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There are only two days in the year when nothing can be done. One is called
yesterday and the other is called tomorrow, so today is the right day to love,
believe, do and mostly live.
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SUMMARY

This Thesis is centered in the field of multifunctional molecular materials
and more specifically in the area of molecular electronics. The work is focused
on the design, synthesis and nanostructuration of molecular materials based on

donor acceptor (D A) open-shell systems.

In general, in this work it has been studied how the electronic properties of
D A molecules are modified when moving from the tridimensionality (3D) of solu-
tion and crystals to the bidimentionality (2D) obtained when the dipolar molecules
are oriented and nanostructured on a metallic surface as self-assembled monolay-
ers (SAMs). Moreover, the influence of the electronic open-shell nature of such
D A molecules on the overall electronic properties of the oriented nanostructured

system has been also evaluated.

Modulating and controlling the response given by multifunctional molecular
materials by applying external stimuli is one of the foremost motivations in the
field of micro- and nanoelectronics. Bistability is the extreme manifestation of the
non-linear response of the material to an external stimulus and is only supported in
systems with strong cooperative interactions and therefore it is a rare phenomenon
in molecular materials. On the other hand, the possibility to switch a bistable
molecular material between states having strikingly different properties by appli-
cation of external stimuli opens the way to the development of molecular-based
switches and memories. In this regard, the first part of the work is devoted to the
study of the temperature and solvent induced electronic bistability phenomena in
3D (solution and crystals) of D A systems based on ferrocene electron donor units
bonded covalently to a polychlorotriphenylmethyl radical acceptor unit through an
ethylenic spacer (Fc PTM) in solution and also in solid state. Specifically, the role
of the donor strength of the ferrocene moiety in the switchable intramolecular elec-
tron transfer phenomena where coexist neutral (D A) and zwitterionic (D™ A )

states that show different magnetic and optical properties has been evaluated. It
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has been demonstrated that with the methylation of the Fc units that enhances
their donor-ability a higher percentage of the zwitterionic state in comparison with
the non-methylated Fc PTM dyad was found in solid state. In solution, it was
demonstrated that playing with the polarity of the solvent it is possible to stabi-
lize one (neutral) or other (zwitterionic) electronic state and more interestingly,
using solvents with intermediate polarity like acetone or THF it was observed the
coexistence of both stable electronic states.

The second part of the Thesis is focused on the use of different approaches
to get bidimiensional nanostructuration of Fc PTM D A molecules on gold sur-
faces, as SAMs, to study its electronic properties. Initially, a two-steps approach
has been used which after a lot of effort it was concluded that was not robust
enough for further reliable electronic characterization. Then, the work moves to
the use of a one-step approach, for the nanostructuration of D A molecules on
metallic substrates, which succeeded. All the SAMs were characterized using dif-
ferent surface analysis techniques like polarization-modulation infrared reflection
adsorption spectroscopy (PM-IRRAS), X-ray photoelectron spectroscopy (XPS),
time-of-flight secondary ions mass spectrometry (ToF-SIMS), contact angle (CA),
atomic force microscopy (AFM) and cyclic voltammetry (CV). The stability of
these SAMs was probed specially by CV measurements.

To get further insight into the electronic structure of such SAMs of molec-
ular oriented dipoles on surfaces, synchrotron radiation techniques (PES, RPES
and NEXAFS) have been used. The influence of the open-shell electronic structure
of dyad 1 over the electronic properties of 2D nanostructures has been analysed
in comparison to the closed-shell electronic structure of 1H. We conclude that
the dimensionality of the Fc PTM D A system determine its electronic proper-
ties and behavior. In fact, while in 3D structures, the bistability phenomena takes
place thanks to cooperative intermolecular electrostatic interactions, with the ex-
periments performed using external stimuli (solvent, T) to modify the electronic

state of the 2D nanostructures (SAMs) no bistability was observed.
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Oriented dipoles on surfaces are interesting molecular systems due to the pos-
sibility they offer to modify the surface potential of metallic electrodes of molecular
electronic devices improving their performances. In this regard, the surface poten-
tial related with the work function (WF) of these SAMs, S1 and S1-H have been
studied by Kelvin Probe Force Microscopy (KPFM) showing for both cases an in-
crease in the WF of the gold substrates used. The lower modification of the WF
caused by the open-shell SAM S1 in comparison with S1-H has been attributed to
a higher effect of depolarization due to its larger polarizability. This effect gives
place to a modification of its energy levels in order to preserve the equilibrium and
stabilize the energy of the system formed by 2D oriented dipoles.

In the field of molecular electronics, there is a great interest in finding D A
molecules that are one way conductors and thus, can be used as rectifiers of electric
current. In this regards, the last part of the Thesis has been devoted to the transport
measurements of these D A SAMs junctions of the type Au-SAM/GayO3/EGaln.
The studied rectifying molecule, Fc PTM, was designed so that electrical conduc-
tion within it would be favored from the electron-rich subunit or moiety (electron
donor) to an electron-poor moiety (electron acceptor), but disfavored (by several
electron volts) in the reverse direction. The current measurements have shown
that junctions based on the open-shell S1 SAM have a high current density but do
not rectify. However, junctions based on the closed-shell S1-H SAM show a lower
current density at 1.0 V but when the energy barrier imposed by the LUMO of
the system is overcome at 2.0 V it rectifies, showing an interesting rectification

ratio of 102.
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XHe who lives without discipline dies without honorX

Icelandinc proverb

Introduction and Objectives

Everything in our environment is made by matter and energy. Every single
day we are in contact with a huge variety of materials which make our life more
comfortable. Such materials range from basic (i.e. clothes, appliances, food pack-
aging, etc.) to complex (i.e. electronic devices) and there is no doubt that they
have revolutionized our lives. We live in a technological era in which it is fun-
damental the development and understanding of new materials to further control
and tune their properties.

In this framework, the development of computing and electronic devices has
been one of the most developed areas in the last decades. In fact, the field of
integrated electronics starts being active in the late 19508' and the invention of
the first junction transistor dates back to 19472 In 1965 Gordon Moore, the co-
founder of Intel, observed that the number of transistors per cm? of silicon doubled
every year'. This statement is known as the “Moore Lawil Later, in 1975 this
statement was revised by Moore to state that chip densities would double every 2
years®. From that moment, the reduction in size of the electronic components and

also the increase in speed have been two of the foremost motivations of this field.



2 Chapter 1 Introduction and Objectives

In the effort to make electronic components smaller and smaller in size, fun-
damental limits both in materials and processes currently used, are faced. There-
fore, new processes and new materials need to be developed to extend the function-
ality of integrated circuits. It is this motivation that leads to the scientist commu-
nity to focus on more fundamental components like are the molecules®. In effect,
the eminent physics and visionary Richard Feynman in 1959 during his lecture
entitled “Thereld Plenty of Room at the BottomX already proposed shrinking com-
puting devices toward their physical limits, where “wires should be 10 or 100 atoms
in diameter, and the circuits should be a few thousand angstroms acrossX’. At that

moment, a new field of research was predicted: nanoscience and nanotechnology.

In the last decades, nanoscience and nanotechnology have emerged as promi-
sing fields to provide fundamental understanding of phenomena taking place in
materials through the research at the atomic and molecular level which lead to
the discovery of novel properties and functionalities*. Thus, significant advances
have been observed in the development of new materials and processes at the
nanoscale, as well as in the study and understanding of their properties. However,
there is still a lot to do in this young research field. In order to move forward
in this interdisciplinary field of research it is necessary the active collaboration of

chemists, physicists, materials scientists, and electrical and chemical engineers.

Although nanoscience and nanotechnology are considered a modern research
field, from a chemistry point of view, nanomaterials are anything but new®. How-
ever, advances in synthetic chemistry and in methods for the investigation and
manipulation of individual or small ensembles of molecules, together with the ca-
pability to predict and analyze these systems have produced major advances in
the field of molecular materials. Such advances, have facilitated the development
of new materials and phenomena® that can be used for the fabrication of sustain-
able and low-cost molecular sized electronic components allowing to control and
process signals®’. These molecular materials show interesting properties that may

differ very significantly from those of the corresponding bulk materials’.

In fact, multifunctional molecular nanomaterials are considered materials

that constitute basic building blocks for the fabrication of complex devices that



exploit desired functions. They can be used for several applications in diverse
fields like: electronics, optoelectronics, information processing, catalysis, biomed-
ical science, environmental science, energy conversion and storage, advanced de-

8. In this context, molecular electronics is an

fense technologies, among others
emerging area of science focused on the development of new materials that show
unique properties thanks to their nanoscale (at least one of their dimensions be-
low 100 nm) ®. Molecular electronics can be broadly defined as the technology that

uses single or small groups of molecules to perform electronic functions?.

In the last years, molecular materials have become a very active filed of re-
search in materials science, as prove some existing devices that are commercially
available such as organic light emitting diodes (OLED) or organic solar cells.
Molecular materials are constituted by purely organic or metal-organic building
blocks that can be easily obtained and modified by conventional synthetic meth-
ods. Thus, different functional groups can be introduced in a single molecule
which can lead to molecule-based materials exhibiting two or more properties at
the same time (electrical, optical and/or magnetic), introducing in this way a great
versatility over the conventional inorganic materials. Moreover the properties of
such molecular materials can be easily modulated and tuned by small structural

modification of their chemical skeletons.

In this context, the design and synthesis of new molecules to be used as nano-
material in a device must take into account three important issues. First, the prop-
erties of the individual molecule which correspond to those of isolated molecules
either in a dilute solution, in a matrix, or on a surface. Second, the interaction
between these molecules and how they affect the properties of its supramolecular
structure (discrete ensembles of molecules). Finally, the interface with the outside
world, which means the way to give inputs (i.e. energy or charge) and read the
output characteristic of the device’. On the other hand, any molecular electronic
candidate must meet certain basic requirements such as: i) show chemical stability,
i7) be inert with respect to other molecules of the same type specially for devices
involving charge-storage or redox-active molecules, #ii) show reversible electron

transfer from one element to the next, iv) make possible to exchange information
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through the interaction with an interface, both on a microscopic and macroscopic
level” and v) to be cost-el cient®. All these requirements present challenges that
need to be overcome before such materials can be used in real applications which
is the framework of the research field of molecular nanomaterials.

For the fabrication of molecular nanomaterials, two complementary strate-
gies can be used, the so called “top-downX or the “bottom-up¥ In the top-down
approach, materials are generated by carving nanomaterials out of bulk materi-
als or by breaking down a complex entity into its component parts. In contrast,
the bottom-up approach is based on fabricating nanomaterials out of independent
individual building blocks” (Figure 1.1). Given that the bottom-up approach is
likely to become an integral part of nanomaterials manufacture, understanding
each individual molecular building blocks, its structure, assembly process, prop-
erties and dynamic behavior is of real importance’. In particular, the chemical
self-assembly or spontaneous organization of molecules to form ordered and well
defined nanostructures thanks to the intermolecular forces (Figure 1.1). In gen-
eral this is a simple and low cost process which can cover from the nano to the
micrometer scale making the idea attractive from a technological point of view.
In fact, this is the reason why during the last two decades much effort has been
done in structuring matter by bottom-up self-assembling processes, one of the most

promising fields of research in nanoscience and molecular materials.

Top-down approach Bottom-up approach
e

®ee

Starting from bulk material Physical and/or chemical triggers

Figure 1.1: Approaches used for the fabrication of molecular nanomaterials .

Then, molecular self-assembly (Figure 1.2) is a powerful process for fabricat-
ing novel supramolecular architectures with unavailable properties from disordered

systems of pre-existing molecules by controlling specific, local interactions among
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the components themselves®. In fact, this process is present everywhere in the nat-
ural world, for instance lipid molecules form oil drops in water; four hemoglobin
polypeptides form a functional tetrameric hemoglobin protein; ribosomal proteins
and RNA coalesce into functional ribosomes”. Molecular self-assembly is driven
by weak, noncovalent bonds (hydrogen bonds), ionic bonds (electrostatic interac-
tions), hydrophobic interactions, van der Waals interactions, and water-mediated
hydrogen bonds. Such bonds are relatively insignificant in isolation but when com-
bined together as a whole, they govern the conformation of supramolecular struc-
tures”. As mentioned before, self-organization phenomena play an important role
in the assembling of macroscopic structures with specific desired properties which
can be exploited for the integration of different classes of nanaomaterials in de-
vices®.

Specially, self-assembled monolayers (SAMs) are a unique class of nanostruc-
tured mate- rials, formed by molecular assemblies through spontaneous adsorption
of organic molecules on a substrate, with properties determined by their lattice
structures and interactions with the substrate and environment®1~1°, Formation
of SAM:s take place through different steps!” as it is represented in Figure 1.2. The
process starts with the physisorption of the molecules present in solution, followed
by the chemical interaction of the molecules with the surface atoms through their

binding groups forming strong covalent bonds after a few minutes.

PR
N VAN

Figure 1.2: Scheme of the steps that take place during the self-assembly process of alkanethiols on
Au: a) physisorption, b) lying down phase formation, c) nucleation of the standing up phase, and d)

standing up phase!”.

The growth process of the monolayer comes with the nucleation of islands

containing lying down molecules which finally grow increasing the surface coverage
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to obtain a well packed monolayer with standing up molecules, in an ideal case.
SAMs have been used to study interface phenomena, modification of the properties
of different surfaces, modification of the work function of electrodes to favour
the charge injection in electronic devices, molecular recognition, fabrication of
nanodevices, among others. The study of these nanostructured materials is of
fundamental importance due to the nonadditive, collective behaviors that usually
appear in molecular materials as a result of intermolecular interactions'®.

In the effort to study, manipulate, understand and control the properties of
nanostructured materials in the last decades, new and very sensitive techniques
have been developed opening the door to the nanoworld. The techniques that al-
low the study of nanoscale objects are known as surface analysis techniques and can
be roughly divided in microscopic techniques, like Scanning Tunneling Microscopy
(STM) or Atomic Force Microscopy (AFM) and spectroscopic techniques such
as: X-ray Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy (AES),
Polarization-Modulation Infrared Reflection Adsorption Spectroscopy (PM-IRRAS),
among others. In fact, in order to characterize and understand materials at the
nanoscale usually more than one of these techniques is needed.

As we have previously mentioned, the properties of the same molecule struc-
tured in a different dimensionality can be very different. For instance, the same
molecular unit in a tridimensional (3D) arrangement, in solution or in a crystal
can present very different properties than the same unit forming a self-assembly

monolayer (Figure 1.3).

—

3D structure 2D structure

Figure 1.3: Schematic representation of 3D and 2D molecular structures.

In this way, new and interesting phenomena can be observed due to the

change of dimensionality which can be used in different fields as previously men-
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tioned. Thus, studying how the properties and characteristics of a multifunctional
organic material change when passing from the bulk to the nanoscale, results very

interesting to make a step forward towards molecular electronics.

1.1 Objectives

This Thesis will be focused on the design, synthesis and nanostructuration of
molecular materials based on electron donor acceptor (D A) open-shell systems.
The general objective will be the study of the electronic properties of multifunc-
tional molecular systems based on an electronic donor unit linked to an electronic
open-shell acceptor unit that shows interesting magnetics, electric and optic prop-
erties; when the systems pass from 3D (solution or crystal phase) to 2D (nanostruc-
tured self-assembled monolayers). In particular, the following specific objectives

have been considered:

 Study the electronic bistability phenomena in bulk (3D) of D A systems
based on a ferrocene electron donor unit bonded to a polychlorotriphenyl-
methyl radical acceptor unit through an ethylenic spacer (Fc PTM) in solu-
tion and in solid (crystalline) state induced by the solvent or the temperature,
respectively. Specifically, the role of the donor strength of the ferrocene elec-

tron donor moiety in the bistability phenomena will be evaluated.

 Study different approaches to obtain robust bidimensional (2D) nanostruc-
turation, as self-assembled monolayers (SAMs), of Fc  PTM open-shell deriva-

tives on gold substrates.

 Study the electronic properties of SAMs of Fc PTM open-shell molecules
by different surface analysis techniques. To get further insight into the elec-
tronic structure of such molecular oriented dipoles on surfaces, synchrotron
radiation will be used. Also the study of any possible temperature or solvent
induced bistability of the molecular systems once nanostructured as SAM on

gold is carried out.
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* Study the capacity of surface potential or work function modification of the
Fc PTM open-shell SAMs in comparison with its closed-shell structure using
two complementary techniques: Kelvin Probe Force Microscopy (KPFM) and

Ultraviolet Photoemission Spectroscopy (UPS).

* Study the electron transport through these Fc PTM, D A SAMs using EGaln
top electrodes and analysis of the influence of the open-shell electronic struc-

ture on the mechanism of conduction and the possible rectification.
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WAatch your thoughts, for they become words. Watch your
words, for they become actions. Waich your actions, for they
become habits. Waich your habits, for they become character.

Watch your character, for it becomes your destiny®
Lao Tzu

Bistability phenomenon in Fc PTM radical

dyads: the role of the electron donor strength

2.1 Introduction

Multifunctional molecular materials have found an important development
in modern materials science due to their extraordinary versatility. They offer the
possibility to give high functionality (reduced weight, flexibility, and transparency)
and easy processing allowing to cover large areas of manufacturing with low costs
which has already been exploited in the field of organic electronic and optoelec-

tronic devices 2.

The interesting properties of multifunctional molecular materials can have
two different origins: molecular and/or supramolecular. The first one is related to
the inherent molecular composition, like: the kind of atoms and functional groups,
bridges, electron donor or acceptor units, etc.; while the second one depends on
the structural composition like: the packing, weak interactions, cooperative forces,
etc®. So, new properties can be obtained from the precise balance of these two
origins. Playing with both, the chemical composition and the arrangement of the

11
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molecules in one, two or three dimensions it is possible to tune the properties
of the solid material or address new and desired electrical, optical, magnetic or

biological properties®°.

2.1.1 Donor Acceptor systems

Different molecular materials, whose electronic structure can change as a
function of an external stimulus applied (light, temperature, pressure, potential,
etc.) have been reported in the literature®’. Dyads formed by donor (D) and
acceptor (A) units covalently linked through an organic bridge are important sys-
tems that allow to study interesting phenomena related with their potential use as
components of integrated molecular-sized devices®.

D A systems are interesting materials due to the possibility they offer to
obtain different chemical and physical properties associated to the two degenerated
electronic states of the molecules, which are induced by the intramolecular electron
transfer (IET) between the redox-active units as a consequence of an external
perturbation, such as photons, temperature or pressure. These molecular materials
show high sensitivity to the environment, and the interconversion between the two

. . . . . . C
localized electronic structures (neutral and zwitterionic) can be reversible”’ under

specific conditions, as shown Figure 2.1.

e

N

external stimuli
(A pd (A8

e

Figure 2.1: Schematic representation of D A dyads in neutral and zwitterionic state.

The aforementioned electronic states: neutral and zwitterionic, can coexist if
the difference in energy between them is small and when cooperative intermolec-
ular interactions such as: electrostatic, , hydrogen bonding, etc. are present.
The equilibrate coexistence of these two different electronic states is defined by

the bistability phenomenon in which the relative population of the states can be
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tuned by changing the external conditions and is not easy to find in molecular
materials 111,

Then, several molecules can be used as building blocks in D A systems,
which differ in both chemical nature and complexity but share common charac-
teristics like the possibility to transfer one or more electrons from one unit to the
other in a reversible way when an external stimulus is applied and the possibil-
ity to modulate their properties (electronic, optic or magnetic) according to the

electronic state adopted (neutral or zwitterionic) 2,

2.1.2 Building Blocks

In the framework of this work, two building blocks will be used to form the
D A dyads; ferrocene derivatives as electron donors and the polychlorotriphenyl-
methyl radical as electron acceptor. The principal characteristics of each building
block will be described hereafter.

Ferrocene is an organometallic compound that belongs to the metallocene
family and it has been the first pure hydrocarbon derivative of iron prepared’®. It
is formed by two cyclopentadienyl rings bounded by strong covalent interactions,
on opposite sides, to a central iron atom situated symmetrically between them with
aromatic character'*. Moreover, ferrocene (Fc) is stable to air, moisture and can
be heated up to 470 C. It can be exposed to strong conditions (boiling in con-
centrated hydrochloric acid or caustic soda) without decomposition; showing an
extraordinary stability'®. Due to its structure, Fc behaves like an aromatic electron-
rich organic compound’’, and thanks to its redox capacity, it can be oxidized (loss
one electron) at low potentials. The oxidized specie obtained, the ferricinium,
which present an open-shell character, can be reduced back to ferrocene in a re-
versible way (Figure 2.2).

<z <
Fe " Fe

&L T b

Figure 2.2: Reversible redox process of the Fc.
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In this compound there are eighteen electrons available (but not necessary
used) for iron to carbon binding, five  electrons of each cyclopentadienyl unit,
plus the eight electrons of the iron atom!. Thanks to the very versatile chemistry
of this compound, numerous ferrocene derivatives have been synthesized through
different reactions such as the Friedel-Craft reaction or lithiation processes followed

by the introduction of several functional groups such as phosphines or silanes’!.

The redox potential of the ferrocene can be tuned playing with the type of
substituents binding to the cyclopentadienyl rings and their electron-donor facility.
Using electron withdrawing groups (e.g. carboxylic acids), the redox potential
can be shifted towards the anodic direction (more positive values) while electron
releasing groups (e.g. methyl) shift the potential in the opposite direction (more
negative values). Thus, it will be easier to oxidize a methylated-ferrocene derivative
than an unsubstituted one. Moreover, as ferrocene and ferricinium species present
different magnetic moments, the magnetic property could be used as an output
characteristic of an electrochemical switch with this compound opening the way

to information storage applications.

On the other hand, a radical is an atom, ion or molecule that has a single
unpaired valence electron and therefore presents an open-shell structure. Most of
radicals are unstable exhibiting extremely short half-lives under normal laboratory
conditions and are highly reactive towards other substances, or even towards them-
selves (dimerization or polymerization), which dilX cult their study. Then, obtain-
ing persistent radical compounds is necessary to study their interesting properties
and potential uses in order to develop new materials from molecules with a net
electronic spin giving place to paramagnetic behavior!’. In this sense, in order
to build free radicals with thermal and chemical stabilities, resonance and steric

hindrance have to be taken into account!®

along the design and synthesis. This
steric hindering around the radical center, physically diX cult the reactivity of the

radical conferring it stability.

The perchlorotriphenylmethyl radical (PTM) was firstly described by Ballester
et al.'®. In a general way, the PTM radicals are neutral organic radicals composed

by three partially or totally chlorinated benzene rings connected to a central car-
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bon atom ( carbon) with a sp? hybridization. The large persistence of the PTM
radicals is conferred by the steric shield of the central trivalent carbon atom due
to the presence of the bulky chlorine atoms in ortho positions. Such stability is
reflected toward aggressive chemical species and typical radical reagents as well
as thermally in solid state; withstanding temperatures up to 300 C in air without
significant decomposition. For all these reasons, the half-lives of these radicals are
of the order of decades, being called inert free radicals'’'®. Figure 2.3 shows the

molecular structure of the PTM radical.

Figure 2.3: Molecular structure of the PTM radical.

PTM radicals are also electroactive species and can be oxidized to perchloro-
triphenylcarbonium ion or reduced to perchlorotriphenylcarbanion!”. The steric
protection conferred by the chlorine atoms also confers stability to the cationic
and anionic species which have good stability toward oxygen. Thus, the cyclic
voltammetry of the perchlorotriphenylmethyl radical showed in Figure 2.4, presents
one oxidation and one reduction processes from which two stable ionic species are
formed in a easy and reversible way, the cation and the anion, respectively. The
small formal potential observed for the reduction of the PTM radical indicates
that this process is more favoured in comparison to the oxidation; being a good
electron acceptor unit.

Different magnetic and optical properties characterize the PTM radical and
its anionic specie; thus, while the PTM radical is a paramagnetic (S = 1/2) specie
with its maximum absorbance centered at 385 nm and fluorescence emission at
688 nm; the anion is diamagnetic (S = 0), with maximum absorbance around

20

510 nm and does not emit fluorescence®’. These different properties make this

family of molecules excellent building blocks for applications in charge storage
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memory devices where the optical and magnetic responses can be used as read-

20-22

output signals
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Figure 2.4: (a) Reversible redox processes of the PTM radical and its ionic species; and (b) cyclic

voltammogram of the PTM in a CHyCly solution of BuyN*PF; [0.1 M] vs. Ag/AgCl.

The great stability, together with the interesting properties that show the Fc
and the PTM radical as electron donor and electron acceptor unit, respectively,
have made these building blocks to be considered in our group to develop new
D A systems giving place to promising molecular materials. However, before any
real application can be visualized, a comprehensive and thorough knowledge of
these systems is mandatory, together with the understanding of the influence of
the environment and forces that are present at a supramolecular level to their

properties.

2.1.3 Bistability phenomenon in Fc PTM dyads

D A systems based on a Fc moiety linked through a conjugated vinylene

bridge to the PTM radical have been synthesized by Elsner et al.? few years ago.
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The monoradical 2 is shown in Figure 2.5. These kind of dyads are interesting
for both their magnetic properties and also their intramolecular electron transfer
(IET) phenomena which can be studied from the charge transfer (CT) bands in

the nearinfrared (NIR) region of the absorption spectra.

Figure 2.5: Dyad 2 in its neutral form (left) and zwitterionic state (right).

The optical absorption study of dyad 2 was performed by Ratera et al.®.
Three main bands were observed at 387, 442 and 500 nm; the first intense band
is characteristic of the PTM radical while the two following weak bands have been
assignedto  bridge PTM acceptor CT band. Focusing in the NIR region (Figure
2.6), an intense broad band due to the IET process from the Fc unit to the radical

was observed around 1000 nm.

1406}

a-henane
o,
-"\\ Tohsne
Dy — Anisod

Q‘\_ Benunomignle
Muirrhenremns

T ¥ ¥ T T T
fo L] b L] 1 0K (L] 1200 13040

Wavelength [nm]

Figure 2.6: IET band of dyad 2 in solvents with different polarity.

This absorption band (shape and maximum position) is strongly solvent de-
pendent and show positive solvtochromism (varying from 892 nm in n hexane
to 1003 nm in DMSO) with the charge-separated excited state more stabilized in

polar solvents and thus showing less intense C'T absorption bands.
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The reversible interconversion between the two electronic isomers of dyad
2 (neutral and zwitterionic) in crystalline solid state was found to be thermally
induced?*. From Mdssbauer spectroscopy performed in the temperature range
of 293 to 4.2 K reported in Figure 2.7, it is possible to observe that the typical

quadrupole doublet of Fc appears at the lowest temperature (4.2 K).
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Figure 2.7: °/Fe Mdssbauer spectra of dyad 2 at different temperatures.

However a new quadrupole doublet characteristic of the ferricinium cation
appears as the temperature increases; indicating that the electron transfer from the
Fc to the PTM radical is induced. The critical temperature (7¢) at which there
are almost equal amounts of both electronic isomers is found to be near to room-
temperature (293 K) which is very interesting if we want to think about further

applications of this molecular system.
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2.1.4 The role of electrostatic intermolecular interactions

Since molecular materials are promising candidates for new and revolution-
ary applications, the possibility to handle interpretative tools that guide the syn-
thetic routes from molecular to supramolecular level represents a great challenge to
devise the relationships between the supramolecular structure and the properties
of the material?°,

As result of intermolecular interactions like dispersion forces and intermolec-
ular charge-transfer interactions, nonadditive-collective behavior appears in molec-
ular materials. In fact, it was suggested by Krugler e al.?° that electronic structures
of the molecules can vary in a great manner when they are considered in the crys-
tal lattice or as isolated molecules due to the presence of strong intermolecular
electronic interactions“’.

Thus, important collective and cooperative effects are expected in polar and
polarizable molecules. In this line, Terenziani and Painelli®® presented a simple
and very interesting model for clusters of polar and polarizable molecules where
only classical electrostatic intermolecular interactions are taken into considera-
tion?’. In this model, each molecular unit is described in terms of a two-state
model, which re- presents the simplest picture to describe polar molecules; and it
is based on the Mulliken model which has been originally proposed to describe
D A CT complexes in solution?.

To understand electrostatic interactions is necessary to take into account
that each molecule in the material experiences the local electric field generated by
the surrounding molecules in a significant feedback mechanism that is responsi-
ble for large collective and cooperative effects?>. Moreover, the large dependence
of the molecular polarity on supramolecular interactions give place to collective
effects in the ground state. As a consequence of the large molecular polarizabil-
ity of push-pull chromophores, the surrounding medium like the solvent can be
used to tune the polarity of such molecules?”*", The authors extend this concept
to supramolecular interactions in molecular materials and demonstrate that such

interactions can widely tune the molecular polarity, and eventually lead it across

the neutral-zwitterionic interface. Thus, molecular materials have the possibility to
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support true phase transitions i.e. from the neutral to the zwitterionic state driven

. . . 5
by cooperative interactions 2,

The essential Ktwo- and three-statesX model for Fc PTM dyads

Few years ago a theoretical approach based on the “two-statesX model was
developed by Painelli ¢t al., in a joint work with our group. Such essential model
tries to rationalize the bistability phenomenon observed for dyad 2 in the solid
state!”.

Since,the DA D* A resonance (Figure 2.5) governs the low-energy states
of dyad 2; the minimal model that just accounts for the two basic electronic states
that correspond to the following two resonating structures: IDA and ID* A use

the relevant Hamiltonian®%31:

B=2:K ¢(DA D" A + D" A DA) (2.1)

where Nis the ionicity operator, 2z is the ionization energy, meaning the energy gap
between the two basis states, and ¢ is the hybridization energy that corresponds
to the matrix element that mixes the two basis states. The ground and the excited
state are given by the diagonalization of the two-state Hamiltonian. Such states
are defined in terms of a single parameter that measures the molecular ionicity,
meaning the fraction of electron transferred in the ground state from D to A .
Depending on the sign of z, the ground state can be dominated by the neutral or
zwitterionic state. Thus, positive z indicates that the ground state is neutral ( <
0.5) and on the contrary, it becomes zwitterionic for negative z (> 0.5) 32 At the
neutral-zwitterionic interface, z = 0 and = 0.5.

Additionally, for neutral systems, the electron transfer transition goes from
the ground-state (small dipole-moment) toward the excited-state (large dipole mo-
ment). Due to the fact that polar solvents stabilize polar states, for neutral systems
as increase the solvent polarity, a red-shift of the absorption band is observed. Fur-
ther information about the molecular properties can be extracted from the high
solvatochromism showed by these polar dyes. Solvent-independent molecular para-

meters can be extracted from the analysis of solution spectra based on the model
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proposed by Painelli ez al.?>3!. An electric field, called the reaction field Fg is
generated by the polarization of the solvent that surrounds a polar solute, and it is
proportional to the dipole moment of the solute. This electric field decreases the
energy of the zwitterionic (ID™ A ) state and presents two main contributions.
One due to the polarization of the electronic clouds of the solvent molecules and
the other due to the reorientation of polar solvent molecules around the polar so-
lute’, Treating the solvent as a continuum elastic medium, the solvent relaxation
energy o, is the parameter needed to define the polar solvation. It measures the
decrease of the ID™ A IDA gap resulting of the reorientation of the solvent and
depends on both, the refractive index and the dielectric constant of the solvent and

also on the shape and the dimensions of the molecular solute.

The quantitatively rationalization of the bistability of dyad 2 in solid state
at different temperatures combine both the molecular parameters extracted from
the detailed analysis of the solution spectra and the model that account the coop-
erative electrostatic intermolecular interactions in crystals which is supported by
quantum chemical calculations. The intermolecular electron transfer process was
neglected since the intermolecular distances in dyad 2 are large enough to prevent
such process which was supported by the crystal structure of this dyad!!. For an

extended description of the model, the lector is referred to ref.!’.

The “two-statesX model previously described only accounts for the absorp-
tion band associated with the IET between the donor and the acceptor units
of D A dyads. An extension of such model to account for the electronic influ-
ence of the bridge was proposed by Grisanti et al.?®, through the analysis of the
energy band related to the electron transfer between the  electron of the vinylene

bond and the acceptor ( to A). In this case the general resonating structures:

Fc PTM Fc¢ * PTM Fc* PTM need to be considered; where

the two states described in the “two-statesX model, the neutral (Fc¢ PTM) and
the second zwitterionic (Fc* PTM ), largely predominate over the first zwitte-
rionic (Fc~* PTM ) state which presents a higher energy. In this model, some

approximations were adopted since a detailed parametrization, results diX cult and

involve a considerable increase of the number of parameters. The “three-statesX
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model do not add much to the understanding of the IET process of Fc PTM dyads,
whose basic features were already well captured by the “two-statesk model'’. More

details of the “three-statesX model can be found in ref.%.

2.2 Objectives

Along this chapter we will study the role of the electron donor strength on
the bistability phenomenon in Fc PTM radicals. Specifically, we will study the
bistability phenomena of the Fc® PTM dyad 3. This dyad contains eight methyl
groups as substituents of the Fc moiety which will increase its donor ability. We
will be interested in observing how such increase of donor ability favor the IET
following the evolution of absorption spectrum in the UV-Vis-NIR region. We will
also study the possibility to stabilize the neutral (N) or the zwitterionic (Z) state
of dyad 3 in solution by playing with the polarity of the solvent used.

