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1

Introduction

If I have a thousand ideas and only one turns out to be good, I am satisfied.
Alfred Nobel, chemist and armaments manufacturer [1].

1.1 The chemistry/physics interface
The problems of chemistry and biology can be greatly helped if our ability to see
what we are doing, and to do things on an atomic level, is ultimately developed.
Richard P. Feynman, Nobel Laureate [2].

orking on the nanoscale means working at the interface between
the traditional natural science disciplines. As the size of matter
becomes smaller and smaller, the boundaries between biology,
chemistry and physics become less and less pronounced. On the
scale of a single molecule it does not matter for the molecule’s
physical properties if it is synthesized via a chemical route, or
is extracted from a biological system. The knowledge gained
by studying molecules on this level can lead to insights useful to all three of these
fields. The research in this thesis also takes place at such an interface of traditional
disciplines, more specifically at the interface between physics and chemistry. The
physical properties of molecules are studied during a chemical reaction.
1
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Introduction
Organic chemistry has a myriad of analysis techniques at its disposal, for example nuclear magnetic resonance, gas chromatography, fluorescence spectroscopy, mass
spectrometry, UV-Vis and IR spectroscopy. These techniques can provide essential
insights into reaction mechanisms, but operate on the ensemble level, thereby averaging over a huge amount of molecules (>1015 ). This averaging can lead to wrong
conclusions, for example if only a small percentage of the molecules is responsible
for a large part of the activity. It can therefore be of considerable interest to study
chemical reactions at the single molecule level. It is the goal of the work described
in this thesis to study the reactivity of molecules at this level with the help of the
Scanning Tunneling Microscope.

1.1.1 Scanning Tunneling Microscopy
The Scanning Tunneling Microscope (STM) is an extremely powerful tool for research
at the single molecule level. It was invented in 1981 [3] and started a new era of science,
in which one could visualize matter on the molecular scale.

Piezotube
Feedback
circuit
STM tip
Tunneling
current

Bias
voltage
Molecule

Conductive sample
Figure 1.1: Schematic of a Scanning Tunneling Microscope.

The concept of the STM is relatively simple. The device consists of an atomically
sharp tip of a conducting material, which is brought in the proximity of a conducting
sample (Fig. 1.1). These tips are generally fabricated by chemical etching or by the
mechanical cutting of a wire. When the tip is close enough to the surface (at a
distance of nanometers), electrons are able to tunnel from the tip to the sample and
vice versa. Without an applied voltage, these currents cancel out each other, but
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as soon as a bias voltage is applied, a net tunneling current starts to flow. When
the voltage of the surface is negative with respect to the tip, electrons will tunnel
from the surface to the tip, and when the voltage of the surface is positive the other
way around. This current depends exponentially on the distance, making it very
sensitive to height differences between tip and surface. By means of a piezo tube, this
height can be very accurately controlled (in the sub-Angström range). In the so-called
constant-current mode of measuring, a feedback system adjusts the height of the tip
above the sample in such a way that the tunneling current remains constant. This
feedback control operates continuously while the tip scans the surface line by line and
a map of apparent heights results. One has to be careful in interpreting STM data,
because the information present in the apparent height image is a convolution of the
real height and the conductive properties of the surface. Since the current is used
for the feedback, a more conductive part on the surface appears higher in the STM
topography. This additional feature makes it possible to use the STM for the analysis
of the local density of states of the sample, or, in the case of molecules, to visualize
different orbitals or oxidation states.
Using the STM to study a chemical reaction at the single molecule level can
lead to insights that would be very difficult or impossible to obtain with the help
of other techniques. Nevertheless such studies also have some drawbacks, which one
has to take into account. Statistics will be carried out on a relatively low number
of measurements. However, as the STM allows one to “see” what is happening, it
increases the significance of a single observed event.
The STM can be used to study surface phenomena and many interesting reactions
occur on surfaces. Many metal surfaces are catalytically active, and one can also think
of reactions taking place on the membranes of living cells (cell membranes are too thick
to measure tunneling electrons, but shorter lipids can serve as model membranes).
Another approach to study reactivity at a surface, which is the one used in this thesis,
is the immobilization of active molecules on a surface.
When using STM to study a reaction, one has to be aware of the fact that the
STM under liquid conditions cannot identify chemical groups. The design of the
experiment should therefore limit the number of possible intermediates and products
present, so that it is possible to assign what one is looking at on a reasonable basis.
Also, in the execution of the experiments it is very important to limit the amount of
impurities as much as possible.
An STM measurement is typically far slower than steps of a chemical reaction.
Therefore, one has to tailor the experiment in such a way that there are starting
materials, intermediates or products present long enough to be observable by STM.
In STM experiments one always has to take into account the presence of the
bias voltage, the electric field and the tunneling current, as these might influence
the outcome of a measurement. However, the same applies to many other analysis
techniques. If the reaction is indeed influenced under the conditions of an STM, this
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can well be an asset instead of a disadvantage, since this can be a way to control the
reaction on the nanoscale.

1.2 The solid/liquid interface
The solid/liquid interface is, in our opinion, the interface of the future.
Heinrich Rohrer, Gerd Binnig, Nobel Laureates [4].

The main goal of the work in this thesis is to study the steps of a chemical reaction
at the molecular level. In many chemical plants and all biological systems, reactions
take place in a liquid environment, which is one of the reasons why all the experiments
described in this thesis are performed at the solid/liquid interface. If one would, for
example, study reactions in ultra-high vacuum (UHV) — less prone to distortion and
usually yielding better resolution — it is by no means certain that one could apply the
gained insights on the mechanism of a reaction occurring in liquid. Another reason to
work at the solid/liquid interface is that at this interface there is in principle always
a dynamic equilibrium between the molecules adsorbed on the surface and those still
dissolved in the supernatant solution. The fact that in this case the molecules are
still mobile can lead to their self-assembly in ordered structures on the surface. When
functional molecules are used this could be a route towards self-assembled functional
devices. STM measurements at this dynamic equilibrium are also challenging, because
the molecules under observation might desorb and go back into solution, while other
molecules adsorb from that same solution. One can limit this effect to some extent by
providing the molecules under study with suitable groups such that stable monolayers
are formed. Dynamic exchange, however, remains an effect that one has to take into
account during the analysis of the STM data.
Traditionally, STM measurements were obtained in UHV, but the use of the microscope has been extended to ambient and gas conditions and liquid environments.
In the case of the latter environment, ideally liquids are used with a high boiling
point, low toxicity and low conductivity. The liquid needs to be able to dissolve the
molecules of interest, and should not compete with them for adsorption during the
formation of a self-assembled monolayer on the surface. It is also important that the
liquid does not react with the tip material, the molecules, or the surface. Typical liquids used in STM research are 1-phenyloctane, n-tetradecane, 1,2,4-trichlorobenzene
and 1-octanoic acid. The liquid is present in either a liquid-cell, or is applied as a
droplet to the surface (Fig. 1.2), as is the case for the measurements throughout this
thesis.
Also the choice of the surface is important. It has to be flat enough so that the
features of the molecules on the surface are still discernible, it should be conductive,
and it should be very clean. When working under ambient conditions, substrates that

1.2 The solid/liquid interface
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Piezotube
Feedback
circuit
STM tip
Droplet
Tunneling
current
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voltage
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Conductive sample
Figure 1.2: Schematic of a Scanning Tunneling Microscope operating in a droplet of solution
containing the molecules of interest.

strongly react with oxygen (for example iron) are not suitable. Surfaces which are
used often in STM experiments at the solid/liquid interface are Au crystal surfaces
and Highly Oriented Pyrolitic Graphite (HOPG). Because of its planar structure,
HOPG is a cleavable material. Prior to an STM measurement, the top layers of
HOPG are cleaved away, which exposes a fresh, and therefore clean, atomically flat
layer.
In a UHV environment, one has the additional option to carry out STM experiments at very low temperatures. This ensures immobilization of the molecules under
study at the surface. At a solid/liquid interface, this cooling down is not possible.
Therefore the molecular species are usually immobilized to some extent by using either anchor groups, which link them to the surface (for example by using a thiol group
to link a molecule to a gold surface), or they are designed in such a way that they
self-assemble into close-packed monolayers. Molecules within such a monolayer are
immobilized, which is a requirement for a successful STM measurement.
The STM measurements in this thesis have been carried out in a homebuilt STM
system (Fig. 1.3), which is an adapted version of the Nijmegen STM [5]. The tip is
immersed in a droplet of solution and via a glass bell-jar it is possible to work under
a controlled atmosphere (for example argon or oxygen). The STM has also been
adapted to be able to measure at currents as low as 1 pA, which makes it suitable for
the study of large molecules [6].
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Figure 1.3: Photograph of the home-built Nijmegen liquid-STM. The clamps on the corners
can be used to attach a glass bell-jar for measurements under a controlled atmosphere. In
the top left inset a more detailed view of the tip and the sample holder is given. The
magnification in the bottom right inset shows the tip above the graphite surface, and its
reflection. At this location the droplet of a solution of the molecules of interest is present
during the measurements, with the tip immersed in the liquid.

1.3 Outline of this thesis
The goal of the research in this thesis is to study the reactivity of single molecules
at the solid/liquid interface, with the help of the Scanning Tunneling Microscope. In
Chapter 2 an overview about STM studies performed with STM at the solid/liquid
interface will be given. It focuses on molecular layers, and treats studies on dynamics,
molecular design and chemical reactions.
Chapters 3–6 deal with studies of porphyrin molecules at the solid/liquid interface
by STM. Chapter 3 describes the templating of copper porphyrin molecules in a welldefined arrangement on top of a self-assembled layer of phenylacetylene derivatives
containing alkyl chains, via a combination of intermolecular π−π stacking and van der
Waals interactions. A very subtle effect, i.e. a superstructure in the alkyl chain region
of the templating monolayer, was identified as a decisive factor for the templating
process.
In Chapters 4, 5 and 6 the reaction of manganese porphyrins with molecular
oxygen is studied at the molecular level by STM. In Chapter 4, single molecule studies
of the multi-step reaction of manganese porphyrins with oxygen at a solid/liquid

References
interface are presented. It will be shown that the manganese porphyrins can be present
in four states exhibiting distinct topographical signatures. These signatures and the
spatial distributions and relative coverages of the different states have been analyzed
under various measurement conditions. Subsequently, these states were tentatively
assigned to intermediates and products. Transitions between the states are studied
at the single molecule level in Chapter 5. These transitions gave more insights on
the reaction mechanisms. In Chapter 6 the effect of using a single oxygen donor
instead of molecular oxygen, and the application of voltage pulses on the reactivity
of manganese porphyrins are addressed.
A different reaction, the so-called “click reaction” between an alkyne and an azide
has also been studied at the solid/liquid interface, and attempts to visualize the
separate reaction steps by STM are presented in Chapter 7.
In the final chapter, Chapter 8, the mechanically controllable break junction technique is described, and the results obtained by this technique in a liquid environment.
It appears that during the break junction experiments cyclohexane is oxidized to cyclohexanol, which is proposed to take place via a mechano-catalytic reaction.
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CHAPTER

2

Scanning Tunneling Microscopy of chemistry at the solid/liquid
interface 1

What’s past is prologue.
William Shakespeare, playwright [1].

2.1 Introduction
n the first couple of years after the invention of the Scanning
Tunneling Microscope, research using this technology was carried out only on highly ordered inorganic surfaces and in ultrahigh vacuum (UHV). The first example of the imaging of welldefined monolayers of organic molecules at a solid/liquid interface was published in 1988 by Frommer and Foster at IBM
[2]. The research was performed on the liquid-crystalline compound 4-n-octyl-4’cyanobiphenyl (8CB) on a highly ordered pyrolytic graphite (HOPG) surface. A drop
of the pure liquid crystal was applied to the freshly cleaved surface of HOPG, after
1 This chapter has been published as part of D. Den Boer, M. J. J. Coenen, J. A. A. W.
Elemans and S. Speller, Scanning Tunneling Microscopy of Chemistry at Solid-Liquid Interfaces,
in Encyclopedia of Nanoscience and Nanotechnology, edited by H. S. Nalwa, vol. 22, pp. 411–460,
ISBN 1-58883-159-0, American Scientific Publishers (2011), and is adapted and updated for this
chapter.
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which the STM tip was immersed. Several hours later an ordered layer of the liquid
crystal molecules was formed, which was stable for several days, and which could be
imaged with the STM at submolecular resolution.
Over the years, the developments in Scanning Tunneling Microscopy have opened
the way to a new type of chemistry. In principle it is now possible to monitor and carry
out chemical reactions on the nanoscale, the scale of individual molecules, and also
under realistic chemical conditions, i.e. in a liquid and under ambient atmosphere. In
the context of nanoscience and nanotechnology this development represents a decisive
step forwards — evolving from chemistry in the test tube, via surface chemistry —
towards single molecule chemistry.

2.2 STM imaging of molecules at solid/liquid interfaces
The solid/liquid interface has proven itself as an excellent environment to obtain
STM images of molecules with submolecular resolution. Bai et al. were able to obtain
high resolution STM images that were comparable in quality to those measured in
UHV (Fig. 2.1), by connecting long alkane chains to phthalocyanine and porphyrin
molecules as anchor elements to immobilize them at a HOPG/1-phenyloctane interface
[3]. In this way it was also possible to image Highest Occupied Molecular Orbitals
(HOMOs) and Lowest Unoccupied Molecular Orbitals (LUMOs), upon varying the
bias voltage.

a)

C 14H 29

b)

O

O
C14H29
N
NH
HN
N
C14H29

O

2.1

O

C 14H 29

Figure 2.1: a) Molecular structure of porphyrin 2.1. b) High resolution STM topography of
porphyrin 2.1 at the HOPG/1-phenyloctane interface; Vbias = −680 mV, Iset = 1.12 nA,
15.1 × 15.1 nm2 [3].

One of the major challenges in STM research, both in UHV and in ambient envi-
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ronments, is the ability to distinguish different chemical species or functional groups
at a surface. One of the methods to get more information about the chemical composition of surfaces, is Scanning Tunneling Spectroscopy (STS). This technique can
provide detailed information about the local density of states. Under the right conditions, STS measurements can also be performed in a liquid environment. By thoroughly purifying the liquids used (i.e. by distillation and argon-purging), Hulsken et
al. showed that it is possible to measure the surface state of gold at a solid/liquid
interface. In a home-built liquid-cell STM, filled with distilled and argon-purged ntetradecane, the Au(111) surface state could be directly probed, and compared to
STS measurements carried out under UHV conditions [4]. Using the same setup,
STS measurements were also performed on organic molecules adsorbed at the same
interface (Fig. 2.2) [5]. Monolayers of Cu(II)-porphyrin 2.2, which is equipped on
its four meso-positions with undecyl chains, were studied and it was found that both
the aromatic core and the aliphatic periphery of the porphyrins displayed two different interface states, one at ∼−175 mV and one at ∼+300 mV. The former state
was somewhat more pronounced in the porphyrin cores, while the latter was more
pronounced in the alkyl chain region. Because metal-free porphyrins did not adsorb
at the same interface it was concluded that the porphyrin metal center plays a role
in the binding of the porphyrins to the Au(111) surface. It was tentatively proposed
that one or both of the observed interface states, which are near the Fermi energy,
can be ascribed to binding states of the metal center of the porphyrin to the surface.

a)

b)

c)

2.2

Figure 2.2: a) Molecular structure of copper porphyrin 2.2, M = Cu. b) STM topography of
2.2 at the Au(111)/n-tetradecane interface; Vbias = −800 mV, Iset = 50 pA, 40 × 40 nm2 . c)
STS measurements. The dashed spectroscopy curve is taken on top of the porphyrin center,
the solid curve between the porphyrin centers. The two observed interface states visible are
at ∼−175 and at ∼+300 mV; Vbias = 500 mV, Iset = 200 pA, voltage sweep V = 500 to
−500 mV [5].

The group of De Schryver has also performed spectroscopy at the solid/liquid
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interface [6]. Monolayers of tetrathiafulvalene 2.3 (Fig. 2.3a) were studied on a HOPG
surface under either a 1-octanol or a 1-phenyloctane subphase. Depending on the
conditions, in some cases densely packed molecules, but in other cases also loosely
packed and even single molecules of 2.3 were observed (Fig. 2.3b). STS measurements
were performed on the isolated molecules and on the densely packed layer. The
molecules of 2.3 appeared to exhibit a rectifying behavior at quite large voltages,
which was strongly correlated with their oxidation potential in solution, displaying
a sharp rise at positive voltage (Fig. 2.3c). Similar STS curves were observed for
both the isolated molecules and for the ones packed in a layer, which indicates that
the molecules in the packed layer have little interaction with their neighbors. The
sudden rise in the STS curve could be caused by orbital-mediated tunneling or a
rearrangement of the molecules within the layer.

a)

c)
2.3

b)

Figure 2.3: a) Molecular structure of tetrathiafulvalene 2.3. b) STM topography of 2.3 at the
HOPG/1-octanol interface; the white arrows point to individual molecules, the gray arrows
to a loosely packed layer, and the black arrows to a densely packed layer; Vbias = −0.372 V,
Iset = 0.5 nA, 55 × 55 nm2 . c) STS curves of molecules of 2.3 at the 1-octanol/HOPG
interface. The black curve corresponds to molecules in a densely packed monolayer, the
gray curve to isolated molecules. Inset: average of 25 I(V) curves on a bare graphite/liquid
interface [6].

A more detailed overview of spectroscopy at the solid/liquid interface can be found
in [7].
Besides spectroscopy, one can also employ functionalized STM tips to learn more
about the chemical composition of a molecular layer, by enhancing the “chemical
contrast”. Olson et al. made use of “chemically activated” STM tips, covered with
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a self-assembled monolayer of 4-mercaptopyridine molecules, to study a monolayer of
1-octadecanoic acid at the HOPG/1-phenyloctane interface [8]. The pyridine nitrogen
functions of the molecules at the tip selectively interacted with the carboxylic acid
groups of the octadecanoic acid molecules at the surface, causing them to appear
brighter in the STM images than the aliphatic parts of the molecule (Fig. 2.4). A high
positive bias voltage was used to attract 4-mercaptopyridine molecules to the apex
of the tip, and a negative bias voltage to remove them. This enabled the alternation
between recording regular STM images and images with enhanced chemical contrast,
even within one STM measurement. It also allowed the in situ regeneration of the
tip.

a)

b)

Figure 2.4: a) STM topography of a monolayer of 1-octadecanoic acid at the HOPG/1phenyloctane interface using a chemically modified gold tip covered with a monolayer of 4mercaptopyridine to obtain enhanced chemical contrast. b) STM topography of the same
molecular layer, using a bare gold tip [8].

There is a steady increase in the number of research groups that use the STM
technique at the solid/liquid interface. Since much STM research has already been
performed under UHV conditions, it is of interest to compare the structure of molecular monolayers in these various media. It is, however, necessary to take great care
when measurements in different environments or using different preparation methods are compared. This is illustrated by the results of the group of Hermann [9],
that has been studying monolayers of dendritic compound 2.4, in air and at the
solid/liquid interface (Fig. 2.5a). Large differences were observed in the STM images, not only in the packing arrangement of the molecules of 2.4 but also in their
appearance. Well-ordered self-assembled monolayers (SAMs) of the compound were
observed (Figs. 2.5b–c) both at a HOPG/1-phenyloctane interface and at a HOPG/air
interface. At the solid/liquid interface, the distance between the molecules of 2.4 was
found to be larger than at the dry surface, a feature which was explained by assuming co-adsorption of solvent molecules in the former case. In addition, the dynamic
behavior of the aliphatic chains of the molecules that are still partly dissolved in the
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b)

a)

c)

2.4
Figure 2.5: a) Molecular structure of dendrimer 2.4. b) STM topography of a selfassembled monolayer of 2.4 at the HOPG/1-phenyloctane interface, the unit cell is drawn
in; Vbias = 1 V, Iset = 1 nA. c) STM topography of a self-assembled monolayer of 2.4 at
the HOPG/air interface. The unit cell in which the “butterfly” shape appears is drawn in;
Vbias = 700 mV, Iset = 1 pA [9].

subphase was thought to cause a lack of constriction. At the dry surface, an energetically more favourable situation might have arisen upon evaporation of the solvent,
leading to a closer packing of the molecules and their organization in a “butterfly”-like
geometry.

2.2.1 Analyzing different aspects of molecular layers
The STM technique plays an important role in studying self-assembled molecular
layers at the solid/liquid interface. Many parameters can influence the morphology
of these layers, for example the temperature, the conformation of the molecules, and
the chosen solvent. A wealth of experiments have been described in the literature
in which these parameters are varied, and used to control the morphology of the
molecular layers. Some illustrative examples will be discussed in the following.
Variation of the temperature can be a powerful method to influence the structure
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of a molecular layer on a surface. Rohde et al. [10] constructed a monolayer of
monodendron 2.5 by drop casting and evaporating a droplet of a toluene solution
of this compound on a HOPG surface. STM images showed that the molecules had
packed in extended domains of highly regular lamellae (Fig. 2.6). The size of these
domains was further increased when the sample was annealed at 100 ◦ C for 10 minutes.
Upon heating the sample further to 130 ◦ C, new domains in which the molecules of
2.5 were packed in a hexagonal symmetry appeared. Careful study of the STM
images revealed that this change in macroscopic ordering was caused by a trans-to-cis
isomerization within the molecules of 2.5, which as a result arranged themselves in
groups of three (Fig. 2.6f).
The group of Fichou also investigated the influence of temperature on the structure
of a self-assembled molecular layer, by studying hexakis(n-dodecyl)-peri-hexabenzocoronene adsorbed on the gold/n-tetradecane interface [11]. It was shown that the
packing density of the molecules could be precisely tuned by adjusting the substrate
temperature. Increasing the temperature progressively over the 20–50 ◦ C range induced three irreversible phase transitions and a 3-fold increase in packing density.
High-resolution STM images revealed that this increase arises from the stepwise desorption of the n-dodecyl chains from the gold surface.
It is no surprise that solvents can also play a crucial role in the surface ordering of a self-assembled monolayer at a solid/liquid interface. The solvents used for
STM experiments generally fulfill certain requirements. In order to ensure a stable
environment during the experiments, they should not evaporate too quickly. Another
requirement is that they are electrochemically inert, although polar solvents like water
can be conveniently used in a dedicated electrochemical STM [12]. The molecule under consideration should of course be soluble in the liquid used, and ideally the solvent
itself should have no affinity for (or react with) the surface or the tip material.
The group of De Feyter has carried out systematic studies on variations in the
solvent and demonstrated that this can indeed lead to very large differences in the
structure of monolayers of monodendron 2.6 at the interface of a liquid and a HOPG
surface (Fig. 2.7) [13]. The solvents that were used can be categorized into two
groups, the first one being liquids that have hydrophilic functional groups such as
an alcohol or carboxylic acid. In this type of solvents, 2.6 formed monolayers which
all had a similar molecular packing, i.e. cyclic tetramers with a cavity (Fig. 2.7b–e).
The second group of solvents studied were n-alkanes of different length and alkanes
substituted with phenyl groups. In the case of this group of liquids it was observed
that the solvent molecules co-adsorb in the monolayer, even though the pure solvent
itself had no strong affinity for the surface. Depending on the nature of the solvents
and on the length of the alkane chains, a variety of different organizations of 2.6 at
the solid/liquid interface was observed.
In similar research, the same group performed STM experiments on oligo(pphenylene vinylene) (OPV) derivatives 2.8, 2.9 and 2.10, which are functionalized
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a)

2.5

b)

c)

d)

e)

f)

Figure 2.6: a) Molecular structure of monodendron 2.5. b) STM topography of a monolayer
of 2.5 after thermal annealing at 100 ◦ C for 10 min; Vbias = 567 mV, Iset = 363 pA,
200 × 200 nm2 . c) After thermal annealing at 130 ◦ C; Vbias = 539 mV, Iset = 422 pA,
100 × 100 nm2 . d) High-resolution STM topography of domain Θ; Vbias = 529 mV, Iset =
376 pA, 19.6 × 19.6 nm2 . e) After thermal annealing at 150 ◦ C; Vbias = 644 mV, Iset =
433 pA, 200 × 200 nm2 . f) Structural model for domain Θ based on the STM measurements
[10].

with diaminotriazine moieties, at the HOPG/1-phenyloctane interface (Fig. 2.8a) [14].
By changing the length of the conjugated backbones, a different balance between all
the competing intermolecular interactions was obtained, resulting in different morphologies at the interface (Fig. 2.8b–e). These competing interactions involve hydrogen bonding interactions, and van der Waals interactions between the alkyl chains and
between the stereogenic centers and the substrate. The molecule without an OPV
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Figure 2.7: a) Molecular structure of monodendron 2.6. (b–e) STM topographies of 2.6
at the interface of HOPG and various solvents with a hydrophilic functional group. b)
Solvent is 1-heptanol; Vbias = −0.466 V, Iset = 0.65 nA. c) Solvent is 1-octanol; Vbias =
−0.606 V, Iset = 0.85 nA. d) Solvent is 1-octanoic acid; Vbias = −0.444 V, Iset = 0.8 nA.
e) Structural model for the molecules in (b) which is similar to all the layers in solvents
that have hydrophilic functional groups. Solid and striped arrows show the difference in
orientation. Boxes represent unit cells. (f–i) STM topographies of 2.6 at the interface of
HOPG and phenyl-substituted alkanes. f) Solvent is 1-phenylheptane; Vbias = −0.676 V,
Iset = 0.5 nA. g) Solvent is 1-phenyloctane; Vbias = −0.518 V, Iset = 0.5 nA; the white
arrows show co-adsorbed 1-phenyloctane molecules. h) Solvent is 1-phenyldecane; Vbias =
−0.906 V, Iset = 0.8 nA. i) Structural model for the molecules in (g) but similar to all the
layers in this type of solvent. The gray-colored molecules are 1-phenyloctane and the black
arrows point to the phenyl groups. Boxes represent unit cells [13].

group 2.7 organized itself at the interface as a dimer, while the increasingly longer
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oligomers 2.8–2.10 formed monolayers of chiral rosettes. OPV derivatives 2.8 and
2.9 formed monolayers with an opposite chirality and a crystalline order over a large
scale, while the layers formed by 2.10 did not show this large scale crystalline order.

a)
2.7

2.8

2.9

2.10

b)

c)

d)

e)
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b

γ

b

a

Figure 2.8: a) Molecular structures of 2.7–2.10. (b–e) STM topographies of monolayers
of 2.7–2.10 at the HOPG /1-phenyloctane interface, unit cells are indicated in black. b)
Molecule 2.7, Vbias = −0.40 V, Iset = 0.80 nA, 7.2 × 7.2 nm2 ; The arrows indicate the length
of a “bright rod”. c) Molecule 2.8, Vbias = −0.50 V, Iset = 0.50 nA, 14.4 × 14.4 nm2 . d)
Molecule 2.9, Vbias = −0.50 V, Iset = 0.50 nA, 18.4 × 18.4 nm2 . e) Molecule 2.10. The
arrow indicates the rotation direction of the “windmill-like” structure; Vbias = −0.42 V, Iset
= 0.60 nA, 22 × 22 nm2 [14].

The group of Heckl varied solvents, but also focused on the effect of the length of
the alkyl side groups incorporated in their molecules [15]. The aim of their research
was to create cavity-containing networks composed of 1,3,5-benzenetribenzoic acid,
which could be used to incorporate guest molecules. Using different solvents on a
HOPG surface, a variety of different monolayer structures were obtained in which the
molecules were arranged in for example an oblique unit cell (in 1-butanoic, 1-heptanoic
acid, 1-octanol, 1-nonanol, and 1-decanol), or in a hexagonal chicken-wire structure
with relatively large cavities of 2.8 nm (in 1-nonanoic acid and 1-phenyloctane). In
the case of 1-octanoic acid and n-dodecane as the solvents, both supramolecular arrangements were observed.
The study of organic monolayers at solid/liquid interfaces also opens up possi-
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bilities to determine the chirality and chiral expression of molecules, a topic which
can be of great importance for a research area like pharmacy, where the chirality of
a molecule is crucial for its function. Wei et al. studied monolayers of anthracene
derivatives 2.11 and 2.12, which have aliphatic side chains containing an even or odd
number of carbon atoms, respectively, at the interface of 1-phenyloctane and HOPG
(Fig. 2.9) [16]. It was observed that 2.11 forms monolayers in which molecules in
adjacent rows adsorb to the interface via opposite enantiotopic faces, while 2.12 adsorbs in two-dimensional chiral domains in which all rows contain molecules adsorbed
via the same enantiotopic face.

a)

2.11

b)

2.12

c)

Figure 2.9: a) Structures of anthracene derivatives 2.11 and 2.12. b) STM topography
of 2.11 adsorbed at the HOPG/1-phenyloctane interface. Vbias = −0.8 V, Iset = 280 pA,
12 × 12 nm2 . Schematic drawing of 2.11 superimposed on adjacent rows of the topography,
highlighting its adsorption via opposite enantiotopic faces. The long white line indicates
the length of one molecule and the shorter white lines the S-S distance. The forward and
backward N-shape are indicated. c) STM topography of 2.12 at the same interface. Vbias =
−0.8 V, Iset = 270 pA, 11 × 11 nm2 . Schematic drawing of 2.12 superimposed on adjacent
rows of the image highlighting its adsorption via the same enantiotopic face. [16]
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Another recent example of the effect of varying the substituents of molecules was
described by Shao et al. [17]. They performed STM measurements on bis(alkoxy)benzo[c]cinnoline derivatives of different lengths, for example 2.13 and 2.14 (Fig. 2.10a)
at the interface of HOPG and various solvents, like 1-phenyloctane, toluene, and 1octanol. It was found that the length of the alkoxy chains had a pronounced effect on
the structure of the self-assembled monolayers: molecules with relatively short alkoxy
chains, for example methyl or octyl, only existed in V-shaped cis-conformations at
the interface. In the case of longer chains, such as hexadecyl, exclusively Z-shaped
trans-conformations were observed. Molecules with substituents of intermediate chain
length, e.g. dodecyl, displayed more complex behavior, which was similar in all subphases studied. In addition, this molecule was found to co-adsorb with 1-octanol.

a)
2.13
2.14

b)

c)

d)

e)

Figure 2.10: a) Molecular structure of 2.13 and 2.14. b) STM topography of 2.13 at the
interface of HOPG. These structures were visible in all three solvents studied: monolayers in 1-phenyloctane, 1-octanol and toluene showed enantiomorphic domains of the transconformation of the molecule. The white lines represent individual molecules of 2.13 and
the white dashed line a domain boundary. The white parallelograms indicate unit cells;
Vbias = 400 mV, Iset = 350 pA. c) Arrangement of the molecules in this monolayer. d) STM
topography showing the V-like cis-conformation of 2.14. The white parallelogram indicates
the unit cell; Vbias = −200 mV, Iset = 4.0 pA. e) Arrangement of the molecules in this
monolayer [17].

Mu et al. were able to control the two-dimensional chirality of monolayers of
quinacridone derivatives 2.15 by co-adsorbing these molecules with fatty acids at an
interface of HOPG and 1-phenyloctane [18]. They were able to form racemates or
chiral domains by a steric interaction of the methyl groups with the quinacridone cores.
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When also fatty acids, for example stearic acid, were co-adsorbed at the interface,
chiral domains were observed for quinacridone derivatives bearing long alkyl chains
both in the presence and in the absence of methyl substituents.

a)
R1R3 R 8R10 : H
n : 22

2.15

b)

c)

d)

Figure 2.11: a) Molecular structure of 2.15. b) STM images of SAMs of quinacridone
derivative 2.15 and stearic acid co-adsorbed on the HOPG/1-phenyloctane interface. Two
domains with different orientations of quinacridone cores are visible, as pointed out by the
arrows. Vbias = 800 mV, Iset = 60.0 pA, 46 × 46 nm2 . c) Vbias = 800 mV, Iset = 50.0 pA.
34 × 34 nm2 . d) Chemical structure of two mirror-imaged molecules of 2.15 [18].

Elemans et al. have studied monolayers of supramolecular polymers of porphyrin
trimer 2.16, which arranged itself at the interface of HOPG and 1-phenyloctane in
chiral columnar stacks (Fig. 2.12) [19]. Whereas in solution the molecule forms a
racemate of the two possible helical columnar stacks, at a surface only homochiral
domains were observed in which the individual molecules were rotated approximately
6◦ with respect to their neighbors.
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a)

b)

2.14

Figure 2.12: a) Molecular structure of porphyrin trimer 2.16. b) STM topography of a
self-assembled monolayer of stacks of 2.16 at the HOPG/1-phenyloctane interface. The
observed distance between two columnar stacks is 3.1 ± 0.2 nm, and the distance between
two molecules within a stack is 0.8 ± 0.2 nm; Vbias = −369 mV, Iset = 1.0 pA, 20 × 28 nm2
[19].
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The creation of patterned surfaces by controlled self-assembly of molecules can be
foreseen as the ultimate bottom-up approach. Complete control over such specific
adsorption of molecules at a surface is a prerequisite for the controlled construction
of predictable and well-defined assemblies. Achieving this control, however, is often
difficult. One of the greatest challenges is to obtain detailed understanding of the
factors that play a role in these complex and dynamic self-assembly processes. In
this context, the study of dynamic processes at solid/liquid interfaces is of great
interest, and in addition it allows the use of scanning probe techniques to visualize
the formation of self-assembled architectures down to the molecular level as a function
of time.
The STM can be used to study dynamical processes within molecular layers either
at the moment that they are being formed, or at a later stage when the layers are
already there but exist in a metastable phase. A nice example of the latter behavior
has been reported in research carried out by Elemans [20]. When porphyrin hexamers
2.17 were studied at the interface of HOPG and 1-phenyloctane, the gradual formation of domains of the disk-like macromolecule was observed (Fig. 2.13). Comparison
of the images with molecular modeling calculations indicated that the porphyrin hexamers lie flat with their extended π-surface directed to the surface (“face-on”). Bulk
studies pointed out that simultaneous with the adsorption process hexamer molecules
in the subphase gradually formed small columnar aggregates because of strong intermolecular π − π interactions. After about 2 hours, the effect of this solution process
became visible at the solid/liquid interface. First the flat-lying molecules disappeared,
after which a monolayer with a completely different structure appeared in which the
molecules of 2.17 had adopted an “edge-on” orientation to the surface, a structure
which remained stable for days (Fig. 2.13). Whereas it is unfavorable for one hexamer
molecule to have such an orientation at the surface, it is far more favourable for a
stack that has been preformed in solution. Over time, the balance thus shifted from a
kinetically formed monolayer of face-on oriented molecules into a thermodynamically
more stable one in which the molecules of 2.17 are positioned edge-on.
Such a balance between a kinetic and a thermodynamic state can also be influenced
by the STM tip. This is illustrated by the work of Samorı̀ et al., in which crown ether
phthalocyanines were found in edge-on and face-on configurations at the HOPG/gel
interface [21]. With the STM tip is was possible to induce the transition of the face-on
to the edge-on state by scanning with an increased tunneling current and a lower bias
voltage.
Stabel et al. have studied the process of Ostwald ripening, the growing of larger
monolayer domains at the expense of smaller ones, which occurs because the interfacial energy of the system is lowered as a result of the decrease in ratio of domain
circumference to area [22]. Because in many cases this process is slow enough to be ob-
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Figure 2.13: a) Structure of porphyrin hexamers 2.17. b) Computer-modeled representations of the aromatic part of these molecules, revealing a propeller like shape. (c–f) STM
topographies of the growth of a monolayer of 2.17 at the HOPG/1-phenyloctane interface
with intervals of 5 minutes; Vbias = −250 mV, Iset = 1 pA, scale bar is 20 nm. g) STM
topography of the situation after one hour, in which the molecules of 2.17 are arranged in
a “face-on” geometry with respect to the interface, scale bar is 10 nm. A schematic representation of one of the hexamer molecules is shown in the high resolution image, scale bar is
2 nm. Each triangular lobe represents a dimer of overlapped porphyrins; Vbias = −250 mV,
Iset = 1 pA. h) STM topography of the same location at the interface after 6 hours, showing
a domain of molecules of 2.17 which are now oriented edge-on in columnar arrays, scale
bar is 10 nm. Five schematic molecules of 2.17 are shown in the magnification, scale bar is
2 nm; Vbias = −250 mV, Iset = 1 pA [20].

served at the scanning timescale, the STM is a perfect tool to follow it in real-time and
-space. These results were the first studies of Ostwald ripening on the molecular scale.
The authors performed measurements on layers of alkylated anthraquinone 2.18 in
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a)
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Figure 2.14: a) Molecular structure of 2.18 and 2.19. b) STM topographies of Ostwald
ripening of monolayers of molecules of 2.18 at the HOPG/1-phenyloctane interface; Vbias
= 0.6 V, Iset = 1.5 nA. The smaller domain A slowly disappears and the larger domains B
and C are growing. c) STM topographies of Ostwald Ripening of monolayers of molecules
of 2.19 at the HOPG/1,2,4-trichlorobenzene interface. Circumference of the disappearing
domain indicated in black; Vbias = 0.5 V, Iset = 1.2 nA [22].

phenyloctane and oligothiophene 2.19 in 1,2,4-trichlorobenzene all on a HOPG substrate. One can clearly see the growth of the larger crystalline domains in Fig. 2.14b,
where the smaller domain A is disappearing, and the domains B and C are becoming
larger. By studying the coarsening velocity of these systems, it was possible to draw
conclusions about the rate-controlling step of this process. The increase of the area of
the larger domain in time was compared to the known models for diffusion, both in 2
and 3 dimensions, and this appeared not to be the rate-limiting step. The influence
of the tip was also found to be negligible. It was concluded that for these systems the
mechanism behind Ostwald ripening was related to a reorientation of the molecules
at the boundary. These boundaries show narrow liquid-like lines where the molecules
are less constrained than those in the close packed layer. The difference can be seen
because these lines are “fuzzy” in the STM topographies.
Not only can STM measurements be performed on a molecular layer which is in
the process of forming, but also dynamics of a seemingly stable, crystalline monolayer
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can be probed. Padowitz et al. have applied so-called “tracer” molecules to study
the dynamics within crystalline domains of monolayers at surfaces [23]. Crystalline
monolayers of the long linear alkane chain tritriacontane (C33 H68 ) were prepared
at the HOPG/1-phenyloctane interface. Also present in the solution, as well as in
these monolayers, were structurally similar molecules such as dihexadecyl-ether and
dihexadecyl-sulphide, which acted as markers. They have an almost identical length
as the alkanes but in the center they possess either an ether oxygen atom or a sulphur atom, which appear brightly in the STM topographies at the tunneling conditions used. When monolayers that contained mixtures of the alkane and the marker
molecules were studied, it was demonstrated that molecules still desorbed from the
interface and were replaced by new molecules from the solution, even in very regular
crystalline regions on the surface (Fig. 2.15). During these replacement processes
the STM topography remained very stable, suggesting that they took place within
milliseconds.

Figure 2.15: a–f) STM topographies of a mixture of tritriacontane C33 H68 and hexadecyl
ether (CH3 (CH2 )15 )2 O at the HOPG/1-phenyloctane interface. Between each of the STM
topographies there is a 2 second interval; Vbias = 1.0 V, Iset = 250 pA, 10 × 10 nm2 [23].

De Feyter et al. have used STM to image the dynamics of solvent molecules that
co-deposited in the supramolecular structure of a monolayer of 5-eicosyloxyisophthalic
acid 2.20 at the interface of HOPG and 1-octanol [24]. During the STM measurements
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the insertion of 1-octanol molecules between two lamellae of the acid molecules could
be visualized (Fig. 2.16). The process started at a domain boundary, where the
monolayer is somewhat less stable. The lamellae close to the insertion are affected by
this co-deposition, which is expressed in the emergence of a “wavelike” pattern.

a)
2.20

b)
b)

c)
c)

d)
d)

Figure 2.16: a) Structure of 2.20. (b–d) STM topographies of molecules of 1-octanol inserted
in a monolayer of 2.20 at the HOPG/5-eicosyloxyisophthalic acid interface. Vbias = −0.8 V,
Iset = 1.0 nA. The arrow points at a domain boundary where the co-deposition process starts
[24].

In other recent work the dynamics of molecular layers on a surface were also studied
in relation to variations in the molecules used, and variations in the solvent. The
groups of De Feyter and Tobe constructed porous molecular networks with the aim
to apply them as templates for molecules that normally do not adsorb on the surface
[25]. The networks were composed of a series of hexadehydrotribenzo[12]annulene
(DBA) 2.21 and 2.22 and triphenylene derivatives 2.23 (Fig. 2.17a).
Molecules 2.21 and 2.22 have a rhombic and triangular core, respectively, which
leads to different packing arrangements at the solid/liquid interface (see Fig. 2.17).
With longer alkyl chains, the interaction between the HOPG substrate and the
molecules gets strengthened. As a result of interdigitation of the alkyl chains, the
intermolecular interactions are increased. It was also found that the degree of solubility of the molecules in the subphase had a considerable impact on the structure
of the monolayers. In the case of a low solubility, the chance that a molecule desorbs and goes back into solution, accompanied by the adsorption of another molecule
is relatively small. In this case of low mobility, kinetically formed surface patterns
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Figure 2.17: a) Structures of hexadehydrotribenzo[12]annulene (DBA) 2.21 and 2.22 and
triphenylene derivatives 2.23. b, d) STM topography of a monolayer of 2.21 at the
HOPG/1,2,4-trichlorobenzene (TCB) interface. Lines down left in image indicate the main
symmetry axes of HOPG. Vbias = −1.04 V, Iset = 0.50 nA. b) Linear network. Domain
boundary is indicated by the white line. c) Computer-modeled representation of the arrangement of the molecules in (b). d) Kagomé network. Inset: Zoom of the central void of the
structure. The circle in the inset indicates bright spots, attributed to co-adsorbed molecules
of TCB. The arrow shows a trapped molecule of 2.21. e) Computer-modeled representation
of the arrangement of molecules in (d) [25].
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would experience more difficulty to equilibrate into the thermodynamically most stable monolayer structure. Also the viscosity of a solvent can have an effect on the
mobility of the molecules at the interface. Finally, there is the possibility that solvent
molecules co-adsorb in the monolayer. As an illustrative example, the dynamic behavior of monolayers of 2.21 at the interface of HOPG and 1,2,4-trichlorobenzene (TCB)
is shown in Fig. 2.17. At the beginning of the measurement, the monolayer consists
of molecules of 2.21 that were arranged in a linear fashion (Fig. 2.17b). Over time,
this linear arrangement was gradually replaced by a monolayer structure known as a
“Kagomé network” (Fig. 2.17d). Apparently, a kinetically formed monolayer structure gradually changed into a thermodynamically more stable arrangement. During
the measurements, TCB molecules were observed to adsorb as bright, fuzzy spots, in
the voids between the molecules of 2.21 comprising the Kagomé network. In addition
to solvent co-adsorption, also larger molecules of 2.21 were found to be trapped in
these voids.
The use of Scanning Tunneling Microscopy to study dynamics in monolayers at
solid/liquid interfaces opens up the possibility to better understand the processes that
occur at this interface. Not only can the monolayers be probed just after their initial
formation, but also during their equilibration or disintegration. Obtaining detailed
insight into such formation processes can be a great help in the manipulation of and
control over an eventually desired monolayer structure.
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2.4 STM on templated molecular layers
The application of single molecules as the smallest building blocks for functional nanodevices continues to be a topic of intensive research. When attached to a surface,
it is essential for their characterization by microscopic techniques and their implementation in a working device that these molecules are immobilized and that their
adsorption geometry is under full control [26]. For the expression of single molecule
function, the organization of molecules in large aggregates at a surface should be prohibited, which is however not straightforward. Under UHV conditions it is possible to
deposit submonolayers of molecules by using evaporation or spraying techniques, but
not all molecules are suitable for such a treatment and after deposition a specifically
desired two-dimensional (2D) organization is generally difficult to control. Alternatively, molecular layers can be created by means of self-assembly at solid/liquid
interfaces, but in the case of this approach molecules have the tendency to arrange
themselves into closely packed 2D crystals that fully cover the available surface.
In order to get isolated molecules at well-defined locations at the solid/liquid
interface, two approaches exist. The first makes use of 2D porous surfaces in which
guest molecules can be captured and isolated from each other. A second approach
makes use of a templating monolayer of molecules which interact with a second type
of molecules in such a way that they adsorb on top of them adopting a substantially
longer intermolecular distance. In the following paragraphs both approaches will be
further explained.

2.4.1 Molecules templated by a nanoporous network
The self-assembly of molecules in a 2D porous structure, as was shown in Fig. 2.17,
can be a versatile method to bind and immobilize guest molecules on the surface.
Quite some research has been carried out on this type of molecular layers, although
not all of them have been used for templating. For an extensive review on nanoporous
networks, see [27].
The transition in monolayer structure depicted in Fig. 2.17 indicates that there is
only a small energy difference between the honeycomb structure and the more densely
packed arrangement. The densely packed structures of similar molecules with longer
alkyl chains, DBA-OC14 could be shifted into a honeycomb structure. Coronene
molecules were added as guests, ending up in the pores of the induced nanoporous
structure (Fig. 2.19b) [28]. Such a complete conversion of the network structure succeeded when DBA-OC14 was used, but not for DBAs with longer alkoxy chains. In
the latter case there always remained a coexistence of linear and honeycomb patterns,
even in the presence of a large excess (10 equiv.) of coronene. The transformation
into a nanoporous structure was explained by an energy gain resulting from moleculesubstrate interactions between the physisorbed host matrix and the guests and the
graphite surface, which overcomes the instability related to the formation of voids and
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the lower density of the host matrix when compared to a densely packed linear structure. This means that in the case of the DBAs with longer alkoxy chains, a guest with
stronger adsorption energy than coronene might induce a more complete conversion
to a honeycomb network. Indeed, “nanographenes”, large aromatic molecules with
a high affinity for graphite, were found to convert densely-packed linear networks of
DBAs with the long alkoxy chains (OC20 H41 ) into honeycomb networks, even at low
guest:host ratios (1:20) [29].
Tobe and De Feyter have reported on porous honeycomb networks that are formed
by annulene derivatives 2.24a and 2.24b at the interface of HOPG and TCB (Figs.
2.18a and b) [28]. These networks appeared to be ideal to host flat aromatic molecules
such as coronenes, which perfectly fit in the cavities. Upon elongation of the alkyl
chains of the annulene molecule (compounds 2.21c–d), porous networks were no
longer visible but instead arrays of linear structures were preferentially formed (Fig. 2.18c).
Interestingly, the addition of a solution of the planar aromatic molecule coronene
(Fig. 2.19b) in TCB to the linear networks already formed by 2.24c led to a dramatic change in monolayer structure. A honeycomb network was induced to form
in which multiple coronene molecules were included as guests (Fig. 2.18c). Apparently, in the presence of these guests the bicomponent honeycomb network becomes
thermodynamically more favorable than the linear network of the DBA compound.
Molecular modeling and host-guest titrations at the solid/liquid interface suggested
that at most seven coronene guests could be included in one void formed by six annulene molecules of 2.24c (Figs. 2.18c and d). In contrast, when coronene was added
to a linear network formed by annulene 2.24d, which has longer alkyl chains and
a stronger adsorption energy on HOPG, no honeycomb network was formed and no
guest molecules were co-adsorbed. In addition to coronenes, other flat, planar guest
molecules with large aromatic π-surfaces (e.g. phthalocyanines) were also capable of
reorganizing the linear network formed by 2.24c into a honeycomb one, whereas small
aromatic guests or nonplanar ones did not display this effect. The observed surface
behavior highlights the guest selectivity of the monolayer system.
In similar work, a different molecule was used to create a porous two-dimensional
network. At the interface of HOPG and 1-phenyloctane, compound 2.25 forms a
monolayer with a honeycomb structure containing cavities of approximately 1.3 nm
in diameter (Fig. 2.19) [30, 31]. The capability of this network to act as a host
matrix for the inclusion of small molecules was investigated by adding a variety of
aromatic guests that differed in shape and size (Fig. 2.19b). All of the selected guest
molecules were complexed in the surface cavities. Remarkably, the guest molecules
which are somewhat smaller than the surface cavities, such as coronene, BPL, and
BPP, were able to diffuse from one cavity to another one, whereas the perfectly fitting
HBC did not exhibit this dynamic behavior (Figs. 2.19d and e). Statistical analysis
in combination with variable temperature experiments indicated that this diffusion
of guests occurred in two dimensions, viz. within the monolayer structure, and was
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Figure 2.18: a) Molecular structure of annulene derivatives 2.24. b) STM topography of the
honeycomb network formed by 2.24a formed at the HOPG/TCB interface, the bright spots
correspond to coronene molecules captured as guests in the network; Vbias = −270 mV,
Iset = 0.7 nA, 16 × 16 nm2 . c) STM topographies of the network structures of 2.24c with
and without coronene: (A) without guest; (B) guest:host = 2:1; (C) guest:host = 4:1; (D)
guest:host = 7:1; Vbias = 700 mV, Iset = 40 pA, 96 × 96 nm2 . d) Schematic representation of
a guest-induced change in monolayer structure from a linear arrangement into a honeycomb
one containing seven coronene molecules [28].

not simply an exchange between surface-bound guests and guests dissolved in the
subphase. It was concluded that the network linked by channels behaved as a “twodimensional molecular sieve”, which allowed only the diffusion of the smaller guest
molecules. This mechanism was supported by experiments in the absence of liquid,
under UHV conditions, where similar guest diffusion processes appeared to take place.
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Figure 2.19: a) Molecular structure of compound 2.25. b) Molecular structures of aromatic
guest molecules. c) STM topography of a monolayer of 2.25 at the HOPG/1-phenyloctane
interface; Vbias = −1 V, Iset = 46 pA. d) Idem, of a monolayer of 2.25 in the presence of
coronene. (e) Idem, in the presence of HBC.

