items are related to the manufacture and
measurement of thin film electrodes on glass chips as described in section 3.3.2.
The items in the order as shown are:

• the electrochemical cell cap and electrode holder

• the evaporation mask for producing thin film electrodes on 12 × 26 mm2

glass chips

• a template to position and hold the glass chips in place on the evaporation
mask

• a two part clamp to hold the electrode and the connecting gold wire

• an aid to assemble the clamps that prevents the thin film from touching any
surfaces

The drawings are supposed to be printed on A4 size paper and measures on the
drawings are in millimeters, thus sizes as seen in the printed version of this thesis
are not to scale despite the label "1:1" scale label. All drawings, as well as 3D
CAD files can be obtained from the author upon reasonable request.
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Figure B.1.: Cap and electrode holder for the existing electrochemical cell.
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Figure B.2.: Evaporation mask for production of thin film electrodes on glass chips.
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Figure B.3.: Template to position and hold glass on the evaporation mask.
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Figure B.4.: Part 1 of the clamp used to hold the chip with the thin film electrode
and the connecting wire. When assembled, the clamp is held together
by two M6 screws.
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Figure B.5.: Part 2 of the clamp used to hold the chip with the thin film electrode
and the connecting wire. When assembled, the clamp is held together
by two M6 screws.
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Figure B.6.: An aid that can be used to put assemble the clamps and with the
thin film electrode and the connecting wire while preventing the thin
metal film to scrape against any surfaces.
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C. Data Analysis Source Code

Below, some samples of custom written python code is shown that was used for
data analysis in this thesis. The development of this code was an important part of
the present work and is the basis for all data interpretation. All analysis code was
written in a functional way rather than an object-oriented approach. The shown
pieces of source code have been shortened for readability and only parts relevant
to the fundamental analysis are shown. The sections used to produce various plots
in this thesis are not shown because they are only suitable for that particular set
of experiment and set of data and are of no general use. However, all source code
is available upon reasonable request to the author.

C.1. Cyclic Voltammetry

The data analysis of CV data was performed in the PyCharm integrated develop-
ment environment using python 3.7. A schematic directory tree of the used files
is shown below:

CV library
analyze_CV.py
plot_CV.py
read_CV.py

data
Exp_XX

data_file_1.csv
...

Exp_XX
analysis_script.py
...

A set of shared modules (analyze_CV.py, plot_CV.py, read_CV.py) is used
for reading in, manipulating and plotting data. The contents of these files and a
short template (analysis_script.py) for reading in and displaying CVs from a
file (data_file_1.py) is shown below. Any further analysis can then be "pieced to-
gether" using loops, conditional statements, etc. and functions from analyze_CV.py
as required by the user.
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Page 1/1read_CV.py
Printed: 15.03.21, 18:00:59 Printed for: Alexander

from analyse_CV import *1
import pandas as pd2

3
'''4
Dataframes are specific to the used potentiostat (as they may record and save different5
things). The arrays used for plotting and numerical analysis are of the same structure 6
in both cases. This code is for use with data recorded in PSTrace.7
'''8

9
# convert dataframe to numpy array10
def PSTrace_to_np(directory, filename):11
    raw_data = pd.read_csv(directory + filename, encoding="utf-16", 12
       skip_blank_lines = True, header=[4])13
    # first 4 lines contain date etc.14
    # If a comment was added in PSTrace this may raise an error15

16
    raw_data = raw_data.apply(pd.to_numeric, errors='coerce') # forces number or NaN17
    raw_data = raw_data.dropna(axis='rows', how='all') # removes all rows with NaN18
    raw_data = raw_data.dropna(axis='columns', how='any') # removes any incomplete cycles19

20
    # This is not the best great solution because it will discard non complete datasets. 21
    # It will also discard cycles if they don't have the same number of datapoints!22

23
    '''24
    This gives a pandas dataframe with 2*n coloums for n cycles – coloums contain 25
    alternatingly voltage and current i.e.: E_1,i_1, E_2, i_2, ...26

27
    Now this is turned into a numpy array with (index 0 = cycle Nr.; index 1 = 0 for28
    voltage, 1 for current; index 2 = datapoint).29
    It's a bit complicated to get it right because you need to be really careful with the30
    indices.31
    '''32

33
    temp = raw_data.to_numpy()34
    CV_data = []35
    for i in range(int(temp.shape[1] / 2)):36
        cycle = temp[:, 2 * i:2 * i + 2]37
        CV_data.append(cycle)38
    return CV_data39

Figure C.1.: File read_CV.py.
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Page 1/2analyze_CV.py
Printed: 15.03.21, 18:25:32 Printed for: Alexander

import numpy as np1
from scipy.signal import find_peaks2

3
# This file contains functions for ANALYSIS of CVs4

5
# new version, for only one cycle but more powerful6
def find_cycle_peaks(data,  width = None, height = None,7
                     subtract_background_first = False, low_E = None, high_E = None, 8
                     decimals = 2, debug_plot= False):9
    data = data.copy()  # deep copy is important here!10
    if subtract_background_first:11
        Eid1 = np.where(np.round(data[:, 0], decimals=decimals) == 12
           np.round(low_E, decimals=decimals))[0][0]13
        Eid2 = np.where(np.round(data[:, 0], decimals=decimals) == 14
       np.round(high_E, decimals=decimals))[0][0]15
        if Eid1 > Eid2:16
            Eid1, Eid2= Eid2, Eid117
        subtract_lin_background(data=data, Eid1=Eid1, Eid2=Eid2)18

19
    peaks = []  # index of peaks for all cycles20
    peak_info = []  # information about peaks (width etc.)21

22
    cycle_peaks = find_peaks(data[:, 1], width=width, height=height)  # from scipy.signals23
    peaks.append(cycle_peaks[0])24
    peak_info.append(cycle_peaks[1])25

26
    # PLOTTING FOR DEBUGGING27
    if debug_plot:28
        plt.figure()29
        plt.plot(data[Eid1:Eid2, 0], data[Eid1:Eid2, 1])30
        plt.show()31
        # peak with removed background32