Finally, we will study the bistability phenomenon of this dyad by using sol-
vents with an intermediate polarity to see if it is possible to observe the coexistence
of both electronic stable states: N and Z claiming a true bistability for this molec-
ular system in solution. Finally, we will be also interested to study the temperature
induced bistability in solid state of the system with the methylated ferrocene to

compare it with the one previously observed for the non-methylated unit.

2.3 Study of the bistability phenomena in Fc® PTM
dyad 3"

The opportunity to play with the donor ability of the Fc subunit in these
valence tautomeric systems can be used to favor the control of the observed bista-
bility phenomenon. In this line, a new D A system 3 was synthesized” with the

Fc substituted by eight methyl groups. The study of dyad 3 both in solution and

"This study has been published as a part of the paper entitled “Bistability of Fc PTM-based

dyads. The role of the donor strenghtX**.
fCompound synthesized in the framework of the PhD Thesis of Dr. Judith Guasch at Institut

de Ciéncia de Materials de Barcelona
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in solid is interesting. In fact, remarkable differences in the electron transport
mechanism of a molecule only induced by its environment have been previously
observed for similar systems®. Additionally, this study is supported by the expected
higher donor capacity of the Fc obtained by its chemical modification and also by
the previous results (positive solvatochromism) obtained for the non-methylated
dyad 2.

On the other hand, the addition of methyl substituents to the Fc will decrease
its redox potential thanks to the electron-donating ability of the methyl groups.
This modification, will also provide more solubility and stability to the ferrocenium
cations due, in part, to the steric hindrance around the iron atom which is increased

by the presence of the methyl groups® %",

2.3.1 Synthesis of dyad 3

The radical dyad 3 was synthesized in three main steps with a good yield,
from the protonated phosphonate PTM derivative (20) and the octamethylferrocene-
carboxaldehyde (19)2*. Details about the synthesis is given in Chapter 7 which

corresponds to the Experimental Part of this thesis.

t-BuOK

THF
-78°C / 0°C / 1.t.

CH,PO(OCH,CHa),
19

20

AgNO3

CH,Cl, / CHsCN

Scheme 2.1: Synthesis of dyad 3.
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First, a Wittig-Horner-Emmons reaction between precursors 19 and 20 yields
the -conjugated hydrocarbon derivative 3H, which was deprotonated, under red
light conditions, by using potassium hydroxide giving place to the anionic deriva-
tive 3a. The anionic derivative 3a was oxidized with silver nitrate resulting in
the desired dyad 3 (Scheme 2.1) as dark brown microcrystals with a high stability

under atmospheric conditions.

2.3.2 UV-Vis-NIR and CV characterization of dyad 3

Dyad 3 was studied in solution through UV/Vis/NIR spectroscopy. Solvents
with different polarity from n-hexane to dimethylformamide (DMF) covering ace-
tone and tetrahydrofuran (THF) were used to evaluate the dependence of thisD A
system on the surrounding media. A concentration of 5E-5 M was used for all mea-
surements and in order to avoid any decomposition of the radical the experimental
part was made in a dark room. The spectra obtained from solvents with different

polarity are shown in Figure 2.8.

——n-Hexane

——Toluene
Anisole

——CHyClyp

——CHCI3

—— Ethyl Acetate

—— Nitrobenzene

m— ——— -250

400 800 1200 1600 2000 800 1200 1600 2000
I (nm) I (nm)

(a) (b)

Figure 2.8: (a) UV-Vis-NIR spectra of dyad 3 obtained in different solvents and (b) a zoom of its
IET band in the NIR region.

Like the non-methylated dyad 2; dyad 3 shows the typical intense radical
absorption band around 385 nm accompanied by two weaker bands located around
490 and 645 nm which have been ascribed to the electronic conjugation of the

unpaired electrons into the -framework of the unsaturated substituents at the
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para position; specifically these bands are related with a CT from the -bridge to
the PTM acceptor®.

Further information was obtained from the broad band observed in the NIR
region. Since this band appears at lower energy, it has been associated with the
electron transfer process involved from the donor (Fc) to the acceptor (PTM) part
of the dyad. This band follows the Lambert-Beer Law confirming the intramolec-
ular character of the electron transfer process as it has been described for dyad
28, From Figure 2.8(b), it is possible to appreciate that both the shape and the
maxima position of the IET band show a direct relation with the nature of the
solvent used. Moreover, a positive solvatochromism was identified due to the shift
to lower energies observed at the maxima position of the IET ( = 174 nm;

= 940 cm !) when the polarity of the solvent changes. Thus, this band varied
from 1276 nm (7837 cm 1) in n-hexane to 1450 nm (6897 cm !) in anisole.

Comparing the octamethylated dyad 3 with respect to the previously de-
scribed non-methylated dyad 2, a sizeable red-shift of the IET band was observed.
For instance, in n-hexane dyad 2 shows the maxima position of the IET band at
891 nm® while dyad 3 shows it at 1276 nm. This displacement towards lower ener-
gies is in agreement with the enhancement of the donor ability of the Fc in dyad 3
thanks to the presence of the eight methyl substituents groups; which means that

less energy is required to achieve the electron movement inside the molecule.
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Figure 2.9: Cyclic voltammetries of a solution of (a) dyad 28 and (a) dyad 3! in CHyCly using
n-BuyNPFg.
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This was also confirmed by cyclic voltammetry (CV)(Figure 2.9) measure-
ments where for dyad 3 the two reversible processes of the redox centers appear
at +216 mV and -212 mV corresponding to the oxidation of the Fc unit and the
reduction of the PTM radical, respectively ( Ey.qox = 428 mV). While the same
processes in dyad 2 appear at +5687 mV and 177 mV with a E,.40x = 764 mV.
The lower difference between the first reduction and oxidation is also indicative of

the easiest IET taking place in dyad 3.

2.3.3 Solvent-induced bistability of dyad 3

The behavior of dyad 3 in solvents with intermediate polarity (i.e. acetone,
THF) and high polarity like DMF was also studied. The spectra collected from
the optical absorption measurements are shown in Figure 2.10. The absorption
spectrum performed in CHyCly (green line) clearly exhibit the characteristic bands
of the neutral ground state of dyad 3, namely an intense band at 387 nm (25840
cm 1) of the PTM together with the two weaker bands of the -conjugated bridge
and the broad IET band localized at lower energy.
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Figure 2.10: UV-Vis-NIR spectra of dyad 3 in solvents with different polarities. Inset: zoom of the

NIR region.

On the opposite, a unique intense band located at 530 nm (18868 cm 1y was
distinguished when a high polar solvent like DFM (red line) was used. This very
intense band corresponds to the anionic form of the PTM?%3%39; which is a clear
indication that in this media only the charge-separated state of dyad 3 is stabilized

due to the charge/spin transfer from the Fc to the PTM unit. In this case, the
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IET band practically fades out. Interestingly, the absorption spectrum of dyad 3
performed in solvents with an intermediate polarity like acetone or THF, shares
characteristic bands of the neutral and the zwitterionic state showing bands of
the PTM and PTM anion at the same time. Then, it was demonstrated that just
playing with the nature (polarity) of the solvent one can switch the equilibrium
between the two electronic isomers (N and Z) of dyad 3, and eventually force the
coexistence of both states being possible to observe the bistability phenomenon in

solution which it has not been possible for the non-methylated system 2.

Since the energy gap between the two involved low-energy distinct states in
solution usually has large values that diX cult the overcoming of this energy bar-
rier, the bistability is a non-common phenomenon observed in dyads like the ones
studied along this chapter. The behavior observed for dyad 3 in solution certainly
involves many factors. The bistability phenomenon probably has its origin in the
low E,.q40x value presented by this system thanks to the methylation of the fer-
rocene, which increase the electron donor strength of this moiety comparing with
dyad 2 and therefore achieve a lower energy gap between the neutral and the zwit-
terionic basis states. Additionally, the interactions of dyad 3 with the molecules
of solvent with an intermediate polarity are probably so strong that stabilize the
two electronic isomers (N and Z). Hence, the influence of the nature of the solvent

over the bistability phenomenon is probed.

In the effort to understand the bistability phenomena observed in dyad 3,
Prof. Anna Painelli et al.>* have modeled this system using the two-state model
previously mentioned. Through this model, it was probed that in low polarity
solvents dyad 3 is in a largely neutral ground state while in DMF, the most polar
solvent considered along this study, dyad 3 is zwitterionic. A good representation
of this conclusion can be seen in Figure 2.11. Here, the black continuous lines show

the ground state energy as a function of the solvent reaction field, F,,, calculated

for dyad 3 (for details see ref. 34,

In low polarity solvents like chloroform (panel a) and dichloromethane (panel
b) the energy of the neutral basis state (violet line) is much lower than the energy

of the zwitterionic basis state (orange line), then the ground state potential energy
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surface (black line) is similar to the potential energy surface of the neutral (DA)
state (violet line) and the system is in a largely neutral state. However, in strongly
polar solvents like DMF (panel d) the zwitterionic state is greatly stabilized by the
interaction with the polar solvent and the ground state potential energy surface
(black line) shows a deep minimum corresponding to the zwitterionic state (orange
line). At room temperature, only the zwitterionic state is populated (black dashed
line).

Interesting, in the intermediate regime (acetone - panel c), the potential en-
ergy surfaces corresponding to the two neutral and zwitterionic states (violet and
orange lines, respectively) have similar energies and, the ground state potential
energy surface (black line) shows two minima corresponding to largely neutral
and zwitterionic states. Boltzmann distribution (black dashed line) shows that
both states are populated at ambient temperature, in agreement with experimental

results for acetone solutions®?.

Energy eV
Energy eV

Figure 2.11: Black continuous curves: ground state energy calculated for dyad 3 as a function of
the solvent reaction eld, F,,, for (a) CHCls, (b) CHqCly, (c) acetone and (d) DMF. Violet and
orange lines show the energies of neutral (DA) and zwitterionic (D*A ) state, respectively. Black
dashed line shows the r.t. Boltzmann probability distribution calculated based on the ground state

energy3*.

In conclusion, the evolution from a neutral to a zwitterionic ground state with
increasing solvent polarity and the coexistence of the two states in intermediate

polarity solvents is well captured by the two-state model.
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2.3.4 Temperature induced bistability of dyad 3 in solid state

As it has been mentioned, the possibility of tuning the molecular properties
by modifying the chemical structure is one of the most promising tools in molecular
materials.

Mossbauer measurements of dyad 3 and its protonated analogous 3H were

L 34

recorded at different temperatures by Guasch ez al.”*, and the spectra are shown

in Figure 2.12.
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Figure 2.12: M@gssbauer spectra of a crystalline sample of dyad 3 (up) and its protonated precursor

3H (bottom) at different temperatures.

As it can be appreciated, at 295 K two doublets are distinguished which
correspond to the Fe (II) (32%) and Fe (III) (68%) ions of the Fc and ferrocenium
cation, respectively. However, the proportion of the zwitterionic (D*A ) form of
dyad 3 with respect to the neutral (D A) form at this temperature is higher than
the one observed for 2 (Fe (III) 60%) without methylene substituents. On the
other hand, Mdssbauer spectra of the protonated precursor 3H, taken at different

temperature (295 and 78 K) only show the Fe (II) doublet, which is in agreement
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with the fact that in this compound the IET is prevented by the protonation of the
PTM unit** (Figure 2.12 bottom).

Through these measurements it was demonstrated that the enhancement of
the donor ability of the Fc by the incorporation of eight methyl groups act favour-
ing the zwitterionic state of these kind of D A systems at room temperature which
result of special interest for possible applications in which small energy is required
(light, temperature, pressure) to achieve the switch between these two electronic
isomers. As it has been previously observed for dyad 2, in solid state, the inter-
molecular interactions play a decisive role on the stabilization of the two stable
electronic states of dyad 3 favoring the simultaneously existence of both of them
and thus allowing the bistability phenomena to take place.

Once again, with the aim to support with a theoretic model the bistability
phenomena observed in crystals of dyad 3, Prof. Anna Painelli e al.>* have used
the bottom-up modeling strategy, where electrostatic intermolecular interactions
are introduced in the mean-field approximation. Molecular model parameters ob-
tained from the analysis of solution spectra of dyad 3 were used and important
information about the crystal was given by M, the electrostatic (Madelung) energy
of a lattice of molecules in the zwitterionic DA state. In this sense, for attrac-
tive intermolecular interactions, M is negative and the energy required to create a
zwitterionic molecule is reduced in the crystal.

The curve observed in the left panel of Figure 2.13, describes a crystal of
largely neutral molecules ( 0) for relatively weak electrostatic interactions and
a crystal of zwitterions (1) for strong interactions. In the intermediate region,
the two stable solutions for the Hamiltonian present in Equation 2.2 corresponds to
a crystal of largely neutral or largely ionic molecules. Then, the model for dyad 3
crystal supports bistability, in the case that the strength of electrostatic interactions

falls in the region -0.87 eV < M < 0.67 eV .

1
Hcry(Zcry ¢) = hel(zcry ¢) + 5 qu M 2 (22)

To confirm the model for bistability in dyad 3 crystals, M was calculated using an-
other expression. Data observed in the black scale in the right panel of Figure 2.13

confirm that increasing the applied field, the molecules are driven from a largely
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neutral ground state (no field) to a zwitterionic state (large applied field). Closed
and open symbols refer to results obtained for the molecular geometry at room
and low temperature, respectively. At low fields a smooth and almost linear . (F)
dependence is observed (molecule in a largely neutral state). With increasing field
an abrupt jump in the calculated dipole is observed, toward another region of
smooth and almost linear behavior (largely zwitterionic state). The threshold field
estimated for dyad 3 is lower than the value previously obtained for dyad 2, which
is in agreement with the stronger donor character of the methylated Fc group. On
the other hand, the red squares show the Madelung energy calculated. Madelung
energies estimated in the neutral regime are negligible with respect to the values
obtained in the F-range (region comprised between the two vertical dashed lines)
relevant to the zwitterionic regime. Important is the fact that the estimated inter-
val of M values largely overlaps with the bistability window predicted for dyad 3.
Thus, the proposed model really supports the hypothesis that the bistability ob-

served in crystals of dyad 3 is induced by cooperative intermolecular electrostatic

interactions®*.
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Figure 2.13: a) Graph of the molecular ionicity ( ) calculated as a function of M and b) graph of the
calculated component of the dipole moment along the D A direction (black points) and calculated

Madelung energy (red squares) as a function of the applied electric eld .

2.4 Summary and Perspectives: moving forward to

a new dimension

After introducing that dyad 2 present bistability in solid state (3D) thanks to

the cooperative intermolecular electrostatic forces that drive the coexistence of the
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neutral and zwitterionic states at different temperatures, in this chapter we have
seen that enhancing the donor ability of the Fc unit by the methylation of the two
cyclopentadienyl rings, it was possible to reduce the energy gap between these two
stable electronic states and thus favor the stabilization of the charge-separated state
at room temperature. This observation was reflected in the higher proportion of the
zwitterionic state observed in the corresponding Md6ssbauer spectrum, comparing

with that observed for dyad 2 at the same temperature.

In solution, it has been demonstrated that just by playing with the nature
(polarity) of the solvent one can also switch the equilibrium between the two elec-
tronic states (N or Z) of dyad 3, and eventually force the coexistence of both state
being possible to observe the bistability phenomenon in solution which it has not
been possible for the non-methylated dyad 2. Once we have deeply studied these
D A systems in bulk (solution and crystal), in order to exploit its possible use as
multifunctional molecular materials for advanced applications we need to support
them on a metallic substrate which at the same time will allow to easily integrate
them into devices. To specifically evaluate the possible applications, a deep under-
standing of their properties at the nanoscale once supported and structured on a

metallic surface will be of fundamental interest.

In fact, the possibility to stabilize one or the other electronic state applying
an external stimulus such as temperature (in solid) or solvent and light (in solu-
tion) give a great motivation to think that these two systems will show interesting
properties at the nanoscale. Thus, an interesting framework of opportunities are
opened to work with these kinds of D A systems as self-assembled structures in
two dimensions (2D) where the different intermolecular interactions as a collective
behavior are predicted to have a strong influence in the final property obtained in

comparison with the 3D.

Thus, in the next chapters we will focus our attention into the study of the
electronic properties of Fc PTM based D A systems deposited on surfaces as self-
assembled monolayers (SAMs). In this regard, not only the bistability phenomena
will be pursued at the nanoscale but also the use of this systems to modify the work

function of electrodes or its use as molecular rectifiers. In general, a deep study
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of how moving from 3D to 2D at the nanoscale could influence the properties of a

molecular system will be perform.
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Xn any moment of decision the best thing you can do is
the right thing, the next best thing you can do is the wrong

thing, and the worst thing you can do is nothing®

Theodore Roosevelt

Self-assembled monolayers of Fc PTM radical

dyads on surfaces

3.1 Introduction

Curiosity and need are two of the principal sources that promote discovery
and development of fundamental knowledge and interesting technologies that have
led us to a new era, where the relationship between el ciency, ultra-small sizes
and new properties of the matter have attracted the attention of many research
groups around the world. Physical and material properties of what around us at
macroscopic scale are known, but new questions and challenges are faced when a
“world of nanometer scalelis explored. At nanoscale, systems can show interest-
ing and useful physical behaviors based on quantum or subdomain phenomena.
Such nanosystems with sizes ranging from 1 to 100 nm, are obtained by chemical
synthetic methods and can be applied in materials science, medicine, magnetic

storage media or in electronic or optical devices’

. The recent development of
techniques with atomic resolution that reach the visualization and manipulation of
nanoscale structures has meant a breakthrough in the field.

39
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Unlike macroscopic materials, a high percentage of the constituent atoms of
nanoscale structures are at the interface i.e. on a surface in case of SAMs. Then,
such components experience a different environment from the bulk, giving place
to different free energies, electronic states, reactivities, mobilities, and structures
which are related to intermolecular forces. In fact, the properties of an interface can
vary both along and perpendicular to it%. In this sense, self-assembly of molecules
at the nanoscale offer a favorable way to study the properties of both the interface

and the nanosystem which can be used as a component in molecular electronic.

3.1.1 Self-assembled monolayers as a way of nanofabrication

Self-assembled monolayers (SAMs), are organic organizations that through
a spontaneous process of adsorption and self-assembly of molecular components
form organized nanostructures. The molecular components can be transferred
from a solution or a gas phase over a surface of solids. Since, the thickness of a
SAM is normally between 1 3 nm, they are considered as the most elementary

form of a nanometer-scale organic thin-film material®.

Structure of the molecules for SAMs

The structure of the molecular components used to prepare SAMs is of cru-
cial importance. Basically they have to contain three principal parts; i) a head
group, which has a specific aX nity for the substrate (e.g. thiol or disulfide groups
are used to anchor molecules on gold surfaces), i7) a molecular spacer, which acts
as insulating component between the substrate and the terminal functional group,
and #ii) a functional group or active part which will be used to tailor the prop-
erties of the surface. These three basic components are shown schematically in
Figure 3.1.

Through chemical synthesis the different parts of the molecular components
used for preparing SAMs can be modified taking into account that the organic inter-
face, defined by the terminal functional group will determine the surface properties
and the type of spacer chain will act over the molecular packing and could disturb

the electronic properties (i.e. conductivity) of the monolayer. At the end, the de-
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sired surface property will conduce any modification of the molecular components.
The most widely studied SAMs are alkanethiols on metals, and more specifically

on Au due to the strong strength of the S Au bond (50 kcal mol 1)?.

Functional group
Spncur._.

Head group

Substrate

Figure 3.1: Schematic diagram of a SAM of alkanethiols on a gold surface with its principal parts.

General preparation of SAMs

Depending on the application of a SAM, both the substrate and the method
of preparation can change. The most common substrates used are thin films (few
nanometers) of metal supported on diverse substrates like: silicon wafers, glass,
mica or plastics!. A general and basic procedure of SAMs preparation include the
immersion of a freshly cleaned substrate into a solution of organic molecules during
some hours at room temperature. The most common solvent used to prepared
SAMs of thiol molecules is ethanol, however other organic solvents can be used
in the process. In the same way, different concentrations can be used, which can
be between 1 10 mM. Nevertheless, for each specific case all the experimental
details need to be developed and optimized in order to achieve reproducible and
organized molecular monolayers.

During the preparation of SAMs, several experimental factors can affect the
final structure of the monolayer as well as the rate of formation. These factors are’:
a) Cleanness of the substrate: a clean substrate, free of any dust will help to the
adsorption of the molecules since in other case, the head group of the molecules
(e.g. thiols) must displace any foreign material previously adsorbed onto the sub-
strate (specially carbon and oxygen from the atmosphere) before forming any in-
teraction with the substrate. In this sense, the adsorption of the molecules can be

considered as an exchange process.
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b) Solvent: the interactions of the solvent molecules with both the adsorbate (sol-
vatation effects) and with the substrate can affect the dynamic equilibrium that
governs the kinetics of formation of the monolayers and the mechanism of the as-
sembly. Moreover, independently of the solvent used, a high purity is required as
well as a low toxicity. Additionally, an inert atmosphere over the solution which
has been previously degassed usually improves the reproducibility of the SAMs
prepared and maintain their properties reducing possible oxidative processes dur-
ing the formation of the SAM*°,

c) Purity of the adsorbate: impurities present on the molecules used to prepare
SAMs can influence on the adsorption process and also can give place to impor-
tant defects in the structure of the monolayers. Moreover, the structure of the
adsorbate (chain length with odd or even carbon atoms, terminal groups, facility
to form hydrogen bonds, etc.) can favor the weak interactions between adjacent
molecules and thus improve the packing.

d) Concentration of adsorbate and immersion time: to achieve modified sur-
faces with high molecular coverage it is necessary to find the better commitment
between these two factors. Long periods of immersion in diluted solutions of
molecules or vice versa, do not guarantee the correct self-organization of the
molecules on the surface and neither their properties.

e) Temperature: specially at the very beginning of the self-assembly process can
have a strong influence on the structure of the SAMs, increasing the temperature

usually favours the kinetics of formation and reduce the number of defects®”’.

Molecular orientation and process of formation of SAMs

The formation process of SAMs can be considered as a two general steps pro-
cess, the first one is characterized by a fast disordered adsorption of the molecules
over the clean substrate, while the second slow step entails the self-organization of
the adsorbed molecules to form a well-defined structure. Each of these processes is
carried out in different times, while the adsorption of the molecules can happen in
few minutes, the reorganization of the dynamic systems over the surface can take

from a few to many hours in order to obtain the maximum density of molecules.
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The adsorption of the molecules on a surface, implies i) the formation of a
S Au bond, which is associated with a certain tilt angle according to the position
acquired by the sulfur head groups; together with other factors like ii) the inher-
ent intermolecular forces that drive the average direction of the molecular packing
within the monolayer. More specifically, three parameters can define the order and
orientation of molecules adsorbed on a substrate: the angle of the tilt of the molec-
ular axis with respect to the substrate normal ( ,,), the angle of rotation (twist)
of the hydrocarbon chain plane around the molecular axis ( ;), and the angle of
precession (v,) around the surface normal which determines the tilt direction and
is given by the projection of molecule on the substrate plane®’. These angles are

represented in Figure 3.2.

Figure 3.2: Schematic representation of an alkanethiolate molecule adsorbed on a surface in a

standing up con guration.

Defects in SAMs

Since the quality of the monolayer depends strongly on the nature of the sur-
face used, any defect on it (e.g. vacancy islands, step edges or intergrain bound-
aries) will affect the final structure of the monolayers'’. However, not only the im-
perfections of the substrate affect the monolayer but also the interactions between
molecules. Typical defects of SAMs of alkanethiols on Au(111) are missing rows
specially when short molecules are used; vacancy Au islands produced during the
self-assembly process; molecular defects induced by the absence of molecules or

a disorder of them; domains boundaries characterized by a strong disorder of the
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molecules?, etc. Minimizing such defects is one of the key points to be considered

during the optimization process for their preparation.

3.1.2 General characterization and applications of SAMs

Several techniques for surface analysis and physical characterization are used
to study SAMs. Within spectroscopy-based techniques one can find the polarization-
modulation infrared reflection adsorption spectroscopy (PM-IRRAS) used to study
the transition dipoles associated with vibrational modes which allows to know the
average molecular orientation and also the chemical composition of nanostruc-
tured systems. PM-IRRAS shows great advantages over the conventional IRRAS
because different absorption of p- and s-polarized light at large angles of incidence
are simultaneously obtained. Then the disturbing atmospheric absorptions caused
by water vapour and COg are eliminated since the molecules on metal surfaces only
interact with the p-polarized fraction of light, then the reference of a clean substrate
is not required. X-ray photoelectron spectroscopy (XPS) is another surface ana-
lysis technique employed to study the binding state of the atoms constituents of
the molecules as well as their electronic structure and the mass coverage. Near-
edge X-ray absorption fine structure spectroscopy (NEXAFS) gives information
about the average orientation and the contribution of selected atoms on the un-
occupied molecular orbitals. Surface-enhanced raman scattering (SERS) allows
to determine chemical information of molecules on metallic substrates based on
their vibrational modes. Microscopy-based techniques such as scanning tunneling
microscopy (STM) and atomic force microscopy (AFM) provides direct images of
the structure of the monolayers. Other SAM characterization techniques include
contact angle measurements used to determine the wetting behavior of the surface
and surface energies; surface plasmon resonance (SPR), ellipsometry and quartz
crystal microbalance (QCM) used to provide information related to the thickness
or surface coverage. Time-offlight secondary ion mass spectrometry (ToF-SIMS)
used to study the mass and get information about the structural composition of
the monolayers. This technique uses a pulsed primary ion beam to desorb and

ionize species from a surface. The resulting secondary ions are accelerated into
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the mass spectrometer, where they are analyzed by measuring their time-offlight
from the surface to the detector which is directly related with the mass of the flying
ions. Electron spin resonance (ESR) allows the analysis of the magnetic character
of the monolayer”’. In case SAMs contain electroactive molecules, cyclic voltam-
metry (CV) can be used to study the redox process of the molecular monolayer.
This technique is also useful to analyse the stability of the SAM and to probe the
chemisorption of the molecules on the surface.

The applications of SAMs include: the modification of surface properties
(e.g. tuning of the wettability), the immobilization of different species or functional
groups to be used in sensors and biosensors, and also the development of devices
at the nanoscale for electronics and their use as nano-templates, among others?.
The easy of preparation as well as the versatility of the molecular components used
in SAMs give an important tool to explore a world that it has only started to be

discovered.

3.1.3 Motivation for using D A systems as functional molecules

to functionalize surfaces

Different molecules can be used as building blocks in the molecular self-
assembly processes; these molecules carry themselves the necessary information
to construct defined supramolecular structures like SAMs.

In the last decades a large number of studies of SAMs on different substrates
have been done®!'~1*, In this context, donor-acceptor (D A) SAMs have attracted
special attention for rectification studies'>!®. Moreover D A SAMs that show
high stability and desirable electronic properties are important for applications
in molecular electronics!’ like: design of molecular switches, modification of the
work function of electrodes to control the charge-injection barriers or for the in-
vestigation of photovoltaic charge-carrier generation'®, etc.

In the framework of this work, D A SAMs based on Fc PTM derivatives
have been chosen to take advantage of the possibility to obtain oriented dipoles
on surface which allows the modification of its effective work function and also as

a good platform to perform studies of current rectification.



46 Chapter 3 Self-assembled monolayers of Fc PTM radical dyads on surfaces

SAMs containing Fc or PTM building blocks separately, have been prepared
and studied. SAMs of Fc have been widely reported in the literature*! due to
the redox-active character of this moiety which allows the study of electric and
surface properties since Fc may act as a local molecular switch because the con-
duction through the two cyclopentadienyl ligand is poor in the reduced state but

effective in the ferricinium cations??

. In addition, conjugated bridges are desir-
able because -delocalisation increases the coupling between two redox moieties
and if there is also a conjugated -system acting as spacer chain then could be
possible to achieve the coupling between the nearest redox unit and the electrode

(substrate) 2%?* favoring at the end the electron transport through the molecule.

SAMs of electroactive PTM radicals have been reported in our group on
different substrates such as gold?*~?’, silicon oxide?® and ITO% demonstrating
that it is possible to switch the electronic state of the molecule in a reversible way;
with the advantage that the electrical input can be transduced not only into optical
but also magnetic output depending on the stable redox state (radical or anion) of
the molecule. Changing the electronic state of the system it is possible to obtain
different surface wetting properties which can lead to future potential applications

of this material in the industry.

Therefore, taking advantages of the good characteristics of these building
blocks (Fc and PTM) as individual components as wellas D A systems (Fc PTM)
that show bistability in solid and in solution (Chapter 2), the functionalization of
a substrate with such oriented dipolar molecules involves important expectations
from a fundamental (i.e. charge transport study, surface potential modification,

etc.) and practical (i.e. molecular switches or molecular rectifiers) point of view.

Additionally, the possibility to control the stabilization of the neutral or the
zwitterionic state by applying an external stimulus such as temperature (in solid)
or solvent and light (in solution) observed in 3-dimensional (3D) structures offers
a great motivation to study if such control still can take place when moving from
3D D A systems to the bidimensional (2D) nanoscale of SAMs of oriented D A
systems based on the Fc unit and the PTM moiety linked trough a vinylene bridge.

Thus, an interesting framework of opportunities are opened to work with these kind
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of D A systems as self-assembled nanostructures where intermolecular interactions
as a collective behavior are predicted to have a strong influence in the final property

obtained.

Two principal D A systems will be used along this work: Fc PTM radi-
cal and its protonated closed-shell form Fc HPTM. Additionally, octamethylated
derivatives of the previously mentioned D A systems will be used because in-
creasing the donor ability of Fc PTM systems by the methylation of the ferrocene
moiety, favors the intramolecular electron transfer (IET) in solid state inducing a
higher proportion of the zwitterionic electronic state of the molecule with respect
to the neutral one at room temperature and also playing with the polarity of the
solvents is possible to stabilize either (neutral or zwitterionic) state of the molecule,
as it was previously study in Chapter 2. With these molecular systems we want to
study the influence of the open-shell structure over the electronic characteristics

and properties once they are nanostrutured on a surface.

3.1.4 General approaches used to functionalize Au surfaces

with D A systems

As it was mentioned, in the framework of this thesis we will be interested
to prepare SAMs of D A systems based on Fc PTM molecules. Two different
strategies can be employed to functionalize gold surfaces with functional molecular

units like D A systems: a one-step or a two-steps approach.

The two-steps approach consists in the prefunctionalization of the substrate
with a base anchoring molecule which has two terminal reactive groups localized in
opposite way, one of them is bonded to the substrate leaving the other one exposed
at molecule/air interface. Then, in a second step a functional molecule with a
complementary terminal reactive group is immobilized over the prefunctionalized
substrate by the specific recognition of the free reactive group and the formation
of a new covalent bond. A schematic representation of this approach is shown in

Figure 3.3.
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Figure 3.3: Scheme of the two-steps approach used for the Fc PTM functionalization of Au sub-

strates.

This approach has been previously used to functionalize SiO9 surfaces with
big size units. Crivillers ¢ al?® have reported the formation of SAMs of multi-
functional organic radicals by using the two-step approach. First, SiOy substrates
were functionalized with a monolayer of silane molecules and subsequently a PTM

radical derivative was immobilized by a covalent amide bond as shown Figure 3.4.
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Figure 3.4: Schematic representation of PTM SAMs formed by two-steps approach?®.
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In the one-step approach, a unique molecule that bears both the functional
D A system and the anchor group is directly self-assembled on the bare gold. A

schematic representation of this approach is shown in Figure 3.5.
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Figure 3.5: Scheme of the one-step approach used for the Fc PTM functionalization of Au sub-

strates.

The one-step approach has also been reported to be used for the formation

of PTM SAMs over gold surfaces?’.
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Figure 3.6: Schematic representation of PTM SAMs formed by one-steps approach?®.

In this work, both approaches will be used to prepared SAMs of D AFc PTM
systems. First, we will start using the two-steps approach to prepared SAMs of the
octamethylated Fc® PTM and of the non-methylated Fc PTM system and then,
the one-step approach will be used to obtain SAMs of the non-methylated Fc PTM.
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Each SAM will be fully characterized by different surface techniques in order
to probe the chemisorption process and a good coverage of the molecules over the

substrate.

3.2 Objectives

In this chapter two different approaches will be used to functionalize gold
surfaces with D A electroactive systems. We will start with the so called two-step
approach where molecules of 4-aminothiophenol (4 ATP) will be used to prefunc-
tionalize freshly cleaned gold substrates and the chemical coupling between these
molecules and Fc PTM derivatives will take place by means an imine condensa-

tion reaction, as it is shown in Figure 3.7.

R=H
R'=4,4H, 6, 6H

Figure 3.7: Schematic representation of the imine condensation reaction.

Four different Fc PTM derivatives will be synthesized for the preparation of
D A monolayers using the two-step approach. They are shown in Figure 3.8. The
principal characteristic of these Fc PTM derivatives is the presence of a carbonyl
( CHO) functional group which will react with the amine ( NHj) group of the

4 ATP molecules previously bonded on the gold substrate.
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(a)

(b)

Figure 3.8: D A derivatives used for the functionalization of surfaces based on (a) the non-

methylated Fc PTM and on (b) the octamethylated Fc® PTM.

To used the one-step approach, two new D A molecules that incorporate
an appropriate binding group (disulfide) and a spacer chain to isolate the D A

system from the gold substrate will be synthesized. They are showed in Figure 3.9.

Figure 3.9: D A Fc PTM derivatives using in the one-step approach.

