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Chapter 1

Introduction and outline

Organic adsorbates play an important role in a number of electrochemical
processes, e.g. as organic additives for metal plating. Furthermore,
electrochemical deposition of thermally unstable molecules may also be a
promising route towards functional organic layers. Detailed investigations are
mandatory in order to acquire profound knowledge of the structural and
electronic properties of these layers parallel and perpendicular to the surface,
and to achieve a deeper mechanistic understanding of the kinetics of involved
charge transfer reactions taking place at the metal/organic interface in the
electrochemical environment [1].

Viologens are certainly among the most intensively studied organic
adsorbates, especially as molecular building-blocks in supramolecular
chemistry [2]. They have attracted much attention in the field of surface
electrochemistry within the last few decades due to their widespread
applications as chromophores, electron-transfer mediators, and most recently
as gating molecules in model systems for electronic devices that are based on
molecular architectures. Their main advantage lies in their low-lying LUMOs
and an almost ideal reversibility of the electron-transfer reaction. Their
solution electrochemistry is well documented in the literature [3, 4]. However,
far less is known about the surface redox-chemistry and the related phase
behavior of adsorbed viologens.

Therefore, the aim of this work is to investigate the processes of viologen
adsorption occurring within the solid/liquid interface at the atomic/molecular
level. Two particular viologens, the 1,1’-dibenzyl-4,4’-bipyridinium or
Dibenzyl-Viologen (DBV) and the 1,1’-diphenyl-4,4’-bipyridinium or Diphenyl-
Viologen (DPV) are chosen to study. In spite of the difference of the outer
organic group, i.e. benzyl vs. phenyl, attached to the bipyridinium core, the two
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Introduction and outline

viologens have similarities in their molecular size and their redox chemical
properties which makes them a good pair to compare concerning their
structure formation and phase behavior at the surface. Note that the
adsorption of DBV molecules on chloride modified Cu(100) has been
previously studied by C. Zorlein [5], however in the framework of this thesis,
the comparison between DBV and DPV adsorption as well as the discovery of
new structures under “reactive adsorption” conditions results in new
contributions to the understanding of viologen layers at metal/electrolyte
interfaces.

This work combines classical Cyclic Voltammetry (CV) studies with in-situ
Electrochemical Scanning Tunneling Microscopy (EC-STM) and ex-situ X-ray
Photoelectron Spectroscopy (XPS) experiments in order to probe the surface
structures and the influence of the electrode potential on the electrochemical
processes at the solid/liquid interface. On the one hand, the in-situ EC-STM
provides direct images of structural changes within the adsorbed viologen
films even in the course of electron transfer reactions. On the other hand, the
ex-situ XPS supplements information on the chemical composition analyses of
the viologen adsorption layers.

The previous study proved an enhanced DBV adsorption on the chloride
modified Cu(100) “template” due to the electrostatic interaction and good
conformation between the negatively charged chloride layer and the viologen
cations [5]. Therefore this thesis focuses mostly on the viologen adsorption on
that surface. In addition, the DBV adsorption is also performed on an inert
HOPG substrate in order to firstly evaluate the influence of the preadsorbed
anions and secondly to search for other redox states of DBV species at more
negative potentials.

The outline of this work is as follows:

This thesis is organized in five parts. Part I - "Introduction and outline”
presents the motivation for doing this work and the outline of the thesis. In
Part Il - "Experimental and theoretical background”, a short overview about
the electrochemistry at the solid-liquid interface, the tunneling effect, the
principle of ex-situ XPS as well as the experimental setups are described in
Chapter 2. The two solid substrates used in this thesis, the inert HOPG and the
more active anion modified copper surface, are described in Chapter 3. Then
an overview about supramolecular chemistry and self-assembly of Viologens
is given in Chapter 4 focusing on DBV and DPV molecules. Part III concentrates
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on the results and discussions of the “non-reactive” adsorption of the
viologens on the different substrates including three chapters devoted to DBV,
DPV and their comparison, respectively. While Chapter 5 characterizes
intensively the DBV molecules adsorbed on chloride modified Cu(100) and
compares it with the adsorption on the HOPG surface, Chapter 6 focuses
especially on the DPV molecules on the chloride modified Cu(100) substrate.
In this part, the redox chemistry, structural morphology and phase behavior of
the adsorption and self-assembly of the two molecules are investigated
systematically and, as a matter of course, the comparison between DBV and
DPV adsorption will then be given in Chapter 7. Part IV or Chapter 8 discusses
the DBV adsorption on the chloride modified Cu(100) under “reactive”
conditions in which the surface morphology and the phase behavior shows
interesting differences from the “non-reactive” adsorption, namely the
formation of new but metastable structures. Furthermore, appealing results
on tip-induced structural transitions of these metastable structures are also
presented here. The final Part V comes with the conclusion of all results for
this work.
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Chapter 2

Methods

2.1 Electrochemistry at solid-liquid interfaces

2.1.1 Introduction

The structure and composition of electrified solid-liquid interfaces as well as
their electrical charge distribution is of great fundamental interest in
electrochemistry. Many scientifically and technologically relevant processes occur at
these interfaces, i.e. corrosion, electro-catalysis, compound formation and galvanic
deposition, e.g. the copper damascene process (electroplating). Therefore, an atomic-
scale understanding of the interfacial structure is mandatory in order to control the
fabrication of new surface structures and materials. In this chapter, the conventional
structure models of electrified solid-liquid interfaces are presented. Furthermore, the
cyclic voltammetry as one of the most important methods to characterize the
solid/liquid interface is described.

2.1.2 Solid-liquid interfaces

The electrical double-layer is associated with an ideally polarized electrode
which is an electrode at which no charge transfer can occur regardless of the
potential imposed by an external voltage source. The specific nature of the structure
and the interactions within the electrical double-layer should be considered in the
interpretation of electroanalytical data. Various models have been proposed
describing the interphasial region near the electrode surface.

Helmholtz envisaged a "double layer" in which the excess charge on the metal
would be neutralized by a monomolecular layer of ions of opposite charge to that on
the metal phase. Considering a metal surface which is exposed to an electrolyte
solution, such a double layer is composed of a charged metal surface and an
interfacial regime in the electrolyte phase containing an excess of ionic particles
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counterbalancing the charge at the electrode ge. A positively charged electrode, for
instance, attracts a layer of negative ions. The overall interface must be neutral with
ge + gs = 0 where gs is the excess charge of ions in the nearby solution. The surface
charging can be carefully controlled by the applied "Galvani” potential to the
electrode [6]. However, this model did not account for the possible specific

adsorption or random motion of ions.
The Gouy-Chapman-Stern-Grahame (GCSG) model

The development of theoretical models of the electrolytic double layer until
today is considered in a detailed review article [7]. A more modern model of the
charge density distribution near metals is the GCSG model which accounts for the
finite size of ions and their thermally activated motion, as illustrated in Fig. 2.1. The
double layer can be roughly divided on the electrolyte side by two planes, the Inner
and the Outer Helmholtz Plane (IHP or OHP), into three regions, the inner Helmholtz
layer, the outer Helmholtz layer and the diffuse double layer.

Electrode surface

i
o Inner Helmholtz Plane

i Outer Helmholiz Plane

Potential

0 12 X

Figure 2.1: The Gouy-Chapman-Stern-Grahame (GCSG) model.

Inner Helmholtz layer: It is based on the assumption that a single layer of
specifically adsorbed anions which are desolvated maintain direct contact with the
electrode surface in the inner Helmholtz layer. A rigid double layer is formed with
one-by-one matching of the charges on the metal surface and in the ion layer. The
arrangement resembles a plate capacitor with separation of d = r/2 between the two
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plates, where r equals the diameter of the unsolvated anions. The ionic particles are
directly bound to the metal surface atoms [8]. This phenomenon occurs primarily
with anions and is often accompanied by the formation of periodically ordered
adsorbate layer [9].

Outer Helmholtz layer: The outer Helmholtz layer is formed by solvated ions. In
this case the hydration shell is bound more strongly and is not even partially removed
upon adsorption. The solvated ions interact through the hydration sphere more
weakly and purely electrostatically with the electrode surface. The outer Helmholtz
plane is thus at a distance of a/2, where a is the radius of a solvated ion.

The Helmholtz layer is then followed by the diffuse double layer region, which is
disordered due to the thermal motion of the ions. A preliminary calculation of the
electrochemical potential in the diffuse double layer under the simplistic view of the
ions as point charges shows an exponential decrease of the potential ¢(z) and the
space charge density p(z) with the distance z to the electrode surface: [10, 11]

o

#(z) = e (2.1)
EEWK
p(z) =—oxe™* (2.2)
with p represents the charge density,

¢ the dielectric constant of water,
& the dielectric constant of vacuum,
e the electron charge,

x the inverse Debye length.

Here the quantity x provides the length scale for the screening and 1/k is
associated with the thickness of the diffuse double layer regime and is called the
Debye length.

As the result, the potential decreases exponentially with increasing distance to
the surface. An increase of the salt concentration leads to a steeper drop and thus to a

shorter Debye length.
2 2 2
K= Loz € (2.3)
eg kT
with ny the total ion concentration,

k the Boltzmann’s constant,
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Within the IHP specific adsorption can be observed i.e. the ions loose partially or
completely their hydration shell. The OHP contains only ions that are solvated. Both
Helmholtz layers represent compact layers. The potential drops in the IHP and the
OHP respectively are linear, the drop in the diffuse layer is exponential. The
capacitance of the double layer consists of a combination of the capacitance of the
compact layers in series with that of the diffuse layer. For two capacitors in series, the

total capacitance is given by:

1

1
—+
c, C

1 (2.4)
C i

The specific adsorption of anions on a metal surface

Besides the intrinsic electrostatic interaction between the charged electrode
surface and ions in the electrolyte as described above by the GCSG-model, there is
also chemical interaction between anions such as iodide, sulfate etc. and the electrode
surface. In this case, these anions loose their hydration shell completely and adsorb
directly and strongly on the electrode surface. This phenomenon is called specific
adsorption. In many cases, specific anion adsorption leads to the formation of a dense
anion layer. The model of this specific adsorption of anions on a metal surface is

presented in Fig. 2.2.

Electrode surface

\\I Inner Helmboltz Plane

Potential
|
|
|
I

Figure 2.2: The specific adsorption of anions on a metal surface.
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The potential decreases linearly between the electrode surface and the IHP, i.e.
the plane through the centers of dehydrated ions, and then re-increases exponentially

towards the bulk solution.

The specifically adsorbed anions bind strongly to the electrode surface and
thereby form a dense, laterally ordered and immobilized layer which can be well

observed by microscopic methods such as the EC-STM.

Interestingly, such a specific adsorbate layer can be used as template for the
immobilization of molecules on electrode surfaces, especially for positively charged
organic cations as will, for example, be demonstrated for viologens in this thesis. The

model can be seen in Fig. 2.3.

Structure of the electrode surface: The Jellium model

All models presented so far only describe one part of the double layer, namely
the interfacial regime in solution by neglecting the interfacial structure of the solid

electrode surface.

Electrolyte

N & &
Yo N

l : | Electrode surface

—_ h : : Anion Plane
4 :Ill i T
= |
s e/ T~
= | I I Self-assembled layer ™—____
B | — — o
1/ —
P
|1 i
! 1
12
or/z x

Figure 2.3: The self-assembly of organic cations on a specifically adsorbed anion layer.

With respect to the bulk, the structural and electronical properties of a metal
surface are strongly modified. There is a simple model to illustrate some fundamental
properties of the electronic structure of surfaces, namely the so-called Jellium model.
In this model, the positive charge of the ion cores is spread uniformly over the solid
(jellium) while the valence electrons move in the potential produced by this jellium.
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At the surface, the positive background charge terminates abruptly (jellium edge) but
the electron density does not. Instead, the electron density oscillates near the surface
(Friedel oscillations) before decaying exponentially outside the solid (see Fig. 2.4).
This distribution of charge density produces an electrostatic dipole layer at the
surface. This dipole attracts electrons to the surface and produces a step in the
surface potential [12-14], which contributes to the work function which electrons
have to overcome when leaving the metal through the surface.

The electrostatic potential including the surface dipole depends on the
roughness of the surface, i.e. its atomic scale structure. Fig. 2.5 shows the so-called
"Smoluchowski smoothing” at steps which introduces dipoles at the surface.
Therefore, the work function depends on the crystallographic orientation of the face
of the crystal. For instance, the work function of Cu (fcc) is 4.94 eV, 4.59 eV and 4.48
eV for the (111), (100) and (110) surface, respectively [13].
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Figure 2.4: Charge density as a function of the distance from the surface in Fermi wavelengths
as predicted by the jellium model [12].

The presence of adsorbates on the electrode surface can introduce two different
dipolar contributions to the work function. The first contribution comes from the
charge transfer between the surface and the adsorbate. When an electropositive
adsorbate such as an alkali metal forms a chemical bond with a transition metal
surface the alkali metal tends to donate charge into the metal which causes a decrease
of the work function. Contrary to that, an electronegative adsorbate, such as oxygen,
sulfur or halogens, withdraws charge from the metal and thereby increases the work
function. The second contribution arises when a molecular adsorbate has an intrinsic
dipole. Whether this contribution increases or decreases the work function depends
on the relative orientation of the molecular dipole with respect to the surface [12].
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&)

Figure 2.5: Smoluchowski smoothing effect: The electrons at a step attempt to smooth out the
discontinuity of the step [12].

2.1.3 Cyclic voltammetry

The cyclic voltammetry (CV), one of the voltammetric methods, is the most
commonly used technique for acquiring qualitative and quantitative information
about electrochemical reactions. It was first reported in 1938 and described
theoretically in 1948 by Randles and Sevcik [15]. This technique consists of scanning
linearly the potential of a stationary working electrode between two chosen limits
using a triangular potential waveform at a known sweep rate, v (Fig. 2.6).

Depending on the information sought, single or multi-cycles can be used. During
the potential sweep, the potentiostat measures the current resulting from the applied
potential. The resulting plot of current versus potential is termed a cyclic
voltammogram.

Cyclic voltammetry (CV) is used throughout this thesis in order to characterize
the general electrochemical behavior of the systems under investigation.

In order to be sensitive to the potential drop between electrode and bulk
solution a so-called three electrode arrangement is used, consisting of a working
electrode, a counter electrode and a reference electrode. The latter one is mandatory
to measure potentials being not affected by current flowing through the working and
counter electrodes. Kinetic as well as thermodynamic data can be obtained by scan
rate dependent CV measurements.

CV is often the first experiment performed in an electro-analytical study because
it offers a rapid determination of redox potentials of electroactive species and a
convenient evaluation of the effect of media upon the redox process. CV can provide
considerable information on the thermodynamics of redox processes, on the kinetics
of heterogeneous electron transfer reactions, and on coupled chemical reactions or
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adsorption processes. Moreover, this method is not only used for evaluating the
interfacial behavior of electroactive compounds such as organic molecules etc., but
also widely used for the characterization of the adsorption/desorption process of
anions on metal surfaces.
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Figure 2.6: Working principle of cyclic voltammetry with the three electrode arrangement,
CE: counter electrode; WE: working electrode; RE: reference electrode.

2.2 Microscopy at the solid-liquid interface - EC-STM

2.2.1 Introduction

The invention of the first Scanning Tunneling Microscope (STM) by Binnig and
Rohrer in 1982 [16-18] for which they won the Nobel Prize for Physics in 1986 has
revolutionized the field of surface science since it allows the direct imaging of surface
structure and dynamics on the atomic scale.
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The STM has been first used in an ultra high vacuum environment (UHV) and has
been extensively used to investigate the surface properties of various inorganic
conducting materials. Although much of the early STM work has focused on surfaces
in vacuum, the STM, in fact, can also be used to obtain images of surfaces in contact
with liquids or air. The first STM working at solid-liquid interfaces has been
introduced by Sonnenfeld and Hansma in 1986 [19]. From that time on, the so-called
Electrochemical Scanning Tunneling Microscopy (EC-STM) has attracted more and
more attention.
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Figure 2.7: Energy level diagram of a tunneling junction.

These STMs are able to image directly the electrode surface in solution (in-situ).
The ability to offer structural information on the atomic level makes it highly suitable
for in-situ studies of time dependent electrochemical processes, such as corrosion,
electrodeposition, adsorption, as well as surface modification and passivation. In the
following the physical background of the tunneling effect, the working principle of the
STM and, in particular, the experimental set-up will be presented.

2.2.2 Tunneling effect

Tunneling is a quantum-mechanical effect. An electron with energy E can
penetrate a potential barrier ® > E. The wave function y decays exponentially in the
classically forbidden region according to:

w(z) =y (0)exp (2.5)

—2m(® - E)z
h

where m is the mass of the electron, i=h/2z= 1.05 x 10-34Js where h is the Planck
constant, @ is the barrier height in eV and z is the width of the barrier.
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In the STM set-up, a metallic tip approaches the sample to a distance z of only
some A, so that the wave functions of the electrons in the tip and the sample overlap
within the vacuum gap (see Fig. 2.7). When a small bias voltage V is applied, only
electronic states very near the Fermi level are excited. The excited electrons can
tunnel across the barrier from the tip into the sample or vice versa depending on the
polarity of the bias voltage. In other words, tunneling occurs mainly with electrons of
energies near the Fermi level.

However, tunneling does require that there is an empty level of the same energy
as that of the electron tunneling to the other side of the barrier. It is because of this
that the tunneling current can be related to the density of available or filled states in
the sample. The current due to an applied voltage V (assume tunneling occurs sample
to tip) depends on two factors: 1) the number of electrons between Er and eV (a
product of electron charge and voltage, not to be confused here with electronvolt
unit) in the sample, and 2) the number among them which have corresponding free
states to tunnel into on the other side of the barrier at the tip. The higher density of
available states the greater the tunneling current. When V is positive, electrons in the
tip tunnel into empty states in the sample; for a negative bias, electrons tunnel out of
occupied states of the sample into the tip [20].

The tunneling current It can be calculated by taking into account the density of
states at the Fermi edge of the sample, p(EF ), according to [20]:

1, o VpE Yexpl-2 YO =y, e 2o 26)

Here the tunneling current is a complex convolution of the electronic properties
of the tip and the sample as well.

Various theories on STM were developed in recent years which deal with a
realistic surface-tip system in three dimensions [21]. One of them was introduced by
Tersoff and Hamann [22-24]. Following this, the tunneling current is proportional to
the surface local density of states (LDOS) at the Fermi level evaluated at the location
of the tip. This theory is based on assumptions such as a small bias, a low
temperature and a tip which is represented by an s-wave function. The relation
between the tunneling current and the bias voltage V as well as the distance between
tip and sample z is given by:

1, Ve ™ p(ry, E,.) (2.7)

Here the tunneling current decreases exponentially with the separation between
tip and sample. This result leads to an extremely high vertical resolution of STM. A
change of the distance by 1 A results in a tunneling current change by one order of
magnitude. If the current varies within 2%, the distance remains constant to within
0.01%. For the lateral resolution, about 90% of the tunneling current flow through
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the gap between the outermost atom of the tip and the closest atom of the surface.
Then surface atoms with an atomic separation down to ~ 2 A can be resolved [25].

The main advantage of the Tersoff and Hamann approach consists in the fact that
the electronic properties of the local probe (the tunneling tip) can be neglected. The
tunneling current depends only on the local density of states of the surface but not on
the tip anymore.

2.2.3 Working principle of the STM

The STM contains essentially an atomically sharp metal tip which scans over the
conductive surface under investigation (Fig. 2.8). The metal tip is fixed into a scanner
- a piezo tube containing three components: Px, Py, Pz. The piezoelectric ceramic
material is used as electromechanical transducer which converts electric signals Vx, Vy
and Vz of 1 mV to 1 kV applied to the Px Py and Pz electrode with respect to an
electrode inside the tube into mechanical motion in the range from fractions of an A
to a few pm. A feedback electronics is used to control the tip-sample distance. The
voltage applied to the Pz electrode is controlled by the feedback system so that It
remains constant when scanning the tip with Pxand Py over the surface. At constant
work function ¢, Vz(Vx, Vy) yields the “topography” of the surface, z(x, y). A computer
system is needed to control the tip position, to acquire data, and to convert data into
an image. In addition, further auxiliary components are necessary, namely a coarse
positioning system in order to bring the tip into the tunneling regime, and a vibration
isolation system [24-26].
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Figure 2.8: Working principle of the STM, Vy: bias voltage, Ii: tunneling current, V,: lateral
controller voltage, V,: lateral controller voltage, Vz: vertical controller voltage [24].
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Figure 2.9: STM operation modes. a) Imaging a surface in the constant current mode. The
surface contour plot is obtained by the z-signal (voltage that has to be applied for the
positioning) upon scanning; b) Imaging the surface in the constant height mode. The tunneling
current is recorded.

In principle, there are two operating modes: the constant current mode and the
constant height mode [16, 25-26] (see Fig. 2.9):

e The constant-current mode: [ and V are kept constant, x and y are varied by
rastering the tip, and the z-signal is measured as a function of x and y. In this mode,
comparatively large and rough sample areas can be imaged without any damage of
the tip or the sample surface ("tip crash”). However, the scan rate must be kept quite
slow allowing the feedback system to control the z-position of the tunneling tip.

+ The constant-height mode: z and V are kept constant, x and y are varied by
rastering the tip, and [ is measured as a function of x and y. Higher scan rates can be
applied which is advantageous to eliminate thermal drift effects in high resolution
imaging. However, large scan sizes should be avoided since "tip crashs” are possible,
because the feedback loop is switched off.

2.2.4 The STM setup at the solid-liquid interface

The electrochemical tunneling microscopy (EC-STM) combines the STM with a
potentiostat and an electrochemical cell, so that it can work in an electrochemical
environment. It appears more complicated than an STM working in UHV since the EC-
STM must deal with a complex tip-sample-electrolyte system. The potentio-dynamic
EC-STM presented in this thesis is a home-built system designed by Wilms et al. [24
27]. This system is developed as a special Besocke type STM instrument [28] in
combination with an electrochemical cell and has various advantages over most
commercial systems. Technical details about this EC-STM can be found in refs. [24, 27,
29]. Here only a brief description is presented.
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Figure 2.10: Principle of the potential control for potentiostatic and potentiodynamic imaging
with the EC-STM. TE: tip electrode; CE: counter electrode; WE: working electrode; RE:
reference electrode; S: switch; I: tunneling current [24].

The working principle of the potentiodynamic EC-STM system is displayed in Fig.
2.10. The three-electrode configuration (WE, CE, RE) controlled by a potentiostat can
be used separately to investigate the electrochemical properties of the sample-
electrode. In combination with the STM, the tunneling tip has to be considered as a
second working electrode resulting in a four-electrode arrangement controlled by a
bipotentiostat. (The control of the sample potential is independent from the tip
potential). The tip potential has to be chosen so that the Faradaic current through the
tip is minimal because it is superimposed to the tunneling current and could, hence,
disturb the proper tip height control. Such a system is able to measure:

1. Cyclic voltammograms as in the case of a normal three electrode arrangement.

2. Potentiostatic STM images when the switch S is in position 1, and the tip potential
can be adjusted to a value where the Faradaic current disappears.

3. Potentiodynamic STM images when the switch S is in position 2 and the tip
potential is adjusted and held constant versus the reference electrode. Hence, the
sample potential is varied while the tip potential remains unaffected.
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Figure 2.11: Photo of the EC-STM: 1) aluminum chamber for the STM; 2) STM control unit; 3)
bipotentiostat; 4) computer for controlling the STM unit and displaying STM images; 5)
computer for displaying the cyclic voltammograms; 6) electrolyte supply and gas purification
system; 7) hose pump; 8) heavy granite plate; 9) steel springs connected with the ceiling.

An overview of the complete EC-STM system is shown in Fig. 2.11. The most
important part of the EC-STM is the tunneling unit and an electrochemical cell which
are placed within an aluminum chamber (1). This aluminum chamber can be filled
with a protective Argon gas atmosphere and additionally serves as a shielding against
acoustic and electromagnetic noises. In order to damp higher frequencies larger than
100 Hz the STM is placed inside the aluminum chamber on a stack of brass plates
separated by rubber pieces. The chamber is placed on a heavy granite plate (8)
suspended with steel springs (9) from the ceiling. This damping stage has a resonance
frequency of less than 1 Hz and effectively protects the STM from outer vibrations in
the low frequency regime. The protective gas is purified by using a gas purification
system before filling it into the aluminum chamber. The electrolyte from the
electrolyte supply system (6) is degassed by the purified protective Ar gas and then
fed into the electrochemical cell. The hose pump (7) is used to adjust the circulation
of the electrolyte through the electrochemical cell. The STM controller (2) is used for
controlling the STM unit and a computer (4) for controlling the movement of the
scanner and displaying the STM images. The operation of the electrochemical cell is
controlled by a bipotentiostat (3) and the cyclic voltammograms are recorded by the
second computer system (5).
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Figure 2.12: (a) Sketch of the home-built EC-STM; (b) Electrochemical cell [24].

Fig. 2.12 shows the mechanical setup of the STM (disassembled) (a) and the top
view of the electrochemical cell (b). For each measurement, the sample must be
prepared as described below (see Sec. 2.2.6). Afterwards, the sample is mounted into
the electrochemical cell (Fig. 2.12b). This cell is then fixed into the STM-base (Fig.
2.12a) and filled with the electrolyte under potential control. The tip is installed in the
scanner and adjusted to have the right length. The STM head, which carries the
scanner unit and the preamplifier, is put down onto the three grub screws. After the
electrical connections are made, the scanner unit is lowered down by turning the
lifting screw thereby setting down the ramped ring with the scanner freely resting on
the piezolegs. Scanner and tip are now mechanically decoupled from the scanner
head. The STM unit is then isolated within the aluminum chamber and the granite
plate is suspended freely from the ceiling. From now the scanner can be controlled by
the STM control unit and the computer in order to approach the tip to the sample.
After the tunneling tip reaches the tunneling regime, all the fine movements and the
image recording can be controlled by the computer system. The potential applied to
the sample is under control and adjusted by the bipotentiostat unit.

2.2.5 Tunneling tips
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The geometry and material of the tunneling tip plays a key role in producing STM
images with atomic resolution. A blunt tip will usually deliver poor images. Tunneling
tips can be produced by etching or tearing a thin metal wire.

In all measurements presented in this thesis, tips have been made from tungsten
using an electrochemical etching method.

The tunneling tips were electrochemically etched from a 0.25 mm diameter
tungsten wire. The tungsten wire was pierced through a thin lamella of mM solution
suspended by a loop of a Pt wire. Then a potential with an amplitude of +4 V and a
frequency of 100 Hz was applied between the tip and the loop electrode for a total of
3 minutes while the electrolyte was exchanged every minute. After that, the
amplitude of the alternating voltage was reduced to £2 V, and the etching process
continued until the free end of the tungsten wire fell off. The tip was carefully rinsed
with high purity water. After the tip became dry it was coated by passing it through a
drop of hot glue [24, 30, 31]. Due to its high curvature the very tip remains
uncovered.

2.2.6 Sample preparation

In order to perform useful STM measurements the surfaces have to be
reproducibly well prepared and well defined. In order to study the interplay between
the structure and reactivity of the surface, many well-defined single crystalline
surfaces especially with low indexes have been used in electrochemical STM-studies,
e.g, Au, Ag, Pt, Cu, etc. [29, 32]. Depending on the nature of the electrode material,
particular preparation recipes have to be chosen. Typical methods to prepare
samples for electrochemical measurements are [32]:

¢ Flame-annealing and quenching method: This method was introduced by
Clavillier in 1980. A Pt single crystal was annealed in an oxygen flame and quenched
in pure water. This method can be applied for Pt [33, 34], Au [35], Ir [36], Rh, Pd [37]
and Ag [38].

¢ Electrochemical etching method: Flame annealing, however, can not be
applied for less noble metals such as Cu, Ni, Fe, Co because these metals are easily
oxidized in a flame, in air and even in contact with only trace amounts of oxygen.
However, they can be very well prepared by the electrochemical etching method, i.e.
electropolishing.

¢ UHV-EC: The surfaces are cleaned in UHV by cycles of Ar-ion bombardment and
high temperature annealing. This method can basically be applied to any metal also
such as Pt, Au, Pd [39, 40].
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In this thesis, Cu(100) samples were used and prepared by the electropolishing
procedure which was first introduced by Brisard et al. [41].

The Cu(100) samples were cut from a single-crystal rod, oriented by Laue
diffraction and first mechanically polished using a diamond paste with different grain
sizes down to 0.25 pm. A surface orientation of less than 0.5° off the (100) plane was
required to guarantee a reproducibly smooth surface. Since copper is a quite reactive
metal, a thick oxide layer is formed at the surface when this metal is exposed to air. In
order to remove this native oxide layer, the sample must be electropolished prior to
each STM experiment. The single crystal was electro-polished in a separate cell for
about 40 s in 50% orthophosphoric acid at an anodic potential of 2 V. The surface
used should be held parallel to the electrolyte surface and waved gradually in order
to obtain a regularly electropolished surface. The copper surface was then rinsed
with the supporting electrolyte (HCI) to remove the phosphoric acid and was covered
with a drop of purged electrolyte in order to protect the copper surface against
oxygen re-adsorption. After that the electrode was mounted into the electrochemical
cell which was then protected in the aluminum chamber filled with Ar atmosphere. In
order to check the quality of the copper surface, CVs and STM images were recorded
under potential control first in the pure supporting electrolyte [24, 29, 30].

2.3 Synchrotron X-ray photoelectron spectroscopy

2.3.1 Introduction

X-ray photoelectron spectroscopy (XPS), one of the most frequently used
methods for surface analysis, is a quantitative spectroscopic technique in UHV which
can measure the elemental composition, as well as the chemical and electronic state
of the elements that exist within a material. Furthermore it can be applied to examine
samples of quite a variety of materials: metals and alloys, oxides, ceramics, organic
solids, polymers and biological material. The depth of information is just in the range
up to a few nanometers from the surface and the analysis area is routinely in a range
from only 0.5 to 1 mmz2.

The XPS technique was used as an ex-situ method providing additional
information on the chemical composition to the in-situ EC-STM structural results of
the solid/liquid interface.

In this work, in order to get this information of the viologen adlayers on the
surface, synchrotron XPS, which is highly monochromatic and has high intensity and
resolution, was applied. The used solid/liquid interface analysis system (SoLiAS)
installed at the synchrotron facility BESSY in Berlin which enables transferring safely
the electrochemically processed surfaces into the XPS analyzer chamber will be
described in more detail in the following.
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2.3.2 Working principle of XPS

The technique was first known by the acronym ESCA (Electron Spectroscopy for
Chemical Analysis). Surface analysis by XPS involves irradiating a solid under UHV
condition with monoenergetic soft X-rays and analyzing the emitted electrons by
energy. A detailed presentation of the photoelectron spectroscopy and its application
can be found in [42, 43].

The spectrum is obtained as a plot of the number of detected electrons per
energy interval versus their kinetic energy. Each element has a unique spectrum and
in a mixture of elements, the spectrum is approximately the sum of the peaks of the
individual constituents. Because the mean free path of electrons in solids is very
small, the detected electrons originate from only the top few atomic layers, making
XPS a surface-sensitive technique for chemical analysis. Quantitative data can be
obtained from peak heights or peak areas, and identification of chemical states often
can be made from exact measurements of peak positions and separations on the
energy scale, as well as from certain spectral features.

Because the energy of a particular X-ray wavelength is known, the electron
binding energy (BE) of each of the emitted electrons can be determined by using an
equation that is based on the work of Ernest Rutherford (1914):

Ebinding = Ephoton - (Ekinetic + ¢) (2.8)

where Ebinding 1S the binding energy of the electron, Ephown is the energy of the X-ray
photons being used, Exinetic is the kinetic energy of the electron as measured by the
instrument and ¢is the work function of the spectrometer (not the material).