In an alternative approach, an end-functionalized oligo(phenylene-ethynylene) was
used as a molecule for templating on HOPG [32]. This molecule forms extended
SAMs, which are characterized by strands with bright contrast corresponding to the
conjugated backbones of the oligo(phenylene-ethynylene), separated by dark areas in
which the alkyl chains adsorb. The monolayer appeared to be a good template for
the adsorption of coronene molecules. The surface organization of the latter molecule
appeared to be highly dependent on its stoichiometry with respect to the template,
that is, oligo(phenylene-ethynylene):coronene = 1:2, 1:1 or 3:2. In all the cases the
coronene molecules are located on or within the alkyl chains, but depending on the
concentration ratio, the adsorption of coronene as single molecules or in pairs can be
controlled. The same templating layer was also capable of adsorbing tripeptides in
its vacancies.
For the encapsulation of larger three-dimensional objects such as buckyballs, other
monolayer networks have been used. When trimesic acid (1,3,5-benzenetricarboxylic
acid, TMA) was adsorbed at the HOPG/1-heptadecanoic acid interface, an open
“chicken-wire” network was formed in which each molecule of TMA interacts via
hydrogen bonds with three neighbors (Figs. 2.20a and b) [33]. This open network
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Figure 2.20: a) Structure of the two-dimensional hydrogen-bonding network formed by TMA
molecules. b) STM topography of this network at the HOPG/1-heptadecanoic acid interface;
two C60 molecules are incorporated inside the cavities of the TMA host network and appear
as bright protrusions. Scale bar = 1 nm. c) STM topographies of the displacement of a C60
molecule; A: starting situation; B: movement induced by the STM tip; C: end situation; D:
cartoon which illustrates the transfer process [33].

can serve as a host-guest framework, because cavities are present with a diameter
of 1.1 nm. The cavities appeared to be good host sites for buckyballs (C60 ) that
were dispersed in the organic subphase. Without the organic framework present,
the C60 molecules did not adsorb to the HOPG surface. Single C60 molecules could
be manipulated by temporarily raising the tunneling current from 70 to 150 pA,
which enabled a transfer from a C60 molecule from one cavity into an adjacent one
(Fig. 2.20c). Only displacements over one cavity per manipulation were observed,
and the process was referred to as “nanosoccer”.
With a similar network, of 1,3,5-tris(carboxymethoxy) benzene (TCMB) the group
of Bai was also able to template dimers of coronenes and single copper phthalocyanines, by adding a solution of TCMB and the molecules that were to be templated in
toluene to a HOPG surface [34].
It has also been demonstrated that C60 molecules can be bound in monolayer templates constructed from more complex, bowl-shaped host molecules such as calix[8]arene
derivative 2.26 (Fig. 2.21a), which have the perfect shape and size to host a buckyball
(Fig. 2.21b) [35]. Extended monolayers of this host could be realized in an EC-STM
at the interface of Au(111) and 0.1 M HClO4 . In the STM topography, dark depressions are observed which can be clearly associated with the cavities present in
2.26 (Fig. 2.21c). In a similar way, monolayers of 2.26 with a C60 molecule bound
in its cavity were adsorbed to the interface. STM images showed similar patterns as
those obtained for uncomplexed 2.26, but now the bound C60 guest molecules are
accommodated and appear as bright spots in the centers of the cavities (Fig. 2.21d).
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Figure 2.21: a) Molecular structure of calix[8]arene host 2.26. b) Three-dimensional structure of a C60 molecule bound by host 2.26. c) STM topography of a monolayer of 2.26
at the interface of Au(111) and 0.1 M HClO4 ; Vbias = −213 mV, Iset = 670 pA. (d) STM
topography of a monolayer of the complex of 2.26 and C60 at the same interface; Vbias =
−140 mV, Iset = 1 nA [35].
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2.4.2 Molecules templated by a molecular command layer
Compared to the nanoporous networks, the use of a closed molecular command layer
to bind and immobilize a second layer of molecules on top has been studied far less.
This relative lack of investigation is surprising, since in principle this approach could
be as powerful as templating by a porous network. It even holds the possibility to
add a third dimension to a surface architecture. Therefore, the templated molecules
of interest might be better accessible than those bound inside nanopores, which might
become important when one wants to study the reactivity of single molecules.
Bai and coworkers have used tridodecylamine (TDA) 2.27 (Fig. 2.22a) as a templating molecule on a HOPG surface [36]. This molecule formed extended lamellar
domains by reducing its threefold symmetry to a linear conformation, thus allowing
a close packed structure (Figs. 2.22b and c). Because the central nitrogen atoms of
the TDA molecules bear a pair of non-bonded electrons, they can serve as electron
donors for the binding of other organic molecules via hydrogen bonding. When a 1:1
mixture of benzoic acid and TDA was brought onto HOPG, or when benzoic acid
dissolved in TDA (1:1 molar ratio) was brought onto a preformed monolayer of TDA
on HOPG, identical structures were obtained in which large bright spots were visible
in the centers of the lamellae (Figs. 2.22c and d). These bright spots correspond to
hydrogen-bonded benzoic acid molecules, and due to this weak intermolecular interaction, these molecules could be gradually removed by repeated scanning over the
same area on the surface.
a)
a)

b)

2.27

c)

d)

e)

Figure 2.22: a) Molecular structure of tridodecylamine (TDA) 2.27. b) STM topography of
a monolayer of TDA on HOPG in a TDA droplet; Vbias = 459 mV, Iset = 626 pA, 8 × 8 nm2 .
c) Molecular models showing the arrangement of the molecules. d) STM topography of the
same monolayer in the presence of benzoic acid; Vbias = 1.04 V, Iset = 14.6 pA, 10 × 10 nm2 .
e) Molecular models showing the arrangement of the complexes (side and top view) [36].

Bai et al. also used this approach to template copper phthalocyanine molecules
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(2.28, Fig. 2.23a) by molecular command layers composed of TDA, stearic acid,
1-octadecanol and 1-iodooctadecane adsorbed at the HOPG/toluene interface [37,
38]. The molecules in the command layer provided different adsorption sites for the
phthalocyanine molecules. Site-selective adsorption of molecules of 2.28 was observed
on the hydrocarbon-chain portions of the supporting layers (Fig. 2.23). It was also
noticed that most of the observed molecules of 2.28 adsorbed in pairs, but the reason
for this behavior was not presented.

a)

2.28

c)

e)

d)

f)

Figure 2.23: a) STM topography of isolated copper phthalocyanine molecules, 2.28, which
adsorb exclusively at the hydrocarbon-chain domain of lamellae of 1-iodooctadecane at the
HOPG/toluene interface; 18 × 18 nm2 . Inset: molecular structure of 2.28. b) High resolution magnification of (a) [37]. c–f) STM topography of molecules of 2.28 templated by
TDA monolayer. Vbias = 500–800 mV, Iset = 0.5–1.0 nA. c) STM topography of dimers of
2.28 on a TDA monolayer. d) Corresponding model of the monolayer structure in (c). e,
f) STM topography of the movement of a dimer recorded by STM. During the STM scan
the dimer of 2.28 marked in (e) migrated along TDA lamella. The images were recorded in
sequence at a line scan rate of 12.11 Hz [38].

Bai et al. also made use of a monolayer of stearic acid on HOPG as a template for
nitrobenzene molecules [39]. Generally, a small molecule such as nitrobenzene cannot
be imaged because it position changes too dynamically to form stable monolayers on
a surface on its own. However, on a stearic acid monolayer, nitrobenzene was found to
form stable monolayers. Although the authors recognize the importance of the nitro
group in the monolayer formation, from their STM measurements no conclusions with
regard to the interactions between the nitrobenzene molecules and the stearic acid
template could be drawn.
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Templating strategies can also be used to organize relatively large functional units
on a surface in a controlled fashion. In work described by Hoeppener et al., Au55
clusters were incorporated within templating monolayers of fatty acids on HOPG
[40]. These organic molecules, which are functionalized with a carboxylic acid group,
such as stearic acid (C17 H35 COOH), are known to readily form extended and stable
monolayers on this surface. Au55 clusters were functionalized with thiols bearing a
similar alkyl chain as the template molecule (Figs. 2.24a and b). By simply mixing
the functionalized Au55 clusters with the template in 1-phenyloctane, monolayers
were formed in which the Au55 clusters ended up in strands distributed at welldefined lamellar distances of about 4 nm in the case of C14 H29 COOH as the template
(Fig. 2.24c). This defined spacing corresponds to the distance spanned by a bilayer of
facing template molecules. The fact that the clusters arrange themselves into strands
was explained by the presence of favorable intermolecular Van der Waals interactions.

a)
a)

c)c)

b)

Figure 2.24: a) Schematic representation of the embedding of an Au55 cluster functionalized
with 1-octadecanethiol chains in a monolayer of 1-pentadecanoic acid. b) Idem, side view.
c) STM topography of Au55 clusters at the HOPG/1-phenyloctane interface in the presence
of a monolayer of 1-pentadecanoic acid; Vbias = 1 V, Iset = 80 pA [40].

The same group also used monolayers of fatty acids in combination with urea
molecules, on the HOPG/1-phenyloctane interface [41, 42]. This research could on one
hand be referred to as the templating of urea molecules by fatty acids. On the other
hand, the templated urea molecules can be referred to as a “chemical decoration”.
Since the urea molecules attach to the COOH head groups of the acids in the layer, this
“chemical decoration” could be used to determine the exact arrangement of these head
groups in the monolayer. Experiments were also performed by adding palladium(II)
acetate to fatty acids, which lead to the discovery that the fatty acids are always in
a head-to-head arrangement (as opposed to a head-to-tail arrangement). This exact

2.4 STM on templated molecular layers
arrangement could so far not be determined from regular STM measurements.
The group of Feringa used zinc-5,10,15,20-meso-tetradodecylporphyrins with the
goal to coordinate ligands, thereby templating these on the zinc centers of the porphyrin molecule [43]. These zinc porphyrins appeared to be able to template 3nitropyridine molecules on the n-tetradecane/HOPG interface. The experiments were
performed with premixing the porphyrins and the 3-nitropyridine in n-tetradecane
before applying the solution to the surface. They established that the ratio of coordinated porphyrins over uncoordinated porphyrins is higher at the n-tetradecane/HOPG
interface than in n-tetradecane solution. They propose that this effect originates from
the fact that the coordinated porphyrin complexes in solution displace preferentially
uncoordinated porphyrins from the surface or that the physisorbed porphyrins are
better binding sites for nitropyridines.
The use of a molecular command layer can lead to different templating behavior
for different guest molecules, as was shown by the research of Chi and Fuchs [44]. The
experiments were performed in a UHV environment at 78–250 K. Submonolayers of
ferrocenyl-(CH2 )14 -ferrocenyl, 2.29 (Fig. 2.25a) were prepared on a Cu surface. The
molecules self-assembled in a highly regular, relatively complex manner (Fig. 2.25c),
rising from the intermolecular interplay, and the mismatch with the substrate underneath. Most of the ferrocene groups of these molecules were tilted with the five-fold
axis oriented 10–20◦ with respect to the surface normal. Other molecules had a ferrocene group that was oriented edge-on to the surface (see schematics in Fig. 2.25b).
This complex structure also lead to a difference in adsorption sites on this layer, denoted by the capital letters in Fig. 2.25d. When the templating properties of the
layer for C60 (Fig. 2.25b) and F16 CuPc molecules were compared (Fig. 2.25d) it was
observed that the site-selective adsorption lead to different preferred adsorption sites
for these different types of molecules. C60 molecules preferentially adsorbed to A-type
cavities with the adsorption probability at A2-type cavities being 2–4 times greater
than that at A1-type cavities. F16 CuPc molecules preferentially adsorbed at B-type
sites and formed ordered structures following the periodicity of the underneath template.
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Figure 2.25: a) Molecular structure of ferrocenyl-(CH2 )14 -ferrocenyl, 2.29. b) Schematic
representation of the found orientations of 2.29. c) STM topography of 2.29 on Cu(110)
at submonolayer coverage. The bright spots correspond to the Fc groups. The arrows point
to the edge-on Fc groups. Unit cell is depicted in white. The schematic arrangements of
the molecules are drawn in, circles denoting tilted Fc groups and squares edge-on Fc groups;
Vbias = 1 V, Iset = 10 pA. d) STM topography of 2.29 on Cu(110) at submonolayer coverage.
Possible adsorption sites for guest molecules are labeled; T= 78 K, Vbias = −1 V, Iset =
100 pA. e) Adsorption of C60 on the layer of 2.29; T = 150–250 K, Vbias = 2 V, Iset =
2 pA. f) Molecular structures of C60 and F16 CuPc. g) Adsorption of F16 CuPc on the layer
of 2.29; T = 150–250 K, Vbias = −1.5 V, Iset = 5 pA. [44]

2.5 STM on changes morphology after process

2.5 Characterization by STM of the changes in morphology of
molecular layers after a chemical process
In general, chemical processes occur on a timescale that is too fast for following by
STM. Nevertheless, one can characterize self-assembled molecular layers over time
and in that way draw conclusions about the chemical processes taking place in them,
as the morphology of the layer changes. It is also possible to use these processes to
control the morphology of the layer.
Attempts to control the orientation of zinc porphyrin hexamer molecules 2.30
at the solid/liquid interface have been described in the literature (Fig. 2.26b) [20].
Zinc porphyrins always require an axially binding ligand that coordinates to the zinc
ion, and in particular nitrogen bases are often used in combination with these chromophores. It was envisaged that the edge-on orientation of the molecules at the
liquid-solid interface may be induced by “gluing” them together by with the help of
bidentate nitrogen ligands such as DABCO (1,4-diaza[2,2,2]bicyclooctane). These can
bridge between the molecules of 2.30 and stabilize a columnar stack structure. Indeed, instantaneously after the addition of 10 equiv. of DABCO to a solution of 2.30
in 1-phenyloctane, at the solid/liquid interface huge domains of exclusively edge-on
oriented molecules of 2.30 were formed (Fig. 2.26a). These appeared to be stable for
days. Instead when a bidentate ligand was used with a much larger N-N distance,
such as 4,4’-bipyridine (BIPY), the molecules of 2.30 were forced to adopt a face-on
orientation all over the surface (Fig. 2.26c). These observations were explained by the
fact that DABCO molecules are sufficiently small to nicely fit into voids between the
molecules of 2.30, thereby coordinating to the zinc ions and connecting the hexamers
to form extended metal coordination polymers on the surface, whereas in the case
of BIPY, the ligand is too large fit in the voids. As a result, stabilizing interactions
between adjacent hexamer molecules can not be maintained and the molecules orient
themselves “flat” on the surface.
In order to find out in how far such effects are scalable, even larger porphyrin
disks were designed and synthesized: porphyrin dodecamers 2.31 and 2.32, consisting of an extended benzene core to which twelve porphyrins are attached (Fig. 2.27a)
[45]. In contrast to the hexamers, these macromolecules are flatter, allowing two sets
of six porphyrins to stack on top of each other to form a “yo-yo”-like architecture
(Fig. 2.27b). As a result of strong intermolecular stacking interactions, this molecule
arranged itself at a HOPG/1-phenyloctane interface in large domains of exclusively
“edge-on” oriented disks with an intermolecular distance of 12 Å (Fig. 2.27c). Surprisingly, the zinc derivative, 2.32, did not form stable monolayers at this interface, but upon the addition of DABCO again extended monolayers of the metallosupramolecular complex were observed by STM (Fig. 2.27d), and as a result of the
presence of the ligand molecules bridging between the zinc dodecamers, the intermolecular distance increased from 12 to 18 Å. This distance could be further enlarged
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Figure 2.26: Control over the assembly of zinc porphyrin hexamers at the HOPG/1phenyloctane interface by the addition of bidentate axial ligands. a) STM topography of
edge-on oriented molecules of 2.30 in the presence of 10 equiv. of DABCO; Vbias = −250 mV,
Iset = 1 pA, 20 × 20 nm2 . b) Chemical structure of zinc hexamer 2.30. c) STM topography
of face-on oriented molecules of 2.30 in the presence of 10 equiv. of BIPY; Vbias = −225 mV,
Iset = 1 pA, 130 × 130 nm2 . Underneath images (a) and (c), schematic representations of
the molecular ordering of the molecules are depicted [20].

in a controlled fashion by using, instead of DABCO, the larger ligand BIPY. Upon
the addition of BIPY to a solution of 2.32 at the solid/liquid interface, monolayers of
clearly distinguishable single molecules of 2.32 were observed in which their “yo-yo”like shape can be recognized (Fig. 2.27e) [46]. Instead of arranging themselves face-on
to the surface as observed for 2.30, the porphyrin dodecamer molecules maintained
their edge-on orientation where they are completely pushed apart by the bridging
BIPY ligands.
In related research, it has been demonstrated that a different change in monolayer
structure upon the addition of metal centers can occur. Bipyridine ligand 2.33,
which contains two long aliphatic chains to ascertain strong adsorption to a HOPG
surface, formed extended lamellae at an interface between HOPG and 1-phenyloctane
(Fig. 2.28) [47]. In these lamellae, the long axis of the bipyridine aromatic systems
define an angle of 64 ± 2◦ and the alkyl chains an angle of 69 ± 2◦ with respect to
the lamellar axis, while the lamellar distance is 47.2 ± 1.6 Å. Upon placing a drop
of a solution of Pd(OAc)2 in 1-phenyloctane onto the surface at the same location,
a spontaneous change in monolayer packing was observed (Fig. 2.28c). The angle
between the alkyl chains and the lamellar axis changed to 87 ± 2◦ while simultaneously
the lamellar distance decreased to 35.2 ± 1.6 Å, indicating an interdigitation of the
alkyl chains. In addition, the distance between two molecules of 2.33 within the
lamellae increased from 6.9 to 9.4 Å, as a result of the accommodation of the Pd(OAc)2
centers between the molecules upon their complexation to the bipyridine ligands.
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Figure 2.27: Control over the assembly of porphyrin dodecamers at the HOPG/1phenyloctane interface by the addition of bidentate axial ligands. a) Chemical structure
of free base and zinc dodecamer 2.31 and 2.32. b) 3D structure (top and side view) of
the porphyrin dodecamer in which two disks containing six porphyrins are stacked off-set on
top of each other to give the molecule an overall “yo-yo”-like shape. c) STM topography of
edge-on oriented molecules of 2.31; Vbias = −250 mV, Iset = 1 pA, 10 × 10 nm2 . d) Idem,
of 2.32 in the presence of 10 equiv. of DABCO; Vbias = −250 mV, Iset = 1 pA, 10 × 10 nm2 .
e) STM topography of 2.32 in the presence of 6 equiv. of BIPY, in which the “yo-yo”-like
shape of the porphyrin dodecamers can be easily recognized; Vbias = −250 mV, Iset = 1 pA,
15 × 25 nm2 [45, 46].

In closely related work, Kikkawa and coworkers used bipyridine derivative 2.34,
which has four instead of two alkyl chains, as a ligand molecule (Fig. 2.29) [48]. At
the interface between 1-phenyloctane and HOPG, this compound formed extended
lamellae in which the bipyridine moieties are arranged with a certain angle with respect to the alkyl chains, which are interdigitated (Fig. 2.29b). The complexation of
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Figure 2.28: a) Molecular structure of bipyridine ligand 2.33. b) STM topography of a monolayer of 2.33 at the HOPG/1-phenyloctane interface; a modeled molecule is superimposed
in the center of the image; the black arrows point to the aromatic rings of the bipyridine
moiety, whereas the white arrows indicate the lamella boundaries; Vbias = −244 mV, Iset =
1.2 nA, 9.1 × 9.1 nm2 . c) STM topography after the addition of Pd(OAc)2 ; two modeled
molecules are superimposed in the image; the black arrow points to the aromatic rings of
the bipyridine moiety, whereas the white arrow indicates the Pd coordination site; Vbias =
−486 mV, Iset = 1.2 nA, 10.2 × 10.2 nm2 [47].

2.34 to a metal center was studied in situ by bringing a solution of Pd(CH3 CN)2 Cl2
in 1-phenyloctane on the preformed monolayer of the ligand molecules. Metal complexation could be followed in real-space and -time, and two distinct steps could be
identified (Figs. 2.29c–e). First, new domains were observed in the STM topographies
in which the alkyl chains of 2.34 lost their interdigitation, as was concluded from an
increase in lamellar spacing. It was reasoned that already at this stage the palladium
centers were complexed to the ligands. After several minutes, another packing pattern evolved throughout the monolayer, which could be submolecularly resolved and
was identified as the thermodynamically stable monolayer of the palladium complex
of 2.34. The complexes in this packing were fully stretched and no interdigitation of
alkyl chains was observed anymore, and the distance between two bipyridine moieties
within one lamella increased from 8.0 to 9.9 Å caused by the accommodation of the
metal centers.
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Figure 2.29: a) Molecular structure of bipyridine ligand 2.34. b) STM topography of 2.34
at the interface of HOPG and 1-phenyloctane; Vbias = −261 mV, Iset = 80 pA. c) STM
topography of this interface shortly after the addition of Pd(CH3 CN)2 Cl2 ; domain A contains
uncomplexed molecules of 2.34, whereas in domain B an intermediate state is observed in
which palladium centers are coupled to 2.34; Vbias = −621 mV, Iset = 7.4 pA. d) STM
topography of the monolayer after equilibrium has been reached; Vbias = −617 mV, Iset
= 7.8 pA. e) Molecular modeling images showing the stepwise interaction of 2.34 with
Pd(CH3 CN)2 Cl2 ; first the organization of the free ligand (left), the intermediate in which
palladium ions are connected to the ligand (middle), and then the thermodynamically stable
final organization (right) [48].

Monolayers of host molecules can also be used to bind inorganic salts. With this
in mind, monolayers of crown ether-functionalized phthalocyanine 2.35 (Fig. 2.30a)
were constructed by immersing a Au(111) electrode for 5 min in a benzene/ethanol
(9:1, v/v) solution of the dye molecule [49]. Highly ordered arrays of 2.35 were
observed in electrochemical STM images recorded at an interface of the Au(111)
surface under a solution of 0.05 mM aqueous HClO4 (Fig. 2.30b). Interestingly, when
the electrode was immersed for 7 minutes instead of 5 minutes, dimers of 2.35 were
observed in the STM image, which could be identified by their brighter appearance
as a result of their increased apparent height. After imaging a clean monolayer of
2.35, an aqueous solution containing 10 mM Ca2+ ions was added drop wise into the
electrochemical STM cell. Careful inspection of the resulting STM images revealed
that in the absence of Ca2+ , the square features corresponding to the aromatic cores
of 2.35 were surrounded by four bright spots, apparently corresponding to the four
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crown ether rings, whereas after the addition of the ions only two of these spots
remained along the diagonal of each molecule (Fig. 2.30c). For this reason it was
concluded that two Ca2+ ions were complexed within two crown ether rings, making
them appear dark in the STM image. The fact that only two Ca2+ ions are complexed
and not four is probably a result of electrostatic repulsion in the case of the latter
binding stoichiometry, since in that case the two empty crown ethers are too close to
neighboring crown ethers that already contain a positively charged ion. Surprisingly,
when instead of a Au(111) a Au(100) electrode surface was used, no complexation of
Ca2+ ions was observed. It was concluded that a different crystallographic orientation
of the Au lattice underneath the monolayers of 2.35 was responsible for this lack of
host-guest binding capability.

b)

a)

c)

2.35

Figure 2.30: a) Molecular structure of phthalocyanine 2.35. b) STM topography of a monolayer of 2.35 at the interface of Au(111) and a solution of 0.05 mM aqueous HClO4 ; Vbias
= −0.45 V, Iset = 2 nA, 40 × 40 nm2 . c) STM topography of a monolayer of 2.35 at the
same interface in the presence of Ca2+ ions; per molecule of 2.35, two ions are bound in the
crown ethers; these are indicated by white circles; Vbias = −0.35 V, Iset = 5 nA, 9 × 9 nm2
[49].

2.6 STM on chemical reactions on the solid/liquid interface
The study of a chemical reaction at the single molecule level in an STM setup can
lead to new insights in the underlying reaction mechanisms, and can also offer tools to
chemically control the morphology of a molecular monolayer. The former is important
from a fundamental scientific point of view; studying a chemical reaction on the
nanoscale in real space can give insights that are not available by any other technique.
The latter is important in the context of using molecular layers to design functional
devices.
The ultimate form of chemical manipulation at a solid/liquid interface is to per-

2.6 STM on chemical reactions on the solid/liquid interface
form and image a chemical reaction with molecules that are adsorbed at a surface [50].
This highly challenging field of research can give information about reaction mechanisms that cannot be obtained by other, e.g. ensemble techniques. Conventional spectroscopic techniques (e.g. NMR, UV-vis, fluorescence) study reaction mechanisms at
the ensemble level, thereby averaging the behavior of millions of reacting molecules.
Only recently fluorescence microscopy has been applied to monitor, by single turnover
counting, chemical reactions carried out on crystal faces [51, 52], by enzymes [53–57],
on nanoparticles [58] and during the formation of metal-ligand complexes [59]. With
the advent of scanning probe microscopy it has become possible to image chemical
reactions even down to the single molecule level.
An example of such a reaction visualized and induced at the molecular level was
performed by Hla and co-workers [60]. In a UHV environment at a temperature of
20 K they were able to induce all the single steps of the Ullmann reaction, in which two
iodobenzene molecules are coupled to give biphenyl and molecular iodine (Fig. 2.31).
The reaction was carried out on the step edge of a Cu(111) surface. With voltage
pulses, the two iodobenzene molecules were split into benzene radicals and iodine
atoms. These were moved with help of the STM tip, and in the end the two phenyl
groups were coupled by another voltage pulse, that way completing the reaction.
To date, most chemical reactions studied with STM have been carried out under
rather extreme conditions, such as UHV, ultra-low temperatures or high pressure [61].
Only during the last decade a limited number of chemical reactions studied by STM
at a solid/liquid interface or in air have been described. One of the challenges in this
field is to design the experiment in such a way that the reaction takes place and can
be studied on the relatively slow time-scale that can be reached by STM (i.e. seconds
or minutes).
An oxidative cyclodehydrogenation reaction of alkylated hexaphenylbenzene
molecules at the interface between HOPG and its saturated solution in an apolar
solvent was studied by Rabe and coworkers. With STM they were able to image the
hexaphenylbenzene molecules and after the addition of FeCl3 in CH3 NO2 the hexaperi-hexabenzocoronene product, showing that the reaction was completed. Because
of the ions in the solution they were unable to image the layer during the reaction
with their STM setup [62].
In situ EC-STM imaging allows one to image in electrolytes at a defined interface
potential. It was used to reveal the structure of a monolayer of aniline molecules at the
solid/liquid interface of Au(111) and an aqueous 0.1 M H2 SO4 layer, and the subsequent polymerization of the aniline molecules to give polyaniline [63]. Upon increasing
the bias potential of a surface on which the monolayer was adsorbed (Fig. 2.32a), an
oxidative polymerization was induced which had a clear impact on the layer structure: elongated line structures were formed, which are aligned polyaniline chains
(Fig. 2.32b). At increased resolution one of the lines showed their internal structure,
revealing a zig-zag ordering of the monomers within the polymer chains (Fig. 2.32c).
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Figure 2.31: Top: the Ullmann reaction. a) STM image of two iodobenzene molecules,
adsorbed at a Cu(111) step edge under UHV conditions at 20 K. b,c) Both molecules are
split in benzene and iodine by using a voltage pulse. d) Iodine atoms (small protrusions) and
benzene radicals (large) are further separated by lateral manipulation with the STM tip. e)
The iodine atom located between the two benzene rings is removed onto the lower terrace
to clear the path between the two benzene radicals. The benzene radical at the left side is
moved towards the right benzene radical by the STM tip to prepare for their association. f)
The coupling of the two benzene radicals has taken place [60].

In follow-up research, similar experiments were performed
√ on a√Au(100) surface. On
this surface the aniline molecules form lattices with (2 2 × 4 2)R45◦ structure at
electrochemical potentials below 0.95 V (vs. a√reversible
√ hydrogen electrode), and
above this voltage the layer restructured to a ( 10 × 10)R18◦ lattice and polyaniline was formed. The polymerization could be followed in time, and accelerated by
increasing the voltage. To explain the restructuring of the aniline layer and the related lower surface coverage, the authors suggested the co-adsorption of perchlorate
anions [64].
Polymerization reactions at a surface can also be triggered by external manipulation. Okawa and Aono have reported a tip-induced polymerization of molecules
adsorbed at the solid/air interface [65]. They adsorbed carboxylic acids with long
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Figure 2.32: EC-STM topographies at the interface of Au(111) and an aqueous 0.1 M H2 SO4
solution. a) Monolayer of aniline molecules at an electrochemical potential of 0.9 V; Vbias
= −300 mV, Iset = 5 nA, 7 × 7 nm2 . Inset: structure of aniline. b) Idem, after raising
the electrochemical potential to 1.05 V; 50 × 50 nm2 . c) Zoom-in showing the submolecular
structure within the polymer chains, in which the monomer units are arranged in a zig-zag
fashion; 6 × 6 nm2 [63].

aliphatic chains containing a diacetylene unit (molecule 2.36, Fig. 2.33a) onto a
HOPG surface, in such a way that the triple bond units were perfectly oriented for a
linear chain polymerization reaction (Fig. 2.33b). Polymerization could be initiated
by applying a voltage pulse (−4 V, 5 s) during scanning. Directly after this pulse it
was obvious from the STM topographies that polymerization had occurred, since a
bright line corresponding to the conjugated polymer chain became visible. The length
of the polymer chains could be controlled in an elegant way by creating defects in the
monolayer, which functioned as polymer chain termination points (Fig. 2.33c).
In closely related work, De Feyter and co-workers constructed monolayers of
diacetylene-containing alkyl chains on a HOPG surface by equipping them with isophthalic acid functions [66]. Directed by these hydrogen bonding functional groups the
molecules arranged themselves on the surface so that they were able to undergo a
polymerization reaction. The start of this reaction could be induced by illuminating
the surface (254 nm). After this illumination, the contrast of the diacetylene parts
in the STM images had changed, and in addition the distance between the molecules
had increased. In a follow-up of this research, it was possible to polymerize molecules
of 2.37 (Fig. 2.34a) by using UV radiation as well as with a voltage pulse [67]. A
monolayer of 2.37 was imaged at the solid/air interface and a pulse with a voltage
of −3.2 V and a duration of 600 ns was applied, clearly revealing the appearance of
polymer chains in the STM measurements (Figs. 2.34c,d).
In related work, the group of De Schryver induced by light a [2+2] photodimerization of cinnamate derivatives adsorbed at the interface of 1-octanol and graphite. This
induced reaction resulted in a change in surface morphology and in the conductive
properties of the monolayer [68].
In very recent work a different approach to imaging a chemical reaction was ex-
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Figure 2.33: a) Molecular structure of diacetylene compound 2.36. b) Top: STM topography
of a monolayer of 2.36 on HOPG; Vbias = −1 V, Iset = 70 pA; center: start of the growth
of a polymer chain upon applying a voltage pulse (−4 V, 5 s) with the tip; bottom: polymer
growth in both directions. c) STM topography of polymer termination by the tip-induced
presence of a surface defect [65].

plored in which catalyst molecules were adsorbed onto a solid/liquid interface. All
steps of an epoxidation reaction catalyzed by Mn(III) porphyrins were followed in
real-space and -time in a liquid-cell STM equipped with a bell-jar to control the environmental atmosphere (Fig. 2.35) [69]. Porphyrin catalysts 2.38 were adsorbed flat on
a surface thereby exposing their catalytic metal centers to the STM tip. Compound
2.38 was found to form extended monolayers at the Au(111)/n-tetradecane surface
under an argon atmosphere (Fig. 2.35c, left). Occasionally porphyrin molecules were
observed with a much higher apparent height. Realizing that manganese porphyrins
can react with molecular oxygen, a contamination of the system with this gas was suspected. In order to prove this assumption, the bell-jar was purposely filled with molecular oxygen, and nearly instantaneously many porphyrins in the monolayer started
to appear higher, indicating a reaction with the added oxygen (Figure 2.35c, middle). This reaction was unexpected, because before a reaction with O2 can take
place, Mn(III)-porphyrins first need to be activated by reducing to Mn(II). Spectral changes in the reflection UV-vis measurements on the monolayer of 2.38 at the
solid/liquid interface, however, indicated that such a reduction already takes place
upon the adsorption of the catalysts to the gold surface. A highly remarkably aspect
of the catalytic oxidation was the observation that each molecule of O2 appeared
to oxidize two adjacent catalysts, a phenomenon that was supported by statistical
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Figure 2.34: a) Molecular structure of diacetylene compound 2.37. b) Scheme of the polymerization reaction. c) STM topography of a monolayer of 2.37 on HOPG at the solid/air
interface. The arrow denotes the location of applied pulse (−3.2 V, 600 ns) leading to polymerization; Vbias = −360 mV, Iset = 0.40 nA, 30 × 30 nm2 . c) Detailed scan of the polymer
backbone. 13 × 13 nm2 [67].

analysis. A homolytic dissociation of O2 was proposed, resulting in the generation
of two identical Mn(IV)=O particles (Figure 2.35b), an assumption which was again
confirmed by spectral changes in the reflectance UV-vis spectra of the monolayer. Because such species are known to be highly reactive in epoxidation catalysis, an aliquot
of cis-stilbene was carefully added to the subphase of the STM liquid-cell while scanning was continued. The STM measurements showed that at the moment the alkene
reached the solid/liquid interface, the number of oxidized catalysts abruptly decreased
(Figure 2.35c, right). In the following hours the catalytic surface was monitored under
oxygen atmosphere with STM and the continuously fluctuating increase and decrease
in apparent height of the molecules of 2.38 suggested that catalytic turnover was taking place. After four days, a sample was taken from the liquid-cell, which appeared to
contain both isomeric epoxides, i.e. cis- and trans-stilbeneoxide, which was evidence
of the fact that the molecular layer indeed acted as a catalyst.
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Figure 2.35: a) Structure of manganese porphyrin catalyst 2.38. b) Catalytic cycle; Mn(III)porphyrins adsorb at a Au(111) surface and are reduced to Mn(II); in the next step, one
molecule of O2 is homolytically cleaved, distributing the two oxygen atoms over two Mnporphyrins to generate two Mn(IV)=O species. These are catalytically active in the epoxidation of added cis-stilbene to give as products cis- and trans-stilbene oxide. c) STM
topographies of a monolayer of Mn-porphyrins at the Au(111)/n-tetradecane interface during the catalytic cycle; left: Mn(II) porphyrins under argon; middle: after the addition of O2
to the system; right: after the addition of cis-stilbene to the liquid-cell; Vbias = −300 mV,
Iset = 10 pA. d) Graph of the number of oxidized porphyrins vs. time [69].

2.7 Conclusion

2.7 Conclusion
The possibility to observe and even control a chemical reaction on the nanoscale by
STM, has just emerged. Important developments in liquid STM have been realized in
recent years and chemical processes at the solid/liquid interface have been visualized.
An important factor was the rising interdisciplinary spirit in research. It is at these
interfaces between the traditional disciplines that the most interesting developments
are taking place.
Currently, most of the STM literature is still focused on the imaging of aggregates, dynamics, and topographic signatures of chemical states. As more research is
performed at this interface between physics and chemistry, it can be expected that
the field will rapidly develop and more results on the imaging of chemical reactions
will appear in the near future.
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CHAPTER

3

Controlled templating of porphyrins by a molecular command
layer 1

There’s plenty of room at the bottom, there’s even more room at the top.
Jean-Marie Lehn, Nobel Laureate [1].

3.1 Introduction
he application of single molecules as the smallest building blocks
for functional nano-devices continues to be a topic of intensive
research [2–5]. For their characterization by microscopic techniques and their implementation in a working device it is essential to immobilize these molecules on a surface and to get their
adsorption geometry under full control [6]. Detailed Scanning Tunneling Microscopy
(STM) studies have revealed that in the fields of molecular electronics [7–10] and
single molecule catalysis [11–18], a specific surface monolayer structure can be closely
related to its function [19]. For the expression of single molecule function, the organization of molecules in large aggregates at a surface should be prevented, but this is
1 This chapter is published as D. Den Boer, T. Habets, M. J. J. Coenen, M. Van der Maas,
T. P. J. Peters, M. J. Crossley, T. Khoury, A. E. Rowan, R. J. M. Nolte, S. Speller
and J. A. A. W. Elemans, Controlled Templating of Porphyrins by a Molecular Command Layer,
Langmuir 27, 2644 (2011).
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still a challenge. At a solid/vacuum interface it is possible to deposit submonolayers
of molecules by using evaporation or spraying techniques, but not all molecules are
suitable for such a procedure. At this interface, however, the possibilities to obtain
specific two-dimensional (2D) patterns of molecules are rapidly increasing by combining modeling studies with a careful molecular design [20]. Alternatively, molecular
layers can be created by means of self-assembly at solid/liquid interfaces, but with
this approach molecules tend to arrange themselves into closely packed 2D crystals,
fully covering the available surface. Most approaches to achieve a high level of control
over 2D molecular self-assembly at a solid/liquid interface make use of a careful chemical design of the building blocks, in order to force them to interact with each other
via well-defined and directional supramolecular interactions [21]. In recent years,
however, atomic force microscopy (AFM) and STM studies have revealed that also
physical parameters, such as dewetting [22–25], flow [26], the concentration of solutes
in the liquid phase [27–31], and variations in the temperature [32, 33], can play a
decisive role in the outcome of a molecular self-assembly process.
When it comes to the self-assembly of ordered multicomponent systems at a
solid/liquid interface, the use of 2D porous surfaces, in which guest molecules can
be captured and thereby isolated from each other, has proven to be highly successful [34]. As guests, molecules are often used that are not easily immobilized in an
unaggregated form at a surface, such as buckyballs [35, 36] and graphene-like derivatives [37–40]. A different, less frequently reported approach to the positioning and
isolating of molecules at well-defined locations on a surface is by making use of a
templating monolayer of molecules onto which the target molecules are adsorbed.
In this way, for example monolayers of fatty acids have been used to template urea
[41, 42] and nitrobenzene derivatives [43], and gold particles [44], monolayers of alkylamines to template benzoic acid [45], phthalocyanines [46, 47], and DNA [48], monolayers of shape-persistent macrocycles to template metallacycles [49], monolayers of
oligo(phenylene-ethynylene) molecules to template sandwich lanthanide phthalocyanine complexes [50], and monolayers of Zn-porphyrins to template 3-nitropyridine
molecules [51]. Recently a combination of templating by a porous network and by
a molecular template was reported, where heterocirculenes were captured in selfassembled networks of trimesic acid, and templated themselves in multilayers [52].

3.1.1 Molecules used in the experiments
In this chapter the templating behavior of p-(hexadecyloxycarbonyl)phenylacetylene
(3.1) (Fig. 3.1) at a solid/liquid interface is presented. The molecule of 3.1 is designed
in such a way that it will form stable monolayers. In this design these molecules were
equipped with long alkyl chains, C16 H33 , to promote favorable Van der Waals and
phenyl groups to enable favorable π − π interactions with the graphite surface. The
acetylene and ester groups enlarge the π − π surface. These interactions are expected
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to stabilize a monolayer, both by molecule-molecule interactions and interactions
between the molecules and the underlying graphite, thereby allowing the layer to be
imaged by STM.
Layers of 3.1 are designed to template a second layer of the copper porphyrin
(5,10,15,20-tetraundecylporphyrinato)-copper(II) (3.2, CuTUP) (Fig. 3.1). It is expected that the phenyl groups of 3.1 can have favorable π − π interactions with the
aromatic ring of the molecules of 3.2.

3.1

3.2
Figure 3.1: Molecular structure of phenylacetylene derivative 3.1 and CuTUP 3.2.

3.2 Experimental
STM measurements
STM measurements were performed in the constant current mode with a home-built
low-current STM, using a home-built or an Omicron Scala SPM controller. STM
tips were mechanically cut from Pt/Ir wires (90:10), with a diameter of 0.5 mm.
The graphite used was ZYA NT-MDT, Zelenograd, Moscow. 1-Phenyloctane was
purchased from Sigma-Aldrich and used as received. STM measurements were performed at the graphite/solution interface, with the tip immersed in a droplet of the
solution. The unit cell of the measurements was determined by imaging graphite during measurements of the molecules by changing the feedback parameters, and then
using these measurements for calibration. All STM measurements shown have been
corrected for the background. In many cases a 3 × 3 median filter was applied, this
is then stated in the corresponding caption of the figure. The correlation average
program used for the analysis searches the entire STM image for areas equivalent
to a manually selected reference area. Subsequently, the found areas are sorted by
their degree of similarity to the reference area, which is quantified by the correlation
coefficient. The user can subsequently choose the amount of areas with the highest
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coefficients that are used for the averaging of the areas. A more detailed description
of this procedure can be found in the literature [53, 54].
Additional characterization techniques
1
H-NMR and 13 C NMR spectra were recorded on a Bruker AC-300 MHz
instrument operating at 300 MHz and 75 MHz, respectively. Solvent shift reference
for 1 H NMR: CDCl3 δH = 7.26 and for 13 C NMR: CDCl3 δC = 77.16.
FT-IR spectra were recorded on a Bruker tensor 27.

Syntheses
Synthesis of p-(hexadecyloxycarbonyl)phenylacetylene (3.1): Sodium-4ethynylbenzoate (1 g, 5.95 mmol) was dissolved in 20 mL water and 20 mL of ethyl
acetate. Diluted HCl was added to the stirred solution until the pH became less than
7. The organic layer was washed 3 times with water, dried with Na2 SO4 , filtered and
evaporated to dryness. To the obtained solid thionyl chloride (20 mL, 274 mmol)
and one drop of DMF were added and the mixture was refluxed for 2 hours. After
the evaporation of the excess thionyl chloride the solid was treated 3 times with
10 mL of toluene. After each addition the toluene was evaporated in order to remove
traces of thionyl chloride. Subsequently dichloromethane (50 mL) was added to the
obtained solid. This solution was cooled to 0 ◦ C after which of triethylamine (1.3 mL,
9.25 mmol), cetyl alcohol (1.63 g, 6.72 mmol) and DMAP (0.073 g, 0.595 mmol) were
added. The mixture was stirred vigorously over night. The temperature was raised to
room temperature by melting the ice during the night. After filtration of the reaction
mixture the solvent was evaporated. The crude product was purified by column
chromatography (silica element) 40% heptane in dichloromethane. Yield 1.425 g as a
pale yellow powder (65%).
1
H NMR (300 MHz, CDCl3 ): δ 8.04 – 7.94 (m, 2H), 7.59 – 7.49 (m, 2H), 4.31 (t,
J = 6.7 Hz, 2H), 3.22 (s, 1H), 1.83 – 1.67 (m, 2H), 1.50 – 1.22 (m, 26H), 0.88 (t, J =
6.7 Hz, 3H).
13
C NMR (75 MHz, CDCl3 ): δ 165.8 (s), 132.2 (s), 130.7 (s), 129.55 (s), 126.8 (s),
83.0 (s), 80.1 (s), 65.5 (s), 32.1 (s), 30.3 – 29.1 (m), 28.8 (s), 26.2 (s), 22.8 (s).
FT-IR (KBr, cm−1 ): 3246 ν(≡C-H), 2106 ν(C=C), 1702 ν(C=O).
Synthesis of (5,10,15,20-tetraundecylporphyrinato)copper(II) (3.2): The
corresponding free-base porphyrin, 5,10,15,20-tetraundecylporphyrin, was first synthesized by the general method of Crossley and co-workers [55]. A solution of ptoluenesulfonic acid hydrate (330 mg, 1.92 mmol) in toluene (1.6 L) was heated at
reflux for 1.5 h in a round bottom flask (2 L) fitted with a Dean-Stark trap and
condenser, and the system was purged with nitrogen. A solution of lauryl aldehyde (18.0 g, 97.7 mmol) and pyrrole (6.623 g, 98.8 mmol) was added slowly over
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20 min using syringes. After 2.5 h of heating 2,3,5,6-tetrachloro-1,4-benzoquinone
(10.2 g, 40.0 mmol), dissolved in (100 mL) of toluene, was added and the mixture
was heated for 1 h. Allowed to cool over night, the mixture was then filtered through
a plug of alumina (4 cm). The fractions were recombined and further purified by
column chromatography over silica (light petroleum/dichloromethane; 2:1, v/v). The
first purple band was collected and evaporated to give a brown-purple solid, which
was recrystallized from a dichloromethane/methanol solution to afford 5,10,15,20tetraundecylporphyrin (4.511 g, 20%) as a purple microcrystalline solid, mp = 101–
102 ◦ C.
IR (CHCl3 ): 3323 m, 2955s, 2921s, 2853s, 1558w, 1466s, 1377w, 1352w, 1308w,
1242w, 1163w, 1019 w, 1074w cm−1 . UV-vis (CHCl3 ): 303 (log ǫ 4.02), 350sh (4.12),
368 (4.21), 402sh (4.80), 420 (5.58), 489 (3.44), 522 (4.08), 558 (3.93), 602 (3.53), 660
(3.75) nm.
1
H NMR (400 MHz, CDCl3 ) δ: -2.63 (2 H, br, s, inner NH); 0.88 (12 H, t, J 6.8
Hz, Cλ H3 ); 1.28-1.36 (48 H, m, Cǫ H2 , Cζ H2 , Cη H2 , Cθ H2 , Cι H2 and Cκ H2 ); 1.50-1.56
(8 H, m, Cδ H2); 1.81 (8 H, q, J 6.5 Hz, Cγ H2 ); 2.52 (8 H, q, J 6.5 Hz, Cβ H2 ); 4.93 (8
H, t, J 8.0 Hz, Cα H2 ); 9.46 (8 H, s, β-pyrrolic H). MS (ESI) (m/z): 928.0 ([M + H]+
requires 927.8). (HR-ESI-FT/ICR Found: [M + H]+ 927.8150. C64 H103 N4 requires
927.8176).
The Cu-porphyrin has been prepared in low yield by a different method previously
[56], but was incompletely characterized.
A portion of the foregoing 5,10,15,20-tetraundecylporphyrin (0.300 g, 0.323 mmol)
and copper(II) acetate monohydrate (0.419 g, 2.10 mmol) were dissolved in chloroform (40 mL) and methanol (20 mL) and heated at reflux for 3 min. The solvent was removed under vacuum and the residue was passed through a plug of silica (light petroleum/dichloromethane; 2:1). The major red band was collected and
the solvent was removed to give a red-brown solid, which was recrystallized from a
dichloromethane/methanol solution to afford (5,10,15,20-tetraundecylporphyrinato)copper(II) (3.2) (0.297 g, 93%) as a red brown microcrystalline solid, mp = 104–
107 ◦ C; lit. [56] mp = 104–107 ◦ C; MS (ESI) (m/z ): 987.9 (M•+ requires 987.7).
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3.3 2D self-assembly behavior of pure 3.1 and pure 3.2
Self-assembled monolayers of the phenylacetylene 3.1 were studied by STM at the
graphite/1-phenyloctane interface. A 3–5 µl droplet of a solution of the compound
was applied to the surface. In the concentration range of 50 µM to 10 mM, a monolayer
structure as shown in Fig. 3.2a was observed. Lamellar arrays are visible, with bright
areas corresponding to the phenyl head groups lying flat (“face-on”) on the surface.
Within the lamellae these head groups are arranged in a zig-zag configuration, while
the alkyl chains are interdigitated and appear oriented nearly perpendicular to the
lamellar troughs. The lamellar periodicity is 3.4 ± 0.1 nm and the distance between
the centers of two adjacent phenyl rings corresponds to 0.71 ± 0.05 nm. Overall, the
molecular density is 0.83 ± 0.09 molecules/nm2 . By changing the tunneling resistance
while scanning, the monolayers could be imaged alternatingly with the underlying
graphite lattice, which revealed that the alkyl chains are preferentially aligned in the
direction of one of the graphite main symmetry axes (Fig. 3.2e).

3.3 2D self-assembly behavior of pure 3.1 and pure 3.2

b)
c)

a)

65

α

b

γ
a

1nm

c)

as
γs
bs

5nm

e)

a γ
b
z (nm)

d)
0.06
0.04
0.02
0
0

2
4
position (nm)

6

1nm

Figure 3.2: a) STM topography of a molecular layer of 3.1 on the HOPG/1-phenyloctane
interface. The unit cell containing two molecules is drawn in; a = 0.71 ± 0.05 nm, b =
3.4 ± 0.1 nm, γ = 83± 7◦ . White lines denote the main symmetry axes of the underlying
graphite. Concentration: 10 mM; 3 × 3 median filter, Vbias = 860 mV, Iset = 575 pA. b)
STM topography of a molecular layer of 3.1 on the HOPG/1-phenyloctane interface showing
the superstructure in the alkyl chains. Its unit cell is drawn in: as = 2.1 ± 0.1 nm, bs = 3.4
± 0.1 nm, γ s = 83 ± 7◦ ; An angle α is indicated, defining the direction with respect to the
lamellae of 3.1. Concentration: 0.1 mM; 3 × 3 median filter, Vbias = 450 mV, Iset = 10 pA.
c) Proposed corresponding molecular model, the unit cell is drawn in. d) Cross-section
corresponding to the white dashed line in (b). e) STM topography of a molecular layer of
3.1 on the HOPG/1-phenyloctane interface co-imaged with underlying graphite atoms. The
white dashed lines show that the alkyl tails follow the underlying graphite. Concentration:
10 mM. For molecules (upper part): Vbias = 860 mV, Iset = 575 pA, for graphite atoms
(lower part): Vbias = 100 mV, Iset = 575 pA.
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For some of the alkyl chains visible in the STM image in Fig. 3.2a their topography
shows two dots per carbon atom, an effect that has been attributed to alkyl chains
which are oriented perpendicular to the graphite surface [57]. On average, the alkyl
chains of 3.1 are 0.36 ± 0.03 nm apart, which is a somewhat smaller distance than
observed for n-alkanes perpendicular to a graphite surface (0.41–0.42 nm [58, 59]).
The often observed presence of a superstructure in the alkyl chain region of 3.1 along
the lamellar direction (Fig. 3.2b), suggests that the alkyl chains are not commensurate
with the underlying graphite, which corroborates the fact that the distance between
these chains is smaller than expected. The periodicity of the superstructure, as , is
2.1 ± 0.1 nm, corresponding to 6 molecules of 3.1, and it has an angle, γ s , of 83 ±
7◦ with respect to the lamellar troughs. The value of 2.1 nm also corresponds to a
value that would be expected for an array of 5 alkyl chains that are commensurate
with the graphite lattice. A cross-section through the alkyl chains show an apparent
height difference in the alkyl chains of about 0.05 nm (Fig. 3.2d). Similar values were
found for measurements carried out at other bias voltages (i.e. at −600 mV, -450 mV,
+300 mV and +400 mV). While such a superstructure can be an electronic effect, it
is also possible that its cause is geometric in nature, due to the observed “buckling”
of the alkyl chains. The reason for the incommensurability of the alkyl chains with
the graphite lattice might be a misfit with the adsorption of the phenyl groups of 3.1
and the surface.
The self-assembly behavior of porphyrin CuTUP 3.2 on a surface was also studied
by STM. A 5 µl droplet of 1-phenyloctane containing 3.2 in a concentration of 0.1 mM
was applied to a graphite surface, and in the resulting monolayer the molecules, which
are arranged in lamellar arrays, could be clearly resolved (Fig. 3.3). The unit cell was
determined to be a = 1.26 ± 0.05 nm, b = 2.05 ± 0.05 nm, and γ = 79± 4◦ . Each
molecule occupies about 2.5 ± 0.3 nm2 . Taking into account that the porphyrin core
occupies an area of about 0.8 nm2 , an area of 1.7 ± 0.3 nm2 is left for the alkyl chains,
which are poorly resolved. Since one undecyl chain occupies about 0.6 nm2 [60], this
suggests that per molecule of 3.2 three of the four alkyl chains are adsorbed on the
surface, leaving the fourth probably dissolved in the supernatant solution.
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Figure 3.3: a) STM topography of 3.2 at the HOPG/1-phenyloctane interface. The unit cell
is drawn in; a = 1.26 ± 0.05 nm, b = 2.05 ± 0.05 nm, γ = 79± 4◦ . Concentration 0.1 mM,
3 × 3 median filter, Vbias = −400 mV, Iset = 1 pA. b) Correlation averaged STM image
of 25 molecules in (a). Molecular model of the porphyrin center of 3.2 is superimposed. c)
Cross-section corresponding to the white dashed line in (a).