Then, different D A SAMs will be fabricated and characterized using several

surface analysis techniques.
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3.3 Synthesis of Fc PTM derivatives to be used in
the two-step approach
3.3.1 Synthesis of the non-methylated Fc PTM derivative 4

The synthesis of the Fc PTM derivatives 4H and 4 was made following
a similar synthetic route like one previously described in Chapter 2 but using a

ferrocene biscarboxaldehyde instead of a monoaldehyde.

t-BuOK

THF
-78°C/0°C/r.t.

CH,PO(OCH,CHg),

20

CHCl, | TBAH

AgNO3

CHCl,

4 cl

Scheme 3.1: Synthesis of the aldehyde derivatives 4H and 4.

So, 4H was obtained after the purification of a mixture of mono and bi-
substituted molecules obtained from a Wittig-Horner-Emmons reaction taken place
between the ferrocene biscarboxaldehyde (16) and the phosphonate PTM deriva-
tive (20). Then, the radical 4 was obtained by the deprotonation of 4H and the
subsequent oxidation of the anionic specie; as is shown in Scheme 3.1. This pro-

cedure was made under red light conditions.
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3.3.2 Synthesis of the octamethylated Fc® PTM derivative 6

The synthesis of the Fc® PTM derivatives 6H and 6 was made following the
same synthetic route previously described for the non-methylated Fc PTM deriva-
tives using an octamethylated ferrocene biscarboxaldehyde. Thus, 6H was ob-
tained after the purification of a mixture of mono and bi-substituted molecules ob-
tained from a Wittig-Horner-Emmons reaction taken place between the octamethyl-
ferrocene biscarboxaldehyde (18) and the phosphonate PTM derivative (20). Then,
the radical 6 was obtained by the deprotonation of 6H and the subsequent oxi-
dation of the anionic specie, working in absent of light; as is shown in Scheme

3.2.

(@\ t-BuOK
D SRR " THF
otcm 2l -78°C /0°C/rt.
CH,PO(OCH,CHs),
18 20
CHCl, | KOH
212 c-6
AgNO3
CHCl,

Scheme 3.2: Synthesis of the aldehyde derivatives 6H and 6.

3.4 SAMs of Fc PTM derivatives using the two-
step approach

To prepared SAMs by the two-step approach, two different molecules were

used. In the first step, a freshly clean gold substrate was prefunctionalized with
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4 ATP molecules which structure is shown in Figure 3.10. This molecule has
on one side a thiol group ( SH) to anchor the molecule on a surface and on the
opposite side the functional amine group ( NHgy) which will create a good platform
to immobilize in a second step the D A derivatives conferring interesting and new

properties to the surface.

NH,

SH

Figure 3.10: 4-aminothiophenol.

The second step will consist in the surface condensation of an amino group
with an aldehyde group giving place to an imine covalent bond. For the second step

we will use the non-methylated CHO-Fc PTM radical (4) and its protonated form

CHO-Fc HPTM (4H); and the octamethylated CHO-Fc® PTM radical (6) and
its protonated form CHO-Fc® HPTM (6H) which are represented in Figure 3.8.

3.4.1 Preparation and characterization of the SAM SO

MH;
WH,
WH; |
HH; In
HE—{ Aol b
¥ Tk, i |
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. 1
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Figure 3.11: Schematic representation of the process of formation of the amino-terminated SAM

SO.

To prepare SAM S0, a gold substrate was cleaned using four different sol-
vents and an UV-ozone clean process (as it is reported in the experimental section)

in order to remove any organic soil over the substrate. Then, the freshly clean gold
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(Au 111 over mica or policrystalline Au over glass) was immersed in an ethanolic
solution 10 mM of 4 ATP for 24 h, under inert conditions (argon atmosphere)

30,31 Then, the amino-terminated

according to what is reported in the literature
monolayer SO was rinsed with enough ethanol to remove the physisorbed mate-
rial and finally was dried under an argon stream. Figure 3.11 shows a schematic
representation of the process. SAM S0 was characterized by different surfaces tech-

niques like: XPS, PM-IRRAS, AFM and contact angle; to guarantee the correct

formation of the monolayer.

The elemental composition of SO monolayer was investigated by XPS focus-
ing on the core-levels of sulfur, carbon and nitrogen atoms. The spectra obtained
for these elements are shown in Figure 3.12 and give relevant information on the
chemical nature of SAM S0. The C1s high-resolution spectrum has been fitted into
two main components. The highest peak observed at 284.6 eV was attribute to the
contribution of aromatic C C and C S bonds, while the peak shifted upwards in
energy (286.2 eV) corresponds to Cyrpn N bonds %32

The N1s high-resolution spectrum curve fitting shows two peaks close in
energy; the more intense peak observed at 399.4 eV was assigned to the free amino
group NHpy ( 75%) and the peak attributed to the protonated amine NHJ ( 25%)
was observed at 401 eV ?*3%33 a5 it has already been reported. Regarding to the S2p
high-resolution  spectrum, different peaks for the S 2p3y and
S 2p1 2 species were observed. The first doublet observed at 161.9 eV, 163.2 eV is
assigned to a covalent bond between the gold substrate and the sulfur of the
4 ATP monolayer SO. The next doublet around 163.9 eV, 164.9 eV was attributed
to unbounded thiols according to values reported in the literature. Free thiols
( 23%) probably are the results of the adsorption of some molecules through
30,34

an interaction between N atoms and the Au in the 4 ATP assembly as it

has been also previously described. Additionally, a broad S2p peak observed at
168.3 eV is assigned to oxidized sulfur species, possibly in the form of sulfonates >3/,
Oxidized sulfur species ( 17%) could come from molecules interacting with gold

through the nitrogen atom and also from 4 ATP molecules physisorbed on top of

the SAM caused by the interplane hydrogen bonds formed between the terminal
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functionality ( NHgy) of bounded 4 ATP thiolates and free 4 ATP molecules of

the bulk solution?’.
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Figure 3.12: High-resolution spectra of (a) Cls, (b) N1s, and (c) S2p of amino-terminated monolayer

S0.

The characterization of the molecular monolayer SO looking into its com-

position and chemical structure was made by PM-IRRAS. Figure 3.13 shows the

comparison between the infrared (IR) spectrum of the 4 ATP in bulk and the

PM-IRRAS spectrum of the amino-terminated SAM SO on gold. The relative in-

tensity of the bulk spectrum with respect to the monolayer was chosen to give an

easy visual comparison. It has to be taken into account because really meaningful

comparisons of the intensities of the two types of spectra would require quantita-

tive consideration of the optical and orientation effects at a metal interface*! and

for that they are not considering in this discussion.
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Three principal bands maintain a good correlation between the molecule
in 3D phase (bulk) and organized as 2D structure (SAM). The band observed
around 1620 cm ! is assigned to NHy in-plane deformation; while the band at
1492 cm 1 is related with C=C ring vibrations in-plane*. The intense band around
1593 cm ! is assigned to C C stretching vibration of benzene rings according to

the literature *3.
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Figure 3.13: PM-IRRAS spectra of SAM S0 compared with that of a bare substrate and the IR-

spectrum of the molecule in bulk.

Both analysis XPS and PM-IRRAS of SAM S0 confirm the presence of the

molecule in a chemisorbed form on the gold substrate.
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Figure 3.14: (a)5 m x5 m AFM image and (b) roughness pro le of the amino-terminated SAM
S0.

Additionally, AFM was used to analyze the homogeneity of the amino-terminated

SAM S0. Figure 3.14 shows the topography of the surface as well as the roughness
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profile in a random selected line across the AFM image. The topography follows
exactly the same corrugation of the gold which is indicative of the complete mono-
layer formation without defects.

The contact angle of a surface gives important information regarding its wet-
tability which is an intrinsic property of each system. Here contact angle measure-
ments of a 3 L Millipore water drop dispensed over the bare and functionalized
gold (SAM S0) were performed and mean values obtained from at least three repli-
cas were calculated. SAM S0 shows a lower contact angle (79 1.6) in comparison
with the bare gold (83 1.5) which indicates increased hydrophilicity due to the
presence of the amino-terminated groups (NHjy) which can form hydrogen bonds
with the water molecules.

Once it has been characterized the amino-terminated SAM S0 and confirmed
its chemisorbed nature. It is possible to continue with the preparation of the D A

monolayers, the main interest of this work.

3.4.2 Preparation and characterization of the octamethylated

Fc® PTM SAM S6 and S6-H

The coupling between the amino-terminated monolayer SO and the aldehyde
derivatives of the octamethylated Fc® PTM (6H and 6) will be done through the
formation of an imine bond**. Such bond will allow to maintain a -conjugated
structure along the whole system which will favour the study of charge transport
through these well-defined 2D structures. It is import to take into account that in
this imine condensation reaction two factors are essential: the availability of the
reactive groups for the nucleophilic attack from the amine to the aldehyde, and the
elimination of water molecules which at the end will determine the equilibrium of
the reaction.

For a good surface coverage (homogeneity), a proper packing of the 4 ATP
molecules and availability of the NHy groups at the top of the monolayer are es-
sential features in order to achieve a high yield of the imine condensation reaction.
Moreover, to displace the equilibrium of the reaction towards the imine formation

is important to use a dehydrating agent. Under these considerations, different con-
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ditions were tested in order to optimize the preparation of well-defined D A SAMs
using the two-step methodology.

Thus, after the preparation of S0, in the second step the freshly amino-
terminated SAM SO was immediately immersed in a solution [1 mM] of the corre-
sponding octamethylated Fc® PTM derivative (6 and 6H) under inert conditions.
Two different solvents were tried for each SAM, dry toluene and trimethyl ortho-
formate (TMOF). It has been reported that TMOF can be used as solvent and
dehydrated agent*> which it is expected to favour the imine condensation reac-
tion. The reaction was left for 48 hours under an argon atmosphere and finally the
new SAMs S6 and S6-H were rinsed with the same solvent used for their prepara-
tion in order to avoid breaking the imine bond. Finally, the SAMs were dried under
an argon stream. All the preparation process was made under red light conditions
since the PTM radicals are not stable under light in solution. Figure 3.15 shows a
schematic representation of the preparation process of SAMs S6 and S6-H on Au

substrates, using the two-step methodology.
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Figure 3.15: Schematic representation of the process of formation of the D A SAM S6 and its
protonated form S6-H.

SAMs S6 and S6-H were characterized using different surfaces science tech-
niques. The chemical composition of SAM S6-H was analyzed through PM-IRRAS.
The PM-IRRAS spectrum of S6-H is shown in Figure 3.16 and it is compared with
the spectra obtained for S0. A drop-casted sample of 6H in CHyCly [1ImM] di-
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rectly on a gold substrate was also used to compare. As it can be seen, a new
band appears around 1647 cm ! which is attributed to the formation of the imine
bond*®. The peak corresponding to the aldehyde group observed at 1668 cm 1
in the drop-casted 6H is not present in SAM S6-H. However, the broadness of
the imine band could indicate that some contribution of the in-plane deformation

band of free NHy (1620 cm 1) is overlapped.
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Figure 3.16: PM-IRRAS spectrum of SAM S6-H prepared with Tmof as solvent and comparison
with the amino-terminated SAM S0 and a sample of 6H drop-casted on gold.

Moreover, two additional bands were clearly observed at 1594 and 1492 cm !

which were attributed to C C stretching vibrations and C=C ring vibrations in-
plane*’ of the benzene rings, respectively. These bands have also been observed
for SAM S0. Then, it seems that we have several NHy groups in free state which
could be related with the big size of the PTM moieties in comparison with the size
of the 4 ATP molecules which is not allowing a total coverage of the surface with

the D A systems due to a steric hindrance.

1™ day
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Figure 3.17: PM-IRRAS spectra of SAM S6-H taken at different days along two weeks.



3.4 SAMs of Fe PTM derivatives using the two-step approach 61

In order to investigate the stability of the SAM S6-H, different measurements
along two weeks were performed and they are shown in Figure 3.17. Even though
the band observed around 1647 cm ! assigned to the imine condensation forma-
tion, is maintained along the time, its broadness changes. After one week it starts
to decay which is a clear indication of the sensitivity of this SAM. This band com-
pletely disappears after contact angle measurements which indicates the complete

hydrolysis of the imine bond, as shown Figure 3.18.

Hydrolysis

Initial

T T T T T T
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Figure 3.18: PM-IRRAS spectra of a freshly prepared SAM S6-H before and after hydrolysis.

Figure 3.19 shows the PM-IRRAS of S6 in comparison with the spectra of
SAMs S6-H and S0. The resolution of the spectra obtained for S6 is lower than

the others.
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Figure 3.19: Comparison of PM-IRRAS spectra of SAM S6 with respect to the protonated SAM
S6-H and the amino-terminated SAM SO0.

The band around 1648 cm ! even with lower resolution still can be observed

and was assigned to the imine formation (C=N), while the bands localized at 1594
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and 1494 cm ! could be related with the presence of unreacted 4 ATP molecules.
As it was also been observed for S6-H. This is an indication that we do not have
the surface complete functionalized with the D A system, but we have a mixed

monolayer of SO and S6.

As mentioned before the presence of bands corresponding to the SAM SO
is an indication that the PTM is bigger building block than the 4 ATP leaving
unreacted molecules but it can also be an indication that the imine formation has

a low yield.

Following with the analysis of the chemical structure of SAMs S6 and
S6-H, XPS measurements were performed focusing on the core level of S2p, Cls,
N1s, Fe2p and Cl2p. The high-resolution spectrum of each element was fitted and
the graphs obtained are shown in Figure 3.20 and 3.21. The binding energy values

are collected in Table 3.1.

The fitting of the high-resolution XPS spectrum for the S2p binding energy
region was similar for both monolayers S6 and S6-H. Three different species were
observed: gold bound thiolates (S 2p3 9 = 162.0 eV), unbound thiols (S 2p3 9
164.0 eV) and oxidized sulfur species (168.3 eV). Such peaks are quite similar to

that observed in the amino-terminated SAM SO.

The curve fitting performed in the Cls region showed three bands. The bi-
gger one is localized at 284.6 eV and was attributed to both C C and Cgrpm S
bond®. The band observed at 286.3 eV was assigned to the contribution of
Curom N and sp? carbon atoms present in the chlorinated phenyl groups of the

PTM moiety48. Finally, the band at 288.0 eV was related with C Cl bonds 49,

The common organic nitrogen functionalities give N1s binding energies in
the narrow region 399 401 eV®2. N1s XPS spectra for both monolayers (S6 and
S6-H) were fitted to two bands, one band at 399.8 eV which is characteristic of
a free amino group NHy* and other at lower energy (398.9 eV). Since the in-
crease on the basicity of a nitrogen atom induces a shift towards lower binding
energies®®°’| this new band clearly reflects the imine formation (C=N) in both
SAMs S6 and S6-H, as imine is a stronger base than amine. However, only a

few percentage ( 15%) of the N1s found in these SAMs corresponds to the imine
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formation which corroborates that we have mixed monolayers, as it has been pre-

viously suggested from the PM-IRRAS analysis.
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Figure 3.20: High resolution spectra of S2p of (a) S6, (b) S6-H, and (c) a comparison of both, Cls
of (d) S6, (e) S6-H and (f) a comparison of both, N1s of (g) S6, (h) S6-H and (i) a comparison of
both.

Regarding to the iron element, it is known that the peak positions of Fe 2p; o
and Fe 2p3 9 depends on the ionic state of the atom; so special attention was put
in the deconvolution of the spectrum of this element which has been obtained with
very low resolution for both monolayers S6 and S6-H even the accumulation of
many scans. Such low resolution can be due to the fact that there is only one iron

atom per molecule but also to the low yield of the imine condensation reaction in
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the second step.

The poor signal-to-noise ratio of these spectra does not allow a clear identifi-
cation of the iron species. However it seems that the reduce state of iron is present
in S6-H while in S6 peaks at binding energies associated with both reduced and

1. seems to be observed.

oxidized state according to that reported in the literature®
But the low resolution obtained for these spectra and the high noise level do not
allow to extract more conclusions from these data. Nevertheless it seems that we

only have few active molecules on the surface.

Finally, the Cl2p spectra for S6 and S6-H showed a common doublet around
200.6  202.5 eV which corresponds to Cl 2p3 9 and Cl 2p; 9, respectively. Such
bands are characteristics of C Cl bonds present in the PTM moiety*®. Regarding
to the Cl2p spectrum of S6, other doublet at lower energy (197.5 - 199.3 eV) was
clearly identified. This doublet could be related with meza position of the chlorine
atoms of the PTM.
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Figure 3.21: High resolution spectra of Fe2p of (a) S6, (b) S6-H and (c) a comparison of both,
and ClI2p of (d) S6, (e) S6-H and (f) a comparison of both.
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Table 3.1: High-resolution photoemission spectra data for S6 and S6-H monolayers.

Binding energy (eV)

Atom Type of bond
S6 S6-H
Cl2ps 9 197.7
meta position of chlorine
ClQpl 9 199.3
Cl2p3 9 201.0 200.6 C Cl bond, characteristic feature
Cl2p1 9 2025 202.2 of the PTM moiety.
Fe2ps 9 709.0 710.6
Reduced state of the Fc moiety.
F62p1 92 720.6 722.6
F62p3 92 712.0
Oxidized state of the Fc moiety.
F62p1 2 724.6
284.7 284.6 C Cand Cyrppn S
Cls 286.3 286.2 Curom N and sp2 carbon atoms.
288.0 288.1 C Cl
398.9 398.9 N=C
Nls
399.8 399.8 NHy
S2p3 2 162.0 162.0
Gold bound thiolate.
S2p1 2 163.4 163.0
Sng 92 164.1 163.6
Unbound thiols.
S2p19 1654 164.6
S2p 1684 168.3 Oxidized sulfur species.

SAMs S6 and S6-H were also characterized by ToF-SIMS. Figure 3.22 shows

the spectra obtained for both SAMs (S6 and S6-H) in which is possible to observe

the typical isotopic distribution for the 14 chlorine atoms belonging to the PTM

moiety. Molecular fragments of different weights were observed for each mono-

layer. The peak at 750 m/z is attributed to the ionized specie PTM CHy =C*.

Typical losses of chlorinated atoms of 35 are also observed as shown the peak

identified at 1091 m/z which corresponds to [M] 3CL
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Figure 3.22: ToF-SIMS spectra of (a) S6 and (b) S6-H monolayers.

As we are dealing with an open-shell system S6, at this point it is also in-
teresting to study if the magnetic character of the PTM is maintained once an-
chored on a surface. In fact, the characteristic signal of PTM radical immobilized
on a surface was observed by electronic paramagnetic resonance (EPR) for SAM
S6 and it is shown in Figure 3.23 which is indicative of the conservation of the
magnetic character of the PTM. This signal presents a g-factor = 2.00355 with a

H,, = 8.5 G, values very close to that observed for other PTM radicals in solid

state?8,

3425 3450 3475 3500 3525
Magnetic Field [G]

Figure 3.23: EPR of SAM S6

As it has been analyzed through the different surface techniques, D A sys-
tems 6 and 6H are chemical adsorbed on the top of prefunctionalized SO gold

surfaces. However, from the data obtained we can say that it has not been possible
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to obtain a complete molecular monolayer and instead, we have obtained mixed
monolayers of SO0/S6 and S0/S6-H. The reason why no complete molecular mono-
layer coverage was achieved is essentially the second step of this approach. Then
different factors can be considered to explain the poor yield of the imine forma-
tion: 7) methylated Fc could be deactivating the imino condensation, 2) imine is
a labile bond very susceptible to ambient conditions, 3) dil cult to remove water
from the reaction which is very important to displace the equilibrium of the reac-
tion towards the formation of the desired product, 4) the possible interaction of the
4 ATP molecules with gold through the nitrogen atom which prevent that imine

condensation reaction takes place.

To study the electronic properties of D A SAMs, which is the objective of this
work we need very homogeneous and stable systems and thus mixed monolayers
are not good candidates. At this point, it is necessary to improve the methodology
used in order to obtain SAMs of D A systems with high surface coverage. To
do it, some experimental factors were taken into account for both steps used in
the SAMs preparation. First, we will improve the quality of the amino-terminated
monolayer SO in order to improve the molecular packing and avoid the formation
of a second 4 ATP layer due to weak hydrogen bond interactions between the
molecules anchored on the surface and molecules present in the solution. To do it
we use 3% (v/v) of triethyl amine dissolved in the ethanolic solution of 4 ATP. The
SAM obtained was rinsed with a solution of ethanol and 10% (v/v) of acetic acid,
then with a solution of ethanol and 3% (v/v) of thiethyl amine and finally with pure
ethanol®?. SAM S0 was dried under a nitrogen stream and immediately immersed
in a solution of the corresponding Fc® PTM derivative (6 or 6H). Second, to
obtain a better yield of the in-situ condensation reaction we tested the addition of
0.08% (v/v) of acetic acid in the solution of 6 or 6H in the presence of activated
molecular sieves (ca. 1g) to absorb water molecules, as it has been previously

reported **.

From all the different new methodologies used for the optimization of D A
SAMs, modifying different experimental factors, no clear success in our purpose

of improving the coverage and homogeneity of these SAMs was achieved. In all
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cases, low homogeneity and coverage as the previously mentioned or even worst
were obtained. Since, as we have previously infer, one of the reasons of the low
yield of the imine condensation reaction is the deactivation of the aldehyde 6 and
6H due to the eight methylene groups that affecting negatively the imine formation.
This is the reason why at this point we decided to try the same methodologies used
until now for the preparation of SAMs in two-steps but using the non-methylated

Fc PTM derivatives 4 and 4H in order to obtain more stable 2D structures.

3.4.3 Preparation and characterization of the non-methylated

Fc PTM SAM S4-H

Following the same two-step methodology, a new SAM S4-H was prepared
using the non-methylated Fc PTM derivative 4H. To do it, a freshly amino-termina-
ted SAM SO was immersed in a solution [1 mM] of 4H under inert conditions. Here
were also tested two different solvents: dry toluene and TMOF. The reaction was
left for 48 hours under an argon atmosphere and finally SAM S4-H was rinsed with
the same solvent used for its preparation (dry toluene or TMOF) and dried under
an argon stream. Figure 3.24 shows a schematic representation of the preparation

process of SAM S4-H on Au substrates, using the two-step methodology.
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Figure 3.24: Schematic representation of the process of formation of the D A SAM S4-H.

The elemental composition of SAM S4-H was studied by XPS and ToF-SIMs.
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Figure 3.25: High resolution spectra of (a) S2p, (b) Cls, (c) N1s, (d) Fe2p and (e) CI2p of SAM
S4-H.

Figure 3.25 shows the spectra corresponding to the core level of S2p, Cls,
N1s, Fe2p and Cl2p. Similar characteristics to that obtained for SAMs S6 and
S6-H were observed. From the S2p spectrum it was determined that both bonded
(162 and 163 eV) and unbounded (163.5 and 164.5 eV) thiols are present on the

monolayer. Oxidized species ( 168 eV) were also observed.
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C1s high-resolution spectrum shows the contribution of C C and C,0n S
(284.4 eV), Cuom Ceentrai of the PTM and cyclopentadienylcarbons (Cc,)
(285 eV)°3** and also Curom N and sp? carbon atoms (286.4 eV). In the Nls
XPS spectrum both bands corresponding to neutral amino group (399.7 eV) and
imine bonds (398.9 eV) were identified. Regarding to the Fe2p spectrum, four
peaks at 707.8, 720.6, 711.4 and 723.2 eV were distinguished. Such peaks could
be related with the presence of reduced and oxidized species. However, for the
protonated S4-H monolayer it is not possible that the IET takes place generating
the zwitterionic specie. The last two peaks located at 711.4 and 723.2 eV can be
tentatively attributed to external effects caused by radiation or by impurities from
solvents. Finally, the typical doublet of Cl2p (201 and 202.7 eV) was observed,
confirming the integrity of the molecules over the surface.

The characteristic isotopic distribution of 14 chlorine atoms is observed in
Figure 3.26. Three different molecular fragments were found and the lost of two

chlorine atoms was also distinguished.
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Figure 3.26: ToF-SIMS spectra of S4-H monolayer.

As we are dealing with electroactive building blocks we have also the possibil-
ity to study their redox processes once they are immobilized over a metallic surface.
CV is a very useful technique to probe the presence of electroactive molecules at-
tached to conductive surfaces. This technique also allows to study the stability of
the monolayers and how easy the molecules desorb from the surface. The experi-

ments were carried out with the standard setup using the functionalized substrate
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(S6, S6-H, S4 and S4-H) as working electrode (WE), solid silver and platinum
wires as reference (RE) and counter-electrode (CE), respectively, and a solution
of 0,1 M tetrabutylammonium hexafluorophosphate (TBAHFP) in acetonitrile as
electrolyte. All measurements were referenced to Fc/Fc* and the setup used is

shown in Figure 3.27.

Figure 3.27: Schematic representation of the CV setup used. The three electrodes were: Au

functionalized surface (WE), silver wire (RE) and platinum wire (CE).

Figure 3.28 shows the cyclic voltammograms at two scan rates (0.1 and 1
V/s) of the different SAMs prepared from the octamethylated Fc® PTM and non-
methylated Fc PTM derivatives (6, 6H and 4, 4H respectively) using TMOYF and
dry toluene as solvent for the SAMs preparation.

As can be seen, at 0.1 V/s scan rate it was not possible to distinguish any
redox peak. However increasing the scan rate (1 V/s) it was observed with some
dii culty the peaks corresponding to the oxidation of the ferrocene moiety and the
reduction of the PTM unit. After some scans the low signal observed diminished
even more until disappears which is an indication once again that these SAMs are
not stable. The small peaks observed are also an indication that only few elec-
troactive molecules are bonded to the gold and the low homogeneity and coverage
of the SAMs.

All the challenges faced out during the fabrication of D A monolayers using
the two-step methodology like: i) possible bonding of the 4 ATP molecules on
gold through the amino group, i) low yield of the imine formation due to a pos-

sible steric impediment produced by the bulky PTM units, #ii) deactivation of the
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aldehyde D A building block that possible diX cult the nucleophilic attack of the
nitrogen, iv) low stability of the imine bond, among other; have been not possible

to overcome. For this reason we move to the one-step approach.
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Figure 3.28: Cyclic voltammograms of (a) S6, (b) S6-H, (c) S4, and (d) S4H monolayers in
acetonitrile, with 0.1 M n  BuNPFg at two different scan rates: 100 and 1000 mV/s. Comparison

of SAMs obtained from two different solvents: TMOF and dry toluene.

3.5 Synthesis of Fc PTM derivatives to be used in
the one-step approach

Due to the diX culties faced to obtain D A SAMs using the two-step approach
we decided to functionalize the gold substrates using the one-step approach. In this
line, three different molecular systems have been used. On one side, and in the

effort of maintaining the -conjugated structure along the whole molecule a new
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Fc PTM derivative 8H was synthesized. On the other side, to accomplish this
strategy, other two new molecules 1 and 1H were synthesized. Since the thiol
group has been widely used to anchor molecules on gold®>* and the relative big
size of the Fc PTM dyad, disulfide binding group was chosen to confer a better
stability to the entire system. Fc PTM derivatives, the radical and its protonated
counterpart used to the functionalization of gold substrates has been previously
shown in Figure 3.9.

The synthesis of Fc PTM derivatives used for the modification of gold sur-
faces is summarized below. However all the details concerning the synthesis are
full described in the experimental section (Chapter 7). It is import to mention that
the synthetic rout to obtain compound 1, the radical derivative, was made under

red light conditions because the radical specie in solution is unstable under light.

3.5.1 Synthesis and characterization of 8H

In order to better control the reaction of imine condensation we have synthe-
sized in solution the entire molecule to be used for the SAM formation in one-step.
Thus, the Fc PTM derivative 8H was synthesized by a condensation reaction be-
tween the 4 ATP and the 4H using toluene as solvent at 120 C in a dean-stark
system that allows to eliminate the water formed on the solution, as it is shown in
Scheme 3.3. Molecules with disulfide bonds were formed due to the oxidation of
thiols groups belonging to the 4 ATP assuming caused by the atmospheric molec-

ular oxygen, giving place to molecules of theform R S S Rand RXS S R.

NH,
Toluene
120°C

-H,0
SH OHC

4-ATP 4H

Scheme 3.3: Synthesis of 8H.
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The IR spectrum of 8H is shown in Figure 3.29. More than one important
band, like the corresponding to the vynilene bridge (CH=CH), free amino groups
(NHj) and the imine bond (C=N), appears at similar wavenumber (around 1615

1640 cm ). Important is the fact that the band corresponding to free carbonyl

group ( CHO) localized around 1680 cm ! in 4H was not observed.
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Figure 3.29: IR spectrum of 8H derivative.

According to the NMR spectrum of 8H it was possible to identify that we
have a mixture of mono and bi-substituted molecules (like it is shown in Scheme
3.3) and also some unreacted 4 ATP dimers. The mixture was tried to purify using
different strategies but any of them give good results, for this reason we decided
to used the crude product for preparation of SAM S8-H in order to probe the
one-step approach as a first attempt. The radical derivative 8 was not synthesized
due to the sensitivity of the imine bond and the dilXl culties faced out during the

purification of 8H.

3.5.2 Synthesis and characterization of 5

In order to obtain a complete study of the effect of D A systems organized
as 2D structures (SAMs with oriented dipoles), a new molecule containing the
disulfide-alkyl chain and the Fc moiety was synthesized. Compound 5 was ob-
tained through the esterification reaction between the ferrocenemethanol and the

( )- -lipoic acid, according to the synthetic route showed in Scheme 3.4.
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CH,Cl,

HO
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15 (%)-a-Lipoic acid

Scheme 3.4: Synthesis of 5.

Formation of the ester was probed by the IR spectrum of 5 showed in Figure

3.30 where clearly is observed a strong band at 1728 cm 1.

c=0
504 1728
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Figure 3.30: IR spectrum of 5 derivative.

3.5.3 Synthesis and characterization of 1H

In order to synthesized compound 1H it was necessary to obtain the pre-
cursors 20 and 4H. The protonated PTM phosphonate derivative 20 was syn-

56-58 " The multi-step

thesized following the procedure reported in the literature
synthetic route starts with a Grignard reaction between benzophenone and p-
toluenemagnesium bromide to produce the corresponding alcohol 28. Following,
the reduction of 28 is made with formic acid to give compound 29. Then, the three
phenyl rings of 29 are chlorinated using the BMC reagent to obtain compound 30.
The methyl group of the resulting chlorinated hydrocarbon 30 is brominated to
give the bromomethyl derivative 31. Finally, compound 31 is phosphorylated by

means of the Arbuzov reaction to produce the precursor 20 (Scheme 3.5).
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OH H
- SRE
I C HCOOH
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Scheme 3.5: Synthesis of the protonated phosphonate PTM derivate 20.

The aldehyde Fc PTM derivative 4H was obtained through a Witting-Horner-
Emmons reaction of the protonated PTM phosphonate derivative 20 and the
1,1Mferrocenedicarboxaldehyde 16. The strong stereoselectivity of this reaction
gave place exclusively to the trans isomer® 4H as shown Scheme 3.6. The crude
of the reaction formed by the mixture of mono and bi-substituted molecules was
purified by column chromatography in order to obtain only the monosubstituted

compound 4H.

< +-BUOK
o R Ho+
) THF
o -78°C/0°C/rt.
16 CH,PO(OCH,CH3),
20

Scheme 3.6: Synthesis of 4H.

The synthesis of 1H is based on an esterification reaction between the
( )- -lipoic acid and a methyl alcohol derivative of the desired Fc PTM system.
1H was synthesized in only three steps starting from the protonated aldehyde

Fc PTM derivative 4H, which was reduced with sodium borohydride to give the
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methyl alcohol derivative 7H . This last compound was used in an esterification
reaction together with the ( )- -lipoic acid to give finally 1H. Scheme 3.7 shows

the synthetic route used.

NaBHg4

CH,Cl, / EtOH
-78°C / 0°C /.

(\(\/\)k DCC, DMAP
OH
s CHCl,

o°C/rt.

Scheme 3.7: Synthesis of 1-H.

IR, 'H NMR, MALDI-ToF, and CV techniques have been used for its fully
characterization and the results are detailed in the experimental section. However,
here we will discuss some of the important features observed in the characterization
of compound 1H. Additionally to all IR peaks that represent the typical fingerprint
of PTM derivatives, compound 1H IR spectrum shows a strong peak around 1730
cm ! confirming the formation of the ester group which put together the Fc PTM

central core to the disulfide-alkyl chain.

Regarding the characterization by CV, only the reversible redox process cor-
responding to the oxidation of the Fc subunit is expected in 1H. This redox wave
was observed at E1 9 = 206 mV (vs Fc Fc*) and it is represented in Figure 3.31.
The protonated PTM moiety does not give any signal in the voltammogram due

to its non electroacitve character.
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Figure 3.31: Cyclic voltammetry of 1H in CHyCly using n-BuyN PFg as electrolyte (0.1mM) at 0.1
Vs !

3.5.4 Synthesis and characterization of 1

The synthesis of compound 1 was optimized in four steps starting from the

aldehyde Fc PTM derivative in its protonated form 4H.

NaBH,

CH,Cl, / EtOH
-78°C/0°C/r.t.

CHoCly/r.t. | TBAH, AgNO3

DCC , DMAP
CH,Cl,
0°C/r.t.

Scheme 3.8: Synthesis of 1.