33
    # peaks is a list of the peak positions for all cycles in cv.34
    # Each element contains an array with the index of the found peak values (not the peak35
    # current or voltage !)36

37
    return peaks, peak_info38

39
40

# given output form find_CV_peak you will be left with a number of peaks that is not useful41
# This function will find the peak you are looking for in the given voltage range42
# If no peak or more than one is found an error will be raised.43

44
def find_real_peak_current(trace, peaks, E_low, E_high, remove_background = False):45
    indices_in_voltage_range = []46
    data = trace47
    decimals = 148
    if remove_background:49
        Eid1 = np.where(np.round(data[:, 0], decimals=decimals) == 50
        np.round(E_low, decimals=decimals))[0][0]51
        Eid2 = np.where(np.round(data[:, 0], decimals=decimals) == 52
        np.round(E_high, decimals=decimals))[0][0]53

54
        if (Eid2 < Eid1):55
            Eid1, Eid2 = Eid2, Eid156
        trace, _ = subtract_lin_background(trace, Eid1, Eid2)57

58
    for peak_index in peaks[0]:59
        if ((trace[:, 0][peak_index] < E_high) and (trace[:, 0][peak_index] > E_low)):60
            indices_in_voltage_range.append(peak_index)61

62
63

    if len(indices_in_voltage_range) < 1:64
        raise Exception('Not peak found in voltage range - check parameters')65
    if len(indices_in_voltage_range) == 2 and indices_in_voltage_range[1] == 66
       indices_in_voltage_range[0]+2:67
        return trace[:, 1][indices_in_voltage_range[0]+1]68
    if len(indices_in_voltage_range) > 2:69
        return max(trace[:, 1][indices_in_voltage_range])70

71

(a) File analyze_CV.py part 1.
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Page 2/2analyze_CV.py
Printed: 15.03.21, 18:25:32 Printed for: Alexander

    #return current at peak in µA72
    return trace[:, 1][indices_in_voltage_range[0]]73

74
75

def get_anodic_trace(data): # only oxidation (in standard convention)76
    index_end_ox = np.argmax(data[:, 0])77
    index_begin_ox = np.argmin(data[:, 0])78
    if index_end_ox == 0:79
        index_end_ox = len(data[:, 0])80
    return data[index_begin_ox:index_end_ox,:].copy()  # deep copy!81

82
83

def get_cathodic_trace(data): # only reduction (in standard convention)84
    index_begin_red = np.argmax(data[:, 0])85
    index_end_red = np.argmin(data[:,0])86
    if index_end_red == 0:87
        index_end_red = len(data[:, 0])88
    return data[index_begin_red:index_end_red, :].copy()  # deep copy!89

90
############### FUNCTIONS below require single data trace!!!!91

92
# calculates peak area for an oxidation peak using a linear background subtraction93
# scan rate in mV/s94
def calc_peak_area(data, low_E, high_E, scan_rate, background_type = 1, smoothness = 0.03,95

   decimals = 2):96
    data = data.copy() # avoids plotting the curve with substracted background!97
    if data == []:98
        raise ValueError('clac_peak_area() was passed empty data')99

100
    Eid1 = np.where(np.round(data[:, 0], decimals=decimals) == 101
    np.round(low_E, decimals = decimals))[0][0]102
    Eid2 = np.where(np.round(data[:, 0], decimals=decimals) == 103
    np.round(high_E, decimals = decimals))[0][0]104

105
    if (Eid2 < Eid1):106
        Eid1, Eid2 = Eid2, Eid1107

108
    # remove background type as set109
    if background_type == 0:110
        pass111
    elif background_type == 1:112
        data, background = subtract_lin_background(data, Eid1, Eid2)113

114
    peak = data[Eid1:Eid2,:]115

116
#numerical integration with trapezoidals; factor 1000 to go from mV/s -> V/s (SI units)117

    area = np.trapz(peak[:,1], peak[:,0])/(scan_rate/1000)118
    return area119

120
121

#removes linear background calculated from values at low_E and high_E122
def subtract_lin_background(data, Eid1, Eid2): 123
    lin_fit_params = np.polyfit([data[Eid1, 0], data[Eid2, 0]], [data[Eid1, 1], 124
    data[Eid2, 1]], deg=1)125
    background = (data[Eid1:Eid2, 0] * lin_fit_params[0] + lin_fit_params[1])126
    data[Eid1:Eid2, 1] -= background127
    return data, background128

129
130

# divides the measured current by a factor to normalize to current per area131
def normalize_current_by_area(data,area):132
    for cv in data:133
        cv[:,1] /= area134

135
    return data136

(b) File analyze_CV.py part 2.

Figure C.2.: File analyze_CV.py.
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Page 1/2plot_CV.py
Printed: 15.03.21, 17:51:23 Printed for: Alexander

import matplotlib.pyplot as plt1
2

'''This file provides some functionalities and presets to plot CVs that may be useful.3
If you need anything more custom though, you may want to write your own script though.'''4

5
# formats the plot information as is required for CV plotting6
def format_plot_information(scan_nr = None, legend = None, legend_size=10, title="",7

title_on=False, grid_on=False,8
                            title_size=20, x_label="", x_label_size=15, y_label="",9
                            y_label_size=15, figsize=(), x_lim=[], y_lim=[], x_ticks=0,10
                            y_ticks=0, dpi=200, linewidth=None, linestyle=None,11
                            colors=None, show_zero_line = True, ticks_inwards = True,12
                            offset_in_y_axis = 0.0):13
    ''' NOTE: setting x_ticks and y_ticks will no give the exact number of ticks set but 14

rather roughly that many ticks at sensible position (i.e 0.1, 0.2, 0.3 etc.)'''15
16

    if (scan_nr == None or legend == None):17
        raise ValueError('required arguments missing')18
    # liststyle and linewidth if set19
    if linewidth == None:20
        linewidth = []21
        for i in range(len(scan_nr)):22
            linewidth.append(2)23
    if linestyle == None:24
        linestyle = []25
        for i in range(len(scan_nr)):26
            linestyle.append('-')27