XPS is routinely used to analyze inorganic compounds, metal alloys,
semiconductors, polymers, elements, catalysts, glasses, ceramics, paints, papers, inks,
woods, plant parts, make-up, teeth, bones, medical implants, bio-materials, viscous
oils, glues, ion modified materials and many others.

XPS can be used to measure

e elemental composition of the surface (top 1-10 nm usually),

e eclements that contaminate a surface,

e chemical or electronic state of each element in the surface,

e uniformity of elemental composition across the top surface (line profiling or
mapping),

e uniformity of elemental composition as a function of ion beam etching
(depth profiling).
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Therefore, XPS can be used to determine:
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The nature and the quantity of those elements that are present within
~10 nm of the sample surface,

Contaminants, if any, existing in the surface or the bulk of the sample,

The chemical state identification of one or more of the elements in the
sample,

The binding energy (BE) of one or more electronic states,

The thickness of one or more thin layers (1-8 nm) of different materials
within the top 10 nm of the surface,

The density of electronic states.
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Figure 2.13: Scheme of an X-ray photoemission spectrometer. [44]

Fig. 2.13 shows the scheme of a typical XPS, including the main following

components:

A source of X-rays (X-ray gun or synchrotron radiation),

An ultra-high vacuum (UHV) stainless steel chamber with UHV pumps,

An electron collection lens,

An electron energy analyzer,

Magnetic field shielding,

A vacuum sample introduction chamber,

Sample holders and manipulators,

A computer with software for data acquisition, storage, presentation and
analysis.
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The quantitative accuracy of the XPS method depends on several parameters
such as: signal-to-noise ratio, peak intensity, accuracy of relative sensitivity factors,
correction for electron transmission function, surface and volume homogeneity,
correction for energy dependency of electron mean free path, and degree of sample
degradation due to irradiation. Under optimum conditions, the quantitative accuracy
of the atom % values calculated from the major XPS peaks is 90-95% of the atom %
values of each major peak. If a high level quality control protocol is used, the accuracy
can be further improved. Under work conditions, where the surface is a mixture of
contamination and expected material, the accuracy ranges from 80-90% of the value
reported in atom % values. The quantitative accuracy for the weaker XPS signals, that
have peak intensities 10-20% of the strongest signal, are 60-80% of the true value.

The analysis area depends on the instrument design. The minimum analysis area
ranges from 10 to 200 micrometres. Largest size for a monochromatic beam of X-rays
is 1-5 mm. Non-monochromatic beams are 10-50 mm in diameter. Spectroscopic
image resolution levels of 200 nm or below have been achieved on latest imaging XPS
instruments using synchrotron radiation as X-ray source.

XPS can be performed using either a commercially built XPS system, a home built
XPS system or a synchrotron-based light source combined with an electron analyzer.
Commercial XPS instruments in the year 2005 used either a highly focused 20 to 200
micrometer beam of monochromatic aluminium Ko X-rays or a broad 10-30 mm
beam of non-monochromatic (polychromatic) magnesium X-rays. A few, special
design XPS instruments can analyze volatile liquids or gases, materials at low or high
temperatures or materials at roughly 1 torr vacuum, but there are relatively few of
these types of XPS systems.

Quantitative analysis is possible because the photoionization cross sections for
core electrons are largely independent of the chemical bond. The intensity /4 of the
escaping photoelectrons for a species A is given by:

Ly~ oy(hv) D(Ey) La(y) Ny Au(E4) cos®@ (2.9)

oa(hv) photoionization cross section of the incident photon energy hv,
D(E4) efficiency of the detector at the electron energy Ej,,

La() photoelectron emission probability of an atom A at the angle
vy of the incident photon,

Ny density of atom A in the analyte,

Au(Ea) inelastic mean free path of electrons with energy E4 in the matrix M,
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(] angle between the surface normal and the direction to the
spectrometer.

Because of the difficulties to determine experimentally most of the parameters,
the equation 2.9 can be simplified by disregarding the angular dependence L4() and
the mean free path Au(E,), and using tabulated atomic sensitivity factors (ASF), e.g.
[42, 45]. Thus a simple relationship between intensity and the number of emitters can
be identified:

L ~ASF4 N, (2.10)

The ratio of the photoelectron intensities of two components is given by:

1 ASF /N
Ay —4 4 (2.11)
I, ASF,N,
Alternatively, the apparent mole fraction of a component:
[A
ASF
X, ~— (2.12)

Ii

In order to quantify the XP-spectra the intensity is defined as the peak area. Since
part of the emitted photoelectron undergoes scattering processes within the solid
resulting in electrons with lower kinetic energy, each XP-peak is superimposed on an
increasing background. Therefore a subtraction of this background before further
analysis of the spectra is essential.

2.3.3 Synchrotron XPS (SXPS) and SoLiAS setup

The development of synchrotron radiation sources has enabled highly
monochromatic, high resolution and high intensity studies to be carried out with
radiation spanning a much wider and more complete energy range (5 - 5000 eV).
SXPS has a continuously variable excitation energy, enabling variation of the cross
section and mean free path for the specific measurement.

The SoLiAS station is operated on the TGM 7 as well as on the U49/2-PGM2
beamline at BESSY in Berlin, providing excitation energies in the range 20-130 and
86-1400 eV, respectively.
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Figure 2.14: Schematic optical layout of beamline PGM-U49/2 (BESSY - Berlin).

The SoLiAS system is a six-chamber system, described in Fig. 2.15, consisting of:

1. EC cell for sample preparation under electrochemical control,

2. Buffer cell for pumping out the remaining moisture and transferring the
sample from the electrochemistry cell to the vacuum system,

3. Adsorption chamber with evaporators or more sample preparation
facilities using molecular beam epitaxy (not applicable in these
measurements),

4. Analysis chamber including a LEED optics, an XPS electron analyser
(SPECS Phoibos 150) and radiation source,

5. UHV preparation like sputtering and annealing the sample,
6. Load lock.

The buffer chamber enables sample transfer without contact to ambient air. If we

want to analyze atomically thin surface layers with highest surface sensitivity and

spectroscopic resolution, very special measures have to be taken in order to avoid

contamination by ambient air or ubiquitous hydrocarbons. Therefore it is required to

carry out the entire wet processing under normal pressure in a high purity inert gas

atmosphere in a system directly attached to the UHV system. The SoLiAS system

fulfills these demands. Without contact to ambient air, the sample is transferred via a

buffer chamber vented with high purity inert gas as well.

SoLiAS also allows to deposit thin films within the UHV chamber in order to

provide clean substrates or to prepare reference samples in the studies.
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Figure 2.15: The SoLiAS: (a) schematic drawing, (b) photo.

The chamber system of the SoLiAS station permits an almost contamination-free
transfer of the sample from UHV into the electrochemical cell. All parts of the SoLiAS
station, and the electrochemical cell are separated by plate valves from each other
and each part is evacuated by its own magnetically levitated turbo pump. The base
pressure of the analysis chamber amounts to 1 * 10-1© mbar. The structure of the
electrochemical cell is further explained below. The actual electrochemical cell is
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housed in a Teflon holder at the bottom of a 3-dimensional glass cross with six
equivalent openings. Both the Teflon holder as well as all other attachments are
secured with plastic clips. Fig. 2.16a shows the 3-dimensional glass cross, including
the electrochemical cell, the magnetic thrust rod with sample holder and sample for
sample transfer into the analysis chamber, and the capillary for drying the sample
after emersion. The electrochemical cell consists of a Teflon holder, in the actual glass
cell (Fig. 2.16b) an internal reference electrode can be used.
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L

Inflow Outflow
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Figure 2.16: Glass cross with electrochemical cell: (a) photo, (b) schematic drawing.

2.3.4 Sample preparation and XPS measurements

The photoemission studies were performed using the solid/liquid interface
analysis system (SoLiAS) experimental station at the undulator beamline U49/2-
PGM2 at the synchrotron light source BESSY II [46], which enables spectroscopy of
electrochemically processed surfaces. Electrochemical processing was performed in
an atmospheric pressure inert-gas cell using a classical hanging meniscus
configuration followed by a transfer of the electrode into the vacuum via a buffer
chamber. Photoelectron spectra were obtained using a Phoibos 150 MCD 9 analyzer
(SPECS). All spectra were recorded in normal emission and are referenced to the
respective Fermi level of the metallic substrate. Thus, the displayed energy scales in
the XPS spectra correspond to binding energies (BE). The total experimental
resolution including the energy width of the photon beam and the detector resolution
amounts to 100 meV. XPS data obtained from the solid di-chloride salts of the
respective viologens, which were deposited on a clean gold foil under ambient
conditions, served as references for the XPS spectra of the electrochemically
processed, i.e. viologen covered surfaces.
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Chapter 3

Substrates

3.1 Introduction

In an EC-STM, the substrate not only acts as the working electrode where
electrochemical reactions take place, it is also the adsorption surface for the self-
assembly processes. Therefore, the adsorbed supra-molecular structures depend
strongly on the 2D-structure of the substrate surfaces and their electrochemical
properties. Substrates are usually made of well defined surfaces of single crystals. In
this thesis, only HOPG and Cu(100) have been used.

HOPG (Highly Oriented Pyrolytic Graphite) is a popular electrode used in
electrochemistry, because HOPG has a very broad potential window and easy cleaving
properties. The reason of using HOPG as a substrate in this work is at first to compare
the cyclic voltammogram with those of the other surfaces, and furthermore to find
out the influence of the anion layer template on the adsorption and self-assembly of
supramolecular structures. Because, different from copper substrates, HOPG does not
form a 2D-ordered anion adsorption layer, therefore molecules interact directly with
its surface.

On the other hand, the choice of copper is due to its higher reactivity in
comparison with that of noble metals such as Au, Ag, Pt. The potential window of
copper is also more negative than that of those metals. These aspects are expected to
offer a number of undiscovered interesting phenomena concerning the electro-
chemistry and the self-assembly of supramolecular structures on the surfaces under
reactive condition.

It is worthy to note that the presence of an anion adlayer on a copper surface acts
as an interface where the adsorption of molecules takes place. Therefore it is the
anion adlayer which is supposed to determine the structure of the building-blocks not
only by their conformation but also by enhancing the adsorption due to electrostatics.
And the anion adlayers lead to anion modified templates which will be described in a
special sub-chapter.
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3.2 HOPG surface

"Usual" graphite, especially natural one, exhibits a quite imperfect structure due
to plenty of defects and inclusions. A number of technologies are developed for the
preparation of perfect graphite samples to take advantage of its unique structure. Of
these, pyrolysis of organic compounds is the most common and effective. Thus HOPG
is a highly-ordered form of high-purity pyrolytic graphite (impurity level is of the
order of 10 ppm ash or better) [47].

Upper layer

Ideal SPM image

Figure 3.1: Schematic structural representation of the bulk hexagonal graphite crystal. The
dashed lines show the axes of the bulk unit cell. Side insets: top view of the basal plane of
graphite and schematic representation of the surface structure (carbon atoms) of graphite
mostly viewed by STM, where every other atom is enhanced (right-side inset) and viewed
under ideal conditions, where every single atom is seen (left-side inset) [47].

In particular, HOPG is highly oriented with respect to the layer-stacking
direction. Its preferable orientation is the (0001) basal plane, because its crystal
structure is characterized by an arrangement of carbon atoms in stacked parallel
layers - the two-dimensional and single-atom thick form of carbon that is called

graphene.
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Each graphene layer is composed of a planar arrangement of fused hexagonal
benzene rings. Therefore, graphite is highly anisotropic and hydrophobic. The
trigonal bonding within each graphene sheet involves overlap of carbon sp? hybrid
orbitals in the plane, whereas the overlap of carbon 2p; orbitals produces delocalized
rings of m electrons lying above and below each benzene ring, which makes graphite a
good electrical conductor. The graphene layers are bonded to each other by weak van
der Waals forces, so that they can easily slide over one another, which is why graphite
is soft and slippery, and used as lubricant.

As shown in Fig. 3.1, the lattice of graphite consists of two equivalent inter-
penetrating triangular carbon sublattices A and B, each one contains half of the
carbon atoms. The lattice of graphite thus has two types of carbon atoms, designated
A and B, per unit cell, and is invariant under 120° rotation around any lattice site. The
network of carbon atoms connected by the shortest bonds looks like a honeycomb
and in each layer the atoms form a grid of correct hexagons with distances between
atoms equal to 0.1415 nm. The vertical distance between layers is equal to 0.3354 nm
that gives a theoretical value of density p = 2.265 g/cm3.

Because of being easily cleaved to expose a fresh surface with an extreme
smoothness, HOPG terminated with a graphene layer is an excellent tool for using it
in scanning probe microscopy. It has an ideal atomically flat surface. This is vital for
SPM measurements that require uniform, flat, and clean substrates where elemental
analysis is to be done. In addition, atomic-level images of HOPG can be used to
calibrate the STM for high-resolution imaging.

3.3 Copper surfaces

Copper, one important transition metal, has several attractive properties: it is an
excellent electrical conductor, ductile, etc. so that it is widely used both in everyday
life and in technology. Since longtime, it is used as an electrical conductor (wires), as
a building material (roofing, tubing, etc.), and as a component of various alloys [48].
Recently, copper has been considered as one of the key materials of the twenty-first
century due to its application as wiring material in the state-of-the-art chip design
replacing the former aluminum technology. Damascene Cu electroplating for on-chip
metallization which has been developed in the early 1990s and is, for instance,
central to IBM’s Cu chip interconnection technology [49-51], etc..

However, the application of this material at the nanometer scale requires a more
sophisticated understanding of the relevant interface properties and processes of
those devices containing reactive materials like copper. An atomic scale
understanding of corrosion phenomena, corrosion inhibition by organic molecules,
oxidation, anodic dissolution and the formation of passivating films on copper is thus
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of vital interest. In this thesis work, the Cu(100) substrate was used in order to study
the self-assembly of supramolecular structures with anion adlayers serving as
templates.

Surface lattice and STM image of the bare Cu(100) are presented in Fig. 3.2. The
nearest neighbor distance (NND) of Cu-Cu is ac, = 2.56 A.

Figure 3.2: (a) (100) plane of the face-centered cubic (fcc) lattice of a copper crystal; (b) STM-
image of a Cu(100) surface in diluted sulfuric acid 3.8 nm x 3.8 nm, U, =35 mV,[;=5nA, E =
90 mV [52].

3.4 Anion modified copper surfaces

3.4.1 Overview of anion modified metal surfaces

Ion adsorption is certainly one of the most prominent and therefore one of the
most intensively studied phenomena in electrochemistry. It is well-known from
various electrochemical processes such as in galvanic deposition, etching, corrosion
and electro-catalysis that the presence of specifically adsorbed anions can
significantly affect the electrochemical reactivity of metal electrodes.

When a metal surface is in contact with aqueous electrolytes, the tendency
towards specific anion adsorption increases in the sequence [53]:
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Anions with strongly bound solvation shells such as F-, C10-4, PF-¢ interact with
the electrode surface by pure electrostatic forces and are not specifically adsorbed on
the metal surfaces. Whereas weakly solvated anions such as SO3%, CI~, Br~, I7, can
strip a part of their solvation shell and form chemical bonds with the metal surfaces
[9]. As a consequence, these anions can specifically adsorb and can form close-
packed, ordered adlayer structures on electrode surfaces.

The characterization of the adlayer structures was done first using an ex-situ
approach that allowed the transfer of electrochemically processed electrodes into the
UHV. However, the drawback of this approach lies in the possibility of a potential loss
upon emersion of the electrode out of the electrolyte. But as a major breakthrough for
the surface electrochemistry, the invention of the STM and then EC-STM [16, 17, 19]
has revolutionized the field of surface electrochemistry allowing in-situ studies of the
interfacial structure. Various ordered structures of halides, pseudohalides and
oxoanions have been observed in in-situ studies on single crystal electrode surfaces
of the fcc metals: Au, Ag, Cu, Pt, Pd, Ni [9, 24, 29, 30, 32, 54-72]. Especially, the specific
adsorption of these anions on the reactive copper surfaces was intensively studied by
Wandelt's group [54-62], Itaya’s group [32, 63, 67] and others [9, 70-72].

3.4.2 Chloride modified Cu(100) surface

For most parts of this thesis, the chloride modified Cu(100) surface serves as the
substrate for the adsorption of cationic organic molecules, therefore, it will be
described in more detail in this part, including some experiment results.

At the interface between Cu(100) and a dilute hydrochloride acid (HCI 10mM)
within the double layer, chloride adsorbs spontaneously on Cu(100) and forms a
highly ordered adlayer that is stable within the potential range between copper
dissolution and close to the on-set of the hydrogen evolution reaction (HER) (see Fig.
3.5). Fig. 3.3 displays the surface morphology and atomic scale structure of the
Cu(100) electrode exposed to the pure supporting electrolyte. In 10mM HCI solution,
the adlayer lattice is square and commensurate with respect to the substrate lattice.
The adlayer can be described by a (V2xV2)R45¢ or c(2x2) unit cell [71-73]. The
chloride species reside in four-fold hollow sites on the Cu(100) lattice [74]. The
surface coverage of the chloride adlayer is 0.5 ML and the NND is ag = V2ac, = 0.362 nm.

As known from the literature [9, 71, 72, 75] the presence of the chloride adlayer
induces a preferential alighment of steps parallel to the substrate [100] directions
along the close-packed chloride rows. Upon the chloride adsorption/desorption the
steps reversibly change their shape from a random orientation and fuzzy appearance
to predominantly [010]- and [001]-oriented steps with strongly reduced mobility of
copper atoms at steps. As a consequence, typical angles between steps of 90° can be
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seen in the presence of chloride. Especially, the deposition or dissolution of copper
proceeds by the subsequent addition or removal of primitive (N2 x V2)R45° units
along these edges (i.e. along [010] or [001]). Step faceting is a result of a copper mass
transport in the course of the so-called "electrochemical annealing” that is facilitated
in the presence of complex chloride species. This morphological feature serves as a
safe indication for the presence of an intact chloride lattice with chloride coverage
close to saturation.

-
QCU first layer — Q chloride

o Cu second layer —» o chloride

Figure 3.3: (a) Morphology of the Cu(100) electrode in the presence of the c(2 x 2)-Cl layer,
87 nm x 87 nm, It = 5 nA, Uy = 27 mV, E = +100 mV; (b) atomic structure of the c(2 x 2)-Cl
phase, 3.9 nm x 3.9 nm, It = 5 nA, U, = 25 mV, E = +100 mV; (c) Hard sphere model of the
chloride modified Cu(100).

Figure 3.4: Relating the c(2x2)-Cl adlayer to the Cu(100) substrate; (a) U, = 3 mV, I = 8.9 nA;
(c) Up =3 mV, I = 50 nA; (b) comparison between (a) and (c).
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A convenient method of the in-situ STM approach to determine the structure of
halide phases is based on a systematic variation of the tunneling parameters thus
allowing not only to image the covering chloride layer at moderate tunneling
conditions but also the underlying copper substrate at more drastic tunneling
conditions (low bias voltage, high tunneling current). At the same scanning area, Fig.
3.4a firstly shows the c(2 x 2)-Cl adlayer on the Cu(100) substrate, then, by applying
higher tunneling current, it reveals the p(1 x 1)-Cu of the bulk lattice underneath (Fig.
3.4b,c).

Recent in-situ surface x-ray scattering experiments indicate that chloride anions
remain to a large extent negatively charged upon adsorption on Cu(100). This could
be concluded from the huge interlayer spacing between the chloride lattice and the
topmost copper layer of 0.196 nm and an outward relaxation of the topmost copper
layer by 2.2% with respect to the respective bulk value of dcy-cu = 0.181 nm [74].

0.5 pA/mm’

HER
¢(2 x 2)-Cl

600 -400 200 0 200 400
E vs RHE [mV]

Chloride desorption regime

Figure 3.5: CV of Cu(100) in 10 mM HCIl and specification of the surface morphology
depending on the potential regimes.

From previous STM studies it is known that the chloride anions form a c(2 x 2)-Cl
adlayer on Cu(100) which is stable in the potential range between copper dissolution
(CDR) and close to the onset of the hydrogen evolution reaction (HER), i.e. from +250
mV to -300 mV vs RHE, as shown in Fig. 3.5. But sweeping further to a negative
potential near the hydrogen evolution regime, a phase transition or chloride
desorption occurs on the surface, starting from about -300 mV and completing
around -380 mV. After complete desorption, STM results show the bare Cu(100)
surface.
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Figure 3.6: Potential dependent series of STM images showing morphological changes upon
chloride desorption from Cu(100) in 10mM HCI supporting electrolyte on Cu(100), 47nm x
47nm, I = 1.7 nA, Uy = 255 mV. The inset in (c) represents a 3 nm x 3nm section of the lower
copper terrace showing the c(2 x 2)-Cl adlayer. The inset in (d) represents a 3 nm x 3nm
section of the lower copper terrace showing the bare Cu(100) surface.

As reported by Magnussen and co-workers [9, 72], the c(2 x 2)-Cl adlayer induces
a “step faceting” along the closely packed chloride rows parallel to the [100] substrate
directions due to significant changes in kink and step energies in the presence of this
chloride adlayer, thus resulting in a new surface equilibrium morphology. In turn, the
starting chloride desorption causes the corresponding “defaceting” resulting in
randomly oriented substrate steps.

Such a process is exemplarily shown in Figs. 3.6a-d, which is largely consistent
with the results of Magnussen et al. [9, 72]. Note that in 10 mM HCI chloride
desorption starts at about E = -300 mV. With higher potential sweep rates, small
cathodic and anodic current features appear in the CV at potentials before reaching
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the HER regime. These were assigned to the chloride desorption and adsorption
processes and related order-disorder transitions [72, 76]. While substrate steps are
preferentially aligned parallel to the [100] directions in the presence of c(2 x 2)-Cl
under saturation conditions (Figs. 3.6c-d), these steps tend to round off in Figs. 3.6b-
d, which already represents a chloride submonolayer coverage (6 < 0.5 ML) at E = -
320 mV. While Magnussen et al. correlate the step defaceting with a disorder-order
transition within the c(2 x 2)-Cl adlayer [76], we still observe ordered c(2 x 2)-Cl
patches on extended substrate terraces while step edges are already noticeably
rounded off (Fig. 3.6¢) in this initial stage of chloride desorption. Chloride desorption
obviously starts from step edges, most likely from their lower sites. The breakdown
of the chloride mediated step alignment is the consequence of an enhanced mobility
of copper species diffusing along these step edges in the absence of chloride. Such a
step edge diffusivity is significantly lowered under chloride saturation conditions
only. Similar morphological phenomena are known from ultra-high-vacuum studies
dealing with the dissociative adsorption of halogens on Cu(100) [77, 78]. At
potentials below E = -380 mV, only the bare Cu(100)-(1 x 1) lattice could be imaged
(see inset in Fig. 3.6d). Hence, hydrogen evolution on Cu(100) in 10 mM HCI is
expected to take place on an almost halide free copper surface.
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Chapter 4

Supramolecular chemistry
and self-assembly of Viologens

4.1 Introduction

Nowadays, supramolecular chemistry has been well established as a major part
of modern chemistry dealing with the design, fabrication and characterization of
complex molecular architectures of nanometer sizes [2, 79-81]. A particular challenge
for supramolecular chemists is to find artificial model systems allowing them to study
the working principles of nano-sized devices, machines and actuators [82]. A
successful strategy towards nano-scale molecular architectures is based on the so-
called bottom-up approach. Here, supramolecular structures self-assemble from
simpler molecular building-blocks via non-covalent weak forces which often reveal a
directional character. As a result molecular architectures are obtained which exhibit a
significantly higher complexity than the individual molecular building-blocks
following Lehn‘s definition of supramolecular chemistry as the “chemistry beyond the
molecule” [79, 80]. Supramolecular structures are the result not only of additive but
also of cooperative interactions, including hydrogen bonding, hydrophobic effects and
metal coordination. Their properties differ from the sum of the properties of the
individual component [83].

A promising approach to direct the ordering process of supramolecular
architectures takes advantage of well defined surfaces of single crystals which can act
as electronic and/or geometric templates due to the presence of specific adsorbate-
substrate interactions. These are modulated according to the symmetry and
periodicity of the substrate surface. Whereas in solution and in the 3D solid-state only
the specific and directional intermolecular interactions govern the assembly of
supramolecular architectures we find on surfaces, by contrast, a complex interplay of
competing adsorbate-adsorbate and adsorbate-substrate interactions controlling the
2D phase behavior. Therefore, it does not astonish that structure motifs and
intermolecular spacings of supramolecular ensembles are observed on surfaces
which are known neither from the solution phase nor from the 3D solid-state [84].
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The surface can be regarded as an effective template in the course of the 2D ordering
of molecular building-blocks if enhanced adsorbate-substrate interactions are
governing the 2D phase behavior. However, surfaces are not only potential binding
partners for these molecular building blocks. The surface can also act as a reactant in
terms of an electron-donor or electron-acceptor provided an electrochemical
environment is used.

In a new text book [83], Ariga and Kunitake subdivided supramolucular
chemistry in three categories related to the size of the molecular target system:

(1) The molecular recognition chemistry or the chemistry associated with a
molecule recognizing a partner molecule. Molecular recognition as the basis
of supramolecular chemistry has been defined as “a process involving both
binding and selection of a substrate by a given receptor molecule as well as
possibly a specific function”. Two types of receptors are: (i) endo-receptors
are host molecules that have binding sites insides their molecular structures
(inner surface) and (ii) exo-receptors are host molecules with binding sites on
their outer surfaces [83, 85].

(2) The chemistry of molecules built to specific shapes: It is possible to build
molecules of medium size which have unique geometric features and provide
the key to many tailored supramolecular topologies. For example, fullerenes
are like “molecular soccer ball”, carbon nanotubes, etc.. One can design one-
dimensional supramolecular objects, rectangles, squares, three dimensional
cages, molecular branching such as dendrimers (molecular tree), molecular
rings, etc. [81, 83, 86-90].

(3) The chemistry of molecular assembly from numerous molecules:
Supermolecules can also be programmed from a huge number of components
producing a supramolecular self-assembly with a defined shape and structure.
For example, supramolecular crystals, micelles, monolayers and Langmuir-
Blodgett films on the surface of water, self-assembled monolayers on solid
surfaces, etc. [83, 85, 90-93]. Here the concept of self-assembly is used for the
spontaneous assembly of several molecules into a single, highly structured
supramolecular aggregate [94]. The intermolecular interactions within
supramolecules are non-covalent and quite diversified such as:

- Electrostatic interaction occurs between charged species, is relatively
strong compared to other non-covalent interactions, and is non-
directional.

- Hydrogen bonding occurs only when the interacting functional groups are
properly oriented, and is weak and directional.

- Coordinative bonding occurs between a metal ion and electron-rich atoms,
and is of moderate strength and directional.
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- The van der Waals interaction is weak, non-directional and less specific
than other interactions described above, it acts between all kind of matter.

- Hydrophobic “interaction” occurs between hydrophobic molecules and is
the major driving force for hydrophobic molecules to aggregate.

- & - minteractions between aromatic rings are present when the aromatic
rings face each other, and the overlap of m-electrons results in an
energetic gain.

The formation of supramolecular architectures may be due to one kind of these
interactions or a combination of them. By mastering these interactions, one can
control the building of supramolecular architectures which have particular forms and
specific functions [83]. Therefore, the development of supramolecular chemistry has
opened a wide range of promising application in many fields, especially in
nanotechnology [81, 82, 85, 91, 95-100].

However, the new supramolecular chemistry as mentioned above is mostly
applied and explored in solution or in 3D crystals, but not yet fully exploited in 2D.
Because of the increasing demand to produce surface pattern and devices with
nanometer dimensions using the promising “bottom-up” technique, the autonomous
ordering and self-assembly of atoms and molecules on atomically well-defined
surfaces is receiving more and more attention. That is the reason why the self-
assembly of supramolecules on solid surfaces has been intensively studied only over
the past few years. In addition, the invention of the scanning probe techniques has
facilitated the studies because of their ability to visualize molecules in real space [84,
91].

Actually, the self-assembly of supramolecular entities on solid surfaces can be
divided into two groups:

(1) Self-assembly of molecules on solid surfaces in ultrahigh vacuum (UHV):
- Interactions between molecules (intermolecular interactions),

- Interaction between the molecule and the substrate (adsorbate-substrate
interactions).

(2) Self-assembly of molecules on solid surfaces at the solid/liquid interface:
- Interactions between molecules (intermolecular interactions),
- Interaction between the adsorbed molecules and the substrate,
- Interaction between the molecules and the solvent.

The self-assembly of supramolecules on surfaces is quite complex and is a result
of a delicate balance among all these interactions [101]. It can be also restricted to the
monolayer regime or may extend to multilayers. The concept of self-assembled
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monolayers (SAMs) was discovered in the case of chemisorption of thiolates on gold
[81]. However, it is clearly seen nowadays that self-assembled monolayers can be
formed in a wide range of systems with different supramolecules on different solid
surfaces.

The present work focuses on the self-assembly of molecules at the solid/liquid
interface using viologen molecules as building blocks. The adsorption of viologens
could be found to form highly ordered self-assembled monolayer, sub-monolayer,
multilayer or even disorder phases. These structures of the viologen adsorption on
copper surfaces can be controlled by changing the adsorbate-substrate interactions,
i.e. by changing the electrode potential in the case of electrostatic interaction, etc.

4.2 Viologen molecules

4.2.1 Introduction

The common name of “viologen” derives from Michaelis who noted the violet
colour formed when 1,1’-dimethyl-4,4’-bipyridilium underwent a one electron
reduction to form a radical cation (as dimer). Then, the term “viologen” was used
widely to mean a compound or salt of anion X- and 4,4’-bipyridine to form 1,1’-
disubstituted-4,4’-bipyridine (Fig. 4.1), whatever its redox-state. The bipyridine
group has one single nitrogen atoms per ring and reveals a rotational degree of
freedom along their connecting C-C axis. Therefore, the two pyridine rings are not
always coplanar but are skewed with an inter-plane angle (dihedral angle) of certain
degrees depending on their redox-state [4].

6 5 5 6
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Figure 4.1: Molecular scheme of a viologen dication, Rj, Rz ligands, X- counter anion.

Because of the two nitrogen atoms, viologens have three redox-states: dication,
radical cation and uncharged molecules. All three common viologen redox-states can
be converted into each other in an electrochemical environment by two single
electron transfer reactions (Fig. 4.2). The bipyridinium dication is the most stable of
the three common redox forms, and is the usual starting material for a study.
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Figure 4.2: The three common redox forms of viologens and their electron transfer reactions.

In order to understand the particular phase behavior of adsorbed viologens on
the chloride modified copper surface depending on their redox-state one has to
consider in particular the intra-molecular conformal changes that occur upon the
charge transfer. These structural changes have been exemplarily studied for isolated
viologen molecules by DFT calculations. Ab initio calculations have been performed
by Hoffmann and Nagy Felsobuki [102, 103] to analyse the way electron density from
the cationic centres is delocalized around the ring. They investigated the effect of the
redox-state upon the dicatonic and radical cation structure, their results implying
that the bipyridinium radical cation is almost flat. By contrast, the dicaton is not
planar but skewed in the ground state, exhibiting a much larger interplane angle of
more than 40°. This result is presumed to be similar to a (low-pressure) gas-phase
value since it presupposes the absence of any external forces on the molecule.