The aldehyde derivative 4H was reduced with sodium borohydride to give
the methyl alcohol derivative 7H as it has been done for 1H. The generation
of the radical character of the PTM moiety was tried at different steps of the

synthetic route. However no good results were obtained for most of them. Finally,
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the deprotonation with tetrabutylammonium hydroxide (TBAH) solution and the
oxidation with silver nitrate of the anionic to form the PTM was done for 7H, under
red light conditions, successfully giving the radical 7. From 7, the radical 1 was
obtained through an esterification reaction between the methyl alcohol Fc PTM
radical 7 and the ( )- -lipoic acid. Scheme 3.8 shows the synthetic route used.
The novel compound 1 was deeply characterized by means of IR, MALDI-
ToF, UV-Vis-NIR, CV and EPR in a similar way that for 1H. The IR spectrum
shows the strong C=O stretching absorption at frequency around 1730 cm 1%,
The presence of this peak confirms the formation of the esther bond expected in
the last step of the synthetic route of compound 1. The characteristics bands of the
1

chlorinated aromatic rings between 1400 and 800 cm

3.32).

were also observed (Figure
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Figure 3.32: IR-ATR spectrum of 1.

Figure 3.33 shows the UV-Vis-NIR spectrum of 1 in which is observed an
intense absorption band of the PTM radical at 387 nm (25840 cm 1) together with
two weaker bands located around 440 nm (22727 cm 1) and 573 (17452 cm 1).
These two lower absorption bands are ascribed to the electronic conjugation of the
unpaired electron into the -conjugated system, specifically to a -bridge-to-PTM
acceptor charge transfer (CT) band®>01%2, This assignment has been done based
on the no observation of this band in nonconjugated PTM radicals. Comparing
1 with its non-methylated analogous 2 almost no difference was observed in the
UV-Vis-NIR spectrum. However with respect to dyad 3 it was observed that the

intensity of the radical band was higher while the -bridge-to-PTM acceptor CT
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band was lower. This is an indication of the lower degree of charge delocalization
in 1 than in 3 due to the low electron donor ability of its non-methylated Fc unit
as it was discussed in Chapter 2. The broad absorption band observed at 907 nm
(11025 cm 1) has been assigned to an IET process from the Fc moiety to the low
lying singly-unoccupied molecular orbital of the PTM radical moiety. The energy
of this band is in a good agreement with the ones reported for the Fc PTM central
core 2 ( pmax = 940 nm) %, which is an indication that the IET process in 1 is not

too much affected by the presence of the disulfide-alkyl chain.
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Figure 3.33: UV-Vis-NIR spectrum of 1 in CHyCls.

Information of the redox processes of 1 were extracted from the CV shown in
Figure 3.34. The reversible process observed at positive potential
(E19 = +135 mV vs Fc Fc") corresponds to the oxidation of the Fc subunit to
the ferrocenium cation [1]* while the reversible redox wave at negative potential
(E1 9= 708 mV vs Fc Fc*) indicates the reduction of the PTM radical subunit to
the corresponding carbanion [1] . The redox difference between the first oxidation
and the first reduction ( E,.s ,x) gave a value of 843 mV, 79 mV higher that the
redox difference reported for the Fc PTM dyad 2 ( E,cq ox = 764 mV)%. This
small difference could be related with the presence of the ester group near to the
Fc moiety.

The electrochemical reversibility of both redox processes was confirmed by
the separation found for the cationic and anionic voltammetric peaks of the re-
versible oxidation and reduction waves (66 and 54 mV respectively), which in

both cases were really close to the expected theoretical separation of 59 mV. Re-
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markably is the fact that the oxidation of the Fc subunit to the ferrocenium radical
cation [1]* occurs at lower potential in comparison to 1H ( = 71 mV), which is
indicative of the modification of the electronic properties due to the presence (1)
or not (1H) of the radical specie. The main difference will be the possibility to
transfer one electron through an IET in the case of the radical 1 but no possibil-
ity of IET is possible for the protonated derivative 1H which have no low lying

unoccupied molecular orbital accessible.
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Figure 3.34: Cyclic voltammetry of 1 in CHyCly using n-BuyNPF; as electrolyte (0.1mM) at 0.1
Vst

More details of the characterization of 1 are given in the experimental sec-

tion.

3.6 SAMs of Fc PTM derivatives using the

one-step approach

3.6.1 Preparation and characterization of the SAM S8-H

For the preparation of SAM S8-H, a freshly cleaned gold substrate was im-
mersed in a 1 mM solution of 8H in toluene for 24 hours under inert conditions.
After that the SAM was rinsed with dry toluene and dried under an argon current.

SAM S8-H was characterized by PM-IRRAS, AFM and ToF-SIMS. In the
PM-IRRAS spectrum showed in Figure 3.35 it is possible to observed the peak

1

corresponding to C=N around 1639 cm *. The shape and the intensity of this



82 Chapter 3 Self-assembled monolayers of Fc PTM radical dyads on surfaces

peak is different compared to that observed previously in SAMs prepared us-
ing the two-step approach. As it happened in the two-step approach it seems
that here we also have a mixed monolayer due to the presence of the band at
1618 cm ! which has been previously assigned to the NHj in-plane deformation of

the 4 ATP molecule.
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Figure 3.35: PM-IRRAS spectrum of SAM S8-H (black line) and the corresponding to bare Au
(blue line).

Figure 3.36 shows the AFM image of SAM S8-H. The roughness profile fol-
lows exactly the same corrugation of the gold substrate with an rms roughness of

1.16 nm.
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Figure 3.36: (a) 1 mx1 m AFM image and (b) roughness pro le of the SAM S8-H.

Figure 3.37 shows the ToF-SIMS spectra of S8-H monolayer where the ex-
pected isotopic distribution of the fourteen chlorine atoms of the PTM together

with typical looses of chlorine atoms were observed.
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Figure 3.37: ToF-SIMS spectra of S8-H monolayer.

The cyclic voltammogram obtained of SAM S8-H shows the expected oxida-
tion of the Fc unit with low difference between the anodic and cathodic peak which
is an indication of the covalent binding of 8H to the gold substrate. However, after
ten redox cycles the intensity of the signal diminishes which is an indication of the
desorption of molecules from the gold substrate indicative of low stability of S8-H

(Figure 3.38).
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Figure 3.38: Cyclic voltammograms of S8-H monolayer in acetonitrile, with 0.1 M n  BuNPFg at
two different scan rates: 100 and 1000 mV/s. The red voltammogram was taken at 100 mV/s for

ten redox cycles.

SAMs with such low stability can not be use for any further study of electronic
properties neither for applications. Therefore, we move to use the new and more

robust molecules designed and synthesized to obtain SAMs with them.
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3.6.2 Preparation and characterization of the SAM S5

SAM S5 was prepared in order to have a good reference of an electron-donor
SAM containing the same donor group that our D A systems. The functionaliza-
tion of gold substrates with 5 was carried out following the procedure shown in

Figure 3.39.

[+] - KJ I,.-"' ,-’"'r
Fs | 1 _,r:l
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- - 5¢ 35 8%
Dry Toluene %
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Figure 3.39: Schematic representation of the fabrication of SAM S5 on Au using the one-step

strategy.

The cleaning of the gold substrates was made using a combination of four
different solvents (CHyCly, acetone, ethanol and isopropanol) together with an
UV-ozone clean process. Then, the freshly cleaned gold was immersed in a dry
toluene solution 1 mM of 5 for a total of around 50 hours, maintaining the solution
at 40 C for the first hour. The functionalized gold surface was rinsed with dry
toluene and dried under an argon current.

SAM S5 was characterized by cyclic voltammetry and it is shown in Figure
3.40. The experiments were carried out with the standard setup using the func-
tionalized substrate (S5) as working electrode, solid silver and platinum wires as
RE and CE, respectively and all the measurements were referenced to Fc/Fc*. The
reversible redox process of the ferrocene unit was observed at positive potential
(E12=+0.115 V vs Fc Fc") as expected. And by means of the linear relation
between the scan rate and the current was probed the chemical adsorption of 5 on

the gold substrate.
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Figure 3.40: Cyclic voltammograms of S5 monolayer in acetonitrile, with 0.1 M n  BuNPF; at
different scan rates: a) 100; b) 200; c) 400; d) 600; e) 800; f)1000 mV/s. Inset: Plot showing the

linear dependence of the current with scan rate.

3.6.3 Preparation and characterization of the SAMs S1 and
S1-H

The functionalization of gold substrates with compounds 1 and 1-H was
carried out following the procedure shown in Figure 3.41.
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Figure 3.41: Schematic representation of the one-step strategy used for the fabrication of SAMs S1
and S1-H on Au.

It is important to emphasize that the functionalization of gold with 1-H is of
crucial importance to compare with 1 and thus be able to understand the influence

of the open-shell character of 1 on the electronic properties that these systems with
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a very similar chemical structure but with different electronic structure show once
they are covalently attached to a metal surface. To achieve a good functionalization
of gold substrates with 1 and 1H several parameters were optimized.

The cleaning of the gold substrates was made following the protocol de-
scribed in the experimental section. Combination of four different solvents to-
gether with an UV-ozone clean process were used to remove any organic soil over
the gold. Then, the freshly cleaned gold was immersed in a dry toluene solution 1
mM of 1 for S1 or 1H for S1-H for a total of around 50 hours. A critical step of the
protocol is that during the first anchoring hour some energy as heat (40 C) must
be applied to the solution. When the process was finished, the functionalized sur-
faces were rinsed thoroughly with dry toluene to remove any physisorbed material.
The custom-made glass container used for preparing SAMs with this procedure is

shown in Figure 3.42.

Figure 3.42: Custom-made glass container used for the fabrication of S1 and S1-H monolayers.

Characterization

Structural information of SAMs S1 and S1-H was obtained from the PM-
IRRAS, XPS and ToF-SIMs measurements. More surface information was deter-
mined by contact angle and AFM while the magnetic character of S1 was evaluated
through EPR. Finally the redox processes of both SAMs were studied by CV.

PM-IRRAS spectra of S1 and S1-H are shown in Figure 3.43(a) and 3.43(b),
respectively. A comparison with the IR spectrum of bulky compounds 1 and 1H
from which the monolayers were formed, is include in each figure. The relative

intensities of the spectra of bulky compounds with respect to the spectra of the
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monolayers were chosen to give an easy visual comparison. Quantitative compar-
isons of the intensities of the two types of spectra were not extracted from these
data since in that case quantitative consideration of the optical and orientation

effects at a metal interface is required*!.
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Figure 3.43: (a) IR spectra of 1 (blue line) and PM-IRRAS of S1 (red line); and (b) IR of 1-H
(blue line) and PM-IRRAS of S1-H (black line).

The peak observed around 1595 cm ! for both SAMs has been correlated with
the in-plane stretching mode of the benzene ring and a net dipole vector change
parallel to the molecular axis. The relative orientation of molecules anchored on
a surface can be extracted from the intensity showed by the in-plane mode with
respect to the out-of-plane mode of the same group. Thus, taking into account
the surface selection rules; if the molecules are oriented normal to the Au surface
it is expected that these in-plane modes have a strong intensity while the out-of-
plane modes (1106 cm !) have a weak intensity in the PM-IRRAS spectrum %*
as we observe. Moreover, it was observed a peak around 1495 cm 1 for both
SAMs which results from the combination of C C stretching and C H bending
vibration*®. According to this analysis, it can be stated that the molecules of both
SAMs S1 and S1-H might be standing up on the substrate. However, they can
not be completely normal oriented to the surface due to the intrinsic angle formed
between the sulfur and gold atoms which is around 30 as it has already been
reported for other disulfide SAMs. The thickness of the monolayer together with

an approximation of the average tilted angle which confirm the orientation of the
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molecules will be discussed in Chapter 4.

An other band observed in the PM-IRRAS spectra of S1 and S1-H was local-
ized around 1460 cm 1. This band can be attributed to the methylene groups CHy
(scissor vibration band ; 1470 cm 1) of the aliphatic tail®>%°. More interesting
results the strong absorption band observed around 1737 cm ! for S1 and S1-H
which corresponds to the stretch mode of the carbonyl group ¢-0% present in
the ester, group that holds the Fc PTM central core with the disulfide-alkyl chain
and thus confirms the integrity of the molecule on the surface. This peak shows a
small red shift when compared with the ¢-p (1730 cm 1) of the IR spectra of the
bulky compounds 1 and 1H.

The elemental composition of SAMs S1 and S1-H was studied by XPS which
gives information about the local bonding environment around specific atoms and
hence their chemical state. In both cases a survey spectrum was performed in
order to obtain a general view of the elements present on the functionalized Au
substrate. Comparing the survey XPS spectra of SAMs S1 and S1-H (Figure 3.44)
no difference was observed regarding the expected elements. In addition, high

resolution spectra for each element present were also performed.
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Figure 3.44: XPS survey spectra of S1 (red) and S1-H (black). Inset: zoom in the binding energy
region of Fe2p.

Deconvolution of the high resolution XPS (HR XPS) spectra allows the as-
signment of different bonding modes of specific elements following either values

reported in literature or through comparison between similar systems. Figure 3.45
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and 3.46 shows all the HR XPS spectra taken from S1 and S1-H and their cor-
responding deconvolution, shown in the first and second raw, respectively. In the
third raw a comparison between S1 and S1-H is performed for S2p, Cl2p, Cls,
O1s and Fe2p.

Regarding to sulfur atom (S2p), two components of a doublet were deconvo-
luted at 161.9 and 163.1 eV corresponding to S 2p3 9 and S 2p; 9, respectively %08,
The energy of these peaks was related to the thiolate bound to the Au surface.
From these data there was no observation of the peaks attributed to unbound thiol
groups neither to oxidized sulfur species. For Cl2p, a single doublet with compo-
nents at 200.9 and 202.5 eV was observed for S1 and S1-H which corresponds to

Cl 2p3 9 and CI 2p7 9, respectively69’70.

From the fitted Cls HR-spectra of SAMs S1 and S1-H, it was identified a
sharp intense peak at 284.6 eV which could be assigned to the contribution of car-
bons of the alkane chains as well as some carbons present in the PTM subunits’%"2,
The contribution of the cyclopentadienyl carbons, C.,, has been reported to be at
284.9 eV°3>* The peak localized at 286.3 eV has been ascribed to the C sp? in the
chlorinated phenyl groups of the PTM moiety and the smaller peak observed at
higher binding energy (289 eV) corresponds unequivocally to the carboxyl group
(C=0)*$"! present in both SAMs. The wide range of values found in the literature

for the assignment of different bonding modes of Cls atoms give an idea of how

tricky is the process of assignment.

Following with the analysis of the chemical structure of SAMs S1 and S1-H,
the HR-spectra of Fe2p shows two sharp photoelectron peaks at 707.8 and 720.2 eV.
These peaks can be assigned to the Fe 2p3 9 and Fe 2p; 9, respectivelym"(ig’73 of the
reduced iron atom. Moreover two additional weaker broad bands were observed at
711.2 (Fe 2p3 9) and 723.5 (Fe 2p1 2) eV corresponding to a higher oxidation state
of the iron atom (Fe III) according to the literature®®. The reduced specie only
could make sense for SAM S1 in which an electron transfer from the Fc subunit
to the radical moiety can occurs giving place to the corresponding oxidized iron
and the anionic specie of the PTM as it has been observed in solid state (crystal)

and in solution for dyad 27476; but not for S1-H. Then, such bands observed for
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both SAMs (S1 and S1-H) could come from the interaction between the sample

and the incident light or maybe it is an effect of the deconvolution process. This

observation will be contrasted in Chapter 4. No further information was obtained

from the Ols spectra due to the high probability of contamination with oxygen

from the atmosphere.
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Figure 3.45: High resolution spectra of S2p of (a) S1,(b) S1-H, and (c) a comparison of both, CI2p
of (d) S1, (e) S1-H and (f) a comparison of both, Cl1s of (g) S1, (h) S1-H and (i) a comparison of

both.
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Figure 3.46: High resolution spectra of Ols of (a) S1, (b) S1-H and (c) a comparison of both,
Fe2p of (d) S1, (e) S1-H and (f) a comparison of both.

One more proof of the anchoring of compounds 1 and 1-H to the Au surface
was given by ToF-SIMS measurements. The mass spectra obtained are shown in
Figure 3.47 and 3.48. The highest m z fragment detected for both SAMs S1 and S1-
H was the corresponding to the entire molecule (MW = 1154 g/mol) even though
its intensity in the total spectrum was almost no perceptible. A fraction with a
really high intensity was found at m z = 948 which corresponds to the fragment of
the molecule broken at the ester bond region [M tail]. A third important fragment
was detected at m z = 913 corresponding to the fragment [M tail] with loss of one
chlorine atom.

Finally, at lower m z, three fragments of the PTM subunit namely [PTM 1Cl],
[PTM 2Cl] and [PTM 3CIl] were identified at m z = 707, m z = 672 and m z =
636, respectively. This loss of chlorine atoms in the orfo position of the PTM phenyl
rings has been commonly observed*®””. The fragment at m z = 707 was the only
one which was not detected in SAM S1-H. Moreover, all of the peaks mentioned

before show the corresponding isotopic distribution of chlorine atoms present in
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these ions.
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Figure 3.47: Positive mode ToF-SIMS mass spectrum of S1, (a) general spectrum and (b) zoom of

four speci c regions with their corresponding molecular fractions.
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Figure 3.48: Positive mode ToF-SIMS mass spectrum of S1-H, (a) general spectrum and (b) zoom

of four speci c regions with their corresponding molecular fractions.
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In order to know the wettability of SAMs S1 and S1-H, which is a character-
istic of each system, contact angle measurements were performed using Millipore
water as solvent. A drop of 3 L was dispensed with an automated syringe over
the functionalized surfaces as well as over a bare gold used as reference. Mean
values of at least three measurements for each SAM are reported in Table 3.2 and

representative images are shown in Figure 3.49 and 3.50.

Table 3.2: Contact angle values for S1, S1-H monolayers and bare Au.

Type Surface Contact Angle

Au/mica S1 80.4 0.5
S1-H 85.8 0.7
Au/glass S1 90.0 0.5
S1-H 93.1 0.3
Au 83.9 0.1

Since the roughness of the substrate can affect the packing of the molecules
and therefore the wettability showed by the monolayers, gold evaporated over two
different materials (mica and glass) were used as substrates to prepare the SAMs.
For both cases (Awmica and Auw/glass) the value of the contact angle of S1 was
smaller than that obtained for S1-H suggesting a slightly higher hidrophobicity for

the protonated monolayer.

Comparing these values with respect to the contact angle of bare gold, vari-
ations of 6.1 and 9.2 for S1 and S1-H, respectively were observed. This is a clear
indication of the surface modification of the substrate. However, the results ob-
tained for S1 and S1-H monolayers do not follow the same tendency of wettability
reported previously for SAMs of PTM derivatives on gold?®*’ in which the radical
PTM monolayer present a higher contact angle than the protonated PTM mono-
layer. This observation should be related with the D A character that present

SAMs S1 and S1-H.
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(a) (b)

Figure 3.49: Contact Angle of (a) S1 and (b) S1-H on Au/mica.

(a) (b) (c)

Figure 3.50: Contact Angle of (a) S1, (b) S1-H on Au/glas and (c) bare gold.

Variations in the contact angle to a more hydrophilic one has been associated
with either an increase in disorder at the monolayer air interface or to an increase
of polar interactions between monolayer and the liquid droplet’®. At this point
and according to the contact angle reported in Table 3.2 it is only possible to
conclude that SAM S1 presents more polar interaction with water molecules than

SAM S1-H.

The homogeneity of the monolayers was studied by AFM. AFM images taken
on S1 and S1-H samples and their associated roughness profile (Figure 3.51) show
that both surfaces are very flat over large (5 m x 5 m) areas. The corresponding
rms roughness were calculated using the Gwyddion software and values of 1.045
nm and 0.895 nm for S1 and S1-H, respectively were obtained. The homogeneity
of the monolayers is reflected on the gold terraces that can be seen in the AFM

images.
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Figure 3.51: 5 m x5 m AFM images and roughness pro les of S1 (a), (b) and S1-H (c), (d),

respectively.

The magnetic character of the radical SAM S1 was tested by EPR.

3360 3390 3420 3450 3480 3510 3540
Magnetic Field [G]

Figure 3.52: EPR spectra of SAMs S1 (red line) and S1-H (black line).

The EPR spectrum (Figure 3.52) shows a signal at g = 2.00323, with a

linewidth ( H) of 5.2 Gauss which is in a good agreement with that reported in lit-
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erature for other PTM radicals 252948

confirming the immobilization of an organic
radical unit with paramagnetism (S = 1/2) thanks to the presence of the unpaired
electron in S1. S1-H monolayer does not present any EPR signal because in this
SAM the PTM moiety is a closed-shell specie and therefore, diamagnetic (S = 0).

Finally, the electroactive character of the SAMs was evaluated by CV. The
experiments were carried out with the standard setup using the functionalized
substrate (S1 and S1-H) as working electrode, solid silver and platinum wires as
RE and CE, respectively, and a solution of 0,1 M tetrabutylammonium hexaflu-
orophosphate (TBAHFP) in acetonitrile as electrolyte using the setup showed in
Figure 3.27. All measurements were referenced to Fc/Fc*.

Figure 3.53 shows the CV of S1 monolayer in which two reversible redox
waves are observed, one corresponding to the oxidation of the Fc moiety and
the other related with the reduction of the PTM radical. On the other hand,
the voltammograms registered for SAM S1-H (Figure 3.54) exhibit only the one
reversible redox wave of the Fc subunit, which was expected since the molecules in
this SAM contain the protonated PTM moieties which are not electroactive species

and therefore can not participate in the redox process.
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Figure 3.53: Cyclic voltammograms of S1 monolayer in acetonitrile, with 0.1 M n BuNPF; at
different scan rates: a) 100; b) 200; c) 400; d) 600; e) 800; f)1000 mV/s. Inset: Plot showing the

linear dependence of the current with scan rate.
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Figure 3.54: Cyclic voltammograms of S1-H monolayer in acetonitrile, with 0.1 M n  BuNPFg at
different scan rates: a) 100; b) 200; c) 400; d) 600; e) 800; f)1000 mV/s. Inset: Plot showing the

linear dependence of the current with scan rate.

SAM 81 showed a higher stability after 10 cycles than SAM S1-H in which
a small decreasing in the current intensity of the peaks was observed. Moreover
in both SAMs a lineal relation between the increasing of the scan rate and the
current peak intensities was observed which are typical voltammetric responses of
molecules that have been covalently immobilized on a surface”’. The shape of the
peaks in the cyclic voltammograms are independent of the scan rate in the range
used (from 100 to 1000 mV/s).

From the CV data several parameters such as: formal potential (E* ), electron
transfer rate ( E,), fullwidth at half maximum ( Ef,4,) and surface coverage
( ) can be calculated allowing a further characterization of the SAMs. They are

collected in Table 3.3.

Table 3.3: Electrochemical Data for S1 and S1-H monolayers (vs Fc¢ Fc*).

Monolayer E° E, E fywhm 6
(mV) (mV) (mV) (molcm ?) (nm?/molec)

S1 207 56.1 128.0 1.28E-10 1.3
-598 80.6 188.0
S1-H 240 58.6 100.1 3.26E-10 0.5
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Theoretical values expected for covalently bonded electroactive molecules are: E, =0 mV.

Efwhm = 90.3 mV. Typical = 4.5E-10 mol cm 2 for a well packed Fc monolayer.

Formal potential, (E°)

The Fc and PTM formal potentials in the nanostructured SAMs S1 and
S1-H were determined from the average between the corresponding anodic (E,,)

and cathodic (E,.) peak potential, as shown Equation 3.1.

0 _ Epc + Ep,

5 (3.1)

Comparing the Fc formal potential of both SAMs it was observed that S1-H mono-
layer exhibits a higher value for this parameter (E° = 240 mV) being the Fc formal
potential of S1 monolayer 33 mV lower (E° = 207 mV) which is indicative of a
more favorable oxidation process of the Fc moiety for the open-shell monolayer.
This observation is in good agreement with the values observed for compounds 1
and 1-H in solution which is an indicative that ones the molecules are bonded to
the gold substrate as SAMs, an electronic structure and interaction between the Fc
and PTM moiety similar to the one observed in solution is obtained (Figure 3.31,

3.34 and Table 3.4).

Table 3.4: Electrochemical Data for compounds 1 and 1-H.

Compounds  E° E,
(mV) (mV)

1 135 65.9

-708  53.7

1-H 198 71.5

Although compounds 1 and 1-H have a very similar chemical structure, they
present very different electronic structure with very different energy levels due to
the presence of an open-shell electronic structure in 1 but a closed-shell in 1H.
Then, the lower Fc formal oxidation potential of 1 and S1 can be justified in terms
of the presence of the PTM radical which allows the energy of the highest occupied

molecular orbital (HOMO) localized in the Fc-donor subunit to be more accessible
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than the corresponding one in the PTM protonated species 1H and S1-H, being

easier the extraction of one electron from the ferrocene in the radical forms.

Electron-transfer rate ( L))

The electron transfer rate between the forward and return potential scan
of the redox centers that are covalently bonded to the gold in a SAM can be
estimated from the anodic (E,,) and cathodic (E),.) peak separation E,, which
is expected to be 0 mV for surface-confined electroactive species which participate
in a reversible electron transfer process under ideal conditions®’. This parameter

can be calculated following Equation 3.2.
E,= Ey, Ep (3.2)

The experimental peak separation ( E,) values obtained for S1 and S1-H mono-
layers (Table 3.3) were different that the theoretically expected for an ideal Nerns-
tian redox species adsorbed on a surface. In such ideal situation, it is expected the
close proximity of all electroactive centers to the electrode surface in order to avoid
any influence of the diffusion over the electron transfer process. As well as, it is
expected that the surface-attached electroactive groups do not interact each other
and to be in rapid equilibrium with the electrode. In our case, we have a disulfide-
alkyl chain that separates the electroactive units from the substrate and also acts
as an electronic insulator since it does not show conjugation. Then, nonzero E,
values for SAMs S1 and S1-H are in a good agreement with the presence of a
disulfide-alkyl chain and also with possible electrostatic interactions between the
redox centers of the SAMs. Moreover, they are similar to the values that have been
reported in the literature for SAMs of PTM ( E, = 76 mV) 81 and for Fc SAMs
(20 to 30 mV) %,

Comparing the peak separation between the cathodic and anodic peak of the
Fc wave for S1 and S1-H with respect to that registered for 1 and 1-H in solution,
we noticed a slight reduction of 9.8 and 12.9 mV, respectively, which is an additional
indication of the chemical anchoring of the molecules on the surface. On the other

hand, the E, for PTM wave was higher (80.6 mV) than its analogous wave for
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compounds in solution. This difference could be related with the distance at which
the PTM moiety is located with respect to the surface. Such bigger distance in
comparison with the distance of the Fc unit with respect to the surface, probably
hinders the electron transfer and also the rapid equilibrium with the electrode
which could make sense since the molecules are in a standing-up position over the

surface.

Full-width at half maximum ( Efn)

Important information about the relative interaction that can take place be-
tween the redox centers of the adsorbates organized in a monolayer is given by
the full-width at half maximum height of the anodic (or cathodic) voltammetric
wave. According to Equation 3.3 where R is the universal gas constant, 7 is the
absolute temperature, 7 is the number of exchanged electrons and F is the Fara-
day constant, for an ideal case where almost no interaction is found between the
electroactive units present in a monolayer, a Ef,5, = 90.3 mV (considering that
only one electron participates in the process) is expected®?,

RT 906
fwhm=3 53— = ——mV (3.3)
nk n

At experimental level, values of Ey,, larger or smaller than the theoretical one
are usually found. In this sense, the larger experimental values obtained for S1
have been attributed to possible intermolecular electrostatic interactions produced
by oriented molecular dipole species in close proximity. This situation is expected
especially when there is a high concentration of electroactive centers in the mono-
layer. For SAM S1 both Ef,;, values, one corresponding to the Fc wave (128
mV) and the other corresponding to the PTM wave (188 mV) were found to be
larger than the ideal one. Significant interactions between redox centers has been
previously reported for SAMs of PTM radicals ( Efyp, = 184 mV) 25 The value
of Efypm =128 mV for the Fc unit of S1 was found to be close to the typical
range (130 to 155 mV) of those for pure SAMs terminated with Fc redox centers®’.
For SAM S1-H it was also observed a larger value of Ef,, = 100.1 mV than the

ideal one. The values obtained point toward significant interactions between the
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redox centers of the D A SAMs.

The fact S1-H present a value closer to the ideal one in comparison with
that present for SAM S1 could be an indication of the higher homogeneity of the
molecules forming the SAM S1-H. This observation can be due to the higher inter-
molecular electrostatic interactions of the oriented dipoles of the D A monolayer

in S1 which present two redox centers than in S1-H with only one.

Surface coverage ( r)

Surface coverage tell us the number of molecules per area and is an indica-
tion of the quality of the molecular packing in the SAM. This parameter can be
estimated from Equation 3.4. Where is the surface coverage (mol cm 2), Op. is
the total charge (C) calculated from the integration of the area under the anodic
peak, n is the number of electrons involved in the electron transfer process (n =1
for the Fc/Fc* redox couple), F is the Faraday constant (96485.309 C mol 1) and

A is the experimental surface area of the electrode (WE).

— QFC
nFA

Fe (3.4)

It must be taken into account that the quality of the packing in a SAM depends
of a lot of experimental parameters, some of them diX cult to control. For the
best packing found for S1 and S1-H monolayers, considering the anodic peak of
the ferrocene taken at 100 mV/s and knowing that the experimental areas of the
working electrodes were 0.5 cm? and 0.6 cm?, respectively; values of r. of 1.28E-10
and 3.26E-10 mol cm ? respectively for S1 and S1-H were obtained. These values
are lower than the theoretical maximum coverage of 4.5E-10 mol cm 2 calculated
for a densely packed monolayer based on an alkyl thiol terminated chain with a
Fc group on flat gold®®, which it makes sense since molecules in S1 and S1-H
contain the bulkier PTM unit at the top of the monolayer. In fact, it will be the
area occupied by the PTM subunit that will determine the packing of the molecules
in S1 and S1-H.
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In summary, the surface coverage for S1-H monolayer was higher than that
determined for S1 which is in a good agreement with the lower contact angle found
for S1 (Table 3.49 and 3.50) and the previously mentioned intermolecular electro-
static interactions present in this SAM. From these data we have also calculated the
average area, 6 , occupied by each molecule using Equation 3.5. Values of 130 (1.3
nm?) and 51 (0.51 nm?) A? for S1 and S1-H, respectively, were obtained, which
are close to the area estimated for one PTM unit?’, the most bulky part of the

molecule.
1016

22
0A )= —————
@) 6 023x10%3

(3.5)

The area occupied by the PTM unit was also calculated from the optimized geom-
etry of the molecules (1 and 1H) in gas phase and assuming a rectangular shape”.
A value of 0.652 nm?/molecule was obtained for both molecules. The difference
of this value with respect to that obtained for SAM S1-H could be explained from

an experimental error or from the geometric shape assumed for the PTM moiety.

Molecular Orbitals

Further information about the HOMO relative to vacuum can be extracted

684, where Eps nyE is the absolute

from cyclic voltammograms using Equation 3.
potential energy of the normal hydrogen electrode (-4.5 eV), and Ej o yyE is the
formal half-wave potential vs normal hydrogen electrode (NHE). Since the refer-
ence electrode (Ag;) was calibrated using the Fc/Fc* couple, the formal potential

was referenced to NHE (0 mV) using a value of +0.447 V.

Enomo = Eaps NHE €E1 o NHE (3.6)

Table 3.5 recollects the HOMO values found for the three monolayers (S1, S1-H
and S5) studied, as well as for the corresponding compounds used for the SAMsX
preparation (1, 1-H and 5) measured in solution. Comparing the radical and the
protonated monolayer one can appreciate that the HOMO value of S1-H is slightly

higher than the corresponding of S1 which is in agreement with the fact that for the

*Theoretical calculations performed by Francesca Delchiaro, PhD student in Dipartimento di

Chimica at Parma University (Italy) under supervision of Prof. Anna Painelli.
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protonated PTM is more dilX cult to extract the electron from the Fc moiety than for
the radical. This interpretation is supported by the HOMO value calculated for the
Fc monolayer, which is the smallest one. In this case, the Fc unit is more accessible
and there is no interference of any other part. The energy of the HOMO was found
to be S1-H > S1 > S5. Nevertheless, the three monolayers show a HOMO value
slightly bigger that the corresponding bulky compounds, differences of 0.07, 0.03
and 0.08 eV were found for S1, S1-H and S5, respectively. This increment could

be related with the alignment of the energy levels at the metal frontier.

Table 3.5: Highest Occupied Molecular Orbital (HOMO) calculated from CV experiments.

EinV S1 S1H S5 1 1H 5

Epq 0.235 0269 0.118 0168 0.234 0.180
0.557 -0.681

Epe 0.179 0.210 0.111 0.102 0.163 -0.117
-0.638 0.734

E1 0.207 0.240 0.115 0.135 0.198 0.031
-0.598 -0.708

Eionge  0.654 0687 0.562 0582 0.645 0.478
0.151 -0.261

Enomo (€V) 515 -5187 -506 -508 -515 -4.98
Erumo (€V) 435 4.24

3.7 Summary

Two different approaches have been used to prepared SAMs of D A systems.
We start using a two-step approach for the preparation of SAMs S6, S6-H, S4 and
S4-H. Due to the instability of the imine bond it has been not possible to obtain
homogeneous monolayers but mixed monolayers that do not allow to continue with
the study of the electronic properties of these SAM:s.