28
    CV_plot_information = {'title': title, 'title_on': title_on, 'title_size': title_size,29
                           'use_scan_nr': scan_nr,30
                           'legend': legend,31
                           'legend_size': legend_size,32
                           'grid_on': grid_on,33
                           'x_label': x_label,34
                           'x_label_size': x_label_size,35
                           'y_label': y_label,36
                           'y_label_size': y_label_size,37
                           'figsize': figsize,38
                           'x_lim': x_lim,39
                           'y_lim': y_lim,40
                           'x_ticks': x_ticks,41
                           'y_ticks': y_ticks,42
                           'dpi': dpi,43
                           'linestyle': linestyle,44
                           'linewidth': linewidth,45
                           'show_zero_line': show_zero_line,46
                           'colors': colors,47
                           'ticks_inwards': ticks_inwards,48
                           'offset_in_y_axis': offset_in_y_axis}49
    return CV_plot_information50

51
def plot(CV_plot_information, data, plot_filename="default.png", save_plot=False, dpi=200):52
    # clear figure53
    plt.clf()54
    plt.cla()55

56
    # If no color is specified fall back to default colors57
    if CV_plot_information['colors'] == None:58
        defaults = plt.rcParams['axes.prop_cycle'].by_key()['color'] #default colors59
        while len(data) > len(defaults): #make sure list is long enough for all cycles60
            defaults.append(plt.rcParams['axes.prop_cycle'].by_key()['color'])61
        colors = defaults62
    else:63
        colors = CV_plot_information['colors']64

65
    # Offset in y axis is set66
    for i in range(len(data)):67
        use_scan_nr = CV_plot_information['use_scan_nr'][i]68
        data[i][use_scan_nr][:, 1] += i*CV_plot_information['offset_in_y_axis']69

70
    # Actually plot the data71

(a) File plot_CV.py part 1.
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Page 2/2plot_CV.py
Printed: 15.03.21, 17:51:23 Printed for: Alexander

    for i in range(len(data)):72
        use_scan_nr = CV_plot_information['use_scan_nr'][i]73
        plt.plot(data[i][use_scan_nr][ :, 0], data[i][use_scan_nr][:, 1], 74
         label=CV_plot_information['legend'][i],75
                 linewidth=CV_plot_information['linewidth'][i],76
                 linestyle=CV_plot_information['linestyle'][i], color=colors[i])77

78
    # set axis labels and title79
    plt.legend(fontsize=CV_plot_information['legend_size'])80
    plt.xlabel(CV_plot_information['x_label'], fontsize=CV_plot_information['x_label_size'])81
    plt.ylabel(CV_plot_information['y_label'], fontsize=CV_plot_information['y_label_size'])82

83
    # title, grid, figure size84
    if CV_plot_information['title_on']:85
        plt.title(CV_plot_information['title'], fontsize=CV_plot_information['title_size'])86
    if CV_plot_information['grid_on']:87
        plt.grid()88
    if CV_plot_information['figsize'] != ():89
        plt.figure(figsize=CV_plot_information['figsize'])90

91
    # Limits in x and y92
    if CV_plot_information['x_lim'] != []:93
        plt.xlim(CV_plot_information['x_lim'])94
    if CV_plot_information['y_lim'] != []:95
        plt.ylim(CV_plot_information['y_lim'])96
    if CV_plot_information['x_ticks'] > 0:97
        plt.locator_params(axis='x', nbins=CV_plot_information['x_ticks'])98
    if CV_plot_information['y_ticks'] > 0:99
        plt.locator_params(axis='x', nbins=CV_plot_information['y_ticks'])100

101
    # make ticks point inwards102
    if CV_plot_information['ticks_inwards']:103
        plt.axes().tick_params(direction ='in')104

105
    # Line at y = 0106
    if CV_plot_information['show_zero_line']:107
        plt.axhline(linewidth=0.3, color='grey')108

109
    # save plot or show it110
    if save_plot:111
        plt.savefig("plot/" + plot_filename, dpi=CV_plot_information['dpi'])112
    else:113
        plt.show()114

(b) File plot_CV.py part 2.

Figure C.3.: File plot_CV.py.
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Page 1/2CV_analysis_template_PSTrace.py
Printed: 15.03.21, 20:42:51 Printed for: Alexander

'''1
Template for CV plotting from PSTrace in Python 3.8 2
by Alexander M. Imre3
'''4

5
import read_CV6
import analyse_CV7
import plot_CV8
import numpy as np9

10
'''11
To plot Cyclic Voltammetry data you need to load the data and configure the settings for 12
plotting.13
'''14
########################15
# SETTINGS16
########################17

18
title = "Example"  # Title displayed in plot19
plot_filename = "CV_plot.png" # Name of file where the plot will be saved20
save_plot = False # Set to True to save file21

22
# Cosmetic settings23
title_on = False # Show title?24
x_label = "Potential vs. Ag/AgCl [V]" # Leave empty to remove25
y_label = "Current [µA]" # Leave empty to remove26

27
'''28
Further settings are:29
Linestyles (as a list)30
Linewidths (as a list)31
Grid32
Size of labels33
Size of legend34
Figure size when saved35
dpi (resolution of figure file)36
x, y limits37
Number of ticks on axis38
Title size39
Offset (in y) between CVs40
Ticks inwards or outwards41
...42
'''43

44
# Initialize lists - data will be read into these lists45
data = []46
scan_nr = []47
legend = []48

49
########################50
# READ DATA FROM FILE(S)51
########################52

53
'''54
For every cycle/dataset you want to plot append to the lists data, scan_nr and legend.55
data holds the data array, scan_nr is the cycle index you want to plot and legend is the 56
label for that cycle.57
This can either be used to plot data from one file or multiple files.58
Just make sure to specify data and scan number for each entry. You can pass data from the 59
same file multiple times to show CV progression over time or you can pass many files to 60
show multiple scan rates.61

62
Example 1 - CV over time63
data_nr = (0, 0, 0, 0)64
scan_nr = (0, 9, 19, 29)65
legend = ('Cycle 1', 'Cycle 10', 'Cycle 20', 'Cycle 30')66