68

Templating of porphyrins by molecular layer

3.4 Templating properties of molecular layers of 3.1
When the molecular layer of the phenylacetylene 3.1 (Fig. 3.2) was used as a command
layer, the molecules of the porphyrin CuTUP 3.2 appeared to become templated in
a highly distinct organization. The bicomponent surface structure was prepared by
first bringing a 3 µl droplet of a 1 mM solution of 3.1 in 1-phenyloctane on the
graphite surface. After confirming with STM that an ordered monolayer structure
had been formed, a 3 µl droplet of a 0.1 mM solution of 3.2 in 1-phenyloctane was
carefully added and the changes in surface structure were monitored over time. At
these concentrations, typically after 11 to 15 hours domains of a “dotted” layer of
molecules of 3.2 on top of the layer of 3.1 (Fig. 3.4a) started to form. The rather
long time it takes for this bicomponent structure to start forming is attributed to
a slow evaporation of the 1-phenyloctane solvent, leading to a gradual increase in
the concentrations of 3.1 and 3.2. At higher starting concentrations of 3.1 and 3.2
the bicomponent structure was found to form faster (e.g. at concentrations of 3.1
and 3.2 of 5 × 10−2 and 5 × 10−3 M, respectively, small domains of the templated
structure already appeared within tens of minutes). The bicomponent domains grew
steadily over time, until they eventually completely covered the surface 4 to 7 hours
after observing the first “dots” (Figs. 3.4b-c). Identical bicomponent structures were
formed when the experiment was started with a monolayer of 3.2 followed by the
addition of a solution of 3.1, or when the two components were premixed in solution.
This indicates that the observed final structure is the thermodynamically favorable
one. There is, however, a delicate concentration balance; if the concentration of 3.1 is
not at least an order of magnitude higher than the concentration of 3.2, exclusively a
layer of 3.2 is formed (as observed in Fig. 3.3) instead of the templated bicomponent
structure.
The formation of the bicomponent domains is not tip-induced, because STM images at remote locations revealed the same population of “dots”. The molecules of
3.2 lie on top of the monolayer of 3.1, and are not integrated with it, which was
concluded from the STM images in Fig. 3.5. In Figs. 3.5a and 3.5b two consecutively
scanned STM images with a 3 minute interval are shown. In the second image a
whole array of molecules of 3.2 has shifted position to an adjacent lamella (indicated
by the ellipse). This can be either due to a spontaneous reorganization, or induced
by the STM tip. An incorporation of the molecules of 3.2 in the underlying layer of
3.1 appears highly unlikely, since such a collective accommodation would require a
number of synchronous movements. Furthermore, the relatively large apparent height
difference resulting from a comparison of the cross-sections of a templated molecule
of 3.2 (Fig. 3.5b) and a molecule of 3.2 on bare graphite (Fig. 3.3c) supports the
conclusion that the molecules of 3.2 lie on top of the monolayer of 3.1.
The STM images clearly show that the molecules of CuTUP 3.2 are templated
by the molecular layer of phenylacetylene 3.1 in a highly specific geometry. They
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Figure 3.4: STM topographies of a layer of the bicomponent mixture of 3.1 and 3.2, 16 (a),
17.5 (b) and 19 (c) hours after the addition of 3.2 to a monolayer of 3.1 at the HOPG/1phenyloctane interface. 3 × 3 median filter, Vbias = −300 mV, Iset = 1 pA.

are centered on top of the bright lines corresponding to the aromatic moieties of
3.1. Only in very few cases, molecules of 3.2 were observed on top of the alkyl
chains, but these never stayed there for longer than ∼10 minutes. Those on top
of the aromatic moieties of 3.1 generally remained immobilized for more than 15
hours, although there appeared to be still some lateral dynamics (as can be seen
in Figs. 3.5a and b). It was found that isolated templated molecules of 3.2, which
were not part of a templated domain, were less stably bound and usually disappeared
within several minutes. Within a templated domain the molecules of 3.2 remain
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Figure 3.5: a,b) Two consecutive STM topographies of molecules of 3.2 on top of a monolayer
of 3.1 at a) t = 0 and b) t = 3 min at the HOPG/1-phenyloctane interface. Note that in
the second image an entire array of molecules of 3.2, indicated by the ellipse, has shifted to
the adjacent bright line containing the aromatic groups of 3.1. 3 × 3 median filter, Vbias =
−600 mV, Iset = 2 pA. c) Correlation averaged STM image of 50 molecules of 3.2 templated
by a molecular layer of 3.1. Vbias = −400 mV, Iset = 1 pA. Inset: molecular models of the
porphyrin center of 3.2 and half the molecule of 3.1 are superimposed on the STM image.
d) Cross-section corresponding to the white dashed line in (b) on the left, perpendicular to
the lamellar structure. e) Cross-section corresponding to the white dashed line in (b) on the
right, parallel to the lamellar structure.

3.4 Templating properties of molecular layers of 3.1
strongly immobilized, and the growth of the domains (Fig. 3.4) indicates that the
molecules of 3.2 do not return into the solution but stay on the surface. In the
case of desorption, it is expected that during measurements at low concentrations
vacancies would appear which could not be immediately replaced, but such defects
were never observed.
In the immobilization of porphyrin CuTUP 3.2 by the templating layer of phenylacetylene molecules 3.1, favorable face-to-face π − π stacking interactions between
the aromatic groups of 3.1 and the porphyrin plane of 3.2 are proposed to play an
important role: the extended aromatic planes of 3.2 are almost exclusively situated
on top of the phenyl and acetylene groups of 3.1. By correlation averaging of 50
molecules of 3.2 in one STM image, the submolecular structure of a fully immobilized molecule of 3.2 could be revealed (Fig. 3.5c). In this image, the “four-leaf
clover” shape of 3.2 and the alkyl and phenyl groups of 3.1 become recognizable.
In Fig. 3.7 schematic computer models of the top and side view of the bicomponent
structure are shown, based on the STM images. From the side view it can be seen
that besides the proposed favorable π − π stacking interactions there might also be
a favorable docking effect of the porphyrin ring of 3.2 in the lamellar troughs of the
templating layer of 3.1.
In related work, alkylamines [46, 47] and oligo(phenylene-ethynylene) (OPEs) [50]
were used as templating layers for phthalocyanines. In the case of the template of
alkylamines, the phthalocyanine cores were located on the alkyl chains of the templating layer, which is opposite to our findings. In the case of the template of OPEs, the
phthalocyanine derivatives were not templated on top of specific parts of this layer,
but in a close-packed molecular arrangement.
Besides the observation that the molecules of CuTUP 3.2 are almost exclusively
centered on the aromatic parts of the layer of 3.1, it is obvious from the STM images
that they are distributed non-randomly on the template. Remarkably, every time a
molecule of 3.2 is on top of the aromatic parts of a lamella of the phenylacetylene 3.1,
the corresponding aromatic parts of the adjacent lamellae remain uncovered. This
peculiar distribution can not straightforwardly be explained by the π − π stacking
interactions between the aromatic groups of 3.1 and the porphyrin plane of 3.2, and
it therefore appears that other interactions also play an important role. Since the
average molecular density of templated 3.2 was quite large (3.5 ± 0.9 molecules per
100 nm2 ), it is possible to quantify the distribution of 3.2 on the template. For this
purpose 2807 templated molecules of 3.2 from 5 different STM measurements were
localized. Fig. 3.6a shows the spatial distribution function, which gives the ratio of
the local density and the average density, within a range of 15 nm in reference to a
porphyrin molecule located in the center of the plot, at (x = 0, y = 0).
In the direction almost perpendicular to the lamella (α = 83◦ ), the smallest distance observed between two templated molecules of CuTUP 2 is 6.8 ± 0.3 nm (peak
A in Fig. 3.6a), while the lamellar periodicity of the monolayer of phenylacetylene 3.1
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is only 3.4 nm. Only 0.5% of all 2807 localized molecules of 3.2 had a neighbor on the
directly adjacent lamella. Molecules of 3.2 can be templated on the adjacent lamellar
trough, but only when they make an angle α of at most 56◦ with that lamellar trough
(e.g. peak B in Fig. 3.6a). In that case, the distance between the porphyrins is 4.0 ±
0.7 nm.
Taking into account that the underlying template has a superstructure, it was investigated whether this superstructure was a determinative factor for the distribution
of the porphyrins. Preferred adsorption sites related to a superstructure have recently
been reported for copper phthalocyanines and buckyballs on a molecular command
layer, in an ultra-high vacuum environment [61].
When the superstructure observed in the alkyl chain regions of 3.1 (as = 2.1 ±
0.1 nm, bs = 3.4 ± 0.1 nm, γ s = 83 ± 7◦ , Fig. 3.2c) is compared with a grid fitted
through peaks A and B (aG = 2.1 nm, bG = 3.4 nm, γ G = 83◦ , Fig. 3.6a), one
can see that these values correspond closely. We therefore propose that the preferred
locations of 3.2 on the lamellae of 3.1 are governed by the superstructure. Since the
superstructure was only observed in the alkyl chains of 3.1, and not in its aromatic
parts, the only way that it can influence the templating of 3.2 is via intermolecular
interactions between the alkyl chains. In the STM image in Fig. 3.2d it was shown
that parts of the superstructure in 3.1 have an increased apparent height. If this
increase is caused by a geometric effect (as opposed to an electronic effect), it can
explain why preferred adsorption spots of 3.2 are governed by the superstructure.
In that case, some of the alkyl chains of 3.1 are geometrically higher than their
neighbors and as a result they can interact via van der Waals interactions with the
alkyl chains of templated molecules of 3.2. By assuming such “anchor points”, it can
also be explained why the corresponding location on the adjacent lamella next to a
templated molecule of 3.2 is nearly always unoccupied. The space in between the
lamellae of the molecular layer of 3.1 is not large enough to accommodate two fully
extended alkyl chains of 3.2 along the same alkyl chain of an underlying molecule of
3.1. The fact that the corresponding spot on the adjacent lamella next to a templated
molecule of 3.2 is nearly always unoccupied implies that only one alkyl chain of 3.2
can be present at the adsorption site. It also confirms that only specific alkyl chains
of 3.1 in the templating layer are able to function as anchor points.
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Figure 3.6: a) Spatial distribution function of templated molecules of 3.2 within 15 nm of
a reference porphyrin molecule located in the center of the plot, at (x = 0, y = 0). For the
analysis 2807 templated molecules of 3.2 were used. Two peaks are marked A and B (see
text). Fitted through these peaks is a grid that can be linked to the superstructure in the
alkyl groups in the layer of 3.1; aG = 2.1 nm, bG = 3.4 nm, γ G = 83◦ . The inset shows the
direction of the underlying lamellae of 3.1 (at a different scale), and the angle α. b) The
spatial distribution function along the direction of the lamella (α = 0). Peak C is indicated
(see text). c) STM topography with fitted a superstructure grid, which has a periodicity
as = 2.1 nm. For clarity only the horizontal lines of the superstructure unit cell are drawn
in. The black circles indicate the molecules of 3.2 that are located on the superstructure
grid.

74

Templating of porphyrins by molecular layer
If only the superstructure in the monolayer of the phenylacetylene 3.1 would
govern the templating of CuTUP 3.2, one would also expect a peak at 2.1 nm in
the spatial distribution function at a distance in the superstructure of one unit cell
further, i.e. 2.1 nm (as ) along the lamellar trough (α = 0◦ ), but such a peak is
not present (Fig. 3.6b). In the same lamellar trough, this distance of 2.1 nm, is
however very close to an already adsorbed molecule of 3.2, and that might be the
reason that the adsorption site gets blocked. The next available anchor point at
the superstructure would be at a distance of 4.2 nm (two times as ). Here a peak
can indeed be observed in the spatial distribution function, but the nearest peak
along the lamellar trough direction is observed at a closer distance, already at 2.5 ±
0.25 nm (peak C in Fig. 3.6b). This distance corresponds to the distance between
two molecules of 3.2 with fully stretched interacting alkyl chains. It is proposed that
interacting alkyl chains between two molecules of 3.2 along the lamellar trough have
a stabilizing effect on these templated molecules (Fig. 3.7a).
Apparently, in addition to favorable π − π stacking interactions between the aromatic groups of 3.1 and the porphyrin plane of 3.2, two competing interactions are
at work in the templating process. On one hand the superstructure provides anchor
points for adsorption of 3.2 on top of the template, as a result of van der Waals interactions between the alkyl chains of 3.2 and specific alkyl chains in the templating
layer of 3.1 and on the other hand there is a stabilizing effect when molecules of 3.2
can have interacting alkyl chains along a lamellar trough. These competing mechanisms are illustrated in Fig. 3.6c, in which a superstructure grid with a repeating
distance of 2.1 nm (as ) is plotted on the STM topography of templated molecules of
3.2 (also visible in Fig. 3.5b). Going from top to bottom in the figure, it can be seen
that after a few periods of the superstructure of 3.1 the porphyrin molecules do not
match this superstructure anymore. This deviation is the result of two molecules of
3.2 being present next to each other on the same lamella, stabilized at a distance of
2.5 nm as a result of their interacting alkyl chains. After an additional number of
unit cells of the superstructure, however, the superstructure-controlled arrangement
of templated molecules of 3.2 re-establishes itself, i.e. the templated molecules of 3.2
coincide again with the grid of the unit cells of the superstructure.
In Fig. 3.7a, a schematic representation of the bicomponent structure is shown;
the geometry is computer-modeled and is based on all the STM observations and
proposed intermolecular interactions. The distance between the phenyl rings of the
phenylacetylene 3.1 in the layer fits well with the distances between the pyrrole rings
of porphyrin CuTUP 3.2, maximizing the possibility for favorable face-to-face π − π
interactions. As can be seen in the side view of the model, there is also a favorable
geometrical fit of the porphyrin ring in the lamellar trough containing the aromatic
parts of the molecules of 3.1 (Fig. 3.7b). In this model, both competing templating
mechanisms — anchoring at locations directed by the superstructure in the template and favorable alkane-alkane interactions between the molecules of 3.2 — are
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Figure 3.7: a) Schematic computer-modeled representation showing the molecular layer of
3.1, and 3.2 lying on top of the aromatic groups. The two competing mechanisms for the
templating behavior are visible. Two unit cells of the superstructure in the alkyl chains of
3.1 are drawn in, as well as molecules of 3.2 with interacting alkyl chains along the lamellar
trough. The distance of 2.5 nm between these molecules of 3.2, corresponding to peak C in
3.6b, is indicated by the arrow. b) Side view of a single templated molecule of 3.2 on top of
the molecular layer of 3.1.

presented. Finally, although the STM measurements provide no direct evidence, we
propose that the alkyl chains of molecules of 3.2 that do no interact directly with
a neighbor porphyrin are aligned with the alkyl chains of the underlying templating
layer of 3.1 to maximize the van der Waals interactions.
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3.5 Conclusions
At the solid/liquid interface of graphite and 1-phenyloctane, the phenylacetylene
3.1 self-assembles in an ordered molecular layer, which templates copper porphyrin
CuTUP 3.2 in a well-defined pattern. In this templating, the superstructure in the
alkyl chains of the layers of 3.1 plays a decisive role, leading to preferred adsorption
sites for the molecules of 3.2. It is proposed that these preferred adsorption sites are
the result of geometrically higher alkyl chains in the templating layer of 3.1, which
can have favorable van der Waals interactions with the alkyl chains of the molecules
of 3.2.
The molecular layer of 3.1 templates the molecules of 3.2 via face-to-face π −
π stacking interactions into individual entities which are centered on the lamellar
troughs of the monolayer of 3.1. The sequence in which 3.1 and 3.2 were added to
the surface did not influence the final arrangement, indicating that the bicomponent
structure is thermodynamically favored. Perpendicular to the lamellar troughs the
adsorption site on the adjacent lamellar troughs always remains unoccupied due to
blocking of the adsorption site by the alkyl chains of 3.2. Along the lamellae two
competing templating mechanisms govern the adsorption of the molecules of 3.2:
adsorption of the porphyrins at preferred spots on the superstructure, and a stabilizing
effect of interacting porphyrin alkyl chains.
This templating method allows one to control the positioning of functional porphyrin molecules at well-defined positions, and to investigate their function (e.g. catalytic, electric, optical) in comparison to their properties in closely packed selfassembled monolayers composed of the pure compound. Work along this line is in
progress.
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S. Valiyaveettil, G. Moessner, K. Müllen, and F. C. De Schryver,
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K. Müllen, Y. Tobe, and S. De Feyter, J. Am. Chem. Soc. 130, 7119
(2008).
[41] S. Hoeppener, L. Chi, and H. Fuchs, Chem. Phys. Chem. 4, 494 (2003).
[42] S. Hoeppener, J. Wonnemann, L. Chi, G. Erker, and H. Fuchs, Chem.
Phys. Chem. 4, 490 (2003).
[43] S. B. Lei, C. Wang, S. X. Yin, Q. M. Xu, and C. L. Bai, Surf. Interface
Anal. 32, 253 (2001).
[44] S. Hoeppener, L. Chi, and H. Fuchs, Nano Lett. 2, 459 (2002).
[45] S.-B. Lei, C. Wang, X.-L. Fan, L.-J. Wan, and C.-L. Bai, Langmuir 19,
9759 (2003).
[46] S.-B. Lei, S.-X. Yin, C. Wang, L.-J. Wan, and C.-L. Bai, J. Phys. Chem.
B 108, 224 (2004).
[47] S. Lei, C. Wang, L. Wan, and C. Bai, J. Phys. Chem. B 108, 1173 (2004).
[48] E. V. Dubrovin, J. W. Gerritsen, J. Zivkovic, I. V. Yaminsky, and
S. Speller, Coll. Surf. B.-Biointerfaces 76, 63 (2010).
[49] T. Chen, Q. Chen, X. Zhang, D. Wang, and L.-J. Wan, J. Am. Chem. Soc.
132, 5598 (2010).
[50] Z.-Y. Yang, L.-H. Gan, S.-B. Lei, L.-J. Wan, C. Wang, and J.-Z. Jiang,
J. Phys. Chem. B 109, 19859 (2005).
[51] J. Visser, N. Katsonis, J. Vicario, and B. L. Feringa, Langmuir 25, 5980
(2009).
[52] O. Ivasenko, J. M. MacLeod, K. Y. Chernichenko, E. S. Balenkova,
R. V. Shpanchenko, V. G. Nenajdenko, F. Rosei, and D. F. Perepichka,
Chem. Commun. 10, 1192 (2009).
[53] L. L. Soethout, J. W. Gerritsen, P. P. M. C. Groeneveld, B. J. Nelissen, and H. Van Kempen, J. Microsc. 152, 251 (1988).

79

80

Templating of porphyrins by molecular layer
[54] B. Hulsken, J. A. A. W. Elemans, J. W. Gerritsen, T. Khoury, M. J.
Crossley, A. E. Rowan, R. J. M. Nolte, and S. Speller, New. J. Phys.
11, 08311 (2009).
[55] M. J. Crossley, P. Thordarson, J. P. Bannerman, and P. J. Maynard,
J. Porphyrins Phthalocyanines 2, 511 (1998).
[56] M. A. Fox, J. V. Grant, D. Melamed, T. Torimoto, C. Liu, and A. J.
Bard, Chem. Mater. 10, 1771 (1998).
[57] D. M. Cyr, B. Venkataraman, and G. W. Flynn, Chem. Mater. 8, 1600
(1996).
[58] R. Hentschke, B. L. Schuermann, and J. P. Rabe, J. Chem. Phys. 96,
6213 (1992).
[59] S. Yin, C. Wang, X. Qiu, B. Xu, and C. Bai, Surf. Interface Anal. 32, 248
(2001).
[60] G. Watel, F. Thibaudau, and J. Cousty, Surf. Sci. Lett. 281, L297 (1993).
[61] D. Zhong, K. Wedeking, T. Blömker, G. Erker, H. Fuchs, and L. Chi,
ACS Nano 4, 1997 (2010).

CHAPTER

4

Identification of oxidation states of individual Mn-porphyrins
by STM during their reaction with molecular oxygen

The most exciting phrase to hear in science, the one that heralds new discoveries,
is not “Eureka!” but “That’s funny.”
Isaac Asimov, novelist [1].

4.1 Introduction
4.1.1 Metalloporphyrins
etalloporphyrins fulfill many functions in natural systems. In
chlorophyll they play an essential role in photosynthesis, and in
heme they are involved in the transportation of oxygen through
the body. Another example where this type of molecules can
be found is in cytochrome P450. This enzyme is widely distributed in the animal (including human beings), plant and microbial kingdoms, and participates as a monooxygenase in various detoxification and
biosynthetic pathways which are particularly important for the regulation of hormone
activity [2]. As a monooxygenase, cytochrome P450 incorporates one oxygen atom of
molecular oxygen into an organic substrate, while the other oxygen atom combines
with two protons to give a molecule of water. Additional electrons are needed for
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the oxygen-oxygen bond cleavage [3, 4], and this process is therefore known as reductive oxidation. While in cytochrome P450 the metal center of the active molecule is
iron, in synthetic model systems often porphyrins with a manganese center are used.
Manganese porphyrins can have similar chemical properties as iron, but are more
stable and therefore easier to work with. They are not only studied as a mimic of
cytochrome P450, but are also promising as organic oxidation catalysts. Synthetic
manganese porphyrins are often used as catalysts for the chemical transformation
of alkenes into epoxides, in which an oxygen atom is added across a carbon-carbon
double bond to form a three-membered ring, and they are also able to catalyze hydroxylations and oxidations of a myriad of substrates [5].

4.1.2 Catalytic oxidation cycle of Mn-porphyrins
A simplified catalytic cycle of a manganese porphyrin as a cytochrome P450 mimic
is presented in Fig. 4.1.
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Figure 4.1: Simplified scheme of the catalytic cycle of a manganese porphyrin as a monooxygenase model, adding an oxygen atom of molecular oxygen to a substrate S. The autodegradation of the catalyst is shown in Step 5.

The first step of the catalytic process (Step 1) is the reduction of the manganese
center of the porphyrin from Mn(III) to Mn(II), for example by a coreductor. In the
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case of a chloride counterion, it is lost in this step [6–9]. Mn(II)-porphyrins have been
isolated and characterized already more than three decades ago [10]. Without this
reduction step the catalyst is inactive, and the oxidation reaction will not proceed.
For cytochrome P450 in its natural environment this reduction is regulated by a coenzyme which acts as a source of electrons. While in general in literature it is assumed
that the chloride ligand has dissociated at this point, there is still some debate about
this [11].
In laboratory environments there are also other ways to reduce the manganese
center of the porphyrins than by adding a coreductor. It is also possible to carry out
the reduction from Mn(III) to Mn(II) in an electrochemical cell [12–15], or by laser
flash photolysis, which has also led to the activation of manganese porphyrins for the
catalytic splitting of molecular oxygen [16–19].
Step 2 in the process is the binding of an oxygen molecule to the Mn(II)-porphyrin
[9]. The resulting Mn-porphyrin-dioxo species is thermally unstable, but at low temperatures (-79 ◦ C in toluene) its presence has been detected [20–23]. The formation
of an adduct between dioxygen and Mn(II)TPP has been observed electrochemically
by Murray et a1. [24]. A related molecule, a manganese phthalocyanine-dioxygen
adduct, was found to be stable in vacuo at 50 ◦ C for several hours [25]. There has
been a debate on the geometry of the Mn-porphyrin-dioxo species. The two options
are a bent geometry in which the oxygen molecule is bound “end-on” (Fig. 4.1),
and a geometry where the oxygen molecule is bound parallel to the porphyrin plane,
“side-on”. Experimental evidence has been provided for both geometries, although
calculations seem to hint at the bent geometry as being more favorable [26].
In Step 3 the terminal oxygen atom is converted to a molecule of water after
combination with two protons and one electron, leaving a [porphyrin Mn(V)=O]+
complex or a Mn(IV)=O porphyrin radical cation, which in most literature examples
are considered to be the active intermediates in the oxidation catalysis [5, 27]. Only
recently, these key manganese(V)-oxo porphyrin intermediates have been isolated,
spectroscopically characterized, and studied in oxidation reactions [18, 19, 28–32].
Groves and coworkers were the first to report the generation and characterization
of manganese(V)-oxo porphyrin complexes in aqueous solution. They studied the
reactivity of these complexes in olefin epoxidation and in the oxidation of bromide
and nitrite ions [28].
In Step 4 the addition of oxygen to the substrate S takes place. This reaction
regenerates the Mn center of the porphyrin to the Mn(III) redox state, thus completing
the catalytic cycle.
Step 5 is a step outside the catalytic cycle, which leads to catalyst destruction. The
Mn-porphyrin-oxo species can react with another Mn(III)-porphyrin, leading to the
formation of a [µ-oxo Mn(IV)-porphyrin dimer]2+ [33, 34]. Such dimeric complexes
have been isolated and characterized [35, 36], and in many cases their formation
leads in a subsequent step to the destruction of the porphyrin, probably because
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of oxidation of the carbon atoms at the meso-positions, followed by the opening of
the porphyrin ring [34, 37]. Alternatively a neutral µ-oxo Mn-porphyrin dimer with
different oxidation states, the µ-oxo Mn(III)-porphyrin dimer, has also been measured
and found to be stable [38]. Although the formation of µ-oxo Mn-porphyrin dimers
is the first step towards their destruction, it has recently been reported that they can
still be catalytically active in oxidation reactions [13, 39–41].
2e-
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Mn(III)
O
Mn(III)
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Figure 4.2: Catalytic oxidation system proposed by Oyaizu et al., based on their experiments
with µ-oxo Mn(III)-porphyrin dimers in dichloromethane with molecular oxygen under acidic
conditions [13]. The porphyrins were adsorbed to an electrode in an electrochemical setup.

It is interesting to note that Oyaizu et al. proposed the formation of a different
type of oxygen-bridged manganese porphyrin dimer, a µ-dioxo Mn-porphyrin dimer,
as part of their catalytic model system [13]. Their experiments were carried out in an
acidic environment and the formation of a µ-dioxo Mn-porphyrin dimer was suggested
(Fig. 4.2). Such µ-dioxo complexes have also been reported by other research groups
[38], and a related species, a dioxo complex of two iron tetraphenyl porphyrins (TPP),
was suggested as an intermediate in the catalytic cleavage of molecular oxygen by iron
TPP [23]. Unstable, mixed valence µ-dioxo Mn-porphyrin dimers were observed in
the presence of superoxide ions [42].
After the formation of the Mn-porphyrin-dioxo species in Step 2, in the conventional cytochrome P450 model systems, the terminal oxygen atom combines with two
protons to form a water molecule. It is, however, also possible for it to react with
another Mn(II)-porphyrin and, after a homolytic splitting, lead to two Mn(IV)-oxo
complexes. This is presented as Step 3a in Fig. 4.3 [23, 43]. Lyons et al. reported such
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Figure 4.3: Simplified scheme of the catalytic cycle of a manganese porphyrin as a monooxygenase model, adding an oxygen atom of molecular oxygen to a substrate S after a homolytic
splitting of the oxygen-oxygen bond in molecular oxygen. Possible mechanisms for the formation of µ-oxo Mn-porphyrin dimers are shown in Steps 5a and b.

a homolytic dissociation of the oxygen-oxygen bond in the µ-dioxo complex of two
manganese porphyrin catalysts during the epoxidation of cyclohexane. This reaction
took place under high pressure and at high temperatures [44].
Such a Mn(IV)-oxo complex is active in the epoxidation of alkenes (Step 4a) [5, 27]
while in the absence of a substrate it can react with either another Mn(II)-porphyrin
to yield a µ-oxo bridged Mn(III)-porphyrin dimer structure (Step 5a), or with a
[Mn(III)-porphyrin]+ to give a mixed valence Mn(IV)-O-Mn(III) dimer (Step 5b)
[38]. Such unstable mixed-valence oxo manganese porphyrin dimer have been observed
experimentally during air oxidation of Mn(II)-porphyrins and the decomposition at
room temperature of µ-oxo Mn(IV)-porphyrin dimers [38].
Steps 1, 2 and 3 of the catalytic cycle depicted in Fig. 4.1, are often circumvented
by the use of a single oxygen donor. Examples of single oxygen donors include iodosylbenzene [45] and iodosylperfluorobenzene [2, 46]. When a single oxygen donor
is used a coreductor is not required. It should be noted here, that different oxygen
donors can lead to the formation of different Mn-porphyrin oxo species, which might
be able to add the oxygen to some substrates but not to others [47].
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4.1.3 Study of the reaction of Mn-porphyrins with oxygen by STM
The reaction of manganese porphyrins with molecular oxygen has received a lot of
attention, but there is still debate about the exact mechanism. Most of the studies in
literature have been performed with the help of traditional chemical characterization
techniques. Recently, however, the first experiments have been reported in which this
system was studied at the single molecule level by Scanning Tunneling Microscopy
(STM). Hulsken et al. studied a molecular layer of Mn(III)tetrakis(meso-undecyl)
porphyrins (Fig. 4.4) with STM during a catalytic epoxidation reaction of cis-stilbene
with molecular oxygen [43]. The measurements were performed on a Au(111) surface
in a liquid-cell filled with n-tetradecane. The amount of oxygen in the system could
be controlled by placing a glass bell-jar, filled with either oxygen or argon on top of
the STM setup. In the presence of oxygen it was found that a number of manganese
porphyrins changed their topographical signature, leading to an increased apparent
height. It was proposed that Mn(IV)=O porphyrin species were formed after a homolytic splitting of the oxygen-oxygen bond, and this assignment was confirmed after
reflection UV-Vis studies and analysis of the spatial distribution of these brighterappearing porphyrins. This analysis indicated a preferential oxidation of adjacent
pairs of manganese porphyrins. Without the ability to study this reaction at the
molecular level it would have been impossible to obtain this information, highlighting
the importance of STM as a tool to reveal a reaction mechanism at the single molecule
level.
By reflection UV-Vis experiments it was also found that in the STM setup the
gold surface reduced the Mn(III) center of the adsorbed porphyrins to Mn(II) at
the moment they adsorbed. It was proposed that as a result of this reduction the
chloride axial ligand dissociated in the form of either an anion or a radical. In a bulk
experiment, the presence of gold surfaces turned out to be essential for the activation
of the manganese porphyrins.
C 11H 23
C11H 23
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Figure 4.4: Molecular structure of the manganese porphyrin used by Hulsken et al. [43].
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Lambert et al. have also reported the breaking of the relatively strong bond between the Mn center of a porphyrin and a chlorine axial ligand, by adding energy in
the form of heat [48, 49]. A molecular layer of Mn-porphyrins on a silver surface was
characterized in a UHV environment by high resolution XPS. By heating the surface,
the axial chlorine was removed from the manganese center. The resulting oxidation
state of the metal center was not further investigated.

4.1.4 Approach and molecules used in the experiments
The goal of the research described in this chapter is to investigate all steps of the
reaction of Mn-porphyrins with molecular oxygen at the single molecule level by STM.
As was described in Chapter 2, the work carried out in this field, i.e. monitoring a
chemical reaction at the molecular level at the solid/liquid interface, so far has been
extremely limited. The research of Hulsken et al. can be considered as being pioneering
work [43]. In this research all Mn-porphyrins were directly reduced upon adsorption
to the gold surface and therefore it was not possible to image the transition of the
Mn(III) center to Mn(II). A strong interaction between atoms in the gold surface and
the porphyrin manganese center was proposed to be responsible for this reduction.
The experiments described in this chapter are set up differently, i.e. with the idea
to visualize this transition. A different Mn-porphyrin is used in the experiments,
Mn1Cl, which is shown in Fig. 4.5. An important difference between Mn1Cl and
the manganese porphyrin used by Hulsken et al. are the phenyl groups in the side
chains. Since these groups are at an angle with respect to the porphyrin plane due
to steric reasons, Mn1Cl is less flat and will therefore have less interaction with the
surface. Furthermore, the STM experiments will be performed on a highly oriented
pyrolytic graphite (HOPG) surface, which — unlike gold — is expected not to lead
to a reduction of the manganese center as it is stable and chemically inert [50]. For
the reduction of the molecules of Mn1, the surface will still be used as a reservoir of
electrons, and it will be investigated whether at a negative bias voltage this reduction
from Mn(III) to Mn(II) can be visualized. The reduced species should subsequently
be activated for the binding of molecular oxygen.
In the literature it has been shown that the reduction of Mn(III) to Mn(II) is
possible in an electrochemical cell [12]. For this purpose Sun et al. have used porphyrin
molecules, that are very similar to the ones used for the experiments described in this
chapter (Mn2Cl in Fig. 4.6a) [15]. In dimethylformamide (DMF) cyclic voltammetry
measurements revealed that the reduction of the manganese center to Mn(II) occurs
around -660 mV (vs. Ag/Ag+ , Fig. 4.6b). In addition to this metal-centered process,
a reduction of the porphyrin ligand to the mono-anion was measured around −1.77 V.
For the free base analogues H2 2, two reductions of the porphyrin ligand were observed,
i.e. to the mono- and dianion, at values of −1.50 V and −1.96 V, respectively. It can be
seen that the reduction of the manganese centers occurs at much lower voltages than
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Figure 4.5: Molecular structure of manganese porphyrin Mn1Cl.

the reduction of the porphyrin ligand, and also that the presence of the manganese
center and the nature of the side-chains influence the value of the porphyrin ligand
reduction potential. Similar results have been obtained by Kadish et al. [51].
For the oxidation of the porphyrin ligand to the radical cation a value of +640 mV
(vs. Ag/Ag+ ) was found for free base porphyrin H2 2, but no analogous oxidation
potential of the ligand of the manganese porphyrin Mn2Cl was found below +700 mV
[14].
The values of the reduction potentials in the cyclic voltammograms depicted in
Fig. 4.6 cannot be used for direct comparison with the applied bias voltages during
STM measurements. The electrochemical potential is poorly defined in a liquid-STM
because of the absence of a reference electrode and the use of a non-conducting liquid.
For the purpose of the measurements in this chapter, however, it is possible to draw
some qualitative conclusions. It is reasonable to assume that when no bias voltage is
applied in the STM no reduction or oxidation is occurring when the Mn-porphyrins
are only physisorbed at the HOPG surface. Therefore, it is assumed that the measurement starts in the plateau region of the cyclic voltammogram. In principle, when
the bias voltage is made more negative, after a certain moment the potential corresponding to the metal-centered reduction of Mn(III) to Mn(II) will be reached. Since
this potential is present at a moderate voltage in the cyclic voltammogram, it can
be expected to fall within the working range of the STM, which can reach several
volts. This assumption also seems reasonable taking into account that varying the
solvents does not dramatically shift the reduction potential of Mn(III) to Mn(II) for
manganese porphyrins (less than 200 mV) [8]. It is therefore expected to be possible
to reduce molecules of Mn1 in the STM at a negative bias voltage, depending on the
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Figure 4.6: a) Molecular structure of the porphyrin (Mn2Cl) used by Sun et al. b) Cyclic
voltammograms of Mn2, H2 2 (the free base analogue of Mn2) and meso-tetraphenyl porphyrin (TPP) in DMF containing 0.1 mol/l tetra-n-butylammonium per-ruthenate, with
platinum working and counter electrodes and a Ag/Ag+ reference electrode (0.01 mol/l
AgNO3 in acetonitrile). The peaks corresponding to the reduction of the manganese center
and to the first and second reduction of the porphyrin ligand are indicated [15].

interactions between the molecules and the surface.
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4.2 Experimental
For the explanation of the mentioned states A–D, see Fig. 4.13.
STM measurements
STM measurements were performed in the constant current mode with the Nijmegen
home-built low-current STM, using an Omicron Scala SPM controller. STM tips were
mechanically cut from Pt/Ir wires (90:10) with a diameter of 0.5 mm. In experiments
with a gold tip (indicated in the text), the tip was mechanically cut from Au wires
(99.99%) with a diameter of 0.3 mm. The graphite used was ZYB NT-MDT, Zelenograd, Moscow. 1-Octanoic acid and 1-phenyloctane were purchased from SigmaAldrich and used without additional purification. STM measurements were performed
at the graphite/solution interface, with the tip immersed in a droplet of the solution.
The sizes of the pieces of graphite were in the range of 2–8 mm2 , and the volume of the
applied droplet between 3–5 µl. The unit cell of the measurements was determined
by imaging graphite during measurements of the molecules by changing the feedback
parameters, and then using these measurements for calibration. All STM measurements shown have been corrected for the background. In many cases a 3 × 3 median
filter was applied, this is then stated in the corresponding caption of the figure.
Argon purging
In general, all the experiments described in this chapter make use of an argon-purged
solution (unless indicated otherwise in the text). Liquid is taken from the stock
solution, and put in a test tube. A Pasteur pipette is attached to an argon flow
and kept in place at the bottom of the solution (Fig. 4.7). In this way the solvent
is argon-purged for at least several hours, thereby decreasing the amount of oxygen
present. With a pipette, which is first flushed with argon, a droplet is then taken
from the solution and applied to the graphite to start the STM measurement.
Registering positions of features in STM topographies
Matlab procedures that were used to register the locations of the higher features
(states A and D) are described in Appendix A. Registering the location of features
that were not higher (state B) was carried out by hand.
Nearest neighbor distribution states B and D and simulations
The nearest neighbor distribution plot in Fig. 4.19a was built up from 349 molecules
in state D, gathered from 41 STM topographies under an oxygen atmosphere recorded
between 0.5 and 2 hours after the start of the STM experiment. To limit edge effects
the nearest neighbor distance of molecules within 5 nm of the edge of a measurement

4.2 Experimental

Figure 4.7: Photograph of the setup used to purge the solutions with argon. Argon flows
through a Pasteur pipette, held in place with its nozzle at the bottom of the solution.

were not included. To avoid false information due to occupation statistics, all measurements included had a relative surface coverage of 8% or less of state D. The peak
heights show the relative frequency, i.e. a value of 0.19 corresponds to 19% of the
nearest neighbor distances observed occurring at that specific distance.
Randomly distributed datasets were simulated (Fig. 4.19b) for comparison with
the experimentally obtained nearest neighbor distributions. For every STM topography measurement, a grid with the same unit cell and amount of molecules as the
measurement was set up and features were added on randomly selected grid points
one by one until the same relative coverage was reached. In this way a “randomly
distributed equivalent” of the entire dataset was created. Such a simulated dataset
was made 1000 times for comparison with the experimentally obtained distribution
(Nsets = 1000, with each set containing 41 randomly distributed STM topography
equivalents leading to a Ntotal = 3 × 105 ). The simulated datasets were subsequently
subjected to the same nearest neighbor distribution analysis as the experimental measurements.
The nearest neighbor distribution histogram for state B was constructed in a
similar fashion as for state D. Histograms were constructed for both an experimen-
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tally obtained dataset (Fig. 4.25a) and a randomly distributed simulated dataset
(Fig. 4.25b). The data were collected from 72 STM topography measurements under an argon atmosphere, from which 1015 Mn1 molecules in state B were used to
construct a nearest neighbor distance distribution histogram (Fig. 4.25a). Molecules
within 5 nm of the edge of a measurement were not included. A simulated dataset was
made 200 times for comparison with the experimentally obtained distribution (Nsets
= 200, with each set containing 72 randomly distributed STM topography equivalents
leading to a Ntotal = 2 × 106 ).
Determination of the lifetimes of states
To determine the lifetimes of molecules in a certain state, the amount of time molecules
were observed in that states was determined. Every molecule in a certain state appearing in the STM image, either entering by drift or by a formation event, was
subsequently tracked until it either drifted out of the STM image or the molecule was
converted to a different state and the monitored lifetime was recorded. More details
can be found in Appendix A.
Correlation procedure
The correlation program used for states B and C in Section 4.6.1 searches the entire
STM image for areas equivalent to a manually selected reference area. Subsequently,
the found areas are sorted by their degree of similarity to the reference area, which is
quantified by the correlation coefficient τ given by:
τ=

1 X (f (x, y)) − f¯)(t(x, y)) − t̄)
n − 1 x,y
σf σt

(4.1)

Here n is the amount of pixels both in f and in t, which are the topographical
height of the total image and the part of the image that is selected. t̄ is the mean of
t, f¯ is the mean of f, and σ stands for the standard deviation. Via a sliding window
the selected molecule is correlated to the remaining part of the image. The resulting
correlation coefficients are then ordered from large to small, as can be seen in Fig. 4.8.
The molecules that are most similar to the selected one (i.e. the pieces of the image
that are most similar to the selected piece of the image), are on the left, and those
that are least similar to the selected on are the right [52, 53].
Compounds Mn1Cl and H2 1
Free base porphyrin H2 1 and Mn-porphyrin Mn1Cl were kind gifts from Prof. D. B. Amabilino from the Barcelona Materials Science Institute (CSIC), Spain. For details on
the synthesis of H2 1, see [54].
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Figure 4.8: Graph of the correlation coefficients of a reference molecule with the other
molecules in the same image. The correlation coefficients are ordered, with the highest one
first. The molecules with the highest correlation coefficient can be selected for superposition
or averaging.

94

STM of oxidation states of Mn-porphyrins during reaction

4.3 STM observation of distinct states of Mn1Cl
Mn1 has four hydrogen bond donor-acceptor groups (the amide moieties) and four
long alkyl chains, which enable these molecules to form stable self-assembled monolayers on a graphite surface. The stereogenic carbon groups in the side chains cause
the molecule to be chiral.
It has already been shown that chiral metalloporphyrins can catalyze epoxidation
and hydroxylation reactions of hydrocarbons in an enantioselective manner [55–57].
Since Mn1Cl has chiral alkyl chains, this catalyst might enable enantioselective oxygen transfer, leading to chiral oxidation products. Such compounds are important
precursors for the synthesis of more complex enantiomerically pure molecules, for example biologically active compounds [58]. In general chiral catalysts are foreseen to
be of crucial importance in several fields, for example in the synthesis of optically
active organic compounds or pharmaceutical products [59–61].

4.3.1 Previous study of H2 1 by STM
Molecular layers of the free base porphyrin H2 1 (Fig. 4.9a), a similar molecule as
Mn1Cl but lacking the MnCl center, have already been investigated by STM in
the group of De Feyter [54, 62]. Measurements were carried out at the graphite/1heptanol interface. The molecules self-assembled into homochiral domains of lamellar
structures. The lamellae had an angle of Φ = 13 ± 2◦ with respect to the reference
axis of the underlying graphite (with the reference axis perpendicular to the main
symmetry axis of the graphite), as can be seen in Fig. 4.9b. The unit cell was determined to be a = 1.9 ± 0.1 nm, b = 4.0 ± 0.1 nm and γ = 80 ± 2◦ . With the help of
molecular modeling it was determined that the length of a fully extended alkyl chain
is 2.57 nm and the diameter of a meso-tetraphenyl porphyrin core about 1.46 nm.
Thus, the total length of the core and one chain amounts to 4.03 nm, which is in
good agreement with the unit cell values obtained from STM images. From these
measurements the flat orientation of H2 1 in the molecular layer was confirmed.
Measurements of H2 1 were also performed at the graphite/1-phenyloctane interface, but in that case no molecular layers were formed. This observation leads to
the conclusion that solvent-molecule interactions play a role in the formation of the
monolayer. Unlike 1-phenyloctane, 1-heptanol is able to form hydrogen bonds with
the amide-moieties of H2 1, thereby weakening homodimerization or the formation of
higher aggregates of H2 1 and this could be the reason that molecular layers of H2 1
were observed only in 1-heptanol.
Molecular dynamics (MD) simulations gave detailed insights in the structure of the
molecular layer and the orientation of individual molecules of H2 1. It was concluded
that the carbonyl oxygen atoms always points away from the surface, while the methyl
groups coupled to the stereogenic carbon center point towards the surface in the
STM image (Fig. 4.10a). This conformation is a direct result of the chiral group
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Figure 4.9: a) Molecular structure of porphyrin H2 1. b) STM topography of H2 1 at the
HOPG/1-heptanol interface. The black line, running perpendicular to one of the graphite
main symmetry axes, is a reference axis selected to evaluate the orientation of the monolayer,
denoted by the white line, with respect to the substrate. Φ (indicated by the arrow) is the
angle between the reference axis and the propagation axis, and has a value of 13 ± 2◦ .
Vbias = -428 mV, Iset = 800 pA. Inset: The gray lines indicate the direction of the major
symmetry axes of graphite, the black line the reference axis [54].

being situated next to the phenyl ring, which has a tilted orientation. The fact
that the methyl group points towards the graphite surface suggests the presence of
stabilizing CH-π interactions with this surface. Simulations also showed that the
upwards pointing of the C=O group enables hydrogen bonding of its oxygen atom
with solvent molecules. From the MD simulations an angle Φ of 12.2 ± 0.4◦ between
the orientation of the lamellae and the reference axes of the underlying graphite was
predicted (Fig. 4.10b), which corresponds very well with the value measured by STM
(13 ± 2◦ ).

4.3.2 Imaging of Mn1Cl by STM
With respect to the formation and orientation of the molecular layers on graphite, it
is expected that Mn1Cl will show similar behavior as H2 1, and will therefore form
stable layers in solvents that can form hydrogen bonds with the porphyrin molecules.
A solution of 2–3 × 10−5 M Mn1Cl in 1-octanoic acid was prepared, and a droplet
of this solution was applied on a freshly cleaved piece of graphite. The STM tip was
immersed in the droplet, and topography images were acquired. Within a couple of
minutes a molecular layer of Mn1Cl was formed (Fig. 4.11). This layer was stable
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Figure 4.10: a) Side view of the MD-optimized structure of H2 1 adsorbed on graphite. This
image illustrates (i) the orientation of the amide groups, with the C=O bonds pointing away
from the surface (oxygen atoms in dark gray, one is highlighted by the white arrow), and (ii)
the orientation of the methyl groups which are directed toward the surface. b) MD simulation
of the self-assembly of H2 1 on graphite. Φ = 12.2 ± 0.4◦ . The unit cell is indicated, its
value was determined from the STM topography measurements: a = 1.9 ± 0.1 nm, b = 4.0
± 0.1 nm and γ = 80 ± 2◦ [54].

and could be measured for hours or days. A lamellar structure was observed in which
the molecules of Mn1Cl were submolecularly resolved. The unit cell was determined
to be a = 1.9 ± 0.15 nm, b = 4.0 ± 0.1 nm and γ = 80 ± 3◦ . When these values are
compared with the values found for the free base analogue H2 1 (a = 1.9 ± 0.1 nm, b
= 4.0 ± 0.1 nm and γ = 80 ± 2◦ , see Fig. 4.10b), it can be seen that the unit cell did
not change, and it can therefore be concluded that the presence of the MnCl center
does not have a significant influence on the self-assembly behavior of the porphyrin
molecules. The same holds for the orientation of the rows of the porphyrins (denoted
by the white line in Fig. 4.11b), which has an angle Φ of 14 ± 2◦ with respect to the
reference axis of the underlying graphite (denoted by the black line in Fig. 4.11b).
This angle is similar to the angle of 13 ± 2◦ measured in the case of H2 1. Since the
self-assembly of both molecules on the surface is mainly controlled by the alkyl side
chains, which are the same in both cases, this similarity is not surprising.
Influence of the STM tip
When one compares Fig. 4.11a and b it can be seen that the signatures of the porphyrin cores are slightly different, which is proposed to be a tip effect. Such changes
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Figure 4.11: STM topographies of Mn1Cl at the HOPG/1-octanoic acid interface. a)
Solution 3 × 10−5 M, age of solution: 1 day; 3 × 3 median filter, Vbias = −800 mV, Iset =
5 pA. b) The unit cell is indicated: a = 1.9 ± 0.15 nm, b = 4.0 ± 0.1 nm and γ = 80 ± 3◦ ,
the orientation of the rows of porphyrins (white line) with respect to the reference axis of
graphite (black line), Φ = 14 ± 2◦ . Age of solution: 3 days, Vbias = −800 mV, Iset = 5 pA.
c) Cross-section corresponding to the white dashed line in the upper left of (b).

in tip state were observed more often in 1-octanoic acid than in other solvents (for
example 1-phenyloctane, which was used in Chapters 3 and 7). Even though in some
topography measurements these different tip states could lead to enhanced resolution,
no differences were found between the molecules imaged in the same image.
Location of the Cl-ligand
Upon adsorption to the surface a flat-lying molecule of Mn1Cl can in principle adopt
two orientations: with its chlorine axial ligand pointing away from the surface, or
with its chlorine ligand pointing towards the surface. It is expected that these two
geometries would lead to two different porphyrin signatures in the STM images, but
the fact that in numerous measurements only one signature was observed, indicates
that only one of the two geometries is present.
Literature about STM on metal-porphyrin/ligand systems is scarce.
RhCl-T(C18 OP)P · Py (Fig. 4.12), a porphyrin with a chlorine ligand on one side of
the rhodium center and a pyridine ligand on the other side, did not form self-assembled
monolayers at the graphite/phenyloctane interface [63]. Due to the protrusion of the
chlorine and pyridine ligands, the molecule cannot adsorb on the surface in an optimal
fashion. Its adsorption was only possible when the length of the alkyl chains was
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Figure 4.12: Molecular structure of RhCl-T(C18 OP)P · Py used by Ikeda et al., n = 18 [63].

increased or when the metal-porphyrins were mixed with their free base analogues.
The structure of Mn1Cl is quite similar to RhCl-T(C18 OP)P. It can be expected that
the protrusion of the chlorine ligand of Mn1Cl would also be too large for favorable
adsorption when this ligand is directed towards the surface. Mn-porphyrins can also
bind a second axial ligand, but this is bound much weaker than in the case of a
Rh porphyrin. It is therefore expected that in the case of Mn1Cl, the sixth ligand
(probably a water molecule) is easily dissociated upon adsorption of the molecule to
a surface. In this way the porphyrin core can interact favorably with the aromatic
graphite surface with the chlorine ligand pointing upwards.
Stability of the monolayer
At negative bias voltages, the monolayers of Mn1Cl are stable for days and their
topographic signature does not significantly change when the Vbias is changed from
−1.0 V to -300 mV and from +300 mV to +800 mV. At voltages between -300 mV
and +300 mV, however, the molecules are swept away by the tip. At positive bias
voltages the monolayer is much less stable than at negative ones and typically desorbs
within half an hour.
No detailed study has been performed on the stability of these layer with respect
to Iset . Up to values of 50 pA no signs of a decreased stability were observed.
The emergence of states
A striking observation was made when a solution of Mn1Cl in 1-octanoic acid was
prepared, and not immediately used. After waiting a couple of weeks significantly
different results were obtained compared with a freshly prepared solution. Fig. 4.13
shows a measurement carried out in an ambient atmosphere, using a solution of
5 weeks old. In contrast to the STM image in Fig. 4.11, clearly different topographic
porphyrin signatures are present. Four distinct “states” can be observed, which are
labeled A, B, C and D in Fig. 4.13d.
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Figure 4.13: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 5 weeks; 3 × 3 median filter, Vbias = −800 mV,
Iset = 10 pA. b) Zoom of (a), showing the four distinct states, labeled A, B, C and D (see
text). c, d) Cross-sections corresponding to the upper and lower white dashed lines in (b).
Capital letters refer to distinct states visible in (b). e) Detail of (a), without median filter,
to illustrate the “spikiness” (dynamic height) of state D.

• State A has the largest topographical appearance in the image, and the crosssections (Figs. 4.13b and c) show that it also has the highest signature, of about
0.4–0.5 nm. Little submolecular features can be identified with these settings.
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• State B appears much “darker”, with the cross-sections indicating an apparent
height of about 0.06–0.08 nm. The topographical signature reveals submolecular
features, with a more conductive center with an apparent height of about 0.1 nm
in the center of the porphyrin core. This bright spot is a subtle effect, which
could only be observed with certain STM tips.
• State C has an apparent height of about 0.1–0.15 nm, showing the typical “fourleaf clover” shape of porphyrins.
• State D appears higher than states B and C, and has an apparent height of
about 0.15–0.2 nm. Its topographical signature also appears “spikier” than
that of the other states, as can be seen in the images in which no median filter
is applied (Fig. 4.13e). This could indicate undersampling in time of a dynamic
state.

A possible explanation for the emergence of different states could be the gradual
decomposition of the molecules of Mn1 in 1-octanoic acid. To investigate this possibility, a sample of this solution was studied weekly by UV-Vis spectroscopy for a
period of over 3 months. The UV-Vis spectra gave no indication that such a decomposition took place.
As explained in the next paragraphs, it is proposed that the appearance of the
different states is related to the reactivity of the Mn-porphyrin molecules. In the
following part of this chapter, states A, B, C and D, and the relationship between
them will be discussed in more detail, i.e. as a function of the presence of molecular
oxygen, and as a function of bias voltage. The observed delay in appearance of the
states will be further discussed in Section 4.9.