In order to obtain robust and homogeneous SAMs of electron D A systems

three novel molecules were synthesized to be anchored to the surface following a
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one-step approach. Very successful results were obtained for SAMs S5, S1 and
S1-H. With these new SAMs it will be possible to study in detail in the following
chapters their electronic properties for their possible applications in molecular

electronics.
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W learned that courage was not the absence of fear, but the
triumph over it. The brave man is not he who does not feel

afraid, but he who conquers that fearX
Nelson Mandela

Electronic structure characterization of
Fc PTM radical SAMs using Synchrotron

radiation

4.1 Introduction

In the effort to make electronic devices (like computers, cellphones, televi-
sions, cameras, storage memories, etc.) more powerful while their size is reduced
and their cost more accessible, technological and physical limits are encountered.
One of the reasons is based on the relevant physical laws that govern the matter,
which change from the classical to the quantum-mechanical laws as sizes approach
the atomic scale. In fact, conventional silicon and gallium arsenide, inorganic
semiconductors, could face some flaws when changes from classical physics to
nanophysics take place, as the nanometer scale is achieved.

In general, the components used as part of electronic devices with such
nanometer scale are framed in nanoelectronics. In this field the study of the inter-
atomic interactions and quantum mechanical properties (i.e. classical boundary

effects? due to the presence of a surface or an interface; phonon confinement>*,
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etc.) of the so small materials used results imperative®. In a more specific way,
when the device dimensions reach smaller and smaller sizes like a few nanome-
ters, the carriers (particles free to move like electrons, ions, holes) which have
a particle-wave duality can no longer be treated as classical point-like particles,
and effects originating from the quantum mechanical nature of propagation begin
to determine transport®. So, searching for miniaturization have opened a wide
spectrum of possibilities in an emerging technology to fabricate new devices with

nanometer size®.

Molecular electronics can be considered as a promising candidate for nano-
electronics, due to the possibility to built new devices and circuit architectures by
the assembly of a large numbers of nanoscale (molecules) objects’; or even the
use of a single molecule as an active component of electronic devices. The later
is the most ambitious goal of both, industrial and scientific community since sin-
gle molecules constitute the smallest stable structure imaginable. This thesis is
framed in the use of self-assembled monolayers (SAMs) as a way of nanofabrica-
tion for the development of molecular electronics. However, before they can be
used in real applications, an extensive knowledge of the internal electronic struc-
ture of the molecules, and the different interactions between them and also with
the surrounding media and with other components (like contacts), etc; are of cru-
cial importance because they will defined the final performance of these units as
a component of a whole and its integration into devices. Then, in order to use
molecules as electronic components, two general properties need to be studied:
the internal electronic structure of the molecules and the charge transport through

them.

To study the electronic properties of organic molecules as promising can-
didates to be integrated into nanoelectronic devices, it is necessary to graft and
nanostructure them on a metallic substrate. One way to do it is by the self-assembly
process which was addressed in Chapter 3. Once the molecules are bonded to
a metallic substrate, their electronic structure vary in different ways due to: i)
interface related processes that take place upon the adsorption of the molecule®;

i1) intermolecular interactions within the SAM; iii) dimensionality effects, and
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among others. Therefore, the understanding of the electronic structure and its
correlation with both the chemical structure and the intermolecular interactions
and how they determine the electronic properties, the electronic function and the
potential applications of molecules as component of devices is of great importance
in the field of nanoelectronics. Moreover, the molecular charge state and also the
charge distribution are important properties of molecular adsorbates that can be
used for instance in single-electron devices”.

In this regards, synchrotron-based spectroscopic techniques confer a really
good opportunity to study and to understand the properties of these kind of sys-
tems at the atomic scale, using different spectroscopy techniques like Photoemis-
sion (PES) and Resonant Photoemission (RPES), or Near Edge X-ray Absorption
Fine Structure (NEXAFS). The possibility to be able to choose the photon en-
ergy to characterize each component (atom) of the molecular monolayer provides
great advantages with respect to the conventional XPS technique in which only
one energy can be used, generally 1486.6 eV, due to the source (Al K ) of the
monochromatic radiation.

From the molecular electronic point of view, D A dyads which are the scope
of this thesis; are interesting systems to produce molecular elements suitable to be
used in electronic devices. Such interest is centered in three main aspects. i) On
one side, as the donor and acceptor units are electroactive they can be considered
as molecular switches with 3 different electronic states. i) D A systems that in-
duce a dipole in the metal/molecule interface can also be interesting to improve
the performance of charge injection in electronic devices. This improvement takes
place due to the modification of the work function of the metallic interface thanks
to its chemical modification with D A SAM which allows controlling the energy
barrier at the metal/organic interface!’. iii) Additionally, the higher delocaliza-
tion of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) in D A systems due to the presence of the  bridge
compared with that expected in the Aviram-Ratner model’ is expected to favor

the charge transport across these systems giving place to rectification.
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On the other hand, as we have already seen in Chapter 2 the D A system
Fc PTM radical (2) presents bistability being able to exist in the neutral (N) or
zwitterionic (Z) state either in solution and in solid state thanks to cooperative
intermolecular electrostatic forces (Chapter 2). Thus, working with this system
results of special interest due to the possibility to study the influence of the di-
mensionality of the system to the bistability phenomena previously observed in
3D. We will be specially interested to demonstrate experimentally, if the bistability
phenomenon observed in 3D structures can also be noted when these molecules
are organized as SAMs in 2D structures.

The study of the molecular switching does not belong to the principal aim of
this thesis. However, such process has been studied in similar electroactive systems
like PTM radicals''? and TTF'®!* monolayers. Regarding to the modification
of the electronic properties of surfaces by using these D A SAMs, and also the
charge transport study through them will be addressed along Chapters 5 and 6,
respectively. While, this chapter will be dedicated to the study of the electronic
structure of D A SAMs based on Fc PTM derivatives by synchrotron radiation.
Focusing on the core-level of the principal elements of the SAMs, as well as on the

occupied and unoccupied molecular orbitals.

4.2 Synchrotron radiation”

Synchrotron radiation (SR) was observed visually for the first time in 1947
at General Electric 70-Mev synchrotron accelerator by a group of investigators'®.
Synchrotron radiation is the electromagnetic radiation emitted in the tangential
direction by charged particles travelling close to the speed of light that have been
accelerated through magnetic fields in circular orbits. Initially, it was considered as
a nuisance in high-energy accelerators and particle storage rings because the sig-
nificant energy loss that represents. However, in the 1950s and 1960s, synchrotron

radiation was eventually discovered as a very useful X-ray source that can be used

*The measurements using synchrotron radiation were performed at BL24-CIRCE and Materials
Science beamline at ALBA and Elettra facilities, respectively; with the support of Dr. Virginia Pérez,

Dr. Carlos Escudero and Dr. Robert Acres beamline scientists.
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as potential tool in several fields of science (i.e. material science, biology, medicine,
etc.). The energy of the SR covers a broad spectrum, although the radiation used
at experimental level is primarily in the ultraviolet and X-ray wavelengths and it is
characterized by high brilliance and tunable energy %",

SR facilities typically consist of an injection system, a storage ring and beam
lines. In the injection system, electrons are generated, pre-accelerated, and some-
times a second accelerator further accelerates these electrons to more than 1 GeV
before injection into the storage ring. In the ring, bunches of electrons periodically
circulate at relativistic speed for periods of up to many hours and extremely bright
light is created when electrons are deflected through magnetic fields. Basically, the
storage ring consists of radio-frequency (RF) cavities, bending or other kind of
magnets and insertion devices like wigglers or undulators'® as shown in Figure

4.1. The classical SR source is made up by an electron gun, a linear accelerator, a

booster synchrotron, a storage ring, beamlines, and experimental end-stations.

RF cavity

!# :"-.’ bending

magnet

pre-accelerator ‘\\,ﬂ

undulater 280 Yy SR
electron bunch

- U Kv hnaam

electron

Figure 4.1: Schematic representation of the electron storage ring of a Sychrotron Radiation facility *°.

X-rays from a SR source enable non-destructive determination of the ele-
mental analyses, distribution and chemical state (the electronic structure of the
elements) and also imaging the elemental constituents of molecules, cells, etc;
thanks to the very high brilliance and energy variability of the X-ray beam. The
knowledge obtained in this way allows to gain new insights of the highly complex
functions of materials, molecules, cells, etc.

Unique properties of the X-rays from a SR source like: i) tunability of the

incident X-ray energy which makes possible to obtain the information of chemical
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state of elements; i7) high photon flux, 10.000 times higher than conventional X-ray
tubes which give high el cacy by reducing the measurement time; iii) high colli-
mation which for example enables analysis of trace metallic elements contained in
a biological specimen at a single cell level; iy) pulsed time structure which makes
possible to perform time-resolved measurements; v) the selective distinct linear or

6

circular polarization of the radiation'®, among others; make techniques based on

SR very useful and widely employed in physical, chemical and biological fields.

4.3 Objectives

In this chapter we will use synchrotron radiation in order to characterize
different aspects of the SAMs S1 and S1-H. First we will be interested to study the
internal electronic structure of molecules 1 and 1-H once they are anchored to a
gold substrate. Then, as we are dealing with an open-shell molecule, we will be
also interested to corroborate that the magnetic character of the PTM radical is
preserved once anchored to the metallic substrate as it was observed by EPR. We
will also study the interaction between the gold substrate and the monolayer, and
finally, we will take advantage of the possibility to study the electronic structure of
a molecule in real time to try to use the synchrotron radiation to follow a possible
switching behavior of SAM 1 under different external stimuli (water vapor and

temperature) towards possible applications.

4.4 Photoemission spectroscopy (PES)

Photoemission spectroscopy (PES) is one of the most important techniques
used to study the electronic structure of molecules, solids and interfaces. It is
based on the photoexcitation of electrons localized at the core-level of an atom.

The process starts when a monochromatic electromagnetic radiation (h )
incidences over a surface in vacuum. The energy given by the photons is absorbed
by core-level electrons and depending on the photon energy, they can be excited

from this original state to an empty outer shell or they can escape from the material
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as photoelectrons. The emitted photoelectrons are collected and their energy is
analyzed. Thus, it is possible to plot the number of detected electrons per energy
interval versus their kinetic energy giving place to the spectrum of the element.

The kinetic energies of the emitted electrons is given by Equation 4.1.
KE=h BE g (4.1)

Where, KE is the kinetic enery, 4 is the energy of the photon, BE is the binding
energy corresponding to the orbital from which the electron comes, and 7 is the
spectrometer work function. In this process, the photon energy (h ) required to
extract one electron from its core-level has to be equal or higher than the BE of the
atomic orbital from which the electron originates. Thus, each element has a unique
spectrum like a fingerprint that characterizes it. However, if the photon energy is
higher, then the core-level electron absorbs the required energy to escape from the
atom and the rest of the photon energy contributes to the electron kinetic energy
as a free particle. Since the detected electrons can come only from the top few
atomic layers because the mean free path of electrons is very small in solids, PES
has been established as a very surface-sensitive technique!®.

Figure 4.2 shows the survey spectra of S1 and S1-H monolayers at
h = 630 eV. In addition to the expected elements (Fe3p, S2p, Cl2p, Cls and
O1ls), it was observed the Si2p peak which comes from the substrate probably due

to some imperfections of the evaporated gold layer.
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Figure 4.2: Survey PES spectra of S1 (red line) and S1-H (black line) monolayers taken at 630 V.
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The peak observed at 448 eV (about 182 eV in KE) which is not common,
corresponds to a chlorine Auger electron (Cl L3VV) and the additional peak ob-
served at 336 eV has been assigned to Au 4d; 5. Due to the photon energy used in
these PES measurements it was not possible to see the Fe2p, but taking again the
survey spectrum at higher energy (1486.6 eV) using an Al K X-ray source it has

been possible to see it, at the expected energy (708 eV), as shown in Figure 4.3.
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Figure 4.3: Survey XPS spectra of S1 (red line) and S1-H (black line) monolayers taken at 1486.6
eVv.

In order to compare XPS intensities of the two measured SAMs (S1 and
S1-H), the calculation of the relative atomic percentages (At.%) is required and
not only a direct comparison of peak areas. Because the XPS spectrum is a com-
bination of the number of electrons that leave the sample surface and the ability
of the instrumentation to record such electrons. At.% is the representation of the
intensities as a percentage; which guarantees that even though the experimental
conditions change from measurement to measurement (or sample to sample), the
relative peak intensities would remain constant?,

More than one transition with suitable intensity can be used in quantification
because each element has a range of electronic states open to excitation by the
X-rays. However, transitions from different electronic states of the same element
and also transitions from different elements vary in peak areas. Therefore, the
peak areas calculated from the data must be scaled to ensure that the same quantity

of the element is determined from either suitable transition and also from either

element. Then, a set of relative sensitivity factors are necessary for transitions
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within an element and also for all elements. The sensitivity factors are designed to
scale the measured areas so the meaningful atomic concentrations can be obtained,
regardless of the peak chosen'’.

Taking into account the relative sensitivity factors and once calculated the
At.% for the different elements observed in the survey XPS spectra of both SAMs,
it was possible to determine the XPS Cl:Fe ratio of the radical SAM S1 and the
protonated SAM S1-H, being 13:0.5 and 10.3:1.2, respectively. Such ratios were
close to the stoichiometry of the molecule (14:1) demonstrating in this way that the
integrity of the disulfide D A systems 1 and 1H is maintained once the monolayer
has been formed.

Film thickness of SAMs S1 and S1-H was obtained from the high resolution
PE spectrum of Au taken at 630 eV shown in Figure 4.4 by evaluating the atten-

uation of the Au 4f; 9 peak of a sputtered substrate and for each functionalized

substrate according to Equation 4.2%0?1,
I=1,exp( d cos) (4.2)

Where [ and I, correspond to the substrate intensity of the SAM covered and
bare surface, respectively; d is the SAM thickness, and is the detection angle
with respect to the surface normal. In this case, was zero since the analyser was
normal to the sample surface obtaining a deviation of the emission angle from the
surface normal of 0. is the photoelectron attenuation length and is characteristic
of each system. depends on the kinetic energy of the photoelectrons and for these

T as model

measurements it was assumed a value of 18.2 A reported for adenine
organic system, supported by the fact that similar values have been reported for
organic systems.

A thickness of 2.23 nm was estimated for S1 and for S1-H monolayer a similar
value of 2.27 nm was calculated. The values obtained reflects that molecules in

both monolayers are standing up which is quite reasonable since both systems are

almost identical in structure. Considering a total length of 2.6 nm for the molecule

TLamont, C. and Wilkes, J. (1999) reported the expression =0 3E0-%* to claculate the attenu-
ation length of photoelectrons of n-alkanethiols monolayers on gold in the range of 300-1000 eV of

KE. Using this equation a value of =16.94 A is obtained, which is close to the value assumed.
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(1, 1-H) calculated in gas phase*, a tilt angle around 30 is expected which is in a
good agreement with those reported in the literature?%?3 for complex systems with

the same alkyl disulfide anchoring group.
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Figure 4.4: HR-PE spectra of S1 (red line), S1-H (black line) monolayers and bare gold (blue line)
taken at 630 eV.

The Au4f high resolution (HR) spectra of both monolayers (Figure 4.5(a))
show the expected doublet at 84 eV (Au 4f; 5) and 87.7 eV (Au 4f5 9). Another
common doublet was found in the Cl2p spectra, with Cl 2p3 ¢ binding energy at
200.8 eV (C Cl) and a spin orbit coupling between CI 2p3 9 and Cl 2p1 2 equal to
1.7 eV. This feature is characteristic of the PTM moiety and it has been reported
previously for other PTM radicals monolayers?*~2°,

The Fe2p spectra for these systems is of great importance in order to deter-
mine the electronic structure (neutral or zwitterionic) of these Fc PTM SAMs.
The Fe2p HR X-ray photoemission spectra (Figure 4.5(c)) show two sharp photo-
electron peaks at 707.9 (Fe 2p3 9) and 720.7 (Fe 2p1 9) eV. The binding energies
of the doublet are in a good agreement with values reported in the literature®”?®
for Fc-compounds adsorbed on substrates and they have been assigned to the re-

duced (2+) state of Fc since the XPS Fe2p spectrum of the ferricinium cation (3+)

is expected at 710.6 (Fe 2p3 9) and 723 eV (Fe 2p; 9) 2930,

#Value determined by Francesca Delchiaro, PhD student in the group of Prof. Anna Painelli at
Parma University; using PM7 (RHF) calculations at optimized ground state (U) CAM-B3LYP/6-31G*
level with modified dihedral angles.
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O1s spectra (Figure 4.5(d)) show a broad band localized at 532.2 eV which

corresponds to the oxygen atom present in the ester group.
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Figure 4.5: High Resolution Photoemission spectra of S1 (red line) and S1-H (black line) for (a)
Au 4f, (b) CI2p, (c) Fe2p and (d) Ols.

The analysis of carbon 1s spectra (Figure 4.6) is more diXl cult that the afore-
mentioned elements because the carbon atoms present in these systems contain
different substituents and types of bonds. Additionally, the position of the photo-
electron peak can be sensitive to different factors such as the charge density on the
non-ionized atom or to the degree of shielding of the core hole generated by the
loss of the electron, among others. As a result, chemical shifts to higher binding
energies for carbons in higher oxidation states or with electronegative substituents
can be expected31. Thus, in order to identified the different carbon atoms, the
spectra obtained have been fitted using the XPS Peak software giving place to five

well defined peaks which assignment has been suggested as follows. The peak at
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284.4 eV corresponds to the aliphatic carbon atoms present in the thiotic acid-alkyl
chain while the small peak at 288.6 was assigned to the carbonyl group (C=0)35%
The peak at 284.8 eV in S1 and shifted 0.2 eV in S1-H could have the contribution
of the Curom Ceentrai atoms of the PTM moiety as well as the cyclopentadienyl car-
bons (Ccp)?®%. Finally the peaks observed at 286.1 and 286.5 could corresponds

to the sp? carbon atoms present in the chlorinated phenyl groups of the PTM?*,

Cls
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Figure 4.6: High Resolution Photoemission spectra of Cls of (a) S1 and (b) S1-H

The degree of bonding between the molecules and the substrate can be eval-
uated from the S2p spectra. After deconvolution, four principal peaks were iden-
tified, two at lower binding energies which corresponds to the S2p doublet S 2p3 o
and S 2p; 9 with values of 161.8 and 163.1 eV, respectively. They are related to
the gold bound thiolate species while the doublet observed at 163.7 (S 2p3 2) and
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164.6 eV (S 2p; ) was assigned to the unbound disulfide?*3. The percentage
of unbounded sulfur is around 16% for both SAMs (S1, S1-H), which could be
due to the fact that some molecules were attached only by one sulfur atom of the

disulfidde anchoring unit.
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Figure 4.7: High Resolution Photoemission spectra of S2p of (a) S1 and (b) S1-H

In Table 4.1 are summarized all the binding energies identified for each atom
analyzed in the HR-spectra of S1 and S1-H monolayers. Comparison with stan-
dards is mandatory to confirm these assignments, and thus, such assignments have

been suggested based on what is reported in the literature for similar systems.
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Table 4.1: High-resolution photoemission spectra data for S1 and S1-H monolayers.

Binding energy (eV)

Atom Type of bond
S1 S1-H
Cl2ps o 200.8 200.9 C Cl bond, characteristic feature
Cl2p1 9 2025 202.55 of the PTM moiety.
Fe2p3 o 707.9 707.9
Reduced state of the Fc moiety.
Fe2p1 o9 720.7 720.7
284.4 284.4 Aliphatic carbon atoms.
284.8 285.0 Carom Ceentral (PTM)
Cls and cyclopentadienyl carbons (C¢)).
286.1 286.1 sp? carbon atoms and
286.5 286.6 chlorinated phenyl groups of the PTM.
288.6 288.6 Carboxyl group.
S2p3 9 161.8 161.8
Gold bound thiolate.
S2p1g2  163.0 163.1
S2p3 9 163.7 163.7
Unbound disulfide.
S2p1g9  164.6 164.6

4.5 Resonant photoemission spectroscopy (RPES)

Following with the study of the electronic structure of D A systems
self-assembled on gold, in order to investigate the interaction in terms of charge
transfer at the metal/organic interface, resonant photoemission spectroscopy (RPES)
was used. In RPES one excites the sample with photons of an energy (h ) very
near to the adsorption threshold of a core level®*, achieving that some signals
present in PE spectrum can be observed as more intense peaks in RPES due to the
additional autoinization channels which open up in the resonance case®. Thus,
the resonant process for comprehension purposes, could be visualized as a two-

step process, the excitation of a core-electron and the deexcitation or decay of it.

Due to the irradiation (h ) of the sample, a core-electron localized in the initial
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state is photoexcited to an empty level (resonant bound state) forming an interme-
diate (excited) state where the system remains in the neutral electronic state, see
Figure 4.8 (left). The intermediate state decays via an autoionization processes
that annihilate the core-hole to yield a final state identical to that obtained by the
direct photoemission process. After the decay process one electron is emitted and

the system ends up with a single valence vacancy and a charge of +1.

Photoexcitation Non-radiative process
Unoccupied —_— _— —_—
states , ) /‘v
Occupied
states
hv ‘\"\’_\4
Core level ———

Spectator decay Participator decay

36,37

Figure 4.8: Schematic representation adapted from of the X-ray absorption-induced transition

from core level to lowest unoccupied level (left) and two possible core-hole decay paths: resonant

Auger or spectator decay (middle) and resonant photoemission or participator decay (right).

The autoionization can take place via two different channels: i) one, often
called resonant Auger or spectator autoionization because in the final state the excited
electron stays localized on the unoccupied level, and instead of it, two valence
electrons are removed in an Augerlike transition, one of them fills the core-hole
and the other is emitted, see Figure 4.8 (middle); and ii) the other path, known as
participant channel is the process where the excited electron takes part in the Auger
process and is emitted while one valence-electron fills the core-hole, see Figure
4.8 (right), this final state is equivalent in energy to the valence photoemission

spectra 36,38,

In both autoionization process the KE of the emitted electron is
proportional to the exciting photon energy (KE o« hv), and changing the photon
energy the unoccupied orbital space of the sample is probed.

The photon energy (hv) can be chosen in a proper way to achieve selectively
excitation and therefore the signal enhancement of particular elements present on

the sample. Since disulfide D—A systems (S1 and S1-H) in majority are formed

by carbon atoms (40 atoms per molecule), carbon was chosen to perform RPES.
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An energy sweep was made from 283 to 287 eV with increasing steps of 0.5 eV
and very intense and clear resonance of carbon was found at 286.5 eV in both
S1 and S1-H monolayers (Figure 4.9) which is not commonly observed. At this
energy a great increase of the intensity of four principal peaks was observed. The
first two peaks observed in the different spectra showed in Figure 4.9, will not be
considered in this analysis and that do not change in intensity. These two peaks
have been interpreted as signals of the carbon of second order since their position

is shifted twice the energy (1.0 eV) that is increased in each step (0.5 eV).
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Figure 4.9: Resonant photoemission (ResPES) spectra of S1 taken at different binding energies (a).

The corresponding spectra for S1-H monolayer are shown in (b).

The first peak observed for S1 at 1.2 eV has been assigned to the contribu-
tion of carbon atoms belonging to the Fc moiety, on the HOMO of the system.
Due to the electronic push-pull configuration of this system, the first occupied level
accessible in energy has to be placed in the Fc-donor part. The remaining peaks
observed at 3.5 3.6, 7.4 and 9.7 eV could belong to the delocalization of the dif-
ferent HOMO orbital on the carbon of the PTM moiety.

The high intensity showed by the resonance spectrum, specially by the peak
around 3.5 eV is an indication of the weak metal-organic interactions. This is in
agreement with the fact that if a molecule is placed on a metal substrate, there is a
high probability for the excited electron to delocalize into the continuum electronic
states of the metal if the LUMO of the molecule is strongly coupled with the metal

substrated workfunction. In this case, both spectator and participator processes
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are strongly quenched, yielding to low or almost no photoelectron intensity37. For
S1 and S1-H monolayers, the high intensity observed for the different peaks are
a clear indication that the molecular orbitals are not delocalized in the substrate
but they are localized in the molecule. It is important because it demonstrate that
the molecule preserves its electronic structure which is very desirable for potential

applications.

Regarding to the clear resonance peaks observed, the first two peaks are
slightly shifted to higher BE in the S1-H monolayer (1.4 and 3.6 eV) with respect
to that observed in the S1 monolayer (1.2 and 3.5 eV). The difference of 0.2 eV
for the first peak could be related with the presence of the PTM radical in S1
with a singly-unoccupied molecular orbital (SUMO) at lower energy than the S1-H
LUMO and close in energy to the HOMO of the Fc moiety. The small difference in
energy between these two orbitals (SUMO and HOMO), probably allows a certain
degree of coupling and then the energy required to extract one electron from the

valence band is smaller in S1 compared with S1-H.

4.6 Study of the occupied and unoccupied
molecular orbitals of of Fc PTM SAMs

4.6.1 Valence Band (VB) Spectra

The valence band (VB) of a sample is obtained when the surface is irradiated
with a beamline of low photon energy. Then the outermost electron shell of atoms
are ejected and recollected by the analyzer, given place to the band spectrum made
up of the occupied molecular orbitals of the sample. The VB spectra for S1 and
S1-H monolayers were taken at 40 eV photon energy. Figure 4.10 shows a com-
parison between the VB spectrum of the monolayer and bare gold. Additionally,
the resonance spectrum for carbon, previously mentioned was plot to compare the

peaks observed.
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Figure 4.10: (a) Valence band spectrum of monolayer (red) and of bare gold (blue) measured at 40
eV photon energy for S1. Line pro le of Cls resonance at 286.5 eV (green) was added for comparison
effects. The corresponding panels for S1-H monolayer are shown in (b). The intensities of both

valence band spectra have been scaled for clarity.

The most remarkable feature observed in the VB spectra of both systems is
the peak at 1.2 eV present in S1 and 1.4 eV in S1-H with respect to the Fermi
Level. Since the peaks observed in the VB spectrum corresponds to occupied
molecular orbitals of the system, this peak could be related with the HOMO of the

monolayers which should be more localized in the Fc-donor subunit.

A similar peak at 2.0 eV has been observed in the VB spectra of ferrocenyl-
based salts but absent in their ferrocenium analogues 30 so it is possible to say that
the Fc is in its reduced electronic state even though the lower BE at which was
found this peak (1.2 1.4 eV) that can be due to the high electron acceptor ability
of the PTM. The HR XPS spectrum of the Fe2p confirms the reduced state of the
Fc (Figure 4.5(c)).

Specifically, the observed peak has been assigned to photoemission from the
HOMOs of the Fc (ey, and alg)Qo’39 . In Fc, the valence orbitals aforementioned
are filled by the six 3d electrons from iron giving an electron configuration of
(egg)"(alg)2 while in ferrocenium compounds the configuration of the valence band
electron corresponds to (€2g)3(a%g)30. At higher energy (3.6 eV for S1 and 3.5 eV
for S1-H) it was observed an intense peak, which also appears in the Cls resonance

spectrum of both SAMs. Such peak corresponds to another occupied molecular
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orbital higher in energy and named HOMO 1. This peak is more localized in the

PTM unit since it was also observed in similar systems.

Summarizing, from the VB spectrum of S1 the following bands that corre-
sponds to the density of states (DOS) of the molecule 1 were observed at 1.2,
3.6, 5.1, 6.3, 7.5, 9.0, 11.4 and 13.2 eV while for S1-H monolayer the occupied
molecular orbitals were distinguished at 1.4, 3.5, 5.3, 6.5, 8.0, 9.2, 11.6 and 13.4
eV.

In the Fermi Level region (Figure 4.11) it was possible to see in more detail the
peak previously assigned to the HOMO of both systems (S1 and S1-H) anchored
to gold surface. The vanishment of the Au 5d band indicates the effective coverage
of the surface with the disulfide D A systems.

The shift observed in the HOMO peak between the S1 and S1-H can be due
to the presence of the higher electron acceptor ability of the radical in comparison

with the closed shell structure of the 1H.
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Figure 4.11: Spectra of the VB at the Fermi Level region for S1, S1-H and Au.

4.6.2 NearEdge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS)

NEXAFS is a highly selective technique for studying the unoccupied molecu-
lar orbitals at selected atomic species being possible to observe optical transitions

from a specific core level (usually K-edge) into the lowest unoccupied orbital.



136 Chapter 4 Electronic structure characterization of Fc—PTM radical SAMs

Photoelectron Auger electron
(top 10 nm)
A
4 E
X-ray Fluorescence photon
(top 200 nm)
Core level L

Figure 4.12: Energy diagram of the photoabsorption process and the subsequent electron decay by

two different paths; taken from refs. 4041

This technique is based on the sample irradiation with monochromatic
X-rays that induces the excitation of electrons from the core level to partially filled
and empty states, which gives as result a photoelectron and a core hole. The sub-
sequent decay of core-hole states ends in the emission of Auger electrons (from
the top 10 nm) from the valence molecular orbitals or the emission of fluorescent
photons (from the top 200 nm), resulting in a NEXAFS electron yield spectrum,
where both the peak position and the spectral lineshape are directly related to
the nature of these unoccupied electronic states %4 (see Figure 4.12) labeled as
n*— or o~ orbitals according to their symmetry.

NEXAFS is not limited to the knowledge of the electronic structure of
molecules, moreover it is also useful to get information about the molecular orien-
tation since bonds and molecular orbitals associated to them are highly directional
and the angular dependence of the K-shell (electron closest shell to the nucleus)
spectra is determined by the spatial orientation of the orbital on the excited atom.
In this context, the polarization characteristics of synchrotron radiation plays an
important role because the transition intensities observed in NEXAFS spectra de-
pend on the orientation of the electric field vector of the incident X-rays with respect
to the orientation of the molecule. Therefore, the intensity of a resonance is largest
when the electric field vector E lies along the direction of the final state molecular
orbital (O) and vanishes when E is perpendicular to it. Remind that 7*—orbitals
have maximum amplitude normal to the bond direction while o-*—orbitals have a
maximum orbital amplitude along the bond axis, see Figure 4.13. Hence, the spa-

tial orientation of an orbital can be determined by taking NEXAFS measurements
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at two or more angles of incidence of the X-rays taking into account that all dipole

transition moments contribute to the resonance®*!.

Figure 4.13: Schematic representation of the origin of the polarization angular dependence of

NEXAFS resonances, where the 7 —resonance is maximized at normal incidence (left), while the
40,41

o % —resonance is maximized at grazing incidence (right). Image adapted from refs.

So, NEXFAS measurements of the C K-edge, Fe L-edge, Cl K-edge and
O K-edge were performed for S1 and S1-H monolayers. The carbon K-edge spec-
tra of monolayers S1 and S1-H recorded at normal (NI) and grazing (GI) incidence
are shown in Figure 4.14. For the case of S1 monolayer, it was observed that the
intensity of the peaks corresponding to the n* resonance is higher at normal in-
cidence than at grazing incidence, which could be related with a certain degree
of a preferential orientation of the molecules, situation that does not happen in
S1-H monolayer. Such molecular orientation is expected since in normal inci-
dence the E vector of the light results parallel to the surface, while in grazing is
"almost" parallel to the normal and thus excites the orbitals along the molecular
"axis".

On the other hand, comparing the spectra of both monolayers, the main dif-
ference between them was the small peak at 282.6 eV observed in the open-shell
radical monolayer S1 but not in its closed-shell protonated monolayer
S1-H. This peak has been previously assigned to the SUMO?* of the PTM; be-
ing a signature of this specie. At this point it is worth to emphasize that preserving
the magnetic character (unpaired electron) of this system is really important with
regard to possible applications in electronics. Such character has been previously
seen by EPR at another scale (3D) but also in the SAM (see Figure 3.52). In the
case of the monolayers (2D structures) the presence of an insulating chain keep the

D—-A central core far from the metal substrate preventing a possible hybridization.
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Figure 4.14: C K-edge NEXAFS of (a) S1, (b) S1-H monolayers at normal (NI) and grazing (GI)

incidence.

The rest of the assignment has been performed taking as a base reference the
previous work performed in our group?* in which it has been studied substituted
PTM radicals onto a COOH—functionalized SAM through copper (II) metal ions

and also in accordance with refs3%37:42-46

The 7" resonance peak at 285.4 eV corresponds both to the transition of the
C1s electrons into antibonging 4e1, orbital of the Fc and Cls = #* transitions local-
ized on carbon atoms on the perchlorinated benzene rings. The high intense peak
observed at 286.4 eV was assigned as C(Ph) = n* resonance on the perchlorinated
benzene rings. The peak at 287.4 eV essentially corresponds to the transition of
the Cl1s electrons into antibonging 3ey, orbital of the Fc and probably has a small
contribution of the o* (C-S) resonance localized around 287 eV which resulted
not distinguishable. At higher energy was observed a peak localized around 289
eV and a shoulder at 288.4 eV, these peaks can be related with C1s transitions into
the 7* orbital of the carboxyl group. Finally the broad peaks at 292.8 and 299 eV
corresponds to C—C o* resonance

In the Cl L-edge NEXAFS spectra of radical and non-radical monolayers (S1,
S1-H) showed in Figure 4.15 a broad feature with two components was observed
around 201 eV. This band could be related with the transition of CI 2p1/93/9 elec-
tron to empty o* states. Another feature at 203.6 eV could be assigned to the 4s

Rydberg excitation*’*%,
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Figure 4.15: Cl L-edge NEXAFS spectra of S1 and S1-H monolayers at normal incidence.