67
Example 2 - scan rates68
data_nr = (0, 1, 2, 3)69
scan_nr = (0, 0, 0, 0)70
legend = ('100 mV/s', '200 mV/s', '300 mV/s', '400 mV/s')71

(a) File analysis_script.py part 1.
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Page 2/2CV_analysis_template_PSTrace.py
Printed: 15.03.21, 20:42:51 Printed for: Alexander

72
'''73
# Area and scan rate74
area = 1 # geometric surface area75
scanrate = 50 # scanrate in mV/s76

77
# Filename78
directory = '../data/Exp_XX'79
filename = 'data_file_1.csv'80

81
#read file(s)82
file_data = read_CV.PSTrace_to_np(directory, filename)83
file_data = analyse_CV.normalize_current_by_area(file_data, area)84

85
#plot 10 cyles from that file86
for i in range(10):87
    data.append(file_data)88
    scan_nr.append(i)89
    legend.append('cycle ' + str(i+1))90

91
92

########################93
# PLOTTING94
########################95

96
# Pass and format cosmetic setting and labels97
CV_plot_settings = plot_CV.format_plot_information(scan_nr, legend, x_label=x_label, 98

   y_label=y_label, title=title, 99
   title_on=title_on)100

101
# Plot data (and save)102
plot_CV.plot(CV_plot_settings, data, save_plot=save_plot, plot_filename=plot_filename)103

(b) File analysis_script.py part 2.

Figure C.4.: File analysis_script.py.
xxx



C.2. Electrochemical Surface Force Apparatus

Analysis of (EC-)SFA data was performed in Jupyter Notebook using python 3.8.
A directory tree with the relevant files is shown below:

data
Exp_XX

Distance
FR1.txt
...

Force
FR1.csv
...

Exp_XX
SFA support

read_in.py
data_manip.py
widget_support.py

Exp_XX_analysis.ipynb
adh_force.csv
jump_in_forces.csv
Exp_XX_fits.json
Exp_XX_info.csv
make_dataframe.ipynb
analysis.csv
Experiments consisted of a number of force runs. Each force run is analyzed

individually by running it through the script Exp_XX_analysis.ipynb. This inter-
active Jupyter Notebook script accesses the modules read_in.py, data_manip.py
and widget_support.py. Parameters for the force background subtraction and
time delay between force and distance data are saved to Exp_XX_fits.json. Ad-
hesion and jump-in forces are also calculated and stored in adh_force.csv and
jump_in_forces.csv respectively. Additional information about each force run
(e.g. the applied potential) is manually saved in Exp_XX_info.csv. When all
force-runs are analyzed, make_dataframe.ipynb is used to collect information
from Exp_XX_info.csv, adh_force.csv, jump_in_forces.csv and output all of
it in analysis.csv.
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Page 1/2read_in.py
Printed: 15.03.21, 22:57:11 Printed for: Alexander

import pandas as pd1
import numpy as np2
from datetime import datetime, timedelta3
import json4
import csv5

6
# read in the text file containing the distance data produced by SFA explorer7
def read_dist_file(FR_nr, dir_dist, dir_exp, rate):8
    directory = dir_exp + dir_dist9
    filename = 'FR' + str(FR_nr) + '.txt'10
    read_in_dist = pd.read_csv(directory + filename, delimiter=' ', header=1)11
    start_tiff_no = read_in_dist['#tifno'][0]12
    distance_df = read_in_dist[['#tifno', 'Tliquid']].copy()13
    distance_df['#tifno'] /= rate14
    distance_df = distance_df.rename(columns={'#tifno': 'time', 'Tliquid': 'distance'})15
    return distance_df16

17
# convert strain gauge signal (mV/V) to force (mN) using calibration factor18
def voltage_to_force(voltage, calibration):19
    #using the new calibration method that converts directly from mV/V to mN20
    force = calibration*voltage21
    return force22

23
# read in the csv file containing the force data24
def read_force_file(FR_nr, dir_force, dir_exp, rate, calibration):25
    directory = dir_exp + dir_force26
    filename = 'FR' + str(FR_nr) + '.csv'27
    data = pd.read_csv(directory+filename, header = 5)28
    recording_date_str = data['Date        Time'][0][0:10]29
    start_time_str = data['Date        Time'][0][11:]30

31
    ## Clean up a bit32
    # get date & time to proper format33
    data['Time'] = data.apply(lambda row: (datetime.strptime(row['Date        Time']+'0',34
     '%d/%m/%Y %X,%f')), axis = 1)35
    data = data.drop(['Date        Time'], axis=1)36
    start_time = data['Time'][0]37
    data['t [s]'] = data.apply(lambda row: (row['Time']-start_time).total_seconds(),38
       axis = 1)39

40
    # clean up volatage41
    data['U [mV]'] =  data.apply(lambda row: float((row['Y[Chan. 5_1]']).replace(',','.')), 42
     axis = 1)43
    data = data.drop(['Y[Chan. 5_1]'], axis=1)44
    45
    data['F [mN]'] = data.apply(lambda row: voltage_to_force(row['U [mV]'], calibration), 46
    axis = 1)   47
    data['F [mN]'] *= -1 # more force causes drop in voltage! => needs to be negative48
    49
    return data, recording_date_str, start_time_str50

51
52
53

#######54
# Saving and reading force fit and time shift parameters in a json file55
# This way the fit can be loaded again later on56

57
# save the parameters to the json file58
def save_to_json(filename, Exp_data):59
    filename += '.json'60
    out_file = open(filename, 'w')61
    json.dump(Exp_data, out_file)62
    out_file.close()63
    return64
    65
# read data back out of the json file66
def read_from_json(filename):67
    filename += '.json'68
    with open(filename) as file:69
        import_dict = json.load(file)70
    Exp_data = {}71

(a) File read_in.py part 1.
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Printed: 15.03.21, 22:57:11 Printed for: Alexander

    for key in import_dict.keys():72
        Exp_data[int(key)] = import_dict[key]73
    return Exp_data74

75
#######76
# Saving and reading adhesion force values for experiment in a csv table77

78
# read in existing table79
def read_adh_forces_csv(filename):80
    adh_forces_list = []81
    try:82
        file = open(filename, 'r')83
        reader = csv.reader(file)84
        for row in reader:85
            adh_forces_list.append([int(row[0]), float(row[1])])86

87
        file.close()88
    except:89
        print('No previous Adhesion data found')90
    91
    return adh_forces_list92

93
# write new force values to file94
def write_adh_forces_csv(filename, adh_forces_list):95
    adh_forces_list.sort()96
    file = open(filename, 'w')97
    writer = csv.writer(file)98
    writer.writerows(adh_forces_list)99
    file.close()100

101

(b) File read_in.py part 2.