As mentioned in the “Introduction and outline” part, viologens are certainly
among the most intensively studied molecular building-blocks in supramolecular
chemistry. Their solution electrochemistry is well documented in the literature [3, 4].
Certain attention was paid to the surface chemistry of viologens using standard
electrochemical methods such as cyclic voltammetry (CV) [104, 105] and various
spectroscopic methods, e.g. Raman spectroscopy [106-110] or UV reflectance
spectroscopy [111, 112] in order to derive information about adsorption geometries
depending on the particular redox-state. Characteristically, the reduction of pre-
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adsorbed viologen dications to the corresponding adsorbed radical mono-cation
takes place at potentials more positive than the redox-processes of the corresponding
solution species giving rise to the appearance of characteristic pre-peaks in the CV.
Their appearance has been rationalized in terms of pure kinetic effects since reaction
rates are usually higher for adsorbed reactants than for the corresponding solution
species [4]. For the reaction of adsorbed species no diffusion limitations are expected.
This phenomenon has been demonstrated for various viologens adsorbed on Hg [105,
113, 114] and HOPG [105, 115, 116] electrodes. In the present work we focus on the
surface redox chemistry and the related phase behavior of adsorbed viologens by
employing not only “integral” methods averaging over the entire surface but also
scanning tunneling microscopy (STM) as a structure-sensitive local probe technique
providing direct access to structural changes within adsorbed viologen films in the
course of electron transfer reactions. The two viologens studied in this thesis are
dibenzyl-viologen (DBV) and diphenyl-viologen (DPV).

4.2.2 Dibenzyl-Viologen (DBV)

The chemical model of DBV molecules is displayed in Fig. 4.3. The core of the
molecules consist of a 4,4’-bipyridinium group with an intramolecular distance of
0.71 nm between the nitrogen atoms, and the extra methylene group separates the
phenyl groups from the central bipyridinium unit, forming two benzyl groups as
outer chains. Due to the methylene groups as connectors, the outer chain of DBV
molecules can bend as shown in Fig. 4.3, and the total length of isolated DBV
molecules is about 1.55 nmm.

d=1.55 nm

A
«_Y

. 0.71 nm J’

™|

central bipyridinium unit

Figure 4.3: The chemical model of DBV molecules.

The quantum chemical optimization of the molecular viologen structures the
density functional and ab initio programs provided by the TURBOMOLE 5.1 suite has
also been done by Kirchner and Kossmann [117].
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Figure 4.4: DFT based structure optimization of the isolated DBV?2+, DBV** and the uncharged
DBV molecules.

Fig. 4.4 displays the result of the quantum chemical structure optimization
obtained for the isolated di-cationic DBV?2+, the radical mono-cation DBV*+ and the
uncharged DBVO species in the gas phase. As expected, the DBV2+ exhibits a
pronounced non-zero interplanar dihedral-angle between the two pyridinium rings
of ®(DBVz+) = 40.11°. However, it is reported for the solution phase that counter ions
with electron donor capabilities can undergo CT (charge transfer) interactions with
viologen dications leading to a significant decrease of the dihedral angle. The same
trend is observed for the reduction of the isolated DBV?2+ to the corresponding radical
mono-cation with a resulting dihedral angle ®(DBV*+) = -5.41° (Fig. 4.4). For the
uncharged DBV? molecule the dihedral angle is close to zero with ®(DBV?) = -0.11°.
These changes of the intramolecular structure become obvious from a side-view of
the viologens along their main molecular axis (Fig. 4.4). All three common viologen
redox-states can be converted into each other in an electrochemical environment by
two single electron transfer reactions. At least the first electron transfer process
reducing the di-cation DBV?* to the radical mono-cation DBV** is considered as
reversible.

Although the C-C bond length between the two pyridine rings in DBV** decreases
by 4.2% during reduction, the effects of increased steric repulsion between ortho
hydrogens is less than the stability gained by increasing the extent of conjugation
between the two rings.
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4.2.3 Diphenyl-Viologen (DPV)

The chemical model of DPV molecules is displayed in Fig. 4.5. The core of the DPV
molecules is also a 4,4’-bipyridinium group with an intramolecular distance of 0.71
nm between the nitrogen atoms, however, DPV molecules lack the methylene group
in comparison with DBV, and therefore the conjugated m-system of DPV molecules
extends over the entire molecule (Fig. 4.5) causing the higher total length of isolated
molecules of about 1.77 nmm.

central bipyridiniurmn unit

Figure 4.5: The chemical model of DPV molecules.

Fig. 4.6 displays the result of the quantum chemical structure optimization
obtained for the isolated DPV molecule, also containing three redox-states: the di-
cationic DPV2+, the radical mono-cation DPV*+ and the uncharged DPV? species,
respectively [117]. The DPV2+ exhibits a pronounced non-zero interplanar dihedral-
angle between the two pyridinium rings of ®(DPV2+) = 44,15°. The reduction of the
isolated DPV2+ to the corresponding radical mono-cation DPV*+ also results in a
significant decrease of the dihedral angle. The dihedral angle of radical mono-cation
DPV*+ is close to zero, and particularly the two outer phenyl chains are arranged
coplanar with the bipyridinium core (Fig. 4.6 radical mono-cation), therefore,
concerning the radical mono-cation species, we expect the fully conjugated m-system
of the DPV*+ to stabilize more effectively than that of the DBV * with its “isolated” -
system of the central bipy unit. Going further to negative potential, the radical mono-
cation DPV*+is reduced to the uncharged DPV? species with the similar dihedral angle
close to zero. However the difference between DPV+*+ and DPV? species is the
arrangement of the phenyl groups. While in radical mono-cation DPV*+ the two
phenyl groups are coplanar with the bipyridinium core, in uncharged DPV9, they turn
by an angle of about 40° with respect to the bipyridinium core (Fig. 4.6).
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Figure 4.6: DFT based structure optimization of the isolated DPV2*, DPV** and the uncharged
DPV? molecules.

The small structural difference by the methylene groups between DBV and DPV,
however, significantly affects both the viologen solution redox-chemistry and the
phase behavior of the adsorbed viologen species which are discussed in detail in the
next chapters.

4.3 Viologen adsorption

Traditionally, adsorption is “the taking up of one substance on to the surface of
another”. In electrochemistry, the material taken up is almost always in solution prior
to adsorption, and the surface on to which the material is taken (the electrode) is
usually a liquid (mercury) or a metallic solid, and the adsorbing species adhere to the
substrate between the inner and outer Helmholtz planes [4].

However, in the modern supramolecular chemistry, a promising approach to
direct the ordering process of supramolecular architectures takes advantage of well
defined surfaces of single crystals which can act as electronic and/or geometric
templates due to the presence of specific adsorbate-substrate interactions. These are
modulated according to the symmetry and periodicity of the substrate surface.
Whereas in solution and in the 3D solid-state only the specific and directional
intermolecular interactions govern the assembly of supramolecular architectures we
find on surfaces, by contrast, a complex interplay of competing adsorbate-adsorbate
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and adsorbate-substrate interactions controlling the 2D phase behavior. Therefore, it
does not astonish that structure motifs and intermolecular spacings of
supramolecular ensembles are observed on surfaces which are known neither from
the solution phase nor from the 3D solid-state [84]. The surface can be regarded as an
effective template in the course of the 2D ordering of molecular building-blocks if
enhanced adsorbate-substrate interactions are governing the 2D phase behavior.
Furthermore, surfaces are not only potential binding partners for these molecular
building blocks. The surface can also act as a reactant in terms of an electron-donor or
electron-acceptor provided an electrochemical environment is used. This applies to
the adsorption of viologens on metal substrate.

However, to achieve both the right adsorption geometry and a large extent of
lateral order within the organic film, one has to tune carefully the balance between
adsorbate-substrate interactions on the one hand and adsorbate-adsorbate
interactions on the other hand. These can be obtained by alternatively using anion-
modified metal surfaces as substrates in an electrochemical environment. In this case,
the negative charge of the anion adlayer can enhance the viologen adsorption due to
electrostatic interaction [5]. In this work, chloride is chosen as pre-adsorption layers
resulting in modified metal surface templates.

The compounds used here are highly soluble dibenzyl- and diphenyl-viologen
dichloride salts. It should be noted that the electron transfer processes do not
necessarily take place at the bare metallic electrode surface but on the chloride
modified surface. Therefore, the adsorption from aqueous chloride solutions on these
metal surfaces is even more complex due to the superposition of several processes
involving both “solution-" and “surface-limited” reactions as proposed below:

1. The first reversible transition from di-cationic species (V2*) into their
corresponding radical mono-cations (V*+) via a one-electron transfer step, can occur:

a. as surface limited reduction/oxidation of adsorbed viologen species according to
2+ - ot
Vs 1€ Vi (4.1)

which might be accompanied by the subsequent dimer formation at the surface
according to

Ve < Valia (4.2)

or even oligomer or polymer formation at the surface according to

nV(;Es) <[V, ]?;ds) (4.3)

Oligomeric and polymeric reaction products tend to accumulate preferentially on
the electrode surface while the dimer species often remain water soluble [3, 4].
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b. asreduction/oxidation of viologen solution species according to

Vi +e Vi (4.4)

which might be accompanied by the subsequent dimer formation in solution
according to

ot 2+
2V(aq) < [VZ](aq) (45)

c. as film formation/dissolution of radical mono-cation chloride salts according to

V. +nX" VX ] (4.6)

(aq)

2. The second single electron transfer step transforms the radical mono-cation into
the fully uncharged viologen species according to:

V''tre oV (4.7)

This latter transition has to be considered as less reversible than the first
electron transfer process [3, 4]. Furthermore, the two sequential electron transfer
steps in the viologen redox-chemistry can interfere with an additional conproportio-
nation reaction between the uncharged and the di-cationic viologen species to the
corresponding radical mono-cation according to:

(VARRVESPES, Vs (4.8)

Since the reduction from their radical cation to uncharged species is supposed to
lie within the regime of massive hydrogen evolution of the copper substrate at even
more negative potentials only two redox species, the dication and radical cation, have
been studied within the potential window of the copper substrates. However, the
potential window of the HOPG surface is much broader than that of copper. Thus, for
this substrate we expect to observe both electron transfers related to consecutive
reductions from dication to radical mono-cation and to uncharged species.

4.4 Preparation method

4.4.1 Viologen adsorption on chloride modified Cu(100)

The studies of viologen adsorption on the chloride modified copper substrate
presented in this thesis consist of three systems:

¢ “Non-reactive” adsorption of DBV

¢ “Reactive” adsorption of DBV
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¢ Adsorption of DPV

Focusing on a chloride modified template, all three systems use 10 mM HCI as
supporting electrolyte. The working electrolyte is a mixture of the supporting
electrolyte and soluble viologen dichloride salts. For most of the experiments the
concentration of the viologen was chosen to be 0.1 mM, however the concentration of
1 mM was also used for CV experiments in order to distinguish between bulk and
surface processes in CV curves. The preparation for the viologen adsorption on
chloride modified Cu(100) is performed as follows.

After the initial electro-polishing process as mentioned in Sec. 2.2.6 the copper
surface was rinsed with the deoxygenated supporting electrolyte (10 mM HCI),
mounted into the electrochemical cell and fixed into the STM unit which is placed in
the aluminum chamber filled with Ar gas. The electrochemical cell was then filled
with the 10 mM HCI by the electrolyte supply system (see Fig. 2.6) and the electrode
was kept under potential control by the bipotentiostat. In order to check the quality
of the copper surface, CVs and some STM images were recorded. Within the double
layer regime chloride specifically adsorbs and forms a monolayer on the copper
surface as shown in Sec. 3.4.2. When the quality of the chloride modified surface was
affirmed, the supporting electrolyte was replaced by the working electrolyte
containing viologen molecules which was also deoxygenated before use.

The potential where the working electrolyte exchanges the pure supporting
electrolyte to initiate the viologen adsorption is called the initial potential. For the
system of DBV “non-reactive” adsorption, the initial potential was chosen in the
double layer or unreactive regime (from E = 0 to 100 mV vs. RHE). On the other hand,
for the system of DBV “reactive” adsorption, the initial potential was chosen within
the reduction peak P1 (transforming dication DPV2* into the corresponding radical
mono-cation DPV*+ species) from E = -130 to -250 mV vs. RHE (see Fig. 5.2).

4.4.2 DBV adsorption on HOPG

Although there is no pre-adsorption of halide on HOPG, the pure supporting
electrolyte of 10 mM HCI was still used in order to unify the experimental conditions
of DBV adsorption. The working electrolyte is a solution of 0.1 mM DBV in supporting
electrolyte.

The electrochemical characterization of the viologens was also done by the use of
an inert HOPG electrode. Since anions do not specifically adsorb on HOPG, the redox-
chemistry of organic molecules can be studied in the absence of adsorbed anion
layers. Furthermore, HOPG offers a potential window of -500 to 2200 mV vs. RHE that
is significantly broader than that of the potential window of copper surfaces, thus
allowing to study redox processes at even more positive potentials than accessible
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with copper as electrode material. HOPG is simply prepared by peeling off graphite
layers using an adhesive tape. After introducing HOPG into the electrochemical cell
and to the aluminum chamber, the cell was filled with the supporting electrolyte and
the reference CVs were then recorded. After the supporting electrolyte was replaced
by the working electrolyte, CVs were also recorded to characterize some
electrochemical properties of viologens and STM can then be applied to image the
surface’s sample.
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Chapter 5

DBV adsorption on chloride modified
Cu(100) and on HOPG

5.1 Introduction

This chapter characterizes the adsorption behavior and surface redox-chemistry
of DBV2+ that is adsorbed on an chloride modified Cu(100) electrode surface under

non-reactive condition.

For this not only the cyclic voltammetry method averaging over the entire
surface and the bulk solution is employed, but also STM as a structure-sensitive local
probe technique providing direct access to structural changes within adsorbed
viologen films in the course of electron transfer reactions.

As mentioned in the previous general part, there are three redox-states of DBV
molecules: the dication DBV?+, the radical mono-cation DBV*+ and the uncharged
DBVO. In normal form or in open circuit condition, DBV molecules exist as dicationic
DBV2+ species even in solid salt form or in the electrochemical electrolyte. It was
proven in the literature [4] that the standard electrode potentials are of E°(DBV2+/
DBV*+) =-330 mV vs. RHE and E°(DBV++/DBV?) = -548 mV vs. RHE for the first and the
second electron transfer step, respectively. Therefore within the potential window of
copper (about -450 to 250 mV), the first reduction of di-cationic DBV2+ to the
corresponding radical mono-cationic DBV** species takes place, the second reduction
can occur within the HER regime of copper substrate. Because of the massive
hydrogen evolution reaction, the STM is not able to image the adsorption of
uncharged DBV? species, however for the first reduction, it is important to notice that
the structures of the DBV adsorption layer depends strongly on the initial potential
where the DBV?+ containing electrolyte is filled into the electrochemical cell. In this
chapter, all adsorption experiments were performed under “non-reactive” potential
conditions, i.e. the DBV2+* containing electrolyte was exposed at a double layer
potential around 0 mV, far away from the DBV?2+ reductive reaction regime.
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5.2 Electrochemistry

5.2.1 CV of Cu(100) in DBV containing acidic solution

DBV containing electrolyte

0.5 pA/mm’ / i
i
-. /|

Pure HCI supporting

T/ electrolyte

HER
1 s 1 " 1 " 1 : 1 L 1
-600 -400 -200 0 200 400
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Figure 5.1: Black dotted curve: CV in the pure supporting electrolyte (10 mM HCI). Grey
curve: CV of Cu(100) in the DBVZ* containing electrolyte (10 mM HCI, 0.1 mM DBVCI;), dE/dt =
10 mV s,

Fig. 5.1 shows representative steady-state CVs of Cu(100) in the absence (black
dotted curve) and the presence (grey curve) of viologen species. The potential
window of the Cu(100) electrode in the pure supporting electrolyte (10 mM HCI) is
limited by two chemical reactions, the oxidative copper dissolution reaction (CDR) at
the anodic limit and the reductive hydrogen evolution reaction (HER) at the cathodic
limit.

After exchanging the pure supporting electrolyte for the one containing the
redox-active DBV?2+ species we observe drastic changes in the CV curve. The presence
of the DBV?+ layer has impact also on the oxidative copper dissolution and the
reductive copper deposition, i.e. the on-set potential of the dissolution reaction is
shifted to higher potentials. However, this blocking effect is much less pronounced
than that at the HER regime where there is a considerable shift of the HER (AE = -140
mV) towards lower potentials pointing to a pronounced inhibiting effect of viologens
on the HER. Apparently, viologens are still present at the surface under these
reductive conditions thereby blocking reactive sites for the HER such as substrate
steps. If it is supposed that the DBVZ?+ exists as adlayer in the regime of copper
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dissolution/redeposition and transforms into the corresponding radical mono-cation
DBV** in the HER regime (see Secs. 5.3, 5.4), it can be concluded that 2D films of
reduced viologen species block the copper substrate steps as the reactive sites for the
hydrogen reduction/reoxidation reaction even more effective than the di-cationic
species. It will be shown later that this is consistent with the molecular packing
density of the respective layers.

A further deviation from the CV of the pure supporting electrolyte concerns the
appearance of several anodic and cathodic current waves at potentials close to the
HER regime. These additional current features have to be assigned to viologen-
related redox processes. Typically, the shape of the CV in the presence of the viologen
species depends strongly on the chosen cathodic potential limit. A precise correlation
of the cathodic to the respective anodic current waves in the reverse potential scan is
achieved by a systematic variation of the cathodic potential limit as shown in Fig. 5.2.
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Figure 5.2: Appearance of anodic and Figure 5.3: (a) Set of anodic potential sweep

cathodic current waves in the CV of Cu(100) curves after holding the potential at E = -425

in the DBV2+* containing electrolyte upon mV for 1 to 4 min, (b) Set of anodic potential

changing the cathodic potential limit sweep curves after holding the potential at E =
-475 mV for 1 to 6 min, respectively.
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By restricting the cathodic potential limit to E = -330 mV only the small peak pair
P1/P'1 (Plmax = -290 mV, P’1nax = -260 mV) appears in the CV (CV2 in Fig. 5.2).
Extending the potential limit further to E = -410 mV causes the appearance of P2/P’2
(PZ2max = -380 mV, P2 = -318 mV, CV4 in Fig. 5.2) revealing a slightly greater
hysteresis of AE = 62 mV than for peak pair P1/P’'1. If the cathodic potential limit
exceeds a critical value E = -430 mV we initiate not only the HER but also a further
process related to the viologen redox-chemistry which is represented by P3. With the
presence of P3, peak P’1 increases in line with the shift of the cathodic potential limit
(CV5-7 in Fig. 5.2). Besides the potential hysteresis there is also another remarkable
difference between P1/P’1, P2/P’2 on the one hand and P3 on the other hand as
demonstrated in Fig. 5.4. In this experiment the potential scan was stopped in the
cathodic potential sweep at E = -425 mV after passing P1 and P2 (Fig. 5.3a) and at P3,
E = -475 mV (Fig. 5.3b), respectively. After a well defined hold-time at these
potentials only the anodic potential scans were recorded. Obviously, there is no
dependence of P’1 and P’2 on the potential hold time at E = -425 mV since all 4 curves
(thoa= 1-4 min) in Fig. 5.4a are identical. In contrast to that P’1 shows a strong
dependence on the hold time at E = -475 mV (Fig. 5.3b). Peak height and the FWHM
(full width at half maximum) increase with increasing hold time at E = -475 mV.
Furthermore the peak maximum of P’'1 is shifting towards higher potentials with
increasing hold time. Now arises the question which reactions or processes relate to
the peaks P1/P1’, P2/P2’, P3 and where the P’3 is.

The set of equations (from Eq. 4.1 to 4.6) describing the superposition of several
processes involving “solution-” as well as “surface-limited” reactions now can be
assigned more in detail for this system to:

1. The surface limited reduction/oxidation of pre-adsorbed viologen species

according to:
DBV, +& <> DBV, (5.1)
2 DBV, <> [DBV, ] (4 (5.2)

or even an oligomer or polymer formation at the surface according to

n DBV,

ads

) <> [DBV, ] (5.3)

ads)

2. The reduction/oxidation of viologen solution species according to:
2+ - o+
DBVE, +e~ <> DBV, (5.4)

which might be accompanied by the subsequent dimer-formation in solution
according to:
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2DBV;,) > [DBV, ] ) (5.5)

aq

3. The film formation/dissolution of radical mono-cation chloride salts according to:

nDB\[;, +nCl" < [DBV* CI |, { (5.6)

4. The second single electron transfer step transforms the radical mono-cation into
the fully uncharged viologen species according to:

DBV, +e” <> DBV, (5.7)

[t is known that the redox processes of solution DBV2+ on Cu(100) interfere with
the redox processes of the preadsorbed species and related surface phase transitions.
However, extra “prepeaks” that appear at potentials more positive than the main
redox-current waves are not observed in this particular case. For example, spike-like
prepeaks were reported for various dialkylated viologens interacting with Hg[105,
113, 114] or highly oriented pyrolytic graphite (HOPG)[105, 115, 116] electrode
surfaces. This phenomenon was explained in terms of a Faradaic process of adsorbed
viologen species coupled with 2D phase transitions between gaslike adsorption
phases of the oxidized and more condensed 2D films of the corresponding reduced
viologen species. The involvement of redox processes of solution species in the
observed peak system P1/P1’ can be clearly proven by concentration-dependent CV
measurements. Peak current densities of P1/P1’ scale up almost linearly with the
viologen concentration in solution as predicted by the Randles-Sevcik equation [1]
(Eq. 5.8).

nF 1/2
Jp=—0.44nF(ﬁj D2yt %c A (5.8)

where ], is the peak current density, D the viologen diffusion coefficient, v the
potential sweep rate, co the viologen concentration in the bulk solution, A the area of
the electrode surface, T the temperature, n the number of transferred electrons, F the
Faraday constant, and R the gas constant.

Fig. 5.4 displays the concentration dependence of the peak pairs P1/P1’ and
P2/P2’. As long as we restrict the cathodic potential limit in the CV experiment to
potentials of E > -425 mV, we only have to deal essentially with the first electron-
transfer step of the viologen redox system, the quasi-reversible reduction of the
dications (DBV2*) to the radical monocations (DBV+*), and the corresponding
oxidation reaction (Eq. 5.1).
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Figure 5.4: (a) CVs of Cu(100) in 10 mM HCl/0.1 mM DBVCI; (black line) and Cu(100) in 10
mM HCl/1 mM DBVCI; (grey dashed line), dE /dt = 10 mV s, (b) CVs of Cu(100) in 10 mM
HCI/0.1 mM DBVCI; (black line) and Cu(100) in 5 mM H;S04/10 mM KBr/0.1 mM DBVCI;
(grey dashed line), dE /dt = 10 mV s'.. The inset shows the linear dependence of the peak
current of P2 /P2’ on the potential sweep rate.

By increasing the viologen concentration by a factor of 10 in Fig. 5.4a, we noted
an increase in the peak maximum of P1 from Jp1 = -0.13 pA/cm2 (black curve) to Jp1 = -
1.1 pA/cm? (gray dashed curve). The concentration dependence of P1/P1’ indicates
the dominance of bulk solution redox processes in the voltammetric behavior in the
10 mM HCI/1 mM DBVCI; solution. Therefore, we assign the peak system P1/P’1 to
the reduction of di-cationic DBV?2* from solution to the corresponding radical mono-
cationic DBV*+ species. Due to different conditions of the RHE reference electrodes
the CVs reported here are shifted by -40 mV compared to those presented in
reference [4].

At this point, it should be noted that the peak heights of P2/P2’ are almost
independent of the viologen concentration in solution. In the CV obtained for the 10
mM HClI/1 mM DBVCI, solution P2/P2’ appears only as a small shoulder at the
“cathodic” tail of the peak system P1/P1’. The peak positions of P2/P2’ are slightly
downward shifted in the 10 mM HCl/1 mM DBVCI; solution by about AE = 15 mV. As
it will be argued below we can attribute this effect to the slight increase of the
chloride concentration (note that the DBV2* is added as chloride salt to the solution).
The use of even higher viologen concentrations, for example 10 mM HCl/10 mM
DBVCI,, leads to a complete suppression of the peak system P2/P2’ due to the
dominance of P1/P1’". In the following, we will discuss in detail the origin of the peak
system P2 /P2’. In particular, it will be demonstrated that these current waves do not
correspond to the redox processes of any adsorbed or solution DBV species but to a
quasi-reversible order-disorder transition coupled with chloride desorption
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/adsorption processes through a condensed viologen monolayer film. A first
experimental hint supporting this idea comes from a comparison of the voltammetric
behavior of DBV in chloride and bromide containing electrolytes (Fig. 5.4b). Although
bromide anions also form a c(2 x 2) adlayer on Cu(100) [57, 77, 78], the Cu-Br bond is
stronger, and the bromide anions desorb from the electrode surface at more negative
potentials [57]. While chloride desorption in 10 mM HCl starts already at E = -300 mV
(Fig. 5.1), bromide desorption takes place at potentials E < -350 mV, which is already
within the regime of massive hydrogen evolution. Note that the observed downward
shift of the bromide desorption potential is not only due to the stronger copper-
halide interaction but it is also further promoted by the weaker trend toward
solvation in the case of bromide compared to that of chloride anions. Assuming that
P2/P2’ (black curve in Fig. 5.4b) indeed involve chloride desorption/adsorption and
related order/disorder transitions of the c(2 x 2) adlayer and following the reasoning
above we would not expect such a pair of peaks for the bromide containing
electrolyte, at least within the given potential range. The CV obtained for the bromide
containing solution (grey dashed curve in Fig. 5.4b) reveals only the peak pair P1/P1’
that corresponds to the electron-transfer reaction and there is no peak pair P2/P2’
pointing to bromide desorption/ readsorption and related order-disorder transitions.
Interestingly, the peak maxima of P1 and P1’ are almost at the same potentials as
those in the chloride containing electrolyte suggesting that in this particular case
there is no significant impact of the nature of the halide counterion on the DBV redox
potentials. This kind of anion effect on the viologen redox potentials is well known,
for instance, from anions revealing electron donor capabilities [3, 4, 118]. A further
observation pointing to a chloride desorption/adsorption process is the slight
downward shift of P2/P2’ by AE = 15 mV when the chloride concentration is
increased upon changing the DBV solution concentration. The inset in Fig. 5.4b
indicates a linear dependence of the peak current density of P2 /P2’ on the potential
sweep rate also suggesting that P2/P2’ is most likely related to a surface process.
Typically, the peak position of P2 is less affected by the sweep rate (dE/dt) than that
of P2’. By increasing (dE/dt) from 5 to 150 mV/s, we observe a downward shift of
only 12 mV for P2 while P2’ reveals an upward shift of about 70 mV, suggesting that
the latter process is even more hindered than the one represented by P2 (the graph
not shown here).

A further electron-transfer reaction is not expected for the potential regime
where P2/P2’ appears in the CV. This becomes obvious from a comparison of CVs of
Cu(100) in 10 mM HCl/1 mM DBVCI; obtained for two different cathodic limits (Fig.
5.5). Only if we decrease the cathodic potential limit, for example, from E = -395 mV
(black curve in Fig. 5.5) to E = -630 mV (grey dashed curve in Fig. 5.5), we initiate the
second electron-transfer reaction (see Eq. 5.7) that can be correlated with the
appearance of P3 at E = -440 mV (cathodic sweep). The current features in the
corresponding anodic potential sweep appear more complex.
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Figure 5.5: CVs of Cu(100) in 10 mM HCl/1 mM DBVCl,, dE /dt =10 mV s-1.

The CV in high concentration of DBV containing electrolyte in Fig. 5.5
interestingly reveals the peak P3’ which appears very close to the chloride
readsorption surface peak P’2 (see Fig. 5.4a). By increasing the concentration, the
intensity of the solution peak system P3/P’3 increase while the surface peak system
P2/P’2 of the chloride desorption process remains unchanged, indicating that the
peak P’3 is concealed by P’2 for the low concentration CVs (Fig. 5.2). The peak system
P3/P’3 corresponds to the reoxidation of the uncharged species to the corresponding
radical monocations (Eq. 5.7). The huge peak P1’ has been assigned to the oxidation
of the radical monocations from the (DBV*+ + Cl), precipitate that is most likely
formed upon the conproportionation reaction between the uncharged DBV? formed
below E = -440 mV and the dicationic DBV?2* solution species [3, 4]. Recent
experiments evidenced that at potentials below E = -475 mV a colored film appears at
the surface, most likely due to the precipitation of the radical mono-cationic chloride
salt (Eq. 5.6) as a consequence of massive reduction of DBV(Z(;I) solution species (Eq.

5.4). Hence, the increasing of P'1 of CV5-7 in Fig. 5.2 might be associated with the
oxidation of that film.
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5.2.2 CVs of HOPG in DBV containing acidic solution

The HOPG potential window regime extends broadly from about -800 mV to
+2300 mV. Since the reduction and oxidation processes of dicationic DBV2?+ and
radical mono-cationic DBV** species take place within the copper potential window
regime (from about -500 mV to +200 mV) in this part we focus on CV current waves
of the DBV redox behavior on HOPG in comparison with those on Cu(100). All CVs are
kept at anodic potential limit of 150 mV despite the very broad potential window of
HOPG substrate because there are no DBV redox processes at potentials higher than
that limit.

-600 -500 -400 -300 -200 -100 O 100 200
E vs RHE [mV]

Figure 5.6: Appearance of anodic and cathodic current waves in the CV of HOPG in a DBV?2+
containing electrolyte (10 mM HCI, 0.1 mM DBVCI;) upon changing the cathodic potential
limit, dE/dt =10 mV st
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The measurement started with the 10 mM HCI supporting electrolyte, then the
10 mM HCl/0.1 mM DBVCI; solution was added (the concentration of DBV was
chosen the same as in the copper case). After exchanging the pure supporting
electrolyte for the one containing the redox-active DBV?2+ species we observe drastic
changes in the CV curve. Typically, the shape of the CV in the presence of the viologen
species depends strongly on the chosen cathodic potential limit. A precise correlation
of the cathodic to the respective anodic current waves in the reverse potential scan is
achieved by a systematic variation of the cathodic potential limit as shown in Fig. 5.6.

The CV4 and CV6 in Fig. 5.6 have quite similar shapes and peak pair potentials to
the corresponding CVs of the Cu(100) substrate in Fig. 5.2. Therefore, we assume that
similar to the Cu(100) substrate, the peak pair system P1/P’1 relates to the reduction
of di-cationic DBV?2* to the corresponding radical mono-cationic DBV** species and the
reverse reoxidation, and peak pair P3/P’3 corresponds to the reduction of the radical
monocations to the uncharged species and the reverse reoxidation. Moreover, the
huge peak P1’ in CV6 has been also assigned to the oxidation of the radical
monocations from the (DBV-+ + CI-), precipitate that is most likely formed upon the
conproportionation reaction between the uncharged DBV? formed and the dicationic
DBV2+ solution species (like in Fig. 5.5). Noted that HOPG is an inert surface, chloride
cannot adsorb to form an anion adlayer as in the case of Cu(100), thus it does not
exist the peak pair P2/P’2 of chloride desorption/readsorption in the CVs of HOPG
substrate.

However, CVs of DBV on HOPG appear more complex than in the case of the
copper surface. By restricting the cathodic potential limit to E = -240 mV, the
potential within the double layer regime of DBV on copper, the CV2 on HOPG shows a
small peak pair P4/P’4 (P4max = -193 mV, P’4nax = -120 mV) with the potential
hysteresis of AE = 73 mV. The CV2 also reveals a new oxidation peak P’5 whose pair
peak will appear more obvious after sweeps to more cathodic potentials. The
presence of peak pair P4/P’4 and P5/P’5 was not observed on the copper substrate.
The underlying processes are not understood yet. Even the STM results in the last
part of this chapter do not help in interpreting these processes. Therefore, in the
framework of this thesis, the origin of these two pair peaks remains still unknown.