4.3.3 Progression of states in argon and oxygen atmosphere
To investigate the possible reactivity of adsorbed molecules of Mn1Cl towards molecular oxygen, a molecular layer of the molecules on graphite was monitored by STM
in an oxygen-rich environment and in an oxygen-poor one. The atmosphere was controlled by filling a glass bell-jar on top of the microscope with either molecular oxygen
or argon. In order to make a reliable comparison between these measurements, special
care was taken that besides the concentration of oxygen the other factors were kept as
similar as possible. The experiments were therefore performed with the same batch
of solution, only one day apart. Also the bias voltages and the set point currents were
similar in both experiments.
Progression of states in argon atmosphere
A 57 days old solution of 2 × 10−5 M Mn1Cl in 1-octanoic acid was purged with
argon for two weeks, to remove the oxygen present in the solvent as much as possible.
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The application of a droplet of this solution to the graphite surface was carried out
under an argon flow. The bell-jar was then installed, and filled with argon. During
the STM measurements the argon flow was switched off to minimize vibrations and
disturbance. The monolayer was subsequently monitored for more than 4 hours,
and snapshots of the resulting STM measurements during this period can be seen in
Figs. 4.14a–c. In these images, states B, C, and D are all present, while state A was not
observed during the approximately 4.5 hours of monitoring. The relative coverage of
the different states on a surface area of 70 × 70 nm2 was plotted versus time. Molecules
of Mn1 in state D were detected with the help of a (semi-)automated procedure,
which is described in Appendix A. State B could not be found automatically and
was therefore counted by hand, which explains the lower amount of data points for
this state. During the first 20 minutes of the measurement, the resolution was not
sufficient to distinguish between states B and C. States A and D were easy to recognize
due to their very distinct signatures.
In the graph in Fig. 4.14d it can be seen that initially the relative coverage of state
D is (almost) 0% for about 2 hours, after which it starts to increase gradually to 3.0%
after 4.5 hours. The relative coverage of state B fluctuates between 3 and 12% in the
course of the measurement.
Progression of states in oxygen atmosphere
One day later the same argon-purged solution was used for an STM experiment under
an oxygen atmosphere. A droplet was applied to the graphite surface after which
the bell-jar was installed and filled with oxygen. The oxygen flow was switched off
before the STM measurements started. The monolayer of Mn1Cl was subsequently
monitored for over 5 hours, and snapshots of the STM measurements can be seen in
Fig. 4.15. During this time frame, all four states (A, B, C and D) were present. Their
relative coverages were plotted vs. time and is shown in Fig. 4.15d.
During the first couple of minutes the relative coverage of molecules of Mn1 in
state D is 0%. Subsequently it increases slowly for the first two hours, and at a higher
rate after this time to a final yield of 24% after 5.5 hours. The relative coverage of
state B decreases during this time from about 10 to 3% and that of state C from 85
to 78%. State A never reached a relative coverage higher than 0.6%.
Comparison of the experiments under argon and oxygen atmosphere
The most striking observation when the measurements in Figs. 4.14 and 4.15 are compared is the difference in increase of the relative coverage of state D, which suggests
that this state is directly related to the presence of oxygen. The fact that the relative
coverage of state D also slightly increases under an argon atmosphere is attributed to
the argon-filled bell-jar being an oxygen-poor and not an oxygen-free environment.
To prevent or decrease this residual oxygen contamination it is possible to carry out
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Figure 4.14: a–c) STM topographies of Mn1 at the HOPG/1-octanoic acid interface at a
time t from the start of the measurement. The solution was argon-purged and the measurement carried out under an argon atmosphere. Concentration 2 × 10−5 M, age of solution:
57 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. a) t = 25 minutes. b) t = 174
minutes. c) t = 262 minutes. d) Graph showing the relative coverages of states A, B, C and
D (Fig. 4.13) vs. time from the start of the STM measurement.

the STM measurements under continuous argon flow. Such a flow, however, turned
out to have a negative effect on the resolution. In principle it is possible to cancel
this flow occasionally during acquisition of an STM image. Alternatively, the STM
setup can be modified in order to monitor the oxygen content in the bell-jar during
the measurements.
In both experiments the droplets of the solution of Mn1Cl were argon-purged
prior to their deposition on the graphite surface, and it can therefore be expected
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Figure 4.15: (a–c) STM topographies of Mn1 at the HOPG/1-octanoic acid interface at a
time t from the start of the measurement. The solution was argon-purged and the measurement carried out under an oxygen atmosphere. Concentration 2 × 10−5 M, age of solution:
58 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. a) t = 3 minutes. b) t = 183
minutes. c) t = 264 minutes. d) Graph showing the relative coverages of states A, B, C and
D (see Fig. 4.13) vs. time from the start of the STM measurement.

that it requires some time for the oxygen to diffuse through the droplet. Such a delay
is in particular observed in the experiment under an oxygen atmosphere, when the
relative coverage of state D started to increase only after a delay of 2 hours, which is
proposed to be caused by the time needed for diffusion of oxygen through the droplet.
It further confirms the direct correlation of state D with the presence of oxygen.
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4.3.4 Voltage dependence of states
STM measurements were carried out at different bias voltages in order to investigate
qualitatively if the relative coverages of the states are influenced by this experimental
parameter. Since the binding and splitting of molecular oxygen by the manganese
porphyrin requires a reduction of the manganese center from Mn(III) to Mn(II), most
attention was focused on negative bias voltages, since in that case the electrons are
available at the surface to which Mn1Cl is adsorbed. Furthermore, it turned out
that at positive bias voltages the monolayers were far less stable and often they could
not be monitored for longer than half an hour. This shorter lifetime is in accordance
with a smaller electric force between electrode and molecule center.
A droplet of a solution of Mn1 (concentration 2 × 10−5 M) in 1-octanoic acid
was applied to the graphite surface. After 4 hours of scanning at either −500 mV or
−800 mV under ambient conditions, the relative coverages of the different states were
determined (Fig. 4.16).
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Figure 4.16: Distribution of states of Mn1 under different bias voltage conditions at the
HOPG/1-octanoic acid interface, 4 hours after the start of the STM measurement. The
solution was argon-purged and the measurement was carried out under ambient conditions.
Concentration 2 × 10−5 M. a) Age of solution: 101 days; Vbias = −500 mV, Iset = 5 pA.
b) Age of solution: 108 days; Vbias = −800 mV, Iset = 5 pA.

The relative coverage of states at a bias voltage of −500 mV is strikingly different
from that at −800 mV. In the measurement at −500 mV, only two states are visible,
state C and state D, the latter is only observed in amounts of around 1%. In contrast,
at −800 mV all states are visible. In general, state B was observed only at voltages
more negative than about −600 mV (see Section 4.6). The presence of state D also
appears to be related to the bias voltage, in the sense that a more negative voltage
leads to a higher relative coverage of state D. For state A it is difficult to draw
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conclusions with regard to voltage dependence, because of its very low occurrence. In
some STM measurements, state A was observed at bias voltages less negative than
−600 mV.
To investigate the influence of Vbias on states A and D in more detail, a measurement was performed in which the first four hours the Vbias was kept at −900 mV,
and subsequently at −600 mV for another four hours (Table 4.1). A similar trend as
in the previous described experiment was observed. A more negative voltage leads
to stronger increase in relative coverage of states A and D, although at such small
percentages one has to be careful with drawing conclusions.
Table 4.1: Vbias -dependent increase in the relative coverages of states A and D in a single
experiment of Mn1 at the HOPG/1-octanoic acid interface. After about 4 hours a less
negative bias voltage was applied, from Vbias = −900 mV to Vbias = −600 mV. The solution
was argon-purged and the measurement carried out under ambient conditions. Size of scan
frame 45 × 45 nm2 , corresponding to approx. 250 molecules of Mn1. Concentration 2 ×
10−5 M. Age of solution: 37 days; Iset = 5 pA.

First half of the experiment
Vbias = −900 mV
t=0
t = 4:02 hrs
Start
End
∆ t = 4:02 hrs
∆ State D: 2.9% ∆ State A: 0.5%

Second half of the experiment
Vbias = −600 mV
t = 4:02 hrs
t = 7:51 hrs
Start
End
∆ t = 3:49 hrs
∆ State D: 0.8% ∆ State A: 0.1%
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4.4 Assignment of state C
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Figure 4.17: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 5 weeks; 3 × 3 median filter, Vbias = −800 mV, Iset =
10 pA. b) Cross-section corresponding to the white dashed line in (a).

In Fig. 4.11 all the molecules have a similar topographical signature, which is
expected to correspond to the native compound Mn(III)1Cl. In an analogous experiment by Hulsken et al. [43], the adsorption of a related Mn-porphyrin to a Au(111)
surface resulted in a direct reduction of the manganese center from Mn(III) to Mn(II).
However, this transition was attributed to a direct coordinative interaction between
the manganese center and the gold surface, whereas the measurements in this chapter
are carried out on the much more inert graphite and therefore such a reduction upon
adsorption is not expected. When Mn(II)-porphyrins are formed they become capable
of binding molecular oxygen, an event which should be visible with STM. However,
in the case of measurements using freshly prepared solutions of Mn1Cl, the STM
images gave no indication of oxygen binding nor of any other reactions taking place
at the manganese porphyrins. It can therefore be concluded that in the STM image
in Fig. 4.11 the porphyrins are still in their native state, i.e. Mn(III)1Cl. The topographical signature and cross-section of this state corresponds very well to that of
state C in Fig. 4.17. At the start of each STM experiment, state C is generally present
in a large relative coverage above 85%, and in all STM experiments with Mn1, state
C is always the most abundant one (the lowest relative coverage so far observed for
state C is 40%, after 10 hours in an ambient atmosphere).
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Conclusion state C
For the reasons mentioned above, it is proposed that state C corresponds to the native
compound Mn(III)1Cl.
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4.5 Assignment of state D
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Figure 4.18: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 5 weeks; Vbias = −800 mV, Iset = 10 pA. b, c)
Cross-sections corresponding to the left and right white dashed lines in (a), respectively,
illustrating the “spikiness” of state D.

Molecules of Mn1 in state D have an apparent height of 0.15–0.2 nm, which is
somewhat higher than that of molecules of Mn1 in state C. In addition, the topographical appearance of state D is more “spiky” than the appearance of the other
states. These spikes typically have apparent height values between 0.2 and 0.3 nm
(Fig. 4.18).
The observed significant difference in relative coverage in an oxygen-poor or an
oxygen-rich environment (Figs. 4.14 and 4.15) indicates that state D is directly related
to the presence of oxygen, and more specifically, caused by a binding event between
Mn1 and oxygen. From the possible intermediates in the mechanism of the reaction
of manganese porphyrins with molecular oxygen, as depicted in Fig. 4.1, it is at
first sight unlikely that state D corresponds to a Mn(III)1-dioxo complex. Such a
complex was previously shown to be thermally unstable in solution and it could only
be characterized at low temperatures (-79 ◦ C in toluene) [20–23].
Another possibility is the formation of a µ-oxo manganese porphyrin dimer. However, STM images of cesium phthalocyanine “double decker” complexes (which have
a similar size as µ-oxo-bridged porphyrin dimers), revealed that these particles have
an apparent height of 0.4 ± 0.1 nm [64], a value much higher than the 0.15–0.2 nm
found for molecules of Mn1 in state D.
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4.5.1 Distribution of molecules in state D
In the experiments of Hulsken et al., related Mn-porphyrins were reacted with O2 on a
gold surface, and it was proposed that Mn(IV)=O porphyrin species were formed after
a homolytic splitting of the oxygen-oxygen bond [43]. This hypothesis was confirmed
by the spatial distribution of oxidized Mn-porphyrins on the surface: preferentially
pairs of adjacent Mn-porphyrins were oxidized, which strongly indicated that both
atoms of the O2 molecules were distributed in a highly confined area.
To investigate the possibility of a similar reaction of Mn1 with molecular oxygen
on HOPG, the spatial distribution of the Mn1 molecules in state D was analyzed
with the aim to identify cooperative effects. For this analysis, the coordinates of these
molecules were registered by the semi-automated procedure described in Appendix A.
Data were collected from an STM experiment carried out in an oxygen atmosphere.
A nearest neighbor distribution was made by measuring for every molecule in state
D the distance to the nearest molecule that is also in state D. A histogram was
constructed from 41 separate STM images containing 349 molecules of Mn1 in state
D (Fig. 4.19). Only STM images with a relative coverage of state D of lower than 8%
were used. Higher coverages naturally lead to higher peaks at short nearest neighbor
distances, also in random distributions. This is due to occupation statistics, and these
can therefore not be used to determine cooperative effects.
For comparison with the experimentally determined nearest neighbor plot, a random distribution plot was simulated assuming the same amount of molecules and
the same relative coverage of state D as observed in the experimental dataset. The
histogram including a 1000 of such simulated datasets is shown in Fig. 4.19b.
When the experimental nearest neighbor distribution histogram is compared with
the simulated distribution, a clear difference can be observed. In Fig. 4.19a the first
peak at 1.9 nm is much higher than those at further distances with a value of 0.19,
corresponding to 19% of the nearest neighbor distances observed occurring at that
specific distance. In the simulation dataset Fig. 4.19b this peak is significantly lower,
corresponding to 0.1 ± 0.02. It can thus be concluded that the distribution of state
D in the STM experiments is clearly not random, since a significant larger fraction of
state D has neighbors at the adjacent locations than would be expected for a random
distribution. These observations indicate that state D is generated non-randomly on
the surface (pairing or clustering occurs), which is a similar result as found by Hulsken
et al., for the formation of porphyrin Mn(IV)-oxo species on gold [43].

4.5.2 Lifetimes of state D
Conclusions based on the distribution of the molecules of Mn1 in state D on the
surface can be reliable only when these states are present and immobilized for a sufficiently long time. If they would diffuse along the surface or exchange with molecules
in the supernatant solution with a too high rate for STM, the information about the
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Figure 4.19: Nearest neighbor distribution function of state D, showing the number of times
that a molecule in state D has its nearest neighbor state D at a certain distance. a) Experimentally determined data set (N = 349). b) Simulated datasets, assuming a random spatial
distribution (Nsets =1000, Ntotal = 3 × 105 ). See text and Section 4.2 for details.

nearest neighbor distribution would be useless. For this reason and to determine the
stability of state D, the lifetimes of molecules of Mn1 in this state were studied. Of
every molecule in state D that appeared in the STM image, either by drift or by
a formation event, its appearance time was recorded. It was subsequently tracked
until it either drifted out of the STM image, or until it converted to a different state.
The latter process can imply a change of state, or a replacement by a molecule in a
different state from the supernatant solution.
A histogram of the lifetimes of state D are shown in Fig. 4.20. The light gray
histogram contains all Mn1 molecules in state D observed in the STM experiment
after the initial thermal drift had disappeared, i.e. half an hour. From the 99 molecules
of Mn1 in state D that were monitored 32% had an observed lifetime of over an hour,
and 58% of over half an hour. It must be noted that many of these molecules, i.e. 76,
drifted either in or out of the STM image, meaning that the lifetime of state D can
be considerably longer than observed. The dark gray histogram shows the subset of
the molecules of Mn1 in state D of which the entire lifetime was monitored. These
species were generated during the experiment and were also observed to convert to a
different state.
These observed lifetimes indicate that state D and the molecular layer are relatively stable. In the case of an unstable layer a high exchange rate between molecules
adsorbed on the surface and those dissolved in the supernatant solution would de-
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Figure 4.20: Histograms in which the lifetimes of molecules of Mn1 in state D are plotted.
The light gray bars represent all observed molecules in state D (n = 99), while the dark gray
bars only include the subset of molecules of Mn1 of which the entire lifetime was monitored,
i.e. they were observed to be converted into state D and later into a different state (n = 23).

crease the monitored mean lifetime drastically.

4.5.3 Tentative assignment of state D
Molecules of Mn1 in state D have the following properties:
• Voltage dependence. Section 4.3.4 showed that the number of molecules of
Mn1 in state D is related to the bias voltage. A more negative bias voltage
leads to a higher amount of Mn1 molecules in state D.
• Oxygen dependence. The measurements in Section 4.3.3 indicate that the
relative coverage of molecules of Mn1 in state D is directly related to the
amount of oxygen present.
• Non-random spatial distribution. The spatial distribution of Mn1 molecules
in state D is non-random, with a higher chance that an adjacent molecule of
Mn1 is also in state D than in the case of a random distribution, as was shown
in Section 4.5.1.
• Stable state. A determination of the lifetimes of molecules of Mn1 in state
D showed that this state is relatively stable (Section 4.5.2).
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• Topographical signature. State D appears higher than states B and C. Its
topographical signature is also “spikier” than that of the other states, as can
be seen in the images in which no median filter is applied (see Figs 4.13e and
4.18).

There are two types of interpretations of state D that might explain these characteristics: state D could either correspond to a reduced form of the molecule of Mn1,
or it is the result of a reaction of a molecule of Mn1 with molecular oxygen. Both
possibilities will be discussed below.
Reduction of Mn1
The voltage dependence of the emergence of state D could be explained if this state
corresponds to a reduced form of Mn1. At a more negative bias voltage, it can be
expected that more molecules of Mn1 would be reduced. In literature it has been
reported that free base porphyrins can have a brighter topographical signature upon
reduction [65].
In the case of a reduction, either the manganese center can be reduced to Mn(II),
or the porphyrin ligand to the mono-anion. From the literature it is known that the
reduction of the porphyrin ligand generally takes place at a more negative voltage than
the reduction of the manganese center of the porphyrin [12, 15], meaning that the
manganese center would be reduced before the porphyrin ligand (as seen in Fig. 4.6).
Because molecules of Mn1 in state D are already visible at rather moderate bias
voltages, it is proposed that in the case of a reduction the metal center is involved.
A reduction of the molecules of Mn1 would explain the voltage dependence of
state D quite well, but the observed spatial distribution and the oxygen dependence
are less straightforward to explain.
Non-random spatial distribution of porphyrins that undergo a redox reaction have
been reported before. Free base porphyrin molecules (5,10,15,20-tetra(4-pyridyl)21H,23H -porphine) at the Au(111)/0.1M H2 SO4 interface were imaged by He et al. in
an electrochemical STM [65]. After a positive voltage pulse part of the molecules in
the layer were oxidized. With a pulse at moderate voltage (0.2 V) the oxidized porphyrins were randomly distributed, but at higher voltages (0.3–4.7 V), these oxidized
porphyrins tended to cluster. While this clustering indicates that a non-random distribution can be a result of a change in oxidation state of the molecules in the layer,
it must be noted that the experiments with Mn1 differ significantly from those of He
et al. This concerns parameters such as the solvent, voltage pulse vs. prolonged bias
voltage, extreme voltages vs. more moderate voltages and the absence vs. presence of
a metal center.
The oxygen dependence might be explained by the possibility that oxygen plays
a role in the reduction step. During the measurement, a counter reaction might take
place at the tip, and it is possible that oxygen participates in this reaction. In an
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electrochemical cell, a reaction on one electrode can only take place when an additional
reaction also takes place at the counter electrode. It might be that a similar process
occurs in our system, and that a Mn1 molecule can only be reduced on the surface
if a counter reaction takes place at the tip.
Reaction of Mn1 with molecular oxygen
A more straightforward explanation for the oxygen dependence of state D would be
that this state is the result of a reaction of molecules of Mn1 with oxygen. In this
case the voltage dependence would be still plausible, because Mn-porphyrins can only
bind molecular oxygen after a reduction step of the manganese center (see Section
4.1.2).
A candidate for state D is the [Mn(V)1=O]+ or Mn(IV)1=O•+ complex. This
complex can be formed in the catalytic cycle of manganese porphyrins and oxygen
[18, 19, 28–32]. However, the formation of this complex is expected to lead to a
random distribution on the surface, and this does therefore not explain the observed
distribution of state D.
It is proposed that state D corresponds to a Mn(IV)1=O species and that the
non-random distribution of nearest neighbors is caused by a homolytic splitting of
molecular oxygen in a complex of type Mn(III)1-O-O-Mn(III)1, which is formed
from Mn(II)1-O2 and a nearby Mn(II)1. This is compatible with all the observations. In this way a molecule of oxygen gives rise to the formation of two manganese
porphyrin oxo complexes, similar to what was observed in the STM studies by Hulksen et al [43]. The non-random distribution of the formed Mn(IV)1=O complexes
suggests that the mechanism of the cleaving of the oxygen-oxygen bond is then different from the traditional model, in which the second oxygen atom combines with
an electron and two protons to form a molecule of water. A homolytic splitting of
molecular oxygen by Mn-porphyrins has been reported earlier [44]. The Mn(IV)1=O
complex is relatively stable [4], which is in agreement with the observed lifetimes for
state D.
It is also possible that state D corresponds to a derivative of the Mn(IV)1=O
complex, for example, in the case this complex subsequently reacts with a proton
from the 1-octanoic acid supernatant present to form [Mn(III)1-OH]+ . While this
type of complex is stable [13], it is as yet uncertain if it can be formed under the
conditions of our experiment.
Conclusion state D
Based on the arguments described above, state D is tentatively assigned to Mn(IV)1=O
(or one of its derivatives) as it explains the non-random spatial distribution and the
observed voltage- and oxygen-dependence.
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4.6 Assignment of state B
4.6.1 Contrast related to a threshold voltage
Only at bias voltages of about −700 mV and more negative, a darker state of the
aromatic porphyrin core becomes visible in the STM images (Fig. 4.21a), which has
been labeled state B in Fig. 4.13. For measurements carried out at positive voltages
(immediately from the start of the experiment) such an enhancement in contrast
between states was not observed.
There is a difference in the topographical signature when the Mn1 molecules in
state B in Fig. 4.21a are compared to those in Fig. 4.13, since in the former image there
is no bright spot visible in the center of the porphyrin. This difference is attributed
to the tip state because either only the one type or only the other are present. To
investigate the effect of changes in bias voltage on the distribution and abundance of
the states, STM images of a monolayer of Mn1 at the same location at Vbias -values
of −800 mV and −500 mV, respectively, were recorded (Fig. 4.21).
When Vbias was switched from −800 mV to −500 mV, at first glance no difference
could be observed between molecules that were formerly in state B and those that
stayed in state C (Figs. 4.21a and b). When after 7 minutes Vbias was switched back
to −800 mV, most of the molecules of Mn1 (∼85%) returned to the same state they
were in before the voltage-switching procedures (cf. Fig. 4.21d with Fig. 4.21a). This
observation might indicate that state B is not distinguishable at bias voltages less
negative than −700 mV, but that these molecules of Mn1 do differ. To investigate
this possibility, molecules in state B in Fig. 4.21a, which returned to the same state
in Fig. 4.21d, were studied in more detail. In Fig. 4.22, magnifications of the STM
image in Fig. 4.21b are shown.
At −500 mV, it appears that molecules of Mn1 which were assigned as being in
state B at −800 mV have a slightly different topography than molecules which were
originally assigned as being state C. There is a very subtle difference between the two
appearances, namely the presence or absence of a bright spot at the right side of the
molecules in Fig. 4.22b and Fig. 4.22c (indicated by the white arrows). This feature
is not due to a tip artifact, since the same tip was used to image the entire STM
topography image.
To confirm this subtle difference, the image was processed using a correlation procedure. This allows one to investigate the topographical similarities of the molecules
in a quantitative fashion (Fig. 4.23). A molecule was selected which appeared in state
C before the voltage shift from −800 mV to −500 mV, as well as after the voltage shift
back from −500 mV to −800 mV (indicated by the white rectangle in Fig. 4.23a).
This molecule was then subsequently cross-correlated to the other molecules in the
measurement, the correlation coefficients are depicted in Fig. 4.23c (see Section 4.2
for the exact procedure).
The 60 molecules which were calculated to be the most similar to the reference
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Figure 4.21: STM topographies of Mn1 at the HOPG/1-octanoic acid interface (interval
3.5 minutes). Concentration 2 × 10−5 M, age of solution: 44 days; The monolayer was
equilibrated at Vbias = −500 mV for 1 h before these measurements. The white circle
indicates one molecule in state B in both (a) and (d), see also Fig. 4.22a. The white arrow
indicates a molecule that transformed from state B to state D. Iset = 5 pA. a) Vbias =
−800 mV. b, c) Vbias = −500 mV. d) Vbias = −800 mV. 3 × 3 median filter.

molecule are indicated by the black dots in Fig. 4.23a. When this selection is superimposed on the STM image recorded at a bias voltage of −800 mV, it can be seen
that the selected molecules closely correspond to those appearing as state C. Consequently this observation strongly suggests that the molecules which appear in state
B at −800 mV are also different from the other states at −500 mV.
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Figure 4.22: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 44 days; 3 × 3 median filter, Vbias = −500 mV, Iset =
5 pA. a) Magnification of the area around the white circle in Fig. 4.21b. The capital letters
indicate the states of the molecules. b) Magnification of molecules of Mn1 that appear in
state B in both Fig. 4.21a and d. c) Magnification of molecules of Mn1 that appear in state
C in both Fig. 4.21a and d. The white arrows indicate protrusions which are not visible in
molecules in (b).

The same correlation procedure was also applied to the STM images before and
after the voltage shift from −500 mV to −800 mV. The same results were obtained as
those depicted in Fig. 4.23, suggesting that state B was already present at a voltage
less negative than −800 mV. At the moment it is unclear when the formation of state
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Figure 4.23: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 44 days; 3 × 3 median filter, Iset = 5 pA. a) Vbias =
−500 mV. The white rectangle indicates a reference molecule for the correlation procedure.
The black dots denote the 60 molecules with the highest correlation coefficient. b) Vbias =
−800 mV. The black dots from image (a) are superimposed on the corresponding molecules
in this image, which was recorded 3.5 minutes before (a). c) Graph of the correlation coefficients τ of the reference molecule in (a) with the other molecules in the same image. The
60 highest were selected for superposition in (a) and (b).

B is induced. It is suspected that its formation is induced at negative voltages, also
because in measurements at positive bias voltages so far no indication of a state with
a high contrast difference or a subtle topographical difference with state C has been
observed.
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4.6.2 Reactivity of the state
Several STM experiments suggest that state B is more reactive than the other states.
More specifically, molecules of Mn1 in state B appear to make transitions to state
A or state D more often than molecules in the other states do. In Fig. 4.21, for
example, a molecule which was first in state B changed into state D (denoted by the
white arrow). Another example is shown in Fig. 4.24, where only 1 molecule out of a
1000 makes a transition in state from state C to state B, and in the subsequent STM
measurement to state A. In Chapter 5 this apparent higher reactivity of state B will
be discussed in more detail.
Lifetime of state B
So far it was not possible to accurately determine a lifetime of state B. In some STM
measurements, for example the one in Fig. 4.24, which was carried out under ambient
conditions, the single molecule in state B was at most present for several minutes
before transforming into a different state. In contrast, in measurements under an
argon atmosphere state B was observed to be stable for up to an hour, but these
measurements were limited by drift so much that a reliable lifetime histogram could
not be obtained.

4.6.3 Distribution of molecules in state B
To investigate whether state B exhibited a random or non-random distribution on the
surface, the coordinates of molecules of Mn1 in state B were collected.
A histogram was constructed from 72 separate STM images under an argon atmosphere containing 1015 molecules of Mn1 in state B (Fig. 4.25a). Only STM images
with a relative coverage of state B of lower than 8% were used.
For comparison with the experimentally determined nearest neighbor plot, a random distribution plot was simulated assuming the same amount of molecules and
the same relative coverage of state B as observed in the experimental dataset. The
histogram including a 200 of such simulated datasets is shown in Fig. 4.25b.
When the experimentally determined distribution is compared to that of the randomly distributed simulation, they appear quite similar, with slight differences. The
peak at 1.9 nm is slightly lower in the experimentally determined distribution (0.07
vs. 0.10 ± 0.01), and the peak at 3.8 nm is slightly higher (0.12 vs. 0.09 ± 0.01).

4.6.4 Mixing of Mn1 with H2 1
The contrast difference between states B and C of Mn1 is remarkably similar to
results obtained by the group of Marbach in UHV-STM experiments of cobalt(II)
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Figure 4.24: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 20 days; 3 × 3 median filter, Vbias = −800 mV, Iset =
10 pA. a–b) A molecule of Mn1 is transformed from state C into state B (indicated by the
white circle). Inset: magnification of the area of interest. b–c) The same molecule of Mn1
transformed from state B to state A. Inset: Magnification of the area of interest.

tetraphenyl porphyrins (TPPs) mixed with free base TPPs on a silver surface (compare Fig. 4.26a with Fig. 4.21a) [66]. In their research, all the porphyrins had similar
topographical signatures at bias voltages less negative than −600 mV, while at a
bias voltage of −1 V, the free base TPPs were observed as “pits” when compared
to the cobalt TPPs. At positive bias voltages the free base TPPs were observed as
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Figure 4.25: Nearest neighbor distribution function of state B, showing the number of times
that a molecule in state B has its nearest neighbor state B at a certain distance. a) Experimentally determined data set (N = 1015). b) Simulated dataset, assuming a random spatial
distribution (Nsets = 200, Ntotal = 2 × 106 ). See text and Section 4.2 for details.

protrusions. It was proposed that the reason for this contrast difference is a direct
interaction of the cobalt center of the porphyrin with the underlying silver surface,
which is absent in free base TPPs.
The measurements of Mn1 were carried out on graphite, where such interactions
between the surface and the metal center are not expected. Furthermore, the large
contrast difference between states of Mn1 was only observed at negative bias voltages,
while in the research of Marbach the reverse contrast was also visible at positive
voltages. However, to rule out that state B is a contamination, i.e. the free base
analogue of Mn1, the molecules of Mn1 were mixed with H2 1 (see Fig. 4.5) and the
self-assembly behavior of this mixture at the solid/liquid interface was studied with
STM. Freshly made solutions of Mn1 and H2 1 in 1-octanoic acid were mixed in such
a way that the total porphyrin concentration was 2–3 × 10−5 M and the molar ratio
of Mn1:H2 1 was 9:1. A molecular layer of porphyrins was formed, which showed
no signs of a contrast difference appearing at specific voltages (Fig. 4.26b). This
observation indicates that state B is not a contamination of the free base analogue of
Mn1.
The absence of a contrast difference in a monolayer resulting from a mixture
of Mn1 and H2 1 can have two causes. Either Mn1 and H2 1 do not exhibit a
contrast difference at the graphite/1-octanoic acid interface, or molecules of H2 1 do
not integrate in the layer of Mn1. To check the latter hypothesis, a solution of pure
H2 1 (2–3 × 10−5 M) in 1-octanoic acid was also applied to a graphite surface, and
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Figure 4.26: a) STM topography of mixture of cobalt(II) TPP and free base TPP (1:1) at a
silver surface in a UHV environment described by the group of Marbach. Vbias = −1 V, Iset
= 300 pA [66]. b) STM topography of a mixture of Mn1 and H2 1 (9:1) at the HOPG/1octanoic acid interface. Concentration 2 × 10−5 M; 3 × 3 median filter, Vbias = −800 mV,
Iset = 5 pA.

it turned out that at this concentration these molecules do not form stable layers at
the solid/liquid interface. Small patches were observed which did not remain stable
enough to image, even at very low tunneling currents (Iset = 1 pA).
Reasons for this monolayer instability could be unfavorable interactions of the
porphyrin center of H2 1 with the 1-octanoic acid solvent molecules (e.g. by hydrogen
bonding), or protonation of the porphyrin center, which can disturb the planarity of
the porphyrin. UV-Vis measurements of the solution support the latter effect. The
inability of pure H2 1 to form monolayers at the graphite/1-octanoic acid interface
does not imply that they can not be present in the monolayers formed in the mixing
experiments. In those cases, their adsorption might be stabilized by surrounding
molecules of Mn1.
The main reason why it is unlikely that state B is a contamination of H2 1 in a
layer of Mn1 is the fact that relative coverages of state B of over 30% have been
observed (Fig. 4.21). Considering the much higher affinity of molecules of Mn1 for
HOPG compared to H2 1, and the fact that a 30% contamination is completely in
disagreement with the established purity of Mn1 (>99%), the only possibility for the
generation of H2 1 would be demetallation of Mn1 by the 1-octanoic acid solvent.
However, this demetallation was ruled out by UV-Vis experiments in solution, which
confirmed the stability of the dissolved compound for more than 3 months. From
these control experiments, it is concluded that state B cannot be explained by a
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contamination of H2 1 and it is therefore assigned as a real state of Mn1.

4.6.5 Tentative assignment of state B
Molecules of Mn1 in state B have the following properties:
• Large topographical contrast which is dependent on the bias voltage. In Section 4.6.1 it was shown that molecules of Mn1 in state B have a
significantly lower apparent height than those in other states. This large topographical contrast becomes visible when the bias voltage becomes more negative
than a threshold voltage (somewhere between −600 and −700 mV). It was also
shown that these molecules in state B differ from the other states of Mn1 at
less negative bias voltages. No topographical contrast differences between the
states were observed at positive bias voltages.
• Reactive state. State B is more reactive than the other states, as was illustrated in Section 4.6.2.
• Random spatial distribution. Molecules of Mn1 in state B on the surface
are randomly distributed on the surface, see Section 4.6.3.
• No oxygen dependence. Unlike state D, the relative coverage of state B does
not appear to be dependent on oxygen (see Section 4.3.3).
Reduction of the manganese center of Mn1
It is proposed that state B corresponds to Mn(II)1, which would imply that at
the surface molecules of Mn1 are present in different oxidation states (since state
B coexists with state C). This result would be different from the results of Hulsken
et al., where it was proposed that all manganese centers of the porphyrins on the
surface were reduced to Mn(II) [67]. In that research, however, a gold surface was
used and it was put forward that this surface directly interacts with the manganese
center. In addition these porphyrins lacked the meso-phenyl rings, which favored such
an interaction even more. In the case of a graphite surface, no such direct interactions
are expected to occur with the manganese center. Furthermore, Mn1 has four phenyl
rings, which cannot be coplanar with the porphyrin ring due to steric reasons. As a
result, there must be a larger distance between the manganese center and the surface,
which is expected to reduce the possibility of the transfer of electrons from the surface
to the manganese center.
In Section 4.1.4, cyclic voltammetry measurements were shown, which indicated
that the reduction of the manganese centers of porphyrins to Mn(II) occurs at moderate negative voltages (-660 mV vs. Ag/Ag+ ), and are therefore expected to be in
the operating window of the STM.
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It is expected that Mn(II)1 has a different topographical signature in STM than
Mn(III)1Cl. Because Mn(II)1 is a neutral species, the chlorine axial ligand should
have dissociated during the reduction. The absence of this axial ligand might be a
direct reason for the darker appearance of the state at more negative voltages.
Unlike in the case of the formation of state D, for the reduction of Mn(III)1Cl
to Mn(II)1 no process can straightforwardly be envisaged that would lead to a nonrandom distribution on the surface. The observed random distribution of state B
would therefore fit with the assignment of state B to Mn(II)1 just as the observation
that the state is independent of the presence of oxygen.
In the catalytic cycle shown in Fig. 4.1, a Mn(II)-porphyrin intermediate is activated to bind molecular oxygen. The observed higher reactivity of state B is therefore
in agreement with its assignment as Mn(II)1. If molecules of Mn1 in state D correspond to Mn(IV)1=O, this would mean that molecules of Mn1 in state B are their
precursors. In this respect it is interesting to recall that the distribution of state B
on the surface is random, while that of state D is clearly not. If state B is a precursor
for pairs of state D, this might explain why the first peak in the nearest neighbor
histogram is somewhat lower, as it could be that molecules in state B with a neighbor
also in state B have a higher chance to convert to a different state (which would lead
to a lower amount of molecules in state B with a nearest neighbor at 1.9 nm). In
Chapter 5 the relation between these states will be discussed in more detail.
Molecular conformations
An alternative explanation for state B would be a molecule of Mn1 in a different
conformation, with its porphyrin ligand bent in a different geometry. Such a bending
might be caused by the relative orientation of the meso-phenyl groups attached to
the porphyrin core and can give rise to differences in topographical contrast. Such an
effect has been observed for TPP under UHV conditions on copper and gold surfaces
[68], but only at very low temperatures of 25–30 K. If such conformations would be
stable in a liquid environment at room temperature similar effects would also have
been expected for the measurements of H2 1, but for that compound only one state
was observed in the STM images [54, 62].
Substitution of the chlorine ligand
Another alternative for a reduction is a substitution reaction of the chlorine ligand
of Mn1Cl. The Mn-Cl bond in Mn1Cl is relatively strong (it is considered a “tight
binding ligand” [19]). The only reasonable possibility for such a substitution would
be a reaction with the solvent. In the case of 1-octanoic acid this would mean that
a substitution reaction would replace the chloride ion by an octanoate ligand. This
is a possibility that has to be taken into account, as it might explain the difference
in contrast in the STM measurements. Also, a change of counter ion might lead to
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a different reactivity [8], which could explain why state B is more reactive. However,
a solution of Mn1 in 1-octanoic acid was measured weekly by UV-Vis spectroscopy
for a period of more than 3 months and no sign of such a substitution was observed.
The role of the octanoic acid will be further discussed in Section 4.9.
Chlorine ligand pointing towards the surface
A molecule of Mn1 with its chlorine ligand pointing towards the surface in a layer
where the other molecules of Mn1 have their chlorine ligand pointing away from the
surface might lead to the contrast and topographical differences found for state B.
Although it is considered unfavorable for a molecule of Mn1 to have its chlorine ligand
directed towards the surface, as was discussed in Section 4.3.2, it might be stabilized
by surrounding molecules of Mn1 with their chlorine ligands pointing away from the
surface. Such an explanation for state B would, however, not satisfactory explain its
higher reactivity. In addition, one would expect similar relative coverages for state B
in all STM experiments, which is clearly not the case.
Conclusion state B
The observation that state B seems to emerge at negative bias voltages, in combination
with its high reactivity, supports its tentative assignment to Mn(II)1. In Chapter 5
the reactivity of this state will be discussed in more detail.

4.7 Assignment of state A
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4.7 Assignment of state A
4.7.1 Topography of state A: “double decker” structure
State A has a much larger topographical signature than the other three states (Fig. 4.13).
Its apparent height is about 0.4–0.5 nm, more than twice as high as the other states.
These two observations suggest that state A might be assigned to a so-called “double
decker” structure, i.e. two molecules of Mn1 on top of one another. In that case, the
enlarged topographical signature can be explained by a relatively weak immobilization of the topmost Mn1 molecule. To gain additional information about the internal
structure of state A, the contrast in an STM image was adjusted to only visualize the
topmost molecule (Fig. 4.27a). In this image, the “four-leaf clover” structure typical
for porphyrin moieties is clearly visible, confirming the interpretation that state A
is a “double decker” structure of Mn1. The top molecule appears to be partly immobilized, because its internal structure can be well resolved, which indicates that it
has a preferred orientation with respect to the underlying part of the structure. Still,
its large topographical signature suggests a certain degree of mobility. It is possible
that the topmost molecule is free to rotate, but spends enough time in a preferred
orientation for it to be visualized by STM. It is also possible that the large topographical signature is caused by the mobility of the porphyrin’s meso-phenyl substituents
— so far it has not been possible to resolve these in STM measurements. It should
furthermore be noted that particles which are geometrically higher than other surface
features can appear broader in topography, due to limited sharpness of the STM tip.
The orientation of the topmost Mn1 porphyrin appears to be different from that
of the lower lying molecules in the surrounding layer. The angle θ between these orientations appears well-defined (it was observed in more than 10 STM measurements)
and amounts to about 45◦ (Figs. 4.27b and c). If state A corresponds to a “double
decker” of stacked molecules of Mn1, and assuming that the bottom molecule of
Mn1 is oriented similarly in the monolayer as the other states, this means that the
porphyrins in the “double decker” are rotated with respect to each other.
Recently, the group of Shimizu has reported STM studies on immobilized “double
decker” structures composed of two cerium-linked phthalocyanines, molecules which
are closely related to porphyrin molecules [64]. These “double deckers” were mixed
with the corresponding monomeric phthalocyanines, and monolayers containing both
molecules were formed. In these measurements the top phthalocyanine in the “double
decker” was also found to be oriented under an angle of 45◦ with respect to the
bottom molecule (Fig. 4.28). STM cross-sections showed that the “double deckers”
had an apparent height of 0.4 ± 0.1 nm, while the monomeric phthalocyanines had
an apparent height of 0.15 ± 0.1 nm. These values are very close to the apparent
heights of state A and the other states, respectively, which is a further indication that
the interpretation of state A as being a “double decker” structure is justified.
Another “double decker” structure reported by Shimizu et al. was a phthalo-
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Figure 4.27: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 5 weeks; 3 × 3 median filter, Vbias = −800 mV, Iset =
10 pA. a) Image in which the contrast settings are chosen such that the internal structure
of state A is made visible. b) A similar image in which also the other states are visible,
indicated by capital letters. The solid cross indicates the orientation of the Mn1 molecule
in state C, the dotted cross indicates the orientation of the topmost Mn1 molecule of state
A. The white line connects the centers of the molecules. c) Indication of the angle θ between
the two orientations in (b).

cyanine coupled via a cerium center to a tetraphenyl porphyrin (TPP). Unlike the
“double deckers” composed of two phthalocyanines, these molecules appeared to have
a non-immobilized topmost porphyrin molecule, which was due to an imperfect match
between the phthalocyanine and porphyrin in terms of π − π interactions. The apparent height of these “double deckers” was 0.4 ± 0.1 nm as well.
The fact that in the case of the “double decker” structure of Mn1 the topmost
porphyrin molecule appears to be immobilized to a certain extent can be attributed
to several effects: first, since both the porphyrins in the structure are of the same
type, there might be favorable intermolecular π − π interactions. Secondly, unlike
the phthalocyanine/tetraphenyl porphyrin “double decker” of Shimizu, the topmost
molecule of the “double decker” of Mn1 has alkyl tails, which can help in its immobilization. And finally, similar to the phthalocyanine/TPP “double decker”, the
molecules of Mn1 might be physically connected, e.g. via a bridging oxygen atom or
molecule.
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Figure 4.28: a) Structures of a “double decker” studied by the group of Shimizu. b) STM
topographies of a mixture of (C8 OPc)2 Ce and C8 OPc at the HOPG/1-phenyloctane interface. c) Proposed molecular model. The white lines indicate the orientation of the (C8 OPc)
molecule in the monolayer, the black lines indicate the orientation of the topmost (C8 OPc)
molecule of the “double decker” structure. The angle between these two orientations is
indicated, θ = 45◦ . [64]

4.7.2 Relative coverages of state A in different atmospheres
To investigate whether the two molecules of Mn1 in the “double decker” are connected by oxygen, STM experiments under different atmospheres were carried out.
In addition, the influence of the concentration of Mn1 in the 1-octanoic acid supernatant solution was investigated, since for the formation of a “double decker”
structure a second porphyrin is required.
The relative coverage of state A in a monolayer of Mn1 was monitored after 4
hours of scanning at Vbias = −800 mV, in the presence of different amounts of oxygen
and at different concentrations. The two experiments under an argon atmosphere
(meaning that there is an argon-filled bell jar atop the STM setup, and that the
solution has been purged with argon for at least a night), yielded 0% of state A in the
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STM measurements, both in the case of solutions with a concentration of 10−5 M and
10−4 M of Mn1. In contrast, when an oxygen-purged solution with a concentration
of Mn1 of 10−5 M in an ambient atmosphere was used the abundance of state A
increased to 1.5%. When the concentration was raised to 10−4 M an even higher
relative coverage (3.4%) of state A was obtained. These observations indicate that
the relative coverage of state A is directly related to the presence of oxygen and also
to the concentration of Mn1 in the supernatant solution.

4.7.3 Stability of state A
Lifetimes of state A
To study the stability of state A, the lifetimes of molecules of Mn1 in this state was
monitored. Of every molecule in state A that appeared in the STM image, either
by drift or by a formation event, its appearance time was recorded. The state was
subsequently tracked until it either drifted out of the STM image, or until it converted
to a different state. The latter process can imply a change of state, or a replacement by
a molecule in a different state from the supernatant solution. The overall lifetimes of
state A are shown in the light gray histogram in Fig. 4.29. The dark gray histogram
shows the subset of the molecules of Mn1 in state A of which the entire lifetime
could be monitored. These states were generated during the experiment and were
also observed to convert to a different state.
Since the number of molecules of Mn1 in state A per measurement is low, the histogram was constructed from several STM experiments (always at Vbias = −800 mV,
Iset = 5–10 pA, ambient conditions). The total number of molecules of Mn1 in state
A used for the histogram is 40. From these 40 molecules of Mn1 in state A that
were monitored 43% had an observed lifetime of over an hour, and 65% of over half
an hour. Note that these are the observed lifetimes, and that actual lifetimes will
be longer. The observed lifetimes indicate that state A is quite stable at this bias
voltage.
Instability of state A at low voltages
State A appeared to be stable at bias voltages of −800 mV and more negative (measured up to Vbias = −1.1 V). However, when the Vbias was lowered this stability
changed (Fig. 4.30). At Vbias = −400 mV, state A started to show a rapid “blinking”
behavior. Sometimes the molecule is in state A, while at other times it is not, although it is not clear from the measurements to what state it transforms. State A can
reappear after several scan lines (i.e. seconds), but can also disappear and reappear
within a single scan line (i.e. 10−3 –10−1 seconds, Fig. 4.30b). As soon as the bias
voltage was returned to −800 mV, the state became stable again, a process which can
be carried out repeatedly. There has been no indication that the “blinking” behavior
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Figure 4.29: Histograms in which the lifetimes of molecules of Mn1 in state A are plotted.
The light gray bars represent all observed molecules in state A (n = 40), while the dark gray
bars only include the subset of molecules of Mn1 in state A of which the entire lifetime
could be monitored, i.e. they were observed to convert into state A and later into a different
state (n = 20). Vbias = −800 mV, Iset = 5–10 pA.

causes state A to disappear permanently. State A was once observed stable enough
at a bias voltage of −400 mV to be imaged without “blinking” (Fig. 4.30c) revealing
that its topographical signature was similar to the signature at −800 mV.
The “blinking” behavior is proposed to be tip-induced, since at −400 mV, the tip
is closer to the surface than at −800 mV. The transition of the molecule of Mn1 to
state A and back appears to occur randomly in time. The size of the topographical
signature of a molecule of Mn1 in state A during blinking is similar to the size of the
stable state. The topographical height of the “on” state is about 0.4 nm (Fig. 4.30g),
which is the same as that of the stable state A (Fig. 4.13c). Spikes up to ∼1.5 nm
high are often visible in cross-sections through the center or through the edge of state
A during “blinking”, but these spikes have also sporadically been observed when the
state is stable (Fig. 4.30f). So far, a full explanation for these spikes has not been
found.

4.7.4 Tentative assignment of state A
Molecules of Mn1 in state A have the following properties:
• Large apparent height. State A has an apparent height of about 0.4–0.5 nm,
more than twice as high as the apparent height of states B, C and D (Fig. 4.13).
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Figure 4.30: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 49 days; No median filter, Iset = 10 pA. a) t = 0. Vbias
= −800 mV. b) t = 3 minutes. Vbias = −400 mV. c) t = 24 minutes. Vbias = −400 mV. d)
t = 36 minutes. Vbias = −400 mV. e) t = 39 minutes. Vbias = −400 mV. f) Cross-section
corresponding to the white dashed line in (a). g) Cross-section corresponding to the white
dashed line in (d).

• Distinct topographical signature. State A has a “four leaf clover” structure
which is rotated by an angle θ of about 45◦ with respect to the Mn1 molecules
in other states in the surrounding layer, as was shown in Section 4.7.1.
• Oxygen-dependence. The relative coverage of state A appears to be dependent on and favored by the presence of oxygen, see Section 4.7.2.
• Dependence on the concentration of Mn1. The relative coverage also appears to be favored by a high concentration of Mn1 in the supernatant solution
(Section 4.7.2).
• Stable state. The lifetimes determined in Section 4.7.3 at Vbias = −800 mV
indicate that state A is relatively stable at that voltage.
• Voltage-induced instability. At a relatively low negative bias voltage (−400 mV),
state A shows a rapid “blinking” behavior (Section 4.7.3).
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“Double decker structure”
As was already discussed in Section 4.7.1, the apparent height and topographical signature of state A indicate that this state corresponds to a “double decker” structure,
i.e. one Mn1 molecule on top of another. A schematic drawing compatible with the
STM measurements of such a “double decker” structure can be seen in Fig. 4.31. This
interpretation would also explain why at a higher concentration of Mn1 in the supernatant solution more Mn1 molecules appear in state A, since in that case the chance
of forming a dimer is increased. The voltage-induced instability is in agreement with
this model, since the tip is nearer to the surface at lower bias voltages, it might sweep
away or push aside the topmost Mn1 molecule of the “double decker” structure. The
“blinking” suggests that the “double decker” structure is restored relatively quickly.
A reason for this restoration could be that the alkyl side chains of the topmost Mn1
molecule interact with the underlying layer and that this molecules therefore stays in
the direct vicinity.

Figure 4.31: Molecular model of the proposed “double decker” structure of Mn1, based on
the STM measurements. The alkyl chains have been omitted for clarity.

There are several different molecular species that can be assigned to such a “double
decker”, either coupled by π − π interactions or connected by oxygen, and these will
be discussed in the following sections.
Dimer by π − π interactions
A possible candidate for state A would be a structure in which two Mn1 molecules
are placed on top of each other, stabilized by π − π interactions between the aromatic
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porphyrin rings. Such a structure would, however, not explain the apparent oxygendependence.

Oxygen connected dimer of Mn1
The oxygen-dependence can be explained if one assumes that oxygen is involved in the
formation of the dimer, and the dimer corresponds to two Mn1 molecules bridged by
an oxygen atom or molecule. An oxygen-connected dimer would also fit well with the
observed topographical signature. In the case of the “double deckers” of Shimizu [64],
the two phthalocyanines were connected by a Ce atom, which constrained the two
dyes under an angle of θ = 45◦ . The similar angle found between the two porphyrins
in state A suggests that they are connected at relatively low distance.
When the reaction model described in Section 4.1.2 is considered, several dimer
structures appear to exist: a [µ-oxo Mn(IV)1 dimer]2+ [33, 34], a µ-oxo Mn(III)1
dimer [13, 38, 42], a mixed-valence µ-oxo Mn(III)1/Mn(IV)1 or Mn(II)1/Mn(III)1
dimer [38, 42] and a µ-dioxo Mn(III)1 dimer [13, 23, 38].
Of these candidates, the µ-oxo Mn-porphyrin dimers with a mixed valence have
been reported to be unstable at room temperature [38, 42]. The µ-dioxo Mn-porphyrin
dimer has been proposed as an intermediate step in the splitting of molecular oxygen,
but so far it has not been isolated. It is of course possible that the graphite surface
stabilizes the mixed-valence µ-oxo Mn-porphyrin dimer or the µ-dioxo Mn-porphyrin
dimer in the case of Mn1, and therefore state A might still correspond to these dimeric
species. The [µ-oxo Mn(IV)1 dimer]2+ and the µ-oxo Mn(III)1 dimer, however, are
known to be relatively stable. These species are therefore good candidates to explain
state A. In the case of the [µ-oxo Mn(IV)1 dimer]2+ the charge might lead to the
presence of two counter ions (the Cl-ligands), which could hinder adsorption.
The dependence of state A on the concentration of Mn1 in the supernatant solution indicates that the second porphyrin comes from the solution. Considering that
state D was assigned to a Mn(IV)1=O complex, a “double decker” can be formed by
the coupling of this complex to a Mn(II)1 from the solution, leading to a Mn(III)1O-Mn(III)1 dimer or to a [Mn(III)1]+ from the solution to form a mixed-valence
[Mn(III)1-O-Mn(IV)1]+ dimer (Fig. 4.3). The amount of Mn(II)1 in the solution
is expected to be very low and therefore the [Mn(III)1-O-Mn(IV)1]+ appears more
likely to be formed. Such a mixed-valence complex, however, has been reported very
unstable [38], which is in contradiction with the observed stability of state A. This
suggests that either a Mn(III)1-O-Mn(III)1 dimer is formed, or, in the case that a
mixed-valence dimer is formed, it is stabilized by its adsorption to the surface, or by
a surface-induced reduction to a more stable Mn(III)1-O-Mn(III)1 complex.
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Oxidation state of Mn1
An alternative explanation for state A, would be that this state corresponds to a
molecule of Mn1 in a different oxidation state than the surrounding Mn1 molecules,
i.e. a molecule of Mn1 with a Mn(II) center or a reduced porphyrin ligand. This
would however not explain the observed oxygen-dependence, the dependence on the
concentration of Mn1 in the supernatant solution, or the observed “blinking” behavior.
Conclusion state A
The topographical signature of state A, its apparent height, and the dependence on
the concentration of Mn1 in the supernatant solution indicates that it corresponds
to a “double decker” structure. Because of the dependence on the presence of oxygen
and because a homolytic cleaving process of molecular oxygen is occurring on the
surface, the most probable candidates are Mn(III)1-O-O-Mn(III)1, Mn(III)1O-Mn(IV)1 and Mn(III)1-O-Mn(III)1. Of these the first two are unstable at
room temperature in solution, while state A was observed to be stable. It is therefore
proposed that state A corresponds to the µ-oxo Mn(III)1 dimer, which can be formed
by the coupling of a Mn(IV)1=O complex to a Mn(II)1 molecule or by a surfaceinduced reduction of Mn(III)1-O-Mn(IV)1 complex.