Figure C.5.: File read_in.py.
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Page 1/1data_manip.py
Printed: 15.03.21, 21:53:00 Printed for: Alexander

import pandas as pd1
2

# read saved parameters back out of JSON3
def extract_params_from_dict(Exp_data, FR_nr): 4
    if FR_nr in Exp_data.keys():5
        in_lin_fit = Exp_data[FR_nr][0]6
        out_lin_fit = Exp_data[FR_nr][1]7
        offset = int(Exp_data[FR_nr][2])8
        skip_fitting = True # change mode accordingly, so the values don't get overwritten9
        print ('loaded from JSON')10
    else:11
        Exp_data[FR_nr]= []12
        in_lin_fit = None13
        out_lin_fit = None14
        offset = None15
        skip_fitting = False16
        17
    return in_lin_fit, out_lin_fit, offset, skip_fitting18

19
20

# cleans up the force and distance data and puts it into one combined dataframe FR21
def clean_FR(FR_force, FR_dist, radius):22
    # 1) find first and last usable datapoint23
    if min(FR_dist['time']) > min(FR_force['t [s]']):24
        start_time = FR_dist['time'][0]25
    else:26
        start_time = FR_force['t [s]'][0]27

28
    indeces_to_remove = FR_force[ (FR_force['t [s]'] < start_time)].index29
    FR_force.drop(indeces_to_remove, inplace = True)30

31
    indeces_to_remove = FR_dist[ (FR_dist['time'] < start_time)].index32
    FR_dist.drop(indeces_to_remove, inplace = True)33

34
    # 2) reset time35
    # Using time from strain gauge as reference36
    FR_dist['time'] = FR_dist['time'] - min(FR_force['t [s]'])37
    FR_force['t [s]']  = FR_force['t [s]']- min(FR_force['t [s]'])38

39
    # 3) put into proper array40
    FR = pd.concat([FR_dist['distance'].reset_index(drop=True), 41
       FR_force['F [mN]'].reset_index(drop=True)], axis = 1)42
    43
    FR = FR.dropna(axis = 0, how = 'any')44
    FR = FR.rename(columns = {'distance':'D [nm]', 'F [mN]': 'F [mN/m]'})45
    FR['F [mN/m]'] = FR['F [mN/m]']/radius46

47
    max_force_index = FR['F [mN/m]'].idxmax() # index of max force for plotting48

49
    return FR, max_force_index50

Figure C.6.: File data_manip.py.
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Printed: 15.03.21, 22:35:16 Printed for: Alexander

import matplotlib.pyplot as plt1
import numpy as np2
import pandas as pd3
from numpy import linalg as LA4

5
########################################################################6
# Background fitting7

8
# calculate the linear background to be subtracted from the force data9
def fit_lin_background(FR_force ,index1, index2):10
    return np.polyfit(FR_force.index[index1:index2], FR_force['F [mN]'][index1:index2],1)11

12
# update plot after range change13
def bckg_fit_update_diff(ax, FR_force, in_lin_fit, out_lin_fit, in_1, in_2, out_1, out_2):14
    [l.remove() for l in ax.lines] # clears plot15
    try:16
        in_lin_fit = fit_lin_background(FR_force,int(in_1), int(in_2))17
        out_lin_fit = fit_lin_background(FR_force,int(out_1), int(out_2))18

19
        """Remove old lines from plot and plot new one"""20
        [l.remove() for l in ax.lines]21
        ax.plot(FR_force.index, FR_force['F [mN]'], color = 'C0', label = 'Force')22
        ax.plot(FR_force.index, FR_force.index*in_lin_fit[0]+in_lin_fit[1], 23
        color = 'C1', label = 'In run fit')24
        ax.plot(FR_force.index, FR_force.index*out_lin_fit[0]+out_lin_fit[1], 25
        color = 'C2', label = 'Out run fit')26

27
        plt.legend(loc = 'lower left')28
    except(TypeError):29
        print('IN INDEX LOWER THAN OUT INDEX!!!')30
    except(ValueError):31
        print('FIELD EMPTY!!!')32
    except(LA.LinAlgError):33
        print('TRY OTHER INDICES - Fitting needs more datapoints!!!')34
    return in_lin_fit, out_lin_fit35

36
# dummy update function if skipped37
def bckg_fit_update_skip(ax, FR_force, in_lin_fit, out_lin_fit):38
    ax.plot(FR_force.index, FR_force['F [mN]'], color = 'C0', label = 'Force')39
    ax.plot(FR_force.index, FR_force.index*in_lin_fit[0]+in_lin_fit[1], 40
    color = 'C1', label = 'In run fit')41
    ax.plot(FR_force.index, FR_force.index*out_lin_fit[0]+out_lin_fit[1], 42
    color = 'C2', label = 'Out run fit')43
    print('Fitting parameters loaded from file')44
    return45

46
########################################################################47
# Offset estimation48

49
# update plot when new value is entered50
def update_offset(ax, FR_force, FR_dist, rate, offset = '0'):51
    [l.remove() for l in ax.lines]52
    [l.remove() for l in ax.lines] # do this again because of memory issues...53
    ax.plot(FR_force['t [s]'], FR_force['F [mN]']/max(FR_force['F [mN]']),54
    label = 'Force [mN]', color = 'C0', linestyle = '', marker = '.')55
    ax.plot(FR_dist['time'] + int(offset)/rate,FR_dist['distance']/max(FR_dist['distance']), 56
    label = 'Distance [nm]', color = 'C1', linestyle = '', marker = 's')57
    ax.legend()58
    return offset59