Extending the potential limit further to E = -410 mV causes the appearance of
P1/P’1 (CV4 in Fig. 5.6). As mentioned above, the peak pair corresponds to the
reduction of di-cationic DBV?+ to the corresponding radical mono-cationic DBV**
species and the reverse reoxidation because of its similarity to the case of the copper
substrate. It also has the P’ln. = -260 mV, however Pln.c is at more negative
potential, i.e. -320 mV, in spite of -290 mV on copper, indicating the weaker
interaction of DBV to the inert HOPG substrate. At this cathodic potential limit, the
peak pair P5/P’5 appears completely with P5yax = -41 mV, P’5nax = -12 mV in CV4 of
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Fig. 5.6. Due to the fact that the peak pair does not always appear in every CV
measurements, the origin of the peak pair P5/P’5 is still unclear.

In a more cathodic scan, reaching close to HER on HOPG, the CV6 reveals the
peak pair P3/P’3 similar to the copper substrate with the exact value P3yax = -466 mV
which is very close to that on Cu(100). Therefore, the peak P3 is also assigned to the
second reduction of DBV from the radical cation DBV** species to the uncharged DBV?
molecules. Notice that on Cu(100) the small oxidation peak P’3 is superimposed on
the chloride readsorption peak P’2 causing an unclear appearance, on the other hand
on HOPG the P’3 appears clearly (without the presence of P’2) with P’3 . = -325 mV.

t =6 min
- »t=35min

——» t =4 min

L »t=3 min

-500  -400  -300  -200  -100 0
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Figure 5.7: Appearance of anodic and cathodic current waves in the CV of HOPG in the DBV?2+
containing electrolyte upon changing the cathodic potential limit.

Repeating the experiment by stopping the cathodic potential scan after passing
P3 (chosen value E = -490 mV), and then changing the hold-time, the same trend is
observed similar to that in the case of the copper surface. Peak heights and the
FWHMs (full width at half maximum) of both P’3 and P’1 increase with increasing
hold time at E = -490 mV. And the peak maximum of these two peaks is also shifting
towards higher potentials with increasing hold time simultaneously. Thus, one can
conclude that the massive reduction of DBV** species to DBV? forming a thick colored
film of an adsorbed multilayer can not only take place on an active copper substrate
but also on an inert substrate like HOPG.
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5.3 Structural determination

Following the discussions in the previous part, the electrochemical
characteristics of DBV adsorption on Cl modified Cu(100) can be divided into four
regimes within the Cu potential window. They are listed below according to the
potential from positive to negative regimes:

1. The adsorption of the dication DBV?2+ at the CDR where the Cu dissolution
reaction takes place causing the change of surface morphology.

2. The adsorption of dicationic DBV2+ on the Cl modified Cu(100) template at
the potential regime from CDR until reaching P1 (reduction peak
transforming the dication DBVZ?+ into the radical cation DBV*+ species),
where STM images show a so-called cavitand phase.

3. The adsorption of radical cations DBV"+ on the Cl modified Cu(100) template
at the potential regime after passing P1 until reaching P2 (chloride
desorption process), where STM images reveal a stripe phase.

4. The adsorption of an amorphous radical cation DBV®+ phase on the CI
modified Cu(100) template at the potential regime after passing P2 to
further negative potential at HER.

Each regime has its own characteristics of redox behavior and structural surface
morphology. Within the boundaries of these regimes they reveal changes of
structures or phase transitions. The adsorption structures of DBV species at these
regimes will be described in the following sub-parts and the phase transitions among
these structures will be then discussed in the next part.

5.3.1 Cavitand phase

The exposure of a chloride-modified Cu(100) surface to the DBV2+ containing
electrolyte within the double-layer potential regime leads instantaneously to the
adsorption and subsequent lateral ordering of DBV?2+ species at the surface. Surface
morphology and molecular structure in the presence of DBVZ], are displayed in Fig.
5.8. Obviously, the DBVZ{, phase has no significant impact on the surface morphology
which remains governed by the interaction of the specifically adsorbed chloride
anions with the underlying copper lattice. In the presence of the DBVZ+ adlayer the
copper steps are still oriented parallel to the substrate [100] directions and thus
parallel to the main symmetry axes of the chloride c(2 x 2) phase (Fig. 5.8a). The
DBVZ], adlayer occurs in two mirror-domains denoted as I and II and each domain

forms a “checker-board” structure (Fig. 5.8a).
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The structure of the DBVZ], adlayer was investigated and described in detail in
the doctoral thesis of C. Zoérlein [5]. It can be summarized as follows.

Four DBV?2+ molecules build up one single square-shaped molecular assembly
with a cavity in the center. Therefore, the structure has been called “cavitand” phase.
Occasionally, some isolated molecular assemblies consist of only three (arrow in Fig.
5.8b) instead of four of these rod-shaped subunits. Even single subunits can
occasionally be observed within the DBVZ+ adlayer.

' <12.8 nm>’

Figure 5.8: Surface morphology and surface structure of Cu(100) in the presence of DBVZ],,
(@) 1t=0.25nA,Up =174 mV,E=-135mV; (b) [y = 0.1 nA, U, =390 mV, E =0 mV.

The structural relation of the DBVZ{, adlayer to the chloride lattice underneath
could be achieved by a careful variation of the tunneling conditions. While under
moderate tunneling conditions (high bias voltage, low tunneling current) the covering
viologen film is imaged, the underlying chloride lattice becomes visible by applying
more drastic tunneling conditions (low bias voltage, high tunneling current). In this
latter case the tunneling tip penetrates into the organic film which leads to the local
removal of viologen molecules upon scanning. These kinds of experiments suggest an
interaction between the viologen film and the chloride lattice which is weaker than
the chemisorptive Cu-Cl interaction. Note, the chemisorbed chloride layer cannot be
removed by the tunneling tip. And the graphical superposition of two STM images
showing the cavitand structure of the DBVZ{ film and the chloride lattice underneath
is presented in Fig. 5.9a,b. With the c(2 x 2)-Cl phase serving as internal calibration
lattice the DBVZ}, unit-cell can be described either by a transformation matrix

oo (5 2L

according to
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or in Wood-notation by a (V53 x V53)R15.9° unit-mesh with lattice constants of
la| = |E| = 2.6 nm * 0.02 nm enclosing an angle of 90° + 2° (see model in Fig. 5.9¢).
Alternatively, the two-dimensional DBV}, array can be directly related to the copper

substrate assuming a (\/106 X \/106)R29.05° unit-mesh or a matrix transformation
according to

a
b

vio | _ 5 9 a'Cu
vio - é 5 bCu

This results in a DBVZ{, surface coverage of ® = 0.075ML with respect to the
intermediate chloride c(2 x 2) layer or ® = 0.0375 ML with respect to the copper
substrate.
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Figure 5.9: (a) “Transparent” superposition of the atomically resolved chloride lattice with
the DBVZ]; adlayer, (5.6 nm)?; (b) circular chirality of the DBVZ{, cavitand ensemble indicated
by the white arrow; the white grid represents the chloride lattice, (3.1 nm)?, [; = 0.25 nA, Uy, =
86 mV, E = +50 mV; (c) tentative structure model of the cavitand phase reflecting the STM
imaging contrast [5].

The cavitand phase structure model explains the unit cell of the DBVZ}, adlayer

with respect to the lattices underneath and even predicts the chirality of the DBVZ;
cavitand ensembles which was actually proved by STM observations. However,
following the structure model (Fig. 5.9¢) one can see that the space between cavitand
ensembles is large enough to absorb more species. And as reported by Zorlein, apart

from this cavitand-like structure motif, STM images sometimes show further visible
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satellite spots between the cavitands which, however, appear only under certain
tunneling conditions and their origin is still under discussion. One reasonable
explanation assumes further adsorbed DBVZj, species residing in different
adsorption sites and geometries than those constituting the cavitand ensemble. An
alternative interpretation assumes a further co-adsorption of anions and/or water
molecules within the viologen layer as origin of the satellite spots in the STM
experiment. The aim of the following explanations is to answer this question.

<54.5 nm>’

Figure 5.10: Cavitand DBV?Z{, phase adsorbed on the c(2 x 2)-Cl/Cu(100) surface: (a)-(c) It =
1.1 nA, Up =350 mV,E=-150 mV.

Most of the STM measurements were carried out under normal tunneling
condition showing the cavitand phase as seen in Fig. 5.8 which agrees with the
structure model in Fig. 5.9c. However, under different tunneling condition or in some
specific cases, STM images reveal some different structures. As one such example, Fig.
5.10 shows STM results of a cavitand DBVZ+ phase with different resolutions. As we
can see, besides the cavitand-like ensembles marked by 4 white lines in Fig. 5.10c,
there are also other ordered adsorbed species (satellites) marked by black lines.
From this STM result, the satellites look a little bit different from DBVZ{, molecules
concerning their size and brightness. The following STM images, however, will prove
that these satellites are also DBV}, molecules.

Fig. 5.11 shows two STM images of the cavitand phase at the same area (the
defect is marked with the white circle), under the same potential control, but with
different tunneling conditions (inverted bias voltage). The structure of DBVZ]; in Fig.
5.11a under normal tunneling condition is the cavitand-like phase as seen by Zérlein
[5]- However, by inverting the bias voltage, the STM image changes to Fig. 5.11b with
satellites similar to Fig. 5.10c. Therefore, it can be concluded that the well-ordered
satellites are present even when the surface is observed as a normal cavitand-like
phase. The STM images in Fig. 5.11 also lead to the fact that by inverting the bias
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voltage, some of the molecules on the metal surface can be imaged inversely due to
the electronic interaction between their orbitals and the STM tip.

U,=-197 mV U,=+170 mV
under inverted bias voltage

Figure 5.11: Structure of cavitand phase under different tunneling conditions, E = +10 mV, a)
It=0.3nA,Ub=-197 mV; b) [ =0.4 nA, U, =+170 mV,

Figure 5.12: New structure model of the cavitand phase
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With the new structure of DBV}, adsorbed on c(2 x 2)-Cl/Cu(100) which has
been seen in Figs. 5.10 and 5.11b, a new structure model is proposed as shown in Fig.
5.12. This model has the same unit cell as Safarowsky’s. The improvement is that
besides the groups of four molecules building a cavitand ensemble (brighter group),
there are also groups of four other molecules in the space between the cavitands
(darker group). Obviously, in order to fit into this small space, the molecules of the
dark groups gather in a different order than in the bright cavitand group. This model
is based on the assumption of knowing the correlation between DBVZ{; and the
chloride lattice underneath. It assumes that the bipyridine group of DBVZ}; molecules
is packed parallel to the [100] direction of c(2 x 2)-Cl layer. Therefore a DBV2+
molecule can absorb between two adjacent chloride atom rows. From this
assumption and the description of the model in Fig. 5.12, one can observe that DBV2+
molecule in adjacent dark and bright groups have to be aligned as exemplified by the
molecules 1 - 4 and 1’ - 4’ in Fig. 5.12. If the condition above cannot be guaranteed,
the ordering of the DBVZ}, adlayer will be affected. Following the new model, we
determine a DBVZ{, surface coverage of about ® = 0.15 ML with respect to the
chloride lattice or ® = 0.075 ML with respect to the bare Cu(100)-(1 x 1). The area
required for each DBV, molecule on c(2 x 2)-Cl/Cu(100) amounts to 0.864 nm2 The

surface coverage amounts to twice that proposed by Zorlein [5].

This new model can be supported even further by the following STM results
concerning translational domain boundaries of the cavitand phase.

= AR
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under inverted bias voltage

Figure 5.13: The two types of translational domain boundaries of the cavitand phase.
The STM image of Fig. 5.13a shows a full DBVZ{, mono-adlayer on c(2 x 2)-
Cl/Cu(100), revealing two typical distinct translational domain boundaries: one with

bright dots along the boundary which is quite stable within a definite potential
regime, thus called strong domain boundary, and on the contrary, one with hollows or
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defects between domains which is much less stable, therefore called weak domain
boundary. The instability of the weak domain boundary can be seen in Fig. 5.14 at
which the DBV?2* molecules are quite mobile causing the movement of the weak
boundary under the same electrochemical control. It is impossible to observe such
movement with the strong domain boundary.

Figure 5.14: STM series showing the dynamics of DBV2* molecules at a “weak” translational
domain boundary, It = 1.1 nA, U, =-209 mV, E = +36 mV.

It is noteworthy that in Fig. 5.14, the dynamics of the weak domain boundary
takes place at high positive potential of 36 mV where the viologen molecules are
supposed to be more active at the surface. And the DBV2}, cavitand phase within
domains tends to attain a more ordered structure so that the weak domain boundary

becomes more and more straight.

Interestingly, by inverting the bias voltage, the bright dots along strong domain
boundaries disappear (see Fig. 5.13b,c). This raises the big question “what are the
bright dot?”. Only using the new structure model of the cavitand phase, we can
interpret the nature of the two translational domain boundaries.

As mentioned above, there is such a condition that DBV2* molecules form
ordered assemblies, such that there is straight alignment of DBV2+* molecules along
and between two adjacent chloride rows. Note that only one DBV2* molecule can be
fitted in a chloride row, and in the same domain, DBV molecules align as indicated in
Fig. 5.12, therefore there are only two possibilities for alignment between two
adjacent domains: shifted by two chloride rows (“even-shift”) e.g. between domain I
and Il in Fig. 5.15 (see dotted lines) or shifted by an odd number (1 or 3) of chloride
tows (“odd shift”), e.g. between domain I and III in Fig. 5.15. From the model, we can
see, at even shift, the space at the domain boundary is large enough so that each
group of four molecules at the domain boundary can share one molecule. The
bipyridine groups of the two shared molecules at a domain boundary of “even shift”
are closer than within the domain, resulting in a bright dot in the STM image and
forming a stable and “strong” domain boundary. On the other hand, the odd
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alignment cannot meet the distance condition to form a strong enough interaction,
therefore this domain boundary is “weak”, consisting of spaces of bare chloride layer,
thus DBV?2* molecules at this boundary should be much more mobile and easy to
remove. And there are only these two translational domain boundary types in DBV2+
adsorption on chloride modified Cu(100) substrate.

Figure 5.15: Schematic drawing of DBV?2+ adsorbed on c(2x2)-Cl/Cu(100), showing the
difference between the “strong” and “weak” translational domain boundaries.

Figure 5.16: STM images showing two types of translational domain boundaries
corresponding to a shift between two domains of the DBV?* cavitand phase, (a) “strong”
domain boundaries, I = 0.3 nA, U, = 214 mV, E = -141 mV, (b) “weak” domain boundaries, I; =
1.1nA, Up=-209 mV, E = +36 mV.
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Fig. 5.16 displays the shift between two domains determining the characteristics
of the domain boundary. An “odd shift” appears in Fig. 5.16b corresponding to a weak
domain boundary. And an “even shift” appears in Fig. 5.16a resulting in a strong
domain boundary. Fig. 5.16a also includes the realization of two adjacent strong
domain boundaries.

This part discussed the structural behavior of DBV adsorption at potentials more
positive than needed for the reductive reaction. The next part will focus on the same
aspect but in the potential regime after passing the reduction peak P1 (see Fig. 5.2),
i.e. the structure of the DBV, species.

5.3.2 Stacking phase

Passing P1 of CV2 in Fig. 5.2, the reduction of DBVZ{, to DBV}, is complete. The
surface morphology of adsorbed DBV, 3, is shown in Fig. 5.17, i.e. the stripe pattern of
the stacking phase. The gross surface morphology is still dominated by substrate
steps that are parallel to the [100] directions (Fig. 5.17). The presence of the viologen
adlayer apparently gives rise to an additional increase of the activation barrier for the
chloride desorption. From these results it becomes evident that the electron transfer
from the metal to the redox-active species occurs through the “inner Helmholtz
plane” of specifically adsorbed chloride anions (Fig. 5.17).

<87 nm>"

Figure 5.17: Surface morphology of the stacking phase on c(2 x 2)-Cl/Cu(100), I; = 0.4 nA, Uy
=176 mV,E =-321 mV.
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On a mesoscopic length scale, these (DBV.i.), polymer chains arrange
themselves into extended rotational and mirror domains (Fig. 5.17). Individual
DBV}, molecules within the (DBV;j,), oligomer and polymer chains are often
imaged as elongated “discs” with an intermolecular spacing of 3.6 + 0.2 A within and
1.82 nm between adjacent (DBV;j,), chains (Fig. 5.18a). However, the particular
imaging contrast sensitively depends on the applied tunneling conditions. A selective
imaging of the more conductive bipyridinium redox-centers is obtained in Fig. 5.18b.
The structural correlation to the chloride lattice is achieved by the local removal of
the viologen layer upon scanning under drastic tunneling conditions (Fig. 5.18c).

Figure 5.18: Structural correlation between the stacking phase and the c(2 x 2)-Cl/Cu(100)

lattice underneath by a systematic variation of the tunneling conditions, (a) It = 0.2 nA, Uy = 93
mV, E =-200 mV; (b) [y =40 nA, U, =28 mV,E=-200 mV; (c) ;=9 nA, U,=1mV,E=-130 mV

For the stacking phase we propose in Fig. 5.19 a structure model for only one of
the possible mirror domains with individual DBV, molecules residing with their
main molecular axes parallel to the surface in a side-on adsorption geometry. The
stripe propagation direction encloses a characteristic angle of o = 37° with one of the
main symmetry axes of the chloride lattice. The bright stripes in Figs. 5.18a, b are
assigned to bipyridinium cores arranged in an almost face-to-face orientation. Benzyl
groups are expected to lie within the dark ditches revealing a reduced STM imaging
contrast. Essential for the formation of such a 1D polymer chain with a nearest
neighbor distance of only 3.6 + 0.2 A is the almost planar conformation of the
bipyridinium cores in the reduced state. A dihedral-angle of ® = 40.1° as predicted for
the DBV2+ species (Fig. 4.4) would not allow such a small intermolecular distance
within the 1D polymer chain. A further sterical requirement for the stabilization of
the 1D polymer chains consists in the slight side-shift of adjacent DBV}, molecules
and explains the slight deviation from an ideal face-to-face arrangement. As a
consequence of that, the propagation direction of the 1D polymer chain is not exactly
perpendicular to the main molecular axes of the DBV . molecules (Figs. 5.18 and
5.19) but rotated by an angle a. On ¢(2 x 2)-Cl/Cu(100) we determine a DBV, ],
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surface coverage of about ® = 0.2 ML with respect to the chloride lattice or ® = 0.1
ML with respect to the bare Cu(100)-(1 x 1). The area required for each DBV,
molecule on c(2 x 2)-Cl/Cu(100) amounts to 0.648 nm?2.

nt-1t Interactions
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Figure 5.19: Structure model of one possible mirror domain of the stacking phase on c(2 x 2)-
Cl/Cu(100).

The driving forces for the formation of the observed polymeric (DBV;3,),
stacking chains are intermolecular m-m interactions between neighboring benzyl
groups and even stronger interactions between neighboring reduced bipyridinium
moieties, probably due to spin pairing [3, 4]. It should be stressed that such an
effective n-n-interaction between adjacent DBV, 4, molecules can only be realized on
the surface if the benzyl groups take up a trans-conformation. Attractive
intermolecular interactions apparently overcome the repulsive electrostatic
interactions of positively charged monocations within this compact film. Note that the
nearest neighbor distance (NND) within the (DBV,j;), stacking chains amounts only
to 0.36 nm.

This value is typical for m-stacking assemblies of aromatic systems and has also
been observed, for example, for 2,2’- bipyridine phases on Au(111) [119] and
Au(100) [120]. Strong attractive intermolecular interactions as the driving force for
dimerization of open-shell planar aromatic species in aqueous solutions were first
reported by Hausser and co-workers in 1957 [121]. The face-to-face orientation of
adjacent radical species allows an overlap of the singly occupied m* orbitals of the
neighboring aromatic ring systems. It is assumed that the redox-active (reduced)
bipyridinium moieties are imaged as bright and elongated dots under these tunneling
conditions while the benzyl groups are supposed to lie within the dark ditches

90



DBV adsorption on chloride modified Cu(100) and on HOPG

exhibiting a lower imaging contrast (Fig. 5.18b). This phenomenon is known not only
for viologens [122] but also for reduced naphtyl [123], anthracyl [123], and
pyridinium [124] derivatives in aqueous solution. The formation of a dimer species is
also discussed for viologen radical monocations that were immobilized before
reduction on electrode surfaces via thiol or disulfide functional groups [109, 125]. In
these SAM-like films, the dimerization is favored over the extended polymerization
due to the lack of lateral mobility of the covalently immobilized viologens. Note that
the STM image in Fig. 5.18b was obtained by using a tunneling current of I; = 40 nA
and a bias voltage of U, = 28 mV. This extraordinary stability can be clearly attributed
to the presence of the anionic chloride layer under the polycationic (DBV;1),
stacking phase.

1.75».}_1:11

<24 nm>’

Figure 5.20: Surface morphology of (DBV;%,), stacking phase showing: (a) the four domains,
It =0.2 nA, U, = 268 mV, E = 380 mV; (b) translational domain boundary, I = 0.15 nA, U, = 174
mV, E =-330 mV.

Fig. 5.20 shows more details about the 4 domains of the (DBV.j,), stacking
phase including 2 extended rotational domains rotated by 90° with respect to each
other and 2 mirror domains. The angle between 2 mirror domains of the (DBV,Z,),
stacking phase is defined to be 259. The areas at the domain boundaries appear to be
hollow sites or a combination of disordered DBVJ; species which will then act as
active sites for the nucleation of phase transitions. However, STM results also reveal
the typical translational domain boundary of ordered DBV} species (Fig. 5.20b)
where the (DBV;4),, stacking chains shift by half the distance between two chains.
This type of domain boundary is much more stable than those in Fig. 5.20a. The
translational domain boundary between two parallel stacking chains provides surely
not enough space to fit for a full stacking chain, however it accommodates an ordered
row of separated DBV}, species (the zoom-in image in Fig. 5.20b). The distance
between these entities in the translational domain boundaries is about 1.15 nm
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(nearly equal to three times of the 0.36 nm distance value between two adjacent
DBV*®+ molecules in the typical stacking chain). The half-distance of 0.91 nm at the
translational domain boundary is less than the theoretical length of 1.55 nm of
isolated DBV molecule (Fig. 4.3). Therefore, the adsorption of the ordered row in the
translational domain boundary is assumed to associate with a flexible twist of the
methyl group in the DBV molecule so that at the translational domain boundaries
only the bipyridinium groups appear while the benzyl groups can twist and raise
perpendicular to the surface in order to fit into the narrow area of the boundaries.

It should be mentioned that even these translational domain boundaries are
generally stable but at moderate tunneling condition or in a very active potential
regime, these boundaries can be dynamic to move and also act as active sites for the
nucleation of phase transitions.
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Figure 5.21: STM image shows the (DBV;J;), stacking phase at the on-set of the chloride
desorption process, It = 0.2 nA, U, = 219 mV, E =-320 mV.

As shown in Fig. 5.17, in the surface morphology of (DBV;g),, normally, the
stacking phase does not arrange parallel to the [100] directions of the typical 90° step
edges. However, at the potential of -320 mV or the on-set of the chloride desorption
process, it initiates the removal of the adlayer starting from step edges, described as
the obtuseness of the step edge angle in Fig. 5.21. Hereby, the adsorbed (DBV;),
stacking chains are now parallel or perpendicular to the decayed step edges at some
places.

Fig. 5.21 also represents the possibility to form a very well-ordered assembly of
the (DBV,4,),, stacking phase even on a mesoscopic length scale.
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5.3.3 Amorphous phase

After passing P2 of CV4 in Fig. 5.2, the DBV species both in solution and on the
surface is still the radical cation DBV*+, however the surface morphology does not
appear as the stacking phase but as another disordered phase of radical cation DBV*+
adsorption, called amorphous phase describe in Fig. 5.22a.

The amorphous DBV phase represented in Fig. 5.22a seems to be composed of
randomly distributed and immobilized entities. The immobilization of DBV species is
assumed to be related to the chloride desorption through the DBV*+ adlayer. This
hypothesis is further supported by a tip induced local removal of the disordered
viologen layer as demonstrated in Fig. 5.22b.

— -
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Figure 5.22: (a) Amorphous DBV*+ layer imaged under moderate tunneling conditions, [;= 0.2
nA, U, = 286 mV, E = -415 mV, (b) Cu(100)-(1x1)-lattice imaged under more drastic tunneling
conditions, I+= 1.7 nA, U, =1 mV, E = -500 mV.

While the disordered viologen phase could be obtained under moderate
tunneling conditions (Fig. 5.22a), it is possible to image a square lattice using more
drastic tunneling conditions (Fig. 5.22b). An NND = 0.25 nm gives clear evidence for
the presence of the bare Cu(100)-(1 x 1) lattice under the amorphous phase.
Apparently, the DBV;4; molecules do not accompany the desorbing chloride anions
into the bulk of the solution. Such an anion “carrier effect” is, for instance, known
from polycationic porphyrin layers adsorbed on an ordered sulfate/water
coadsorption layer on Cu(111) [126]. Here, the sulfate desorption leads to a co-
desorption of the cationic porphyrin molecules. In turn, sulfate adsorption initiates
the coadsorption of the polycationic porphyrins again resulting in a laterally ordered
paired anion-cation layer. In the present case, by contrast, the cationic organic
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molecules remain on the bare metal surface after anion desorption. The missing
lateral order within the viologen layer right after (partial) chloride desorption points
to a strongly reduced diffusivity of the radical monocations on the bare metal surface.
Two reasons can be assumed causing that effect:

(1) Radical monocations interact much stronger with the metallic copper
substrate than with the anionic chloride lattice thus preventing a lateral mobility of
the viologens.

(2) It can further be assumed that the chloride desorption is not fully completed
even in the presence of the disordered phase.

In this scenario a disordered chloride submonolayer still in contact with the
copper prevents a lateral ordering of the viologens on the metallic copper substrate
(Fig. 5.23b). How the starting chloride desorption/adsorption process affects the
polycationic viologen film is illustrated in Fig. 5.23.

Interface  Electrolyte

v
wi/p Inner Helmholtz Plane wi/ip Inner Helmholtz Plane
es Electrode Surface es Electrode Surface

Figure 5.23: Schematic drawing showing (a) the chloride desorption through the polycationic
organic layer; (b) the disordered DBV** layer after (partial) chloride desorption.

5.4 Phase transitions

5.4.1 Cavitand/Stacking phase transition

The DBV?j, related cavitand structure and the DBV stripe phase on c(2 x 2)-
Cl/Cu(100) are displayed in Fig. 5.24 again. The cavitand phase is stable only down to
potentials of about -240 mV. Reaching the potential regime where P1 appears in the
CVs (Fig. 5.2) we initiate the reduction of the viologen di-cation to the corresponding
radical mono-cation which leads to a slow decay of the DBV2}, cavitand phase as

demonstrated in Fig. 5.25.
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Stacking phase Cavitand phase

radical mono-cation di-cation :
DBV ®=-54° DBV*: ®=40.1°

Figure 5.24: Structure motifs of DBV adlayers on c(2 x 2)-Cl/ Cu(100) depending on the
viologen redox-state resulting in a quasi-reversible phase transition from (a) cavitand phase
to (b) stacking phase; ® = dihedral angle of DBV in the recspective redox state.

LA =310mV

Figure 5.25: Series of STM images showing the phase transition upon reduction of the DBVZ2};
to the corresponding DBV, 4, species, (a)-(f) It = 0.1 nA, Uy = 200 mV.
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This process is accompanied by the nucleation and subsequent growth of the
stacking phase that occurs in two mirror and two further rotational domains (Fig.
5.25f). Defects such as translational or mirror domain boundaries within the pre-
existing DBVZ{, cavitand phase serve as preferential nucleation centers for this
growth process (see white circles in Figs. 5.25a and b). Due to the slow transition
kinetics there is a wide potential range of co-existence of both phases in the cathodic
potential sweep ranging from E = -240 mV to E = -320 mV. The phase transition is

fully completed at about E =-330 mV.

<8.5 nm>"

Figure 5.26: Coexistence of the DBVZ{, and DBV;Z; species at the surface, I; = 0.38 nA, Uy =
161 mV,E=-315mV.

It should be stressed that the electron-transfer reaction does not come to a
standstill after completion of the surface phase transition presented in Fig. 5.25. Fig.
5.26 shows a molecularly resolved STM image obtained in this potential regime of
coexistence with isolated DBVZ{, cavitands surrounded by short chains of the
stacking phase. Their lateral order and structural relation to the substrate is still poor
in this intermediate regime. Ongoing ripening processes after the initial nucleation
and growth lead to an overall improvement of the lateral order of this stacking, the
increase of domain sizes and to a significant decrease of the domain boundary density
indicating that the presence of these domain boundaries is energetically unfavorable.
After completion of these ripening processes individual domains of the stacking
phase often extend over entire substrate terraces (Fig. 5.25f).

Apparently, the ongoing electron-transfer reaction does not seriously affect the
structural integrity of the (DBV,},), stacking phase on top of the chloride lattice, at
least in a solution of 10 mM HCl and 0.1 mM DBVCl.. Solvated (DBV,,) monomers or

(DBV:},,), dimers as reaction products are transported back into the bulk of the
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solution. Their solubility in the chloride containing electrolyte is still sufficient to
prevent a thick film formation of chloride salts of the radical monocations, at least at
these low reaction rates. From STM experiments alone it cannot be concluded where
and how this further reaction takes place, either by an electron transfer through the
paired anion-cation layer at terraces ((1) in Fig. 5.27), which might involve electron
transfer via electronic states of the viologen moiety, or at defect sites such as domain
boundaries of the viologen stacking layer and substrate step edges ((2) in Fig. 5.27)
or via an exchange process of an already reduced DBV, by an oxidized DBVZ},
species followed by its reduction directly on top of the chloride layer ((3) in Fig.

5.27).

ihp Inner Helmholtz Plane
es Electrode Surface

Figure 5.27: Out-of-plane structure model of the interface in the presence of the paired anion-
cation layer.

In principle, the transition of the DBVZ}; cavitand to the stacking phase can be
regarded as a quasi-reversible process. Sweeping the potential back towards the
double layer regime converts the stacking back into the DBVZ{, cavitand phase (Fig.
5.28). This transition preferentially starts again at defect sites, e.g. at mono-atomically
high substrate steps which serve as natural domain boundaries of the stacking phase.
Comparing Fig. 5.28a and f it becomes evident that the appearance of both mirror
domains of the DBVZ{, cavitand phase is independent on the pre-orientation of the
stacking rows. Both mirror domains of the DBV, cavitand phase can originate from
the same mirror domain of the stacking phase.

Since we change the delicate balance between the substrate-adsorbate and the
adsorbate-adsorbate interactions by the electron transfer a resulting change in the
lateral ordering within the viologen film appears plausible. For the resulting DBV
film we expect both, reduced repulsive electrostatic interactions due to the reduced
positive charge on the adsorbed viologens and increased intramolecular interactions.
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From the solution phase chemistry of viologens it is known [4, 104] that the
paramagnetic radical mono-cations reveal a strong tendency towards dimerization in
particular in an aqueous environment resulting in highly soluble and spin-paired
(DBVZ)E,(’{ species (see Eq. 5.5). Driving forces for such a spontaneous dimerization in

solution are enhanced n-r-interactions between bipyridinium cores and the tendency
towards spin-pairing in the reduced redox-state which can even overcompensate the
repulsive electrostatic interactions between those radical mono-cations [4]. The
Standard Free Gibb’s Enthalpy for the exergonic dimerization of DBV, species in an
aqueous and chloride containing solution amounts to AG? = -16.81 kJ/mol [4].
Blandamer et al. even report an oligomerization of di-alkylated radical mono-cations
in solution [4, 127]. A similar tendency towards oligomerization and polymerization
is observed here on the electrode surface (Figs. 5.24 and 5.25). The observed stacking
formation can be understood in terms of the 2D ordering of the adsorbed DBV
species to 1D oligomer and polymer aggregates (DBV,,)24. according to Eq. 5.3. Here,
“polymerization” does not imply a covalent bonding as it has been reported for a
DBV** polymer being irreversibly formed by a “prolonged electrolysis of an aqueous
solution” [4, 128, 129]. The stacking phase on c(2 x 2)-Cl/Cu(100) can be quasi-
reversibly transformed back into the DBV?2]; cavitand phase by applying potentials in

the double layer regime as evidenced in Fig. 5.28.