O K-edge NEXAFS spectra of S1 and S1-H are shown in Figure 4.16. The
intense feature observed at 531.8 eV can be attributed to transitions from Ols
core level electrons to empty ~ C=O states while the broad band at higher photon

energy range (537 540 eV) could have the contribution of several § transitions

(O H, C O and C=0)*3,

T T T T
530 540 550 560
Binding energy (eV)

Figure 4.16: O K-edge NEXAFS spectra of S1 and S1-H monolayers at normal incidence.

The Fe L-edge NEXAFS spectra of S1 and S1-H monolayers (Figure 4.17)
show the characteristic =~ resonances of Fc which correspond to the transition of

the Fe 2p electron into the empty  (4eq,) and  (3ey,) orbitals 44,54
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Figure 4.17: Fe L-edge NEXAFS spectra of S1 and S1-H monolayers at normal incidence.

Moreover, analyzing the energy and the intensity at which appears the multi-
plet structure of the L3 edge of Fe2p which is sensitive to the oxidation state of the
metal®. It is possible to know the oxidation state of the Fc moiety. Specific ener-
gies and relative intensities have been observed for L3 edge of Fe?* and L3 edge of
Fe?*, which are reported in the literature®. In both electronic states (reduced and
oxidized) are clearly observed two peaks, one more intense than the other. In the
reduced form the dominant peak is observed at lower energy while the weaker one
is present at higher energy. However in the oxidized form the behaviour observed
is the opposite, which means that the weaker peak appears at lower energy and the
stronger peak at higher photon energy. Features in accordance with that reported
by Zheng et. al°® for Fc SAMs and by Hitchcock et al.”” for isolated Fc have been
observed in S1 and S1-H monolayers. In the L3 edge of Fe 2p3 9 the dominant
peak was observed at 708.4 eV and the weaker peak at 710.8 eV. The energies and
the relative intensities observed correspond to Fe?* which is in agreement with the
reduced state observed previously in the HR PES of iron atom (Figure 4.5(c)).

Since, modification of the electronic state of Fc-terminated monolayers has
been observed by irradiation with soft X-rays®. It was really important to control
such kind of modification along all these measurements. It was not any probe of
the possible reduction of the Fc moiety due to the synchrotron radiation, neither in
S1 nor in S1-H . And to guarantee no decomposition of the sample, each spectrum

was taken in different spots as it is explained in Appendix A.
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4.7 Use of external stimuli to modify the electronic

structure of Fc PTM SAMs

As it has been mentioned in Chapter 2, D A systems based on Fc PTM
have shown bistability in 3D structures between a wide range of temperatures.
Also playing with the solvent polarity it has been possible to favour one state or
another (neutral or zwitterionic, respectively) or the coexistence of both electronic
states at the same time. Based on these studies, and on the fact that playing with
the temperature or the solvent polarity, as external stimuli, it has been possible to
modify the proportion of the two stable electronic states (neutral and zwitterionic)
of these D A systems; the possibility to observe the same phenomenon in 2D
organized structures as SAMs constitutes a great scientist motivation for obtaining
a molecular switch able to be modified by soft external factors.

From the previous characterization by synchrotron radiation, it has been
demonstrated that all the molecules in S1 monolayer are in their neutral state,
and no signal of the charge-separated state was observed. However, in order to
look for potential applications of these systems in molecular electronics it will be
interesting the study of the molecular switching ability of these systems by applying

an external stimuli.

471 Solvent eXect

As it has already been studied in 3D (solution phase) modifying the polarity
of the environment of the molecules it is possible to switch the system from the
neutral to the zwitterionic state by using non-polar or polar solvents, respectively
(see Chapter 2). Based on these observations it will be interesting to study if play-
ing with the polarity of the environment it is possible to see some change of the
electronic structure of the Fc PTM SAMs in 2D. In order to perform such exper-
iments we will take advantage of the recently built near ambient pressure (NAPP)
end-station at CIRCE beamline inside ALBA synchrotron facilities in which it is
possible to perform spectroscopic measurements at high pressures using vapors

of different gases or solvents. Since water is a high polar solvent; vapors of this
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solvent will be used to observe any differences in the charge transfer state due to
a more or less solvation of the SAMs with polar water molecules.

Based on the work of Ketteler ez. al, three different water vapor pressure
were used to stimulate the intramolecular electron transfer of SAM S1, namely
10E-6 mbar, 10E-3 mbar and 1 mbar. S1 monolayer was exposed for a total of
45 minutes in each water vapor pressure, and it was characterized by PES at the
beginning and after 30 minutes. The principal atoms followed in this study were:
C1s, Cl2p and FeZp and are shown in Figures 4.18 and 4.19 at different water vapor
pressures.

All the spectra for Cls and Cl2p taken at different water vapor pressures
show exactly the same features that the reference spectrum and also the BE of the
peaks corresponding to each atom are the same in each water vapor condition. As
it can be seen in Figure 4.18 no shift of peak position is observed for C neither for

CL

202.3 p

After pumping

A A A
A / 1 mbar final After pumping
1 mbar initial 1 mbar final
st 1E-3 mbar finall 1 mbar initial
— A A 1E-3 mbar initial 1E-3 mbar final
e 1E-6 mbar 1E-3 mbar initial
* Reference 1E-6 mbar
T T T T T T T T T T
295 290 285 280 206 204 202 200 198 196
Binding energy (eV) Binding energy (eV)

(a) (b)

Figure 4.18: High resolution photoemission of (a) Cls and (b) Cl2p under the effect of different

pressure of water vapor.

On the other hand, since any change in the electronic structure of the molecule
should be reflected mainly on the peak position of the iron atom; special interest
was put in the analysis of this element. Figure 4.19 shows the Fe2p spectra taken

under different pressures of water vapors.
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Figure 4.19: High resolution photoemission of Fe2p under the effect of different pressures of water

vapors.

Contrary to that expected, when using vapors of polar solvent like water,
there is no shift of the iron peak. This fact is an indication that the presence of
water molecules on the top of the S1 monolayer is not affecting the electronic
structure of the Fc PTM system. One reason for such lack of interaction could be
related with the hydrophobicity of the system due to the presence of chlorine atoms
at the top part of the SAM which will repeal the water molecules preventing a good
solvation and therefore diminishing the possibility of any interaction between the
Fc PTM SAM and the water molecules. The small intensity change observed in
the spectrum taken at 1 mbar during the first minutes could be related with the
presence of a lot of water molecules on the top of the surface which diX cult to
obtain a good signal of the iron, element localized in the internal part of the SAM.
Nevertheless the intensity of the iron peak was recovered after pumping the water
vapor. Figure 4.20 shows the HR-PE spectrum of Ols taken at the water vapor
phase and also on the top of the functionalized surface. As it can be seen the peak

around 532 eV probe the presence of water molecules in contact with the SAM.

In the effort to induce any variation on the electronic structure of SAM S1
by applying an external stimuli, and because it has not been possible to change the
electronic state of the anchored molecules by using water as polar solvent. We will
use temperature as another suitable option, since variation in the proportion of
the neutral and zwitterionic state of the Fc PTM system was previously achieved

in bulk by effect of the temperature.
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Figure 4.20: High resolution photoemission of Ols at the water vapor phase and on the top of the

surface.

4.7.2 Temperature eXect

Temperature is a relatively easy and handy stimulus to be used as external
energy source to induce the intramolecular electron transfer (IET) from the donor
to the acceptor part of the system. This electron movement can be checked by
HR PES of the iron atom because once the Fc part give one electron that is ac-
cepted by the PTM unit, the electronic structure of the iron atom changes and
there are specific energies attributed to the oxidized specie formed. The experi-
ments that allowed studying the effect of the temperature in S1 monolayers were
carried out in BL24 CIRCE beamline at ALBA facilities.

To heat the sample, a holder equipped with a filament for electron bombard-
ment, a W:Re thermocouple, and two extra contacts was used; and the range of
temperatures used was from room temperature up to 150 C. Figure 4.21 shows

the sample mounted in the holder used for temperature experiments.

Figure 4.21: Sample mounted on the holder used for temperature experiments.
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To study the influence of the temperature over the electronic structure of the
S1 monolayer, the sample was heat from room temperature up to 120 C, allow-
ing the stabilization of the temperature before the corresponding measurement.
Figure 4.22 shows the iron HR PE spectra taken at different temperatures. Here,
a small shift toward higher energies was observed, passing the maximum position

of the peak from 707.7 eV at room temperature to 708.2 eV at 115 C ( =0.5¢eV).

Fe2p

Temperature

T T T T
715 710 705 700
Binding energy (eV)

Figure 4.22: High resolution photoemission of Fe2p at different temperatures.

The range of the energy observed for the Fe2p peak can be interpreted in
terms of the presence of the reduced specie and contrary to what was expected,
no IET was induced by the temperature. However, the small shift in the energy
was demonstrated to be reversible as it is shown in Figure 4.23, where it can be
appreciated that once the sample is cooled again down to 50 C the peak position

returns to its initial point (707.8 eV).
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Figure 4.23: High resolution photoemission of Fe2p at different temperatures. Recovering the initial

state.
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In order to discard any artifact induced by the holder or by the heating
system; the HR PE spectra of two principal elements such as carbon and chlorine,

were taken at different temperature and they are shown in Figure 4.24.
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Figure 4.24: High resolution photoemission spectra of (a) Cls, and (b) CI2p of S1 monolayers taken

at different temperatures.

Regarding to the Cls, the maximum position of the peaks is practically the
same both at room temperature and at 120 C. The position of the Cl2p peaks
present a shift of around 0.2 eV toward higher energies during the first heating but
it is not reversible. Probably, such shift induced by the temperature is the result
of some excitation in the electronic configuration of the system, as it has been
previously observed for the iron environment (Figure 4.22).

After this analysis, the 0.5 eV variation observed in the case of Fe2p spectra
should have an electronic structural nature. While it is true that no switch from
the Fe?* to the Fe?* was achieved by applying temperature as it has been observed
in 3D (bulk) it is clear, from the reversible shift observed in the Fe2p spectra taken
at different temperatures (see Figure 4.25), that in 2D using the temperature as
external stimuli, a partial charge transfer is promoted from the Fc donor to the
PTM radical acceptor unit. Remember, that both reduced and oxidized states of
the Fc are characterized for specific energies and that the peak of the Fe3* appears
at higher energy than the peak of Fe?*, as it was previously analyzed. Probably,
higher energy is required to induce the electron charge transfer in this case, but it

was not possible to achieve it since at 150 C the molecules showed a considerable
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grade of degradation.
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Figure 4.25: Binding energy of Fe 2pg/9 vs. temperature.

Two elements, Cls and Cl2p, were considered to study the degradation of
the molecules with the temperature in S1 monolayer, and big differences in the
shape of the spectrum were observed for both elements. In the case of the Cls,
the spectrum obtained after heating the sample to 150 C, is very similar to that
obtained for molecules degraded by the radiation (see Appendix A) where the
main peak corresponding to sp? carbon atoms of the chlorinated phenyl groups of
the PTM ( 286 268.5eV) is vanished (Figure 4.26(a)). Regarding to the spectrum
of the ClI2p shown in Figure 4.26(b), a new additional peak was observed at lower

energy (198.5 eV).
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Figure 4.26: High resolution photoemission spectra of (a) Cls and 4.26(b) Cl2p reflecting the

degradation effect of the temperature.
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As we have already mentioned, it is clear that once the Fc PTM D A system
is organized as oriented dipoles in two dimensions, with the temperature (up to
120 C) it is not possible to switch the system from the neutral to the zwitterionic
state as it was possible to obtain in the 3D crystalline phase. However, in the 2D
system with oriented dipoles, with the temperature it is possible to observe that
some degree of electronic transfer is promoted from the donor to the acceptor
(Figure 4.27). This observation elucidates the fact that the intermolecular electro-
static forces that in 3D structures work in a cooperative way to stabilize the neutral
and zwitterionic states at room temperature; in 2D structures of oriented dipoles
like in SAMs the dynamic equilibrium required to form such kind of structure
seems to work in a oppositive way. That is to say, when molecules with permanent
dipole moments are forced to be one close to the other an unstable situation is pro-
duced because the repulsion induced by charges of the same sign. Moreover, such
oriented dipoles create an internal electric field that is contrary to the direction
of the molecular dipole. Then, the no bistability observed in these D A systems
when they are organized as 2D structures is interesting from a fundamental point

of view.

933 % 938
_????zﬂuht ??ﬁﬁi

Figure 4.27: Electronic stimulation achieved by temperature.

Additionally, this kind of systems with probably a higher charge delocaliza-
tion can show different dipole moment in a comparison with a neutral system which

could be really interesting to modify metallic surfaces.



4.8 Summary 149

4.8 Summary

Along this chapter, a deep study of the correlation between the internal elec-
tronic structure and electronic performances of 1 and 1-H, D A systems anchored
to gold surfaces (S1 and S1-H, respectively) has been performed from a fundamen-
tal point of view as well as looking for possible applications.

The electronic characterization of S1 and S1-H monolayers which have very
similar molecular structure was studied by synchrotron radiation and through
which it was determined the neutral character of the dyad 1 once it is attached
to a gold surface as SAMs of oriented dipoles. From these measurements we have
seen that the magnetic character was preserved in the SAM S1 as the NEXAFS
spectrum showed and compared with respect to the S1-H monolayer where the
peak assigned to the SUMO localized on the -carbon in the K-edge spectrum of
the carbon atom, was not observed.

It has not been possible to switch completely the electronic state of the
molecule, meaning to pass from the neutral to the zwitterionic state by apply-
ing external stimuli like temperature and water solvation. Interestingly, it has been
possible to promote a partial charge transfer from the Fc to the PTM under the use
of temperature as external stimuli which it has been probe to be reversible. These
observations are the first proof that the intermolecular interactions that take place
in these kind of structures considered as bi-dimensional are acting in an opposite

way with respect to that observed in crystalline structures (3D).
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Conrad Hall

Modification of surface potential with
Fc PTM radical SAMs: The effect of dipole

moment and polarizability

5.1 Introduction

Surface engineering uses self-assembled monolayers (SAMs) for different ap-
plications where the control of surface structure and physico-chemical properties
are the pivotal key. Small or big changes at the molecular level may result in con-
trol of macroscopic surface properties!. In this context, the spontaneous assembly
of molecules on a supporting substrate forming densely packed and well-ordered
two-dimensional phases can be used to modify macroscopic surface properties?.

In the last years significant research effort has been directed towards under-
standing and controlling the interface energetics between metals (electrodes) and
organic molecules. Such interfaces are a key for device function and el ciency.
The rational design of highly functional organic electronic devices and the devel-
opment of methods for controlling injection barriers will be only improved through
a comprehensive understanding of phenomena at interfaces®.

157



158 Chapter 5 ModiReation of surface potential with Fc PTM radical SAMs

In this sense, diminishing the injection barrier between the charge transport
channels (energy levels/bands of the organic semiconductors) and the Fermi en-
ergy of the contacts results of crucial importance for device performance. One of
the often limitation in the energy level alignment at electrode/semiconductor inter-
faces is the small number of electrode materials compared with the large number
of commercially available organic semiconductors®. To address this limitation, dif-
ferent ways have been probed to adjust the relative vacuum levels of metals and

semiconductors*

. For instance, depositing a thin film of a high/low work func-
tion materials on common metal electrodes>’. Tuning the surface potential by the
physisorption of organic molecules that form an interface dipole at the metal sur-
face”8. In some cases such tuning has allowed the reduction of the work function
due to electron transfer from the adsorbate to the metal®!’. Other way for the in-
jection barrier tuning is the use of SAMs!! of molecules that exhibit a permanent
dipole moment since dipolar organic monolayers covalently linked on metal sur-
faces induce a change in the work function (7) due to a shift of the relative vacuum
levels'?. Thus, the modification of the work function of a metal at will has special
interest in organic and molecular electronics for the control of charge carrier injec-
tion!3. Since in organic-based electronics, such as light-emitting diodes (LEDS),
field-effect transistors (FETs) or bulk-heterojunction solar cells, device performance
and lifetime depend critically on the properties of both the active materials and
their interfaces!?.

As it has been mentioned, the adsorption process of organic molecules on
metal surfaces involves a series of changes (phenomena) that take place specially
at metal/surface interface. Changes that play a decisive role over the electronic
properties of the molecules which will be reflected on the electrical properties of
the molecular devices'®. One of them is the change of surface potential produced
by an adsorbate (molecules) which is reflected on the change of the work function
of the adsorbent (surfaces). Almost any adsorbate on a surface as well as any

change both in the state of the adsorbated or the adsorbent will produce a change

in the work function of the surface!®.
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In this context Liiben ef al.!” have been studied how two selected carbo-
ranethiol isomers modify flat silver surfaces. In such work, the authors proved that
both isomers are oppositely oriented on the silver surfaces (Figure 5.1) and then
modify in a different way the work function of the metal, while
1,2-(HS)o-1,2-C9B1gH19p carboranethiol increases the work function, the

9,12-(HS)9-1,2-C9B19oH;1¢ carboranethiol decreases it.
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Figure 5.1: Schematic representation taken form ref.!” of two carboranethiol isomers anchored
on a silver surface and the dipole orientation of free molecules 1,2-(HS)y-1,2-CoB1gH1p (left) and

9,12—(HS)2—1,2—C2810H10 (right).

The study of the charge distribution in D A systems which contain an in-
trinsic dipole moments once anchored on a surface is important from both a fun-
damental point of view and technologically interest. Regarding to the fundamen-
tal aspect, the oriented dipoles on the surface certainly will induce a change in
the work function of the substrate used and the information extracted from this
change will allow to understand the energetics of the interface formed during the
self-assembly of the molecules. On the other hand, technological applications are
found in organic electronic devices; where the optimization of the performance of
devices is one of the challenges facing within this field; such optimization includes
both reducing and balancing the charge-injection barriers. In organic electronic
devices, holes are injected into the occupied states of the organic semiconduc-
tor once they have overcome the hole-injection barrier (HIB) at the anode, which
means that below a certain onset voltage the device remains inactive (the same
occurs for electrons at the cathode). In the effort to minimize this HIB, the selec-
tion of suitable materials for the electrodes has been a critical point and for that,

materials with high work functions are usually chosen for the anode-hole injection
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(low EFr) while low work function metals are ideal for the cathode-electron injection
(high Er). Additionally, for the optimization of the device performance, organic
semiconductors that match their energy levels with the Er of the electrodes” need
to be used.

The great interest of these kind of devices, has promoted the use of SAMs of
dipolar organic molecules to tune the effective work function of electrodes!*1%19,

Thus, reducing the charge-injection barriers and minimizing the onset voltages, as

it is represented in Figure 5.2.

amisle O anode  SAM OTERI
LUMO
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Ef - EF 1000 P Vs
HIB 4 oy HIB g

Figure 5.2: Schematic representation of the energy-level diagram at an electrode/organic semicon-

ductor interface (left) and at a modi ed electrode/organic semiconductor interface (right) typically

for organic electronic devices?.

As can be seen in Figure 5.2, the modification of the anodic electrode with a
suitable SAM can reduce the HIB. The position of both the highest and lowest oc-
cupied molecular orbitals (HOMO and LUMO, respectively) respect to the Fermi
level (EF) is changed due to the shift of the vacuum level of the metal. This occurs
thanks to the presence of adsorbed molecules and therefore the injection of holes
takes place in a favorable way.

As it has been mentioned, SAMs form highly ordered two-dimensional (2D)
nanostructures which with a proper design allow having oriented dipoles with a
desired direction on a substrae. This fact can be used for tuning the work function
of electrodes. Thus, SAMs of alkanethiols and perfluorinated alkanethiols, due to
their opposite dipoles have been used to decrease or increase the work function of
metals, respectively!®.

Before to start, it is necessary to define to define the work function () of a

surface. The work function is the minimum energy required to remove one electron
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from the Fermi Level of a solid to a point in the vacuum. However, two vacuum
levels can be identified: i) the vacuum level of a Wnite-size sample (E,,.(5)) which is
defined as the energy of an electron at rest just outside the surface of the solid and
ii) the vacuum level at inWnity (E, . )) which is defined as the energy of an electron
at rest at infinite distance from the surface. Since the E,,. ) is experimentally
inaccessible and remains unchanged, it is only used as reference level. Therefore,
the vacuum level achieved when discussing about work function is E, . which is
characteristic of the surface and it is very sensitive to the electronic properties of

the outer layers of the solid’.

Different techniques can be used to determine the surface potential, measur-
ing either the work function or the contact potential difference (CPD) which are
correlated parameters. Thus, Ultraviolet Photoelectron Spectroscopy (UPS) and
Kelvin Probe Force Microscopy (KPFM) can be used to measure the work function
and the surface potential respectively. UPS is a very superficial technique that al-
lows to measure directly the work function of a bare or modified substrate, while
the KPFM is an indirect technique that measures the CPD. However, surface po-
tential measurements can be performed with almost no change or disturbance of
the surface during the measuring process, which makes it a relative simple method
with high sensitivity ( 0.001 V) that allows to known the state of the surface!°.
In the KPFM the metal substrate and the metallic probe tip are acting as the two
plates of a capacitor. The vibration of the probe tip induces an ac current which
is nulled when the voltage applied to the tip is equal to the difference in surface
potential between the tip and the substrate. For this reason, KPFM is used to
determine the electrostatic effect of the dipole layer on the metallic substrates by

measuring the change in the surface potential with respect to a reference %,

As it was previously mentioned, many processes can take place when organic
molecules interact with a substrate to form monolayers, specially at the moment
of bond formation. Such bond formation usually involves some distribution of the
electrical charges. In this sense, the surface dipole of SAMs of organic molecules
containing thiols or disulfur groups, over gold surfaces can be considered as the

contribution of two dipoles: the first one is related with the redistribution of the
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electrical charge arising from a charge transfer between the metal surface and
the molecule in the formation of the thiolate Aubond (Au * S ) and the second
one corresponds to the intrinsic dipole moment of the molecule which is associated
with the chemical structure, kind of atoms, type of bonds, among others. The polar
nature of the metal sulfur (M S) interaction give place to a net dipole moment
at the Au/monolayer interface with its permanent component perpendicular to the
surface. The electrical double layer’ formed at the metal surface constitutes a
potential barrier (electrostatic) that electrons trying to move out of the metal, will
feel 17182123 This effect will be reflected in an increasing of the work function and

hence a decrease in the surface potential measured.
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Figure 5.3: Schematic representation of an alkanethiol monolayer as an electrical double layer.

Previous studies of SAMs on gold have suggested that the dipole observed
at M S interface has a small contribution to the surface dipole and therefore the
mayor contribution is given by the intrinsic molecular dipole moment®*?*, The
orientation of the surface dipole can be inferred from the sign of the CPD; a positive
value of CPD respect to the bare Au would means that the effective R* S dipole
must be larger than the Au™ S dipole?’. This positive change in the surface
potential implies that the adsorbent is modifying the work function of the gold in
such way that the escape of the electrons from the bulk metal is being favoured, then
the 74, decreases and hence the net surface dipole is oriented in opposite direction
tothe M S dipole, with the negative charges residing close to the metal surface and
the positive ones lying further away toward the monolayer/ambient interface**2°

as it is shown in Figure 5.3. Additionally, the orientation of the molecules on

"Two parallel layers of charge that are formed at the metal/organic interface.
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the monolayer has a determining function over the surface potential, since only
the component of the molecular dipole which is perpendicular to the surface is
affecting to the work function. Thus, the tilt of the molecule from the surface
normal reduces the contribution of the molecular dipole to the work function?*?’
of the metal.

On the other hand, SAMs of molecules oriented with the negative pole at sur-

17 as shown

face/air interface, increase the work function of the meta
Figure 5.4. For instance perfluorinated monolayers give large negative changes
in the surface potential with respect to bare gold (e.g. 750 mv) which has been

justified with the strong electro-withdrawing properties of the fluorine atoms?’.
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Figure 5.4: Schematic representation of a fluorinated alkanethiol monolayer on gold.

Even though, the amount of the work function change ( x) is determined
by the magnitude of the monolayer dipole moment and its sign by the dipole po-
larity, several effects like: a) chemical bonding of substrate molecule, b) possible
structural reorganizations of the molecules which can be associated with a depolar-
ization effects due to the neighboring polar molecules, c) saturation of 7 with the
molecular dipole based on the dielectric breakdown of the layers or e) a significant
charge transfer between the substrate and the SAM principally for large dipoles
and SAMs of low polarizability?®, can disturb this correlation.

For all aforementioned, molecular materials are useful elements for examin-
ing the fundamental aspects of interfacial electronic structure since they are easy to
characterize’. Therefore, studying the tuning of the work function of gold surfaces
by two dipole organic molecules (1 and 2) very similar in molecular structure but

different in electronic characteristics is of great interest. As well as the understand-
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ing of the effect of dipole moment and polarizability of these molecules over the

surface potential.

To obtain a complete study of the effect of the previous mentioned molecules
organized as 2D structures (SAMs with oriented dipoles), it has been synthesized
a new molecule containing the same disulfide-alkyl chain as in 1 and 1-H but only

with the Fc moiety, compound 5 (see Chapter 3).

5.2 Objectives

In this chapter we will be interested in studying the influence of the open-shell
electronic structure of the Fc PTM SAMs (S1) on the modification of the work
function of a gold substrate. As a reference, we will use a SAM of molecules with
very similar molecular structure but closed-shell electronic structure, S1-H. In this
regard, we will be interested to understand not only the influence of the dipole
moment which turns to be very similar for both systems but also their different
polarizability. Thus we will perform UPS and KPFM measurements of SAMs S1,
S1-H and S5.

5.3 Ultraviolet-Photoelectron Spectroscopy (UPS)

Ultraviolet Photoelectron Spectroscopy (UPS), see Figure 5.5, was used to
study the influence of the molecular dipole moment of the adsorbate over the
work function of the gold. The low photon energy (i.e. He I, & = 21.2 eV) used
in UPS does not allow deep core electron levels to be excited, and only photoelec-
trons emitted from the valence band (VB) are accessible. The high kinetic energy
electrons will form the band structure spectrum of the material, while inelastically
scattered electrons with still enough energy will escape into the vacuum and will
be detected as secondary electrons providing a direct measure of the vacuum level
of the sample because electrons with kinetic energy (KE) less than the substrate

work function cannot escape from the solid%?,
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Figure 5.5: Schematic representation of the valence electrons emitted in Ultraviolet Photoemission

Spectroscopy.

It is important to consider that when a film is used to functionalize a metal
electrode, the change of the work function of the metal (A¢,,) observed as shifts
in the low KE edge of the UPS spectrum is related to the net dipole moment (u)
of the film*®". To performed UPS measurements, an He I (hv = 21.2 eV) ionization
source was used and 3 V bias was added to enhance the detection of the low-KE
electrons.

Figure 5.6 shows the UPS data in KE scale of S1, S1-H monolayers and a
clean Au surface exposed to ambient conditions. Additionally, an spectrum of S5
monolayer with only a donor Fc unit was taken as reference to study the influence
of the PTM radical moiety.

The shape of the secondary electron cutoff (SECO) band observed in the
spectra of the monolayers is very similar to that obtained for other systems an-
chored on a substrate. The work function (¢) in each case can be calculated from

the spectrum, using Equation 5.1.
¢=hv-W (56.1)
Where hv is the photon energy (21.2 eV) and the width (W) is equal to:

W = K Efermi — K Elow—energy—cutoff (5.2)
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Figure 5.6: (a) Schematic representation of the three monolayers studied, and (b) UV photoemission
spectra for clean Au, S1, S1-H and S5 monolayers. The inset shows the shifts of the effective work

function (r,,) for each sample.

The KEjow energy cutoff is determined at the very beginning of the slope of
the SECO curve, point commonly known as onset; while the KEF,,,,; for each
monolayer take into account the Fermi level clearly observed for the bare gold at
0 eV in a BE plot. The work function of the gold substrate modified by three
different monolayers are presented in Table 5.1 with a 74, = 4.95 eV, value really
close to that reported in the literature (7 = 5.00 eV) 30 In Table 5.1 are collected

the data extracted from the spectra reported in Figure 5.6(b).

Table 5.1: Work Function (r) calculated from UV photoemission spectra.

Sample low KE cutoX (eV) Fermi edge (eV) 7 (eV) 7 (meV)

Au 7.954 24.2 4.954

S1 8.018 24.2 5.018 64
S1-H 8.030 24.2 5.030 76
S-Fc 7.837 24.2 4.837 -117

Interesting, the protonated S1-H monolayer with 7 = 76 meV presents a

higher modification of the gold work function than the open shell S1 with
m = 64 meV. Such higher value for S1-H in comparison with S1 was not ex-

pected since the dipole moment of the closed-shell specie 1-H is probably smaller
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than the dipole moment of the open shell 1 due to the higher electron acceptor
ability of PTM radical in comparison to the protonated PTM. The Fc monolayer
S5 containing the same disulfide-alkyl chain used in S1 and S1-H, was also mea-
sured by UPS with 7= 117 meV. The direction of the shift observed in the work
function of the gold was opposite to the direction of S1 and S1-H, indicative of
the opposite direction of its dipole moment with respect to S1 and S1-H.
Additional information can be extracted from Figure 5.6(b), the ionization
potential (IP) of the molecules attached on the gold substrate, which can be esti-

mated using Equation 5.3.

IP=nh (EKEHOMO ExE 10w energy cutoff) (53)

Where the Exr mnomo was read directly from the UPS spectra focusing on the onset
of the first peak observed after the Fermi level, which corresponds to the first

occupied molecular orbital accessible in energy, see Figure 5.7.

rr+rrr+r1rrrrrr1r ot
20.0 21.0 22.0 23.0 24.0
Kinetic Energy (eV)

Figure 5.7: Zoom of the Fermi region of the UV photoemission spectra where the Highest Occupied
Molecular Orbital (HOMO) of S1, S1-H and S5 monolayers can be observed.

From Figure 5.7 and Equation 5.3 the values for the IP for the different studied
SAMs are calculated and reported in Table 5.2.

Table 5.2: lonization Potential Energy of SAMs, calculated from UPS spectra.

Sample low KE cuto (eV) Epomoonsee IP (eV)

S1 8.018 23.689 5.529
S1-H 8.030 23.486 5.744
S-5 7.837 23.656 5.381
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Figures 5.8, 5.9 and 5.10, show a schematic view of the band-edge offsets
for S1, S1-H and S5 monolayers on gold, respectively. To construct this figure
data reported in Tables 5.1 and 5.2 containing information about the different val-
ues of work function as well as of the IP, were used. In Figures 5.8, 5.9 and 5.10
the scheme of the work function of a bare gold substrate is also presented, which
corresponds to the energy between the Fermi level and the vacuum. After the func-
tionalization of the substrate, the work function of the gold is shifted toward higher
or lower energy values depending on the direction of the dipole moment of the ad-
sorbate. Specifically for positive dipoles, the work function decreases while for
negative dipoles the work function increases. Such variation in the work function
has been drawn in the scheme as a shift in the vacuum energy. Additionally, it has
been represented the IP of each SAM which corresponds to the energy difference
between the HOMO and the new position of the vacuum level. To represent the
position of the HOMO in these schemes, the values were took directly from the
maximum position of the first peak observed in the UPS spectra, which represents

the HOMO energy with respect to the Fermi level.
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Figure 5.8: Schematic representation of the change of the work function of functionalized gold

surfaces with S1 monolayers, its IP and the HOMO.
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Figure 5.9: Schematic representation of the change of the work function of functionalized gold

surfaces with S1-H monolayers and its IP.
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Figure 5.10: Schematic representation of the change of the work function of functionalized gold

surfaces with S5 monolayers and its IP.
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To gain a better insight of these systems, the surface contact potential was

also measured for these D A systems by KPFM.

5.4 Kelvin Probe Force Microscopy (KPFM)

KPFM is a superficial technique that it is used to measure the local CPD
between a scanning probe tip (reference electrode) and a sample (functionalized
surface) as can be seen in Figure 5.11. The quantity obtained is closely related
to the charge distribution on the surface and it is given by the difference of the
work functions between the two materials (tip and sample) that have been put
in electrical contact?>3!. The CPD depends on the tip and the condition of the
surface, which plays a crucial role since the adsorption of molecules with different

dipole moments can change the work function of the substrate 21 and thus the CPD.
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Figure 5.11: Experimental setup to perform KPFM measurements. Feedback | maintains a constant
tip-sample distance and feedback Il balances the electrostatic potential differences between the tip

and the sample?®

We will be interested in measuring the CPD of SAMs of D A systems cova-
lently linked to gold surfaces. For that, it is important to consider that the SAM
properties that are related with the magnitude of the surface potential and therefore

influence the changes of the work function of the metal are:
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* Magnitude of the molecular dipole 16 (molecular dipole); (tilt angle of

the molecule).
* Density of dipoles16 A (area per molecule).
 Permittivity of the SAM ( ).

* Depolarization effects (polarizability of the molecule) and molecular

arrangement on the SAM

Then, the change in work function can be written as shown in Equation 5.418
since dipolar monolayers have been modeled as dielectric films with different com-
ponents that contributes to the surface potential and the shift in local vacuum
level 2.