60
61

# dummy update function if skipped62
def update_offset_skip(ax, FR_force, FR_dist, offset, rate):63
    ax.plot(FR_force['t [s]'], FR_force['F [mN]']/max(FR_force['F [mN]']), 64
    label = 'Force [mN]', color = 'C0', linestyle = '', marker = '.')65
    ax.plot(FR_dist['time'] + int(offset)/rate,FR_dist['distance']/max(FR_dist['distance']), 66
    label = 'Distance [nm]', color = 'C1', linestyle = '', marker = 's')67
    ax.legend()68
    print('Offset loaded from file')69
    return70

71

(a) File widget_support.py part 1.
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72
########################################################################73
# Final plot74

75
# button to save force-run76
def save_fig_button_clicked(plt, FR_nr):77
    plt.savefig('FR_plots/FR' + str(FR_nr) + '.png', dpi = 300)78
    return79
    80
# plot force-distance profile81
def plot_FR_final(FR, max_force_index, FR_nr, xrange, yrange):82
    fig, ax = plt.subplots(figsize=(6, 4))83
    plt.title('Force-Distance, FR ' + str(FR_nr), fontsize = 13)84
    ax.grid(True)85
    ax.set_xlabel('Distance [nm]', fontsize = 11)86
    ax.set_ylabel('Force [mN/m]', fontsize = 11)87
    ax.set_xlim(xrange)88
    ax.set_ylim(yrange)89

90
    ax.plot(FR.loc[0:max_force_index-1]['D [nm]'], FR.loc[0:max_force_index-1]['F [mN/m]'],91
    color = 'C0', label = 'In run', linestyle = '', marker = '.', markersize = 3) 92
    ax.plot(FR.loc[max_force_index:]['D [nm]'], FR.loc[max_force_index:]['F [mN/m]'], 93
    color = 'C1', label = 'Out run', linestyle = '', marker = '.', markersize = 3)94

95
    ax.legend(loc = 'upper right', fontsize=12)96

97
98

    plt.xticks(fontsize=10)99
    plt.yticks(fontsize=10)100
    return101

102
103

########################################################################104
# Adhesion calculation (can also be used for jump-in force)105

106
def plot_adh_checker(FR_part, FR_nr, index_range):107
    if index_range:108
        adh_force = min(FR_part[index_range[0]:index_range[1]])109
        adh_force_idx = FR_part[index_range[0]:index_range[1]].idxmin()110
    else:111
        adh_force = min(FR_part) 112
        adh_force_idx = FR_part.idxmin()113

114
    # plot to check - don't save force if it looks wrong...115

116
    fig, ax = plt.subplots(figsize=(6, 4))117
    plt.title('Adhesion Force, FR ' + str(FR_nr), fontsize = 13)118
    ax.grid(True)119
    ax.set_xlabel('Index', fontsize = 11)120
    ax.set_ylabel('Force [mN/m]', fontsize = 11)121
    ax.set_xlim([adh_force_idx-500, adh_force_idx+250])122
    ax.set_ylim([min([adh_force-1,1.5]),max([adh_force-1,1.5])])123
    ax.plot(FR_part, color = 'C0', label = 'In run', linestyle = '', marker = '.', 124
    markersize = 3) 125
    plt.arrow(adh_force_idx, 0, 0, adh_force, width = 3, length_includes_head = True, 126
      head_length= -0.2*adh_force, color = 'red')127

128
    print('Force = ' + str(adh_force) + ' mN/m')129
    130
    return adh_force131

(b) File widget_support.py part 2.

Figure C.7.: File widget_support.py.
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loaded from JSON 
FR 10 was recorded on 15/12/2020 at 13:00:16,06543 

In [1]: # IPSRUWV 
iPSRUW matplotlib.pyplot aV plt 
fURP ipywidgets iPSRUW interactive 
iPSRUW ipywidgets 
iPSRUW pandas aV pd 
iPSRUW numpy aV np 
fURP SFA_support_library iPSRUW read_in, data_manip, widget_support 
 
# cKaQJe WR QRWebRRN RU TW Lf QecaVVaU\ ¬ TKLV Pa\ bUeaN fXQcWLRQaOLW\ WKRXJK! 
# LQOLQe ZLOO QRW ZRUN, JWN Pa\ ZRUN 
%PaWSORWOib notebook 

In [2]: ## EDIT HERE 
#################################################################################### 
FR_nr = 10 
 
# DLUecWRULeV 
save_filename = 'Exp_28_fits' 
dir_exp = '../data/Exp_28/' 
dir_dist = 'Distance/' 
dir_force = 'Force/' 
 
# FLWWLQJ SaUaPV
radius = 0.01 # DLVc UadLXV LQ P 
calibration = 1.001 # CaOLbUaWLRQ facWRU PV/V WR PN 
 
# PaUaPWeUV
rate = 10 
vert_shift = 0.8 
 
# DO NOT EDIT BELOW 
#################################################################################### 
 
# CKecN WR Vee Lf RffVeWV Qeed WR be eVWLPaWed 
WU\: 
    Exp_data = read_in.read_from_json(save_filename) 
e[ceSW: 
    Exp_data = {} 
    print('error loding data') 
     
in_lin_fit, out_lin_fit, offset, skip_fitting =  data_manip.extract_params_from_dict(Exp_data, FR_nr) 
 
# Read LQ daWa ¬ KaQdOed b\ e[WeUQaO VcULSW 
FR_force, recording_date_str, start_time_str = read_in.read_force_file(FR_nr, dir_force, 
                                                                       dir_exp, rate, calibration) 
FR_dist = read_in.read_dist_file(FR_nr, dir_dist, dir_exp, rate) 
 
print('FR ' + str(FR_nr) + ' was recorded on ' + recording_date_str + ' at ' + start_time_str) 