-
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Figure 5.28: Series of STM images showing the phase transition from (DBV;J), stacking
phase to the DBVZ{, cavitand structure upon increasing potentials, (a)-(f) I = 0.15 nA, Uy:
ranging from 228 mV to 310 mV.

98



DBV adsorption on chloride modified Cu(100) and on HOPG

While the first electron transfer step in the viologen redox-chemistry of solution
species is often considered as a fast and fully reversible process the related surface
phase transitions of the adsorbed viologen species are slow and therefore reveal a
considerable potential hysteresis which arises from additional activation barriers.
These might originate from the required positional and conformational changes of
viologen molecules within the condensed 2D layer in the course of the phase
transition. Note, the restoration of the DBV?2}, cavitand phase in the anodic potential
sweep is completed only at E = 0 mV (Fig. 5.28f). In particular the transition from the
stacking to the DBVZ2}, cavitand phase seems to be kinetically hindered. Such a
kinetical hindrance appears plausible considering that intermolecular n-n-bonds have
to be broken upon this phase transition.

5.4.2 Chloride desorption/adsorption phase transition

Amorphous phase Stacking phase

d
(desorption) |

Figure 5.29: Quasi-reversible order/disorder phase transition from (a) DBV stacking phase to
(b) DBV amorphous phase due to chloride desorption/readsorption.

Previous STM studies already gave clear evidence for a surface phase transition
from cavitand to stacking phase upon reaching the CV-peak P1 (cathodic potential
sweep in Fig. 5.2, CV2). A further decrease of the electrode potential upon reaching P2
causes a reversible order/disorder transition within the (DBV,%,), stacking phase
related to the chloride desorption/readsorption process (Fig. 5.29).

Fig. 5.30 shows an STM series of this quasi-reversible phase transition. The
surface process starts at defects or domain boundaries of the stacking phase (marked
by the circles in Fig. 5.30a). Obviously, the activation free energy for the dissolution at
these defects is significantly lower than the one necessary to create new point defects
within intact domains. The structural transition is completed after passing P2 (Fig.
5.2, CV4). In contrast to the reported order-disorder transitions of organic films, it is
not a “gaseous”, an “expanded-liquid”-, or a “condensed-liquid”-like phase of laterally
mobile organic molecules that is left behind after completion of the phase transition.
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Instead, the amorphous viologen phase seems to be composed of randomly
distributed and immobilized entities (Fig. 5.30d).

A further deviation from the reported examples of defect mediated dissolution
processes is the respective underlying driving force. While it is usually a temperature
or potential induced reorientation of adsorbed molecules that might be associated
with the partial desorption/adsorption of the organic molecules initiating these
transitions [130], here, it is the starting chloride desorption though the organic film
that drives the observed order-disorder transition.

i
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~ e E=-370mVf
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Figure 5.30: Series of STM images showing the reversible potiential dependent decay and
formation of the (DBV, %), stacking phase at very negative potentials: (a)-(h) It = 0.1 nA, Uy =
151 mV.

In general, the observed order-disorder transition is quasi-reversible with a
remarkably small potential hysteresis of about AEys: * 70 mV. In the reverse potential
sweep, chloride anions are forced to readsorb onto the copper surface once potentials
close to P2’ (Fig. 5.1) are reached. Therefore, chloride anions have not only to
penetrate into the disordered viologen film but also displace DBV, molecules from
the metallic copper surface, which then order themselves again into patches of the
c(2 x 2)-Cl phase in the presence of the disordered viologen phase. In this sense, the
chloride anions “crawl” under the polycationic amorphous viologen layer. Driven by
the chloride readsorption two coupled disorder-order transitions take place
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successively. The first one affects the ordering of chloride anions that are in contact
with the metallic substrate, and the other one affects the viologen overlayer. The
lateral diffusivity of DBV 4 molecules is again enhanced on top of the chloride lattice
compared to that on the bare metal surface, thus allowing the fast recombination of
DBV}, molecules into the (DBV;Z,),, stacking phase on top of the locally restored c(2
x 2)-Cl phase (Figs. 5.30e-g). The reorganization of the c(2 x 2)-Cl phase is considered
as rate determining. Sweep-rate dependent CV measurements as discussed in part
5.2.1 suggest a kinetical hindrance that is stronger for the disorder-order transition
(P2") than for the preceding order-disorder transition (P2). In general, the chloride
mediated disorder-order transition also complies with the typical 2D nucleation and
growth behavior and the coexistence of two discernible phases (disordered/2D-
ordered) within a certain potential regime between P2 and P2’. Ongoing nucleation
during the disorder-order transition combined with a relatively slow growth of the
stable 2D nuclei leads to the appearance of a high number of growing patches of the
(DBV;4,), stacking phase and consequently to a high density of energetically
unfavorable line and point defects. However, postgrowth ripening effects tend to
reduce the total length of domain boundaries (white arrows in Figs. 5.30g-h).

It should be mentioned that the electrode is still under reactive conditions even
after chloride desorption. Ongoing electron-transfer processes now take place either
through the disordered viologen layer or at defects in the disordered viologen film at
the bare metal surface (Fig. 5.23b). Not only the chloride desorption has an influence
on the lateral order of the (DBV;3;), stacking phase but also the presence of the
viologen layer affects the chloride desorption/adsorption process. Compared to the
pure supporting electrolyte (Fig. 5.1), the chloride desorption is shifted toward lower
potentials in the presence of the viologen by up to AE¢esorp ® 90 mV. While chloride
desorption in the pure supporting electrolyte has already started at E = -320 mV (see
Fig. 3.6), both the (DBV,%,), stacking phase and the chloride lattice underneath are
still largely intact at E = -410 mV in the DBV containing electrolyte as evidenced in
Fig. 5.30b. The observed downward shift of the chloride desorption can simply be
understood in terms of an additional activation barrier for chloride desorption when
the covering viologen film is present. While chloride desorption in the pure
supporting electrolyte exclusively starts at the step edges, we observe, in addition,
chloride desorption from terraces in the presence of the viologen film with line and
point defects in the covering (DBV;j,), stacking phase, which act as active sites for
that process. It should also be noted that the shift of the chloride desorption potential
depends on the structural quality of the covering viologen film. A high defect density
within the viologen film generally leads to a smaller shift of the chloride desorption.

Passing P2 (Fig. 5.1) in the cathodic potential sweep, STM measurements
normally showed only the disorder phase covering the whole sample surface, but
occasionally they revealed also ordered structures as indicated by the white arrows
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in Figs. 5.31e-f. Obviously, the orientation of the new stacking phase is not the
orientation of any (DBV;4),, stacking phase domains (compare angles in Figs. 5.31b
and 5.31e). Furthermore, the orientation of the new stacking structure is about 44° in
relation with that of the adlayer DBV stacking phase on c(2 x 2)-Cl (similar with the
45° angle of main symmetry axes between c(2 x 2)-Cl and Cu(100)-(1 x 1)), it is
supposed that DBV, molecules can now directly interact with the metallic copper
substrate, giving more evidence about the chloride desorption process. The
reorganization of the DBV, species to 1D oligomer or polymer chains now on-top of
the bare copper is much slower than on the chloride modified electrode surface. The
stacking structure of adsorbed DBV, species on bare copper is shown in the
enlarged image in Fig. 5.31f as stripes of separated molecules.

E = ~405 mV: JEe=dosmv. . JE=-415mV.

Figure 5.31: Decay of the stacking phase due to chloride desorption, (a)-(f) It = 0.2 nA, Uy =
268 mV, the inset in (f) shows local structure of DBV, on bare copper lattice.

In brief, the role of the chloride anions in the course of the lateral ordering of
DBV}, molecules is not a templating one in the sense of controlling the DBV, 1,
ordering process due to strongly modulated adsorbate-substrate interactions. The
chloride layer acts here more as a “buffer layer” between the DBV;4; film and the
metallic copper substrate. This allows the DBV,a; entities to self-organize at the
surface.
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5.5 Copper dissolution in the presence of DBV adlayer

Cavitand phase

-

S E=+125mV E=+125mV _ E=+125mV

Figure 5.32: Series of STM images showing the adsorbed DBV}, cavitand phase at the on-set
of CDR, (a)-(f) It = 1.1 nA, U, = 290 mV.

Fig. 5.32 shows the series of STM images at the on-set of the copper dissolution
reaction (CDR), beginning with a full monolayer of DBVZ2}; cavitand phase (Fig. 5.32a)
the surface morphology changes due to the dissolution reaction of the copper lattice
underneath. The copper dissolution reaction starts at the potential of +120 mV. With
the copper dissolution reaction, the surface terraces decay preferential parallel to the
[100] orientation of the Cl lattice (Fig. 5.32f). However, the DBV2}, cavitand phase
still adsorbs as a full monolayer even under the destructive process of the copper

dissolution reaction (Fig. 5.32d).

5.6 DBV adsorption on HOPG

In previous parts, we discussed the adsorption of DBV on the chloride modified
Cu(100) substrate. On this surface the adsorption of cationic DBV species is enhanced
by electrostatic attraction from the anionic chloride template. As a result with
decreasing potential the structures of the cavitand phase, stacking phase and an
amorphous phase related to the dication DBV2+ and reduced radical cation DBV"+
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species, respectively, are observed. The phase transitions between these phases were
observed in specific potential regimes.

However, the presence of the anionic chloride adsorbed on the electrode surface
is not mandatory for the adsorption of DBV molecules. On an HOPG substrate there is
no specifically adsorbed chloride layer present. Here, the phase formation of the
viologen species takes place directly on the unmodified HOPG surface. Furthermore,
the much broader potential window of the HOPG substrate gives a chance to
investigate the viologen adsorption at more anodic or cathodic potentials than this is
possible on the copper substrate, especially at more negative potentials where the
reduction from the radical DBV*+ to uncharged species takes place.

In order to study the adsorption of DBV on the HOPG surface the DBV2*
containing electrolyte was added to the electrochemical cell at a potential of 0 mV.
The corresponding CV was shown in Fig. 5.6. In the positive potential regime before
reaching the reduction peak P1, the CV shows two unknown peak pairs P4/P’4 and
P5/P’5, however, DBV adsorption on the HOPG surface can be observed with STM.
Passing P1 of CV4 in Fig. 5.6 causes the reduction of viologen molecules from dication
DBV?2+ to the corresponding radical cation DBV*+ species. Then the adsorption of DBV

can be observed by STM, revealing a new structure as shown in Fig. 5.33. Obviously,
the structure of adsorbed DBV*+ on HOPG is different from the stacking phase of
DBV, on chloride modified Cu(100) (see Fig. 5.18).

Figure 5.33: STM images of DBV}, double layer stripe phase obtained on HOPG, (a)-(c) It =
0.2nA, Uy,=350mV, E =-350 mV.

This new structure is composed of stripes of separated DBV, species (Fig.
5.33b) in the first layer and further stripes adsorbed on top of the first layer (Figs.
5.33a,c). In Fig. 5.33b, the bright dots are assigned to the bipyridinium cores and the
benzyl groups are assumed to lie within the darker area between these bright stripes.
By using tip-induced removal of the DBV adlayer revealing the HOPG substrate
underneath, it is found that the bipyridinium cores are arranged along the [1000]
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direction of the HOPG lattice (Fig. 5.34). The second stripes are assigned to stay on
top and in between the DBV, 1 stripes of the first layer therefore showing up brighter
in Fig. 5.33a. The stripe propagation direction encloses a characteristic angle of 51°
with one of the main symmetry axes of the HOPG lattice (Fig. 5.33a). The nearest
neighbor distance between molecules within the stripe is 0.95 £ 0.05 nm, and the
distance between adjacent stripes is 2.0 £ 0.1 nm (Fig. 5.33b). Both the distance
between the entities and their size in Fig. 5.33b are so high that these adsorbed
DBV, 4, species are assumed to lay flat down on the substrate, unlike the face-to-face
polymeric DBV}, stacking phase known from Cl/Cu(100).
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Figure 5.34: STM images of the first DBV, stripe layer in comparison with the HOPG lattice
underneath at the same position, (a) DBV;4; stripe phase under moderate tunneling
conditions, I = 0.2 nA, U, = 350 mV, (b) HOPG lattice imaged under more drastic tunneling
conditions, It = 1 nA, U, =-1 mV.

Going further to negative potential, as mentioned in the CV part 5.2.2, the peak
P3 is assigned to the second reduction of DBV from the radical cation DBV** species to
the uncharged DBV? molecules. In the case of a copper substrate, the hydrogen
evolution reaction already takes place in the potential regime of P3. Therefore STM
images cannot show the surface covered with the DBV adsorption adlayer. On the
other hand, due to the broader potential window of the HOPG substrate the hydrogen
evolution reaction does not taken place yet at P3, giving a chance for STM
experiments to observe the adsorption of uncharged DBV? molecules. In fact, starting
from the DBV, %, double layer stripe phase on the HOPG substrate and going to more
negative potentials than P3, a phase transition of the DBV adlayer appears on the
unmodified HOPG substrate. Surprisingly, the observed structure of the adsorbed
uncharged DBV? molecules is a stacking phase (similar to the DBV, 2, stacking phase
on chloride modified copper surface). This structure is described in Fig. 5.35.
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The structural motifs of the uncharged DBV? stacking phase has a nearest
neighbor distance (NND) of 0.37 nm which is almost identical with the (DBV;Z,),
stacking phase on copper. Therefore, this structure represents a face-to-face
polymeric (DBVYy,), stacking phase adsorbed directly on the HOPG surface. The
stacking chain propagation direction encloses an angle of o = 65° with one of the
main symmetry axes of the HOPG lattice (Fig. 5.35).
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Figure 5.35: Uncharged (DBVY,,),, stacking phase obtained on HOPG, (a)-(b) I = 0.2 nA, Uy =
337 mV,E=-510 mV.

Thus, on copper the face-to-face polymeric stacking phase formation appears
even with DBV, species, while the stacking phase on HOPG can only be observed
after the reduction to the corresponding DBV, molecules. It is noteworthy that the
NNDs within stacking chains on copper is smaller (0.36 nm) than on HOPG (0.37 nm).
Therefore the chloride-covered Cu-template apparently enhances the attractive
intermolecular interaction of DBV, species and reduces the repulsive electrostatic
interactions of the positively charged monocations within this compact film. On the
other hand, on HOPG without the enhancement of any anionic template, the mere
intermolecular interactions of DBV* species cannot overcome the repulsive
electrostatic interactions to form the polymeric stacking phase until the reduced
uncharged molecules are formed. Another evidence proving the enhancement of the
chloride template on the adsorption of DBV lies in their stability and robustness
against externally induced mechanical stress, for instance, by the tunneling tip upon
scanning. While on HOPG the stacking phases of adsorbed DBV,4, are extremely
fragile and, hence, often are destroyed upon scanning even at moderate tunneling
conditions, by contrast, even drastic tunneling conditions for the imaging of the
(DBV; %), stacking phases on c(2 x 2)-Cl/Cu(100) can be applied without destroying
them (see Fig. 5.18b).
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Figure 5.36: Series of STM images showing the phase transition from DBV;4; double layer
stripe phase to (DBVY,,),, stacking phase on HOPG upon scanning towards negative potential
regime, (a)-(f) [t = 0.2 nA, U, =373 mV.

Fig. 5.36 represents a potential-dependent series of STM images showing the
surface morphology upon going towards negative potentials. Starting with the initial
potential of 0 mV, the HOPG substrate does not adsorb dicationic DBV?2* in a broad
potential regime reaching until P1 of CV4 in Fig. 5.6 (Fig. 5.36a). Reaching P1 at the
potential of -250 mV where the dications DBVef(;r start to be reduced to the
corresponding radical cation DBV, causes immediately the adsorption of the DBV},
double layer stripe phase on the bare HOPG substrate (Figs. 5.36b,c). The DBV, %,
double layer stripe phase persists towards more negative potential before reaching
P3 of CV6 in Fig. 5.6 (Fig. 5.36d,e). Note that the change of working potential causes
also a change of the tunneling conditions, therefore, the same structures of the DBV
double layer stripe phase in Figs. 5.36b-e appears in different contrast.
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Reaching P3 at the potential of -470 mV, in Fig. 5.6, CV6, together with the
reduction from DBV®+ to DBV?, the phase transition from the DBV}, double layer
stripe phase to (DBV)y,), stacking phase takes place (Fig. 5.36fg). Right after the
completion of the phase transition at -550 mV (Fig. 5.36h), the whole DBV adlayer
desorbs due to the hydrogen evolution reaction (Fig. 5.36i).

E=-380mV

E=-230 mV =-220 mV E=-200 mV

=-190 mV =-180 mV =-170 mV

Figure 5.37: Series of STM images showing the phase transition from (DBVY,,), stacking
phase back to DBV}, double layer stripe phase upon scanning towards positive potential
regime, (a)-(f) [t = 0.2 nA, U, =373 mV.

These phase transition processes are reversible. Fig. 5.37 represents a potential-
dependent series of DBV phase transitions on HOPG upon scanning back towards
positive potentials. Starting from the uncovered surface within the HER regime the
(DBVY;,),, stacking phase readsorbs at -500 mV (Fig. 5.37b). This process takes place
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gradually until forming a full monolayer at the potential of -380 mV. Further change
towards positive potentials through both solution oxidation peaks P’3 and P’1 of CV6
in Fig. 5.6, the (DBVY,,),, stacking phase remains stable on the surface (Fig. 5.37d).
Only until totally passing P’1 at the potential of -220 mV or the completion of the
oxidation from DBV‘.;&r back to DBVaZ(;r species in solution, the reverse phase transition

from (DBV.y,)r stacking phase back to DBV, double layer stripe phase takes place
(Figs. 5.37e,f). However, due to the lack of DBV;;:]r in solution, this phase of DBV},
double layer stripes is only a sub-monolayer (Fig. 5.37g) which decays to expose the
bare HOPG substrate (Figs. 5.37h,i). In comparison with the transition in the negative-
scan in Fig. 5.36, in which the phase transition takes place almost simultaneously
with the corresponding processes of the solution species, the reverse transition in Fig.
5.37 starts at much more positive potential than the corresponding solution peak P’3.
Therefore, the phase transitions between DBV,i, double layer stripe phase and
(DBVY,,),, stacking phase result in a very high hysteresis of AE ~ 250 mV, indicating
the extremely high stability of the (DBV2,),, stacking structure.

Going further to positive potentials, into the solution dication regime, the DBV,

double layer stripe phase decays until there is again no DBV adsorption observed
(Figs. 5.37h,i).

5.7 Summary

In this chapter, the non-reactive adsorption of DBV molecules on chloride
modified Cu(100) and on HOPG has been investigated systematically by using the
combination of two methods, CV and EC-STM. Although the system of DBV adsorbed
on the chloride template has been partly studied in the doctoral thesis of Zorlein [5],

the present work adds new information about this system.

From the CV experiments, we can conclude on the reactions or processes
corresponding to the peak pairs P1/P’1, P2/P’2 and P3/P’3 appearing in the CVs of
Figs. 5.2 and 5.5. According to the results, the peaks P1 and P3 are solution peaks
assigned to the first and the second electron transfer reduction from the dication
DBV2+ to the corresponding radical cation DBV*+ species, and then to the uncharged
DBV?+ molecules, respectively. P’1 and P’3 are their corresponding reoxidation peaks.
On the other hand, the P2 and P2 peaks correlate with the chloride
desorption/readsorption processes on the surface. The above conclusions fit well
with the CV results on an inert HOPG substrate where the preadsorbed anion layer is
not present. Indeed, CVs on HOPG in Fig 5.6 show the similar solution peak systems
P1/P’1 and P3/P’3 in corresponding potential regimes without the presence of the
peak system P2/P’2 of the chloride desorption process. It is noteworthy that in the
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CVs of the HOPG substrate also some small peak systems P4/P’4 and P5/P’5 appear at
high potentials, however, these peaks have not been identified yet.

The corresponding STM experiments on the copper substrate show clear results
which provide complementary information about surface structures and phase
transitions as suggested by the CV data.

First of all, under non-reactive adsorption at high initial potential, the surface
morphology represents a very well-ordered cavitand phase of DBV2+ species which is
characterized by a square-shaped structure of DBV?2* species with “strong” as well as
dynamic “weak” boundaries between different structural domains. A new structural
model is proposed for the cavitand phase which agrees with the obtained high
resolution STM images and the explanation of the two types of translational domain
boundaries.

Passing the first reduction peak P1 of the CV a phase transition from the dication
DBVZ]; cavitand phase to the radical cation (DBV, 1), stacking phase is observed on
the surface. The stacking phase is characterized by the polymerization of face-to-face
DBV*+ species forming stripes which enclose an angle of 37° with one of the main
symmetry axes of the chloride lattice.

At even more negative potentials, passing the chloride desorption peak P2, the
stacking phase transforms into a disordered amorphous phase which suggests that
the chloride desorption occurs through the organic adlayer. The presence of the
amorphous phase causes also an inhibition effect shifting the hydrogen reduction
reaction (HER) in the DBV containing electrolyte to much more negative potentials.

The two phase transitions are reversible with different hysteresis as presented in
the result sessions. However, it is noteworthy that with every phase transition the
number of defects or the perfectness of ordering may decreases.

In addition, STM experiments have been done on an HOPG substrate with a
broader potential window into the more negative regime revealing different
structures from those observed on the copper surface. At first, at high potentials the
DBV2+ species do not form an ordered structure to be observed by STM. In the radical
cation regime of the CV, the DBV"+ species orders on the HOPG lattice, however, the
obtained structure does not appear as a stacking phase but as a double layer stripe
phase of separated DBV, species. Passing the second reduction peak P3, a phase
transition takes place from the DBV,J; double layer stripe phase to the polymeric
(DBVYy), stacking phase. The phase transition is also reversible, however the
(DBVY,,),, stacking phase is so stable that a very high hysteresis of AE ~ 250 mV
between cathodic formation and anodic decay results.
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Chapter 6

DPV adsorption on chloride modified
Cu(100)

6.1 Introduction

The goal of this chapter is to discuss the redox chemistry and the structural
phase behavior of adsorbed Diphenyl-viologen (DPV) on a Cu(100) surface. Since the
molecules (see Fig. 4.5) are dissolved as cations in aqueous electrolytes, a negatively
charged metal surface like the chloride modified Cu(100) surface is expected to be a
good template for the self-assembly of this kind of molecules.

Like DBV, the DPV molecules have three redox states: dication, radical cation and
uncharged molecule. All three common viologen redox-states can be converted into
each other in an electrochemical environment by two single electron transfer
reactions (see Sec. 4.2), however, within the Cu potential window, we expect only the
transition from the dication DPV2+ to the radical cation DPV"+ following the first
election transfer reaction.

The main difference between DPV and DBV consists in the lack of the extra
methylene group separating the phenyl groups from the central bipyridinium unit as
in case of the DBV (see Figs. 4.3 and 4.5), therefore the conjugated m-system of the
DPV molecule extends over the entire molecule. In the following, it will be
demonstrated that this small structural difference significantly affects both the
viologen solution redox chemistry and the structural phase behavior of the adsorbed
viologen species. The fully conjugated m-system of the DPV can be expected to
stabilize the radical mono-cation more effectively than the ‘isolated’ n-system of the
central bipyridinium unit as in the case of DBV.

6.2 Cyclic Voltammetry
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Figure 6.1: Black dotted curve: CV of Cu(100) in the pure supporting electrolyte (10 mM HCI).
Grey curve: CV of Cu(100) in the DPVZ* containing electrolyte (10 mM HCI, 0.1 mM DPVCl,),
dE/dt=10 mV s-.

Fig. 6.1 shows representative steady-state CVs of Cu(100) in the absence (black
dotted curve) and the presence (grey curve) of DPV species in the supporting
electrolyte 10 nM HCI. After exchanging the pure supporting electrolyte by the one
containing the redox-active DPV2+ species we observe drastic changes in the CV curve,
namely the appearing of a pair of peaks in the potential regime from about -200 to 50
mV. Unlike DBV, the presence of the DPV layer has almost no impact on the chloride
modified Cu(100) surface at the HER regime, however, the DPV layer has strong
impact on the oxidative copper dissolution regime (CDR), manifested by the fact that
the potential of the dissolution reaction is considerably shifted to higher potentials
(Fig. 6.1) (AE = 60 mV). That points to a pronounced inhibition effect of DPV on the
CDR. Obviously DPV molecules are still present at the surface even under the copper
dissolution conditions thereby blocking reactive sites for the CDR such as substrate
steps. It is worth to note that also in the case of DBV, the molecules have also a
blocking effect on CDR but with much lower efficiency. In the case of DBV the
blocking adlayer is the dicationic DBV?2+ layer (see chapter 5 and 7), however at CDR
the adsorbed DPV species is not the dication. That strong DPV blocking effect will be
explained in the next part of STM results.

Towards negative potentials, the CV in DPV containing electrolyte shows some
anodic and cathodic current waves. These additional current features have to be
assigned to viologen-related redox processes. Typically, the shape of the CV in the
presence of the viologen species depends strongly on the chosen cathodic potential
limit. A precise correlation of the cathodic to the respective anodic current waves in
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the reverse potential scan is achieved by a systematic variation of the cathodic
potential limit as shown in Fig. 6.2.
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Figure 6.2: Appearance of anodic and cathodic current waves in the CV of Cu(100) in the
DPV?2* containing electrolyte upon changing the cathodic potential limit

In Fig. 6.2, by restricting the cathodic potential limit to E = -250 mV, a peak pair
P1/P’1 (P1lmax =-120 mV, P’1nax = -10 mV) appears in the CV1. In CV2, extending the
potential a bit further than -250 mV to about -300 mV and then even back to the
cathodic potential limit of -250 mV, the peak pair P1/P’1 becomes considerably
higher and shifts towards positive potentials (Plmax = -80 mV, P'1nax = +10 mV).
Towards a more negative regime, if the cathodic potential limit exceeds a critical
value E = -450 mV we initiate not only the HER but also a further process which is
represented by P2 (CV3 Fig. 6.2). The small oxidation peak P’2, i.e. the counterpart of
P2, can still be within the HER regime and does not appear clearly in the CV of DPV.
CV3 of Fig. 6.2 also shows surprisingly that the peak system P1/P’1 is now not at the
same positions as in CV2 but seems to shift back close to that of CV1 in both respects,
intensity and position.
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It is worth mentioning that when restricting the cathodic potential to values
higher than -250 mV (CV1 Fig. 6.2), the peak pair P1/P’1 does not represent a perfect
steady state during continuous scans. Fig. 6.3 shows a set of potential sweep curves
while the cathodic potential limit is kept at -250 mV showing the instability of the
peak pair P1/P’1. During scans, that peak pair shifts towards negative potentials and
the height of the reduction peak P1 becomes higher while the height of the oxidation
peak P’1 becomes lower continuously. However, if scanning further than -250 mV, the
peak pair P1/P’1 in CV2 of Fig. 6.2 becomes a steady state CV and remains extremely
stable. Both P1 and P’1 shift to positive potentials with the peak heights becoming
almost double than in the former case. Following these CV results, it is expected that
ongoing scanning to negative potentials further than the onset of HER, there should
be 3 different reactions or processes related to the adsorption of DPV on the chloride
modified Cu(100) surface:

- Areaction of DPV giving rise to P1/P’1,
- the process happening when passing below -250 mV,
- and the reaction or process related to P2.

06 vP'1

Sequence of scans

0,24

'0-4 T T T T T T T T T T T T T T T T T
-300 -250 -200 -150 -100 -50 O 50 100 150
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Figure 6.3: Set of continuous CV scans while the cathodic potential limit is kept at -250 mV.

Similar to the case of DBV, the redox behavior of adsorbed DPV adsorption on
chloride modified Cu(100) might be described in more detail below by the set of Eqs.
6.1 to 6.4 involving “solution-" as well as “surface-limited” reactions:

1. The surface limited reduction/oxidation of pre-adsorbed viologen species
according to:

DPVZ,

ads

) +e” <> DPVy (6.1)
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or even a polymer formation at the surface according to

nDPVy, <> [DPV, [, (6.2)

ads)

2. The reduction/oxidation of viologen solution species according to:
2+ - ot
DPV, +e <> DPV(, (63)

3. And the film formation/dissolution of radical mono-cation chloride salts according

to:
nDPVy;, +nCl- & [DPV Cl |, { (6.4)

Note from CV3 in Fig. 6.2 that the HER regime in the DPV containing electrolyte
comes so early that the second single electron transfer step transforming the radical
mono-cation into the fully uncharged DPV species does not take place within the
potential window.

Firstly, the peak pair P1/P’1 is similar to that in the CV of a DBV containing
electrolyte. Therefore we assign the peak system P1/P’1 to the reduction of di-
cationic DPV2+ to the corresponding radical mono-cationic DPV** species. However,
the STM results in the next part show that DPV adsorption leads exclusively to a
stacking phase of mono-reduced species or (DPV;3,), across the whole potential
window. This indicates that at the surface DPV dications are so active that they
undergo the reductive reaction already before P1(DPV) even when their species in
bulk solution is still stable DPVaZC;r . Therefore, the peak pair P1/P’1 is only related to

the reduction/oxidation process of the solution species described by Eq. 6.3.

Interface  Electrolyte

‘lv ihp Inner Helmholtz Plane
es Electrode Surface

Figure 6.4: Out-of-plane structure model of the interface in the presence of the reductive
reaction of dication DPszcfr species in bulk solution to radical cation DPV,{ through the stable

preadsorbed (DPV}},), adlayer.
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The surface reactions of Egs. 6.1 and 6.2 take place prior to P1 and do not appear
in the CV. The reduction taking place at P1 is illustrated in the structure model of the
interface in Fig. 6.4. P1 is supposed to be a fast reduction of molecules from the liquid
layer near the surface (or “interface” layer in Fig. 6.4). With the presence of the
preadsorbed DPV*+ adlayer on the surface, the DPV2+ species in solution come to the
interface layer to be reduced to DPV*+ species. After consumption of molecules from
the ”interface” layer, further dication DPV2+ species in solution have to diffuse
towards the surface which leads to a reduced reaction current of P1. The process is
correlated with the re-oxidation process at P’1.

Secondly, after passing -250 mV, the process which leads to the increase and the
shift of the peak system P1/P’1 is assumed to be related to a stable double adlayer
formation. That can explain why P1 and P’1 have almost double heights compared to
those in the stacking monolayer phase.

Thirdly, similar to the DBV experiment, P2 is attributed to the chloride
desorption process, starting just at the onset of the HER regime (about -350 mV) and
completing at a potential of about -420 mV. These potential values fit with the
chloride desorption process observed in the experiments with DBV molecules.

The structure of the DPV adlayer, the evidence proving the double layer when
passing -250 mV, and the chloride desorption/readsorption processes will be
represented in the next parts discussing STM results.

6.3 Structural determination

In the previous part, we have already discussed the redox behavior of DPV
cations on chloride modified Cu(100), inferring that there might be 3 main processes
or reactions of the system within the copper potential window. The aim of this part is
to demonstrate the concommittant structural characteristics of the DPV adsorption.