SAM M S
7= N +

(5.4)
0 SAM o MS

In Equation 5.4, N is the areal density of the modifiers (typically ca. 3 5E14 cm 2),

sam is the dipole moment of the SAM projected along the normal axis, s
is the dipole moment of the metal-thiolate bond, ¢ is the permittivity of vacuum,
and g4y and s s are the dielectric constants of the SAM and the metal-thiolate
bond, respectively .

Since in KPFM we measure the difference in the local contact potential be-
tween the tip and the sample, a reference is necessary. A schematic representation
of the different measurements that will be performed as well as of the substrate
used are shown in Figure 5.12 which consists in a silicon wafer with gold electrodes
(30 nm thickness) evaporated on it.

All the samples (clean gold, S1, S1-H and S5) were measured with respect
to unmodified silicon oxide under a continuous current of nitrogen, at room tem-
perature and at low humidity (less than 5%)T. Then the variation of the surface

potential of the samples with respect to gold was calculated as follow:

CPDsam au=CPDsaym sio, CPDay sio, (5.5)

TMeasurements done in collaboration with Prof. Carmen Ocal® group. The measurements

were made by Dr. Marcos Paradinas, at Institut de Ciencia de Materials de Barcelona
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S,

(b)

Figure 5.12: Representative scheme of (a) the measurements that will be performed by Kelvin Probe

microscopy and (b) substrate used in the measurements.

The CPD of Au vs. SiOg was found to be 240 mV and thus following equation
B.1 the CPD of the SAMs can be measured. The results obtained are summarized
in Table 5.3 and the CPD data are collected in Figure 5.13.

Table 5.3: Contact Potential Difference of D-A monolayers.

Sample CPDgayyssio, (mV) CPDgapys 4y (mV)

S1 220 -20
S1-H 185 -55
S5 640 400

Figure 5.13 shows histograms of the number of events measured in a region
of the each sample. Such data have showed a normal distribution and each curve
represent the local potential between the tip and the surface (monolayer or SiOy).
The CPD values reported in the second column of Table 5.3 corresponds to the

difference between the maximum point in each gaussian curve.
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Figure 5.13: Surface potential data of (a) Au vs. SiOg; (b) S5 vs. SiOg; (c) S1 vs. SiOg and (d)
S1-H vs. SiOg. The corresponding distribution plot. Inset: CPD image of the analysed samples.
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5.5 Discussion: UPS and KPFM

Since the physico-chemical properties of systems 1 and 1H, both in solid state
and in solution are different even though their similar chemical structure, it is ex-
pected to observed a big difference in the modification of the work function of gold
surfaces containing SAMs S1 and S1-H. Such differences are based fundamentally
on the open- and closed-shell electronic structure of 1 and 1-H, respectively.

From the UPS and KPFM measurements it was determined a real modifica-
tion of the work function of gold substrates. The values obtained for each surface
technique were of the same order. Contrary to what was expected, when compar-
ing the modification of the work function of gold substrates by S1 and S1-H, small
differences were registered.

From all these data, it is possible to say that an opposite direction of the dipole
is distinguished comparing the D A SAMs S1 and S1-H with respect to the Fc
monolayer S5. The positive sign observed for CPDr. 4, implies that the work
function of gold (74,) decreases and hence the surface dipole layer is oriented in
such a way that the negative pole resides close to the metal surface and the positive
one lies further away toward the monolayer/air interface.

The situation is inverted for the CPDg; 4, and CPDg1y 44. The negative
sign of the CPD shows an opposite effect of these monolayers over the work func-
tion of gold. Since the surface dipole layer is oriented with those positive charges
residing close to the metal surface and negative charges lying further away toward
the monolayer/ambient interface, an increase of the work function was obtained.
The negative dipole observed is in accordance with previous results reported in
the literature for fluorinated monolayers?**3, Then it is possible to think that the
strong electron-withdrawing properties of the 14 chlorine atoms present in the PTM
subunit induce the localization of the negative charges in this part of the molecule.

As the net dipole () can be understood as composed of more than one
component, one can think that the intrinsic dipole associated with the D A group
(Fc PTM) is acting in the same direction that the M S dipole. Even though, 1
and 1-H systems contain an alkyl chain, the presence of the two oxygen atoms in

the ester bond could give place to a negative dipole in this section. Then, it could
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be expected a net negative surface dipole as shown Figure 5.14.

us T J‘IS!
]

Figure 5.14: Schematic representation of the dipole direction of S1, S1-H and S5 monolayers

For S5 it is logic to think that a strong positive dipole can be formed thanks to
the electron-withdrawing property of the ester group* and the electron-donating
characteristic of the Fc unit.

More interesting is the comparison of CPD values obtained for S1 and
S1-H monolayers. Due to the presence of 14 chlorine atoms, a negative dipole
is expected but not a higher effect of the protonated SAM instead of the radical
one. The higher electron acceptor ability of the PTM radical moiety induced by
the presence of a low energy singly-unoccupied molecular orbital (SUMO) is ex-
pected to lead a bigger dipole moment in Fc PTM radical 1 than that observed
in its protonated form Fc HPTM 1H where the PTM has a closed-shell structure.
From these basis, it was expected to observe a higher modification of the work
function due to the presence of 1 and a significant lower work function change
for S1-H surface. On the contrary we have obtained a higher value for S1-H
( 55 mV) than S1 ( 20 mV).

The first thing considered to explain these results was the molecular orienta-
tion within the monolayers. If the tilt angle of S1 SAM from the surface normal,
is higher than that corresponding to S1-H then it would be a good source for the
lower effect observed for the radical monolayer, because only the component of
the dipole perpendicular to the surface affects the work function of the substrate.

In this way, only small changes in the orientation of the chromophore dipole could
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have a significant effect on the observed surface potential?®. The effect of the po-
sition of the D A systems with respect to the surface was discarded since in both
systems the same disulfide-alkyl chain was used. However, the thickness calculated
for both monolayers through the high-resolution photoemission spectrum of Au4f
(see Chapter 4) show that both molecules are standing up over the surface with a

tilt angle of 30 approximately. Then, other should be the reason of these results.

Recently, Egger and Zojer using atomistic simulations have found an anticor-
relation between the work function change respect to dipole of molecules assem-
bled on a gold surface. Contrary to intuition, the authors showed that enhancing
the dipoles leads to a reduction of the adsorption-induced change of the work
function. An electronic localization and level shifts produced by large dipoles,
drive the interface into a thermodynamically unstable situation which needs to be
compensated somehow. A charge reorganizations takes place to compensate this
unstable situation, which actually works against the molecular dipoles. As a result,
increasing the molecular dipole moment can, in fact, reduce the work function

change?®.

Regarding to S1 and S1-H monolayers, two fundamental parameters need to
be taken into account to explain in a comparative way the anticorrelation observed
between S1-H and S1. The first one is the magnitude of the molecular dipole
moment and the second one and equal in importance, the polarizability. A detailed

discussion about them will be done in the next section.

In order to better understand the complex behavior of the system above
described, theoretical calculations of the molecular dipole moment and the po-
larizability of the three systems under study were carried out¥. To optimize the
molecular structure, some fixed parameters like the tilt angle (around 30 ) were
assumed. The optimized molecular structure of S1, S1-H and S5 are shown in

Figure 5.15.

*Theoretical calculations were performed by Francesca Delchiaro, PhD student in Dipartimento

di Chimica at Parma University (Italy) under supervision of Prof. Anna Painelli.
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Figure 5.15: Optimized molecular structure of S1, S1-H and S5 monolayers

The values of the molecular parameters ( and ) as well as the molec-
ular area considering the top of the molecules like a rectangle are collected in
Table 5.4. They were obtained by PM7 (RHF) calculations at optimizing ground
state (U) CAMB3LYP/6-31G* level with modified dihedral angles. Polarizability was

determined considering the perpendicular component of the dipole moment.

Table 5.4: Molecular parameters.

Sample ~— (D) (10 ** cm %) A (nm%/molecule)
S1 2.096 136 0.652
S1I-H 2.160 13.8 0.652
S5 3.938 33.3 0.143

As can be seen, the molecular dipole moment of S1 and S1-H are very similar
but not their polarizability. Therefore, the minor modification of the work function
of gold caused by S1 could be directly related with its large polarizability. Specially
as it relates to depolarization effects. Moreover the higher modification of the WF

induced by SAM S5 could be due to the relative large molecular dipole moment.

5.5.1 Anticorrelation between the net dipole moment and the

induced work function modiXcations

In the effort to understand the unexpected small variation of the work func-

tion of gold substrates induced by dipolar S1 and S1-H monolayers observed both
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in UPS as well as in the surface potential measurements, it was necessary to con-
sider a deep analysis of the energy of these systems based on similar theoretical
calculations reported in the literature for dipolar systems??2%3%3%30,

From the data obtained from both UPS and KPFM it was observed that
the three systems (1, 1-H and 5) used to functionalize gold surfaces, in effect,
modify the work function of this metal. It was analyzed that both S1 and S1-H
monolayers increase the work function while S5 decreases it. Therefore, the surface
dipoles are opposite comparing the Fc PTM systems with respect to the SAM of
the Fc. A good agreement in the order of magnitude (relative values) of the data
registered through UPS and KPFM was found, which confirms that our samples
are quite homogeneous. Moreover, it was an indication that these monolayers are
reproducible. Interesting, SAM S1-H showed a higher modification of the work
function with respect to that observed for SAM S1.

As was mentioned in the previous section, dipolar molecules on a surface
induce a change in the work function, this change has essentially two origins.
First, the intrinsic dipole of the molecules and second, the dipole layer formed by
the interfacial charge rearrangements due to the formation of the chemical bond
between the linking group and the metal (Au SAM bond formation). Both origins
give rise to a shift of the electron potential energy designated as E,,. and Epp,
respectively. Then, the change in the work function ( 7) can be considered as

follow:

n= Eyc+ Epp (5.6)

However, the shift arising from the Metal S bond has a marked influence not
only over the work function of the metal but also on the alignment of the electronic
levels within the SAM with respect to the metal Fermi energy.

In a general way, an intrinsic negative dipole pointing against the surface
was observed for 1 and 1-H. The acceptor subunit is located at the top of the
molecule with 14 chlorine atoms, which concentrate the negative charges at this
side; positive partial charges are expected on the the Fc part (see Figure 5.14).

For a better understanding of the surface energetics, the complex systems un-

der consideration will be studied as the contribution of three fundamental parts:
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i) the isolated monolayer, ii) the Metal/SAM interface and i#ii) the charge rearrange-
ments that induce the change in the work function.

If one consider the potential energy diagram shown in Figure 5.16, two inde-
pendent sides with respect to the molecule can be distinguished; one at which the
molecule is bonded to the gold (left) and the other at the “vacuumi side (right).
Then from a conceptual point of view, two distinct values of the potential energy
of an electron can be assumed, E'*/" in the vacuum on the thiol side and E/'$"
on the substituent side of the monolayer. The difference between these two values

corresponds to  E, ;. which is directly related to the molecular dipole moment and

the area density of molecules in the SAM.
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Figure 5.16: Schematic representation of the electron potential energy and the conceptually feature

of E yue.

The arrangement of molecules with an intrinsic dipole moment over a sur-
face induces the formation of a dipole layer. However, before considering this
effect is important to take into account the effects produced by the organization
of the molecules without any interaction with the metal. In this sense, the molec-
ular orientation, which means how is positioned one molecule with respect to the
other in close proximity, has a strong effect over the collective dipole because the
electrostatic interactions between neighboring polar molecules give place to de-
polarization effects. Thus, when dipole molecules are close one to the other, an
electric field is created which acts in the opposite direction to the intrinsic dipole
moment of the isolated individual species in vacuo. This effect will reduce the net

surface dipole.
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One parameter to keep in mind is that for isolated molecules, only one IP
exists which is given by the energetic position of the HOMO relative to one unique
vacuum level. However, the situation is different for the SAM, where two distinct
IP exist (IP{;{ 4 and IP;’ES‘Z) due to the presence of the two distinct vacuum levels
(Ei?;t and Exlgcht) separated by E, 4.

In a situation of no interaction between the monolayer and the substrate, the
left vacuum level of the isolated monolayers aligns with the vacuum level above the

Au surface. Nevertheless, this alignment becomes more complex when molecules

interact with the substrate.

In the same way; when a metal does not have any molecule interacting with
it, its intrinsic work function could be directly related with the energy difference
between the Fermi Level and the potential energy of an electron in the vacuum.
However, several processes take place when the chemical bond between the metal
and the monolayer is formed. These process involves rearrangements of the charge
density at the interface which come from the substitution of the thiol or disulfide
bonds by sulfur-gold bonds and also due to the push-back effect, which cause the
electron cloud that scaped out from the metal surface to be pushed back into the

metal again.

The minimum energy state is the selected condition for dynamic systems.
In this sense, SAMs as dynamic systems tend to be reorganized over the surface
in order to find their equilibrium. In the process of self-assembly, charge rear-
rangements are inevitable due to the formation of the bond between the metal and
the monolayer, electrostatic interactions between neighboring molecules, intrinsic

molecular dipole moment, pinning effect, among others.

Atomistic simulations to demonstrate that under certain circumstances, in-
creasing the molecular dipole moment can reduce the change of the work function,
based on the maintenance of the thermodynamic equilibrium have recently been

reported by Egger and Zojer?®.

In our case, where the molecules used to functionalize gold surfaces contain
two well defined sides, one at the disulfide-alkyl chain and the other at the D A

part; it is important to consider that to achieve this equilibrium, the potential
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energy in vacuum on the M S side (EX/hy plays an important role because it

affects not only to the change of the metal work function but also to the alignment

of the molecular level at metal/monolayer frontier.

Considering the two assumed vacuum level (left and right) and depending
on at which side is located the pinning level, the change in the work function
will be different. For molecules with big dipole moment, if the pinning-level is
spatially localized on the left side, its position (relative distance) with respect to
the Fermi Level will not be strongly affected by a change in the E, .. Under this
situation small charge rearrangements will be needed to maintain the equilibrium
at the interface and therefore an increase of E, . will be directly reflected onto an
increase of 1 since Epp will remain almost constant. However, if the pinning-
level is localized on the opposite side (right side) the effect of E,,. would be
higher over the relative position of this level with respect to the Fermi level. Then,
in order to keep the correct alignment between the pinning-level and the Er; bigger
charge rearrangements will be needed which at the end would result in a larger

Egp. In this case, 7 would remain almost constant since an increase in E,

will be diminished by the larger Epp (see Equation 5.6).

So, the bigger effect over the gold work function induced by the protonated
system (1-H) could be based on this theoretical work and then the smaller change
of the work function observed in SAM S1 could be justified by the reorganization
of the energy levels of the molecules in order to guarantee a thermodynamic stable
situation by preserving the occupied states lies below (or unoccupied above) the

Fermi level.

Additionally, the higher polarizability present by molecules in S1 could fa-
cilitated a bigger depolarization effect which in fact will reduce the net dipole of
the molecules on the surface and consequently the E,,.. Then it is possible that
neighboring molecules can reorganize themselves as well as their energy levels in
order to maintain a general equilibrium of the system on the surface. However
in the case of the S1-H monolayers the lower polarizability could affecting such
degree of freedom and the molecules probably are forced to maintain less relaxed.

In conclusion, more than one effect could be related with the small modification
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of the work function produced by the anchoring of D A systems.

5.6 Summary

CPD and WF measurements of D A open-shell SAMs on Au using KPFM
and UPS techniques have been performed. Due to the D A nature of the molecules
negative dipoles moments have been found for these monolayers. The large dipole
moment expected for 1 and 1-H systems together with their standing up orientation
over the gold and the good coverage of the monolayers, makes possible to think
that probably these systems will modified in a great manner the work function of
the gold. However, contrary to the expected a small variation of the work function
of the gold was observed for both SAMs (S1 and S1-H) and such variation was

justified taken into consideration the following reasons:

* The magnitude of the molecular dipole moments is given not only by the
intrinsic dipole moments of the substituents but also by the dipoles induced
by the charge transfer from the backbones and the D A part?°, in this process
the local polarizability plays a decisive role. From the deep characterization
of the SAMs; it was discarded any intramolecular electron transfer however
the large polarizability expected for S1 could be affecting the total dipole

moment observed for the SAM.

* The tilt angle of the molecules respect to the surface-normal has an important
effect over the net dipole moment, since only the perpendicular component
of the dipole respect to the surface is considered. With a tilt angle around

30 it is not expect a large decrease of the molecular dipole moment.

» Large dipole molecules with high polarizability can induce large depolar-
ization effects in the monolayer and therefore the modification of the work

function can be small.

* According to theoretical calculations, large dipole molecules in fact do not
change the work function of the metal due to a reorganization of the energy

level in order to maintain the thermodynamic equilibrium in the system.
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Then large dipole moment of isolated molecules cannot be directly correlated with

the shift of the work function.
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Buccess is to be measured not so much by the position that
one has reached in life as by the obstacles which he has

overcomel
Booker T. Washington

Conductivity through Fc PTM radical SAMs

6.1 Introduction

The understanding of the electronic transport through a single molecule is
of crucial importance for both a fundamental and practical point of view in the
field of molecular electronics opening potential applications in ultrasmall electronic
devices'. However this complex process can not be studied as a whole because
different contributions add to the overall effect of the charge transport. In this
sense, contributions as: the mechanism of charge transfer from the electrodes to
the molecules, the transport through the molecules and across them, the influence
of the nature of molecule electrode contact?, need to be considered to get insight
into the performance of the system.

The study of the charge transport through an organic molecular monolayer
requires a simple test device which can be formed by a
metal/molecular monolayer/metal junction®, which give place to a structure com-
posed by two metal/molecule interfaces. What happens at these interfaces will

strongly determine the final properties of the system.
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The self-assembly process constitutes one of the the most useful technique to
graft and nanostructure functional molecules on a substrate that allows the study
of the electronic properties of organic molecules as promising candidates to be in-
tegrated into nanoelectronic devices. In this sense, interface related processes that
take place, upon the adsorption of a molecule onto a metal surfaces, like: charge
transfer between the molecule and the metals; the interaction of the molecular
levels with the continuum of states in the metal (e.g. the lineup of the molecular
orbitals (MOs) relative to the Fermi level of the electrodes); and intramolecular
modification of the energy levels induced by the change of electrostatic potential
within the molecule; determine important electronic parameters. Such parameters
can be the energy and character of the molecular orbitals responsible for the elec-
tron transport through the molecules, the current-voltage characteristics and the
magnitude of the current”.

To investigate the properties that allow using molecules as electronic devices,
a scheme of three fundamental steps can be considered which includes: a) fabri-
cation of stable molecular junctions, ) characterization of their properties and
¢) control of such properties.

One of the important active elements in electronic devices are switches, mem-
ories or rectifiers. A switch is an electrical component with two electric states
(ON state and OFF state). A memory is the element in which information can
be written and read. A diode is a two-terminal electronic component that shows
asymmetric conductance with high resistance to current in one direction and low

resistance in the other. The typical scheme of a diode is represented in Figure 6.1.

Anode Cathode
() (-)

Figure 6.1: Typical scheme of a diode.
Thus, if we want to use all molecular based devices it is of fundamental

interest to find new molecules and mechanism to obtain switching, memory and

rectification behaviour.
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6.1.1 Techniques employed for the fabrication of

Metal/Molecule Junctions

Since the metal/molecule interface plays a decisive role on the stability and
conductivity of single-molecule junctions, different techniques with different inter-
faces have been developed to study the electronic transport at nanoscale. Such
techniques can be divided in two groups: i) the ones that allow measuring electri-
cal transport through a single molecule and #i) techniques that measure the trans-
port of a group of molecules using self-assembled monolayer (SAM) prepared on
a metallic surface and measured with different kind of top electrodes.

In the single molecule measurement the molecule is connected to noble metal
electrodes through specific linking groups ( SH, NHoy, COOH?) where the
strong chemical bonds formed between the metal electrodes and the molecule con-

fer stability to the junction.

flexible substrate

(a)

s
w 4

(b)

Figure 6.2: Scheme of two different single molecule junctions. (a) mechanically controllable break
junction formed though chemical bond of anchoring groups with metallic electrodes and (b) molecular

junctions formed directly with the electrodes.

This kind of single molecule junctions can be fabricated using the Mechani-

cally Controllable Break Junction (MCBJ) technique which consists in the trapping
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of molecules in the nanogap formed when a metal contact is broken after the ad-
sorption of the functional molecules from solution and under an inert atmosphere.
Just before the junction is broken by means of stretching, a single-molecule junc-
tions is formed®. Another kind of molecular junction for single molecule measure-
ment is formed by direct binding of m-conjugated organic molecules to metallic

electrodes”®

. In this case, are no anchoring groups required because the delo-
calized 7 molecular orbital directly hybridizes with the metal orbital. Figure 6.2
shows a schematic representation of these kind of single molecule junctions.
Regarding to techniques that measure the electron transport through of a
group of molecules, SAMs prepared on a metallic surface is the common denom-
inator but different kind of top electrodes are used to perform the measurements.
For instance, a scanning probe tip?, a Hg drop, metal (Au) evaporated on the top
of the SAMs, Au evaporated over a conducting interlayer of PEDOT:PSS, or an
alloy of EGaln. The last kind of top electrode will be used in the framework of this

thesis and it will be addressed later. Figure 6.3 shows different molecular junctions.

| 1
A ffx‘fj

(a) (b)

() (d)

Figure 6.3: Scheme of different molecular junctions using as top electrode: (a) a scanning probe tip,

(b) a Hg drop, (c) Au evaporated®, and (d) Au evaporated over a PEDOT:PSS conducting layer.
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However, the different fabrication techniques used to study the charge trans-
port characteristics trough one or few molecules organized over a conductive sub-
strate, have encountered several limitations like poor stability of the junctions,
low reproducibility, low yields or some ambiguities that test the real origin of the
current or rectification observed. For instance, i) junctions that involve directly
evaporation of metallic top contacts onto the SAMs can lead to low yields due to
the migration of the metal inside the monolayer forming metal filaments or due
to the damage of the SAM'%; i) junctions that use STM or AFM tips to contact
SAMs at metal surfaces always have a tunneling gap between the tip and the top
of the SAM and the force applied to contact the SAMs, respectively, influence
in different ways the charge transport measurements across the molecules!!?;
iii) junctions that use a conductive polymer (PEDOT:PSS) to protect the SAM
during the metal deposition show certain disadvantages due to the possible inter-
actions occurring at the SAM/conductive polymer interface, or due to the intrinsic
process used to prepared such junctions which can affect the integrity of the SAM
and which seems to depend on the details of the molecular structure of the SAM'3;
iv) junctions that use Hg as a "soft" liquid-metal electrode also use a kind of protec-
tive layer between the SAM and the top electrode, protective layer that is commonly
formed by a short-chain SAM and confers stability to the top electrode but adds a

resistive component !*,

6.1.2 Electron Transport

Electrical conductance of a macroscopic object is described by the Ohmi
law (Equation 6.1) which mentions that the conductance (G) of a rectangular con-

ductor is proportional to its width (W) and inversely proportional to its length

(L).
ow

Here 6 is the conductivity of the conductor, which is decided mainly by the charge
carrier density and the mean free path.
Several effects that are negligible in a macroscopic conductor become to be

important as the conductor gets smaller. In fact, when the conductor reaches the
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nanoscale, electron transport usually does not follow the Ohm law. Several rea-
sons can explain the failure of OhmM law at such scale. First, the electron transport
is not anymore a diffusive process as described by Ohmi law, because the size is
smaller than the mean free path. Instead of that, the electron transport takes place
in a ballistic conduction regime, where a charge carrier experiences no scattering
in the transport within the conductor. Second, the contact between macroscopic
electrodes and the nanoscale conductor strongly affects the overall conductance,
so depending on the properties of the contact, the overall transport behavior can
be very different. Third, a nanoscale object has a large charge addition energy

and a quantized excitation spectrum. All these factors, strongly affect electron
transport through molecules of nano-objects especially at low temperatures .

Therefore, the potential of using single molecules as active components of
electronic circuitry!'® makes the study of charge transport at this level, an impera-
tive need. As was mentioned in Chapter 5, subtle changes in the molecular prop-
erties arise when a molecule is connected to one or more electrodes. As a result
of metal molecule coupling, the molecular orbitals can hybridize with the states
of the metal contacts causing that the original molecular levels broaden and shift
compared to a free molecule in vacuum'’.

Several studies have been performed in the effort to clarify the interface
metal- molecule process. Thus, it has been observed that the thiol binding site and
the atomic environment in the junction can vary significantly the conductance®.
A wide range of conductance values have been obtained depending on the adsorp-
tion site (atop, bridge!”, hollow?’) at which the metal sulfur bond takes place
which is not favourable to develop of single molecular electronics where high and
fixed conductance values are required. In general, linking groups acts as resistive
spacers between the electrodes and the molecules which leads to a low conductiv-
ity and also sensitivity to different environmental effects (e.g. neighbor adsorbed
species)®. On the other hand, poor contacts limit the junction transport which

pushes the research to look for stable, reliable and reproducible molecular junc-

tions.
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When the metal electrodes and the molecule start to interacts, some charge
flow inducing a charge rearrangement and also geometric reorganization from
which the Fermi level of the electrodes ends lying in the halfway between the
HOMO-LUMO gap of the molecule’!. However, when a chemical interaction
(surface bond formation) between the electrodes and the molecules takes place,
these energy levels alignment start to depend on the interfacial electronic structure

and of course on the interfacial dipole layer? as was discussed in Chapter 5.

Regarding to the charge transport process, two principal mechanism can
be identified, tunneling or coherent mechanism and hopping or incoherent trans-
port. The non-resonant tunneling transport predominates in short molecules, this
mechanism is strongly distance-dependent but temperature independent. Experi-
mentally, it has been observed an exponential molecular resistance variation with
respect to the length of the molecules?>. The hopping conduction or sequential
charge transfer is common in long molecular wires*, this mechanism, contrary to

the tunneling is weakly distance-dependent but has temperature dependence.

The probability of an electron to be transmitted by tunneling is dictated by
the electronic superexchange coupling quantity. Oppositely, sequential charge transfer
(thermally activated hopping mechanism) involves real intermediate states that
couple the internal nuclear motions of the bridge and the surrounding medium.
These states are energetically accessible and occurs when there is nearresonant
charge injection, vibronic overlap of the ion pair states formed as the charge moves
from site to site in the molecule, and vibronic overlap of the ion pair state in which

the charge is located*°.

Charge transport mechanism is affected by the molecular electronic struc-
ture which includes both the energy gap between the HOMO and LUMO, and the
alignment of the two frontier molecular orbitals with respect to the metal Fermi
Level as was discussed previously. Therefore, when the difference in energy be-
tween the molecular orbital and the metal Fermi level is large, charge transport
occurs by tunneling. In contrast, if the Fermi level approaches the energy of the
orbitals of the molecules, either hopping or resonant tunneling may take place®’,

in this case the conduction of electrons will be through the molecular orbitals.
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In a general way, two principal factors can be considered as determining in
the charge transport mechanism: i) the electronic coupling between the system
components and i) the energy matching which is given by the energies of the
molecular frontier orbitals with respect to the Fermi energy of the metallic con-
tacts, which is related to the charge injection energy. Depending on the intrinsic
properties of a system, charge transport can occurs via one or another mechanism.
Nevertheless, for long-distance systems charge transport rate could be dictated by
some combination of coherent transport and incoherent charge hopping?’. In the
literature it has been reported that choosing electroactive molecular components
could drive the system toward incoherent behaviour at long distances or that in
D bridge A systems the charge transport mechanism can changes from direct
tunneling to hopping**. More related with our work, Crivillers et al.?>?" have re-
ported that the negative differential resistance (NDR) showed by SAMs based on
polychlorotriphenylmethyl (PTM) is attributed to similar resonant tunneling with

unoccupied molecular orbitals.

6.1.3 Molecular Devices: recti¥ers, memories and switches

As it has been mentioned in the introduction one of the aims of molecular
electronics is to use molecules as active electronic elements of electronic circuits
devices. One important active element is the rectifier. The first molecular rectifying
diode, see Figure 6.4, was proposed by Aviram and Ratner (AR-rectifier) in 1974.
This theoretical model comprised an acceptor bridge donor (A b D) molecule
which would imitate the properties of a p n junction and could play the same role

as it, in molecular electronics.

Acceptor

Figure 6.4: Donor 6 Acceptor molecule (TTF & TCNQ) proposed by Aviram and Ratner!® as

an example of a molecular recti er.
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The presence of a bridge (6 electron system) between the donor and the
acceptor subunits cause that the levels of these two sites (D and A) do not
interact each other on the time-scale of electronic motion to or from the electrodes.
Then the electron current was expected to pass through the molecule only from
left to right as a three-step process of equivalent resistance (cathode  acceptor;
acceptor  donor; and donor  anode) but not in the other sense, observing thus
the rectifier property of the molecule!°.

It has been calculated that the electrical rectification results from the asym-
metric profile of the electrostatic potential across the system produced e.g. by a
stronger coupling of the molecule with one electrode than with the other. More-
over, the rectification current also strongly depends on the position where the
HOMO and LUMO rest with respect to the Fermi levels of the two metal elec-
trodes, before bias is applied and on the shift of such positions induced by the
applied bias®.

Molecular switches and memories are other components of great interest for
molecular electronic devices. They can be grouped into different clusters depend-
ing on the kind of the internal modification that molecules experiment when an
external stimuli is applied. Thus, one can find molecular memories which mech-
anism is based on the soft nature of organic molecules; more specifically on the
conformational changes that molecules can suffer once they have been excited,
changes that are associated with different conductivity levels of the molecule®!.
Other memories use the redox properties of active molecules, such operation is
based on charging and discharging of electrons into and from energy levels in the
molecules which induces the presence of different reversible chemical redox states
(reduced or oxidized)*#?3. Other molecular memories that show fast switching
times and possible long retention times are characterized by a negative differential
resistance (NDR) behavior in their current-voltage curves, being NDR the phe-

nomenon of decreasing current with increasing Voltage29’34’35.
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6.2 Objectives

In this chapter, molecules 1 and 1-H, which have very similar molecular
structure but different electronic structure will be used to understand the influence
of an open or closed-shell structure over the electronic properties of organized
monolayers (2D structures) on surfaces, taking into account that the intramolecular
charge transport can only be feasible in the case of the open-shell 1 system where
the singly-unoccupied molecular orbital (SUMO) can accept the electron coming

from the ferrocene unit, obtaining in this way a charge-separated electronic state.

6.3 Charge transport measurements in Fc PTM

open-shell SAMs

Since the transport properties of a molecular system depends between other
factors on the intrinsic structure of the molecules. Charge transport measurements
on two SAMs containing similar molecular structure but very different electronic
structure is interesting. Through these molecular junctions it is expected to know
the dependence of the charge transport on the electronic structure of systems S1
and S1-H, which contain important donor-acceptor groups.

As it has been mentioned, most of the techniques used to study charge trans-
port through molecules organized on a conductive substrate have limitations. Such
limitations make imperative to use an appropriate development methodology to
study the charge transport in junctions. Thus, in the context of this thesis, a spe-
cific type of junctions reported by Nijhuis ez. a/°° based on ultraflat Au bottom
electrodes and liquid metal (GayO3/EGaln) top electrodes was used. This kind
of junctions allows a systematic physical-organic study based on statistically large
numbers of data®’, and shows great advantages over other fabrication techniques
for junctions because the ultra flat bottom electrode avoid failures coming from
possible defects or topographical irregularities of the electrode. The top electrode
(GagO3/EGaln) is less susceptible to alloying and short-circuiting than the previ-

ously mentioned Hg-drop and therefore allows to have higher yields of working
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junctions, moreover it is nonvolatile, nontoxic and ease of manipulation. Even
though the layer of GayO3 shows an important resistivity, it is several orders of
magnitude less than the total resistance of the junction over the range of voltages
applied as reported the authors®.

The conductivity study through this kind of systems is also of interest to
know the differences at electronic level of 1 and 1-H once they are bonded to
a gold surface. As we have mentioned, the charge transport across a molecule
depends on the intrinsic nature of the molecules and how it is interacting with its
environment. Moreover, the relative energy position of the molecular orbitals of the
D A systems with respect to the Fermi Level of the electrodes will determine the
charge transport mechanism (tunneling or hopping) and also the energy barrier
height that need to be overcome before the charge transfer takes place. Finally,
the possibility to obtain current rectification in the case of the D A open-shell
system 1 give great expectations to these charge transport measurements. As well
as studying which is the influence of the open-shell electronic structure on charge

transport properties.

6.3.1 Conductivity measurements in Au-S1/GayO3/EGaln and
Au-S1H//Gay03/EGaln junctions

Stable and reproducible molecular tunneling junctions based on SAMs of 1
and 1-H were prepared on template-stripped gold (Au’") used as bottom electrode,
and a eutectic indium-gallium (EGaln) alloy with a surface layer of GayO3 as top
contact. These measurements have been carried out in the group of Prof. Christian
Nijhuis.”