In [3]: # VeW XS SORW fRU BacNJURXdQ eVWLPaWLRQ 
fig, ax = plt.subplots(figsize=(6, 4)) 
ax.grid(TUXe) 
ax.set_xlabel('Index') 
ax.set_ylabel('F [mN]') 
 
in_1_default = '200' 
in_2_default = '300' 
out_1_default = str(max(FR_force.index)-100) 
out_2_default = str(max(FR_force.index)) 
 
if QRW skip_fitting: 
    interactive = ipywidgets.widgets.interactive(widget_support.bckg_fit_update_diff, in_1=in_1_default, 
                                                 in_2=in_2_default, out_1 =out_1_default, out_2 =out_2_default, 
                                                 ax = ipywidgets.fixed(ax), FR_force = ipywidgets.fixed(FR_force), 
                                                 in_lin_fit = ipywidgets.fixed(in_lin_fit), 
                                                 out_lin_fit = ipywidgets.fixed(out_lin_fit)) 
eOVe: 
    interactive = ipywidgets.widgets.interactive(widget_support.bckg_fit_update_skip, ax = ipywidgets.fixed(ax), 
                                                 FR_force = ipywidgets.fixed(FR_force), 
                                                 in_lin_fit = ipywidgets.fixed(in_lin_fit), 
                                                 out_lin_fit = ipywidgets.fixed(out_lin_fit)) 
 
interactive

(a) File Exp_XX_analysis.ipynb part 1.
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In [4]: #BacNJURXQd VXbVWUacWLRQ 
plt.close('all') 
 
if QRW skip_fitting:  
    in_lin_fit, out_lin_fit = interactive.result 
    in_lin_fit = in_lin_fit.tolist() 
    out_lin_fit = out_lin_fit.tolist() 
     
max_force_index = FR_force['F [mN]'].idxmax() 
 
#IQ UXQ 
FR_force.loc[0:max_force_index-1, 'F [mN]'] = FR_force.loc[0:max_force_index-1, 
                                                           'F [mN]']-(FR_force.index[0:max_force_index]*in_lin_fit[0]+ 
                                                                      in_lin_fit[1]) 
in_run_force = FR_force.loc[0:max_force_index-1, 'F [mN]'].copy()/radius # fRU caOcXOaWLQJ MXPS LQ OaWeU 
in_run_force.reset_index(drop=TUXe, inplace=TUXe) 
#OXW UXQ 
FR_force.loc[max_force_index:, 'F [mN]'] = FR_force.loc[max_force_index:, 
                                                        'F [mN]']-(FR_force.index[max_force_index:]*out_lin_fit[0]+ 
                                                                   out_lin_fit[1]) 
out_run_force = FR_force.loc[max_force_index:, 'F [mN]'].copy()/radius # fRU caOcXOaWLQJ WKe adKeVLRQ fRUce OaWeU 
out_run_force.reset_index(drop=TUXe, inplace=TUXe) 

In [5]: # TaNe caUe Rf WLPe RffVeW 
fig, ax = plt.subplots(figsize=(6, 4)) 
ax.grid(TUXe) 
ax.set_xlabel('Time [s]') 
plt.title('Offset assessment FR' + str(FR_nr)) 
 
if QRW skip_fitting: 
    interactive_offset_assessment = ipywidgets.widgets.interactive(widget_support.update_offset, offset = '0', 
                                                                   ax = ipywidgets.fixed(ax), 
                                                                   FR_force = ipywidgets.fixed(FR_force), 
                                                                   FR_dist = ipywidgets.fixed(FR_dist), 
                                                                   rate = ipywidgets.fixed(rate)) 
eOVe: 
    interactive_offset_assessment = ipywidgets.widgets.interactive(widget_support.update_offset_skip, 
                                                                   ax = ipywidgets.fixed(ax), 
                                                                   FR_force = ipywidgets.fixed(FR_force), 
                                                                   FR_dist = ipywidgets.fixed(FR_dist), 
                                                                   offset = ipywidgets.fixed(offset), 
                                                                   rate = ipywidgets.fixed(rate)) 
 
interactive_offset_assessment 

(b) File Exp_XX_analysis.ipynb part 2.
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In [6]: # XVe RffVeW YaOXe WR VWLcN daWa WRJeWKeU SURSeUO\ 
if QRW skip_fitting: 
    offset = interactive_offset_assessment.result 
     
FR_dist['time'] = FR_dist['time'] + int(offset)/rate # VKLfW WR ULJKW SOace 
 
# ReVW LV KaQdOed b\ e[WeUQaO VcULSW 
FR, max_force_index = data_manip.clean_FR(FR_force, FR_dist, radius) 

In [7]: #PORW FR 
plt.close('all') 
# PORWWLQJ UaQJe
xrange = [0, 40] # QP 
yrange = [-10,12] # QN/P 
 
# KaQdOed b\ e[WeUQaO VcULSW 
widget_support.plot_FR_final(FR, max_force_index, FR_nr, xrange, yrange) 
 
# becaXVe WKe bXWWRQ ZLdJeW caQ QRW be SaVVed aQ\ aUJXPeQWV WKLV def QeedV WR be KeUe WR Vee FR_QU & SOW 
def save_fig_button_clicked(b): 
    plt.savefig('FR_plots/FR' + str(FR_nr) + '.png', dpi = 300) 
    UeWXUQ 
 
save_fig_button = ipywidgets.Button(description="Save Figure") 
save_fig_button.on_click(save_fig_button_clicked) 
save_fig_button 

In [8]: # USdaWe fLWWLQJ daWa aQd ZULWe QeZ WR fLOe 
# WILL OVERWRITE ROd fLOe 
Exp_data[FR_nr] = [in_lin_fit, out_lin_fit, offset] 
 

(c) File Exp_XX_analysis.ipynb part 3.
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Force = -6.119427054037629 mN/m 

Force = -1.7244927079866912 mN/m 

# WULWe WR fLOe 
read_in.save_to_json(save_filename, Exp_data) 

In [9]: # AdKeVLRQ PeaVXUePeQW 
index_range = [0,1000] 
adh_force = widget_support.plot_adh_checker(out_run_force, FR_nr, index_range) 