Following the DBV experiment, after exchanging the pure supporting HCI
electrolyte for the DPV2+ containing solution at potentials more positive than the
main redox waves in the CV, we expected the presence of the dicationic DPV2+ species
both in solution and at the surface. But with an initial starting potential at 0 mV, the
DPV monolayer phases which are present on c(2 x 2)-Cl/Cu(100) differ significantly
in their structural appearance, in that DPV adsorption leads exclusively to a stacking
phase (Fig. 6.5). This observation appears surprising since this stacking motif has
been identified as a structural ‘fingerprint’ for the presence of mono-reduced
viologen species but not for the presence of adsorbed viologens in their di-cationic
redox state [132, 133]. That stacking phase remains unchanged even when passing

116



DPV adsorption on chloride modified Cu(100)

P1 to more negative potential. Obviously, this DPV adlayer corresponds to mono-
reduced viologen species. At the surface DPV2+ dications are so active that they are
immediately reduced upon adsorption at potentials even above P1.

Due to symmetry reasons the DPV stacking phase occurs in two rotational
domains rotated by 90°. The nearest neighbor distance (NND) of DPV entities within
these stacking chains amounts to NNDppv = 0.36 * 0.02 nm which is identical to the
NND of the underlying chloride lattice of NNDc(2x2)-ct = 0.362 nm and close to the
intermolecular spacings of monoreduced DBV species on both the c(2x2)-Cl/Cu(100)
surface and the chloride-free HOPG (see Sec. 5.6). Assuming that the redox-active
bipyridinium groups are imaged brighter in the STM experiment than the phenyl
groups are most likely located within the ‘darker grooves’ of the stacking phase (Fig.
6.5c). The inter-chain distance amounts to d = 1.88 * 0.02 nm and compares well
with the length of the DPV molecules (Fig. 4.5). An interdigitation of the phenyl
groups of DPV entities of adjacent DPV stacking chains can therefore be ruled out.
However, from the STM images alone it cannot be concluded whether the aromatic
rings of the central bipyridinium unit are oriented perfectly perpendicular to the
surface or whether their plane is slightly tilted.

m>" I : . <4.1 nm>*

Figure 6.5: Surface morphology of the DPV stacking phase on c(2 x 2)-Cl/Cu(100) at high
potentials, E =0 mV: a) I; = 0.6 nA, U, = 250 mV; b) Iy = 0.6 nA, U, = 250 mV, ¢ I; = 5.0 nA, Uy =
250 mV.

A distinct structural characteristic of this DPV phase is its typical behavior at step
edges which is different from the DBV stacking phase (pointed out in Fig. 6.5b). The
DPV stacking chains are preferentially oriented along the substrate [100] directions.
The alignment of substrate steps along the [100] directions is clearly indicative for
the presence of the c(2x2)-Cl layer underneath. It is worth mentioning that the lateral
order of the DPV stacking phase is particularly well developed close to the mono-
atomically high substrate steps. This results in two almost defect-free stacking chains
running parallel on either side of these step edges, i.e. the upper and the lower side.
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<101 nm>’

Figure 6.6: Selective decoration of [100] steps in the DPV submonolayer regime, I;= 0.1 nA, Uy
=350 mV, E =-150 mV. The actual DBVCI; solution concentration was 10-¢ mol/I.
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Figure 6.7: Structure model of the (DPV,;),, stacking phase on the c(2x2)-Cl/Cu(100) layer.
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The specific affinity of DPV towards substrate step edges can further be
demonstrated by using low concentration DPV solutions (Fig. 6.6). Under these
experimental conditions no condensation and lateral ordering of DPV is observed on
terraces. Only step edges that are oriented parallel to the substrate [100] directions
are selectively decorated by DPV stacking chains (see white arrows ‘1’ in Fig. 6.6),
while step edges oriented along other crystallographic directions, e.g. [110], remain
uncovered in this initial stage of the DPV phase formation (see white arrow denoted
by ‘2’ in Fig. 6.6). Each DPV chain in contact with a substrate [100] step contains DPV
molecules that are oriented with their main molecular N-N axis perpendicular to the
respective step edge and are therefore parallel to one of the [100] directions.

| <37.5 nm>

<5.6 nm>’

Figure 6.8: Different types of DPB stacking phases, (a)-(b) Type I: I = 0.2 nA, U, =300 mV, E =
0 mV; (c)-(d) Type II: ;= 5.0 nA, U, =300 mV, E= 0 mV.

There is a clear preference of DPV for the lower sites at step edges which become
decorated first before the corresponding upper sites of the step edges are populated
(Fig. 6.6). The observed preference of the adsorbed DPV molecules for the substrate
steps explains the strong inhibition effect of DPV on the copper dissolution and re-
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deposition reaction as revealed by the voltammetry (Fig. 6.1). The structure model of
the DPV stacking phase on the c(2x2)-Cl/Cu(100) layer is shown in Fig. 6.7.

The stacking phase in Fig. 6.5 is stable, remaining unchanged upon going towards
more negative potentials until reaching the HER regime. However, there is an
exception. Because at initial potentials higher than P1 (typically 0 mV), there can be
found two structures of DPV stacking phase, namely Type I and Type Il shown in Figs.
6.8a,b and c,d respectively. Normally, the coverage of Type I structure is much smaller
than Type II and can be seen as small domains surrounded by Type II structure. In
comparison with the typical step edges oriented in the substrate [100] directions, it
appears that in both types of structures the bipyridinium groups are parallel to the
[100] directions, however the orientations of the DPV stacking chains as a whole in
the two structures are different. The dominant Type II stripe has a structure similar
to the DPV stripes at step edges, therefore it is also parallel to the [100] directions of
the Cl rows underneath (Figs. 6.10a,b). On the other hand, the Type I stripe
propagation direction encloses a characteristic angle of a = 20° + 10 with one of the
main symmetry axes of the chloride lattice (Fig. 6.8b). Therefore, we propose
structure models for both Type I and Type II that assume DPV entities being adsorbed
in a so-called ‘edge-on’ geometry with the molecular N-N-axes parallel to the surface
(Fig. 6.9). And since the preferential adsorption and orientation of DPV molecules at
[100] oriented step edges even with very low DPV containing concentration is
already known, we expect a higher electrochemical stability of Type II than that of
Type L.

Type I Type 11
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Figure 6.9: Preliminary structure models of both types of the DPV stacking phase.
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The explanation for the presence of two stacking DPV structures in comparison
to only one stacking phase of DBV adsorption takes into account their different
conformations with respect to the chloride lattice. As mentioned above, the inter-
DPV-chain distance amounts to d = 1.88 nm and that of DBV is only 1.82 nm (see Sec.
5.3.2) fitting well with the length of the molecules of 1.77 nm and 1.55 nm,
respectively (Fig. 4.5), while the NND of the underlying chloride lattice is 0.362 nm.
Therefore the distance between two DBV stripes is almost perfectly 5 times as much
as the NND of the chloride lattice while that distance of DPV stripes is longer than the
length of 5 adjacent chloride lattice atoms. Obviously, for the stacking phases the DBV
stripes fit better with respect to the chloride lattice than the DPV ones explaining that
the ordering of the monolayer DBV stacking phase (see Fig. 5.20) is found much
better than that of DPV. The stacked DPV monolayer is divided in small domains and
even the stripes of the Type II phase are not perfectly parallel to one another as seen
inside the white dotted circle in Fig. 6.10. This imperfectly-ordered stacking phase
structure is typical for DPV adsorption on the chloride modified Cu(100) substrate.

Figure 6.10: DPV stacking structures and the phase transition from Type [ structure to more
stable Type Il phase upon passing P1, 50 x 50 nm, It = 0.2 nA, U, = 300 mV, (a) Type I presence,
E = 0 mV; (b) Type Il mono layer, E =-150 mV.

Fig. 6.10a shows the STM results of DPV stacking phases at an initial adsorption
potential of 0 mV. The structure represents both Type I and Type II phase. The
surface morphology is not perfectly-ordered but is stable in the positive potential
range before reaching the solution reduction peak P1 (P1max at about -120 mV). At the
same area, passing P1, a phase transition only from Type I to Type Il phase happens
while surrounding Type Il is still stable, forming a full monolayer of Type II stacking
phase (Fig. 6.10b). Once transformed to Type II phase, the structure is stable even
when scanning the potential back to the very positive regime above P’1. That means
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this transition is irreversible and as expected the Type II phase has a higher
electrochemical stability than the Type I stacking. After obtaining a full monolayer of
Type II stacking phase, the surface morphology keeps stable in a broad regime from
the onset of CDR as positive limit to the potential below P1 at -250 mV as negative
limit.

As mentioned in the previous CV part, the potential value of -250 mV is critical in
that it causes even a dramatic change of the reductive reaction peak system P1/P’1,

which raises the question of what happens to the morphology of the DPV adsorption
layer.

<50 nm>’

o /-
e

E=330mV E=-330mV

Figure 6.11: Potential-dependent series of STM images showing the structural change of the
DPV stacking phase at potentials below -250 mV, (a)-(c) It = 0.2 nA, U, = 300 mV, the in-set in
(c) represents an enlargement of (c) showing the preferred second-layer adsorption of
reduced DPV species in the ‘darker’ grooves of the DPV stacking monolayer phase

Fig. 6.11 shows the surface morphology of the DPV adlayer as a function of on-
going potential changes to more and more negative potentials below -250 mV. At
-240 mV (Fig. 6.11a), the DPV adlayer is still a full monolayer of Type II phase,
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however when passing -250 mV, many bright dots on top of the previous Type Il
phase start to appear as indicated by white arrows in Fig. 6.11b. The lower the
potential, the more dots appear. The in-set in Fig. 6.11c represents a zoom-in area of
the surface, showing more details of these dots concerning their concentration, size
and position on top of the previous DPV stacking monolayer phase. Obviously, the
size of the dots is equal to the width of one DPV chain, and all dots stay in the darker
grooves or the space between two adjacent DPV chains underneath. Therefore, these
dots are assigned to be new reduced DPV*"+ species adsorbed on top of the stable DPV
stacking monolayer phase starting to form the second layer, and the preferred place
of new second layer DPV*"+ species is between DPV chains of the first layer. Fig. 6.11c
also reveals an area indicated by a white arrow where there is a change of surface
morphology in spite of the unchanged structure. That area denotes the formation of
other reduced DPV chains above the first layer with the same structure as building
blocks for the second layer. It is worth noting that in the STM image of Fig. 6.11c,
the second layer area (marked by arrow) is on the down step terrace where the effect
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Figure 6.12: (a) Mono-atomically high step edge, (b) Periodicity of the stripe pattern in the
full monolayer, (c) Periodicity of the stripe pattern in the sub-monolayer regime, I; = 0.2 nA, Uy
=300 mV, (d) Cross sections along the white lines in (a)-(c).
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of STM tip-removal is much less than on the upper one. Thus, it is supposed that at
this potential the second DPV stacking adlayer should already grow to a full layer, but
due to the STM tip-removal effect at the higher terrace step the new DPV*+ species
cannot easily adsorb and the surface morphology cannot be imaged accurately in
comparison with lower steps or surrounding areas. Fig. 6.11d shows only stripes in
the second layer, but unfortunately due to the chloride desorption starting from the
potential value of -330 mV, this double layer just appears as sub-layer.

The reduced DPV double layer can explain the change and shift of the peak
system P1/P’1 of CV2 in Fig. 6.2. After passing -250 mV, the formation of the double
layer on the surface leads to reconstruction of the structure of the interface layer (Fig.
6.4) enforcing the reduction or oxidation process of DPV molecules from solution to
occur through this overlayer. Following the CV2 of Fig. 6.2, after passing -250 mV,
even if the cathodic limit is set back to -250 mV, the peak pair P1/P’1 is stable and in
steady state. Therefore, the DPV double layer is assumed to remain stable in a broad
potential regime unless reaching the chloride desorption regime at negative
potentials or CDR at positive ones.
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Figure 6.13: Side view structure models of the double layer DPV stacking phase.

Upon chloride desorption starting at a potential value of -330 mV towards
negative potentials near the HER, the double layer decays step by step, revealing the
bare surface underneath (Figs. 6.11d and 6.12a-c). This process actually provides
more insight into the double layer structure. If reduced DPV adsorbs as a full double
layer, the STM results show a surface morphology similar to the Type II stacking
phase (Fig. 6.12b). Therefore it is difficult to conclude on the double layer structure.
However, while decaying during the chloride desorption process (Fig. 6.12c), in
comparison with the bare surface makes clear that the imaged DPV chains of this
structure are twice as high as a single chain of the Type Il monolayer phase (see
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corrugation in Fig. 6.12d). In correlation with the height of an atomic step, obviously,
the DPV stacking chains along the white line in Fig. 6.12c stay on top of the first DPV
stacking layer underneath. Fig. 6.12c also shows besides the top bright DPV chains
blurry grooves which are definitely not bare surface but underlying DPV chains. In
fact, as seen in Fig. 6.12d, the down DPV chains are showing up as side shoulders of
the maxima in profile 3. Therefore, it is concluded that the surface morphology of the
double layer structure is almost the copy of the first DPV adlayer with only a very
slight change and shift. After all, a structure model of the reduced DPV** double layer
structure is proposed in Fig. 6.13.

6.4 Chloride desorption/readsorption

Previous STM studies already gave evidence for the decaying of the DPV double
layer stacking phase (Fig. 6.11d) if the electrode potential decreases below -330 mV
in the negative direction and reaches P2 (CV3 of Fig. 6.2) at the onset of HER.

¢(2x2)-Cl_~
_ step edges -

Cu(100) substrate
step edges

E =-340 mV

Figure 6.14: Potential-dependent series of STM images showing the chloride desorption
process of the double layer DPV stacking phase, (a)-(f) It = 0.2 nA, Up = 300 mV.

Fig. 6.14 represents more details in a potential dependent series of STM images
showing the decaying process of the DPV double layer. The potential regime of this
decaying process starts at potential of -330 mV and completes at about -400 mV. As
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proved in part 5.4.2, also DBV adsorption on chloride modified Cu(100) showed a
chloride desorption process in the potential regime from -320 mV to -430 mV (see
Fig. 5.31). Therefore, in the similar potential regime, the decaying process of the DPV
double layer stacking phase is also related to the chloride desorption process.
However, in spite of an order/disorder phase transition in the case of DBV, the
chloride desorption from the DPV covered surface results in a decaying process in
which the DPV double adlayer phase is removed step by step from the surface
revealing the bare substrate underneath (Figs. 6.14a-f). Thus, in comparison with the
CV in this regime (CV3 of Fig. 6.2), it can be reinforced that the peak P2 corresponds
to the chloride desorption process.

The surface morphology of the DPV adlayer before chloride desorption (Fig.
6.14a) shows step egdes with the typical 900 step edges of the c(2 x 2)-Cl lattice
underneath (see Sec. 3.4.2 for more detail). However, during the chloride desorption
process, not only the DPV stacking adlayer on terraces decays but also the straight
step edges are removed gradually to become the step edges of the bare p(1 x 1)-Cu
substrate as indicated by arrows in Fig. 6.14f. That means the c(2 x 2)-Cl template is
lost causing the changes of the adsorbed viologen layers above, namely the disorder
in the DPV phase or the total decaying of DPV layer.

Figs. 6.14c,d again prove the [100] oriented step edge being preferred for
adsorption of DPV molecules as pointed out by the white arrow. The typical DPV
stacking chains at step edges parallel to [100] direction seem to be stronger adsorbed
and act as inhibitors even for the c(2 x 2)-Cl desorption process.

Although in CV3 of Fig. 6.2 only the reduction peak P2 appeared without its
oxidation peak (or very small at HER if at all), the chloride desorption phase
transition, demonstrated by STM results, is a reversible process. Fig. 6.15 represents
the readsorption process when scanned back towards in the positive potential
regime. Beginning with the bare substrate at very negative potential, and going back
to the positive regime, the c(2 x 2)-Cl structure reappears together with the
readsorption of DPV stacking chains. And the readsorbed DPV stacking phase is
directly the stable double layer DPV structure (indicated by blurred chains aside the
bright top ones). This process starts from step edges and defects, then spreading
across the whole surface. It is worth noting that the process takes place at very low
speed, starting at a potential value of -320 mV and completing at -110 mV, revealing a
great hysteresis of AE = 210 mV, while the chloride readsorption process of DBV had
a much smaller hysteresis of AE = 62 mV (see Sec. 5.2.1).

As mentioned in the CV part, by restricting the cathode potential limit to -500
mV, the CV3 of Fig. 6.2 shows surprisingly that the peak system P1/P’1 is now not the
same as in CV2 but seems to be shifted back close to that of CV1 in respect to intensity
and position. The low speed chloride re-adsorption process with DPV can explain that
phenomenon. With the scan speed for the CV of dE/dt = 10 mV s-! which is much
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faster than the potential change of STM experiments, we suppose that until reaching
the oxidation peak P’1, the surface is still not fully covered by the double layer DPV
stacking phase or just fully covered by areas of both double layer and single layer
phases. The interface region on the surface is somehow in between of a monolayer
and a double layer DPV stacking phase. Therefore, in Fig. 6.2, the peak system P1/P’1
of CV3 is expected to appear in between of these of CV1 and CV2 with respect to
intensity and position.

Figure 6.15: Potential-dependent series of STM images showing the chloride readsorption
process of the double layer DPV stacking phase, (a)-(f) It = 0.2 nA, Up = 300 mV.

With the low changing potential speed of STM experiments, the chloride
readsorption process ends up with a fully-covered DPV double layer phase at a
potential value of -110 mV (Fig. 6.15e). And this structure then remains stable even
when passing the oxidation peak P’1 to very positive potentials and even in a broad
range of the Cu potential window.

6.5 Copper dissolution in the presence of the DPV adlayer

As discussed in the CV parts, the DPV layer has a strong impact on the CDR, i.e.
the potential of the dissolution reaction is considerably shifted to higher potentials
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(AE = 60 mV) with respect to the CDR in the pure supporting electrolyte (see Fig. 6.1).
That can be explained by the inhibiting effect of DPV on the CDR.

Figure 6.16: Potential-dependent series of STM images at the on-set of CDR, (a)-(f) I: = 0.2 nA,
Up =300 mV.

Fig. 6.16 shows a potential dependent series of STM images at the on-set of CDR,
beginning with a full double layer of the stable DPV stacking phase (Fig. 6.16a). The
copper dissolution reaction starts at the potential of +255 mV. It is worth to note that
the copper dissolution reaction of a DBV covered surface started at the potential of
just +120 mV (see Sec. 5.5). The huge difference of the inhibiting effect of the two
molecules is related to the structural stability of the adsorption layers. At the on-set
of CDR on the chloride modified Cu(100) template, the structure of the DBV adlayer is
the rather open dication DBV2+ cavitand phase, while the more active DPV molecules
in the form of the radical cations DPV*+ form the double layer stacking phase which is
much denser and particularly stable at step edges.

However, similar to the DBV case, at the on-set of CDR, viologen molecules
immediately re-adsorb on the newly created Cu areas thereby maintaining an always
full adlayer in spite of the strong Cu dissolution reaction taking place underneath.
Because of the new adsorption of viologen during the Cu dissolution reaction, the
surface morphology can change. As marked by arrows inside the white dotted circles
of Figs 6.16a,d, the same structure of the DPV stacking Type Il phase is observed but
the detailed arrangements are different. Interestingly, at some areas, the new DPV
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adsorption forms the less stable DPV stacking Type I phase as indicated by arrows in
Figs. 6.16d,e. Obviously, the Cu dissolution reaction causes the removal of the stable
DPV stacking phase above, then DPV molecules in solution readsorb to form the less
stable stacking Type I phase.

6.6 Summary

In this chapter the studies of DPV adsorption on a chloride modified Cu(100)
surface was presented, using also the combination of CV and EC-STM methods.

The CV experiments indicate that there are 3 different reactions or phenomena
taking place within the copper potential window:

- The first electron transfer reaction leading to the peak system P1/P’1 relates
to the reduction/reoxidation between the dication DPV2+ and DPV"+ species
in solution.

- After passing a critical potential value of -250 mV the peak system P1/P’1
increases and shifts to more positive potentials.

- The chloride desorption process related to the peak P2 in the HER regime.

The STM experiments provide complementary information about the
corresponding surface structures and phase transitions related to these three
processes.

With initial adsorption at high potential, surprisingly the DPV cannot be
adsorbed and stabilized in its dicationic form on the chloride-modified electrode
surface. Instead, DPV2+ species instantaneously react to the corresponding radical
cation DPV+ at the surface followed by the formation of a condensed (DPV+),
stacking monolayer phase. A distinct structural characteristics of this DPV stacking
phase is its typical behavior at step edges. There the DPV stacking chains are always
preferentially oriented along the substrate [100] directions, forming typical double
rows along the edges. Furthermore, two modifications of the DPV stacking
monolayer phase are found on the terraces, namely Type [ and Type II, for which
detailed structural models have been proposed. Of the two structures, Type I is found
to be less stable than the Type II phase, because by passing the first reduction peak
P1, all Type I structure transforms into Type II, creating a homogeneous DPV stacking
monolayer surface.

Upon scanning even further cathodically and passing the critical potential value
of -250 mV, more DPV*"+ species adsorb on the surface and form another DPV stacking
layer, resulting in a stacking double layer phase. The DPV chains of the second layer
are proved to lie on the troughs between two chains of the first stacking layer. Once
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formed the double layer structure is stable on the surface in the whole copper
potential window despite the occurrence of electron transfer reaction through it. The
stability of the double layer phase is also the reason for the strong inhibition effect for
the copper dissolution reaction (CDR), which is shifted to much more positive
potentials.

Scanning even further in the negative direction until reaching the chloride
desorption peak P2, the DPV double layer phase co-desorbs together with the
chloride leaving the bare substrate behind. This also explains that no inhibition effect
is observed in the HER regime of the CV data. The co-desorption process of chloride
and the DPV double layer is found to be quasi-reversible. However, the reverse phase
transition for the readsorption of the double layer phase occurs at very slow speed,
showing a great hysteresis of AE = 210 mV.
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Chapter 7

Comparison between DBV and DPV
- “non-reactive” conditions

7.1 Cyclic voltammetry

In order to compare the redox behavior of DBV and DPV adsorbed on chloride
modified Cu(100) under “non-reactive” condition, based on the differences of their
CVs, we summarize here the information which was presented in the parts 5.2 and
6.2.

Fig. 7.1 displays the voltammetric behavior of Cu(100) in the absence (CV 1) and
the presence (CVs 2 and 3) of viologens. CV 1 represents the standard CV of Cu(100)
in pure 10mM HCI solution revealing the narrow copper potential window, which is
confined at the anodic limit by the copper dissolution reaction (CDR) and the
corresponding re-deposition reaction in the reverse potential scan. At the cathodic
limit, it is the on-set of the HER which confines the copper potential window.

As described in previous parts, we could assign the peak systems P1/P’1 with the
first electron transfer reaction from the dication to the corresponding radical cation
species of both studied viologens (Eq. 4.1). The peak P1 of DBV appears at P1lmax =
-290 mV (CV2a in Fig. 7.1), otherwise, the first reduction peak P1 of DPV already
appears much earlier at P1m. = =128 mV (CV3 in Fig. 7.1) with a resulting difference
of AE = +162 mV between P1(DBV) and P1(DPV). The redox processes of DPV are
shifted to higher potentials compared with those of DBV, including P’'1 in the reverse
scan of CV3 which corresponds to the re-oxidation of the DPV*+ species to the
corresponding water-soluble DPV2+ species. Therefore, from a comparison of CV 2a
and 3 in Fig. 7.1, it becomes obvious that DPV is electrochemically more reactive than
DBV. Furthermore, STM experiments showed surprisingly different results for the
adsorption of both viologens in the potential regime more positive than the first

reduction peaks P1. In this regime the DBV adlayer appears as the dication DBV},
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cavitand phase, while the more active DPV directly adsorbs as the radical cation

DPV;], stacking phase. We can also conclude that while the peak system P1/P’'1 of

DBV involves the first electron transfer reaction between dication DBV?2+ and the

corresponding radical cation DBV®+ in both the bulk solution and the adsorbed

surface species, the peak system P1/P’1 of DPV relates only to the bulk process,

maintaining the stable DPV, ], stacking phase adlayer on the surface. Besides the shift

of peak pairs P1/P’1 of the electrochemically more active DPV compared to DBV, a
further difference which should be noticed between the two P1/P’1 peak pairs of DBV
and DPV is the much higher current of P’1(DBV) than P’1(DBV) (CVs 2a and 3 in Fig.
7.1). The reason will be explained in the next section of STM results.
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Figure 7.1: Overview of the electrochemical behavior of Cu(100) in the absence and presence

of DBV or DPV.
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Next we focus on the CVs at the on-set of the CDR regime which are illustrated in
the inset of Fig. 7.1. While the CDR in DBV containing electrolyte (CV2) is almost not
different from that in the pure supporting electrolyte (CV1), the DPV electrolyte
(CV3) causes a big shift to the positive regime with AE = +65 mV. It is the strong
adsorption of the DPV radical cation stacking phase that is assumed to cause the
higher inhibition effect than the DBV dication cavitand phase adlayer at this regime.

Passing P1, in the scan to the negative regime, the CV of DPV soon reaches the
HER regime (CV3 Fig. 7.1), while the CV of DBV (CV2b Fig. 7.1) extends much further
to negative potentials revealing two more current peak systems P2/P’2 and P3/P’3
(P2max = -380 mV, P3max = -440 mV). As mentioned in Sec. 5.2.1, the peak pair P2/P’2
is assigned to the chloride desorption/readsorption processes and P3/P’3
corresponds to the second electron transfer between the radical cation DBV"+ species
and the uncharged DBV? molecules. It should be noted that in the CV3 of DPV in Fig.
7.1, the HER regime appears early (starting at the potential of about -330 mV) similar
to the pure supporting electrolyte, but going further into the HER regime, the CV of
DPV also shows a current wave of the chloride desorption process (P2 of CV3 Fig. 6.2)
at the potential of -420 mV. Obviously, the chloride desorption occurs with both
viologens, however following the STM results, it is found that in the case of DPV, the
chloride adlayer desorbs together with the DPV adlayer revealing the bare substrate
surface. Conversely, in the case of DBV, the chloride adlayer desorbs through the
adsorbed DBV adlayer causing the structure of an amorphous phase. Indeed, at this
negative regime, in contrary to the CDR regime, the DPV adlayer has here almost no
inhibition effect, but on the other hand, the DBV adlayer now leads to a much
stronger inhibition effect because of the chloride desorption process taking place
underneath.

Following the CVs comparison displayed in Fig. 7.1, the surface morphology of
DBV and DPV adsorption on chloride modified Cu(100) will also be compared in more
detail in corresponding potential regimes listed in the order of potential from the CDR
regime (positive) to the HER regime (negative) as below:

1. The potential regime which is more positive than the first reduction peak P1,
namely dication regime, including the on-set of CDR regime comparison,

2. The potential regime between P1 and P2 (after passing the first reduction peak
until reaching the chloride desorption process), namely radical cation regime,

3. The potential regime which is more negative than P2 of the chloride desorption
process (before reaching P3 of DBV), namely chloride desorption regime.

It is noteworthy that with the DBV adsorption on c(2 x 2)-Cl/Cu(100), even the
P3(DBV) appears in the CV, while for STM experiments, due to the strong hydrogen
evolution reaction, no clear surface has been observed. Therefore there will be no in-
situ STM comparison for this regime more negative than the second reduction peak
P3(DBV).

133



Comparison between DBV and DPV - “non-reactive” condition

7.2 In-situ STM results

7.2.1 Dication regime

The differences observed in the DBV and DPV redox chemistry find their
correspondence also in related surface structure transitions. In order to illustrate
this, we focus in the following on the different adsorption behavior of DBV and DPV at
potentials above the main redox waves (P1). The DBV and DPV monolayer phases
which are present on Cu(100) at potentials more positive than the main redox waves
in the CV differ significantly in their structural appearance (see Fig. 7.2).
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Figure 7.2: Overview of the DBV and DPV phases on the chloride modified Cu(100) surface at
+

high potentials. (a)-(b) DBV2}, cavitand phase, I; = 1.1 nA, Uy = 350 mV; (c)-(d) (DPV:3),
stacking phase, () It = 0.6 nA, U, = 250 mV, (d) It = 5.0 nA, U, =350 mV.
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At a working potential at about -150 mV (before reduction to radical monocation
species of both molecules), DBV}, appears as cavitand phase, but DPV adsorption
leads exclusively to a stacking phase of mono-reduced species or (DPV3a.), (Fig. 7.2c
and d) in this regime. This means that DBV?Z{, cations are so active at the surface that
they have the reductive reaction already at much higher potentials than the observed
P1(DPV) even when their species in bulk solution is still stable DPV,J%C;r .

While adsorbed, the (DPV} 1), stacking phase is distinguished by the typical and
strong double row at step-edges. The preferential adsorption of DPV double rows at
step edges was described in more detail in the part 6.2. In one experiment,
incidentally and inattentively, an STM measurement of DBV adsorbed on chloride
modified Cu(100) was contaminated by a trace amount of DPV, resulting in the STM
image in Fig. 7.3. With an extremely low concentration, DPV still adsorbed at step-
edges as a double row, surrounded by a DBV, cavitand monolayer. That affirms the
higher reactivity of DPV than of DBV molecules.

<40.9 n m>

Figure 7.3: Co-adsorption of a trace amount of (DPV;4,), stacking phase surrounded by
DBVZ{, cavitand monolayer showing the step-edge preferential adsorption of DPV molecules,
Iy = 0.1 nA, U, =250 mV, E = +25 mV.

A further structural difference between the DPV- and the DBV/CI/Cu(100)
system concerns the inhibition effect at the onset of the CDR (see inset of Fig. 7.1). On
the one hand, the cavitand structure of di-cationic DBV species, though perfectly
ordered on extended terraces but not aligned parallel to the steps, reveals a large
number of defects at step edges (Fig. 7.4a), which cause the di-cationic DBV phase to
have almost no inhibition effect on the CDR. On the other hand, as a step-edge
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preferential adsorbate, the (DPV;4,), adlayer effectively blocks reaction sites for the
copper dissolution process, thereby causing the observed inhibition effect (Fig. 7.4b).
It is noteworthy that in this positive regime of bulk dication species, the strong
adsorption of the face to face (DPV}4,), stacking structure also contributes to the
inhibition effect better than the open DBV2}, cavitand phase. While there is no
significant difference in the dissolution kinetics of Cu(100) in the pure supporting
and the DBV containing electrolyte, we observe an upward shift of the CDR to higher
potentials when DPV is present (see the inset CVs in Fig. 7.1). By STM, the CDR shift to
positive potential is also observed. In Fig. 7.4a, the CDR of DBV adsorption starts at a
potential of +125 mV, but a much higher potential of +290 mV is required to initiate
the CDR of the DPV covered surface (Fig. 7.4b).
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Figure 7.4: STM image comparison of DBV and DPV adsorption at the onset of CDR, (a) [ = 1.1
nA, Uy = 290 mV; (b) It = 0.2 nA, U, = 300 mV.

7.2.2 Radical-cation regime

Not only are the structural motifs different for the adsorbed DBV and DPV at high
potentials (Fig. 7.2), also the potential dependence of the respective monolayer
phases reveals distinct differences. While the di-cationic DBV, phase undergoes a
phase transition upon passing P1(DBV) resulting in a compact stacking phase similar
to the one we observe for DPV already at higher potentials, there are no structural
transitions within the observed DPV stacking phase when the main reduction peak
P1(DPV) is passed (see Fig. 7.5a, b), indicating that while the P1(DBV) involves both
solution and surface reduction, the P1(DPV) correlates with only the bulk solution

process.
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Figure 7.5: STM images showing the structural difference between radical cation DBV and
DPV stacking phases at potentials lower than P1 of CVs 2a and 3 in Fig. 7.1: (a)-(b) (DBV;4:)a
stacking phase, (a) It = 40 nA, Uy = 28 mV, (b) It = 0.2 nA, U, = 219 mV; (c) (DPV;4;)n stacking
phase, I = 0.2 nA, Uy = 300 mV, (d) (DPV;4,), double layer phase while passing -250 mV to the
negative regime, [ = 0.2 nA, U, =300 mV.