134

STM of oxidation states of Mn-porphyrins during reaction

4.8 Effect of the tip on the reactions
4.8.1 Presence of the tip
It is possible that the presence of the STM tip has an influence on the occurrence
or rate of reactions on the surface. The reactions might be tip-induced, either by
the tunneling current or by the electric field. To check this possibility, the STM tip
was allowed to repeatedly scan a predefined location on the surface, containing a
monolayer of Mn1, for 4.5 hours (Fig. 4.32a). Subsequently, the relative coverage of
the molecules of Mn1 in state D was determined at this location, and at locations on
the sample at at least a micrometer distance, i.e. where the tip had not been scanning
(Fig. 4.32b).

a)

Origin

b)

10nm

Displaced tip

10nm

Figure 4.32: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 2 × 10−5 M, solution 113 days old; 3 × 3 median filter. Vbias = −800 mV, Iset =
2 pA. a) At (x,y) = (0,0) after 4.5 hours of scanning at this location. b) After moving to
remote location at (x,y) = (931,0) nm.

The results are summarized in Table 4.2. At the part of the surface where the
scanning had taken place, the relative coverage of state D is 5.77%, while across
the entire surface this relative coverage has a mean value of 5.71 ± 0.65%. These
observations indicate that the presence of the STM tip is not essential for the reactions
to take place, and consequently, that the field of the tip or the tunneling current are
not the major cause of these reactions.
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Table 4.2: Relative coverage of state D (average of 1 up and 1 down scan) at the 1-octanoic
acid/HOPG interface at several locations, after 4.5 hours of scanning at a predefined location,
(x,y) = (0,0). Concentration 2 × 10−5 M, solution 113 days old; Vbias = −800 mV, Iset =
2 pA.

Location
(x,y) in nm
0,
0
931,
0
932, −1063
−61,
957
−61, −1043
−1016, −1043

Rel. coverage
of state D (%)
5.77
6.37
5.93
4.80
6.33
5.09

4.8.2 Effect of a gold tip
So far, all the STM experiments described in this chapter have been performed with
a platinum-iridium tip (90:10). However, Pt(111) has been reported to be able to
dissociate molecular oxygen in an acidic environment [69]. Although the previous
section indicated that the reactions of Mn1 on the surface were not induced by
the STM tip, an extra control experiment was carried out in which the Pt/Ir tip
was replaced by a tip made of gold. However, shortly after the experiments it was
revealed that also gold nanoparticles were able to dissociate molecular oxygen [70].
Still, some interesting observations were made in the STM experiments with a gold
tip (Fig. 4.33).
All the states (A, B, C and D) observed with a Pt/Ir tip could also be imaged
with an Au tip. State A was observed with a larger topographical signature, and an
apparent height of 0.5 nm, state B was darker with an apparent height of 0.06 nm,
state C had an apparent height of about 0.1 nm and the apparent height of state
D was found to be 0.2 nm (Fig. 4.33). It is interesting to note that state B can
be imaged relatively clearly at a bias voltage of −500 mV, whereas this state was
almost indiscernible from state C at the same bias voltage when a Pt/Ir tip was
used. The difference in appearance of the state might be a result of the fact that
the measurement is carried out at a different electrochemical potential (because of
the change of tip material) or by a possible chemical interaction between state B and
the tip material. Because all the states are also observed with an Au tip, they are
proposed to be reactive states of the molecules of Mn1— in the sense that properties
of the molecules are expressed and not caused by the Pt/Ir tip material.
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Figure 4.33: STM topographies of Mn1 at the HOPG/1-octanoic acid interface, measured
with an Au tip. States A, B, C and D are labeled by the capital letters. Solution 2 ×
10−5 M, age of solution: 70 days; 3 × 3 median filter. a) Vbias = −600 mV, Iset = 5 pA.
b) Cross-section corresponding to the white dashed line in (a). c) Vbias = −500 mV, Iset =
10 pA. d) Cross-section corresponding to the white dashed line in (d).

Instability of state A with a gold STM tip
With regard to the imaging of state A, the STM characteristics observed with a
gold tip are not exactly the same as those carried out with a Pt/Ir tip. At Vbias =
−500 mV, state A appears stable when it is measured with a gold tip (Fig. 4.33a),
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while measured with a Pt/Ir tip it was found to be unstable and showed “blinking”
behavior (see Section 4.7.3). Surprisingly, at a more negative Vbias of −800 mV,
molecules of Mn1 in state A appear to “blinking” when imaged with a gold tip
(Fig. 4.34), whereas at this bias voltage with a Pt/Ir tip state A is observed as a
stable and immobilized bright spot. The observed “blinking” is similar in appearance
as the blinking observed with a Pt/Ir tip at less negative bias voltages, described in
Section 4.7.3.
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Figure 4.34: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface, measured
with an Au tip. Two “blinking” molecules in state A are indicated by white circles. Concentration 2 × 10−5 M, age of solution: 70 days; No median filter, Vbias = −800 mV, Iset
= 10 pA. b) Cross-section corresponding to the white dashed line in (a).

It appears that state A repeatedly undergoes a transition to another state and
back. Since state A was assigned as a “double decker” structure, this behavior could be
interpreted as a repeated dissociation and association of the topmost Mn1 molecule.
For the Pt/Ir tip it was proposed that the physical presence of the tip sweeps the
topmost molecule of the “double decker” away. As the “blinking” behavior shows
a different bias voltage dependence in the case of the gold tip, it might be due to
a different mechanism. In earlier research it has already been revealed that Mnporphyrins can attach to a Au(111) surface, which was proposed to be the result
of the gold acting as an unconventional type of axial ligand to the Mn center [43].
The same effect could occur with a gold tip. It is possible that the Mn center of
the porphyrin shortly forms a weak coordinative bond with an atom in the gold tip,
and as a result dissociates from the bottom part of the “double decker” complex.
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The reverse reaction (association) might be favored because of the possibility that
the alkyl side chains of the top molecules still have interactions with the surface,
and “pull” the molecule back in place to reform the “double decker” structure. The
cross-section of the “blinking” Mn1 molecule (Fig. 4.34b) suggests that the topmost
molecule returns to the same location and adsorption geometry on the surface. The
“blinking” behavior reveals that the dissociation and association of state A occurs in
the time frame of seconds.
During the “blinking” the down most Mn1 molecule of the “double decker”
seems to become visible. The appearance and the cross-section through this molecule
(Fig. 4.34), which reveals an apparent height of about 0.05 nm higher than the surrounding molecules of Mn1 in state C, suggest that it corresponds to state D. This
observation suggests that state A and state D are related. If the assignment that state
D is a Mn1-oxo species is correct, this would confirm the interpretation of state A as
an oxygen-bridged dimer. The transitions can be explained by a repetitious formation
and decomposition of a Mn(III)1-O-Mn(III)1 complex leaving a Mn(IV)1=O at
the surface. The topmost molecule of the dimer would then correspond to Mn(II)1.
If a weak coordinative bond with an atom in the gold tip is present, this oxidation
state of the metal center is not surprising, as it is similar as was seen for manganese
porphyrins on a gold surface [43].
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4.9 Effects of the solvent
So far, the role of the 1-octanoic acid in the experiments described in this chapter
is not entirely clear. In general, the solvent cannot automatically be considered as
innocent in the case of oxidation reactions with manganese porphyrins. For example
when such reactions are carried out in an aqueous medium they are known to be
dependent on the pH [28–31, 47]. The solvent can also influence the value of the
Mn(III) to Mn(II) reduction potential [8] and it is possible that solvent molecules
bind as an axial ligand to the manganese center of the porphyrins.

4.9.1 Experiments of Mn1 at the HOPG/1-phenyloctane interface
To gain insight into the role of the 1-octanoic acid, a control measurement was carried
out to investigate if the different states are also observed at a different solid/liquid
interface, in this particular case with 1-phenyloctane as the liquid phase.
Fig. 4.35 shows the STM topography measurement of a monolayer of Mn1Cl at
the HOPG/1-phenyloctane interface. The fact that monolayers of Mn1 are formed
is already quite surprising, since the free base analogue, H2 1, did not appear to form
a monolayer at the same interface [54] (see also Section 4.3.1). However, in that case
the STM measurements were performed at far higher tunneling currents (of about
800 pA), while the measurement of Mn1Cl was performed at 5 pA. Even at this
much lower current, the layer was unstable, which could be due to the fact that the
1-phenyloctane solvent molecules are unable to form hydrogen bonds with the Mn1
molecules in the monolayer. It was not possible to monitor the monolayer for more
than 12 minutes, and after that period a new patch of molecules had to be found.
The observed patches were generally about 50 nm across. Even though the layer was
rather unstable, the STM topography images are remarkably detailed. A unit cell
was determined of a = 2.0 ± 0.3 nm, b = 4.0 ± 0.4 nm and γ = 75 ± 15◦ .
The important question is, whether it is possible to image all the states of Mn1
which were also observed at the HOPG/1-octanoic acid interface, or whether these
states are specific for that environment. In Figs. 4.35b and c, a state is present
which has a similar apparent height as state D, of about 0.18 nm. However, its
topographical signature is different, a bright spot is clearly visible in the center of the
porphyrin while state D at the HOPG/1-octanoic interface appeared more bright over
the complete molecule. It would be useful to analyze the spatial distribution of this
state at the HOPG/1-phenyloctane interface, however because of the instability of the
layer not enough data were available to reliably create a histogram. Figs. 4.35a and
d also reveal the presence of molecules which have a darker topographic signature
than the other molecules in the layer (indicated by the solid white circles). These
molecules might correspond to a similar state as state B at the HOPG/1-octanoic acid
interface, but might also be explained by defects, which would fit with the general
instability of the layer. The inset in Fig. 4.35d shows two other molecules of Mn1
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Figure 4.35: a, b, d, e) STM topographies of Mn1Cl at the HOPG/1-phenyloctane interface.
Concentration 2 × 10−5 M, age of solution: 77 days; 3 × 3 median filter, Vbias = −400 mV,
Iset = 5 pA. b) Zoom in of (a). c) Cross-section corresponding to the white dashed line in
(b). d) Indicated by the white circles (dashed and solid) are molecules of Mn1 which are
possibly in state B. Inset: zoom in.

with a distinct signature, indicated by the dashed white circles. These states do not
necessarily appear darker, but are distinctive because of the dark stripe visible across
the molecule, in the direction of the lamellae (in this case vertical). The fact that this
stripe is not in the scan direction (which is horizontal) suggests it is a real topographic
or electronic feature, as opposed to a scan artifact.
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Figure 4.36: STM topography of Mn1 at the HOPG/1-phenyloctane interface. Concentration 2 × 10−5 M, age of solution: 77 days; No median filter, Vbias = −600 mV, Iset =
5 pA. b) Cross-section corresponding to the white dashed line in the upper left of (a). c)
Cross-section corresponding to the white dashed line down center in (a).

The STM measurements in Fig. 4.35 were performed at a bias voltage of −400 mV.
At more negative bias voltages, for example −600 mV, the measurement becomes far
more unstable, and spikes and horizontal stripes appear (Fig. 4.36). The cross-section
of these spikes, (Figs. 4.36b and c), reveal that they have an apparent height of about
0.3–0.4 nm. This height corresponds well with the height of molecules of Mn1 in state
A at the HOPG/1-octanoic acid interface. These spikes could be due to a diffusing
species on top, but it is suspected they are caused by molecules of Mn1 which exist
only shortly in state A. In the lower middle region of Fig. 4.36a, a molecule of Mn1
in what appears to be state A is observed for a couple of scan lines. In addition to
the cross-section also its extended topographical signature corresponds to a molecule
of Mn1 in state A at the HOPG/1-octanoic acid interface.
It can be concluded that molecules of Mn1 are also present in different states at
the HOPG/1-phenyloctane interface. Several different states were observed at this
interface, similar to what was observed at the HOPG/1-octanoic acid interface. So
far, it seems likely that the states have the same origin. Unfortunately, because of the
instability of the layers of Mn1 at the HOPG/1-phenyloctane interface, it was not
possible to obtain similar statistics as for the STM measurements at the HOPG/1octanoic acid interface. The state with the highest relative coverage has a similar
topographical signature and apparent height (of about 0.12 nm) as state C. There is
a higher appearing state, which is proposed to correspond to state D. The observed
darker state could be related to state B, but its topographical signature is different
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from that of state B at the HOPG/1-octanoic acid interface, which so far makes its
assignment uncertain. An unstable state is observed with a similar topographical
signature and similar apparent height as state A.

4.9.2 Further experiments of Mn1 at the HOPG/1-octanoic acid interface
It was already noted that the appearance of different states in monolayers of Mn1 at
the HOPG/1-octanoic acid interface appears to be related to the age of the solution.
In a measurement under ambient conditions with a solution of Mn1 of 3 days old
(concentration 3 × 10−5 M), depicted in Fig. 4.11, only molecules of Mn1 in state
C were observed — even after 4 hours of scanning at a bias voltage of −800 mV
and with Iset = 5 pA. A measurement with the same solution of 108 days old led to
0.3% of state A, 15.6% of state B and 4.5% of state D, after scanning for 4 hours
at −800 mV and 5 pA. Similar results were observed in an oxygen atmosphere: a
solution of 1 day old had a relative coverage of state C of 100% after scanning for 4
hours at −800 mV and 5 pA, while an experiment with a solution of 58 days old led
to 0.3% of state A, 3.5% of state B and 16% of state D. From the experiments it was
not possible to quantatively correlate the age of the solution to the relative coverages
of states, but it was often observed that freshly made solutions of Mn1 in 1-octanoic
acid had lower relative coverages of states other than state C than older solutions.
In an attempt to understand this apparent age dependence, a sample of Mn1
in 1-octanoic acid (concentration 2 × 10−5 M) was measured weekly by UV-Vis
spectroscopy for a period of more than 3 months. However, no changes were observed
in the UV-Vis spectra, which suggests that there is no direct correlation between the
age of the solution and the appearance of the states of Mn1 at the surface.
A possible explanation for the age dependency is that water plays a role in the
reaction, in the sense that in an older solution water from the environment can slowly
contaminate the solution. To investigate this possibility, a solution of 4 months old was
“contaminated” by water on purpose. A sample of the original solution was directly
measured by STM in an ambient atmosphere (Fig. 4.37a), and the experiment was
repeated with a sample from the stock solution to which water was added (one sample
3.8 and another 5.3% m/m milli-Q water, Fig. 4.37b). The measurements with water
had a higher noise level in the tunneling current (5 pA compared to 0.6 pA). The fact
that this value is still relatively low suggests that not all the water mixed with the
1-octanoic acid. When the STM measurements of monolayers of Mn1 constructed
from solutions contaminated with 3.8 and 5.3% (m/m) milli-Q water are compared
to the measurements in the absence of water, a clear change in the relative coverages
of states A and D was found (the resolution was not sufficient to determine state B).
In the absence of water, the relative coverage of state D never became larger than
1.2% during the 4 hours of scanning at −900 mV and 10 pA and the relative coverage
of state A stayed below 0.3%. In the presence of water, these values were more than
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doubled: a relative coverage of state D of 3% and of state A of 0.6% were measured.
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Figure 4.37: STM topographies of Mn1 at the HOPG/1-octanoic acid interface. a) Concentration 2 × 10−5 M, age of solution: 78 days; 3 × 3 median filter, Vbias = −900 mV, Iset
= 10 pA, after 240 minutes of scanning. b) Concentration 2 × 10−5 M, age of solution: 79
days, mixed with 5.6% (m/m) milliQ water; 3 × 3 median filter, Vbias = −900 mV, Iset =
10 pA, after 200 minutes of scanning.

It is therefore proposed that water plays a role in the reaction of Mn1 with
molecular oxygen at the HOPG/1-octanoic interface. There are several possibilities
for the role of water in this process.
• pH-dependence. In an aqueous medium, reactions of manganese porphyrins
with molecular oxygen are known to be dependent on the pH [28–31, 47]. It is
therefore likely that the presence of water in the 1-octanoic acid can also have
an effect on the reactivity of Mn1, for example by assisting in the delivery
of protons in the case of the conventional model of the splitting of molecular
oxygen by manganese porphyrins (Step 3 in Fig. 4.1).
• Coordination to the manganese center. Another way by which water can
influence the reactivity, is by coordinating to the manganese center of Mn1. It
has been reported that such a coordination can promote the chances of reduction
of the manganese center of Mn(III) to Mn(II) [71].
• Participation in an electrochemical counter reaction. During the experiments, non-conventional electrochemistry seems to take place in a nonconducting medium in the absence of a reference electrode. In an electrochemical
cell, a reaction on the working electrode can only occur when a counter reaction
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takes place at the counter electrode. It is possible that a similar process occurs
in these measurements, and that a counter reaction at the STM tip requires the
presence of water.
• Reaction with the solvent. Water might enable the formation of octanoate
anions by deprotonation of solvent molecules. These octanoates might replace
the chloride anion of the manganese center, which could have an effect on
the reactivity. However, since different Mn1 states were also observed at the
HOPG/1-phenyloctane interface, this is not expected to be a main effect.

While more research is necessary in this direction, the observed increase in the
abundance of the different states after the addition of water might explain the observed
time dependence.
It is important to note that since the exact nature of the time dependency is still
unclear, special care was taken when STM experiments were set up to be compared
with each other (for example in determining the effect of the presence of oxygen, or
of the bias voltage). The same liquid sample of the stock solution was used and time
in between the measurements was reduced to a minimum.

4.10 Conclusions
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4.10 Conclusions
The reactive behavior of single molecules of Mn1 was studied at the HOPG/1octanoic acid interface by Scanning Tunneling Microscopy. It was found that these
molecules can be present in four distinct states, which have been tentatively assigned
as depicted in Fig. 4.38.
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1nm
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Figure 4.38: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface showing
the four distinct observed states, labeled A, B, C and D. Concentration 2 × 10−5 M, age
of solution: 5 weeks; 3 × 3 median filter, Vbias = −800 mV, Iset = 10 pA. b) Tentative
assignment of the four states.

• State C. The native state of the molecules of Mn1 is state C, which is assigned
to the parent compound, Mn(III)1Cl.
• State D. The brighter state D appears to be related to the presence of oxygen.
The relative coverage of this state typically increases over the course of an STM
experiment, and in particular under an oxygen atmosphere its relative coverage
can increase to values above 20%. Its nearest neighbor distance distribution is
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non-random and a clear preference for the appearance of state D on adjacent
locations in the monolayer was found. This distribution as well as the observed
stability of state D seems to exclude that this state corresponds to a Mn1-dioxo
species. It is proposed that state D corresponds to Mn(IV)1=O, formed after
a homolytic splitting of oxygen, similar as was observed in previous work in our
group [43]. A derivative of this species, such as [Mn(III)1-OH]+ , is also one of
the possibilities.
• State B. At voltages more negative than −600 mV, some molecules of Mn1
make an apparent transition to a darker state, which has a large contrast difference with other molecules of Mn1 surrounding it. This state, state B, has
been assigned to Mn(II)1, mainly because of its apparent higher reactivity
compared to state C. It is so far unclear whether the reduction of Mn(III)1Cl
to Mn(II)1 is induced at a certain bias voltage, since at voltages less negative
than −600 mV state B is nearly indistinguishable from state C.
• State A. Molecules of Mn1 in state A were only observed in low amounts.
The apparent height of state A, its topographical signature and its dependence
on the concentration of Mn1 in the supernatant solution suggest a “double
decker” structure. Because of its stability, and its apparent dependence on
the oxygen concentration, it is suggested that state A corresponds to a µ-oxo
Mn(III)1 dimer. At lower negative bias voltages (around −400 mV), this state
is unstable when measured with a platinum/iridium tip. With a gold tip this
state is unstable at Vbias = −800 mV. The instability indicates that a subsequent
dissociation and association of the top molecule of Mn1 of the “double decker”
takes place. The resulting species underneath this molecule could be visualized
and it was identified as a molecule of Mn1 in state D, which would fit with the
interpretation of state A being a µ-oxo Mn(III)1 dimer.

Alternative explanations for the observed states include decomposed molecules of
Mn1, molecules of Mn1 with a different reduction state of the porphyrin ligand,
a presence of a contamination of the free base porphyrin H2 1, a complex of Mn1
with the solvent, or molecules of Mn1 in different conformations. Most of these
possibilities are, however, unlikely and could be easily discarded on the basis of control
experiments.
So far, the exact role of the 1-octanoic acid liquid is unclear. It was observed that
fresh solutions gave rise to lower relative coverages of states A, B and D on the surface
than older solutions. The presence of water might be an explanation for this, as was
indicated by preliminary measurements. Measurements at the HOPG/1-phenyloctane
interface also reveal the presence of molecules of Mn1 in several distinct states,
suggesting that the 1-octanoic acid environment is not essential for the observed
reactivity of the molecules.
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The presence of the STM tip did not appear to be essential for the reactivity of
Mn1 and the four distinct states were observed both with a platinum/iridium and
with a gold tip.
The results described in this chapter have shown that the study of the reactivity
of Mn1Cl on the surface by STM is highly complex. Many aspects of the reactions
that seem to occur are still unclear to some extent. However, it appears possible to
induce or influence a reaction by means of the bias voltage in the STM setup and
that the STM is a valuable tool to study reactions at the single molecule level.
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4.11 Outlook
There are various directions to continue the research described in this chapter.
• Control over the electrochemical potential. It has been proposed that
at the HOPG surface the manganese center of Mn1 is reduced by the bias
voltage. However, in the current STM setup, the electrochemical potential is
undefined. When similar experiments are carried out at a controlled electrochemical potential, i.e. in an electrochemical STM (EC-STM), further control
and understanding of the system might be obtained. In that case, however, the
1-octanoic acid supernatant solution must be replaced by an electrolyte.
• Study of the reaction in the bulk. The reaction of manganese porphyrins
with oxygen has already been studied for three decades, but many aspects of the
reaction mechanism are not clear. For this reason a study of this reaction at the
molecular level can be complementary to conventional ensemble measurements.
However, so far it is not entirely clear how the 1-octanoic acid environment or
the presence of water influence the reaction in the STM. Investigation of these
aspects in the bulk can assist in the interpretation of the STM results.
• Using simpler model systems. The studies described in this chapter have
been carried out on a very complex system. The active molecule can have different metal-centered and ligand-centered oxidation states, and in addition it can
react with molecular oxygen to give a variety of possible metal-centered intermediates or products. Non-conventional electrochemistry seems to take place in
a non-conducting medium in the absence of a reference electrode. Finally, the
solvent might be non-innocent. To get a better understanding about all processes in the STM setup, it would be good to reduce complexity, for example
by studying a less reactive porphyrin, in a completely inert liquid, e.g. a copper
porphyrin at the HOPG/n-tetradecane interface.
• Ex situ synthesis of the states. An important shortcoming of the Scanning Tunneling Microscope is its lack of chemical specificity and it is very hard
to characterize the oxidation states of the observed molecular species. These
problems could be solved by synthesizing some or all of the proposed states
ex situ and after characterizing these with traditional bulk techniques, study
these compounds by STM. Comparing the obtained topographical signatures
with earlier observed states, could lead to a less ambiguous assignment.
• Use of additional characterization techniques. The STM is a powerful
tool to characterize single molecules adsorbed on a surface, but to get more
insight into the exact nature of the formed complexes, it is useful to also study
them with different techniques, for example reflection UV-Vis, surface Raman
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spectroscopy, or XPS. The monolayers of Mn1 could be studied by Scanning
Tunneling Spectroscopy, either in ultra-high vacuum or at the solid/liquid interface.
• Enhanced data analysis. The molecules of Mn1 have been observed in
four distinct states by STM. At the moment in our research group people are
working on data analysis techniques which cluster related curves or signatures
in a dataset into distinct groups. The datasets displayed in this chapter would
be a good model system for that type of analysis, as specific groups are present
(states A, B, C and D). The analysis could automatically determine in what state
a certain molecule is in. The clustering analysis could also help in determining
if sub-groups are present within the groups.
Another option would be the study of single molecule events based on transitions
of molecules of Mn1 from one state to another, which will be the subject of
Chapter 5.
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CHAPTER

5

STM studies of single molecule events of Mn-porphyrins
reacting with molecular oxygen

In war, events of importance are the result of trivial causes.
Julius Caesar, Roman general and statesman [1].

5.1 Introduction
he Scanning Tunneling Microscope (STM) can be used to
image molecular layers with very high resolution. In Chapter 4 it was used to study the reaction of manganese porphyrins with molecular oxygen at the solid/liquid interface.
Molecules of Mn1 (Fig. 5.1a) were found in four distinct
states, which exhibited very distinct signatures in the STM
images. These observed states were tentatively assigned as being (Figs. 5.1b and c;
see Chapter 4 for a more detailed discussion about this assignment):
• state A, assigned to a µ-oxo Mn1 dimer,
• state B, assigned to Mn(II)1,
• state C, assigned to Mn(III)1Cl, and
• state D, assigned to Mn(IV)1=O.
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Figure 5.1: a) Molecular structure of manganese porphyrin Mn1Cl. b) STM topography
of Mn1 at the HOPG/1-octanoic acid interface showing the four distinct observed states,
labeled A, B, C and D. Concentration 2 × 10−5 M, age of solution: 5 weeks; 3 × 3 median
filter, Vbias = −800 mV, Iset = 10 pA. c) Tentative assignment of the four states (see Chapter
4).

In Chapter 4 the emphasis of the analysis was on the observations in the STM topography measurements. Topographical signatures, spatial distributions and relative
coverages of the different states were analyzed under various experimental conditions.
Another approach to investigate the mechanism of a chemical reaction, is to look at
the dynamic behavior of molecules in a molecular layer at the single molecule level,
by studying how single molecules behave over time. The group of De Feyter, for example, has used this approach to study the conformational dynamics of a multivalent
hexapod compound, consisting of a benzene core and six oligo(p-phenylene vinylene)
legs [2]. By monitoring a monolayer of these molecules at the single molecule level it
was possible to visualize the number of “legs” by which the hexapods were attached
to the surface, and how this number changed in the course of time. At the solid/liquid
interface, STM studies have also been used to study the dynamics of a molecular layer
in terms of adsorption and desorption of molecules [3, 4], and the co-adsorption of
solvent molecules [5]. More examples of this type of research are described in Section
2.3.
In this chapter, the dynamics of molecules of Mn1 in a monolayer at the solid/liquid
interface will be studied in terms of changes from one state to another. These transitions will be referred to as “single molecule events”. The analysis of such individual
events can reveal properties of reaction mechanisms not observable in ensemble studies. It allows one a local monitoring of the sequence of states and one can therefore
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assess the probability of reaction pathways and lifetimes. Some transitions might be
easily possible while others might be blocked.

5.1.1 Possible reaction mechanisms for the splitting of molecular oxygen
There are several possible reaction pathways for the splitting of molecular oxygen by
manganese porphyrins, and these are depicted in Fig. 5.2 (see also Section 4.1.2). The
first step for all these possible mechanisms is the reduction of the Mn(III) center of the
porphyrin to Mn(II) [6], after which an oxygen molecule can bind to the manganese(II)
porphyrin forming a Mn(III)-porphyrin-dioxo species [7].
In conventional cytochrome P450 model systems the terminal oxygen atom is
subsequently converted to a molecule of water after combination with two protons and
one electron, leaving a [porphyrin Mn(V)=O]+ complex or a Mn(IV)=O porphyrin
radical cation [8, 9]. In the STM experiments described in this thesis the protons
required for the transformation to water might be provided by the 1-octanoic acid,
and the electron by the charged surface (Fig. 5.2a).
Alternatively, after the formation of the Mn(III)-porphyrin-dioxo species, the oxygen can be homolytically split, leading to two Mn(IV)-porphyrin-oxo complexes [10–
12]. This requires the presence of two Mn(II)-porphyrins. A suggested intermediate
for such a homolytic cleaving is a Mn(III)-O-O-Mn(III) porphyrin dimer, which can
be generated when a Mn(II)-porphyrin reacts with a Mn(III)-porphyrin-dioxo species
[10, 11]. For the STM experiments at the 1-octanoic acid/HOPG interface the second Mn(II)-porphyrin could be present at an adjacent adsorption site on the surface
(Fig. 5.2b), or it could come from the supernatant solution (Fig. 5.2c). When a
Mn(III)-O-O-Mn(III) complex is formed from two adjacent Mn(II)-porphyrins on the
surface, this would lead to a distortion in the layer, which could lead to an increased
probability of desorption of one or both of the reactive porphyrins.
In general, in literature these mechanisms of the proton-assisted route or via a
double decker intermediate are considered to be the most likely ones [13].
Another possibility, might be that the oxygen-oxygen bond of the Mn(III)-porphyrindioxo species breaks, thereby generating an oxygen atom, which is a biradical (Fig. 5.2d).
Such a biradical is expected to be extremely reactive, and might react further with an
available Mn(II)-porphyrin to a Mn(IV)-porphyrin-oxo complex. Because of its extreme reactivity it is however not inconceivable that it can also react with an octanoic
acid solvent molecule or with a Mn(III)-porphyrin. Similarly, it might also be possible that the oxygen-oxygen bond of the Mn(III)-porphyrin-dioxo species breaks after
attachment of a proton to the terminal oxygen atom, leading to a reactive hydroxy
radical. Both these pathways (involving the free oxygen atom and the hydroxy radical) are not reported in literature, and are not considered likely mechanisms. They
are included here for the sake of discussion.
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Figure 5.2: (a–d) Schematic overview of possible reaction pathways for the splitting of
molecular oxygen by manganese porphyrins in the STM experiments at the solid/liquid
interface. See text for details.
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5.2 Experimental
STM measurements
The experimental STM procedures are similar to the ones described in the experimental section in Chapter 4, Section 4.2. In many STM topography images in this
chapter, the scan direction is indicated by an arrow. This scan direction, called “up”
or “down”, refers to the slow scan direction of the STM, which is perpendicular to
the fast scan direction. Typically the time interval between pixels in this slow scan
direction (also referred to as “between scan lines”) for these STM measurements is in
the order of 10−1 seconds. In the fast scan direction this time interval between pixels
is typically about 10−4 seconds.
Data analysis procedure to find single molecule events
The data analysis procedure to find the coordinates of molecules of Mn1 in states A
and D, and the approach to compare these coordinates to find the appearances and
disappearances of these states (and therefore possible transitions to other states), are
described in Appendix A.
For all zoomed-in images in this chapter, the full STM images were also analyzed,
to determine if a contrast difference was related to the molecule or was also present
at a larger scale.
Randomly distributed single formation events
Datasets of formation events that were randomly distributed were simulated (Fig. 5.5)
for comparison with experimental results of the formation events of state D. For these
datasets the fraction of formation events of state D that happened as part of a pair
was determined. The observed area for those STM measurements corresponds to
4 × 103 nm2 . However, as in the STM experiments molecules in state D preexist,
these sites are effectively blocked for the formation of this state in the simulation.
For the simulation, it is assumed that 80% of the area is unblocked (as the maximum
relative coverage of state D in the measurements corresponds to ∼20%) and therefore
an area of 3.4 × 103 nm2 is used. In the measurement the relative coverage of state
D increases at an average of 0.5% per STM frame, which corresponds to 3 formation events. For the simulation 5 formation events were introduced for every frame
(being an overestimation) and in this way 500 datasets were constructed which each
contained 115 events (Nset = 500, with each set containing 34 randomly distributed
STM topography equivalents leading to a Ntotal = 6 × 105 , excluding a region of 5 nm
at the edges of the frames) to compare with the experimentally obtained dataset of
115 events. Of each set the fraction of events that had an additional event at an
adjacent location in the monolayer (at 1.9 nm) was determined, and these events
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were plotted in the histogram of Fig. 5.5. The inset in Fig. 5.5 shows the the nearest
neighbor distribution of these molecular events in the simulation (with points within
5 nm of the edge not used).
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5.3 Dynamic single molecule events between consecutive STM
images
5.3.1 Stability of the molecular layer of Mn1
For STM studies at the single molecule level at the solid/liquid interface, one must
realize that there is always a solvent present above the molecular layer. There is a
possibility that a certain degree of dynamic equilibrium is present where molecules of
Mn1 can desorb from the layer into the solution, and the position is taken by new
molecules from this solution. Such exchange processes can happen even when the
layer appears to be stable in the STM images [3]. For the study of the transitions of
molecules of Mn1 from one state to a different state, this means that there is always
a possibility that a molecule of Mn1 in a certain state might go into solution and
is subsequently replaced by a molecule of Mn1 in a different state. Such an event
might then be wrongly interpreted as a transformation of the state of a molecule of
Mn1 on the interface. Such a possibility should always be taken into account when
the STM data are analyzed.
However, STM studies of similar porphyrin molecules, in which a marker molecule
was used to visualize the exchange of molecules on the graphite surface with those in
1-octanoic acid solution revealed that this exchange was rather limited, and mostly
confined to domain boundaries or defect sites [4]. In the experiments with Mn1 at the
same solid/liquid interface, domain boundaries were observed to be stable for hours,
which suggests that the desorption/readsorption rate is not large. Such slow dynamics
were also confirmed by monitoring holes in the molecular layer which expand only
slowly over time (<4 nm2 per minute), and which do not have “fuzzy” edges that
would indicate a liquid-like layer composed of dynamic molecules of Mn1. In the
case when a large amount of molecules would desorb and readsorb, such holes in the
layer would be expected to change their shape and size more extensively. Finally, also
the observed stability of the distinct states (for about an hour, see Chapter 4) would
be unlikely in the case of a high desorption/readsorption rate.
It is therefore expected that the desorption/readsorption rate is relatively low and
that the study of transitions of Mn1 can give reliable insights in their reactivity at
the solid/liquid interface.

5.3.2 Dynamic single molecule events involving state B
It is not always straightforward to pinpoint the events in which state B forms or
disappears, as the coordinates of molecules of Mn1 in this state could not be found
by the partly automated method (described in Appendix A). A few of these events
were manually collected (about 10, in argon atmosphere), and some of these are shown
in Fig. 5.3.
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Figure 5.3: Dynamic single molecule events observed in STM topographies of Mn1 at the
HOPG/1-octanoic acid interface under an argon atmosphere in which the solution was argonpurged. Concentration 2 × 10−5 M, age of solution: 57 days; 3 × 3 median filter, Vbias =
−800 mV, Iset = 5 pA. The left and right part of each panel are at the same location in two
subsequent images, with a time interval of 3 minutes. The events indicated by the circles
show the transition of molecules of Mn1 to or from state B. The arrows indicate the scan
direction. a) State C to state B. b, c) State B to state C. d) State B to state D.

Because these events have been collected manually, there is insufficient data for
statistical analysis. For an STM experiment under an argon atmosphere 5 events were
found in which molecules of Mn1 switched to state B, all originating from molecules
of Mn1 in state C. In addition, 6 events were observed involving a transition of state
B to a different state; 5 of those to state C, and 1 to state D.
In other experiments, transitions between state B and states A and D have also
been observed, and these will be discussed later in this chapter.
In Chapter 4 state B was tentatively assigned to a Mn(II)1 species. The observed
transitions from state C (assigned to the parent compound Mn(III)1Cl) to state B
can be explained by a reduction of the manganese(III) center to manganese(II).
A transition from state B to state D (tentatively assigned to a Mn(IV)1=O
species) could be a result of a reaction with oxygen [6, 9, 14]. The low number of
these transitions observed in this STM experiment can be explained by the oxygenpoor environment. Significantly more of these transitions were observed in an oxygenrich environment, as will be discussed in the following section.
The transitions of state B to state C are more difficult to explain. Once Mn1Cl is
reduced, it loses its chlorine counterion [7, 15–17]. For state B to convert to state C,
it would need to regain this chlorine counterion. These observed transitions could be
explained if state C corresponds to a [Mn(III)1]+ (with the surface somehow acting
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as a counterion) instead of the assigned Mn(III)1Cl, as then no chlorine counterion
is needed to make the transition from state B to state C. Another explanation could be
that the molecules obtain a different counterion X, for example a 1-octanoate from the
supernatant solution, and that the difference between Mn(III)1Cl and Mn(III)1X
is too subtle to be observed by STM at these settings. Alternatively, the transitions
of state B to state C could be due to a dynamic equilibrium between the molecules
on the surface and those in solution. In that case the molecule of Mn1 in state B
can be replaced by a molecule in state C from solution, which might be a result of a
relatively weak adsorption of state B to the surface.

5.3.3 Study of precursor states for state D
Formation events of state D were monitored by STM with the aim to obtain information about their precursor state. STM images of several formation events of state
D are shown in Fig. 5.4. All these events were observed within 5.5 hours in a single
STM experiment, which was carried out under an oxygen atmosphere. In total 115
single molecule events were found, and the results are summarized in Table 5.1.

b)
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c)

d)
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Figure 5.4: Single molecule events observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface under an oxygen atmosphere. Concentration 2 × 10−5 M, age of
solution: 58 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. The left and the right
part of each panel are at the same locations of subsequent images, with a time interval of 3
minutes. a,b) The white circles indicate the transition of single molecules of Mn1 to state
D. The arrows indicate the scan direction. a) State B to state D. b) State C to state D. c,d)
The white circles indicate the transition of two adjacent molecules of Mn1 to state D. Two
times state B to state D.

To investigate whether state D has a favorable precursor, the mean conversion rate
of a certain transition was determined by taking into account the number of molecules
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Table 5.1: Categorization of 115 events of transitions of molecules of Mn1 from states A, B
and C to state D. The events were observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface under an oxygen atmosphere with a time interval between two images
of 3 minutes. The mean conversion rate is defined as the number of times the transition
occurred per precursor molecule per second. Monitored area 65 × 65 nm2 , concentration
2 × 10−5 M, age of solution: 58 days; Vbias = −800 mV, Iset = 5 pA.

From
state A
state B
state C
Total

Mean rel.
coverage (%)
0.2
9.3
78.5

# of events
to state D
2
37
76
115

Mean conversion rate
(events/molecule × s)
9 × 10−5
4 × 10−5
9 × 10−6

present in the starting state in the monolayer of Mn1. For example, because in any
moment in the experiment there are many more molecules of Mn1 in state C than in
state A or B, the total number of molecules in state C that convert to state D might
also be quite large, while it is possible that the chance that state C converts to state
D is in fact smaller than the chance that states A or B convert to state D.
In the following discussion only the mean conversion rates will be considered,
which are defined as the number of times a specific transition occurred divided by the
mean number of molecules observed in the precursor state and the time in which the
surface was monitored. In the case of transitions from state A to state D, the total
number of events is too low to draw statistically relevant conclusions. For the other
two transitions statistical analysis is possible. An important observation is that the
mean conversion rate of the transition of state B to state D is a factor 4 higher than
the transition of state C to state D. This difference suggests that there is a higher
preference for state B as a precursor for state D than for state C as a precursor for
state D, at the investigated time interval.
The observations that state B appears to be a preferred precursor state for state
D and also appears to be a more reactive state than state C, is in agreement with the
tentative assignment of state B to a Mn(II)1 species. Molecules of Mn(III)1Cl do
not react with molecular oxygen unless they are first reduced to the reactive species
Mn(II)1 [6, 9, 14]. It is therefore remarkable to see that the number of events in
which state D has a state C precursor is significant, since the latter state was assigned
to the native manganese porphyrin Mn1Cl. These observed transitions might be
explained by the fact that Scanning Tunneling Microscopy is a slow technique. It
cannot be excluded that molecules of Mn1 in state C first convert to the reactive
state B and then react rapidly to state D, and that the time resolution of 2–3 minutes
is insufficient to capture this two-step transition.
State A was tentatively assigned to a µ-oxo Mn1 dimer (see Chapter 4). Assum-
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ing that state D corresponds to a Mn1-oxo complex, state A could be expected as a
precursor for this species by a dissociation reaction in which the top manganese porphyrin leaves into the solution as a Mn(II)1 species, thereby leaving a Mn(IV)1=O
species behind. If, on the other hand, state A corresponds to a Mn(III)1-O-OMn(III)1 complex (an alternative option for state A, see Chapter 4), a homolytic
splitting would lead to two Mn(IV)1=O complexes, of which one would go into
solution and the other remain at the surface.

5.3.4 Formation of state D in pairs
Figs. 5.4a and b show events in which a single molecule of Mn1 converts from either
state B or state C to state D. Figs. 5.4c and d show pairs of two molecules at adjacent
locations in the same lamella of molecules of Mn1 that convert to state D.
An important question involved with the formation events of state D is whether
these occur in pairs. For this reason, the same 115 formation events of state D were
studied in more detail to check whether two molecules of Mn1 at adjacent locations
in a lamella both make a transition to state D in the same time interval. It was found
that 28 of the 115 formation events occurred pairwise, which corresponds to 24% of
the observed events.
For comparison with the experimental data, simulation datasets were constructed,
in which states D were generated in a monolayer by randomly distributed single
events. For each simulated set of data, the fraction of formation events that occurred
pairwise (i.e. with another formation event occurring at a directly adjacent location in
the lammella) was determined, and the resulting histogram is shown in Fig. 5.5. The
histogram reveals that in 90% of all 500 simulated datasets the fraction of pairwise
events was lower than 0.04, with the highest value observed being 0.1. This fraction
0.04 is far lower than the fraction 0.24 found experimentally, which indicates that the
formation of state D cannot be explained by the generation of randomly distributed
single events.
The large fraction of observed pairwise formation events of state D suggests that
the formation mechanism of this state is cooperative, and in agreement with the
model proposed in Chapter 4. In that case, cooperativity was already suggested by
the non-random nearest neighbor distribution of state D in the STM images (Section 4.5.1). However, the single molecule formation events presented here provide
a different kind of information. While the nearest neighbor distribution in a single
STM image represents a steady state overview of the population of state D after a
certain amount of time, single molecule events are more time-resolved and provide
information of dynamic transformations between states.
Still, most of the observed formation events of state D do not occur pairwise within
the time interval of the measurement. Taking into account the possible reaction
pathways, a number of explanations are possible for the observed phenomena:
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Figure 5.5: Histogram consisting of 500 simulated datasets in which states D were generated
in a monolayer as randomly distributed single events. On the x-axis, the fraction of events
that occurred pairwise is plotted. Nsets = 500, Ntotal = 6 × 105 . Inset: nearest neighbor
distribution for these simulated formation events. For more details, see text and Section 5.2.

• Conventional cytochrome P450 reaction pathway (Fig. 5.2a). It is possible that after the formation of a Mn(III)1-O-O• complex, its terminal oxygen atom is converted to a molecule of water after combination with two protons and one electron, similar to what happens in conventional cytochrome
P450 model systems. Such a mechanism cannot explain why a large fraction
of the formation events occurs pairwise, which does however not exclude that
this mechanism occurs alongside one of the other mechanisms discussed below.
Those mechanisms lead to Mn(IV)1=O complexes, while in this mechanism a
[Mn(V)1=O]+ complex or [Mn(IV)1=O]•+ species would be formed [6, 9, 18].
In that case a difference in topographical signatures would be expected, but this
was not observed. It is possible that the formed [Mn(V)1=O]+ complex or
[Mn(IV)1=O]•+ species undergo a surface-induced reduction to a Mn(IV)1oxo species after their formation, but this reduction is not expected in view of
other experiments (see Chapter 6). Therefore, this reaction pathway does not
explain the observed formation events.
• Formation of a Mn(III)1-O-O-Mn(III)1 dimer of two adjacent Mn(II)1
in the monolayer (Fig. 5.2b). The observed cooperativity can be explained by
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a reaction of a Mn(III)1-O-O• complex with an adjacent Mn(II)1 molecule
on the surface, generating an intermediate Mn(III)1-O-O-Mn(III)1 dimer,
which subsequently dissociates into two Mn(IV)1-oxo species on the surface.
Because such a reaction cannot take place in the plane of the interface it could
lead to a desorption or reorganization of the molecules within the monolayer,
which can explain why there was a large fraction of state D observed that did
not form as part of a pair.
• Formation of a Mn(III)1-O-O-Mn(III)1 dimer with Mn(II)1 from solution (Fig. 5.2c). A Mn(III)1-O-O-Mn(III)1 dimer might be formed with a
Mn(II)1 species on the surface and one from the solution. After the homolytic
cleaving of the oxygen-oxygen bond, one of the resulting Mn(IV)1-oxo species
stays on the surface, while the other enters the solution. However, the amount
of Mn(II)1 in the solution is expected to be very low, because this species is
proposed to only form on the surface. This mechanism also does not explain the
high fraction of pairwise formation, but might occur in addition to a pathway
that does lead to a cooperative effect.
• Via an oxygen atom (Fig. 5.2d). A formed oxygen atom can react with
an adjacent molecule of Mn1, thus causing a pairwise formation event of two
Mn(IV)1=O species. Alternatively, when it reacts with a solvent molecule, a
single formation event of a Mn(IV)1=O species would be the result.
In conclusion, the cooperativity of generating state D can be best explained by assuming a reaction of a Mn(III)1-O-O• complex with an adjacent Mn(II)1 molecule
on the surface, or via the formation of a free oxygen atom. The first possibility has
been reported in literature (generally for molecules in solution) and seems the most
likely of the two. Both pathways also provide a reasonable explanation for the fraction
of molecular formation events of state D that do not occur pairwise.

5.3.5 Conversions from state D into another state
Fig. 5.6 shows STM images of events in which molecules of Mn1 transform from
state D into a different state. In one STM experiment carried out under an oxygen
atmosphere, 29 of such events were observed in a time interval of 5.5 hours (Table
5.2).
A transition to state A was observed only once. The other events mainly involved
transitions to state C (76% of the cases).
Considering the tentative assignment of state D to a Mn(IV)1=O complex, a
transition to state B or C is not straightforward to explain: both cases require the
dissociation of the oxygen atom from the manganese center. An alternative explanation is that there is a certain degree of dynamic equilibrium between molecules of
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Figure 5.6: Single molecule events observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface under an oxygen atmosphere. Concentration 2 × 10−5 M, age of
solution: 58 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. The left and the
right part of each panel are at the same locations in subsequent STM images, with a time
interval of 3 minutes. The white circles indicate transitions of molecules of Mn1 from state
D to another state. The white arrows indicate the scan direction. a, b) State D to state B.
c, d) State D to state C.
Table 5.2: Categorization of 29 events of transitions of molecules of Mn1 in state D to
states A, B and C. The events were observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface in an oxygen atmosphere. Time interval between STM images: 3
minutes. Monitored area 65 × 65 nm2 , concentration 2 × 10−5 M, age of solution: 58 days;
Vbias = −800 mV, Iset = 5 pA.

From state D
Mean rel. coverage: 11.9%
# of events
Mean conversion rate
(events/molecule × s)

to state A

to state B

to state C

1
8 × 10−7

6
5 × 10−6

22
2 × 10−5

Mn1 adsorbed at the solid/liquid interface and those in the supernatant solution, in
which case it might be possible that state D is relatively weakly adsorbed.

5.3.6 Dynamic single molecule events involving state A
Events in which molecules of Mn1 undergo a transition to or from state A were
monitored by STM. As there is only a very low amount of molecules of Mn1 in
state A at any given time, and this state is also relatively stable (Section 4.7.3),
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only a limited number of events could be observed. STM images of such events are
shown in Fig. 5.7. These events were all observed in an ambient atmosphere with an
oxygen-purged solution.
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Figure 5.7: Single molecule events observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface under ambient conditions. The solvent was purged with oxygen for
a period of 25 hours prior to the start of the experiment. Concentration 2 × 10−5 M, age of
solution: 61 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. The left and the right
parts of the images are at the same locations in two subsequent images, with a time interval
of 3 minutes. The events in the white circles show the transition of molecules of Mn1 to or
from state A. The white arrows indicate the scan direction. a) State B to state A. b) State
A to state B, same location as in (a). c) State C to state A. d) State A to state D. e) State
C to state A. f) State A to state D. g) State A to state C.
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Formation events of state A
The formation events of state A, in which molecules of Mn1 from a different state
make a transition to state A, are summarized in Table 5.3.
Table 5.3: Categorization of 22 events of transitions of molecules of Mn1 from states B, C
and D to state A. The events were observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface in an ambient atmosphere, after the solution was purged with oxygen
for 25 hours prior to the start of the experiment. The mean conversion rate is defined as the
number of times the transition occurred per precursor molecule per second. Time interval
between STM images: 2 minutes. Monitored area 68 × 68 nm2 , concentration 2 × 10−5 M,
age of solution: 62 days; Vbias = −800 mV, Iset = 5 pA.

From
state B
state C
state D
Total

Mean rel.
coverage (%)
4.1
91.8
2.0

# of events
to state A
3
18
1
22

Mean conversion rate
(events/molecule × s)
2 × 10−6
6 × 10−7
2 × 10−6

Although the results in the table suggest a slightly higher preference for states B
and D as a precursor for state A compared to state C, the total number of events is
too low to draw statistically relevant conclusions. The same goes for an experiment
carried out under an oxygen atmosphere, where 3 formation events of state A were
observed in a 4 hour interval. In that case all state A products had state D as a
precursor state (with a mean conversion rate of 3 × 10−6 events/molecule × s).
Considering the assignment of state D to a Mn(IV)1=O species, its role as a
precursor for state A, which was assigned to a µ-oxo Mn1 dimer, could be expected.
In that case a second molecule of Mn1 would need to attach, either from the supernatant solution or from the surface. The coupling of the Mn(IV)1=O species to a
molecule of Mn(II)1 from the solution or the surface would lead to the formation of
a Mn(III)1-O-Mn(III)1 dimer. However, the amount of Mn(II)1 in the solution
is expected to be very low. Alternatively the Mn(IV)1=O species could couple to
a [Mn(III)1Cl] species from the solution or the surface and form a mixed-valence
[Mn(III)1-O-Mn(IV)1]Cl dimer. Such a mixed-valence complex has been reported
before, but it appeared unstable in solution [19], which seems in contradiction with the
observed stability of state A at the solid/liquid interface. The complex might, however, be stabilized by its adsorption to the surface, or by a surface-induced reduction
to a more stable Mn(III)1-O-Mn(III)1 complex.
It is more surprising that state B, which was tentatively assigned as a Mn(II)1
species, can be a precursor for state A. Mn(II)1 would first have to bind and split
oxygen before an additional molecule of Mn1 can attach. However, the time interval
between consecutive STM images is 2–3 minutes, which might be a sufficiently long
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time for the occurrence of multiple reaction steps. Alternatively, a Mn(III)1-OMn(III)1 dimer could be formed if a molecule of Mn(II)1 coupled to a Mn(IV)1=O
species from the solution.
State C, which has been assigned to the parent compound Mn1Cl, cannot be a
direct precursor for a µ-oxo Mn1 dimer. It is, however, still possible that state C
first reacts to state B, which subsequently rapidly reacts to state A, at a time scale
too fast to be resolved by STM.
Transitions from state A to another state
Fig. 5.7 also shows single molecule events in which molecules of Mn1 convert from
state A to a different state. Events of this type are categorized in Table 5.4.
Table 5.4: Categorization of 20 events of transitions of molecules of Mn1 from state A to
states B, C and D. The events were observed in STM topographies of Mn1 at the HOPG/1octanoic acid interface in an ambient atmosphere, after the solution was purged with oxygen
for 25 hours prior to the start of the experiment. Time interval between STM images: 2
minutes. Monitored area 68 × 68 nm2 , concentration 2 × 10−5 M, age of solution: 62 days;
Vbias = −800 mV, Iset = 5 pA.

From state A
Mean rel. coverage: 1.1%
# of events
Mean conversion rate
(events/molecule × s)

to state B

to state C

to state D

5
2 × 10−5

9
3 × 10−5

6
2 × 10−5

The results show that state A can convert to states B, C and D with no clear
preference. The formation of state D from state A can be explained by a dissociation
of a µ-oxo Mn(III)1 dimer, where the top manganese porphyrin goes into solution
as Mn(II)1 leaving a Mn(IV)1=O species behind. If state A would correspond
to a Mn(III)1-O-O-Mn(III)1 complex, a homolytic splitting might lead to two
Mn(IV)1=O complexes, one entering the solution and one remaining at the surface.
The formation of state B from state A can be explained from a dissociation of a µ-oxo
Mn(III)1 dimer into a Mn(IV)1=O species, leaving a Mn(II)1 species behind at
the surface. The transition which is most difficult to explain is the formation of state
C from state A, since in that case a chloride counterion would be expected to return
to the surface-bound porphyrin. Another possible explanation is desorption of state
A and a subsequent adsorption of a molecule of Mn1Cl from the solution.