In [10]: # ORad fLOe ZLWK adKeVLRQ fRUceV aQd add QeZ eQWU\ 
filename = 'adh_forces.csv' 
adh_forces_list = read_in.read_adh_forces_csv(filename) 
adh_forces_list = [val fRU val iQ adh_forces_list if val[0] != FR_nr] 
adh_forces_list.append([FR_nr, adh_force]) 
 
# ZULWe adKeVLRQ fRUceV WR fLOe 
read_in.write_adh_forces_csv(filename, adh_forces_list) 

In [11]: # JXPS-LQ PeaVXUePeQW
index_range = [0,1000] 
j_in_force = widget_support.plot_adh_checker(in_run_force, FR_nr, index_range) 

In [12]: # ORad fLOe ZLWK adKeVLRQ fRUceV aQd add QeZ eQWU\ 
filename = 'jump_in_forces.csv'
j_in_forces_list = read_in.read_adh_forces_csv(filename)
j_in_forces_list = [val fRU val iQ j_in_forces_list if val[0] != FR_nr] 
j_in_forces_list.append([FR_nr, j_in_force]) 
 
# ZULWe adKeVLRQ fRUceV WR fLOe 
read_in.write_adh_forces_csv(filename, j_in_forces_list)

(d) File Exp_XX_analysis.ipynb part 4.

Figure C.8.: File Exp_XX_analysis.ipynb.
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IQ [1]: # ImporWs 
impoUW PaWSORWOLb.S\SORW aV SOW 
fUom LS\ZLGJHWV impoUW LQWHUaFWLYH 
impoUW LS\ZLGJHWV 
impoUW SaQGaV aV SG 
impoUW QXPS\ aV QS 
fUom GaWHWLPH impoUW GaWHWLPH, WLPHGHOWa 
fUom SFA_VXSSRUW_OLbUaU\ impoUW UHaG_LQ 

IQ [2]: FR = 28 
 
ILOHQaPH = 'aGK_IRUFHV.FVY' 
IRUFH_GI = SG.UHaG_FVY(ILOHQaPH, KHaGHU = None) 
IRUFH_GI.FROXPQV =['FR','F_aGK'] 
 
 
ILOHQaPH = 'MXPS_LQ_IRUFHV.FVY'
M_LQ_GI = SG.UHaG_FVY(ILOHQaPH, KHaGHU = None) 
M_LQ_GI.FROXPQV =['FR','F_M_LQ'] 
 
IRUFH_GI['F_M_LQ'] = QS.NaN 
 
 
ILOHQaPH = 'E[S_' + VWU(FR) + '_LQIR.FVY' 
LQIR_GI = SG.UHaG_FVY(ILOHQaPH, GHOLPLWHU = ';') 
 
IRUFH_GI['E'] = QS.NaN 
IRUFH_GI['EOHFWURO\WH'] = QS.NaN 
IRUFH_GI['CRPPHQW'] = QS.NaN 

IQ [3]: foU LQGH[, URZ in IRUFH_GI.LWHUURZV(): 
    WU\: 
        IRUFH_GI.ORF[LQGH[,'F_M_LQ'] = M_LQ_GI.ORF[QS.LVFORVH(M_LQ_GI['FR'],  
                                                              URZ['FR'])]['F_M_LQ'].YaOXHV[0] 
    e[cepW: 
        conWinXe
         
foU LQGH[, URZ in IRUFH_GI.LWHUURZV(): 
    WU\: 
        IRUFH_GI.ORF[LQGH[,'E'] = LQIR_GI.ORF[QS.LVFORVH(LQIR_GI['FR'],  
                                                         URZ['FR'])]['E'].YaOXHV[0] 
    e[cepW: 
        conWinXe
foU LQGH[, URZ in IRUFH_GI.LWHUURZV(): 
    WU\: 
        IRUFH_GI.ORF[LQGH[,'EOHFWURO\WH'] = LQIR_GI.ORF[QS.LVFORVH(LQIR_GI['FR'],  
                                                                   URZ['FR'])]['EOHFWURO\WH'].YaOXHV[0] 
    e[cepW: 
        conWinXe
foU LQGH[, URZ in IRUFH_GI.LWHUURZV(): 
    WU\: 
        IRUFH_GI.ORF[LQGH[,'CRPPHQW'] = LQIR_GI.ORF[QS.LVFORVH(LQIR_GI['FR'],  
                                                               URZ['FR'])]['CRPPHQW'].YaOXHV[0] 
    e[cepW: 
        conWinXe

IQ [4]: ORZHVW_FR_QU = LQW(IRUFH_GI.PLQ()['FR']) 
 
GLUHFWRU\ = '../GaWa/E[S_' + VWU(FR) + '/FRUFH/' 
_, GaWH, WLPH = UHaG_LQ.UHaG_IRUFH_ILOH(ORZHVW_FR_QU, GLUHFWRU\, '', 10, 1) 
VWaUWWLPH = GaWHWLPH.VWUSWLPH(GaWH+WLPH, '%G/%P/%Y%X,%I') 
VWaUWWLPH 
 
IRUFH_GI['SHF'] = QS.NaN 
 
foU LQGH[, URZ in IRUFH_GI.LWHUURZV(): 
    WU\: 
        FR_QU = URZ['FR'] 
        GLUHFWRU\ = '../GaWa/E[S_' + VWU(FR) + '/FRUFH/' 
        _, GaWH, WLPH = UHaG_LQ.UHaG_IRUFH_ILOH(FR_QU, GLUHFWRU\, '', 10, 1) 
        FR_WLPH = GaWHWLPH.VWUSWLPH(GaWH+WLPH, '%G/%P/%Y%X,%I') 
        IRUFH_GI.ORF[LQGH[,'SHF'] = LQW((FR_WLPH - VWaUWWLPH).WRWaO_VHFRQGV()) 
    e[cepW: 
        conWinXe

IQ [5]: IRUFH_GI.WR_FVY('aQaO\VLV.FVY', LQGH[ = FalVe) 

Figure C.9.: File make_dataframe.ipynb.
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