Passing P1, in the radical cation regime, the structures of DBV and DPV adlayer
are both stacking phases of radical cation species (Figs. 7.5a,b and c,d). Generally,
these structures are quite similar concerning the polymerization of radical cations to
chains of face to face species. However, the main observable difference between these
structures is at step edges. In the case of DPV, at step edges is the typical double row
structure which is always parallel to step edges (or [100] orientation direction)
closing the edges of every terrace (Fig. 7.5c), on the other hand, the DBV stacking
phase has nothing special at the step edges (Fig. 7.5b). Another difference between
the DBV and DPV adlayers is that while the well-ordered DBV stacking phase extends
over the whole surface with only one structure, there are two types of DPV stacking
phases in the potential regime higher than -250 mV which are described in more
detail in Sec. 6.3. The interchain distances of DBV and DPV stacking phases are
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different with 1.82 nm for DBV and 1.88 nm for DPV, which fit well with the length of
the molecules of 1.55 nm and 1.77 nm (see Figs. 4.3 and 4.5), respectively. The
relation between the different interchain distances and the ordering of DBV and DPV
stacking phases has already discussed in Sec. 6.3.

The DBV stacking phase is stable in this radical cation regime, but within this
regime, there is a critical potential of -250 mV which causes a change of the DPV
stacking phase. By sweeping to negative potential below -250 mV, the DPV stacking
phase transforms into the DPV double layer phase (Fig. 7.5d) which is a combination
of two normal stacking layers (see Sec. 6.3 for detail). The double layer formation also
causes an increase of the height of the oxidation peak P'1(DPV) in the reverse
potential sweep back to positive potentials. Therefore, the phenomenon of the DPV
double layer phase has been assumed to cause the height difference of P’1(DBV) and
P’1(DPV) of CV2a and CV3 respectively in Fig. 7.1, as mentioned in the CV part.

7.2.3 Chloride desorption regime

Continuing sweeping to negative potentials, we find the peak system P2/P’2 in
the CV2a (DBV) of Fig. 7.1 which could be attributed to the quasi-reversible
desorption/readsorption of chloride anions through the viologen film being
accompanied by order/disorder phase transition within the (DBV;i,), stacking
phase, but on the other hand, the CV3 (DPV) already reaches the hydrogen evolution
regime. The difference is also observed in STM results.

DPV

<50 nm>"’

Bare substrate

Chloride desorption regime

Figure 7.6: STM images show the surface morphology after chloride desorption in the
negative regime: (a) amorphous DBV;4; phase, ;= 0.2 nA, U, = 286 mV; (b) bare surface after
codesorption of DPV and chloride, [<= 0.2 nA, U, = 300 mV.
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Fig. 7.6 is the structural comparison of DBV and DPV adsorption at potentials
below the chloride desorption peak P2. While the DBV;], species still arranges
disordered on the surface in the form of an amorphous phase (Fig. 7.6a), the
(DPV31)n adlayer is already completely removed by chloride desorption revealing
the bare surface underneath (Fig. 7.6b). This explains the strong downward shift of
the HER to lower potentials when DBV is present (see the CV1 and 2b Fig. 7.1). The
amorphous phase, though mobile, still acts as an effectively blocker for the hydrogen
evolution reaction, thereby causing the observed inhibition effect. The chloride
desorption of both DBV and DPV adlayer are quasi-reversible. In the anodic potential
sweep backwards, the amorphous phase of DBV transforms back to the (DBV; i),
stacking phase and also the stable (DPV;3,), double layer phase adsorbs again on the
substrate.

7.3 Ex-situ XPS results Comparison

In this part, we exclusively focus on the chemical nature of the respective
viologen monolayers at high potentials above the main redox waves.

7.3.1 N1s photoemission spectra of DBV and DPV

The chemical shift of the N1s emission, which is sensitive to the redox state of the
adsorbed viologen species, receives a particular interest in the ex-situ XPS
experiments. Note that the interpretation of the obtained XPS data relies on the
assumption that the chemical composition of the interface and, in particular, the
viologen redox state remains unaltered upon emersion of the electrode out of the
electrochemical environment. This assumption, however, appears very much justified
with the results shown in Figs. 7.7-7.9 and their consistency with the electrochemical
behavior discussed above.

The main question to be answered by the photoemission experiment is whether
DPV exists in its di-cationic form on the chloride-modified copper surface at high
potentials or whether it gets instantaneously reduced to the corresponding radical
mono-cations even at potentials where the DPVaZ(;r solution species is still stable. Both
the structural motif of the DPV phase at high potentials above the main reduction
peak in the CV and the missing phase transition upon reaching P1 described above
point to an instantaneous reduction of the di-cationic DPV2+ to the respective radical
mono-cations upon adsorption. A similar phenomenon has been reported for various
di-alkylated viologens adsorbed on HOPG [116, 133-135], or Hg [113] electrodes,
where spike-like pre-peaks appear in the CVs at potentials more positive than the
corresponding main redox waves. Their origin was explained in terms of Faradaic
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processes involving the surface-confined viologen species coupled with surface phase
transitions transforming ‘expanded’ phases of viologen di-cations into more compact
phases of the corresponding radical mono-cations at potentials above the main redox
waves [116, 134-136]. In accordance with the structural differences between
adsorbed DBV and DPV seen in the in-situ STM experiments at positive potentials
(Fig. 7.2) we, indeed, observe significant differences between both adsorbed species
in the ex-situ photoemission experiment.

Bl cex2-apsy Iy cex2-aopy

EBE| =402.10(2) eV
i iBE =400.71(2) eV
N1s | ilZ)e
= iBE, = 400.08(2) eV =
Z 5 Z
.; H u;
= =
3 . 2
= i |BE,=399.09(2) eV =
(2%
i \;
A
.'|ﬂ T T T T T T T T I
404 402 400 398 396 404 402 400 398 396
Binding Energy [eV] Binding Energy [eV]

Figure 7.7: (a) N1s photoemission spectrum of the DBV monolayer phase after emersion at
Eemers = +100mV, Ephoton = 720 eV; (b) N1s photoemission spectrum of the DPV monolayer
phase after emersion at Eemers = +130mV, Ephoton = 720 €V, (Eemers indicates the emersion
potential where the copper sample was transferred from the electrochemical environment
into the UHV).

Fig. 7.7a represents the N1s photoemission spectrum obtained from the DBV cavitand
layer (Fig. 7.2a) emersed out of the electrolyte at Eemers = +100 mV. The best fit was
obtained assuming three individual viologen species with their main N1s component
at BE1 =402.10(2) eV and two further components at the lower binding energies BE;
=400.08(2) eV and BE3 = 399.09(2) eV, respectively. These latter components have to
be assigned to reduced viologen species. Similar multi-component N1s spectra were
reported for various solid di-chloride salts of viologens. For instance, Liu et al [137]
assign the main peak in their N1s spectrum of 1,1’-bis(4-vinyl-benzyl)-viologen at BE
= 401.7 eV to the positively charged nitrogen of the viologen species (V2*), a satellite
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feature at BE = 399.5 eV to the mono-reduced species (V**) and a further satellite at
even lower binding energy BE = 398.6 eV to the fully uncharged viologen (V?). The
presence of reduced viologen species in the viologen di-chloride salt has been
rationalized in terms of an instability of the di-cationic viologen species against
irradiation with x-rays. It appears most likely that such a transformation of di-
cationic into the corresponding reduced viologen species is caused by slow
photoelectrons and secondary electrons interacting with the di-cationic viologens
which act as strong electron acceptors. In this respect, one could call this slow
transformation a ‘dry’ reduction of di-cationic viologens under UHV conditions.

Bl ccx2-crpBv” ] Auoly)-DBVCL
N 1s N 1s
BE = 402.50(2) eV gBE =402.10(2) eV

4
10 counts I 10" counts

(1) 0 min

(2) 1 min : ) 0 min

Intensity [a.u.]

(3) 4 min
’ (2) 4 min

g J
g
E J \/\(imin w/ \/\N
(3) 16 min
(5) 12 min
»‘/\/\(E—)LG . ~'.l"/\/\\~(‘2i4 -
(7) 20 min “\’,/\‘-w
,..H"/ (5) 32 min
(8) 24 min
_.—'/ (9) 28 min W‘/ (6) 44 min
| T | | | | | |
404 402 400 398 404 402 400 398 396
Binding Energy [eV] Binding Energy [eV]

Figure 7.8: (a) Time-dependent N1s photoemission spectra of the DBVZ{, monolayer phase
adsorbed on the chloride modified copper electrode, Ephoton = 720 €V, Eemers = +100 mV, Eemers =
+100mV; (b) time dependent N1s photoemission spectra of the DBVCI; salt deposited on an
inert gold foil.
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Adapting the interpretation of e.g. Liu et al., we do not expect any reduced DBV
species present at the electrode at these high potentials of E = +100 mV and we
therefore assign the main peak at BE; = 402.10(2) eV to di-cationic DBV. It is most
likely that the satellite peaks observed in the N1s spectrum (Fig. 7.7a) are also
experimental artifacts due to the transformation of the adsorbed di-cationic to the
corresponding mono-reduced viologen species upon irradiation as suggested by Liu
et al for the 1,1’-bis(4-vinyl-benzyl)-viologen di-chloride salt [137]. This hypothesis
becomes experimentally substantiated by time-dependent XPS measurements of the
emersed DBVZ2} monolayer (Fig. 7.8a) and of the corresponding DBVCI, salt
deposited on an inert gold foil (Fig. 7.8b). The latter is to serve as reference for the
identification of the DBV in its di-cationic state on the chloride modified surface at
high potentials. We find the di-cationic DBV?2+ in the di-chloride salt with an N 1s
binding energy of BE = 402.5 eV (Fig. 7.8b) which is slightly higher (0.4 eV) than the
value observed for the adsorbed DBV?Z{, (Fig. 7.7a). Both spectra show the same time
dependence upon irradiation. While the main component decreases with irradiation
time we observe an increase of the satellite peaks at lower BE which are attributed to
the reduced DBV species (Fig. 7.8). Note, however, that the satellite features are
already present in the first spectrum of a time-dependent XPS series (spectraat t =0
min in Fig. 7.8). From these observations we conclude that the DBV cavitand layer
observed at potentials more positive than the main reduction wave indeed contains
di-cationic DBV?{, species in full agreement with our conclusions from the previous
CV- and STM-results (see Figs. 7.2a,b).

Interestingly, the N1s emission of the DPV layer (Fig. 7.2c and d) emersed at
similarly high potentials above the respective main reduction peak in the CV (Eemer =
+130 mV) behaves significantly different than the one of the DBVZ}, monolayer. The
dominant N1s emission at BE = 400.71(2) in Fig. 7.7b points to the presence of
reduced DPV,{; species at the electrode surface although DPVZ solution species are
stable in their di-cationic form at these high electrode potentials (CV3 in Fig. 7.1). Our
assignment of the main N1s peak in Fig. 7.7b to the mono-reduced DPV;}, species is
clearly supported by measurements on the N1s binding energy of the di-cationic
DPV2+ species in solid DPVCI; salt (Fig. 7.9). The latter was also deposited on an inert
Au foil as the DBVCI; salt before.

As expected, we found Eg(N1s) of di-cationic DPV2+ at high binding energies of BE
=402.53(2) eV (see XPS spectrum (1) in Fig. 7.9) as the main component. A similar BE
was obtained for the di-cationic DBV2+ in the respective di-chloride salt with BE =
402.10(2) eV (see XPS spectrum (1) in Fig. 7.8b). Similar to the DBV2* in the DBVC(I;
salt also the DPV2+ suffers reduction upon irradiation. In line with the disappearance
of the di-cationic DPV2* species in the solid salt a broad satellite feature emerges with
time in the N1s photoemission spectrum like the value in the adsorbed case, i.e. BE =
400.71(2) eV, representing reduced DPV species as reaction products of the ‘dry’ DPV
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reduction. The emergence of this reduced DPV species again serves as reference for
the identification of the mono-reduced DPVy; species on the halide-modified copper
surface. For comparison we have included the N1s spectrum from Fig. 7.7b obtained
for the DPV film on the chloride-modified copper in Fig. 7.9 (spectrum 7).
Interestingly, we observe the reduced DPV,} species not only on the c(2x2)-Cl but
also on the ¢(2x2)-Br phase on Cu(100) [138]. Although chloride and bromide form
the same lateral structure on Cu(100) their charge state on Cu(100) is different;
recent in-situ x-ray scattering experiments point out that bromide is more discharged
in the adsorbed state [139]. Therefore, the nature of the specifically adsorbed anion
has apparently no significant impact on the instantaneous reduction of adsorbed DPV

on the halide-modified copper surface, at least for chloride and bromide.
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Figure 7.9: Time-dependent N1s photoemission spectra of the DPVCI; salt deposited on an
inert gold foil compared with the N1s photoemission spectra obtained from the DPV
monolayer on c(2x2)-Cl at high potentials, Ephoton = 720 eV.
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7.3.2 01s photoemission spectra

Similar profound differences between DBV and DPV as noted for the N1s
emissions are observed in the O1s spectra of the respective viologen monolayers at
high potentials. Due to the absence of other oxygen containing species in the
electrolyte we assign the observed Ols emissions to water. Since water tends to
desorb rapidly from metal surfaces at RT under UHV conditions the O1s spectra
obtained under ex-situ conditions cannot represent the ‘pristine’ state as in the
electrochemical environment. However, these data can help to characterize the
adsorbed viologen monolayers on a qualitative basis as being either hydrophobic or
hydrophilic.
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Figure 7.10: Overview of the O1s photoemission spectra of the viologen-covered c(2 x 2)-
Cl/Cu(100) phase, Ephoton = 720 €V.

Fig. 7.10 displays the O1s region of the DBV or DPV covered electrode after
emersion and transfer into UHV. It is important to note that at the used excitation
energy of Ephoton = 720 eV the small peak in spectrum 2 coincides with a chloride-
derived Auger transition which also contributes to the more complex spectrum 1. In
order to circumvent a tedious deconvolution of the intensity at BEs higher than 534
eV in spectrum 1 into this chloride contribution and O1s components from possible
water species, we base the following discussion only on the main O1s peak at BE =
532.51(2) eV in spectrum 1. This O1s binding energy is identical to that of water on
the c(2x2)-Cl/Cu(100) surface without organic adsorbates (not shown here). The
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first observation which strikes the eye is that this peak is missing in spectrum 2. Thus,
the DBV covered surface retains water after transfer into UHV, while the DPV covered
surface does not; the c(2x2)-Cl-DBV2+ behaves hydrophilic, the c(2x2)-Cl-DPV-+
surface hydrophobic.

Relating the integrated intensities (I) of the N1s and the Ols emissions

(corrected for the respective energy depending cross sections (o)) one can estimate

the ratio of co-adsorbed water to di-cationic DBV2}; within the cavitand layer (Fig.

7.2a,b) to be

o) _lo1s)/9015) _2:2
nwy Inisy/omis) 1

with op1s = 0.28 and onis = 0.19 at Ephoton = 720 €V [140]. The ratio of water to DBV,
thus, amounts to nm20)/nmsv) =$z% considering that one viologen molecule

contains 2 nitrogen atoms.

Note that this number represents only the lower limit of co-adsorbed water on
and within the DBV?]; film since a certain amount of water may yet have desorbed
before the photoemission experiment was started. It should be further noted that the
lateral order of the DBVZ, film may not be conserved upon emersion out of the
electrolyte phase. From adsorption phenomena of oxo-anions it is well known that
the lateral order breaks down immediately when volatile co-adsorbed water species
partly desorb from the electrode surface under UHV conditions. However, for the
identification of the viologen redox state it does not appear crucial whether the
adsorbed species are laterally ordered or disordered.

While the DBV}, monolayer according to the above finding has to be considered
as hydrophilic, the compact (DPV;3;), phase (Figs. 7.2¢,d) is hydrophobic, no water is
left on the surface after emersion of the DPV; covered sample (spectrum 2 in Fig.
7.10). This can be seen as a further experimental hint for the presence of mono-
reduced DPV3; species on the chloride lattice even at these high electrode potentials.
The hydrophobicity of the (DPV3a;), monolayer is not only the result of the transition
of the individual viologen di-cation to the radical monocation, it is also the result of
the oligo- and polymerization process of individual DPV;}, species that releases
water from the surface.

All in all, the structural motifs of the viologen films observed by in-situ STM at
positive potentials, the behavior of the viologen monolayers as a function of potential
and the ex-situ XPS data, registered after emersion at positive potentials, point to a
non-reactive DBV2+ adsorption resulting in a loosely packed and hydrophilic DBV2j},
film on c(2x2)-Cl/Cu(100), while DPV2+ undergoes a reactive adsorption giving rise to
the formation of a densely packed and hydrophobic (DPV.3,), monolayer. In this

respect, the DPV behaves similar to various di-alkylated viologens on the basal plane
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of HOPG [134, 135]. The characteristic pre-peaks as indicators for the reaction of the
adsorbed viologen species, however, are missing in the CV of the chloride-modified
Cu(100) exposed to the DPV containing electrolyte (CV3 in Fig. 7.1). The reason for
that could be the narrow potential window of copper.

7.3.3 Cl2p photoemission spectra

A final topic that has to be addressed concerns a possible co-adsorption of
chloride anions within the 2D viologen films. Both the hydrophilic DBVZ{, film and
the hydrophobic (DPV;},), film are ‘multi-cationic’. The main question to be
answered in this context is whether further chloride anions are required to stabilize
the multi-cationic 2D viologen monolayers (see Fig. 7.2) besides those which are

already specifically adsorbed on the metallic copper underneath the organic layer.
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Figure 7.11: Cl2p photoemission spectra of the DBVCl, and DPVCI; salts deposited on inert
gold foils, Ephoton = 720 eV.
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Using the Cl2p photoemission it should be possible to differentiate between
specifically adsorbed chloride in direct contact with the copper and additional co-
adsorbed chloride within the viologen layer. As an internal reference, we refer to the
Cl2p spectra of the DBVCI; and DPVCI; salts that were deposited on an inert gold foil
(Fig. 7.11). The Cl2ps3/; emissions of the DBVCl; and the DPVCI, di-chloride are
observed at BE = 197.70(2) eV and BE = 197.65(2) eV, respectively. The chloride
species within the viologen salt can be considered as ionic. For comparison, chloride
species within the largely ionic CsCl salt reveals a comparably low binding energy of
the Cl2ps/2 photoelectrons of BE¢sc = 197.8 eV [42, 141].
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Figure 7.12: (a) Overview of the Cl2p photoemission spectra obtained for the viologen-free
and viologen-covered Cu(100)-c(2x2)-Cl phase, Ephoton = 245 €eV; (b) fitted C12p photoemission
spectrum of the DBV2* monolayer phase; (c) fitted Cl2p photoemission spectrum of the DPV '+
monolayer phase.
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It can be assumed that chloride which might be co-adsorbed within the DBVZ2];

cavitand layer reveals a similar CI2p binding energy as the one in the respective
viologen salt. The Cl2p emissions obtained from the viologen-free (spectrum 1) and
the viologen-covered chloride modified electrode surfaces (spectra 2 and 3) are
presented in Fig. 7.12a. At first, one realizes a significant decrease in intensity by
going from spectrum 1 to spectrum 3. Since these spectra were obtained using an
excitation energy of only Ephoon = 245 €V these differences in intensity do not reflect
changes in the chloride surface concentration as a consequence of the viologen
adsorption, but are due to ‘damping’ effects caused by the viologen overlayers on-top
of the specifically adsorbed chloride layer. Note, that at this photon energy the kinetic
energy of the Cl2p photoelectrons ranges only from 48-43 eV. Obviously, the
observed damping effect is more pronounced in case of the more compact (DPV;3,),
stacking layer (Figs. 7.2c,d) than for the more open DBV2]; cavitand structure (Figs.

7.2a,b).

For the viologen-free and the viologen-covered surfaces, we find peak maxima of
the Cl2ps,; emission at binding energies of BE g« = 198.44(2) (spectrum 1),
BE (2x2)-c1-pv = 198.42(2) (spectrum 2) and BEgx2)-copv = 198.52(2) (spectrum 3).
While the BE of the Cl2p3/, photoelectrons are almost identical for the viologen-free
and the chloride layer covered with the water-containing DBVZ; film there is a tiny
shift of about 0.1 eV towards higher BE when the hydrophobic (DPV;4,), stacking
layer is present. There is, however, a difference of up to AE = +0.97 eV between the
Cl2p3/2 emission observed for the chloride anions in the viologen salts (Fig. 7.11) and
the Cl2ps/; emissions originating from the specifically adsorbed chloride on the
copper (Fig. 7.12a). This increase can be attributed to the specific interaction of
chloride with the metallic copper substrate which involves a small partial charge
transfer from the anion to the electrode. However, it should be noted that the
character of the specifically adsorbed chloride remains largely ionic. For instance, the
Cl2ps/2 binding energy of the specifically adsorbed chloride on Cu(100) compares
well with the Cl2p3,. binging energy of the ionic NaClpuk salt of BEnac = 198.4 eV [42,
141]. These findings agree well with recent in-situ x-ray diffraction studies on
chloride adsorption on Cu(100) also indicating largely ionic chloride species present
on the copper electrode [74].

All Cl2p spectra can be perfectly fitted by assuming only one chloride species
(Figs. 7.12b, c), which has to be attributed to the specifically adsorbed chloride in
direct contact with the metallic copper electrode. Further co-adsorbed chloride
anions within the viologen film are not suggested by the photoemission experiment.
Obviously, additional chloride anions are not necessary to stabilize 2D viologen
monolayers regardless of the particular viologen redox state. There might be a
further accumulation of solvated anions on-top of the multi-cationic viologen film.
These additional anions, however, are not transferred into the UHV in the emersion
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experiment. All these findings point to quite stable arrangements of these paired
chloride anion/viologen cation layers at the interface with a clear spatial separation
of negatively charged and positively charged layers. The presence of the cationic
viologen layers does not significantly affect the copper-chloride bonding. In
agreement with this there are also no chemical shifts of the copper emissions (e.g.
Cu2p, Cu3p) after viologen adsorption on the chloride lattice (data not shown here).
In this respect, the chloride layer can be regarded as a structurally and chemically
stable negative ‘buffer’ layer between the positive metal electrode surface and the
redox-active viologen layer.

7.4 Summary

The surface redox chemistry and related phase transitions of DBV and DPV
molecules adsorbed on chloride modified Cu(100) are compared by means of CV, in-
situ STM and ex-situ XPS. The experiments clearly indicate that there are substantial
differences in reactivity of both adsorbed redox-active viologens resulting from the
structural and electronic differences of the DBV or DPV molecules under
investigation. It is noteworthy that the ex-situ XPS experiments enable a comparison
between the DBV and DPV adlayers at high potentials.

The main difference of the CV results between the two molecules is that the first
redox process of DPV is shifted to higher potentials compared to that of DBV,
resulting in a difference of AE = +162 mV between P1(DBV) and P1(DPV). That
indicates a higher electrochemical reactivity of DPV than DBV species from solution.

Moreover, STM images show the surprising result that adsorbed on the surface
DPV is even more reactive than DBV. While at potentials more positive than the first
redox wave in the CV, the dicationic DBV2+ species from solution can adsorb and are
stabil on the chloride template in dicationic form as cavitand phase, the DPV2+ species
does not adsorb in its dicationic DPV2+ form on the chloride precovered Cu(100)
surface. Instead, DPV?2+ instantaneously reacts to the corresponding radical cation
DPV;] at the chloride modified surface followed by the immediate formation of a
condensed (DPV;,), stacking phase. Note that the DBV2+ cavitand phase transforms
into a similar stacking phase only at potentials lower than -250 mV, i.e. after passing
the CV peak P1.

The comparison between the DBVZ{, cavitand phase and the (DPV;1,), stacking
phase at high potential can be supplemented by the XPS experiments. Firstly, the
N(1s) core level binding energies of both adsorbed species at these high potentials
are consistent with the existence of DPV°+ radical cations but DBV?2+ dications,
respectively. Furthermore, the XPS data clearly indicate that, on the one hand, the
dications DBV?]; of the cavitand phase do not completely lose their solvation shell
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upon adsorption on the chloride layer. The resulting loosely packed cavitand
structure is hydrophilic and contains at least four water molecules per DBVZf,
molecule. However, on the other hand, the more densely packed (DPV34.), stacking
phase proves to be highly hydrophobic which completely removes all water species
from the chloride lattice. Upon adsorption and phase formation the DPV releases
completely its solvation shell as a pre-requisite to undergo strong inter-viologen
interactions in the form of n- m interactions. These strong adsorbate-adsorbate
interactions are considered to be the main driving forces for the (DPV;3;), phase

formation.

At potentials less than -250 mV the radical cation stripe phases of both DBV*+
and DPV*+, however, display different structures. While the DBV species still remain
as the (DBV},), stacking phase, the (DPV;4.), adlayer transforms into a (DPV; i),
double layer phase. Once formed the double layer phase is stable in the broad regime
of copper potential window before reaching the chloride desorption peak P2(DPV)
lying in the HER regime.

The chloride desorption process in the presence of DBV or DPV is also
surprisingly different. While an amorphous phase of DBV}, species is formed on the
bare Cu(100) surface due to the chloride desorption through the DBV adlayer, the
DPV;. species desorb together with the chloride leaving the bare substrate behind.
The difference of the chloride desorption processes can explain the shift of the HER in
the DBV containing electrolyte to much more negative potentials than in the presence
of DPV.
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Chapter 8

“Reactive” adsorption of DBV
on chloride modified Cu(100)

8.1 Introduction

Electron transfer reactions involve both the solvated viologens in solution as well
as the pre-adsorbed species. The latter reaction can result in distinct phase
transitions within the adsorbed monolayers as a consequence of positional,
orientational and conformational changes of covalently [126, 143] or noncovalently
bound [113, 115,116, 131, 132, 143] viologens.

In chapter 5, the DBV was adsorbed under non-reactive condition, in which the
DBV solution was added into the cell at the potential regime from -100 mV to +100
mV (the double layer regime). In this condition, the DBV?2+ species is not yet reduced
to the mono-cation DBV*+, no electrochemical reaction takes place. But if DBV2+
species are introduced into the electrolyte at potentials within the potential regime of
peak P1, i.e. from -120 mV to -250 mV (Fig. 8.1a), so that the electron transfer can
take place prior to or simultaneously with the 2D phase formation, new structures of
DBV or metastable phases have been found. There are in fact two new metastable
phases denoted A and B occurring within the potential regime in which the DBV was
added into the electrolyte. At this potential regime from -120 mV to -250 mV, the
phase transition from the cavitand to stacking phase has not yet taken place. And so
the structural integrity of the two metastable phases is not affected by the on-going
solution redox processes, at least on the time-scale of the STM experiment. Depending
on the potential, in most cases type A generally appears at the regime from -120 mV
to -200 mV and type B at more negative potentials from -200 mV to -250 mV. They
are very well-ordered structures. However, occasionally the two metastable phases
and the cavitand phase even exist together, as verified by Fig. 8.1b, in which structure
1 is the cavitand phase, while A and B are the two metastable phases. Obviously, they
are different structures.
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Figure 8.1: (a) Unreactive and reactive regimes related to the CV, (b) STM image of a three
phase coexistence: 1. cavitand, 2. type A, 3. type B, [ = 0.1 nA, U, =217 mV, E =-160 mV.

Besides the differences of structure and surface coverage, the two metastable
phases have some unique properties: they can transform into the cavitand and the
stacking phases but in an irreversible way and the transitions take place slower than
the reversible ones from cavitand to stacking phase and vice versus, or in other
words, there are high activation barriers to the other inactive phases with respect to
potential dependence.

8.2 Structures

8.2.1 Metastable phase A - Dimers

The metastable phase A shows very well order in Fig. 8.2, it has typically 4
domains, two mirror and two further rotational domains, similar to the cases of
cavitand and stacking phases (Fig. 8.2a). Figs. 8.2b,c are the zoomed-in images of the
metastable phase A structure, illustrating separate building blocks. The corrugation
of one building block shown in Fig. 8.2d proves that each block is built by two DBV
molecules. At a defect (Fig. 8.3) we found that always both DBV molecules are lost,
therefore they are likely to be a stable dimer and the metastable type A phase is
therefore a dimer phase.

The key structural motif of the viologen film formed under these reductive
conditions, i.e. simultaneous reduction and phase formation, is a dimer with radical
mono-cations linked by m-bonding [124]. The elongated STM spots in Fig. 8.2b are
assigned to the viologen redox moieties while the less conductive benzyl groups are
supposed to lie in the dark areas with the lower imaging contrast. Both radical mono-
cations constituting one dimer are slightly shifted against each other.
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Figure 8.2: (a)-(c) STM images of the metastable viologen dimer phase: (a) It = 1.3 nA, Uy =
158 mV,E =-120 mV, (b) It = 0.4 nA, U, =204 mV, E=-130 mV, (c) [t= 0.9 nA, U, = 205 mV, E =
-120 mV; (d) height profile across two dimers in (c) (white line).

<12.8 nm>’

Figure 8.3: STM image of the viologen dimer phase with one missing dimer as a defect, I; = 1.0
nA, U, =260 mV, E =-130 mV.
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The value of the interviologen spacing within the dimer is 0.36 nm which is
similar to that value of the radical cation (DBV,J;),, stacking phase, indicating that the
dimer building block is combined of two face to face radical DBV"+ species. Note that
the regime for metastable phase formation from -120 mV to -250 mV is exactly the
positive potential side of the reduction peak P1 (Fig. 8.1a) where the dication DBV2+
starts to be reduced into the corresponding radical cation DBV*+ species. Therefore,
the formation of the dimer phase in particular or the two metastable phases in
general can be assumed as follows. In the potential regime from -120 mV to -250 mV
(the positive side of the reduction peak P1), the dication DBV?2+ species in electrolyte
come close to the surface for the first electron transfer reaction and are reduced to
the corresponding radical cation DBV®+ species, then diffuse back to the solution,
showing the increasing current peak P1. However, after being reduced, pairs of two
DBV*+ species can combine immediately to form stable dimers (not trimer or
oligomer). If the surface of the chloride lattice template is not yet covered (reactive
condition), these dimers can adsorb on the chloride template. Depending on the
potential or perhaps the concentration of dimers, the adsorption of dimers forms two
different structures and coverages of two metastable phases. Therefore, the
metastable phases are supposed to be phases of dimers. However, in the case if the
surface of the chloride lattice template is already pre-covered by the cavitand phase
of DBVZ{, species (non-reactive condition), the dication species from solution still
come close to the surface, having the electron transfer through the cavitand phase
adlayer, even forming dimers, but these dimers appear only in solution and cannot
replace the cavitand phase to adsorb on the chloride lattice. Thus the DBV} species
of the cavitand phase at the surface is assumed to be less electrochemically active so
that the cavitand phase remains stable in spites of the presence of radical cation
species in solution. This assumption matches with the evidence in Sec. 5.2.1 which
proved the reduction peak P1 was a solution peak.

o Superposition
: -

|

Figure 8.4: (a) STM image of the viologen dimer phase imaged under moderate tunneling
conditions, It = 0.4 nA, Uy = 204 mV, E = -130 mV; (b) c(2x2) chloride lattice on Cu(100)
imaged under more drastic tunneling conditions, I = 3.8 nA, U, = 56 mV, E = -130 mV; (c)
Superposition of panels (a) and (b).
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The symmetry relation to the substrate is derived from a tip-induced removal of
the viologen film (Fig. 8.4b) that allows the imaging of the chloride adlayer beneath
[131, 132]. From a comparison of Figs. 8.4a and b it can be concluded that the dimer
entities are oriented with their main molecular N-N axes parallel to the surface in an
“edge-on” adsorption geometry. Such an orientation along the closely packed chloride
rows indicate a “coordinative effect” of the chloride lattice that is facilitated due to the
nearest neighbor chloride distance of dg = 0.362 nm [72, 75] that perfectly matches
the value of the interviologen spacing within the dimer of dgimer = 0.36 nm. The
translational symmetry of the dimer layer can be expressed using the matrix notation
by relating the dimer lattice to the chloride lattice:

o) L)

avic amounts to 1.95 nm, by, is determined to be 1.81 nm, enclosing an angle of
74.9° (Fig. 8.4). The oblique unit-mesh is the result of the structural anisotropy of
individual dimer species. Assuming that there are no further viologen species within
the unit cell besides those seen in the STM image or 2 DBV molecules per unit cell, we
can determine the viologen coverage to be 0., = 0.077 ML with respect to the
chloride lattice.