5.3.7 Reversible transition between state B and state A
In one STM experiment a remarkable singe molecule event was observed. This event
is shown in Fig. 5.8, where a sequence of STM images recorded in ambient atmosphere
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at 2 minute time intervals is shown. After the STM experiment had been running
for 11 hours, a molecule of Mn1 in the center of Fig. 5.8c was observed to make a
transition from state C to state B. It stayed in state B for about 4 minutes, after
which it converted to state A, which remained stable for about 45 minutes. It then
started to switch repeatedly between states A and B, until the molecule returned
to state C and became unreactive (at t = 82 minutes, in Fig. 5.8p). All the other
molecules of Mn1 in state C surrounding the reactive molecule remained unaltered
in this long time interval (Fig. 5.9).
The observed series of frequent and reversible transitions at the same location over
such a long period of time is highly remarkable. They can be explained by a repetitive
formation and decomposition of a Mn(III)1-O-Mn(III)1 complex at a Mn(II)1
active site immobilized at the surface. The dynamic particle involved would in that
case be a Mn(IV)1=O species, which might reside nearby the active site, possibly
as a result of Van der Waals interactions with molecules in the monolayer. A similar
model was proposed in Chapter 4 in the case of STM measurements of state A with
a gold tip.
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Figure 5.8: Series of STM topographies of Mn1 in an ambient atmosphere at the HOPG/1octanoic acid interface. Concentration 2 × 10−5 M, age of solution: 20 days; 3 × 3 median
filter, Vbias = −800 mV, Iset = 10 pA. Before the image in (a) the STM experiment had
been running for 11 hours. b) A molecule of Mn1 in the center of the image converts to
state B. c–o) This molecule repeatedly switches between state B and state A. Between (d)
and (e), as well as between (g) and (h) state A was stable for a considerable time. p) The
molecule converts to state C and becomes unreactive.
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Figure 5.9: STM topographies showing the molecules of Mn1 in state C, which do not undergo any transitions, surrounding the active molecule highlighted in Fig. 5.8 (here indicated
by the white circle). Concentration 2 × 10−5 M, age of solution: 20 days; 3 × 3 median
filter, Vbias = −800 mV, Iset = 10 pA.
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5.4 Single molecule events between two scan lines
In the previous sections single molecule events were studied in which molecules of
Mn1 changed from one state to a different state in two subsequent STM images, with
a typical time interval of 2–3 minutes. In some cases, however, the time resolution of
such a switching from one state to another could be drastically improved (to ∼0.3 s)
when it occurred within a single STM topography measurement, between two scan
lines. In this section, several examples of such events will be discussed.

5.4.1 Dynamics of state D
In a few instances (4 events observed in 5.5 hours), a transition was observed in
which a state D seemed to “hop” to a neighboring molecule between two scan lines
(Fig. 5.10): state D disappears on one molecule and reappears on the molecule at an
adjacent location.
In 3 of the 4 observed events (Figs. 5.10a, b and d) the new location of state D
replaced a state B in the former scan line, while the precursor in the fourth case was
unclear (Fig. 5.10c). The abandoned location turned into a state C (Figs. 5.10a and
d) or B (Fig. 5.10b).
It is possible that the entire porphyrin molecule moves one spot in the layer,
although other observations suggest that the desorption/readsorption rate is rather
limited. Considering the assignment of state D to a Mn(IV)1-oxo complex, a possible explanation for this transition could be a movement of the oxygen atom to a
neighboring molecule of Mn1, especially since the receiving location appears to be
most often in state B, a proposed Mn(II)1 species which could easily bind such an
oxygen atom. The “hopping” behavior might be tip-induced. It was not observed
often, and the otherwise observed stability of state D indicates that it is not a major
phenomenon.
A “hopping” mechanism might explain why state D is not always present as part
of a pair. It is also in agreement with the assignment of state D to a Mn(IV)1-oxo
complex and state B as a Mn(II)1 species.

5.4.2 Stepwise transitions from state C to state B to state D
Fig. 5.11 shows a molecule of Mn1 in consecutive transitions from state C to state D
via state B. During the first scan (left in Fig. 5.11), the molecule makes a transition
from state C to state B between two scan lines, within a time interval of 0.3 seconds.
In the subsequent scan, 2 minutes later, this state has made a transition to state D.
In between two scan lines such a series of transitions was observed once. A similar
combined event was observed in between consecutive STM images in Fig. 5.8, where
a molecule of Mn1 first made a transition from state C to state B and subsequently
to state A.
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Figure 5.10: Four single molecule events illustrating a “hopping” of state D between two
scan lines. The white arrows indicate the scan direction. The time interval between two
scan lines is ∼0.3 seconds. The events were observed in STM topographies of Mn1 at the
HOPG/1-octanoic acid interface under an oxygen atmosphere. Concentration 2 × 10−5 M,
age of solution: 58 days; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA.

In Section 5.3.3, it was proposed that state B is a preferred precursor for state D
and more reactive than state C, which is in line with the sequence of events observed
here. However, also many single molecule transitions directly from state C to state
D were observed between two STM images. The sequence of two combined events
shown in Fig. 5.11 illustrates the danger of drawing conclusions about events between
two images, since in that case the time resolution might be too low to observe a single
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1nm
Figure 5.11: Two consecutive single molecule events observed in STM topographies of
Mn1 at the HOPG/1-octanoic acid interface under an oxygen atmosphere. Concentration 2 × 10−5 M, age of solution: 58 days; 3 × 3 median filter, Vbias = −800 mV, Iset =
5 pA. The left and the right part of the image are on the same location of subsequent STM
images, with a time interval of 2 minutes. The white arrows indicate the scan direction. The
molecule of Mn1 in the white circle makes a transition from state C to state B between two
scan lines with a time interval of 0.3 seconds (left), and subsequently to state D (right).

transition.

5.4.3 Pairwise formation of state D
In Section 5.3.4 it was revealed that 24% of the observed single molecule formation
events of state D, between two STM images, occurred pairwise. Fig. 5.12 shows events
in which two adjacent molecules of Mn1 make the transition to state D between two
scan lines. Such concerted events were observed 4 times. A striking observation for
similar events is that in that case the two adjacent molecules of Mn1 do not make
the transition to state D simultaneously, but with a time interval of several scan lines
(every scan line lasting 0.3 s). Out of the 10 events visible in Fig. 5.12, 5 had a state
C precursor and 5 a state B.
In Figs. 5.2b and d, two possible mechanisms for the splitting of molecular oxygen
leading to a pairwise formation of Mn(IV)-porphyrin-oxo complexes on the surface are
depicted. In both these cases the complexes are not formed simultaneously: before
the splitting of the oxygen molecule, one of the manganese(II) porphyrins reacts to
a Mn(III)1-O-O• complex, and only in the next step two Mn(IV)-porphyrin-oxo
complexes are generated.
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Figure 5.12: Single molecule formation events occurring between two scan lines, taken from
STM topographies of Mn1 at the HOPG/1-octanoic acid interface under an oxygen atmosphere. The white arrows indicate the scanning direction. Concentration 2 × 10−5 M,
solution 58 days old; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. a) STM topography,
insets show two pairwise formation events of state D. b) Pairwise formation events of state
D, the right molecule makes the transition later than the left. c,d) The left and the right
part of the image are on the same location of two subsequent images, with a time interval
of 3 minutes. c) The left molecule makes the transition later than the right. d) The left
molecule makes the transition later than the right.

In the case of the events in Fig. 5.12, it is possible that the transition of the
first molecule of Mn1 represents the formation of a Mn(III)1-O-O• complex, and
that rapidly after this reaction, the oxygen-oxygen bond is split and two Mn(IV)porphyrin-oxo complexes are formed. In this case, it is expected that the STM crosssections and signatures of the first Mn(III)1-O-O-• complex and the final two state
D products would be different. Such a difference, however, was not observed. Still,
this difference might be too subtle to observe. Note, that in solution manganese
porphyrin dioxygen complexes were found to be thermally unstable [10, 20–22] which
is not supportive for this mechanism, although, it is possible that a Mn(III)1-OO• complex is stabilized by the presence of the surface.
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In the case of the mechanism involving the transfer of a free oxygen atom (Fig. 5.2d),
it might be possible that after the first formation of state D, the free oxygen atom is
already formed and reacts with the second molecule of Mn1 to form state D after a
brief time lapse.

5.4.4 Transition of state B to a signature with increased height and subsequently to state D
Not all single molecule formation events of state D were found to occur as part of
a pair. Fig. 5.13 shows STM images of three such events in between two scan lines.
In each of these events, the precursor is state B. Remarkably, cross-sections taken in
the first scan line in which the molecule of Mn1 changed state revealed a significant
increase in apparent height, which only remained present during 1–2 scan lines. This
effect was not always observed (only in the three given examples), two other formation
events of state D in between two scan lines were observed without this increase in
apparent height.
Such a temporary increase in apparent height might be explained by the mechanisms in Figs. 5.2b and c. First a Mn(II)1 species binds to molecular oxygen, forming
a Mn(III)1-O-O• complex. When this complex subsequently binds to a Mn(II)1
species, either from the solution or from the surface a Mn(III)1-O-O-Mn(III)1
dimer is formed, which would explain the observation of the signature with increased
apparent height. By a homolytic splitting of the oxygen-oxygen bond, two Mn(IV)1oxo complexes would result, one remaining on the surface and the other going into
solution.
Another possibility is that the initial increase in apparent height is the result of
the binding of a Mn(IV)1-oxo complex from the solution to the Mn(II)1 species
on the surface, resulting in the temporary formation of a Mn(III)1-O-Mn(III)1
dimer. This dimer can subsequently dissociate into a Mn(II)1 species which leaves
into the solution and a Mn(IV)1-oxo complex which stays on the surface. However,
the concentration of Mn(IV)1-oxo complexes in the solution is believed to be low,
which makes this mechanism unlikely.
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Figure 5.13: a,c,e) Single molecule events in between two scan lines, in which state B converts
to state D via a signature with increased apparent height, taken from STM topographies of
Mn1 at the HOPG/1-octanoic acid interface under an oxygen atmosphere. Concentration
2 × 10−5 M, solution 58 days old; no median filter, Vbias = −800 mV, Iset = 5 pA. The
white arrows indicate the scanning direction. b,d,f) Cross-sections corresponding to the
white dashed lines in images (a), (c) and (e) respectively.
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5.5 Conclusion
Single molecule transitions between four distinct states (A, B, C and D) of Mn1 at
the HOPG/1-octanoic acid interface were studied by Scanning Tunneling Microscopy.
Assets of the study of such single molecule events comprise the possibility to observe
spatially concerted events, to gauge the probability of certain transitions and observe
sequences of events. The study of such transitions turned out to be quite complex,
for the following reasons:
• There will probably always be a certain degree of dynamic equilibrium where
adsorbed molecules of Mn1 can go from the monolayer into the supernatant
solution, and are replaced by new molecules from this solution.
• The time resolution of the STM is limited. The typical time interval between
two subsequent images is 2–3 minutes, and between two scan lines ∼0.3 s. This
means that it is possible that multiple transitions occurred in these intervals
that in that case cannot be resolved.
• Certain transitions were only observed sparingly, which could therefore not be
analyzed statistically.
Nevertheless it appeared to be possible to obtain insights in the underlying reaction
mechanisms based on the observed single molecule events.
• Sequences of events were observed. A single molecule event was observed
in which a molecule changed from state C to B between two scan lines (with a
time interval of ∼0.3 seconds), and subsequently to state D in the next STM
image (2 minutes later). This illustrates the reactivity of state B (see below),
and also shows that some transitions can easily be undersampled in time by the
STM. Specifically observed transitions from state C to state D might have had
state B as a rapidly reacting intermediate.
• State B is a reactive state. State B appears to act as a preferred precursor
for state D. The mean conversion rate of the transition from state B to D was
4 times higher than the mean conversion rate of the transition of state C to
D. The higher reactivity of state B is in agreement with its assignment as a
Mn(II)1 species.
• Visualization of an active site. An STM measurement series with frequently
observed reversible transitions between state B and state A for a period of hours
also illustrates the high reactivity of state B. These transitions could be explained by a repetitive formation and dissociation of a Mn(III)1-O-Mn(III)1
complex at a Mn(II)1 active site immobilized at the surface. The dynamic
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particle involved was proposed to be a Mn(IV)1=O species, which might reside nearby the active site, possibly as a result of Van der Waals interactions
with molecules in the monolayer. The molecule became unreactive as soon it
had made a transition to state C.
• Pairwise formation of state D. It was found that 24% of the formation
events of state D occurred as part of a pair (i.e. a formation event occurred
in the same time interval at the adjacent location within a lamella of Mn1).
This number cannot be explained by assuming the generation of state D in
randomly distributed single events. The apparent cooperativity of formation
is in line with the non-random spatial distribution of state D observed in the
STM images, discussed in Chapter 4, and with the interpretation of states D
as Mn(IV)1=O complexes which are generated by a homolytic splitting of O2 .
Occasionally, formation events of pairs of state D were also observed between two
scan lines, and in several cases the generation of the adjacent states D occurred
not simultaneously. This delay time (of several scan lines) might be caused by
the presence of a two-step process, in which the second state D is formed after
the first one. Its underlying mechanism has not yet been elucidated. In many
cases state D was observed to be not formed pairwise, which could be due to an
enhanced chance of desorption of the molecules during the formation reaction,
or to the presence of an additional pathway.
• State D formed after an increase in apparent height. A couple of single
molecule formation events from state B to state D, which showed a temporarily
increased height of the porphyrin signature in the STM images, were observed
between two scan lines. This observation suggests that the transition of a single
state B to a single state D might be part of a multi-step process in which a shortlived intermediate is formed. Possibilities for this intermediate are: a µ-dioxo
Mn(III)1 dimer, a Mn(III)1-O-O• complex, or a µ-oxo Mn(III)1 dimer.
• State D can “hop” along the lamella. Sporadically events were observed
between two scan lines in which state D showed “hopping” behavior, i.e. it moved
to an adjacent location in the monolayer, which was preferentially occupied by
a state B. This “hopping” might be explained by a movement of the oxygen
atom of a Mn(IV)1=O complex to an adjacent Mn(II)1 species.

In general, the observed single molecule events do not contradict the assignment of
the states in Chapter 4. In fact, several of these support them, most importantly the
pronounced reactivity of state B and the large fraction of pairwise formation events
of state D.
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CHAPTER

6

STM studies of alternative approaches to oxidize
Mn-porphyrins

Meerdere wegen leiden naar Rome.
Dutch proverb.

6.1 Introduction
n Chapter 4 and Chapter 5 the Scanning Tunneling Microscope
was used to study the reaction of manganese porphyrins with
molecular oxygen at the solid/liquid interface. It was found
that Mn1 (Fig. 6.1a) can exist in four distinct states, which
exhibited very distinct signatures in the STM images. These
observed states and the transitions from one state to a different state were studied, and the states were tentatively assigned
(summarized in Figs. 6.1b and c). It was proposed that the bias
voltage influences the oxidation state of the manganese center of the Mn1 molecules,
and therefore also the reaction of Mn1 with molecular oxygen. This bias-dependence
gives some limited control over this reaction with molecular oxygen, as a more negative
voltage seemed to lead to more molecules of Mn1 changing their state.
The work described in this chapter will focus on alternative approaches to control,
or influence, the reaction of Mn1 with (molecular) oxygen. Two other approaches to
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Figure 6.1: a) Molecular structure of manganese porphyrin Mn1Cl. b) STM topography
of Mn1 at the HOPG/1-octanoic acid interface showing the four distinct observed states,
labeled A, B, C and D. Concentration 2 × 10−5 M, age of solution: 5 weeks; 3 × 3 median
filter, Vbias = −800 mV, Iset = 10 pA. c) Tentative assignment of the four states (see Chapter
4).

form Mn1-oxo complexes are explored, i.e. the use of a single oxygen donor, and the
application of voltage pulses.

6.2 Experimental
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6.2 Experimental
STM measurements
The experimental STM procedures are similar to the ones described in the experimental section in Chapter 4, Section 4.2.
Nearest neighbor distribution D* and simulations
The nearest neighbor distribution plot in Fig. 6.5a was built up from 577 molecules in
state D*, gathered from 20 STM topographies at 5 different locations on the graphite
sample, recorded between 20–90 minutes after the addition of pentafluoroiodosylbenzene. To limit edge effects the nearest neighbor distance was not included for
molecules closer than 5 nm from the edge of a measurement. The measurements had
a relative coverage of state D* between 5% and 15%. The peak heights show the
relative frequency, i.e. a value of 0.19 corresponds to 19% of the nearest neighbor
distances observed occurring at that specific distance.
Randomly distributed datasets were simulated (Fig. 6.5b) for comparison with the
experimentally obtained nearest neighbor distributions. For every STM topography
measurement, a grid with the same unit cell and amount of molecules as the measurement was set up and features were added on randomly selected grid points one by one
until the same relative coverage was reached. In this way a “randomly distributed
equivalent” of the entire dataset was created. Such a simulated dataset was made
1500 times for comparison the experiments (Nsets =1500, with each set containing 20
randomly distributed STM topography equivalents leading to a Ntotal = 8 × 105 ).
The simulated datasets were subsequently subjected to the same nearest neighbor
distribution analysis as the experimental measurements.
Nearest neighbor distribution D and D* at higher relative coverages
The nearest neighbor distribution plot in Fig. 6.6a was built up from 213 molecules
in state D, gathered from 7 STM topographies under an oxygen atmosphere recorded
between 2.5 and 4 hours after the start of the STM experiment. To limit edge effects
the nearest neighbor distance of molecules within 5 nm of the edge of a measurement
were not included. The measurements had a relative coverage of state D between
10% and 16%. A simulated dataset was made 1000 times for comparison with the experimentally obtained distribution (Nsets =1000, with each set containing 7 randomly
distributed STM topography equivalents leading to a Ntotal = 2 × 105 ).
The nearest neighbor distribution plot in Fig. 6.6b was built up from 318 molecules
in state D*, gathered from 10 STM topographies, recorded between 40–90 minutes
after the addition of pentafluoroiodosylbenzene. To limit edge effects the nearest
neighbor distance was not included for molecules closer than 5 nm from the edge of a
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measurement. The measurements had a relative coverage of state D* between 10% and
16%. A simulated dataset was made 750 times for comparison with the experimentally
obtained distribution (Nsets =750, with each set containing 10 randomly distributed
STM topography equivalents leading to a Ntotal = 2 × 105 ).
Synthesis of 1,2,3,4,5-pentafluoroiodosylbenzene 6.1
Bis(trifluoroacetate)iodoso-1,2,3,4,5-pentafluorobenzene, (216 mg, 0.42 mmol) was
stirred in an aqueous saturated sodium bicarbonate solution (5 mL) for 20 h. The
precipitate was filtered and dried under vacuum. Yield: 55 mg (42%) of 1,2,3,4,5pentafluoroiodosylbenzene as a white solid. Because of its explosive nature, it was
stored in a refrigerator.
Pulsing procedures
Pulses used in the STM experiments were performed with the standard software of
the Omicron Scala controller. In a typical experiment, the STM topography image
was paused temporarily, the tip was moved to the location of the pulse (which is
chosen such that the tip does not have to move far to decrease effect of creep, and
typically in the center of the STM topography image), the pulse was applied, the
tip was moved back and the topography measurement was resumed. Typical pulsing
parameters: −5 V, retracted 1.5 nm, 15–100 µs. All pulse voltages and bias voltages
mentioned are with respect to the sample.

6.3 Experiments with a single oxygen donor
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6.3 Experiments with a single oxygen donor
6.3.1 Introduction
An alternative route to form a complex between Mn1Cl and an oxygen atom is
by using a single oxygen donor, an artificial oxidant, instead of molecular oxygen.
Lichtenberger et al. were the first to use this approach by using iodosylbenzene (PhIO)
as a single oxygen donor for cytochrome P450 [1]. Iodosylbenzene has an oxygen atom
with a very low I=O bond dissociation energy of 2.3 eV for one bond (53 kcal/mol),
which is much smaller than that of the double bond of molecular oxygen, where the
bond dissociation energy is 5.1 eV (118 kcal/mol) [2]. An important advantage of the
use of iodosylbenzene is that after the I=O bond has been broken, the remaining part
of the molecule (in this case iodobenzene) is a very poor substrate for oxidation and
therefore does not interfere with other reactions. A single oxygen donor has often been
applied in studies of the catalytic behavior of manganese porphyrins [2–6]. Compared
to the use of O2 , it eliminates the need for the reduction step of Mn(III) to Mn(II), and
simplifies the reaction depicted in Fig. 4.1 to the one depicted in Fig. 6.2. In literature
it has been proposed that after the addition of a single oxygen donor a [porphyrin
Mn(V)=O]+ or Mn(IV)=O porphyrin radical cation complex is formed [2, 5, 7]. This
complex functions as the active species in the catalytic epoxidation reaction, inserting
an oxygen atom into a double bond of a substrate, after which the porphyrin reverts
to a [porphyrin Mn(III)]+ species. The Mn-porphyrin-oxo species can react with
another Mn(III)-porphyrin, leading to the formation of a [µ-oxo Mn(IV)-porphyrin
dimer]2+ , and in many cases its formation subsequently leads to the decomposition
of the porphyrin, probably because of oxidation of the carbon atoms at the mesopositions, followed by the opening of the porphyrin ring [3, 8].
For the experiments in this chapter, pentafluoroiodosylbenzene, 6.1 (Fig. 6.3a),
was used as the oxygen donor. It is known to be very powerful and is generally better
soluble in organic solvents than iodosylbenzene [2, 9]. It is expected that by using
a single oxygen donor for the STM experiments, there will be less options for the
formation of possible metal oxidation states. While in the case of molecular oxygen
as the oxygen donor one of the possible intermediates is a dioxygen molecule bound
to the manganese porphyrin, such a complex can not be formed when a single oxygen
donor is used. Similarly, it is less likely for a Mn1-O-O-Mn1 complex to be formed, as
this would require the coupling of two Mn1-oxo species. Furthermore the formation
of a Mn(II)1 state is not required for the generation of the manganese-oxo complex.
In Chapter 4 it was proposed that a Mn(IV)1=O species was formed after a
homolytic splitting of the oxygen-oxygen bond of molecular oxygen (state D). With
the use of a single oxygen donor, it is expected that a different Mn1-oxo species will
be formed, i.e. a [Mn(V)1=O]+ or Mn(IV)1=O•+ complex.
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Figure 6.2: Simplified model of the catalytic cycle of a manganese porphyrin as a monooxygenase. The porphyrin is oxidized by an oxygen donor (OD), and subsequently the oxygen
atom is added to substrate S. The scheme also includes the auto-degradation of the catalyst
via a µ-oxo manganese porphyrin dimer.

6.3.2 STM experiments of the reaction between Mn1 and pentafluoroiodosylbenzene
A droplet of a 9 days old solution of Mn1Cl (3 × 10−5 M) in 1-octanoic acid (which
had not been argon-purged) was applied to a cleaved graphite surface. The formed
molecular layer of Mn1 was subsequently monitored under ambient conditions at a
Vbias = −800 mV for 4.5 hours, to investigate the reactivity of the molecules before
the addition of the single oxygen donor. After this period, the relative coverage of
molecules of Mn1 in state D was 0.7%, while almost all other molecules seemed to
be in state C (Fig. 6.3b). No molecules in state B were observed and the relative
coverage of state A did not exceed 0.4%.
Next, a 3 µl droplet of a solution containing 10−6 –10−5 M of oxygen donor 6.1
in 1-octanoic acid was carefully applied to the graphite surface next to the droplet
of the solution of Mn1 which was already present. In Fig. 6.3c, an STM image is
shown which was recorded directly after the addition of the droplet containing 6.1
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Figure 6.3: a) Molecular structure of the oxygen donor pentafluoroiodosylbenzene, 6.1. (b–
d) STM topographies of Mn1 at the HOPG/1-octanoic acid interface. Concentration 3 ×
10−5 M, solution 9 days old; b) After 4.5 hours at −800 mV. Just before the addition of
6.1. Two molecules in state D are indicated by capital letters. 3 × 3 median filter, Vbias
= −800 mV, Iset = 5 pA. c) Directly after the addition of 6.1. Two molecules in state D*
are indicated by capital letters. 3 × 3 median filter, Vbias = −800 mV, Iset = 8 pA. d) 15
Minutes after the addition of 6.1; 3 × 3 median filter, Vbias = −800 mV, Iset = 8 pA.

(i.e. within several minutes). It can be seen that the number of molecules of Mn1 in
a brighter state than state C has significantly increased. Two new states have evolved
(Fig. 6.3d), which at first sight resemble the bright state D and very bright state A
reported in Chapter 4. Because of this resemblance, the new states in this experiment
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will be labeled states A* and D*.

Topographical signature state D*
Some molecules of Mn1 in Fig. 6.3c appear brighter than the surrounding molecules
of Mn1 in state C. This state was labelled state D*. Characteristic for state D* is
that it contains spikes of 0.2 nm up to 0.6 and 0.8 nm in apparent height (Fig. 6.4b,d).
The molecules of Mn1 in state D also showed spikes (Fig. 4.13e and Fig. 4.18), but
these were lower in apparent height, in the range of 0.2–0.3 nm. Furthermore, the topographical signature of state D as a whole is brighter than that of state D*. Although
it is possible that the different topographical appearance of state D* is due to a tip
effect and that this state in fact is the same as state D, this does not seem likely. State
D* has been observed with different STM tips with similar topographical signatures.
Furthermore, in numerous measurements with molecular oxygen (Chapters 4 and 5),
state D did not show the signature found for state D*. It is more likely that state D*
corresponds to a distinctly different state. If that is the case, also molecules of Mn1
in state D might be present after the addition of the single oxygen donor. Indeed, in
the STM images a small number of molecules of Mn1 are present in a state which
appears more like state D than like state D* (Fig. 6.4e), based on its cross-section
and the “spikiness” of its topographical signature. This further decreases the chance
that state D* is the same as state D but only imaged by a different tip.
A priori, the species that is expected to be formed in a reaction of Mn1 with
oxygen donor 6.1 is a [Mn(V)1=O]+ or Mn(IV)1=O•+ complex [7], and it is proposed that state D* corresponds to this species. The observed spiky appearance in
the STM images might be caused by the fact that this species is charged and its
negative counterion, most probably Cl− , is nearby, and occasionally leads to a higher
tunneling current.

Topographical signature of state A*
Molecules of Mn1 in state A* (Fig. 6.4) have a very similar appearance as state A with
respect to its topographical signature and its apparent height of 0.4 nm. However,
the expected µ-oxo-bridged dimer formed from a [Mn(V)1=O]+ or Mn(IV)1=O•+
species would be a [Mn(IV)1-O-Mn(IV)1]2+ complex (Fig. 6.2). The STM measurements are not conclusive whether state A* is identical to state A (for example via a surface-induced reduction to [Mn(III)1-O-Mn(IV)1]+ or [Mn(III)1-OMn(III)1]), or is in fact a slightly different state with a similar topographical appearance.
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Figure 6.4: a) STM topography of Mn1 at the HOPG/1-octanoic acid interface after the
addition of single oxygen donor 6.1. Capital letters indicate the states of the molecules. Concentration 3 × 10−5 M, solution 9 days old; no median filter, Vbias = −800 mV, Iset = 8 pA.
b) Cross-section corresponding to the white dashed line marked b in (a). c) Cross-section
corresponding to the white dashed line marked c in (a). d) Cross-section corresponding to
the white dashed line marked d in (a). e) STM topography showing molecules of Mn1 in
state D, C, A* and D*; no median filter, Vbias = −800 mV, Iset = 8 pA. f) Cross-section
corresponding to the white dashed line marked f in (e).

Relative coverages of state A* and D*
To determine the effect of the addition of 6.1 on the abundance of the new states,
the relative coverages of molecules of Mn1 in states A* and D* were determined
(Table 6.1). These relative coverages increase immediately after the addition of the
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solution of 6.1 to the layer of Mn1, and become considerably larger than the relative
coverages of states A and D before 6.1 was added. This increase appeared to have
taken place all over the surface, as was determined by STM measurements at several
locations (see Table 6.1).

Table 6.1: Relative coverages of states A, A*, D and D* at the HOPG/1-octanoic acid
interface at several locations before (states A and D) and after (states A* and D*) the
addition of single oxygen donor 6.1, as a function of time. Solution 3 × 10−5 M, 9 days old;
Vbias = −800 mV, Iset = 8 pA.

Location
(x,y) in nm
0
-114
1045
-882
40
302

0
0
-20
-20
-935
-47

Time after the addition
of 6.1
(minutes)
-5
20
44
55
63
87

Rel. coverage
of state D/D*
(%)
0.7
5.7
13.2
13.6
12.8
12.5

Rel. coverage
of state A/A*
(%)
0.0
1.3
1.6
0.9
0.7
1.7

The relative coverages of state D* in Table 6.1 include all the molecules of Mn1
with similar apparent heights, and also include molecules which already were in state
D before the addition of 6.1. While this introduces a measurement error, the increase
in relative coverage of state D* is large enough to attribute its formation to the
presence of the oxygen donor
No molecules of Mn1 in state B were observed in this experiment. A remarkable
observation is the rapid increase in the relative coverage of the molecules in state A*
(see Fig. 6.3d and Fig. 6.4a) directly after the addition of the single oxygen donor 6.1.
Its formation seems directly related to the presence of 6.1. In combination with the
similar appearance as state A in the STM images, the most likely identity of state A*
is also a µ-oxo Mn1 dimer. It is remarkable that this state is much more abundant
than in the experiments of Mn1 with molecular oxygen (Chapter 4). In that case, the
surface was proposed to be required as a source of electrons to reduce the manganese
center before it can bind oxygen. The reaction of Mn1 with 6.1 does not require such
a reduction step and can also occur in the supernatant solution. This can explain
the relatively high abundance of state A*, because the formation of [Mn(V)1=O]+
species in the solution increases the chance that µ-oxo Mn1 dimers are formed on
the surface.

6.3 Experiments with a single oxygen donor
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Distribution of state D*
In Section 4.5.1 it was revealed that in reactions of molecular oxygen with a monolayer
of Mn1, the distribution of the formed states D at the surface was non-random: a
preference for these states at directly adjacent locations in the monolayer was found
(Fig. 4.19). This observation was one of the reasons to assign state D as being a
Mn(IV)1-oxo complex, with the hypothesis that molecular oxygen was split homolytically and oxidized two molecules of Mn1, similar to the results of STM experiments
by Hulsken et al. [10]. If this reasoning is correct, it can be expected that in a reaction
of molecules of Mn1 with a single oxygen donor such cooperative effect is absent. To
investigate this hypothesis, the nearest neighbor distance distribution of the molecules
of Mn1 in state D* after the addition of 6.1 was analyzed.
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Figure 6.5: Nearest neighbor distribution function, showing the number of times that a
molecule of Mn1 in state D* has its nearest neighbor in state D* at a certain distance in
the monolayer. a) Experimentally determined histogram, N = 577. b) Simulated datasets,
assuming a random spatial distribution (Nsets =1500, Ntotal = 8 × 105 ). See text and
Section 6.2 for details.

A nearest neighbor distance distribution histogram was constructed from 577 coordinates of molecules of Mn1 in state D*. The coordinates were collected from 20
STM topography measurements at 5 different regions on the graphite sample, recorded
between 20–90 minutes after the addition of 6.1. The measurements included had a
relative coverage of state D* between 5% and 15%. Nearest neighbour distances of
coordinates within 5 nm of the edge of the STM image were not included. It must be
noted that any molecules in state D (which might have been already present before
the addition of 6.1) are also included in this analysis. However, since the relative

196

Alternative approaches to oxidize Mn-porphyrins

coverage of state D* after the addition of 6.1 is an order of magnitude higher than
that of state D before its addition, the error introduced by the included molecules in
state D will be sufficiently small.
For comparison with the experimentally determined nearest neighbor plot, a random distribution plot was simulated assuming the same amount of molecules and
the same relative coverage of state D* as observed in the experimental dataset. The
histogram including 1500 of such simulated datasets is shown in Fig. 6.5b.
From the appearance of the two histograms it can be concluded that the experimentally obtained dataset is very similar to the simulated dataset assuming random
distribution. The first peak at 1.9 nm is slightly lower (0.16 vs. 0.20 ± 0.02 ), which
could be caused by state D* repelling other molecules in state D*. This could be
explained by state D* having a charge.
For a direct comparison (in terms of surface coverage) of the nearest neighbor
distributions of state D* (induced by adding 6.1) to the nearest neighbor distribution
of state D (induced by adding the dioxygen donor O2 ), these nearest neighbor distributions were constructed using the same relative coverage range of 10–16%. These
diagrams are depicted in Fig. 6.6, together with the randomly distributed simulations.
Considering the distribution of states D and D*, a significant difference is present for
the peak at the nearest neighbor site (at 1.9 nm). In the case of the distribution of
state D this peak has a value of 0.32 (Fig. 6.6a). This is significantly higher than that
of state D* where the relative frequency value for this peak is 0.21 (Fig. 6.6b). This
corresponds well with the value in the simulation of 0.23 ± 0.04.

6.3.3 Conclusion
STM revealed that the addition of single oxygen donor 6.1 to a molecular layer of
Mn1 at the graphite/1-octanoic acid interface led to a rapid emergence, in significant
amounts, of two states with bright contrast, states A* and D*. The large increase in
the relative coverages indicates that they are formed as a result of a reaction between
Mn1 and 6.1. The topographical signature of state D* was compared to that of state
D, which was previously observed after a reaction of Mn1 with molecular oxygen,
and it was found that these states have a different appearance in the STM images.
The nearest neighbor distribution of state D* is also different from that of state D.
It appears randomly distributed with a somewhat lower peak at the directly adjacent
location, which might be explained by state D* being charged. It is proposed that
state D* corresponds to a [Mn(V)1=O]+ or Mn(IV)1=O•+ complex, in line with
experiments in the bulk described in the literature.
While state A* has a very similar appearance as state A, the expected µ-oxobridged dimer in these experiments is a [Mn(IV)1-O-Mn(IV)1]2+ complex. The
STM measurements are not conclusive whether state A* is identical to state A (a
[Mn(IV)1-O-Mn(IV)1]2+ complex could turn into a µ-oxo Mn(III)1 dimer after
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Figure 6.6: a) Nearest neighbor distribution for state D in the STM experiment with molecular oxygen, experimentally determined data set with relative coverages between 10–16%,
N = 213. Inset: randomly distributed equivalent for this dataset (Nsets = 1000, Ntotal =
2 × 105 ). See text for details. b) Nearest neighbor distribution for state D* in the STM
experiment with single oxygen donor, 6.1, experimentally determined data set with relative
coverages between 10–16%, N = 318. Inset: randomly distributed equivalent for this dataset
(Nsets = 750, Ntotal = 4 × 105 ). See text and Section 6.2 for details.

a surface-induced reduction, for example), or is in fact a slightly different state with
a similar topographical appearance. Its high abundance was explained by the fact
that [Mn(V)1=O]+ complexes can already be formed in the supernatant solution,
and subsequently react with molecules of Mn1 on the surface.
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6.4 Triggering reactions with voltage pulses
6.4.1 Introduction
Only recently has it been proven possible to not only study a chemical reaction at
the molecular level by STM, but also to trigger it by using a voltage pulse. At the
solid/liquid and the solid/air interface, this approach has been used to successfully
trigger a polymerization reaction in a molecular layer of diacetylenes [11–13] (see
Chapter 2, Fig. 2.33 and Fig. 2.34) and follow these reactions at the molecular level
by STM. In UHV environments, this technique has been used more frequently. An
illustrative example comes from the group of Rieder, which was able to induce and
image the Ullman reaction (see Fig. 2.31) [14]. At a temperature of 20 K, it was possible to induce all the steps of a reaction, in which two iodobenzene molecules were
coupled to give a molecule of biphenyl and molecular iodine. The reaction was carried
out at the step edge of a Cu(111) surface. With voltage pulses, the two iodobenzene
molecules were dissociated into benzene radicals and iodine atoms. These fragments
were subsequently moved by the STM tip, and finally the two benzene radicals were
coupled by another voltage pulse, which completed the reaction. Other examples of
processes triggered by voltage pulses include the isomerization of azobenzene [15],
C-F bond dissociation in copper hexadecafluorophthalocyanines [16], C-H bond dissociation in benzene [17], desorption of chlorobenzene [18] and the dissociation and
formation of dimethyldisulfide [19, 20].

6.4.2 Triggering of the reaction of Mn1 with O2 , preliminary results
Pulses in ambient atmosphere
The application of voltage pulses could be an additional method to initiate the reaction of molecules of Mn1 with molecular oxygen. The presence of a very strong
electric field, or the presence of high-energy electrons, might reduce the manganese
center of Mn1 from Mn(III) to Mn(II), thereby activating it to react with oxygen.
Some preliminary experiments to investigate this possibility were performed. First, a
molecular layer of Mn1 was formed at the HOPG/1-octanoic acid interface. During
scanning, a voltage pulse was applied in the center of the STM images, and its effect
on the monolayer appearance was subsequently monitored. Two examples of this
procedure are shown in Fig. 6.7. The pulse was applied after retracting the tip an
additional 1.5 nm. Pulses of −3 V (all pulse voltages are with respect to the sample)
turned out to have no effect, and the same was true for pulses of −5 V of 1 µs. With
applied pulses of −5 V with a duration of 15 µs, it was possible to trigger a reaction.
Immediately after the pulse, an increase of the number of molecules of Mn1 in states
A and D was observed.
The assignment was made on the basis of their topographical signature and the
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Figure 6.7: (a–g) STM topographies of a monolayer of Mn1 at the HOPG/1-octanoic acid
interface in which a voltage pulse was applied under an ambient atmosphere. The location
of the pulse is indicated by the white circle. Pulse parameters: −5 V (with respect to the
sample), retracted 1.5 nm, 15 µs. Concentration 2 × 10−5 M; 3 × 3 median filter, Vbias =
−800 mV, Iset = 5 pA. Scan direction indicated by the arrow. a, b, c) Age of solution: 91
days. Before, during, and after pulse, respectively. d, e, f) Age of solution: 92 days. Before,
during, and after pulse, respectively. g) Magnification of (f). h) Cross-section corresponding
to the white dashed line in (g).

value of their apparent height, for state A 0.4–0.5 nm (Figs. 6.7h and 6.8c) and for
state D approximately 0.2 nm (Fig. 6.8d). Generally the resolution decreased because
of the pulse, and it is therefore unclear if transitions to state B also occurred upon
pulsing.
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Figure 6.8: (a,b) STM topographies of Mn1 at the HOPG/1-octanoic acid interface in
which a voltage pulse was applied under an ambient atmosphere. The location of the pulse
is indicated by a white circle. Pulse parameters: −5 V, retracted 1.5 nm, 100 µs. Solution
2 × 10−5 M, 123 days old; 3 × 3 median filter, Vbias = −800 mV, Iset = 5 pA. a, b) Before
and after a pulse, respectively. c) Cross-section corresponding to the left white dashed line
in (b). d) Cross-section corresponding to the right white dashed line in (b).

The increase in the number of molecules of Mn1 in states A and D was determined
for 8 pulses in 3 STM experiments. This gave an average yield of 6.4 ± 3.7 molecules
in state A and 1.6 ± 1.6 molecules in state D per pulse (Fig. 6.9a). The total average
yield of pulse-induced states, including both states A and D comes to 8.0 ± 5.1
induced states per pulse (Fig. 6.9b). These molecules were counted within a 40 nm
radius of the pulse location, outside this radius no effect of the pulse was observed. An
undesired result of a voltage pulse is that it can lead to a complete loss of resolution
and therefore the end of the experiment. The pulse can also destroy the ordering of
the molecular layer. Such an event is illustrated in Figs. 6.7b and c, where after the
application of a pulse a reorientation of the domains in the monolayer is visible. This
effect was most often observed when the pulse was applied near a domain boundary.
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Pulses in argon atmosphere
To determine whether the emergence of these states was related to the presence of
oxygen, as was found for states A and D in Chapter 4, pulsing experiments were also
carried out with an argon-purged solution and under an argon atmosphere. Examples
of such pulses are shown in Fig. 6.10.
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Figure 6.10: STM topographies of Mn1 at the HOPG/1-octanoic acid interface during an
applied voltage pulse under an argon atmosphere. The location of the pulse is indicated by
a white circle. Pulse parameters: −5 V, retracted 1.5 nm, 15 µs. Solution 3 × 10−5 M, 70
days old; 3 × 3 median filter, Vbias = −600 mV, Iset = 5 pA. a, b, c) Before, during, and
after a pulse, respectively. d, e, f) Before, during, and after a pulse, respectively.

Under an argon atmosphere it was also seen that states A and D were induced
by the pulse, but in a lower amount than in the case of an ambient atmosphere. For
a total of 6 pulses, an average yield of 1.0 ± 0.6 molecules in state A and 0.8 ±
0.8 molecules in state D per pulse was found (Fig. 6.11). The total average yield of
pulse-induced states for an argon atmosphere, including states A and D, comes to
1.8 ± 1.3 induced states per pulse. All these pulses were applied during the same
STM experiment, using the same conditions as used previously.
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Comparison of pulses in ambient and argon atmosphere
The preliminary results applying voltage pulses in an ambient atmosphere are different
from the results in an argon atmosphere: a lower amount of oxygen in the surrounding
atmosphere seems to lead to a lower number of molecules in states A and D being
induced by the pulse. The observed oxygen dependence is in line with the previous
assignment of state A in Chapter 4 as a µ-oxo-bridged Mn-porphyrin dimer and state
D as a Mn(IV)1=O complex.
It is striking that more molecules of Mn1 make a transition to state A than to
state D, while this state always had a fairly low relative coverage in the experiments in
which pulses were not used. Furthermore, in the non-pulsing experiments the relative
coverage of this state was always lower than the relative coverage of state D. State A
was assigned in Chapter 4 to a µ-oxo Mn1 dimer. The observation that during these
pulsing experiments the relative coverage of Mn1 in state A is significantly higher
than in the experiments in which no pulsing is applied, can be a result of the fact
that during the pulse a very strong, inhomogeneous electric field is present. In such a
field, the induced charges in polarizable particles and permanent dipoles experience an
unequal field force, which causes the particles to move towards the region of highest
field density [21]. Since the porphyrin molecules have a higher polarizability than
the 1-octanoic acid molecules of the solvent (for free base tetraphenyl porphyrins this
value is 105 × 10−24 cm3 [22], while for octanoic acid this is 28 × 10−24 cm3 [23]) the
dissolved molecules of Mn1 are attracted to the gap between the tip and the surface
during a voltage pulse, which leads to an enhanced local concentration. This higher
concentration might favor the formation of µ-oxo-bridged dimers.

6.4.3 Conclusion
It appears to be possible to trigger the reaction of Mn1 with O2 in the STM by a
voltage pulse. To activate the manganese porphyrins to react with molecular oxygen,
first the manganese center has to be reduced from Mn(III) to Mn(II) [2, 5]. It is
proposed that the pulse causes such a reduction. At first glance, such a reduction can
be caused by the tunneling electrons. During the pulse “hot electrons” are present that
can have sufficient energy to enable a reaction [24]. However, as reacted molecules
of Mn1 have been observed as far as 40 nm from the location of the pulse, it’s
unlikely that the tunneling electrons are the sole cause of the reaction. Since the
self assembled monolayer is formed on a graphite surface, and not on a metal or
semiconducting surface, injection of hot carriers in the substrate [19, 20] is unlikely.
The pulse also leads to a very high inhomogeneous electric field near the tip apex.
Electric fields have been found to change effective intermolecular potentials [25] and
this could in turn change the energy landscape of a chemical reaction [15].
Furthermore, the applied voltage during the pulse leads also to a high induced
local charge on the tip apex and the nearby graphite surface. As the applied pulse
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in these experiments have a negative bias voltage (with respect to the sample), this
means that negative charge is induced on the surface. This induced charge could lead
to the necessary reduction of the manganese center, similar to the case when no pulse
is applied.
It is clear that this line of research requires more measurements and statistics. It
is therefore useful to investigate the dependence of the number of reacting molecules
of Mn1 on the pulse parameters like pulse voltage, polarity, height and duration.
These preliminary results, however, appear promising and seem to indicate that it is
possible to use voltage pulses to control and trigger a reaction of molecules of Mn1
with molecular oxygen.
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S. Valiyaveettil, G. Moessner, K. Müllen, and F. C. De Schryver,
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CHAPTER

7

“Click chemistry” studied by Scanning Tunneling Microscopy

The only limit is your imagination.
Slogan of LEGO [1].

7.1 Introduction
he Scanning Tunneling Microscope (STM) can be a valuable
tool in the study of chemical reactions. Visualization at the
molecular level can assist in the identification of intermediates,
and here STM can complement traditional techniques like NMR
and mass spectroscopy.
In recent years, “click chemistry” has become a powerful
chemical synthesis strategy. The reactions labeled as “click” reactions are under
extensive study by traditional techniques to elucidate their exact reaction mechanisms
and the nature of the reaction intermediates. “Click chemistry” is inspired by nature,
and it is based on the idea of synthesizing compounds by efficiently coupling smaller
molecular units together [2]. “Click” reactions should ideally have a high yield, work
under benign conditions and be highly selective. Because of its versatility, “click
chemistry” is used in a large variety of fields, amongst which bioconjugation, materials
science and drug discovery [3, 4].
The click reaction which is currently considered the most powerful, is the Huisgen alkyne-azide cycloaddition reaction [5] (Fig. 7.1), especially since its rate can be
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accelerated by a factor of 106 when a Cu(I) complex is used as a catalyst [6]. This
reaction is extremely selective and can take place in a large variety of solvents. Without the use of a Cu(I) catalyst, often both the 1,4- and the 1,5-adduct are present in
the final product. The Cu(I) catalyst introduces regioselectivity, leading to only the
1,4 adduct being formed.
Cu(I) catalyst
R

+

N3

R

N

R'
N

R'

N

Figure 7.1: Cu(I)-catalyzed alkyne-azide “click” cycloaddition.

Despite the fact that this type of reaction is used in many different research groups,
the exact mechanism is not yet known. A proposed catalytic cycle, mostly based on
DFT calculations, is shown in Fig. 7.2 [7].
7.4

7.5
7.1

7.2

2
3

1

4
5

Figureb)
7.2: Proposed catalytic cycle of the alkyne-azide cycloaddition “click” reaction, catalyzed by a Cu(I) complex, which is mostly based on DFT calculations [7]. The numbers
7.1–7.5 refer to the molecules used in the experiments in this chapter (see Fig. 7.3), and the
numbers 1–5 label the atoms (see text).

The first step of the catalytic cycle (Step A) is the formation of a copper(I)-
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acetylide, which is initiated by π-coordination of the alkyne to the copper, which
significantly acidifies the terminal hydrogen atom of the alkyne. The alkyne πcomplexation requires ligand dissociation from the copper center. Next, the azide
is activated by its coordination to the copper center (Step B). As a result the azide
terminus becomes even more electrophilic and this leads to a nucleophilic attack of the
acetylide carbon atom C(4) on the terminus of the azide (Step C), by which the first
C-N bond is formed, resulting in a strained copper metallacycle. This metallacycle
positions the bound azide properly for subsequent ring contraction by a transannular
association of the N(1) lone pair of electrons with the C(5) – Cu π ∗ orbital (Step D).
Protonation of the triazole-copper derivative followed by dissociation of the product
ends the reaction and regenerates the copper catalyst (Step E).
In this reaction mechanism, surprisingly little is known about the nature of the
copper-acetylide complex which is formed after Step A. A dynamically changing family
of different Cu(I)-acetylide species may exist in solution, depending on the reaction
conditions. It was also found that under certain conditions the initial rate was second
order in copper metal complex [8].
The catalytic cycle depicted in Fig. 7.2 is a simplified version, which does not take
into account the presence of several irreversible off-cycle pathways, which can involve
the formation of unproductive polymeric copper-acetylides.
The combination of scanning probe microscopy and the “click” reaction has been
reported by the of Stoddart, who used a copper-coated Atomic Force Microscopy tip
to couple alkyne functionalized molecules from the solution by click chemistry to an
azide-functionalized surface, that way writing a pattern with a resolution of 50 nm
[9]. However, scanning probe techniques have not yet been applied to assist in the
identification of the reaction mechanism.
With regard to this subject, STM might be used to determine if one or more
copper centers are involved in the reaction or to identify the unknown Cu-acetylide
intermediate(s) by visualizing them.

7.1.1 Approach and molecules used in the experiments
The goal of the research described in this chapter is to image all the different steps of
the cycloaddition process at the molecular level by STM. This involves the imaging
of the copper complexes which act as the catalyst, the starting acetylene and azide
reactants and the clicked triazole product, and, if possible, intermediates like the
Cu-acetylide complex. The imaging of intermediates represents a challenge, as this
step in the reaction occurs fast and the acetylide is relatively unstable. In the STM
experiments however, the reaction is performed on a surface, which might lead to
lower reaction rates than in solution. It is also possible that the surface will stabilize
intermediates. In the course of the “click” reaction different complexes of the alkyne
and the Cu center interchange rapidly in solution; it might be possible that their
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confinement to the surface inhibits these dynamics to a certain extent. In that case,
it might be possible to image and identify the formed intermediates, which would
contribute to a deeper understanding of the reaction mechanism.
In our approach the starting compounds, the catalyst and the product were designed in such a way that they will form stable monolayers on a graphite surface.
Therefore, all molecules were equipped with long alkyl chains, C16 H33 , to promote
favorable Van der Waals interactions with the graphite surface. In addition, phenyl
groups were included to interact with the surface via π − π stacking. These interactions are expected to stabilize a monolayer, both by molecule-molecule interactions
and interactions between the molecules and the underlying graphite. An additional
reason to include aromatic groups in the molecules is their relatively high tunneling
conductivity, which generally leads to a protruding signature in STM topography images. Such groups can thus be used as labels to facilitate the interpretation of the
STM data.
The molecules used in the experiments are presented in Fig. 7.3, and their location in the catalytic cycle is indicated in Fig. 7.2. Phenyl acetylene derivative 7.1
and phenyl azide derivative 7.2 are coupled in a “click” reaction to form the cycloaddition product 7.4. The reaction will be catalyzed by Cu(I) complex 7.3. Bipyridine
derivative 7.5 is used as a bidentate ligand for complex 7.3. Because of the similarity
between the molecules, in terms of the alkyl and phenyl groups, it can be expected
that the affinities with the graphite surface are also similar.
First, all individual components of the reaction will be imaged separately at the
HOPG/1-phenyloctane interface. Subsequently, samples will be taken from a reaction
mixture in solution in the course of the “click” reaction. These liquid samples will be
taken from a Schlenk tube, applied to the graphite surface, and imaged by STM at
different stages of the “click” reaction. In this way the STM image will be a sort of
“snap-shot” of the reaction at that moment.
Next, the “click reaction” will be performed on the surface and followed by STM.
As the reaction takes place at the copper center of the copper catalyst, a monolayer
of the copper complex on a graphite surface will be monitored in the presence of
the starting compounds. A droplet of 1-phenyloctane containing the catalytic complex, 7.3 will be added to the graphite surface. After confirming with STM that
a monolayer was formed of the compound, a droplet containing the phenyl acetylene derivative 7.1 will be added, and the surface will be monitored for the possible
formation of intermediates. As the final step a droplet containing the phenyl azide
derivative 7.2 will be added with the goal to complete the “click” reaction to observe
the formation of the cycloaddition product, 7.4. The fact that it is possible to carry
out the “click” reaction in such a stepwise manner makes is a very suitable reaction
to study by STM, both in the case of the “snap-shot” measurements and the in situ
visualization.

7.2 Experimental
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Figure 7.3: Structures of the molecules used in this chapter, showing the phenyl acetylene
derivative 7.1, phenyl azide derivative 7.2, Cu(I) complex 7.3, cycloaddition product 7.4
and bipyridine derivative 7.5.

7.2 Experimental
All procedures involving Cu(I) compounds were carried out under inert gas.
STM measurements
STM measurements were performed in the constant current mode with the Nijmegen
home-built low-current STM, using an Omicron Scala SPM controller. STM tips
were mechanically cut from Pt/Ir wires (90:10, diameter 0.5 mm). The graphite
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used was ZYB NT-MDT, Zelenograd, Moscow. 1-Phenyloctane was purchased from
Sigma-Aldrich and vacuum distilled before use. STM measurements were performed
at the graphite/solution interface, with the tip immersed in a droplet of the solution.
All measurements presented in this chapter involving a molecule with a Cu(I) center
were carried out under an argon atmosphere. A flow of argon was present during
the application of the droplet to the HOPG surface, and after that the bell-jar was
installed immediately. A continuous argon flow was present during the measurements.
Since after cleaving of the HOPG the molecules of the previous experiment were
often found to be still present, a new, unused piece of HOPG was used for every
measurement.
Additional characterization techniques
1

H-NMR and 13 C NMR spectra were recorded on a Bruker DMX-300 MHz
instrument operating at 300 MHz and 75 MHz, respectively. Solvent shift reference
for 1 H NMR: CHCl3 δH = 7.26 and for 13 C NMR: CDCl3 δC = 77.16. To increase
the solubility of the click product 7.4 a small amount of trifluoroacetic acid (TFA)
was added to CDCl3 .
FT-IR spectra were recorded on a Bruker tensor 27.
Liquid Chromatography Quadrupole (LCQ) measurements were performed
with a LCQ Advantage MAX Thermo Finnigan.
Syntheses
Hexadecyl 4-(1-ethynyl) benzoate, 7.1: The synthesis of this compound was
described in Chapter 3.
Hexadecyl 4-azidobenzoate, 7.2: A solution of 4-azidobenzoic acid (1 g, 6.13
mmol) in thionyl chloride (20 ml, 274 mmol) and one drop of DMF was refluxed
for 2 hours. After evaporation of the excess thionyl chloride, the resulting solid
was treated 3 times with 10 ml of toluene. After each addition the toluene was
evaporated in order to remove traces of thionyl chloride. To the obtained solid 30 ml
of dichloromethane was added. This solution was cooled to 0 ◦ C, followed by the
addition of triethylamine (0.929 ml, 6.66 mmol), cetyl alcohol (1.463 g, 6.06 mmol),
and DMAP (0.074 g, 0.606 mmol). The mixture was stirred vigorously for one night
and allowed to warm to room temperature by the melting of ice. After filtration of
the reaction mixture the solvent was evaporated. The crude product was added to
a silica column and eluted with 10% of n-heptane in dichloromethane (v/v). Yield
1.99 g of light yellow powder (85%).
1
H NMR (300 MHz, CDCl3 ): δ 8.16 - 7.85 (m, 2H), 7.19 - 6.90 (m, 2H), 4.30 (t,
J = 6.7 Hz, 2H), 1.93 - 1.56 (m, 2H), 1.58 - 1.01 (m, 26H), 0.88 (t, J = 6.6 Hz, 3H).
13
C NMR (75 MHz, CDCl3 ): δ 165.9 (s), 144.7 (s), 131.5 (s), 127.2 (s), 118.9 (s), 65.4
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(s), 32.1 (s), 30.3 - 29.1 (m), 28.9 (s), 26.2 (s), 22.8 (s), 14.2 (s). FT-IR (KBr, cm−1 ):
2135 ν(N3 ), 1712 ν(C=O).
2,2’-Bipyridine-4,4’-dicarboxylic acid: This compound was synthesized according to the literature [10].
Dihexadecyl-2,2’-bipyridine-4,4’-dicarboxylate, 7.5: A solution of
2,2’-bipyridine-4,4’-dicarboxylic acid (1.43 g, 5.86 mmol) in thionyl chloride (20 ml,
274 mmol) and one drop of DMF was refluxed for 3 hours. After evaporation of the
excess thionyl chloride, the solid was treated 3 times with 10 ml of toluene. After each
addition the toluene was evaporated in order to remove traces of thionyl chloride. To
the obtained solid 30 ml of dichloromethane was added. This solution was cooled to
0 ◦ C followed by the addition of triethylamine (1.745 ml, 12.52 mmol), cetyl alcohol
(3.04 g, 12.52 mmol) and DMAP (0.070 g, 0.569 mmol). The mixture was stirred
vigorously for one night and allowed to warm to room temperature by the melting of
ice. After filtration of the reaction mixture the solvent was evaporated. The crude
product was added to a silica column and eluted with 10% ethylacetate in chloroform
(v/v). Yield 1.60 g of white/pink powder (41%).
1
H NMR (300 MHz, CDCl3 ): δ 8.94 (s, 2H,), 8.85 (d, J 4.9 Hz, 2H), 7.89 (dd, J
4.9, J 1.5 Hz, 2H), 4.38 (t, J 6.8 Hz, 4H), 1.92-1.71 (m, 4H), 1.55 - 1.11 (m, 52H), 0.86
(t, J 6.7 Hz, 6H). 13 C NMR (75 MHz, CDCl3 ): δ 185.3(s), 156.7(s), 150.2(s), 139.1(s),
123.3(s), 120.7(s), 66.2(s), 32.1(s), 29.5 (m), 28.8(s), 26.1(s), 22.8(s), 14.2(s).
Cu(I) complex, 7.3 A Schlenk tube with stirring bar was filled with
Cu(CH3 CN)4 BF4 (5.67 mg, 0.018 mmol), dihexadecyl 2,2’-bipyridine-4,4’-dicarboxylate
7.5 (24.98 mg, 0.036 mmol) and 4 ml of THF (N2 ). After stirring to dissolve the
compounds, 0.5 ml was taken from the mixture and transferred to a 10 ml Schlenk
tube and evaporated to dryness. The resulting amount of Cu(I) complex was 2.25 ×
10−6 mol.
Clicked product, 7.4 in 1-phenyloctane: A 10 ml Schlenk tube was filled
with 2.25 × 10−6 mol of the Cu(I)-complex 7.3. To this solid was added hexadecyl
4-(1-ethynyl) benzoate (25 mg, 0.067 mmol), hexadecyl 4-azidobenzoate (26.1 mg,
0.067 mmol) and 4.5 ml of 1-phenyloctane (N2 ). The reaction mixture was heated
for one night at 70 ◦ C. After cooling the precipitate was isolated by centrifugation.
The solid was washed three times with n-pentane. A yield of 76% was obtained after
drying (white solid).
1
H NMR (300 MHz, CDCl3 +TFA) δ 8.48 (s, 1H), 8.30 (d, J = 8.8 Hz, 2H), 8.20
(d, J = 8.4 Hz, 2H), 7.96 (d, J = 8.7 Hz, 2H), 7.91 (d, J = 8.4 Hz, 2H), 4.42 (q, J =
6.7 Hz, 4H), 1.92 - 1.75 (m, 4H), 1.55 - 1.13 (m, 52H), 0.87 (t, J = 6.7 Hz, 6H). 13 C
NMR (75 MHz, CDCl3 +TFA) δ 168.3 (s), 167.1 (s), 147.1 (s), 139.5 (s), 132.0 (s),
131.9 (s), 131.7 (s), 131.1 (s), 126.7 (s), 120.9 (s), 120.1 (s), 67.3 (s), 67.1 (s), 32.1
(s), 30.0-29.3 (m), 28.7 (s), 26.1 (s), 22.9 (s), 14.2 (s).
Clicked product, 7.4 in n-heptane: As with 1-phenyloctane. Instead of 4.5
ml of 1-phenyloctane 4.5 ml n-heptane was added. Yield 79%.
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Clicked product, 7.4 in tetrahydrofuran: As with 1-phenyloctane. The 0.5
ml catalyst solution was not evaporated to dryness and 4 ml of THF was added. Yield
29%.
Cu(II) complex with perchlorate counter ion: A tube was filled with
Cu(ClO4 )2 ·6H2 O (46.1 mg, 0.124 mmol), dihexadecyl-2,2’-bipyridine-4,4’-dicarboxylate
(150 mg, 0.216 mmol) and 4 ml methanol. The mixture was refluxed for 5 min. A
clear blue solution was obtained. After cooling down the pale blue deposit was filtered,
washed with 3 × 1 ml methanol and vacuum dried. A pale blue powder was obtained
Cu(II)(dihexadecyl-2,2-bipyridine-4,4-dicarboxylate)2(ClO4 )2 (123.8 mg, 0.075 mmol,
69% yield).
A LCQ measurement showed no dihexadecyl-2,2-bipyridine-4,4-dicarboxylate. A
small peak M+ of 480 with the proper isotope pattern was present.

7.3 Imaging of the individual components of the “click” reaction
by STM
7.3.1 Reaction in the bulk
To investigate whether the “click” reaction can take place using compound 7.1–7.3,
and especially whether it can take place in 1-phenyloctane, the solvent of choice for
STM experiments, the experiment was first performed in the bulk liquid. In Table
7.1 it can be seen that the reaction proceeds in THF, n-heptane, and 1-phenyloctane.
In all solvents the formation of the cycloaddition product appeared from the gradual
formation of a white precipitate in the reaction mixture at room temperature. To
speed up the reaction, the mixtures were heated at 70 ◦ C to be able to quickly test to
which extend the reaction was taking place. THF was included in the experiments,
since this is the solvent in which 7.4 was synthesized for studying this compound by
STM. n-Heptane was included because of its similarity to 1-phenyloctane.
Table 7.1: Cycloaddition experiments of 7.1 and 7.2 catalyzed by 7.3 in several solvents.
For experimental details see Section 7.2.

Catalyst
7.5/Cu(CH3 CN)BF4 2:1
7.5/Cu(CH3 CN)BF4 2:1
7.5/Cu(CH3 CN)BF4 2:1

Solvent
THF
n-Heptane
1-Phenyloctane

Equiv. of catalyst
0.033
0.033
0.033

Yield of 7.4
29%
79%
76%
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7.3.2 STM experiments on starting compounds 7.1 and 7.2
In separate experiments, the starting compounds 7.1 and 7.2 were dissolved in 1phenyloctane and 3–5 µl droplets of these solutions with a concentration of 0.15–
1.5 mM were added to a graphite surface. The molecular layers which were subsequently formed on the surface were imaged by STM. Fig. 7.4 shows an STM image of
the self-assembled monolayer formed by 7.1 (see also Chapter 3). A lamellar structure is observed with a periodicity of b = 3.4 ± 0.1 nm. The phenyl groups of the
molecules lie flat on the surface, parallel to the graphite lattice, at an intermolecular
distance of 0.71 ± 0.05 nm. A superstructure is present in the alkyl chains, which is
probably the result of a mismatch with the underlying graphite surface. This superstructure has a periodicity along the lamellae of as = 2.1 ± 0.1 nm, and makes an
angle γ s = 83 ± 7◦ with respect to the lamellae.
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Figure 7.4: a) STM topography of a monolayer of 7.1 at the HOPG/1-phenyloctane interface;
The upper unit cell belongs to the superstructure, as = 2.1 ± 0.1 nm, bs = 3.4 ± 0.1 nm
and γ s = 83 ± 7◦ ; the lower unit cell contains two molecules of 7.1, a = 0.71 ± 0.05 nm, b
= 3.4 ± 0.1 nm and γ = 83 ± 7◦ ; concentration: 0.1 mM, Vbias = -450 mV, Iset = 10 pA.
b) Cross-section corresponding to the white dashed line in (a). c) Proposed molecular model
of the aggregate.

In the concentration range of 0.15–1.5 mM, the molecules of 7.2 also self-assemble
into a lamellar structure on the graphite surface (Fig. 7.5) with phenyl rings parallel
to the surface. The unit cell containing two molecules was determined to be a = 0.75
± 0.1 nm, b = 3.3 ± 0.2 nm, and γ = 74 ± 10◦ , values which are quite similar to
those found for monolayers of 7.1. In the alkyl chains, which are interdigitated, a
superstructure is present with a periodicity along the lamellae of as = 2.3 ± 0.2 nm and
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an angle γ s of 89 ± 10◦ with respect to the lamellar troughs, which also corresponds
well to the values found for the superstructure present in the alkyl chains of monolayers
of 7.1.
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Figure 7.5: a) STM topography of a monolayer of 7.2 at the HOPG/1-phenyloctane interface.
The upper unit cell belongs to the superstructure, as = 2.3 ± 0.2 nm, bs = 3.4 ± 0.2 nm
and γ s = 89 ± 10◦ ; the lower unit cell contains two molecules of 7.2, a = 0.75 ± 0.1 nm,
b = 3.3 ± 0.2 nm and γ = 74 ± 10◦ ; concentration: 0.15 mM, Vbias = −600 mV, Iset =
5 pA. b) Cross-section corresponding to the white dashed line in (a). c) Proposed molecular
model of the aggregate.

7.3.3 STM experiments of Cu(I) catalyst 7.3
Catalyst 7.3 is extremely sensitive to oxygen, which oxidizes the Cu(I) center to
Cu(II). Therefore, special care needs to be taken when working with this compound.
The solutions of the compound in 1-phenyloctane were prepared in a strict nitrogen
atmosphere in a glove box. In this glove box, the solution was put in a container which
was sealed by a septum, and this container was placed in a nitrogen-filled Schlenk
tube as an additional precaution during transport. The syringe used to apply a
droplet on the surface was rinsed with vacuum-distilled 1-phenyloctane (also saved in
a flask closed by a septum), and flushed with argon. An argon flow from above was
applied at the moment that the droplet of the catalyst solution was applied to the
graphite surface and until the bell-jar was placed (typically within 10 seconds after
drop casting). During the measurements a continuous argon flow was present.
A 3–5 µl droplet containing 7.3 with a concentration of 1 × 10−5 to 5 × 10−4 M
was applied to the bare graphite surface and the resulting monolayer was imaged by
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Figure 7.6: (a-b) STM topographies of a monolayer of 7.3 at the HOPG/1-phenyloctane
interface. a) 10−4 M, Vbias = -500 mV, Iset = 5 pA. Note the higher spot in the image on
the left. b) Two different lamellar structures are visible in these adjacent domains, unit cells
are drawn in white. Small unit cell (left): a = 1.4 ± 0.2 nm, b = 2.1 ± 0.2 nm and γ = 65
± 8◦ , large unit cell (right): a = 1.3 ± 0.2 nm, b = 3.6 ± 0.3 nm and γ = 82 ± 5◦ ; 10−5 M,
Vbias = -300 mV, Iset = 2 pA. c) Cross-section corresponding to the white dashed line in
(a). d) Schematic representation of proposed structures of the two lamellar structures in (b).
e) Schematic representation showing two possibilities of the ordering of the molecules of 7.3
in (d), indicating two different orientations of the center of 7.3 with respect to the lamellar
direction.

STM. A lamellar structure was formed (Figs. 7.6a, b), in which the Cu centers can
be observed as bright spots, positioned within less bright bands corresponding to the
aromatic rings of the complex. The bright bands are separated by a darker region in
which the alkyl chains are adsorbed. In most cases (>95 % of the measurements), a
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unit cell was found with a = 1.3 ± 0.2 nm, b = 3.6 ± 0.3 nm, and γ = 82 ± 5◦ . These
values suggest that in the lamellar structure the alkyl chains of the molecules are not
interdigitated, as the b-vector of the unit cell corresponds with the size of an extended
molecule of 7.3. The exact structure of the molecules of 7.3 on the surface could not
be determined from the measurements. Since in solution the bipyridine ligands of 7.3
are arranged in a tetrahedral geometry around the Cu(I) center, the complex might
become strained upon adsorption at the surface, but so far the resolution of the STM
images has not been high enough to be able to visualize this. In addition, because of
the flexibility of the alkyl chains, the orientation of the center of the molecule with
respect to the lamellar structure can not be determined. Two possible orientations
are indicated in Fig. 7.6e.
In a small number of STM measurements (<5%) a different unit cell was found: a
= 1.4 ± 0.2 nm, b = 2.1 ± 0.2 nm, and γ = 65 ± 8◦ (Fig. 7.6)b. In this polymorph the
molecules of 7.3 are not arranged in straight lamellae, but in a “zig-zag” configuration.
This arrangement leads to somewhat less bright lamella with holes along the bright
lines, with a periodicity about half as large as for the configuration in the other
polymorph. Also in this case the alkyl chains seem to be non-interdigitated. A
proposed structure of this polymorph is drawn schematically in Fig. 7.6d.
The layers of 7.3 appeared to be somewhat unstable. They could be imaged for
about half an hour to several hours, after which they disappeared and in some cases
they were observed to reform after a couple of hours in the area of scanning. The
effect might be tip-induced, even though it also happens at an Iset as low as 1 pA
or caused by the argon flow. Note that such an effect did not occur with different
molecules under the same conditions.
In the STM image in Fig. 7.6a, a higher spot is visible of which the cross section
shows an apparent height of twice the value of that of other molecules of 7.3 in the
monolayer. This suggests the presence of a double layer structure. The higher spots
do not appear frequently: in a measurements series of several hours of an area of 50 ×
50 nm2 of which an image was recorded every 3 minutes, 9 of these higher spots were
observed. They were not very stable and generally disappeared within 10 minutes.
Ligand 7.5 is present as one of the starting compounds in the synthesis of 7.3. It is
possible that a small amount of these molecules is still present, and this has to be taken
into account when the STM data are analyzed. To study the self-assembly behavior
of 7.5, a droplet of a solution of this compound in 1-phenyloctane (concentration of
10−4 M) was applied to a graphite surface. STM revealed that the compound formed
a self-assembled monolayer (Fig. 7.7). Just like copper complex 7.3, ligand 7.5 is
organized in lamellar arrays. A unit cell with dimensions a = 0.47 ± 0.05 nm, b = 3.0
± 0.2 nm, and γ = 67 ± 5◦ was found. The small a vector of 0.47 nm suggests that
the phenyl groups in the molecule are not lying flat on the graphite surface, which is
corroborated by the absence of distinguishable features corresponding to these groups
in the topographical signature. The cross-section through the aromatic parts of the
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Figure 7.7: a) STM topography of 7.5 at the HOPG/1-phenyloctane interface; 10−4 M,
Vbias = −600 mV, Iset = 5 pA. Inset: high resolution image, unit cells are drawn in white.
Molecular unit cell (bottom): a = 0.47 ± 0.05 nm, b = 3.0 ± 0.2 nm and γ = 67 ± 5◦ ,
superstructure (top): as = 2.0 ± 0.2 nm, bs = 3.0 ± 0.2 nm and γ s = 67 ± 5◦ ; Vbias =
-400 mV, Iset = 50 pA. b) Cross-section corresponding to the white dashed line in (a). c)
Molecular models of 7.5 showing the proposed arrangement of the molecules on the surface,
with interdigitated alkyl chains and tilted aromatic rings.

molecules is only 0.06 nm higher than the alkyl groups, which suggests that the phenyl
rings are not entirely “edge-on” on the surface either. It is therefore proposed that
these rings are tilted, and stacked in a “roof-tile” manner. Such a tilt would also lead
to favorable π − π stacking interactions between the molecules. The b-vector of the
unit cell suggests that the alkyl chains between the molecules are interdigitated. In
these alkyl chains a superstructure is present, which has a unit cell as = 2.0 ± 0.2 nm,
bs = 3.0 ± 0.2 nm, and γ s = 67 ± 5◦ , corresponding to the size of about 5 molecules.
Since the molecular unit cell of 7.5 is sufficiently different from that of 7.3, the
presence of domains of 7.5 should be well-detectable in the STM measurements of
7.3. However, in all the STM measurements of 7.3, there was no indication for the
presence of the molecules of 7.5.

7.3.4 STM of the “clicked” product 7.4
Compound 7.4, the cycloaddition product of the “click” reaction under consideration,
was dissolved in 1-phenyloctane. A droplet saturated with 7.4 was applied to a HOPG
surface, and the resulting monolayer was studied by STM. A saturated solution was
chosen to closely resemble the conditions in the click reaction mixture. Fig. 7.8 shows
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an STM image of the monolayer of 7.4 during the first hours after the droplet was
applied. A lamellar structure is formed with a unit cell of a = 0.43 ± 0.02 nm,
b = 5.7 ± 0.2 nm, and γ = 74 ± 10◦ , which leads to an area of 2.4 ± 0.5 nm2 per
molecule. Submolecular resolution has been obtained in this monolayer, which reveals
that the alkyl chains of the molecules of 7.4 are not interdigitated. The molecules
are arranged in a “V-shape”, which is indicated in Fig. 7.8 by the white lines in the
image. The angle between the alkyl chains is 124 ± 5◦ , which suggests that they follow
the graphite main symmetry axes. The repeating distance in the lamellar direction,
0.43 ± 0.02 nm, is close to the value of 0.425 nm measured by STM for the distance
between n-alkanes on graphite [11]. Similar to the structure of 7.5, it is expected
that the center of the molecule is tilted with respect to the surface, and stacked in
a “roof-tile” manner. Such an arrangement would lead to favorable inter-molecular
π − π interactions, which are clearly visible in the computer-modeled structure shown
in Fig. 7.8c. The topographical signature (the absence of discernible aromatic ring
structures in the more conductive part of the molecule) and its cross-section are in
accordance with this “roof-tile” interpretation.
When the monolayer was monitored for a longer time, a transition to a structure with a smaller lamellar periodicity emerged after 6–7 hours (Figs. 7.9a–c). The
transition of the monolayer structure is probably partly tip-induced, since in the
area that was scanned only the polymorph with the smaller lamellar periodicity was
present. When subsequently a different area, more than a µm removed, was scanned,
both polymorphs were still observed. After less than 10 minutes of scanning in that
new area, again only the polymorph with the smaller periodicity was present. These
observations suggest that under these conditions the structure with the larger periodicity is kinetically formed, while the thermodynamically equilibrated structure is
the polymorph with the smaller lamellar periodicity. Scanning with the tip is apparently sufficient to supply the energy needed to establish the thermodynamically
stable structure. The transition could be the result of “stirring” by the tip, or by the
interaction with a tunneling current or the electric field.
In STM images of the polymorph with higher resolution with the smaller lamellar
periodicity (Fig. 7.9d), a superstructure can be observed. The unit cell of this superstructure is as = 2.6 ± 0.1 nm, bs = 3.7 ± 0.3 nm, and γ s = 80 ± 7◦ . Each of the
unit cells contains 3 molecules of 7.4, which leads to an area of 3.2 ± 0.7 nm2 per
molecule. In this polymorph the alkyl tails are interdigitated, and the molecules no
longer retain their “V-shape”. Again the aromatic rings are expected to be stacked
in a somewhat tilted manner, in a “roof-tile” configuration. A computer model of
this packing matches well with the observed values. When the molecules were imaged
together with the underlying graphite lattice by changing the tunneling parameters
during scanning, it became clear that the alkyl chains follow one of the graphite main
symmetry axes. The interdigitation of the alkyl chains might be thermodynamically
more favorable and could therefore be the reason for this transition.
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Figure 7.8: a) STM topography of a monolayer of 7.4 at the HOPG/1-phenyloctane interface
during the first hours of the measurement (t = 3.5 hours). The solution is saturated. The
white lines in the upper left indicate the direction of the alkyl chains and the “V-shape”
of the molecule. The unit cell is drawn in white, a = 0.43 ± 0.02 nm, b = 5.7 ± 0.2 nm
and γ = 74 ± 10◦ ; Vbias = −600 mV, Iset = 10 pA. b) Cross-section corresponding to the
white dashed line in (a). c) Molecular models of 7.4 showing the proposed orientation of
the molecules on the surface, with non-interdigitated alkyl chains in a “V-shape”, and tilted
aromatic rings.
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Figure 7.9: (a–c) STM topographies of a monolayer of 7.4 at the HOPG/1-phenyloctane
interface at time t from the start of the measurement. The supernatant solution is saturated.
A transition is observed from a lamellar structure with a larger periodicity to one with a
smaller periodicity; Vbias = −600 mV, Iset = 10 pA. a) t = 4.5 hours. b) t = 9 hours. c) t =
13.5 hours. d) t = 20 hours; The unit cell of the superstructure is drawn in white, as = 2.6
± 0.1 nm, bs = 3.7 ± 0.3 nm and γ s = 80 ± 7◦ ; 5 10−4 M, Vbias = -500 mV, Iset = 10 pA.
Inset: magnification. Scale bar is 1 nm. e) Cross-section corresponding to the white dashed
line in (d). f) Molecular models of 7.4 showing the proposed arrangement with the smaller
lamellar periodicity in the layer, with interdigitated alkyl chains, and tilted aromatic rings.
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7.4 Imaging of reaction mixtures by STM
After the imaging of the pure compounds involved in the “click” reaction by STM, the
next step was to monitor by STM samples of the reaction mixture in the course of a
“click” reaction in the bulk solution. After that, it was also attempted to monitor the
reaction occurring on the graphite surface by STM by adding the reaction compounds
to the graphite surface one by one.

7.4.1 Imaging samples of reaction mixture by STM
Reaction between the copper catalyst and the alkyne
In the reaction mechanism, the first step is the formation of a Cu-acetylide species.
The reaction was started in a Schlenk tube by mixing compounds 7.1 and 7.3 in
1-phenyloctane. This mixture was prepared in a glove box under a nitrogen atmosphere, and precautions with respect to oxygen contamination were similar to the
STM experiment of pure 7.3. A solution was prepared with concentrations of 1.5 ×
10−2 M of 7.1 and 4.5 × 10−4 M of 7.3. Subsequently, a sample of the liquid was
extracted for analysis by STM. It was either used in these concentrations, or diluted
10 times (leading to concentrations of 1.5 × 10−3 M of 7.1 and 4.5 × 10−5 M of 7.3),
for better comparison with the STM measurements of the pure compounds. A droplet
was applied to a graphite surface under an argon flow, and the resulting monolayer
was imaged by STM (Fig. 7.10). Similar results were obtained for the diluted and
non-diluted solution.
From their molecular structure, it was expected that compounds 7.1 and 7.3
would have similar affinities to the graphite surface, and thus that co-deposition would
occur. The STM measurements confirmed this hypothesis, since apparently domains
containing different molecules were present on the surface (Fig. 7.10b). Here, also a
downside of the molecular design became apparent. Since all molecules were equipped
with the same C16 alkyl tails with the aim to have similar affinities to graphite,
this means that they can also appear quite similar in topographical signature. The
consequence of this similarity is that it is very difficult to identify the molecules in
the different domains. In some cases, it was however still possible. Fig. 7.10a shows
a domain that, after correlation averaging, can be confidently assigned to molecules
of 7.3. Its unit cell of a = 1.3 ± 0.1 nm, b = 3.6 ± 0.2 nm, and γ = 76 ± 7◦ is
nearly identical to that of the pure compound (Fig. 7.6), and also the bright centers in
the middle of brighter bands confirm this assignment. In other cases, it can be quite
hard to identify the molecules in the domains, as is illustrated by the STM image in
Fig. 7.10b. Overall there seems to be a preference for the adsorption of molecules of
7.1.
Since the lamellar periodicities of domains of 7.1 and 7.3 are not sufficiently
different (3.4 nm vs. 3.6 nm, respectively) to distinguish them unambiguously in
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Figure 7.10: STM topographies of a mixture of 1.5 × 10−3 M of 7.1 and 4.5 × 10−5 M of
7.3 at the HOPG/1-phenyloctane interface; a) Part of the monolayer, assigned to 7.3. The
unit cell is drawn in white, a = 1.3 ± 0.1 nm, b = 3.6 ± 0.2 nm and γ = 76 ± 7◦ ; Vbias
= −500 mV, Iset = 5 pA. Inset: correlation average of 20 molecules, the bright spots which
are attributed to the Cu centers are clearly visible. Scale bar is 0.5 nm. b) Image in which
different types of molecules are present. Several domains are tentatively assigned (see text).
Some of the higher features are indicated by the dashed white circles. The arrow points at
bright centers in domain A; Vbias = −600 mV, Iset = 5 pA. c) Cross-section corresponding
to the white dashed lines in (b). The gray line (top) corresponds to the cross-section in
domain A, the black line (bottom) to the cross-section in domain B. The offset is for clarity
reasons.

these STM experiments, one has to rely mostly on the topographical signature of the
individual molecules. In Fig. 7.10b, domains can be seen (marked in the figure with
B, D and H) that resemble the signature of 7.1 (see Fig. 7.4), but the identity of
the molecules in the other domains is less clear. Two of those domains marked A
and F, are tentatively assigned as domains of 7.3. This assignment is based on the
topographical signature of the lamellar arrays, which contains a rather wide bright
band, and also bright spots which might correspond to the Cu centers (see the upper
left of domain A, indicated by the arrow).
For domains C, E and G, the interpretation is even more tentative, with the
unclear bright regions in the lamellae. A tip effect (for example a double tip) does
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not explain this, since it would be expected that the same tip effect would be present
in the other domains in the same scan lines, which is not the case.
Speculating, there are a few possibilities for the identity of the molecules in domains C and E, which both have lamellar arrays with a larger and less-defined bright
band than the lamellar arrays of the other molecules. The presence of a double
layer is possible, but such a structure was never seen in the STM measurements of
the pure molecules. In addition one would in that case also expect a higher z-value
(which would be expected to lead to a brighter contrast for the whole domain in the
STM measurement). Another explanation is that this domain contains a mixture of
molecules, for example co-deposited molecules of 7.1 and 7.3. A final explanation is
that the unknown domains contain a new type of molecules, for example an intermediate in the “click” reaction, like a Cu-acetylide. So far, however, the resolution of
the STM images was insufficient to draw such a conclusion.
At some locations in the monolayer higher features are observed (a few are highlighted by the white dashed circles in Fig. 7.10). They seem to have a preference for
being situated in domains composed of 7.3, and also at domain boundaries. They
are similar in topographical appearance (size and height) to those observed in the
monolayer of pure 7.3 (Fig. 7.6b), where they were assigned to a local double layer
structure.
Reaction between the copper catalyst and both starting compounds
In the second and final step of the “click” reaction, azide 7.2 was added to the mixture
of 7.3 and 7.1 in 1-phenyloctane in such a way that the total starting concentrations
amounted to 1.5 × 10−2 M of 7.1, 1.5 × 10−2 M of 7.2 and 5 × 10−4 M of 7.3.
The reaction mixture was heated at 70 ◦ C overnight in a Schlenk tube. A white
suspension was formed, and a precipitate was present at the bottom of the tube. A
sample was taken from this reaction mixture and either measured immediately, or
diluted by a factor of 10; both gave similar results in the STM measurements. A 3–5
microliter droplet was applied to a graphite surface and the interface was studied by
STM. The resulting STM topography image is shown in Fig. 7.11.
At this point it was possible that many components were present (7.1, 7.2, 7.3, 7.4
and perhaps 7.5), and co-deposition was expected as was the case with the mixture of
7.1 and 7.3. However, unlike in the case of the mixture of 7.1 and 7.3, only one type
of lamellar structure was observed with STM, covering the entire surface. The lamellar
periodicity was 5.8 ± 0.4 nm, and at higher magnification it was possible to recognize
a “V-shape” in the darker parts of the lamellae. This characteristic “V-shape” and
the periodicity suggest that the lamellar structures consist of molecules of the clicked
product, compound 7.4. This observation is compatible with the assumption that
the reaction has taken place, and that the approach of sampling a reaction mixture
to take a “snap-shot” with STM can lead to the detection of the product.
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Figure 7.11: a) STM topography of a reaction mixture of 7.1, 7.2 and 7.3 after 10 hours
at 70 ◦ C at the HOPG/1-phenyloctane interface. White lines (down right) illustrate the
direction of the alkyl chains, indicating the “V-shape” of the molecules; Vbias = −600 mV,
Iset = 5 pA. b) Cross-section corresponding to the white dashed line in (a).

A sample of the reaction mixture was also studied with the STM before it was
heated. At that moment, no suspension was present in the reaction mixture. Fig. 7.12
shows the STM results of the sample taken from this mixture (diluting by a factor
10, but similar results were obtained in an experiment with a non-diluted sample).
The structure of the monolayer formed from the reaction mixture before heating
was very similar to that of the mixture after a night at 70 ◦ C. The surface was
covered by domains with lamellar arrays with a periodicity of 5.8 ± 0.3 nm, and no
other structures were observed. Based on the value of the lamellar periodicity and
the topographical signature of the lamellae, it is tentatively concluded that also this
monolayer is composed of the “click” product 7.4.
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Figure 7.12: a) STM topography of a reaction mixture of 7.1, 7.2 and 7.3 before heating at
the HOPG/1-phenyloctane interface; a) Vbias = −600 mV, Iset = 5 pA. b) Vbias = -800 mV,
Iset = 5 pA. c) Cross-section corresponding to the white dashed line in (b).
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7.4.2 In situ STM experiments of the “click” reaction
As an alternative to taking samples from a bulk reaction mixture in a Schlenk tube, the
same reaction was also performed in situ on the graphite surface, while it was imaged
by STM. The sequence of steps was similar to the “snap-shot” approach. First a 3–5 µl
droplet of 1-phenyloctane containing the copper complex 7.3 at a concentration of
10−5 M was applied to the surface, which was subsequently imaged by STM (Fig. 7.6).
After that a second 3–5 µl droplet was added, containing acetylene derivative 7.1 at
a concentration of 10−4 M. In most cases no change in the appearance of the layer of
7.3 was observed. In some cases however, the application of the additional droplet led
to the disappearance of the molecular layer. Finally a 3–5 µl droplet of a solution of
10−4 M of azide 7.2 was added. An alternative procedure in which a droplet of a premixed solution of 7.1 and 7.2 was added to the monolayer of 7.3, gave similar results.
Either the layer of 7.3 remained unchanged or the layer disappeared and did or did
not reappear. The most remarkable aspect of these measurements is the absolute
absence of molecules of the “click” product of 7.4 at the surface. This absence is
in sharp contrast to the observations in the approach where samples were studied
from a bulk reaction mixture in a Schlenk tube, where 7.4 was the only compound
found at the surface. A reason that in the case of the in situ reaction no molecules of
7.4 are observed could be that this compound is not formed. This could be caused
by the fact that the in situ experiments were not performed in a strictly oxygenfree environment. Copper complex 7.3 is highly sensitive to oxygen (as was revealed
by UV-Vis and NMR measurements); the Cu(I) center of 7.4 is rapidly oxidized to
Cu(II) and a Cu(II)-centered complex can not catalyze the “click” reaction, which
was confirmed by ex situ experiments (Table 7.2).
Table 7.2:
Yields of cycloaddition experiments of 7.1 and 7.2 catalyzed by
Cu(II)7.52 (ClO4 )2 in several solvents, under similar conditions as the reaction catalyzed
by 7.3 (see Section 7.2 for details).

Catalyst
Cu(II)(7.5)2 (ClO4 )2
Cu(II)(7.5)2 (ClO4 )2

Solvent
THF
1-Phenyloctane

Equiv. of catalyst
0.033
0.033

Yield
0%
0%

Efforts were taken that the in situ STM measurements were performed under
conditions as similar as possible as the STM measurement carried out using the “snapshot” approach. One of the major differences between the methods is that in the case
of the in situ approach, the bell-jar has to be lifted every time a droplet is added.
Even though an argon flow is present while the droplet is applied, this increases the
chance of oxygen contamination. In the in situ STM experiments the complexes of
7.3 might already be oxidized before they can react with 7.1 and 7.2.
To investigate the possibility that the Cu(I) complex is oxidized to a Cu(II) com-
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Figure 7.13: a) STM topography of Cu(II)(7.5)2 (ClO4 )2 at the HOPG/1-phenyloctane interface; concentration: 10−5 M, Vbias = −450 mV, Iset = 1 pA. b) Correlation average of
20 molecules. The unit cell is drawn in white, a = 1.6 ± 0.3 nm, b = 3.4 ± 0.3 nm and γ =
76 ± 10◦ ; c) Cross-section corresponding to the white dashed line in (a).

plex, Cu(II)(7.5)2 (ClO4 )2 was prepared and self-assembled at a HOPG/1-phenyloctane
interface. The resulting monolayer was imaged by STM (Fig. 7.13). The unit cell was
determined to be a = 1.6 ± 0.3 nm, b = 3.4 ± 0.3 nm, and γ = 76 ± 10◦ . The complexes also contained bright centers, which are believed to correspond to the central
Cu ions. The appearance of the monolayer is very similar to that of the monolayer
observed in Fig. 7.6, so it is possible that the complexes of 7.3 in those images were
already all oxidized. In terms of geometry, the Cu(II) complex has a hexagonal structure, while the Cu(I) complex 7.3 is tetrahedral. With respect to the bipyridine
ligands, this would mean that one can expect a more symmetrical signature of the
Cu(II) complex on a surface than for 7.3, which would be expected to be either
strained or asymmetrical.
Although the STM measurements remain inconclusive, they strongly suggest that
the Cu(I) center of 7.3 was already oxidized to Cu(II) before or shortly after their
adsorption at the solid/liquid interface.
Another explanation for the apparently absent catalytic activity of 7.3 could be
that the presence of the surface somehow renders its catalytic properties inactive. In
solution there might be a dynamically changing family of different Cu(I)-acetylide
intermediates, while on the surface the Cu(I)-acetylide might be unable to form. This
inability might be caused by an unfavorable adsorption geometry of the Cu(I) complex
on the surface.
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Also, there is the possibility that the reaction takes place, but is just not observed.
If the molecules of 7.3 would not sufficiently interchange with molecules from the
solution, they might therefore effectively block the surface.

7.5 Conclusions
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7.5 Conclusions
It was shown that it is possible to image and identify the starting alkyne and azide,
the Cu(I) catalyst, and the cycloaddition product of an alkyne-azide “click” reaction
by STM. For this purpose, all components were equipped with long alkyl chains to
enhance their interaction with the surface and to obtain self-assembled monolayers at
the graphite surface.
It turned out to be difficult to monitor the course of the “click” reaction with STM
by taking samples from a bulk experiment. While the components in the reaction
mixture readily formed self-assembled monolayer structures, they were difficult to
identify due to their structural similarity. The resolution in the monolayers was in
many cases insufficient to draw solid conclusions about their composition. It was,
however, possible to detect the presence of the formed product 7.4 by STM (based on
the characteristic “V-shape” of the adsorbed molecules), indicating that the reaction
took place in the bulk experiment.
In situ measurements to observe the reaction occurring on a surface by the STM
did not lead to the imaging of all reaction steps. The STM measurements suggested
that the product was not formed under these conditions. A likely explanation would
be, that due to the instability of the Cu(I) centers of catalyst 7.3 in the presence of
air, they were already oxidized to Cu(II) upon their adsorption at the solid/liquid
interface. Alternatively, adsorption of the catalyst to the surface might inactivate it.

7.6 Outlook
• To make their identification with STM more reliable, the design of the components of the “click” reaction should be adjusted. Molecules should be synthesized which have larger differences in their topographical signatures, for example
by changing the length of their alkyl chains, which should lead to different periodicities of the self-assembled lamellar arrays. Alternatively, the acetylene or
azide head groups could be modified by including an additional phenyl ring,
which would make the conducting bright bands in the lamellar structure, observed in the STM images, larger.
• Another approach to get more information from the STM experiments is to reduce the number of different components on the surface, for example by using
alkyne and azide molecules that do not form self-assembled monolayers themselves and only have the copper catalyst immobilized strongly on the surface. In
that way it might become possible to image an intermediate like a Cu-acetylide
species.
• A possible and likely drawback of the in situ experiments is the oxygen-sensitivity
of the Cu(I) catalyst in the STM setup. Alternatively a Cu(II) catalyst could

232

“Click chemistry” studied by STM
be adsorbed at the solid/liquid interface, which is subsequently in situ reduced
to a Cu(I) species in an electrochemical STM or by the addition of a suitable
coreductor.

References
[1] http://www.lego.com.
[2] H. C. Kolb, M. G. Finn, and K. B. Sharpless, Angew. Chem. Int. Ed. 40,
2004 (2001).
[3] H. C. Kolb and K. B. Sharpless, Drug Discov. Today 8, 1128 (2003).
[4] J. E. Moses and A. D. Moorhouse, Chem. Soc. Rev. 36, 1249 (2007).
[5] R. Huisgen, 1,3-Dipolar Cycloadditional Chemistry, Wiley, New York, 1984.
[6] V. V. Rostovtsev, L. G. Green, V. V. Fokin, and K. B. Sharpless,
Angew. Chem. Int. Ed. 41, 2596 (2002).
[7] J. E. Hein and V. V. Fokin, Chem. Soc. Rev. 39, 1302 (2010).
[8] V. O. Rodionov, V. V. Fokin, and M. G. Finn, Angew. Chem. Int. Ed. 44,
2210 (2005).
[9] W. F. Paxton, J. M. Spruell, and J. F. Stoddart, J. Am. Chem. Soc.
131, 6692 (2009).
[10] H. Arzoumanian, R. Bakhtchadjian, G. Agrifoglio, R. Atencio, and
A. Briceño, Transition Metal Chemistry 31, 681 (2006).
[11] M. S. Couto, X. Y. Liu, H. Meekes, and P. Bennema, J. Appl. Phys 75,
627 (1994).

CHAPTER

8

Mechano-catalysis: cyclohexane oxidation in a silver nanowire
mechanically controlled break junction 1

Maybe we have to break everything to make something better out of ourselves.
Chuck Palahniuk, novelist [1].

8.1 Introduction
ver the last years, charge transport properties of single
molecules have been extensively studied in an attempt to develop active electronic components [2–4]. It is possible to do
this type of measurements with modified Scanning Tunneling
Microscopy (STM) setups, which mainly operate in organic solvents [5–7]. One of the most popular methods to measure molecular conductances, however, is the mechanically controllable break junction (MCBJ)
technique [8–11] (for an explanation of this technique, see Section 8.1.1). Both techniques offer the possibility of statistically analyzing electron transport properties of
molecules based on the conductance histogram technique [12].
1 This chapter is published as D. Den Boer, O. I. Shklyarevskii, M. J. J. Coenen, M. Van der
Maas, T. P. J. Peters, J. A. A. W. Elemans and S. Speller, Mechano-Catalysis: Cyclohexane
Oxidation in a Silver Nanowire Break Junction, J. Phys. Chem. C, 115, 8295 (2011).
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Cyclohexane oxidation in a silver MCBJ

Comparing the mechanically controllable break junction technique to the Scanning
Tunneling Microscope, it is clear that both techniques can have different, although
related, uses. MCBJ is a very sensitive technique, and allows for a much faster way of
data acquisition. A full connection-disconnection cycle takes 100 ms in the Nijmegen
setup. The amount of data gathered is far higher, a typical MCBJ experiment consists
of 5000–10000 curves (10000 cycles, ∼1000 seconds, about 15 minutes), which leads
to significant quantities of data for statistics. Furthermore the geometry of the MCBJ
setup leads to an improved stability in comparison to modified STM setups.
The Scanning Tunneling Microscope gives the user the opportunity to see what she
or he is measuring, since there is the possibility to make topography images. This is
the way the STM is used in the other chapters of this thesis. Use is made of the spatial
resolution to really see individual molecules as they undergo a chemical reaction and
to observe changes in the molecules. The time in which a topography image was
acquired is generally in the order of minutes. Obtained statistics are therefore of a far
lower quantity than possible with break junction techniques. Modified STM setups
are quite similar to the MCBJ technique, and in this case people also collect several
thousands of curves to construct histograms [5, 7].
The sensitivity of the MCBJ, allowing for single molecule characteristics to be
measured accurately, is an asset, but precautions are important. The contact in MCBJ
is more exposed and therefore exposure to contaminants is also higher. More than
with STM measurements in liquid, insufficient precautions against contamination of
the electrode surface and its environment (e.g. a solvent) can lead to a large scattering
of the conductance data (factors 2–50), as has been reported by several groups. This
could be the reason for the large disagreement between experimental results and
theoretical calculations [13, 14]. Such contaminations might lead to degradation of the
junctions after a certain time or number of connection-disconnection cycles [15, 16].
So far, a great deal of MCBJ measurements have been carried out using gold
electrodes, under the assumption that they are chemically rather inert. This inertness,
however is only true for the bulk form of gold — in the form of nanoparticles, clusters,
and as a nanoporous material, the metal can be catalytically active in a variety of
chemical reactions [17–23]. Gold nanowires and in particular single atom chains can
be even more chemically active [24–26]. The increase of catalytic activity of metal
particles with decrease in size is not only limited to gold. Silver, a metal very similar
to gold in terms of atomic and electronic structure, has some peculiar properties.
Its antibacterial behavior [27] and its activity as a heterogeneous catalyst for the
epoxidation of ethene [28] are well-known and the interaction of oxygen with silver
surfaces has recently drawn considerable attention [29–32].
Using the histogram technique, Van Ruitenbeek et al. have studied the influence
of oxygen on the conductance of silver nanowires and the length of the atomic chains
at 4.2 and 40 K [33]. It was suggested that dissociation of the oxygen molecules
occurred at the silver nanowires, followed by incorporation of the oxygen atoms into
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the atomic chains. In this chapter the first results on the behavior of a silver nanowire
MCBJ in a cyclohexane solvent at room temperature will be described, emphasizing
the interaction of the nanowires with dissolved molecular oxygen. By dissociating
molecular oxygen present in the solution and thereby activating it for the catalytic
oxidation of alkane solvent molecules, these silver nanowires show the unprecedented
ability to act as a “mechano-catalyst”.

8.1.1 Mechanically controllable break junction technique
The mechanically controllable break junction technique makes use of a metallic wire
which is broken by either bending or pulling. The two parts of the wire are then
used as electrodes. One of the advantages of the break junction technique lies in the
cleanliness of the electrodes, because when the wire is broken two fresh surfaces are
created (similar to cleaving HOPG). There are many metals that are suitable for the
use as electrode material, for example gold, silver and platinum.
Opening for changing
contents cell

Sliding glass piston
Teflon lid
Sample
support

∆z

Solvent
Quartz
glass cell

d
Epoxy

Metallic wire

Electrodes

Figure 8.1: Schematic image of the home-built mechanically controlled break junction setup
operating in liquid. The dashed circle indicates the location of the actual break, and the
electrodes. In the magnification a displacement ∆z of the glass piston, the bending of the
sample support, leading to a distance d between the electrodes, is visualized.

Fig. 8.1 shows a schematic image of the home-built MCBJ setup used for the
experiments. In this design, a notched wire is glued upon a support. This sample
support is bended by exerting a force on it via a glass piston, to break the wire
and form the electrodes. The geometry of the device is such that a relatively large
difference in the height perpendicular to the MCBJ axis, ∆z, used to bend the sample
support, is translated to only a small distance d between the two electrodes of the
break junction. By this way, the distance between the electrodes after the break
can be accurately controlled. The electrodes can also be brought back together,
which will lead to a large jump in the conductance trace when the electrodes connect.
The electrodes are then repeatedly connected and disconnected, while measuring the
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conductance through the junction. The data (consisting generally of thousands of
connection-disconnection cycles) are collated in a so-called conductance histogram.
When molecules are trapped in between the break junction, such a histogram gives
information about their conductance properties.

Figure 8.2: Photograph of the Nijmegen home-built mechanically controlled break junction
setup operating in liquid. A step motor is visible in the upper center, used for the initial
break. The upper right inset shows the liquid-cell. The glass piston that brings over the
movement of the step motor to the sample support is in the middle of the white Teflon lid,
and the inlet is on the left (here closed with the glass stopper). The left insets show the
stainless steel sample support covered with a layer of the chemically inert material Kapton
with the metallic wire glued on with epoxy. The wire rests on two glass supports, facilitating
the break.

A number of research groups sometimes use lithographically fabricated breakjunctions [34, 35], however, the traditional sample mounting used for the experiments
in this chapter has a very important advantage: the aspect ratio (∆z/d, Fig. 8.1)
for the Nijmegen setup is around 300–1000 instead of 105 with lithographically produced break junctions. This allows the use a standard piezo driver instead of a slow
mechanical screw for repeated connection-disconnection cycles, which in turn enables
a much faster collection of data for statistics. The latter is especially important if
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properties of the electrode surfaces or solvent change relatively fast in the course of
the measurements, for example while a chemical reaction is monitored.

8.2 Experimental
A standard MCBJ sample mounting, that is, a notched wire glued with hard epoxy
to a flexible bending beam, was used, giving a moderate aspect ratio (ratio between
the vertical motion perpendicular to the MCBJ axis ∆z and the distance d between
the electrodes) of about 300–1000 and the possibility of using a standard piezodriver
for repeated connection-disconnection cycles. For this reason the collection of statistical data is much faster than when a lithographically made MCBJ is used, and
this is especially important if the properties of the solvent or of the electrode surfaces
change during the measurements as a result of a chemical reaction. Solvents under
investigation were of high performance liquid chromatography grade. The samples
were sonically cleaned and stored (for days or even weeks) in this solvent. Conductance measurements were performed in a quartz glass liquid-cell containing 5 cm3
of solvent, which was hermetically closed with a Teflon lid. This setup allowed the
possibility to work with volatile solvents for at least 48–72 hours. The contents of
the cell can be partly changed during the process of sample measurements. Prior to
use all solvents were purified by distillation and degassed by three freeze-pump-thaw
cycles when applicable. Conductance traces were recorded with an AT-MIO-16XE-50
or 6036E National Instruments data acquisition board at sampling rates of 20000–
100000 points/s. Normally, 5000–10000 individual conductance traces were used for
building up the conductance histograms discussed below, with a bin size of 0.01 G0
on the linear scale and 100 bins/decade on the logarithmic scale.

8.3 Results and Discussion
First, the characteristics of the silver MCBJ were investigated at room temperature
in cyclohexane that had been distilled and degassed by three freeze-pump-thaw cycles. Typical conductance histograms measured under these conditions are presented
in Fig. 8.3a and Fig. 8.4a. They differ significantly from histograms observed for
the same MCBJ measured at 4.2 K in cryogenic vacuum (inset in Fig. 8.3a), the
position and relative intensity of the peaks in the liquid experiment are strongly affected by the atomic shell effect in silver at room temperature [36, 37]. In a relatively
large number of MCBJ experiments (∼30–40%), highly uncharacteristic conductance
histograms were observed (Fig. 8.3b) using the same experimental procedure as for
histograms presented in Fig. 8.3a. For these junctions, the single-atom peak as well
as peaks corresponding to 2–5 atoms in the nanowire cross-section are very weak.
This means that the jumplike transition from direct contact to tunneling occurs via
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atomic arrangements with a rather high conductance, involving the breaking of rather
“thick” nanowires. Such effects were never observed under cryogenic ultra-high vacuum (UHV) conditions, in which the one-atom peak is dominant for all noble metals
[38]. Similar to our liquid experiments, a strong redistribution of peak intensities in
the conductance histograms was also observed for silver nanowires in UHV at room
temperature [39], which was attributed to the atomic structure of the nanowires along
the chosen crystallographic direction. Although the crystallographic orientation of the
electrodes at the breaking point of the polycrystalline wire is random and unknown, it
is put forward that the observed effects can be related to some specific crystallographic
directions and may be affected by the finite viscosity of the solvent.

b)

Number of counts

a)

Conductance (2e2/h)

Figure 8.3: a) Typical conductance histogram for a silver nanowire in distilled and degassed
cyclohexane; inset: conductance histogram for silver in UHV at 4.2 K. b) Alternative conductance histogram (occurring in 30–40% of the samples), showing dominant peaks at higher
conductance (see text).
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b)

Number of counts

a)

Conductance (2e2/h)
Figure 8.4: a) The same conductance histogram as in Fig. 8.3a, but on a logarithmic scale.
b) Typical conductance histogram (logarithmic scale) for a silver nanowire after replacing
10–20% of the degassed cyclohexane solvent with oxygen-saturated cyclohexane.