Figure 8.5: Proposed structure model of the dimer phase on the c (2x2) chloride lattice,
showing the unit cell and proposed interactions.
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Fig. 8.5 represents a structural model of the cationic dimer phase on-top of the
anionic chloride lattice. It is assumed that both bipyridinium moieties of the dimer
reside in neighboring grooves of the (\/? X \/7)R45—Cl lattice thereby minimizing the
electrostatic repulsion between them. In the structure model of the dimer phase (Fig.
8.5), we propose 3 types of interactions:

- 1: bonding of two radical cations in a dimer,
- 2 and 3: bonding between two benzyl groups that connect dimers by each
other in the dimer phase.

8.2.2 Metastable phase B

As mentioned in the introduction Sec. 8.1, the formation of the metastable phase
B generally takes place at the potential regime from -200 mV to -250 mV, which is
more negative than the regime of phase A (dimer phase) formation.

Similar to the dimer phase A, the metastable phase B also shows a very well
ordered structure and has typically 4 domains (Fig. 8.6a). However different from the
dimer phase, the type B phase is a more complex structure depending on the
tunneling conditions, the STM of phase B gives different image contrast, but obviously
the structure is combined of complex stripes and separated dots of DBV molecules
(Fig. 8.6b). As explained in the previous section, the metastable phase B is also
supposed to be a structural phase of dimers. But due to its complexity, not as clear as
the separated dimer building blocks of phase A, this metastable phase is just denoted
as “Type B” phase while the phase A is a true “dimer” phase.

Figure 8.6: STM images of the metastable type B phase, (a) It = 0.9 nA, U, = 173 mV, E = -230
mV; (b) It = 0.1 nA, Uy = 241 mV, E =-230 mV.
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Figure 8.7: (a) STM image of the two-metastable phases coexisting, [ = 0.9 nA, U, = 205 mV, E
= -230 mV; (b) STM image under more drastic conditions shows the type B phase with Cl
adlayer underneath, I = 2 nA, U, = 150 mV, E = -230 mV.

In order to define the structure of the type B phase, we should compare it with
the dimer phase. Fig. 8.7a presents the STM image of both coexisting metastable
phases. The arrows point out that the dimers in type A are similar to dots in type B
phase. And under more drastic tunneling conditions, even the Cl adlayer beneath
appears together with the structure of the type B phase, suggesting that there is no
viologen molecule at the vacancy of type B phase. Therefore, the structure of type B
phase is the combination of separated dimers and complex stripes composed by other
dimers.

Figure 8.8: STM images of the metastable type B phase in comparison with the CI adlayer
underneath at the same position: (a) Type B phase under moderate tunneling conditions, I; =
0.1 nA, Uy = 241 mV, E = -230 mV, (b) c(2x2) chloride lattice on Cu(100) imaged under more
drastic tunneling conditions, I; = 10 nA, U, = 17 mV, E =-230 mV.
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The symmetry relation to the substrate is derived from a tip-induced removal of
the viologen film (Fig. 8.8) that allows the imaging of the chloride adlayer beneath.
And the translational symmetry of the type B phase layer can be expressed using the
matrix notation by relating the type B phase to the chloride lattice:

s )
bvio S 4 bCI
avic amounts to 5.69 nm, by, is determined to be 2.32 nm, enclosing an angle of

73.6°. The perpendicular-like appearance of avi, and byi, in Fig. 8.8 is supposed to be
due to drift during the measurement.

In Fig. 8.9a individual DBV molecules are identified in the stripes of the type B
phase structure only showing clearly 4 DBV molecules (denoted as 1 to 4 which are
marked by white arrows in Fig. 8.9a) and some unknown other parts in the stripe
within one unit cell. But by the similarity of the two metastable phases related to the
reactive adsorption in the P1 regime of the CV (Fig. 8.1a) and the symmetry of the
stripe structure, as explained in the previous section, we assume that the structure of
type B phase is also composed by dimers. From that point of view and the STM
results, we suppose that a stripe is a combination of dimers but in perpendicular
orientation with separated dimers. By considering the intermolecular spacing of
species within the stripe, we suppose that each entity consists of 3 dimers or 6 DBV
radical cation species. The reason why in STM only 4 molecules per unit cell appear in
the stripe is explained to be due to the 3D viewing of the STM images, and from the 6
molecules 4 ones can stand higher and can be seen brighter than the other 2 ones.

Figure 8.9: STM images of the metastable type B phase: (a) It = 0.3 nA, U, =141 mV, E = -230
mV, (b) benzyl groups appear enhanced under negative bias tunneling conditions, I; = 0.6 nA,
Up=-43mV, E=-230 mV.
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The structure model of the type B phase suggests that the separated dimers and
the stripes are connected by benzyl groups. Based on the flexibility of the benzyl
group, in the separated dimer, the two benzyl groups rotate at different angles to
connect with other benzyl groups in the stripe (shown in model Fig. 8.10).

Especially, if we apply a negative bias voltage for tunneling, occasionally STM
results show the benzyl group brighter than the bipyridinium cores. In Fig. 8.9b for
example, with the reverse bias of -43 mV, the STM image of type B phase appears
totally different and the benzyl groups and their bonds are more obvious than the
bipyridinium groups of DBV molecules. The comparison between Figs. 8.9a and b is
consistent with the assumption of the structure model of type B phase consisting of
separated dimers connected with perpendicular dimers in the stripe by benzyl
groups.

Concluding from previous STM results, we propose the structure model for the
type B phase as represented in Fig. 8.10, in which each unit cell has 8 DBV molecules
resulting in a viologen coverage of 0., = 0.107 ML with respect to the chloride lattice.

Figure 8.10: Proposed structure model of the metastable type B phase on the c(2x2) chloride
lattice, combined of separated dimers and stripes of other dimers.
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8.3 Irreversible phase transitions of metastable phases

As described in the sections, once formed under Kkinetic control, the two
metastable phases can transform into cavitand or stacking phase by sweeping the
working potential in anodic or cathodic direction, respectively. However, the
transitions are irreversible, because in a subsequent opposite potential scan, only the
cavitand and stacking phase transform into each other without appearance of the
metastable phases, neither phase A (dimer) nor phase B (stripes and dimers).

Fig. 8.11 shows the two series of STM images of the transitions, both starting
with the well-ordered dimer phase structure. By increasing or decreasing the
working potential, in certain regimes, the dimer phase can transform into the two
normal phases.

In a potential increase (anodic sweep), the dimer phase is stable only upto
potentials of about +40 mV. Reaching the potential of about +40 mV, the dimer phase
is replaced by the cavitand phase following a first order transition (Fig. 8.11a). The
phase transition is fully completed at about E = +80 mV. This transition involves the
oxidation of the radical-cation dimer species back to the dication DBV2+. It appears
that the orientation of domains of the cavitand phase does not depend on that of the
previous dimer phase.

Although from the CV result (see Fig. 8.1a), the oxidation peak P1’ of solution
species ends much earlier at potential about -120 mV, on the surface, the transition
takes place much slower and therefore reveals a considerable potential hysteresis
which arises from additional activation barriers, considering that intermolecular n-r-
bonds have to be broken for this phase transition. The explanation is similar as in the
case of the stacking-cavitand phase transition, but there is one different thing related
to the potential regime in which the transitions take place. While the transition from
stacking to cavitand phase starts at potential of about -80 mV and completes at about
+20 mV, the dimer-cavitand transition occurs much later, starting at even +40 mV,
and is much faster, completing at about +80 mV. Obviously, the dimer phase
represents a higher potential stability compared with normal stacking phase in term
of phase transition. This phenomenon will be discussed more in the next part.

In the opposite potential scan direction (Fig. 8.11b), a potential decrease
(cathodic sweep) into the regime below P1 (at a potential of about -300 mV) has to be
performed in order to initiate the replacement of the dimer by the stacking stripe
phase. The transition is completed soon, i.e. already around -320 mV. The biggest
difference between the dimer-to-stacking- and the cavitand-to-stacking phase
transitions is the growth behavior. The dimer-stacking phase transition takes place
much faster and more ordered. It can be explained by the difference of building block
species. The metastable phase consists of dimers as building blocks of radical cationic
DBV with n-n bonds already, therefore in order to from a longer stripe of the stacking
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Figure 8.11: a) Irreversible transition of the dimer into the cavitand phase triggered by the
oxidative one-electron transfer reaction (anodic sweep), It = 0.8 nA, U, = -172 mV, b)

S TE=480 1A%

Irreversible transition of the dimer into the stacking phase of radical mono-cations (cathodic
sweep), It = 4.9 nA, U, = 181 mV (the insets show molecularly resolved images of the
respective phases).
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phase, they seem to aggregate much easier and the ordering during the transition
phase depends only on the ordering of the former metastable phase. Note that due to
the irreversible transition of the metastable phases, in order to obtain the dimer
phase structure in Figs. 8.11a and b, we carried out obligatorily two separate
measurements under kinetic control.
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Figure 8.12: Irreversible transition of dimer, starting with co-adsorption of both dimer and
cavitand phase: (a)-(c) Cathodic sweep, transition into stacking phase, It = 0.8 nA, Uy = -172
mV, (d)-(f) Anodic sweep, transition back to cavitand phase, I = 4.9 nA, U, = 181 mV.

The STM image series of Fig. 8.12 was, however, registered at the same area. The
structure in Fig. 8.12a is swept cathodically to 8.12b,c and later anodically swept back
to 8.12d-f. The starting structure 8.12a consists of both dimer and cavitand phases.
By decreasing the potential beyond P1, both phases are transformed into the stacking
phase. After that, increasing the potential back, the stacking phases of the two parts
are stable until -90 mV then reaching the potential regime of the phase transition
back to the cavitand phase. The two parts are transformed into cavitand phase
simultaneously without forming an intermediate dimer phase even at the place where
it existed previously, proving the irreversibility of the transition from the dimer phase
to the stacking phase. These phenomena are also applied for the other metastable
phase transitions of dimer and type B phases to both stacking and cavitand phases.
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Figure 8.13: STM series showing the very exceptional occurrence of patches of metastable
phases when following the phase transition from the stacking to the cavitand phase, (a)-(i) ;=
0.1 nA, U, =143 mV.

As mentioned above, we can observe the metastable phases by adsorption of DBV
molecules under reactive condition within the initial potential regime from -120 mV
to -250 mV (the positive side of the reduction peak P1 in CV of Fig. 8.1a). Once formed
the metastable phases are stable in a broad potential regime from -300 mV to +70 mV
(see series in Fig. 8.11). Scanning further than that stable regime to more negative or
positive potential, causes phase transitions from the metastable phases into stacking
or cavitand phase, respectively. Then these metastable structures cannot be observed
any more due to the irreversibility of the phase transitions. However surprisingly, in
one STM experiment, when imaging the phase transition from the stacking phase
back to the cavitand phase, we observed the presence of the two metastable phases
within the phase transition, as shown in Fig. 8.13.
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It is noteworthy that normally, the phase transition from the stacking phase back
to the cavitand phase starts systematically at potential higher than -160 mV and
completes at about -60 mV (see STM series in Figs. 5.28, 8.12d-f, 8.13). This regime is
not completely out of the oxidation peak P’1l (CV in Fig. 8.1a) Therefore at the
beginning of the phase transition, in solution, the DBV;:]r species or even dimers of

DBV*+ are still present. In Fig. 5.28, the phase transition started very early at a
potential of -160 mV, but the transition still ended up with a full monolayer of
cavitand phase. On the other hand, in Fig. 8.13 the transition begins later at potential
of -95 mV, but in some small areas indicated in Fig. 8.13, we find structures of the
metastable phases. This can be explained by the fact that within the transition

whenever moieties of (DBV;;'S)n stacking chains at the surface are oxidized into the

dication DBV?2+, they generally adsorb almost simultaneously to form the DBVi;S

cavitand phase. However, in the special circumstances of Fig. 8.13, after oxidation the
surface DBV species move out from the surface revealing the bare chloride lattice and
then the dimers which are present close to the surface can readsorb to form the
nucleation for the metastable phase adsorption as seen in Fig. 8.13. The removal of
the pre-adsorbed DBV species is assumed to be tip-induced. Furthermore, because
the dimer phase adsorbs partly in Fig. 8.13, we can observe the growth of its
adsorption which is assumed to form row by row.

In spites of the observation of the metastable phase upon the phase transition
from stacking to cavitand phase, the conclusion on the irreversibility of the transition
from metastable phases into corresponding stacking or cavitand phases is still valid.
The observation of the metastable phase is rather a non-equilibrium tip-induced
effect.

8.4 Stability of metastable phases

The previous section illustrated the irreversible phase transitions from the
metastable phases into the stacking or cavitand phase. Besides, Sec. 5.4.1 described
already in detail the phase transitions between the stacking and the cavitand phase.
However, it is noteworthy that these latter phase transitions (into the stacking or the
cavitand phase) occur in different potential regimes.

Firstly, we compare the transition from the stacking to the cavitand phase with
that of the metastable phases to the cavitand phase. The transition from the stacking
phase to the cavitand phase was illustrated by the STM series of Figs. 5.28, 8.12d-f
and 8.13, showing that the potential range of the transition depends strongly on the
respective experiment. Generally, this transition starts at potentials ranging from -
160 mV to -90 mV and completes at potentials ranging from -60 mV to 0 mV. That
means above 0 mV, all surface DBV"+ species of the stacking phase are completely

165



“Reactive” adsorption of DBV on chloride modified Cu(100)

transformed into the DBV?2+ species of the cavitand phase. On the other hand, the
metastable phase dimer once formed remains stable until +20 mV upon sweeping
into the positive potential regime. Indeed, as exemplified in Fig. 8.11a, the phase
transition from the dimer phase into the cavitand phase starts at a potential of +20
mV and completes at even higher potential of +80 mV. The transition from the
metastable phase B to the cavitand phase was also studied (the result not shown
here) representing on even higher stability in which the type B-cavitand phase
transition starts at +90 mV and completes at +120 mV. Therefore, concerning the
transition to the cavitand phase, the two metastable phases show a higher
electrochemical stability than the stacking phase.

Cavitand

=-305 mV

W\

E=-310mV | =10 mV E = 320 mV

Figure 8.14: Characteristics of dimer-stacking and cavitand-stacking phase transitions, [ = 0.2
nA, U, =286 mV.

Secondly, we compare the transition from the cavitand to the stacking phase with
that of the metastable phases to the stacking phase. Although the dimer-stacking
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phase transition was illustrated in Fig. 8.11b and the cavitand-stacking phase
transition was discussed in Sec. 5.4.1 and illustrated in Fig. 5.22, the comparison is
described in more detail in Fig. 8.14. Starting with the co-adsorption of both cavitand
and dimer phase, on going to negative potentials, both phases transform into the
stacking phase but with different behaviors. The cavitand-stacking phase transition
starts at potential of -300 mV and completes at -320 mV. On the other hand, the
dimer-stacking phase transition starts a bit later at -310 mV, this phase transition is
so rapid that it completes at nearly the same potential of -310 mV. From all
mentioned STM series, it is seen that for the cavitand-stacking phase transition, the
nucleation starts at defects and spreads over the whole structure, the growth occurs
slowly to the finally condensed stacking phase. However, as to the dimer-stacking
phase transition, the nucleation starts from the step edges and the growth is much
faster. It is noteworthy that from the STM series of Fig. 5.22, the cavitand-stacking
phase transition started much earlier at potential of -240 mV because the starting
cavitand phase is less ordered or has more defects. The type B-stacking phase
transition was also carried out showing the same nucleation behavior as from the
dimer phase but taking place later. It starts at potential of -320 mV and completes at -
350 mV (the result not shown here).
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Figure 8.15: Phase diagram of irreversible vs reversible transitions, showing the different
stability regimes of phases produced under reactive and non-reactive conditions, resp.
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Fig. 8.15 shows the potential phase diagram of irreversible transition from
metastable phases to cavitand and stacking phase in comparison with reversible
transitions between cavitand and stacking phase. Obviously, the metastable phases
produced under reactive conditions remain stable in a broad potential regime
showing higher electrochemical persistence than the phases of cavitand and stacking
which are formed under non-reactive conditions. The regimes (1) and (2) are
potential regimes where the metastable phases persist and do not transform into the
cavitand and stacking phase, respectively. This hindered transformation gives raise to
interesting the tip-induced effects presented in the next section.

8.5 Tip-induced effect on metastable phases

By applying a drastic tunneling condition of high tunneling current and low bias
voltage, the tip can penetrate deeper into the surface structure, thereby locally
removing the top layer and revealing the lattice underneath. This tip-induced effect
has been applied quite often throughout the thesis. It is normally used for the
removal of the viologen adlayer in order to observe the chloride lattice underneath.

Scanning tip

AR\

cocHECHEHENCHCHENCHCC)

Figure 8.16: Model of the tip-induced effect on the metastable phases in the potential regime
(1) of Fig. 8.15.
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Generally, while returning to the moderate tunneling condition, the viologen
readsorbs with the same structure as observed before. However, if we apply the effect
to the metastable phases in the regime (1) or (2) of the phase diagram in Fig. 8.15, the
readsorbed structure obtained inside the tip-induced area are different due to the
metastability of the dimer- and type B phases compared to the cavitand or stacking
phase. Within the regime (1), the model for the tip-induced effect on the metastable
phases is illustrated in Fig. 8.16.

Before tip-induced After tip-induced
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Figure 8.17: (a)-(b) Tip-induced effect on dimer phase applied in the regime (1) of Fig. 8.15,
(c)-(h) STM series showing the stacking-cavitand phase transition within the local defect, I; =
1.0nA, Uy, =170 mV.
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In the model of Fig. 8.16, the tip has been used to remove locally the metastable
phase structure, forming a local defect within the viologen film (Figs. 8.16a and b).
Subsequently, the tip was withdrawn by applying more moderate tunneling
conditions (Fig. 8.16c). As a consequence the viologen species readsorb in the tip-
induced local defect with different structures depending on the applied potential (Fig.
8.16d). If the tip-induced effect takes place within the regime (1) in Fig. 8.15, the final
structure observed in that local area is the stacking phase, as shown in Figs. 8.17b and
8.18b.
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Figure 8.18: (a)-(b) Tip-induced effect on metastable type B phase applied in the regime (1)
of Fig. 8.15, (c)-(h) STM series showing the stacking-cavitand phase transition within the local
defect, Iy = 0.1 nA, U, = 139 mV.
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Fig. 8.17 starts with the dimer phase (Fig. 8.17a), then the potential is changed to
-270 mV in the regime (1) of Fig. 8.15. After applying the tip-induced effect the
structure within the local defect area appears as stacking phase (Fig. 8.17b).
Sweeping the potential then to the positive regime causes a stacking-cavitand phase
transition only within the tip-induced local area while the surrounding dimer
structure remains unchanged (Fig. 8.17c-d). This phenomenon follows from the
broader potential range of the metastable phase as shown in phase diagram of Fig.
8.15.

The same experiment was carried out by starting with the metastable phase B,
and the same phenomenon was observed as described in Fig. 8.18.

Although in the frame of this thesis, the STM experiments of tip-induced effect on
the metastable phases were only done within the regime (1) of Fig. 8.15 forming the
stacking phase within the local removal area, it is expected that if we perform the
experiment in the regime (2), the structure obtained in the tip-induced area should be
the cavitand phase. However the phenomenon of cavitand-stacking phase transition
within the local removal area with the surrounding metastable phase remaining
stable can hardly be performed, because the metastable-stacking phase transition
takes place almost together and coincides with the cavitand-stacking phase transition
as discussed in the previous section.

8.6 Summary

In contrast to the non-reactive adsorption, in which the DBV solution was added
into the cell at the potential regime from -100 mV to +100 mV within the double layer
regime, the initial adsorption of DBV on chloride modified Cu(100) under reactive
conditions is introduced at the potentials within the potential regime of the first
reduction peak P1, i.e. from -120 mV to -250 mV. Therefore under the reactive
condition, the adsorption of DBV species takes place during an ongoing electron
transfer reaction.

The reactive viologen adsorption leads to two new structures, namely the type A,
i.e. metastable dimer, and type B phase, which have considerably different potential-
dependent surface structures and coverages than known from the non-reactive
viologen adsorption. Especially, the surface morphology of these two new structures
is always well-ordered. The two structures can be found to co-exist, however, in most
cases, the dimer phase generally appears at the regime from -120 mV to -200 mV,
while type B exists at more negative potentials from -200 mV to -250 mV. The
structural models of the two metastable phases have been proposed to be both
composed of (DBV*+), dimers, showing that the dimer phase has the smaller surface
coverage than that of the type B phase.
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By anodic or cathodic potential sweeps, the metastable phases can be
transformed into the cavitand or the stacking phase already known from the non-
reactive adsorption procedure, however in an irreversible way. The irreversible
phase transitions of the metastable phases are different from the cavitand-stacking
phase transition concerning not only the nucleation and growth, but also the potential
regimes. In other words, especially the existence regimes of the metastable phases
overlap with those of cavitand or stacking phase within the potential regimes denoted
as (1) and (2) of the diagram in Fig. 8.15. Therefore, the transitions of metastable
phases are accompanied by higher activation barriers than that between cavitand or
stacking phase, giving rise to the interesting observation of a tip-induced effect which
takes place within the regime (1). Namely after a local tip-induced removal of a
metastable DBV structure DBV species readsorb but in the different structure of
cavitand or stacking phase depending on the applied potential. A subsequent
potential scan leads to a stacking-cavitand phase transition only within the tip-
effected local area while the surrounding metastable structure remains unchanged.

172



PartV

Conclusion



Chapter 9

Conclusion

Organic layers play an increasingly important role in modern material science.
Nowadays, organic chemistry can synthesize almost any kind of functional organic
molecules, while surface physics on the other hand provides analytical techniques of
high microscopic and spectroscopic resolution. Therefore, the symbiosis of organic
chemistry and surface physics is a prerequisite to understand and design the physical
and chemical properties of organic films. In this context especially supramolecular
chemistry plays an important role to exploit all possible interaction mechanism for
the self-assembly of the organic molecules. However, the fact that many organic
molecules are not intact volatile makes their deposition in UHV impossible.
Therefore, the deposition of organic layers from solution becomes a promising
alternative route. Particularly in solution, by applying electrochemical techniques,
the electrochemical potential is an additional parameter to control the deposition and
growth of organic layers. Motivated by that approach, this thesis aimed at
investigating the electrochemical deposition of redox active viologen species. In
supramolecular chemistry, the role of viologens as molecular building-blocks is
particularly interesting thanks to the intra-molecular conformational changes
between their different redox-states. Hence, this work focuses on the surface redox-
chemistry and the related structural phase behavior of electrodeposited viologens.

In order to achieve an atomistic understanding of the viologen adsorption both
the electrochemical engineering approach and the electrochemical surface science
approach are applied here. The “electrochemical engineering” is realized by varying

- the molecular structure,
- the nature of the substrate, and
- the external parameters like concentration, electrode potential etc.

The “surface science approach” is realized by using a combination of the
following three methods:
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- Cyclic Voltammetry (CV) as a traditional method for the redox chemistry of
the viologen containing electrolyte under potential control,

- In-situ Electrochemical Scanning Tunneling Microscopy (EC-STM) as an
atomistically sensitive techniques for surface structure determination and
phase behavior of the viologen adlayer,

- Ex-situ X-ray Photoelectron Spectroscopy (XPS) as a supplement method for
the correlation of the observed structures with the exact chemical state of the
molecules.

In the framework of this thesis, the measured systems are the following:

- Dibenzyl-Viologen (DBV) adsorbed on a chloride modified Cu(100) surface
under non-reactive conditions,

- DBV adsorbed on an HOPG substrate,

- Diphenyl-Viologen (DPV) adsorbed on a chloride modified Cu(100) surface,
and

- DBV adsorbed on a chloride modified Cu(100) surface under reactive
condition.

Not only is each of these systems investigated systematically and intensively, but
also a careful comparison between them is presented. By far, most of the EC-STM
investigations have been performed under potentiostatic and equilibrium (or non-
reactive) conditions. However, it is for the first time that a system was also prepared
under reactive conditions, i.e. during an ongoing electron transfer reaction. The main
results of the thesis are summarized in the following.

First to be mentioned is the role of the preadsorbed c(2 x 2) chloride adlayer on
the Cu(100) electrode surface which plays the role of a template for the viologen
adsorption. This chloride layer is not only a potential binding partner for the viologen
building-blocks, the anion modified surface as a whole can also act as a reactant in
terms of an electron-donor or electron-acceptor in the electrochemical environment,
and can even enhance the adsorption of the cationic viologen species due to
electrostatic attraction.

On the chloride precovered Cu(100) template, the DBV species adsorb under
non-reactive conditions at high initial electrode potentials as DBV?2+ dication and form
a so-called cavitand phase. Electrostatic interaction between the negatively charged
chloride layer and these dicationic viologens is taken to be the major driving force for
their adsorption and subsequent lateral ordering on the chloride modified electrode
surface. In this thesis a new structural model of the cavitand phase is proposed which
agrees with the obtained high resolution STM images and improves a previously
published model considerably. This new model includes also a detailed explanation

175



CONCLUSION

for the two types of translational domain boundaries, namely “strong” and “weak”
domain boundaries, observed in the STM images. Furthermore, this new structural
model has the potential to be applied also for the interpretation of dicationic cavitand
phases of other viologen species adsorbed on halide modified metal templates.

Passing the first reduction peak P1 in the cyclic voltammogram of Cu(100) in
DBV containing hydrochloric acid in cathodic direction, a quasi-reversible phase
transition from the dicationic DBV2+ cavitand phase to a radical cation (DBV®+),
stacking phase is observed. The almost planar conformation of the bipyridinium
cores in the reduced monocation radial state allows a small intermolecular distance
and, hence, -1 stacking within the 1D polymer chains of the condensed DBV stacking
phase. Therefore, the strong attractive intermolecular interactions play the dominant
role as the driving force for the “polymerization” of that stripe structure.

Continuation of the cathodic scan until reaching the chloride desorption peak
P2(DBV/Cl/Cu) initiates an order/disorder phase transition from the DBV*+ stacking
phase to an amorphous phase. This process is driven by the chloride desorption
through the viologen layer. The presence of the mobile amorphous phase is also
responsible for an inhibition effect which shifts the hydrogen evolution reaction
(HER) to more negative potentials. This order/disorder phase transition is reversible,
the stacking phase reappears after readsorption of the chloride.

By contrast, on inert HOPG, without the presence of the preadsorbed anion layer,
the dication DBV2+ species does not adsorb. The formation of an ordered structure is
not observed until the radical cation regime of DBV is reached, then a double layer
stripe phase of separated DBV"* species is observed. Going to even more negative
potentials and passing the second reduction peak P3(DBV/HOPG), a phase transition
from the radical cation DBV®+ double layer stripe phase to an uncharged (DBV?+),
stacking phase occurs. The reason why on HOPG the polymeric stacking phase cannot
appear in the radical cationic form is assumed to be related to the repulsive
electrostatic interactions between DBV+ species without the enhancement of the
anion template.

In contrast to the adsorption of the dication DBV2+* cavitand phase, DPV2* species
adsorbing from solution instantaneously react to the corresponding radical cation
DPV** on the chloride-modified surface followed by the formation of a condensed
(DPV**), stacking monolayer phase. Therefore, DPV can be regarded as prototype of a
highly reactive viologen species. This stacking layer is highly hydrophobic which
completely removes all water species from the chloride lattice. Upon adsorption and
phase formation the DPV releases also completely its solvation shell as a pre-requisite
to undergo strong inter-viologen interactions, most likely in the form of =n-n
interactions. The structure of this stacking phase is characterized by the preferential
adsorption at steps of [100] orientation, forming typical double rows along the step-
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edges on the chloride precovered template. It is noteworthy that there are two
modifications of this DPV stacking monolayer phase, namely Type I and Type II, the
former of which is less stable. Passing the first reduction peak of solution species
P1(DPV), all Type I structure transforms into Type II, creating a homogeneous DPV
stacking monolayer on the surface. Going to even more negative potentials, i.e.
passing -250 mV, initiates a phase transition from the stacking monolayer phase to a
stacking double layer phase of DBV*+ species. Once formed the double layer structure
is stable on the surface in the whole copper potential window despite the occurrence
of electron transfer reactions through it. Upon further negative scan until reaching
the chloride desorption peak P2(DPV), unlike the amorphous phase of DBV, the DPV
double layer phase co-desorbs with the chloride leaving the bare substrate behind.
This phase transition can be reversed to form again the DPV double layer structure.

Returning to the interaction of DBV with the chloride template a very interesting
observation could be made in experiments under reactive adsorption condition in
which the DBV containing electrolyte is added into the electrochemical cell at initial
potentials within the first reduction peak regime. Under these conditions the
adsorption of the DBVZ?* species takes place during an ongoing electron transfer
reaction. Interestingly, the obtained adlayer structure under this condition is totally
different from the previously observed DBV cavitand or stacking phases after non-
reactive adsorption. Furthermore, there are even two new structures, namely type A,
i.e. metastable dimer, and type B phase which may also coexist. The formation of the
dimer phase is found at more positive potentials and has a smaller surface coverage
than the type B phase. These two metastable phases are proved to be structures with
(DBV*+), dimers as building-blocks. By anodic or cathodic potential sweep, the
metastable phases can be transformed into the cavitand or stacking phase,
respectively, however in an irreversible way. These irreversible phase transitions of
the metastable phases differ from the cavitand-stacking phase transition not only
concerning the nucleation and growth behavior, but also concerning the potential
regimes of their occurrence. In other words, the transitions are accompanied by
higher activation barriers than that between cavitand or stacking phase, especially in
the high potential regime. That gives rise to the interesting observation of tip-induced
effects which take place within the potential regimes where the existence regime of
the metastable phases overlaps with the cavitand and stacking phase, respectively.
Namely after a local tip-induced removal of a metastable DBV structure DBV species
readsorb but in the different structure of cavitand or stacking phase depending on the
applied potential. A subsequent potential scan leads to a stacking-cavitand phase
transition only within the tip-effected local area while the surrounding metastable
structure remains unchanged.

Outlook and Prospect
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Obviously, CV and EC-STM are an excellent combination of methods for the in-
situ investigation of both solution chemistry and phase behavior of adsorbed organic
layers. Furthermore, the atomistically resolved results of the EC-STM promise
successful future work with other building-blocks or more complex organic
molecules. From this work, the chloride modified surface in particular and any anion
modified surface in general proved to be an appropriate template for the adsorption
of organic molecules in cationic form. Moreover, the thesis has successfully
demonstrated that the adsorption of species under reactive conditions can possibly
open a door to new phenomena in two-dimensional supramolecular chemistry at
solid/electrolyte interfaces.
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