All of the following results were obtained exclusively on silver contacts with a
highly intense, dominant single-atom peak, which indicates a very clean surface and
a high probability of pulling (short) atomic chains in the process of electrode disconnection.
The conductance histograms, in particular in the region of subquantum conductances, were found to change drastically at the moment that 10 to 20% of the cyclohexane in the cell was replaced by oxygen-saturated cyclohexane (Fig. 8.4b). In comparison to the conductance histogram measured in degassed cyclohexane (Fig. 8.4a),
the relative amplitude of the single atom peak at ∼1 G0 decreased in intensity and
concomitantly a new feature at 0.4 G0 appeared. The frequency of this new feature
was found to vary from one experiment to another by almost an order of magnitude,
and the number of the related individual conductance traces displaying steps in the
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Number of counts

range 0.3–0.5 G0 ranged from 5 to 50%. Those traces were automatically selected from
the data set, including only conductance curves containing at least 10–50 data points
between 0.3 and 0.5 G0 , depending on individual contact properties. In the conductance histogram composed of the selected traces, it can be immediately seen that the
peaks at ∼0.4 G0 and ∼1 G0 are anticorrelated, as the intensity of the single-atom
peak almost drops to background level (Fig. 8.5). The peak around 1.3 G0 increases,
which indicates that the conductance through the contact prior to the break exceeds
one quantum unit.

Conductance (2e2/h)
Figure 8.5: Conductance histograms of selected traces of the set of histograms in Fig. 8.4b.
The disappearance of the single-atom peak at ∼1 G0 is accompanied by an increase in
intensity of the peak around 1.3 G0 , indicated by the arrow. Insets: schematic representation
of an oxygen atom bridging a short chain of silver atoms before (right) and after (left) the
break of the MCBJ.

The observed conductances in the histogram upon the introduction of molecular
oxygen can be explained as follows: O2 -molecules can dissociate on the surface of
the silver nanowire and subsequently the atomic oxygen can be chemisorbed [40]. An
oxygen atom can be chemisorbed in a bridging geometry, connecting two neighboring
silver atoms (right structure in the inset in Fig. 8.5) [41]. When oxygen bridges the
single atom contact prior to the break, the total conductance of such an arrangement is
the sum of the single atom conductance (∼1 G0 ) and the oxygen atom conductance,
and hence exceeds one quantum unit. After disconnection of the electrodes, the
oxygen atom might remain attached to both of them, essentially bridging the gap (left
structure in the inset in Fig. 8.5). The peak at 0.4 G0 in the conductance histogram
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is probably related to such a situation and corresponding to the conduction through
this oxygen atom. In previous research dealing with silver break junctions, additional
conductances at 0.1 G0 were observed, which were attributed to oxygen atoms that
were incorporated in a chain of silver atoms [29–32]. The lower conductance value
as compared to the one observed in our system is attributed to the fact that in
the previously described atomic chains at least two oxygen atoms were present, as
opposed to the proposed single oxygen atom in the present case. Another study
revealed that molecular oxygen can chemisorb to silver clusters, involving a charge
transfer interaction from the silver atom to the antibonding π* orbital of O2 [32, 42].
A significant influence of this type of interaction on the conductance of nanowires is
not expected, since the electrodes cannot be bridged by an oxygen molecule (as in
that case the oxygen molecule would dissociate [43, 44]). However, O2 chemisorption
could contribute to the contamination of the surface and therefore to the deterioration
of the conductance histograms.
Dissociation of an oxygen molecule may not only result in the chemisorption of
atomic oxygen on the surface of the silver electrodes, but it might also lead to a
subsequent catalytic oxidation of the cyclohexane solvent to cyclohexanol and/or
cyclohexanone [45, 46]. These products are important precursors for the production
of apidic acid and the oxidation of cyclohexane has been studied using a wide variety
of catalysts [47]. Both cyclohexanol and cyclohexanone are relatively polar molecules,
so if they are catalytically generated during the MCBJ process, significant changes
can be expected in the contact conductance in the tunneling regime. During the break
junction experiments, indeed in approximately 10–15% of the cases conductance traces
in the connection-disconnection cycle were observed which are compatible with the
presence of one of the above-mentioned polar compounds. Conductance traces such as
(1) and (2) in Fig. 8.6a are typically observed when the break junction measurements
are carried out in oxygen-free cyclohexane. In that case, the conductance drops to a
value below the detection level (10−4 G0 ), either by a sudden jump from the direct
mechanical contact, or by an exponential decrease after an initial jump to 10−1 –
10−3 G0 . When oxygen is present in the liquid, dramatically different conductance
traces were observed (cf. trace (3) in Fig. 8.6a). After an initial drop in conductance
to ∼0.01 G0 , the conductance does not decrease more than one order of magnitude
during a 1.5–2.0 nm further displacement of the electrodes, with a gentle downhill
slope in the trace. We found that such a curve shape is characteristic for break
junction measurements in polar liquids; this is illustrated in Fig. 8.6b, which shows the
measured conductance curves in the pure polar solvents ethanol, cyclohexanol, benzyl
alcohol, and cyclohexanone. It is highly remarkable that the conductance curves in
pure cyclohexanol (trace 2 in Fig. 8.6b) closely resemble the curves observed for the
experiments in oxygen-containing cyclohexane (trace 3 in Fig. 8.6a). We therefore
propose that during the break junction experiment in the latter solvent the silver
nanowire MCBJ acts as a novel type of “mechano-catalyst” (for some other types
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of mechano-catalysis see refs: [48–51]), which oxidizes cyclohexane molecules to give
cyclohexanol as a product. The mechanic connection/disconnection cycles of the
break junction lead to the continuous formation of nanowires, which upon breaking
expose clean metallic surfaces which are capable of catalyzing the oxidation reaction
at certain atomic configurations.

a)

b)

Figure 8.6: a) Typical conductance traces for a silver MCBJ in degassed cyclohexane (traces
1 and 2) and cyclohexane with dissolved oxygen (trace 3). b) Conductance traces for a silver
MCBJ in the polar liquids ethanol (trace 1), cyclohexanol (trace 2), benzyl alcohol (trace
3), and cyclohexanone (trace 4).

One of the other possible products of the catalytic oxidation of cyclohexane, cyclohexanone, gives rise to a conductance which is two orders of magnitude lower than
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we observe (trace 4 in Fig. 8.6b), and for that reason its formation during the MCBJ
experiments cannot by itself explain the observed effects. Cyclohexanone might be
produced as well, but would not be visible because of the presence of cyclohexanol.
Although only very small amounts of oxidized molecules will be generated, it is possible that these will form a small, polar cluster, which is trapped in the highly confined
space and electric field between a particular configuration of the two electrodes of the
break junction. Under these circumstances, such polar clusters can contribute significantly to the conductance in the tunneling range. Such a situation would be highly
inhomogeneous and when the separation between the electrodes increases beyond the
cluster size it can be expected that the conductance behavior reverts to resemble the
exponential again. The onset of such behavior is clearly visible in trace 3 in Fig. 8.6a.
An interruption of the break junction experiment for 5–10 minutes results in the recovery of conductance behavior that is typically observed for non-polar liquids, which
is proposed to be caused by either diffusion of the polar oxidation products away from
the junction, or their adsorption to the surface of one of the silver electrodes.
The effect of product formation became visible in the conductance histogram after
1000–3000 connection-disconnection cycles of the MCBJ. If (i) it is assumed that all
of the produced cyclohexanol molecules stay in the vicinity of the single atom contact,
(ii) it is estimated that for its detection the size of the polar liquid volume requires
the presence of 30–100 of these molecules, and (iii) the operating frequency of the
break junction (10 Hz) is considered, an average reaction rate between 1 molecule/s
and 1 molecule/10 s can be estimated.
Continuous chemisorption of oxygen atoms on the silver surface can in principle
lead to the formation of a full oxygen layer. In the absence of O2 , deterioration of the
quality of the conductance histograms usually occurs at a slow rate; in distilled and
outgassed solvent no visible changes occur in the data in 24 hours or after 8 hours of
continuous measurements (repeatable indenting-withdrawal cycles at a 10 Hz rate).
This indicates that the electrodes remain relatively clean. In contrast, in the presence of molecular oxygen the mechanical stability of the junctions drops considerably
during the course of the measurement. In many occasions, after 10000–20000 cycles
the electrodes spontaneously snap together or move apart beyond the range of the
piezodriver. Both phenomena are related to changes in electrode geometry at a scale
that exceeds 10 nm. The changes in mechanical properties of the silver nanowires may
be additional indirect evidence for electrode oxidation, a reaction of the electrodes
with the product, or side-products of the alkane oxidation.

8.4 Conclusions
In conclusion, molecular oxygen dissolved in the non-polar cyclohexane can dissociate at the clean surface of a silver nanowire that is produced in the process of
breaking electrodes in a mechanically controllable break junction. Chemisorption of
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atomic oxygen subsequently results in changes of the conductance histogram of silver, including the appearance of a conductance feature at 0.4 G0 which is related
to the conductance through an oxygen atom. Subsequent characteristic changes in
the appearance of individual conductance curves in the tunneling regime point to the
mechano-catalytic oxidation of the cyclohexane solvent to cyclohexanol.
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R. Schlögl, Z. Phys. Chem. Bd 197, 67 (1996).
[44] G. I. N. Waterhouse, G. A. Bowmaker, and J. B. Metson, Appl. Surf.
Sci. 214, 36 (2003).
[45] P. E. Langley and R. Tulip, Cyclohexane oxidation process, United States
Patent 4055600, 1977.

References

247

[46] H. Zhao, J. Zhou, H. Luo, C. Zeng, D. Li, and Y. Liu, Catal. Lett. 108, 49
(2006).
[47] J. Hao, H. Cheng, H. Wang, S. Cai, and F. Zhao, J. Mol. Catal. A: Chem.
271, 42 (2007).
[48] S. Ikeda, T. Takata, T. Kondo, G. Hitoki, M. Hara, J. N. Kondo,
K. Domen, H. Hosono, H. Kawazoe, and A. Tanaka, Chem. Commun.
, 2185 (1998).
[49] C. R. Hickenboth, J. S. Moore, S. R. White, N. R. Sottos, J. Baudry,
and S. R. Wilson, Nature 446, 423 (2007).
[50] A. Piermattei, S. Karthikeyan, and R. P. Sijbesma, Nat. Chem. 1, 133
(2009).
[51] S. Garcia-Manyes, J. Liang, R. Szoszkiewicz, T.-L. Kuo, and J. M.
Fernández, Nat. Chem. 1, 236 (2009).

248

Cyclohexane oxidation in a silver MCBJ

APPENDIX

A

Data analysis procedures used for STM images of Mn1

The STM measurements described in Chapters 4–6 were carried out on manganese
porphyrins, Mn1, that could have different topographical signatures. One of the
differences between these topographical signatures is the apparent height in the STM
images. These differences can be an asset for the data analysis, as features with an
increased apparent height can be located with the help of software, written in our
research group. Part of the procedure to find the coordinates of higher features is
automated, but in such a way that it is still an interactive process, for which the user
must give the necessary input. This software, as well as other routines used for the
analysis of the data were developed in Matlab [1]. The processing and analysis of the
data proceeds via certain steps that will be treated in this Appendix.

Procedure to locate higher features
The procedure to locate higher features in STM topography measurements is partly
automated and an example is shown in Fig. A.1.
The STM topography measurement is first background corrected and a median
filter (either a 3 × 3 or a 5 × 5) and flattening procedure are applied (Fig. A.1a).
These noise reducing measures increased the effect of the procedure significantly.
Subsequently a threshold is set by the user, above which value the apparent height
is put to 1, and below the value to 0. The resulting logical image is then plotted
(Fig. A.1b). Via another interactive step an erode/dilate procedure is used to find
the coordinates of the higher features (Fig. A.1c). After finding the optimal settings
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a)

b)

c)

d)

e)

f)

Figure A.1: Example of the procedure to locate higher features in an STM topography
measurement. a) STM topography measurement of a molecular layer of Mn1, containing
higher features. The measurement has first been background corrected and a flattening
procedure has been applied. b) A threshold height is set by the user. Above this threshold
the value for the apparent height is set to 1, below the threshold to 0. c) An erode/dilate
procedure is used to find the coordinates of the higher features. d) The coordinates found by
the erode/dilate procedure are indicated by black circles on the unprocessed STM image for
a visual check. e) Features that were not detected are added manually, and false positives
are removed. If desired, coordinates from a previous run with a different threshold value can
be removed. f) The resulting coordinates are available for further analysis.

for the threshold and erode/dilate procedure for a measurement series, these steps
can be carried out automatically. However, in general these settings have to be
adjusted several times while a measurement series is processed. For a visual check,
the registered coordinates are overlapped on the unprocessed measurement (see the
black circles in Fig. A.1d). Features that were not detected are added manually, and
false positives are removed. In some cases these steps are repeated and an additional
run is performed, for example when there are more than one type of features with
increased height that one wants to find (for example states A and D in Chapters 4–
6). In the first run the highest of these features can be located. The second run with
a lower threshold will then find both the highest features and additional features that
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are above the new threshold. When one is only interested in the additional features
found in the second run, one can block the coordinates that are too near the features
of the first run.

Determination of relative coverage and determination of the unit cell
To determine the relative coverage of a certain molecular feature in an STM measurement, i.e. how many features are present with respect to the total amount of
molecules, the unit cell is determined (Fig. A.2).
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Figure A.2: a) STM topography image with the unit cell indicated by the white stars,
which have been calculated from the centers of the white circles in (b). b) The unit cell is
determined by locating the peaks in the reciprocal space. The found peaks are here indicated
by the white circles.

The unit cell was determined after a Fourier transform of the STM image. The
peaks, due to the periodicity in the STM image, are located in the reciprocal space.
This is done manually by placing the markers (indicated by the white circles in
Fig. A.2b) and plotting the unit cell on the STM topography measurement for a
visual check (Fig. A.2a). When the parameters of the unit cell are known (the values
of a, b, γ and φ, the orientation with respect to the x-axis), one can determine the
amount of present molecules, by taking into account the fraction of the image that is
covered by molecules, i.e. 1 for full coverage, and 0 for an empty surface. The relative
coverage of a certain species can then subsequently be determined by dividing the
previously found number of the molecular species by this total amount of molecules
in the STM image.
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The same procedure was used to determine the unit cell of graphite. As the
parameters of this unit cell are precisely known (see, for example [2]), these unit cells
are used for calibration of the STM measurements.

Fitting of molecule coordinates to a unit cell grid
While for the determination of a relative coverage one is only interested in the number
of a certain feature in the STM topography measurement, for the spatial distribution
of such species it is important to know their exact coordinates. The procedure of
locating the high features is accompanied with certain errors. The erode/dilate procedure does not necessarily yield the coordinates of the centers of the molecules, and
a manual assigning of these locations is only as accurate as the user. To correct for
these introduced uncertainties, the found coordinates of the feature under study were
fitted on a grid corresponding to the unit cell (Fig. A.3).

a)

b)

γb
a
φ
Figure A.3: a) A grid (gray circles) is constructed based on the determined unit cell
(Fig. A.2), and plotted together with the registered coordinates of molecular features (black
circles) (Fig. A.1). The offset of the grid with respect to the origin is calculated by an iterative process that minimizes the total distance of the coordinates to their nearest grid points.
b) The coordinates of the molecular features are moved to the nearest grid points.

The value for the parameters of this grid (a, b, γ and φ, the orientation relative to
the x-axis) come from the determined unit cell, Fig. A.2. The offset of the grid with
respect to the origin (defined as the down left corner of the STM measurement) is
calculated by an iterative process that minimizes the total distance of the coordinates
of the found features to their nearest grid points. The coordinates of the features are
then moved to the coordinates of their nearest grid points. This procedure can be

Data analysis procedures for Mn1

253

used in measurements where the drift is linear and there is only one orientation of the
domains of molecules. Applying this procedure one gets sharper and more significant
peaks in the spatial distribution histograms. An additional advantage of using this
method is that if the unit cell vectors are distorted due to drift, this can now more
easily be corrected. This is of crucial importance when the coordinates of more than
one topography measurement are registered.

Spatial distribution determination: nearest neighbor distance
Once the coordinates of the higher features have been determined, their spatial distribution can subsequently be analyzed, for example by determining their nearest
neighbor distance distribution. In that case, the distances of all coordinates with
respect to their nearest neighbor are registered, and a histogram is constructed in
which the relative occurrence of each distance is plotted (see for example Fig. 4.19a).
The nearest neighbor distances of particles that are too near the edge of an STM
topography image (generally within 5 nm) were not used in the construction of the
histogram.

Simulated datasets
To compare the nearest neighbor distance distributions determined from the STM
measurements to simulated randomly distributed ones, “randomly distributed equivalent” datasets were constructed. For every STM topography measurement used for
the nearest neighbor distribution, a simulated grid with the same unit cell and amount
of molecules as the measurement was set up, and molecular features were added one
by one on randomly selected grid points until the same relative coverage was reached
as in the experiment. In this way a “randomly distributed equivalent” was created for
every STM topography measurement in the experimental dataset. Such a simulated
dataset was then constructed 1000–1500 times, and each of these datasets was then
subjected to the same nearest neighbor distribution analysis as the original measurement set. For each simulated dataset the value of every peak in the nearest neighbor
distribution was determined, leading to a mean value and uncertainty (see for example
Fig. 4.19b).

Comparing coordinate sets
Once the coordinates of the higher molecular features in the STM topographies have
been determined, it is possible to compare two consecutive coordinate sets (gathered
from two consecutive STM topography images). In that way, differences which arise
from the appearance and disappearance of the high molecular features can be detected.
By using this method it is also possible to determine the lifetimes of these molecular
features.
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a)

b)

c)

d)

Figure A.4: STM topographies of two consecutive measurements with scan direction down,
with the determined coordinates of the higher molecular features (black circles). a) “Before”
scan. b) “After” scan, image recorded 6 minutes after (a). c) Coordinates of the higher
features in (a). d) Coordinates of the higher features in (b).

Fig. A.4 shows two consecutive STM topography measurements in the down scan
direction with registered coordinates of the higher molecular features. To minimize
creep an STM topography measurement series usually alternates an up scan with a

Data analysis procedures for Mn1

255

down scan. Using only one scan direction for the analysis therefore halves the time
resolution, but requires less manual input than comparing two STM measurements
with a different scan direction. In that case the drift that is present will in one case
elongate the image and in the other case contract it. Such drift effects complicate the
comparison of the molecular coordinates, but can still be done with a limited amount
of additional manual input. Measurements with little or no drift, do not have this
problem. The procedure used to compare sets of coordinates is outlined in Fig. A.5.
Fig. A.5a shows two sets of molecular coordinates, the “before” coordinates from
the first STM image, depicted by circles, and the “after” coordinates from the second
STM image, depicted by squares. To correct for the displacement of these coordinates
due to the drift, a drift vector is calculated. By an iterative process, the amount of
coordinates of the “before” measurement which one also found back in the “after”
measurement is maximized. A coordinate is found back if the “before” coordinate
is located within a certain user-chosen radius of an “after” coordinate. The total of
the distances between the found back “before” coordinates and their corresponding
“after” coordinates is minimized, and from this the drift vector is determined (alternatively, this vector can be chosen by the user). Fig. A.5b shows the “before”
and “after” coordinates after the “before” coordinates have been displaced by the
calculated drift vector.
Once the drift vector has been applied to the “before” coordinates, one can manually correlate some “before” coordinates to their corresponding “after” coordinates.
This manual step is skipped when the analysis is performed automated. Correlating several “before” coordinates manually to their corresponding “after” coordinates
drastically increases the reliability of the results, and this has been done for all measurements in this Thesis. After this initial manual step, the coordinates are further
correlated by the computer routine. Pairs are made consisting of one “before” coordinate and the nearest uncorrelated “after” coordinate. If the distance between these
two coordinates is smaller than a user-chosen radius, the routine considers the “after”
coordinate corresponding to the “before” coordinate, i.e. the molecular feature did
not appear or disappear. “Before” coordinates which are not part of such a pair are
considered to disappear, and “after” coordinates which are not part of such a pair are
considered to have appeared. The molecular coordinates are now basically collected
in three groups:
• those that appeared (containing only “after” coordinates),
• those that disappear (containing only “before” coordinates) and
• those that are present in both sets (containing pairs of correlated “before” and
“after” coordinates).
The result of such a comparison procedure is shown in Fig. A.5c.
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a)

b)

c)

d)

d

e

e)

before
(dis)appear drift
(dis)appear event

after
present in
both sets

Figure A.5: Example of the comparison procedure to find molecular events between two
consecutive STM images. The “before” coordinates are depicted by circles and the “after”
coordinates by squares. a) Coordinates of the higher features depicted in Fig. A.4. b)
“Before” and “after” coordinates after a calculated drift vector of (-4.7, 4.0) nm has been
applied to the “before” coordinates. c) Result of a comparison of the two coordinate sets
(see text). Those present in both sets have a dashed gray lining. Those that (dis)appeared
by event have a thick black lining. Those that (dis)appeared by drift, i.e. are too near an
edge, have a a thinner gray lining. d) Example of a disappearing event, labeled “d” in (c).
e) Example of an appear event, labeled “e” in (c).

Finding events
To trace molecular events between two consecutive STM images, a division is made
between those that appeared and those that disappeared. New features that drift
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into the measurement, are not considered events. Molecular coordinates which are
too close the edge of the STM image, determined by a user-chosen distance, are
considered to have drifted into or out of the measurement (gray lining in Fig. A.5c),
while the others are considered to have (dis)appeared by means of an event (thicker
black lining in Fig. A.5c). These coordinates are then used as a basis for a visual check,
by which one can track down events and learn more about the dynamics of molecules
in an STM measurement. Examples are given in Figs. A.5d and e. Fig. A.5d shows
a feature that disappears, while A.5e shows two appearing features. More examples
are discussed in Chapter 5.

Determination of lifetimes
The event finding procedure can also give valuable information about the lifetime of
molecular features, i.e. how long a molecules stays in a certain state. Every time a
molecular feature appears in a measurement, its appearance time is noted, as well as
an “indicator” that indicates the way of appearing, i.e. by means of drift or by an
event. Every time the coordinate is part of a correlated coordinate pair and therefore
present in both sets, its appearance time and indicator are passed on to the new
coordinate. As soon as the feature disappears, this time is registered, and also if the
disappearance occurred by drift or by an event. In that way the lifetime of the feature
can be calculated. A distinction can be made between particles whose entire lifetime
was monitored by STM (i.e. the feature appeared and disappeared by means of an
event), and those that either drifted in or out the STM image. For an example of the
determined lifetimes, see Fig. 4.20. In the case of drift this lifetime is always a lower
limit, since it is the monitored lifetime, which corresponds to how long a molecule
could be imaged.
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Summary

Scanning Tunneling Microscopy (STM) made it possible to “see” individual molecules
and atoms. After its invention in 1981 this technique was initially exclusively used in
ultra-high vacuum environments. Nowadays it is also possible to apply this technique
in liquid environments, which allows the study of chemical reactions at the single
molecule level in a chemically interesting environment. Such studies can lead to
unique new insights which are impossible to obtain by ensemble techniques like for
example nuclear magnetic resonance or UV-Vis. These techniques average over a huge
amount of molecules (>1015 ), which could lead to wrong conclusions about the actual
mechanisms, for example if only a small percentage of the molecules is responsible for
a large part of the total activity.
The resolution of the Scanning Tunneling Microscope is of great value if one wants
to study self-assembled monolayers in the highest detail in real space. Such layers
could play an important role in catalysis or molecular electronics, in which functional
molecules are used as active components. For their implementation as a catalyst or
in a working device it is essential to immobilize these molecules on a surface and
to fully control their adsorption geometry. Such immobilization is essential for the
study of specific properties (for example electronic or catalytic) of single molecules. A
class of molecules which are promising because of their optic, electronic and catalytic
properties are metallo-porphyrins. These molecules can have different functions, as
their metal center can be exchanged in a relatively easy manner.
To control the positioning of copper porphyrins on a surface in a well-defined arrangement a self-assembled monolayer of a phenyl-acetylene derivative on graphite was
used as a template (Chapter 3). After studying the resulting bi-component molecular
system by STM, it became apparent that the pattern in which the copper porphyrins
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were organized in the top layer was the result of several intermolecular interactions:
(i) van der Waals interactions between the alkyl tails of the copper porphyrins and
those of the underlying command layer of phenylacetylenes, (ii) π − π interactions
between the aromatic parts of the command layer and the porphyrin centers, and (iii)
interactions of the alkyl tails of the copper porphyrins with the alkyl tails of neighboring copper porphyrins. Furthermore, a very subtle effect, i.e. a superstructure in
the alkyl chain region of the templating monolayer, was identified as a decisive factor
for the templating process of the porphyrins.
In a next series of experiments, the STM was used to study the reaction of manganese porphyrin Mn1Cl (Fig. 1a) with molecular oxygen at the molecular level
(Chapter 4). At the 1-octanoic acid/HOPG interface, monolayers were formed in
which the molecules of Mn1Cl were observed in four states with distinct topographical signatures in the STM, labeled A, B, C and D (Fig. 1b). These different states
were analyzed by changing a number of measurement or environmental conditions,
making it possible to tentatively assign them (Fig. 1c).
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Figure 1: a) Molecular structure of manganese porphyrin Mn1Cl. b) STM topography of
Mn1 at the HOPG/1-octanoic acid interface, showing the four distinct states, labeled A, B,
C and D. c) Tentative assignment of the four states based on the measurements described
in this Thesis.

• State C is always most abundant and often the only state present at the beginning of the STM experiment. It was therefore assigned to the parent compound,
Mn(III)1Cl.
• State D is far more abundant in the presence of oxygen. The spatial distribution of this state in the monolayers is non-random. There is a preference
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for state D to have a direct neighbor at an adjacent adsorption site that is in
state D as well. For these reasons the adjacent pairs of state D were assigned to
Mn(IV)1=O complexes, which were proposed to be formed after homolytical
splitting of a molecule of molecular oxygen, followed by the distribution of both
oxygen atoms over two adjacent Mn-porphyrins.
• State A was also dependent on the presence of oxygen, and its abundance was
related to the concentration of Mn1 in the supernatant solution. Its apparent
height and topographical signature in the STM measurements correspond to a
“double decker” structure (two molecules of Mn1 on top of each other). Because
of its signature and oxygen and concentration dependency, state A was assigned
to a Mn(III)1-O-Mn(III)1 complex.
• State B was only observed at significantly negative surface bias voltages. Before
molecules of Mn1Cl can react with oxygen, their manganese center has to
acquire an electron and be reduced from Mn(III) to Mn(II). State B turned out
to be more reactive than the other states, which was an important reason to
tentatively assign it to Mn(II)1.
The states of Mn1 were not predominantly induced by the presence of the STM
tip, and their formation was independent of the tip material (platinum-iridium or
gold) or the solvent used (1-octanoic acid or 1-phenyloctane).
An overview of the assignments of these states and their involvement in the proposed mechanism of the reaction of manganese porphyrins with molecular oxygen is
depicted in Fig. 2.
Subsequently, the transitions of the molecules of Mn1 in STM experiments from
one state to another have also been studied (Chapter 5). These measurements revealed
that state B is a preferred precursor for states A and D, which could be rationalized
by taking into account the tentative assignments mentioned above. It was possible
to visualize an active molecule of Mn1 for a long period of time, while it repeatedly
switched between states A and B. State transitions were observed between two STM
topography images (∼3 minutes), but also in a single image between two scan lines
(∼0.3 seconds). State D often appeared to be generated in pairs of adjacent molecules
of Mn1 at the surface which is in agreement with the suggested mechanism in which
an oxygen molecule dissociates and leads to the formation of a pair of Mn(IV)1=O
complexes.
Two other approaches to form Mn1-oxo complexes were explored, i.e. the use of a
single oxygen donor, and the application of voltage pulses (Chapter 6). The addition
of the single oxygen donor pentafluoroiodosylbenzene to a monolayer of Mn1 on the
surface gave rise to the emergence of a new, previously unobserved state, referred
to as state D*. This state was distributed randomly across the surface, in contrast
to state D which was generated by a reaction with molecular oxygen. State D* was
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Figure 2: Proposed model for the reaction of Mn1 with molecular oxygen or an oxygen
donor (OD). The tentatively assigned states, A, A*, B, C, D and D* are indicated.

assigned to be a [Mn(V)=O]+ porphyrin or a Mn(IV)1=O porphyrin radical cation
complex. Addition of the oxygen donor also led to the generation of a large amount
of molecules of Mn1 with a double apparent height, which was named state A*. The
STM topographies were not conclusive as to whether or not state A* is identical to
state A, or is in fact a slightly different state with a similar topographical appearance.
Preliminary results revealed that the reaction of molecules of Mn1 with molecular
oxygen can be induced by an applied voltage pulse in the STM setup. As a result
states A and D were formed on the surface. The induction of this reaction could be due

Summary

263

to the very high inhomogeneous electric field near the tip apex, changing the effective
intermolecular potentials and in this way the energy landscape of the reaction. Also,
the applied voltage during the pulse leads to a high induced local charge on the tip
apex and the nearby graphite surface, which could increase the chance of a reduction
of Mn1.
A “click reaction” in which a Cu(I) complex catalyzes a cycloaddition between an
acetylene and an azide was also studied by STM (Chapter 7). Although all reaction
components and the ex situ synthesized reaction product could be imaged properly by
STM, the observation of the reaction in situ on the surface was not successful. This
could be due to inactivation of the Cu(I) complex by the presence of oxygen or to the
inertness of the reaction components as a result of their adsorption at the surface.
An alternative approach to study a catalytic reaction was by applying a mechanical break junction (Chapter 8). This technique involves the breaking of a metallic
nanowire of which the two ends then act as electrodes which are subsequently repeatedly connected and disconnected. It was found that in cyclohexane a silver break
junction can act as a catalyst to split molecular oxygen, after which oxygen atoms
are incorporated into cyclohexane solvent molecules to yield cyclohexanol.
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Reactiviteit van individuele moleculen op het vaste stof/vloeistof grensvlak
Scanning Tunneling (of rastertunnel) Microscopie (STM) heeft het mogelijk gemaakt
om moleculen en atomen te “zien”. Na de uitvinding van STM in 1981 werd deze
techniek in eerste instantie alleen in ultra-hoog-vacuum omgevingen gebruikt. Tegenwoordig kan men ook STM metingen in vloeistoffen doen, waardoor het mogelijk is
geworden om scheikundige reacties te bestuderen in een chemisch relevante omgeving
en op de schaal van individuele moleculen. Het bestuderen van scheikundige reacties
op deze schaal kan unieke inzichten in reactiemechanismen verschaffen die met andere
technieken niet te verkrijgen zijn.
Er zijn vele andere methoden om scheikundige reacties te bestuderen (bijvoorbeeld met behulp van NMR of UV-Vis), maar deze hebben de beperking dat ze over
het algemeen informatie geven over grote hoeveelheden moleculen (> ∼1015 ) en het
resultaat altijd gebaseerd is op een gemiddelde. In het geval dat er bijvoorbeeld van
een miljoen moleculen maar honderdduizend deelnemen aan een reactie, zou dat verborgen blijven bij gebruik van deze technieken en dat zou tot een vertekend beeld
kunnen leiden over bijvoorbeeld een reachtiemechanisme. Hier kan de moleculaire
resolutie van de STM uitkomst bieden.
De resolutie van de STM is van onschatbare waarde voor het bestuderen van zelfgeassembleerde moleculaire monolagen in zo groot mogelijk detail. Dit soort lagen
kunnen een belangrijke rol gaan spelen in de katalyse en in de moleculaire electronica, waarbij functionele moleculen worden gebruikt als actieve componenten. Voor
katalyse en voor het maken van werkende applicaties op basis van moleculaire electronica is het een vereiste om nauwkeurige controle te hebben over de locatie van de
functionele moleculen op een oppervlak. Deze controle is ook van essentieel belang
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om bepaalde eigenschappen (bijvoorbeeld electronische of katalytische) van individuele moleculen te bestuderen. Een groep moleculen die veelbelovend is voor optische,
electronische en katalytische toepassingen zijn metaalporfyrines. Deze moleculen kunnen verschillende functies vervullen doordat hun metaalkern relatief gemakkelijk te
vervangen is.
Om de locatie van koperporfyrines op een oppervlak te sturen, is gebruik gemaakt
van een zelfgeassembleerde laag van een fenylacetyleen-derivaat op grafiet (hoofdstuk
3). Het bleek mogelijk om op een dergelijke sturende monolaag goed gedefinieerde
patronen van koperporfyrines te verkrijgen. Na bestudering van dit bicomponent
systeem met STM bleek dat dit patroon ontstond door verscheidene intermoleculaire
interacties: (i) van der Waals-interacties tussen de alkylstaarten van de koperporfyrines en die van de sturende monolaag van fenylacetylenen daaronder, (ii) π − π
interacties tussen de aromatische delen van de sturende laag en de porfyrinecentra,
en (iii) interacties van de alkylstaarten van de koperporfyrines met de alkylstaarten
van naastgelegen koperporfyrines. Verder bleek dat een heel subtiel effect in de sturende monolaag, namelijk de aanwezigheid van een superstructuur, een essentiële rol
speelt in het gevormde patroon van de koperporfyrines.
In een volgende serie STM-experimenten, is de STM gebruikt om op moleculair
niveau de reactie van mangaanporfyrine Mn1Cl (Fig. 1a) met moleculaire zuurstof te
bestuderen (hoofdstuk 4). Op het grensvlak van 1-octaanzuur en grafiet bleek Mn1Cl
monolagen te vormen waarin de moleculen vier verschillende topografische toestanden
konden aannemen in de STM, namelijk toestanden A, B, C en D (Fig. 1b). Deze
toestanden zijn bestudeerd in STM-experimenten, waarbij verschillende experimentele
parameters zijn gevarieerd. Hierdoor werd het mogelijk om de toestanden voorlopig
toe te kennen (Fig. 1c).
• Toestand C is altijd het meest aanwezig, en ook aan het begin van het STMexperiment, en om die reden werd deze toestand toegekend aan de uitgangsstof,
Mn(III)1Cl.
• De relatieve aanwezigheid van toestand D bleek bij toevoeging van zuurstof erg
sterk toe te nemen. Bovendien bleek dat deze toestand niet willekeurig over het
oppervlakte verdeeld was, maar in veel gevallen een directe buur had die zich ook
in toestand D bevond. Om deze redenen werden naast elkaar gelegen toestanden
D toegekend aan Mn(IV)1=O complexen, waarbij werd voorgesteld dat deze
ontstaan door een homolytische splitsing van moleculair zuurstof waarna beide
zuurstof atomen met twee naast elkaar gelegen Mn-porfyrines reageren.
• Toestand A was niet alleen afhankelijk van de aanwezigheid van zuurstof,
maar ook van de concentratie van Mn1 in de oplossing boven het oppervlak.
De gemeten grote hoogte en het uiterlijk van deze toestand in de STM metingen
komen overeen met die van een “dubbeldekker” structuur (twee moleculen van
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Figuur 1: a) Moleculaire structuur van mangaanporfyrine Mn1Cl. b) STM meting van Mn1
op het 1-octaanzuur/grafiet grensvlak, waarbij vier toestanden zichtbaar zijn, namelijk A,
B, C and D. c) De toekenning van de vier toestanden aan de hand van de metingen in dit
proefschrift.

Mn1 bovenop elkaar). Door dit uiterlijk en de zuurstofafhankelijkheid werd
toestand A toegekend aan een Mn(III)1-O-Mn(III)1 complex.
• Toestand B werd alleen waargenomen wanneer de potentiaal van het oppervlak significant negatief was ten opzichte van de STM naald. Voordat Mn1Cl
met zuurstof kan reageren, moet de mangaankern eerst een elektron krijgen en
gereduceerd worden van Mn(III) naar Mn(II). Toestand B bleek reactiever dan
de andere toestanden en werd daarom toegekend aan Mn(II)1.
Een overzicht van deze toekenning van de toestanden en hun rol in het voorgestelde
schema van de reactie van mangaanporfyrines met moleculaire zuurstof is weergegeven
in Fig. 2.
De toestanden van Mn1 bleken niet voornamelijk door de STM naald te worden geı̈nduceerd, en hun vorming was onafhankelijk van het materiaal van de naald
(platina-iridium of goud) of van het gebruikte oplosmiddel (1-octaanzuur of 1-fenyloctaan).
Hierna zijn de overgangen tussen de waargenomen toestanden in STM-experimenten
bestudeerd (hoofdstuk 5). Uit de metingen bleek dat toestand B vaak een uitgangstoestand voor toestanden A en D was, hetgeen te verklaren is met de voorlopige toekenningen van hierboven. Het was mogelijk om een actief molecuul Mn1 voor langere
tijd zichtbaar te maken, terwijl het herhaaldelijk veranderde tussen toestanden A en
B. Toestandsovergangen werden waargenomen tussen twee STM-opnames in (∼3 minuten), maar ook tussen twee opeenvolgende scanlijnen in (∼0,3 seconden). Verder
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Figuur 2: Voorgesteld schema van de reactie van Mn1 met moleculaire zuurstof of een zuurstofdonor (OD). De voorlopig toegekende toestanden A, A*, B, C, D en D* zijn aangegeven.

bleek dat toestand D vaak gevormd wordt tegelijk met een tweede toestand D direct
ernaast op het oppervlak, wat ook in overeenstemming is met het mechanisme waarbij een zuurstofmolecuul dissocieert en leidt tot de vorming van twee Mn(IV)1=O
complexen.
Twee andere methodes om mangaanporfyrine-oxo complexen te vormen zijn verkend, namelijk door gebruik te maken van een enkele-zuurstofdonor en het activeren
van de mangaanporfyrines door middel van een spanningspuls (hoofdstuk 6). Het toevoegen van de enkele-zuurstofdonor pentafluorojodosylbenzeen aan een monolaag van
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Mn1Cl op het oppervlak leidde tot de vorming van een nieuwe toestand, toestand
D*, die er anders uitzag dan de eerder waargenomen toestanden. Bovendien was deze
toestand willekeurig over het oppervlak verdeeld (in tegenstelling tot toestand D die
werd gevormd na een reactie van Mn1Cl met moleculaire zuurstof). Toestand D*
werd toegekend aan een [Mn(V)=O]+ porfyrine of Mn(IV)=O porfyrineradicaalcationcomplex. Het toevoegen van de zuurstofdonor leidde ook tot een groot aantal
Mn1-moleculen in toestand A*, welke lijkt op toestand A. Deze toestanden zouden
identiek kunnen zijn of verschillend, waarbij het verschil dan echter te subtiel is om
waar te nemen met de STM.
Verder lieten eerste resultaten zien dat de reactie van Mn1 met zuurstof geactiveerd kan worden met een spanningspuls in de STM-opstelling. Hierbij werden
toestanden A en D gevormd op het oppervlak. Het induceren van deze reactie kan
veroorzaakt zijn door het hoge inhomogene elektrische veld tussen STM-naald en oppervlak, die de effectieve intermoleculaire potentialen kan veranderen en daardoor het
energie-landschap van de reactie. Bovendien wordt door de opgelegde spanning een
lading geı̈nduceerd op de naald en het oppervlak, die kan leiden tot een verhoogde
kans voor de reductie van Mn1.
Een “click reactie”, waarbij een koper(I)-complex een koppelingsreactie tussen
een acetyleen en een azide katalyseert, werd ook bestudeerd met STM (hoofdstuk 7).
Hoewel alle reactie-componenten en het ex situ gesynthetiseerde product gevisualiseerd konden worden met STM, kon de reactie zelf niet in situ waargenomen worden
in de STM. De oorzaak hiervoor kan de deactivering van het koper(I)-complex door
de aanwezigheid van zuurstof zijn, of de mogelijkheid dat door hun adsorptie op het
oppervlak de reactanten niet meer reactief zijn.
Een andere manier om een katalytische reactie te bestuderen op de schaal van
individuele molekulen was door toepassing van een mechanische breekjunctie (hoofdstuk 8). Bij deze techniek wordt een metalen nanodraad gebroken, waarna de twee
uiteinden als elektrodes dienen, die vervolgens herhaaldelijk verbonden en verbroken
worden. In cyclohexaan bleek een zilveren breekjunctie als een katalysator te fungeren
voor de splitsing van moleculaire zuurstof, waarna de zuurstofatomen in moleculen van
het oplosmiddel cyclohexaan moleculen werden ingebouwd en cyclohexanol gevormd
werd.
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Dankwoord

If you get up one more time than you fall you will make it through.
Chinese proverb

Om niemand te kort te doen, zou dit gedeelte eigenlijk net zo lang moeten zijn
als de rest van het proefschrift. Dat ik daar niet heb voor gekozen, komt niet door
mijn gebrek aan dankbaarheid, maar door het feit dat meer dan 250 pagina’s al wel
voldoende is.
Bedankt, iedereen. Zonder jullie waren deze jaren niet hetzelfde geweest, had ik
dit boekje nooit af kunnen maken en had ik niet de goede herinneringen aan deze tijd
overgehouden die ik nu heb. Mocht je dit dankwoord lezen in de volle overtuiging
dat je er bij had moeten staan, terwijl dat niet zo is: mijn excuses daarvoor. Laten
we het erop houden dat het afmaken van een proefschrift een drukke en stressvolle
periode is.
Uiteraard zijn er allerlei verschillende aspecten waarvoor ik mensen wil bedanken.
Mijn kantoorgenoten: Sasha, Sam, Jeroen, Jing, Sehiy, Rahja, Benny, Matheo, Natasha, Davide. Met veel van jullie heb ik regelmatig bijgepraat over onderzoek en
andere zaken. Goed te weten dat we allemaal worstelen met dezelfde uitdagingen. En
natuurlijk Fred(je Kadetje) en Weizhe die op praktisch hetzelfde moment als ik zijn
begonnen en die al die uitdagingen op ongeveer dezelfde momenten hebben meegemaakt (dit staat in het Nederlands omdat ik denk dat jullie dat inmiddels begrijpen
:-P). Ook de gehele SSI groep: Kadir, Johan, Johan, Addis en de anderen, met wie
het leuk was om bij te praten op een borrel en zonder wie het Afrikaans dansen of
het paintballen niet hetzelfde was geweest. Chris, jou licht ik er nog even uit want je
was echt super als roadie voor Ontvlambaar van Boast. Ik ken niet veel mensen die
zo goed een bar in elkaar kunnen timmeren als jij!
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Jan G., Jan H., Albert, Tonnie en Pieter, jullie hebben mij ook ieder op jullie eigen
manier geholpen en dingen geleerd. Ik herinner me bijvoorbeeld een opdamper die
praktisch mijn hele onderzoekstijd kuren heeft gehad en waaraan eigenlijk iedereen wel
een keer een poging heeft gewaagd om hem weer fatsoenlijk aan de praat te krijgen.
Ook het mogen bijdragen aan sommige van jullie afscheidstoneelstukken waren kleine
hoogtepuntjes in mijn promotietijd.
Riki, Marilou en Marie-Louise: ik denk dat dit boekje er zonder jullie niet was
geweest. Zowel de praktische hulp bij het regelen van heel veel zaken, als ook het
gezellige bijpraten als ik even bij jullie langs kantoor kwam zijn erg waardevol geweest.
Ik denk er dan ook met plezier aan terug. Riki, je hebt me gelijk welkom laten voelen
op mijn eerste werkdag in de groep. Marilou, jij hebt altijd veel moeite gedaan om
ook bij de Boaststukken aanwezig te zijn. Marie-Louise, recentelijke highlights waren
natuurlijk de telefoongesprekken om 3 uur ’s nachts.
Oleg en Theo Peters, met jullie heb ik ook echt heel fijn samengewerkt. Oleg, you
are someone I admire for how much you enjoy your research and your life at the same
time. Theo, het was altijd goed om even bij je kantoor langs te komen om nieuwe
moleculen door te spreken.
Mensen als Arend, Fieke, Richard, Melissa, Koen, Roy, Dwi, Klara, Anne, Monique en Bart zijn ook onmisbaar geweest in het uiteindelijke palet die de sfeer bepaald
heeft deze laatste jaren (op een goede manier!). Ameland summerschools, scheikunde
borrels en verscheidene feesten zijn goede herinneringen.
Ik moet ook zeker niet Arie Rip en de mensen van zijn NanoTA team vergeten
te bedanken. Jullie hebben mij allemaal zeer goed geholpen tijdens mijn Technology
Assessment project en na dit project ben ik nog regelmatig te gast geweest bij jullie
symposia. Ik voelde me hier, ondanks mijn afwijkende achtergrond, altijd welkom
en ik heb met veel plezier discussies met jullie gevoerd over de meer sociologische
aspecten van nanowetenschap en innovatie. Mijn dank strekt zich ook uit naar alle
mensen die zich bereid hebben getoond om zich te laten interviewen voor dit project.
Theo Razing, met veel plezier denk ik terug aan gesprekken die we hebben gehad, maar voornamelijk aan het vak “nanoscience” waarbij ik je assisteerde. Ik heb
dat met uitermate veel plezier gedaan en de soepele samenwerking daarbij heel erg
gewaardeerd.
Een belangrijke periode voor mij was ook mijn korte onderzoekstijd in Leuven, in
de groep van Steven De Feyter. Steven, heel erg bedankt voor de fijne samenwerking.
Natuurlijk toen ik bij je in de groep onderzoek deed, maar ook daarvoor en daarna.
Ook Willem, Matt, Kunal, Jinne, Elke, Inge, Bing, Kang, Stijn, Carine, Hong, Olexander en Tanya: hartelijk bedankt voor jullie gastvrijheid tijdens mijn tijd in jullie
lab. Min, de discussies die we hebben gehad waren om heel veel redenen leerzaam en
zal ik daardoor ook niet vergeten.
The work in this thesis is also partly due to fruitful collaborations. Special thanks
to David Amabilino and Patrizia Iavicoli for their part in the research on manganese
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porphyrins. Also thanks to Alan Rowan for the interesting discussions on science, but
also for discussing the different career possibilities.
Ik wil ook graag de leden van de manuscriptcommissie en de promotiecommissie
bedanken dat ze de tijd hebben genomen om dit proefschrift te lezen. Ik begrijp dat
jullie allemaal druk zijn, en dit soort dingen veel tijd kosten. Ik waardeer het daarom
des te meer.
Tim Swager and René Janssen and both their groups: I feel very priviliged to be
working with you. Tim, I am enjoying both the beautiful research as well as the good
atmosphere. René, de discussies tijdens het schrijven van mijn Marie Curie proposal
waren erg zinvol, en ik kijk er naar uit om onderzoek te doen in je groep.
Het belangrijkste voor mijn tijd in Nijmegen zijn natuurlijk mijn directe collega’s
geweest in de SPM groep. Zonder hen was dit boekje er niet geweest. Zowel door
de discussies en hun praktische hulp, maar ook vooral doordat zij toch wel de voornaamste reden waren dat ik nooit met tegenzin naar mijn werk ben gegaan. Geen
geringe prestatie, als ik bedenk hoeveel frustrerende momenten ik heb ervaren tijdens
mijn onderzoek. Laat ik beginnen met Bas Hulsken te bedanken, mijn voorganger.
Zonder jouw zelf-gebouwde STM had ik geen metingen gehad. Overigens moet ik
daarbij wel vertellen dat het nu niet meer dezelfde STM is als die jij hebt achtergelaten: bijna alle onderdelen zijn inmiddels een keer vervangen. Serhiy, Fresia, Lucian
and Asha, it was always fun to hear about your research, as most of it was quite
different from my own. Martijn, je was de enige Master student die ik begeleid heb
tijdens mijn promotie, wat ik samen met Onno met veel plezier heb gedaan. Ik ben
dan ook extra blij dat je verder gegaan bent met onderzoek en ik hoop dat je dat
met net zo veel succes afrondt als je onderzoek bij ons. Joris, jou bewonder ik voor
je passie in de muziek en ik kijk ernaar uit nog een keer af te spreken voor een goed
gesprek na het laatste Wheel of Time boek. Dat geldt overigens ook voor Joost. Door
gezamenlijk te sporten en zowel werk als privé te bespreken hielp je me van de lab
frustraties af te komen. TimSmiT, je passie voor je films maakte het fantastisch om
met je te praten. Vanuit Boast is er nog steeds het plan om (ooit) Schuur te vervolmaken! Jonas, ik heb altijd veel lol gehad als je er bij was, en een bepaald type grappen
is gewoon niet hetzelfde zonder je. Jelena, besides being a cheerful presence on many
borrels, I promised you that I would thank you for your help in painting my house.
Without you, the room in which I typed almost all of this thesis would never have
been finished (and so indirectly maybe this thesis would never have been written).
Minko, los van het feit dat ik heel veel van je geleerd heb wat betreft programmeren,
ben ik je denk ik het meeste dankbaar dat je me nooit de enige liet zijn als er nog “een
laatste biertje” werd gedronken op een conferentie of borrel. Thomas, jij bent op een
gegeven moment de sociale spil in de groep geworden, door voor iedereen te koken en
gezamenlijk kerst te vieren. Ik heb dat heel erg leuk gevonden en gewaardeerd en ik
kan niet anders dan wensen dat er in mijn komende banen ook een Thomas is. Bas
Hendriksen, met jou is de overlap qua tijd misschien kort geweest, maar omdat jij ook
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in Utrecht woonde, voelt dat helemaal niet zo. Als we noodgedwongen door de treintijden borrels vroeger moesten verlaten dan we misschien wilden, hadden we in ieder
geval nog een “laatste biertje” in Utrecht in het vooruitzicht. Zonder jou was mijn
laatste jaar in Nijmegen heel anders geweest. Dennis en Femke, jullie kwamen in mijn
laatste maanden bij de groep. Ben benieuwd Dennis, of dat nu weer gaat gebeuren
:-). Michiel, jij was al in de groep toen ik er aan kwam, en bent er bijna tot het einde
ook gebleven. Zaken als “zoek de bisschop” in Denemarken, je eeuwige gastvrijheid
als ik een slaapplek nodig had, de elusive nurse convention die altijd gepland was ná
de conferentie waar we waren en het karaoke-en in Japan (“bar in Tokyo” en “the
boxer” zullen nooit hetzelfde klinken), zal ik niet snel vergeten. Mijn promotie was
niet hetzelfde geweest zonder die dingen. Bedankt voor dat alles.
Mijn twee promotoren, Sylvia en Roeland, hebben allebei een hele eigen stijl gehad
wat betreft begeleiding, en als promovendus is het erg waardevol om dat zo mee
te maken. Sylvia, je kon altijd tijd maken als ik aanklopte voor advies en je kon
altijd vragen stellen waardoor ik weer op een andere manier naar mijn data ging
kijken. Roeland, discussies met jou over mijn onderzoek kwamen pas later tijdens
mijn promotietraject op gang, maar waren heel waardevol door je scherpe inzichten
in mogelijke chemische mechanismen.
De grootste invloed op mijn tijd in Nijmegen is uiteindelijk mijn directe begeleider,
Hans geweest. Hans, je was er altijd als zaken me dwars zaten op persoonlijk of
wetenschappelijk vlak. Het is altijd heel erg fijn samenwerken geweest gedurende het
hele traject en ik zou iedereen aanraden voor je te werken. Ik kwam altijd vol nieuwe
ideeën bij onze discussies vandaan. We zaten goed op één lijn. Als begeleider heb je
ook een soort voorbeeldfunctie, die rol heb je bij mij uitermate goed vervuld. Ik hoop
en verwacht je nog regelmatig te spreken de komende jaren.
De mensen buiten het werk om zijn altijd een belangrijke constante factor in mijn
leven. Vrienden en familie hebben er voor gezorgd dat de work/life balans in evenwicht
was. Bedankt hiervoor! In het bijzonder mijn moeder, zonder wie ik niet zou zijn wie
ik nu ben, en opa den Boer (de enige persoon die misschien nog trotser is dan mijn
vader zou zijn) en oma. Ook mijn schoonfamilie geeft me altijd een plaats waar ik me
welkom voel en kan ontspannen. Jelmer, ook jij kan niet in dit rijtje ontbreken. Als
mede-oprichter van Boast ben je onmisbaar voor een belangrijke manier van afleiding
van het werk. Daarbij weet ik dat ik altijd op je kan rekenen als ik je hulp nodig heb.
Bedankt voor dit alles!
Julius. Jouw bijdrage was vooral dat ik dit alles klaar wilde hebben voordat je
kwam. Dat is niet gelukt, maar door jouw lach waren de laatste loodjes een stuk
draaglijker. Marjon, jij alleen al verdient net zo veel pagina’s als het proefschrift lang
is. Als ik het even niet zie zitten dan help jij me er doorheen. Maar veel belangrijker
nog: door jou is alles altijd mooier, leuker en beter, ook als het wel goed gaat. Khvj.
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