The intrinsic chemical structure of the molecules (1 and 1-H) used for the
fabrication of these junctions can essentially give place to two specific sections, one
isolating (disulfide-alkyl chain) and another conducting (Fc PTM system). The

different materials of the two electrodes and the corresponding dissimilarity in

“Current measurements were performed by Li Yuan, Ph.D. student in The Nijhuis Group -
Molecular Electronics and Nanofabrication (MEN) at the Department of Chemistry in the National

University of Singapore, NUS.
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the molecule electrode contacts will produce two important interfaces, one at the
bottom electrode where the molecule is covalently bonded to the gold and another
at the top electrode where probably Van der Waals interactions take place between

the molecules and the GagO3/EGaln top electronde.

Charge transport study requires stable, reproducible and well formed molec-
ular junctions. In an ideal case, junctions with no defects in either electrode and
perfectly ordered SAMs are required however at experimental level such kind of
precision is not possible due to the intrinsic dynamism of the molecular systems
and the interactions of the molecules with the environment (electrodes). Then,
different kinds of defects could be observed in the molecular junction, including:
a) structural imperfections on the bottom contact (step edges and vacancy islands),
b) different sites at which the bond between the molecule and the bottom electrode
is formed which will have important influence over the tilt angle of the molecules
with respect to the surface normal, ¢) physisorbed material on the bottom electrode
and d) impurities (e.g. dust) 20,3738 - All these defects could cause variations of the
distance between the top and the bottom electrodes, strongly affecting the tunnel-
ing current which as discussed above, has a strong distance dependence. Another
source of variations can be based on the dynamic behaviour of SAMs; where dif-
ferent orientations can be adopted by the molecules on the surface due to bulky

units on the system, resulting in a small disorder.

As it has been mentioned, the contact of the molecules with the bottom and
top electrodes plays an important role on the charge conduction. The asymmet-
rical conduction (i.e. rectification) is expected due to rectification in molecular
junctions. However, it can also occurs as a consequence of non-molecular effects
like: different materials of the electrodes, different type of the contact between
molecules and the electrodes (bottom/top), formation of metal oxides at the elec-

39,40

trodes”*”, or any other asymmetry encountered in the structure of the junctions.

This consideration will be discussed later.

S1 and S1-H monolayers based junctions with EGaln top electrodes

(Figure 6.5) were measured in a bias ranged from +2 to -2 V.
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Figure 6.5: Scheme of the monolayers based junctions with EGaln top electrode and Au bottom

electrode.

Large number of data were acquired and a statistical analysis of them was

made in order to discard any artifact from the real data. Table 6.1 collects the

statistics of S1 and S1-H monolayers based junctions. More than 400 traces were

measured for each sample (S1 and S1-H) and comparable yields of working junc-

tions were obtained for these systems (95 and 88%, respectively). A big difference

of the rectification ratio was observed, comparing the junction containing the rad-

ical D A system 1 (5.57) with respect to their protonated analogous 1H (98.98)

(Figure 6.6) which is a clear evidence of the different electronic nature of these two

molecular systems which have almost the same molecular structure.

Table 6.1: Statistics for the |-V measurements of Au-S1//GayO3/EGaln

Au-S1H//Gag03/EGaln Junctions.

Parameter S1 S1-H
Number of junctions 20 25
Number of shorts 1 3
Number of traces 456 528
Nonshorting junctions (%) 95 88

Rectilcation ratio ( log)? 5.57 (0.55) 98.98 (0.65)

“ Working junctions that gave stable /(V) characteristics.
b The rectification ratio has been defined as R= J( V) J(V)

and
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Through these measurements two principal quantities were evaluated, the
current density and the rectification ratio (Figure 6.6). Junctions based on S1
monolayers show higher current (100 larger at 1.0 V) but smaller rectification
ratio (R = 5.57) in comparison with junctions of S1-H. The small R found indicates
that junctions based on 1 do not rectify current strongly, while S1-H junctions do
it (R = 98.98).

I R = 5.57 (0.55)
—Fit

0 4 2 0 2 4 6 8
V (V) log(R)
(a)
0 504 I R = 98.98 (0.65)
] —Fit

log |J| (Alcm?)

(b)

Figure 6.6: J(V) plot and histogram of recti cation ratio tted with Gaussian distribution in a range

bias of 2.0 V of (a) S1 and (b) S1-H monolayers based junctions.

As it has been already mentioned, in our group it has been observed that
SAMs based only on the PTM unit in its radical and protonated form exhibit dif-
ferent transport behaviors which have been correlated with the distinct electronic
structure of the two PTM-SAMs. In the work of Crivillers ez. al it was demon-
strated that the conductivity through the PTM radical SAM is much higher than
the protonated PTM SAM?® which is in agreement with the higher current den-

sity observed for S1 junctions in front of S1-H. However, contrary to what it was
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initially expected for junctions containing D A molecular systems, compound 1
showed a small rectification effect which should be explained as consequence of
the accessibility of molecular orbitals at both, forward and reverse bias.

Probably, the rectification phenomenon in these junctions do not obey only to
a molecular origin but also could be a contribution of the several asymmetries that
comes from the fabrication method of the junctions; asymmetries related with the
different material used for the electrodes (Au-bottom and GagO3/EGaln-top) and
the different nature of the contact between the SAM and the electrodes. Moreover,
focusing on the top electrode region, some uncertainty could be inserted in the
measurements due to several factors like; the resistance of the layer of GagO3 which
depends on the growth conditions*!; the exact nature of the interface between the
SAM and the layer of GagO3 which probably is driven by van der Waals forces;
unpredictable organic material on the surface of the top electrode (GagOs/EGaln)
and the roughness of the layer of GagO3 which could affect the contact surface
preventing a complete contact of the monolayer with the top electrode®’, among

others.

Figure 6.7: J(V) plot in a range bias of 1.0 V of S1 (left) and S1-H (right) monolayers.

When we consider 1.0 V (Figure 6.7) as voltage range in the 2.0 V range,
higher current is observed for the open-shell S1 monolayers than for the S1-H
closed-shell one. But, interesting results the behavior of junctions based on S1
monolayers when 1.0 V is considered as voltage range. In such case, it has been
possible to observe a higher current density at positive bias (+1.0 V) than at neg-
ative one (-1.0 V), opposite to the behavior observed at 2.0 V. The change in

the direction of the bias at which higher current density is distinguished, could



204 Chapter 6 Conductivity through Fc PTM radical SAMs

be related with the higher polarizability of this molecule with respect to S1-H.
The dipole moment of 1 can create an internal electrical field which probably is
favouring the direction of charge transport at +1.0 V and not at -1.0 V.

On the other hand, at 2.0 V bias range the high current density observed at
forward and reverse bias for S1 could be related with the alignment of the molec-
ular orbitals of D A system 1 with respect to the Fermi levels of the electrodes
and additionally with a possible coupling of the singly-unoccupied molecular or-
bital (SUMO) with the nearest electrode (GagO3/EGaln). A general analysis of
the bands diagram based on the Nijhuis¥vork®’ will be discussed in the following

section.

The fact that the value of R for junctions based on S1-H monolayers, is a fac-
tor of 10? larger than the one for the radical system, it should be directly related
with the molecular energy asymmetry of the protonated system 1-H incorporated
in the junction and not due to other asymmetries in the junctions. However, this
large rectification was not achieved before applying a bias of -2 V which could be
an indication of some energy barrier caused probably by the LUMO of the 1H
system which need to be overcome before the HOMO of the Fc starts to partici-
pate in the process and allow an easier charge transport at forward bias and not

at reverse bias. More details will be covered in the next section.

6.4 Analysis of the bands diagrams

Nijhuis and col.?’, proposed an interesting mechanism for the rectification of
current observed in SAM-based tunneling junctions containing alkanethiols with Fc
head groups. Taking into account this mechanism they found out that to get large
rectification ratios it is necessary to have one energetically accessible molecular
orbital, which has to be placed asymmetrically in the space inside the junction
and to be lower in energy than the Fermi levels of both electrodes. Thus, in order
to get rectification, the HOMO needs to follow the potential of the Fermi level of
the nearest spatially electrode (GagO3/EGaln) and overlap energetically with the

Fermi levels of both bottom and top electrodes only in one direction of the bias 37,
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Following this proposed mechanism and considering that S1 and S1-H tun-
neling junctions were prepared using ultra-flat Au as bottom electrode and
GagO3/EGaln as top electrode, Figures 6.8 and 6.9 show a schematic represen-
tation of the energy level diagrams that try to explain the possible mechanism
observed in these current measurements. In these diagrams the bottom electrode
(Au) is represented at left side followed by the molecule with the disulfide group
bonded to Au and the PTM moiety on the opposite side. Close to the PTM unit is
the GagO3/EGaln top electrode. Between both electrodes are drawn the molecular
orbitals of S1 and S1-H which will help us to understand the charge transport

mechanism through the SAMs as well as the current rectification.

The work function for modified gold surfaces was taken from UPS measure-
ments, since the work function () of a metal can change due to the presence of
adsorbates on the surface. Then a reference mean value of 5.0 eV was assumed
for Au-bottom electrode and a value of 4.3 eV3 for GagO3/EGaln-top electrode.
The initial represented state is an open circuit (V = 0 V) where the Fermi levels of
the bottom and top electrodes tend to be aligned with and intermediate value of

4.65 eV.

The molecular orbitals involved in the electron charge transport of the open-
shell S1 monolayers (HOMO and SUMO) were determined by wet cyclic voltam-
metry, previously described in Chapter 3 (Table 3.5). From these data it has been
found that in energy the HOMO (5.15 eV) remains below the two electrodes
(4.65 eV) but the SUMO is positioned slightly above them (4.35 eV).

When a bias of 1.0 V is applied, the Fermi level of the GagO3/EGaln top
electrode is shifted up or down in 1.0 V and due to the close proximity of the
SUMO, this level goes up or down together with the Fermi level but only in 0.7 V
since a potential drop of 0.3 V across the SAM/GayOyj interface has been assumed®’
T. Additionally, it is assumed that the HOMO is electronically coupled with the
SUMO due to both the small energy gap (0.8 eV) observed between them and

the high delocalization of the electrons over the system (Fc PTM) and therefore

"The 0.3 eV is a value assumed as potential drop considering that the potential drop across

the SAM/GayO3 interface is less than that across an alkyl chain 87,
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it follows to the SUMO (0.7 V) without any potential drop.

At forward bias ( 1.0 V), the SUMO of S1 achieves the same energy than
the Fermi level of the top electrode while the HOMO falls within the energy win-
dow determined by the values of the Fermi level of the bottom and top electrode.
However, when a reverse bias (+1.0 V) is applied the HOMO remains below in
energy than the two electrodes but the SUMO falls within the energy window. In
this case it is clear that the current transport through the open-shell S1 molecules
takes place with the participation of the SUMO at both bias and this is reason of
the higher conductance observed for S1. According to Figure 6.7 (left), the current
density is clearly observed to be higher at reverse bias (+1.0 V) which could be
related with the fact that due to the dipole moment of the oriented D A molecules
an internal electric field is created which acts in opposite direction to the dipole of
the SAM and maybe it is favoring the current transport at reverse bias. Moreover,
since the SUMO at forward bias is not place within the energy window but it is
at the same energy than the Fermi level of the top electrode probably allows to
obtain a general high density current but not rectifies in this direction. Then, it
seems that to obtain rectification is imperative that the molecular level is placed
asymmetrically both in energy and spatially between the Fermi level of the bottom
and top electrode.

When the bias applied is increased till 2.0 V, the new alignment of the
energy levels of S1 follows the description aforementioned, which means that the
Fermi level of the GayO3/EGaln electrode shifts up or down in 2.0 V and the
SUMO and HOMO do the same but only in 1.4 V, assuming a potential drop
of 0.3 V per each volt applied®’. In this case both the SUMO and the HOMO
fall in the energy window at forward ( 2.0 V) and reverse (+2.0V) bias. Due to
the asymmetric position of the SUMO, physical and also in energy close to the
Fermi level of the top electrode, these two energy levels could be coupled and thus
the SUMO could participate in the charge transport across the molecule at both
bias (forward and reverse), such assumption agrees with the fact that almost no

rectification is observed but does a high current density.



6.4 Analysis of the bands diagrams 207

The energy level diagram built for junctions based on closed-shell S1-H
monolayers was made in the same way that the energy level diagram for junctions
based on S1 monolayers. The main difference is the non-presence of the SUMO
in the PTM moiety which in this system has a closed-shell electronic structure. In
this case, its analogous unoccupied energy level, LUMO, cannot be estimated by
wet cyclic voltammetry due to the non-electroactive character of this moiety and
thus, only the value for the HOMO has been calculated and will play a role. In
S1-H, the first unoccupied orbital, LUMO, will lie much higher in energy as it has

been previously reported?’.

The HOMO levels at negative and positive bias were qualitative estimated
(0.4 eV) since the absent of quantitative data for the potential drops along the
PTM moiety must be added to the previously mentioned 0.3 V of potential drop
across the van der Waals interface. Under all these considerations, when 1.0
V bias is applied only at forward bias ( 1.0 V) the HOMO falls into the energy
window, however the current density is very small as can be seen in Figure 6.7
(right). Probably, this is due to the fact that the LUMO localized in the PTM
moiety is acting as an energy barrier. Moreover, at reverse bias (+1.0 V) together
with the possible energy barrier given by the LUMO; the HOMO was found to be
outside of the energy window, which will explain the almost zero current density
observed. Nevertheless, when the bias applied increases until 2.0 V, the HOMO
falls within the energy window at both bias (forward and reverse) and the energy
difference between the LUMO and the Fermi level of the GayOs/EGaln or Au

electrode becomes smaller.

It seems that at forward bias ( 2.0 V) the energy is enough to overcome
the barrier induced by the LUMO giving place to the possible participation of the
HOMO in the charge transport thanks to some kind of coupling with the Fermi
level of the GagO3/EGaln electrode. On the other hand, at reverse bias (+2.0 V)
the current density continues to be small even though the HOMO is placed inside
the energy window and close in energy to the Fermi level of the top electrode. The
LUMO is still much higher than the Fermi levels of both electrodes (bottom and

top) for which it is probably that the system does not consider such level in the



208 Chapter 6 Conductivity through Fc—PTM radical SAMs

current transport and thus it overlaps energetically with both Fermi levels of the

electrodes only in one direction (forward) of bias showing rectification (R = 98.98).
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Even though, the rectification in junctions based on S1-H monolayers was
observed at - 2.0 V, such rectification comes from the molecule and not from the
external artifacts like the possible oxidation of the top electrode, which was probed
by the no rectification observed for the junctions based on S1 monolayers. More-
over, the substrate, SAM, and top contact remain the same across the range of
biases applied incorporating the same defects. Additionally, the current in one
direction serves as an internal standard through with the current in the opposite

direction can be examined by comparison*“ )

6.5 Summary

Even during the course of this thesis it has not been possible to perform
transport measurement at different temperatures to know the mechanism of charge
transport, the charge transport in both types of junctions seems to be by tunnel-
ing due to the small size of the molecule ( 2.7 nm). Moreover, for other SAMs
containing only the PTM unit with alkyl chains of different lengths it has been
observed a distance-dependent behavior. The hopping mechanism is more con-
sidered to explain the charge transport across long molecules or wires. Moreover
in S1 and S1-H SAMs it seems that some contribution of the coupling between
the molecular orbitals and the closest electrode Fermi level is present. Finally, it
seems that the close proximity both in energy and spatially between an accessible
molecular orbital and the Fermi level of the electrode only in one direction of bias
is required to achieve rectified currents.

In summary, two structurally similar but electronically very different molecules
have been bonded to gold surfaces and the charge transport across them has been
studied, showing remarkable differences both in the current density and in the rec-
tifiaction ratio. Such differences are based on the distinct electronic structure of 1
and 1-H systems. For junctions based on open-shell S1 monolayers there is a lost
of the rectification but there is a high current density at both bias. On the other
hand, for junctions based on S1-H monolayers it was observed a large rectifica-

tion ratio once the energy barrier induced by the LUMO was almost overcome at
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2.0 V.

So, if we want to find molecules that can be active in electric devices like
rectifiers it is very important first to choose correctly the technique to evaluate the
current transport in order to know the influence of the electronic structure of the
molecule on the wanted electronic activity and second to achieve an asymmetric

placement of the accessible molecular orbital within the junction.
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Mourage is not living without fear. Courage is being scared

to death and doing the right thing anyway¥
Chae Richardson

Experimental Section

In this chapter will be described in detail the experimental procedures used
for both, synthesis of organic compounds and preparation of self-assembled mono-
layers. It will be divided in four main parts that cover: i) reagents, solvents and
materials specifications; i) analytic and surface techniques used to characterize
the organic compounds and the SAMs, respectively; #ii) synthetic procedures fol-
lowed to obtain the different organic compounds used along this Thesis; and

iv) methodologies used for SAMs preparation.

7.1 Reagents, solvents and materials

7.1.1 General reagents and solvents

The reagents and solvents employed for the synthesis of organic compounds
were of synthesis grade, belonging to different chemical companies such as:
Sigma-Aldrich, Fluka, SDS S.A. and Merck. The solvents used in optical spectroscopy,
cyclic voltammetry experiments and surface chemistry were HPLC grade provided
by ROMIL SpS (Super Purity Solvent). The toluene of HPLC grade used for prepa-
ration of self-assembled monolayers was distilled under nitrogen using metallic

217
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sodium as dehydrating agent.

7.1.2 Substrates and materials for the SAMs preparation

Au (111) surfaces were purchased from Georg Albert PVD Beschichtungen
(University of Heidelberg in Germany) with the follow characteristics: epitaxial
gold on mica, size 25x25 mm? with 300 nm thickness (111)-layer of gold. These
substrates were cut according to the necessity.

Bionano borosilicate glass slides (75 x 25 x 1.1 mm) with 50 nm gold thick-
ness over a titanium adhesion layer were obtained from Phasis (Switzerland). To
perform cyclic voltammetry experiments, specific sizes of these substrates were re-
quired that were laser-cut in Centro Nacional de Microelectrénica (CNM CSIC)
facilities into 2.5 x 0.5 cm pieces.

When specific conditions (gold thickness, dimensions, opacity, etc) were re-
quired; gold was evaporated on pieces of microscope glass. To prepare the sub-
strates used for synchrotron experiments, small pieces of silicon test wafers with
N/phosporus dopant and a resistivity of 2-5 Ohm.cm were employed. Gold was
evaporated on both substrates using chromium as adhesion layer with an Evapo-
ration System Auto 306 from Boc Edwards in the Nanoquim platform (Clean Room)
at the Institut de Ciéncia de Materials de Barcelona (ICMAB CSIC). Prior to
evaporation, these substrates were hand-cut with a diamond-coated knife or in the
Electron Microscopy Sample Preparation Service at Institut Catala de Nanociéncia

i Nanotecnologia (ICN2) into pieces with the required dimensions.

7.2 Instrumentation and Techniques

7.2.1 Analytic Techniques for the characterization of the

organic compounds
Infrared spectroscopy (IR):

The IR spectra were performed on a Perkin Elmer Spectrum One Fourier Trans-

form spectrometer using the attenuated total reflection (ATR) mode. In the spectra
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collected the following abbreviations: weak band (w), medium band (m) and sharp

band (s), were used to define the intensity of the peaks.

Nuclear Magnetic Resonance spectroscopy (NMR):

The NMR spectra were recorded at the Servei de Ressonancia Magnética Nuclear
of Universitat Autonoma de Barcelona; using a Bruker Avance spectrometer 250
MHz. The solvent employed (CDCl3 or (CD3)2SO) was at the same time the

internal reference.

Ultraviolet-Visible Near-Infrared absorption spectroscopy (UV-Vis-NIR):

The UV-Vis-NIR spectra were recorded on a Cary 5000E Varian spectrometer.

Electron Paramagnetic Resonance spectroscopy (EPR):

The EPR spectra were collected by Dr. Vega Lloveras (ICMAB-CSIC) on a Bruker
ESP 300E spectrometer operating in the X-band (9.5 GHz) with a T102 rectangular

cavity.

Matrix-Assisted Laser Desorption Ionization Time-of-Flight mass spectrom-

etry (MALDI/LDI TOF-MS):

The spectra were performed by Amable Bernabé on a Bruker Ultraflex LDI-TOF
mass spectrometer operating with pulsed extraction of ions in positive or negative

mode at high power.

Chromatography:

e Thin layer chromatography (TLC): Both, the progress of the reactions and
the chromatographic columns were controlled by means of aluminum sheets
covered with silica gel 60 Fys4 provided by Merck. All aluminum sheets were

revealed under an ultraviolet lamp ( = 254nm).

* Column chromatography: Silica gel 60 A. C. C. with grain sizes between

35-70 m was used to prepare column chromatography.
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7.2.2 Surface Techniques for the characterization of the SAMs

Polarization modulation-infrared reflection-adsorption spectroscopy

(PM-IRRAS):

PM-IRRAS measurements were performed at Nanostructuration Platfom of Institut
de Ciéncia de Materials de Barcelona on a IR-spectrometer Vertex 70 from Bruker
equiped with MTC and TGS detectors as well as with the PMA 50 accessory. All

spectra were recorded at an incident angle of 80 .

X-ray Photoelectron spectroscopy (XPS):

XPS measurements were performed by Dr. Daniel Gamarra at the Servicios de
Analisis y Caracterizacion de Sélidos y Superficies de los Servicios de Apoyo a la
Investigacion de la Universidad de Extremadura in a Thermo Scientific K-Alpha
X-ray photoelectron spectrometer system with a monochromatic source (AlIK line
of 1486.68 eV energy). The radiation was perpendicular to the sample (90 ) with a
spot size of 30-400 m in ellipsoidal arrangement. Voltage 12 KV. The properties
of the depth profile source were: Ar* bombardment ion source (1, 2 or 3 KeV of
energy) located at an angle of 30 degrees to the horizontal sample. Compensation
device charging via ultra low energy flood gun. To recollect the high resolution
spectra, it was used a pass energy of 50 eV, a dwell time of 50 ms, an energy step
size of 0.1 eV and several scans were accumulated to obtain a better resolution

(100 scan for Cl1s, Ols and Cl2p; 200 scans for S2p and Fe2p).

Time of Flight - Secondary Ion Mass spectroscopy (TOF-SIMs):

TOF-SIMs measurements of SAMs were recorded by Dr. Daniel Gamarra at the
Servicios de Analisis y Caracterizacion de Sélidos y Superficies de los Servicios de
Apoyo a la Investigacion de la Universidad de Extremadura using a TOF-SIMS®
(Time of Flight Secondary Ions Mass sppectrometer). The primary gun was bom-
bardment with Bi ions with the following intensities: 1.2 pA (Bi"), 0.3 pA (Bij,
0.2 pA (Bij"). The primary gun energy was 25 KV, the extractor energy 8.5 KV,

the current of emission 1.05 A. The mass spectra were obtained with a spot size
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of 200x200 m, with a resolution of 128x128 pixel.

Electrochemical experiments (Cyclic voltammetry):

Cyclic voltammograms were collected on a potentiostat-galvanostat VersaSTAT

from Princeton Applied Research and also in a 20V/400 mA potentiostat/galvanostat
Autolab/PGSTAT204 from Metrohm; using a standard cell with three-electrodes

setup. To characterize electroactive compounds in solution, the working and

counter electrodes used were platinum wires while a silver wire was used as pseudo-

reference electrode. The solvent used to prepare the electrolyte solution was

dichloromethane HPLC grade.

However for surface electrochemistry, the gold functionalized surfaces were used

as working electrode and acetonitrile as solvent. 0.1 M solution of TBAHFP in the

corresponding solvent was used as electrolite and prior to the measurements, the

solution was degassed with argon.

Contact Angle (CA):

Contact angle measurements were performed to analyze the wettability of the mod-
ified surfaces. A 3 L of Mili-Q water was dispensed on the surfaces with an
automatic syringe and the contact angle was measured with the Contact Angle

Measuring System DSA 100 from KRUSS, in the Nanoquim platform at ICMAB.

Atomic Force Microscopy (AFM):

The AFM measurements were performed under ambient conditions using an Agi-

lent 5500 LS AFM/SPM Stage Microscope and using an intermittent contact mode.

Kelvin Probe Force Microscopy (KPFM):

KPFM measurements were performed at room temperature using conductive probes
(Pt/Cr-coated Si tips) mounted in cantilevers with nominal force constant of
2.8 N/m. These measurements were performed under Ny atmosphere (relative

humidity <5%) to reduce relative room humidity impact.
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Ultraviolet Photoelectron Spectroscopy (UPS):

UPS experiments were performed with a PHOIBOS 150 analyzer (SPECS GmbH,
Berlin, Germany)) in ultra-high vacuum conditions (base pressure 1E-10mbar) and
with monochromatic Hel UV source (21,2eV). Work function determination was

done by applying bias of -10V at the sample.

Synchrotron Radiation:

The electronic characterization of the D A systems bonded on gold surfaces was
performed in two different synchrotron radiation facilities. In Elettra synchrotron,
the measurements were performed at Materials Science Beamline (MSB) which is a
versatile beamline that allows the tunability of the photon energy over a wide range
(22 - 1000 eV) with mainly linearly polarized light from a bending magnet source.
Measures of XPS, UPS, resonant photoemission (RPES) and NEXAFS spectro-
scopies were made with high energy resolution and tunable excitation energy for

the best photoionization cross sections.

In ALBA, it was used the NAPP (near ambient pressure photoemission) end-station
at CIRCE beamline which is a variable polarization soft X-ray beamline. Con-
trary to the MSB, the source for the CIRCE beamline is a pure permanent magnet
APPLE II helical undulator, inserted in the center of the 9th medium straight
section of the ALBA storage ring. This device is capable of delivering linearly
polarized light in any direction, as well as circularly-polarized light (left- or right-

handed).

Two important characteristics of the NAPP end-station were exploited. In one side,
the possibility to record data acquisition while the samples are heat up to 120 C
by using a sample holder with an encapsulated filament. On the other hand, the
possibility to operate at a sample pressure range from UHV up to 1 mbar thanks to
a differential pumping system which ensures a pressure difference of 10E-9 between
detector and sample. Through these modes, two different external stimuli were

applying to the SAMs in order to induce the intramolecular electron transfer.
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Conductivity Measurements:

The "EGaln-setup” is a home-built set-up that uses the eutectic metal alloy EGaln
with its surface layer of predominantly GagO3 to contact SAMs electrically and
to measure the J(V) characteristics at room temperature. The micromanipulator
used as component of the EGaln-setup has a low drift (1 nm/h) and can move the
top-electrode with 10 nm precision in the z-direction, and over a distance of 10 cm
in the xy-direction. To ensure good electrical contact, a copper wire is soldered
to the micro-needle of the Hamilton syringe which is connected to the instruments
with alligator clips. A gold probe tip held by a micro-positioner (Crest innovation,
S-725PLM) penetrated the SAMs to form direct electrical contact with the sub-
strate. The Ga203/EGaln top-electrode is biased and grounded the substrate using
a subfemtoamp source meter (Keithly 6430) and shielded cables. To operate the
source meter and to record I(V) curve, a code written in LabView 2011 is used.
The whole setup is placed in Faraday cage placed on vibration isolation table

(9101 Series Vibraplane Workstation) to minimize vibrations'.

7.3 Theoretical calculations

DFT calculations for 1, 1H and 5 compounds were performed at their optimized
geometry. The level of theory used was (U)CAM-B3LYP 6-31G*. From the output
files, parameters like: molecular orbitals, eigenvalues and dipole moment were
analyzed. For all calculation, the Gaussian09 software packages were used.

PM7 (RHF) calculation at optimized ground state (gs) (U)CAM-B3LYP/6-31G*
level with modified dihedral angles were performed. Polarizability was determined
considering the module of the dipole moment and applying the electric field along

the perpendicular axis.
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7.4 Synthesis and characterization of PTM

derivatives

7.41 Synthesis of H-tetradecachloro-4-methyltriphenyl
methane (30)"

Procedure:

3.3 g (24.6 mmol) of aluminum chloride, 3.9
ml (48.2 mmol) of sulfur chloride, and 530 ml
(6.6 mol) of sulfuryl chloride were suspended
under an argon atmosphere, stirred, and re-
fluxed. Then, 170 g (65.8 mmol) of
4-methyltriphenylmethane dissolved in 340 ml
(4.2 mol) of sulfuryl chloride were added during

CH3

a period of 2 hours, and the solution was refluxed
for 10 hours. During this time, small quantities of sulfuryl chloride were added
in order to keep the volume of the reaction constant. After that, the solution was
concentrated by evaporation of half of the reaction volume and cooled down to r.t.
A yellowish precipitate was formed when the mixture was poured over an ice bath
(400 ml). The mixture was neutralized after the slow addition of sodium bicarbon-
ate, obtaining a solid which was dissolved in chloroform and extracted with water.
Finally, the organic phase was dried with magnesium sulfate, filtrated, and the sol-
vent was evaporated under vacuum. The green solid produced was purified by a

digestion with pentane and 33.4 g (69%) of the expected product were recovered.

Characterization: CyoH4Cly4 [740.59 g/mol]. M.P. ( C): 337-338 C (lit. 336-339 C). IH-RMN
(250MHz, CDCl;, (ppm)): 6.99 (s, 1H, CH); 2.63 (s, 3H, CH3). FT-IR (KBr, (cm 1)): 2927
(w), 1530 (w), 1439 (w), 1396 (w), 1367 (s), 1340 (s), 1321 (s), 1296 (s), 1240 (m), 1209 (w), 1191
(w), 1134 (s), 1119 (m), 1024 (m), 947 (w), 923 (w), 863 (w), 846 (m), 807 (s), 758 (w), 727 (w),
712 (m), 686 (s), 663 (s). LDI-TOF (negative mode, m/z): 738 [M 2] , 668 [M 70] .

*Synthesized by Dr. Judit Guasch.
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7.4.2 Synthesis of  H-4-(bromomethyl)tetradecachloro-

triphenylmethane (31)2

Procedure:

159 g (21.4 mmol) of H-tetradecachloro-
4-methyltriphenylmethane (30) were put into a
three neck round flask and dissolved in 700 ml
of anhydrous carbon tetrachloride (CCly) by con-
stant stirring under argon atmosphere. Then,

the solution was heated up to reflux with a white

lamp and after 15 minutes, 10 ml (194.2 mmol) of

CH,Br

bromine were added. The mixture was refluxed
for 6 hours under a slow, steady argon stream. The unreacted bromine was pushed
out bubbling the argon inside the reaction to three traps connected in series to the
reaction flask. The first trap was empty, the second one contained a solution of
sodium bisulfite and the third one with sodium bicarbonate in order to neutralize
the rests of halogen. Since the reaction was not completed, a small amount of
N-bromosuccinimide (99%) was added and the mixture was refluxed for 2.5 hours
more. The reaction was cooled down to room temperature under inert conditions.
The mixture was transferred to an Erlenmeyer flask and put into an ice bath, then
400 ml of sodium bisulfide solution ( 40 %) were added slowly while the solution
was stirred until the observation of no rests of bromine. If the solution does not
change its color from red to greenish yellow, a small amount of water (55 ml) can
be added to facilitate the process. The pH of the solution was adjusted to 6 by
adding slowly 26 g of sodium carbonate anhydrous. The organic phase was ex-
tracted with dichloromethane (CHyCly), dried with anhydrous magnesium sulfate
(MgSOy). After filtering it, the solvent was evaporated under vacuum and finally
a dark beige solid was obtained which was purified by digestion with pentane.
12.9 g (74 %) of the final product were obtained.

Characterization: CgH3BrCly, [819.48 g/mol]. TH-RMN (250MHz, CDCls, (ppm)):
7.00 (s, 1H, CH); 4.81 (s, 2H, CHyBr). FT-IR (ATR, (cm 1!)): 2953 (w), 2923 (w), 2853 (w),
1533 (w), 1463 (w), 1434 (w), 1368 (s), 1335 (s), 1298 (s), 1241 (m), 1217 (s), 1190 (w), 1138 (s),
1017 (w), 995 (w), 946 (w), 928 (w), 888 (m), 865 (w), 851 (w), 807 (s), 760 (w), 733 (w), 717 (m),
696 (w), 674 (s).
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7.4.3 Synthesis of diethyl 4-[bis(2,3,4,5,6-pentachlorophenyl)
methyl]-2,3,5,6-tetrachlorobenzyl phosphonate (20) 3

Procedure:

12.9 g (15.8 mmol) of H-4-(bromomethyl)tetra-
decachlorotriphenylmethane (31) were dissolved
in 27.0 ml (157.9 mmol) of triethyl phosphite
(P(OEt)3). The solution was refluxed at 150 C
for 3.5 hours. Then, 163 ml of Mili-Q water were
added slowly and the mixture was refluxed for

40 minutes more. After that, the mixture was

CH,PO(OEt),

cooled down to room temperature and the oily
precipitated was extracted with chloroform (CHCIl3). The organic phase was
washed with Mili-Q water and dried with anhydrous magnesium sulfate (MgSOy).
The solvent was evaporated after filtering the solution. The oily product was pre-
cipitated with pentane overnight and purified by column chromatography of silica
gel using mixtures of hexane/ethyl acetate as eluent. The oily purified product was
precipitated with pentane overnight and the solvent evaporated under vacuum ob-
taining 9.49 g (68 %) of the desired product.

Characterization: Cy4H;3Cl14O3P [876.67 g/mol]. 'H-RMN (250MHz, CDCls, (ppm)):
7.00 (s, 1H, CH); 411 (q, 4H, CH,, /=710 Hz); 3.81 (d, CHy, CH, J=22.47 Hz);
1.29 (t, 6H, CHs, /=7.07 Hz). FTIR (ATR, (cm !)): 2982 (w), 2936 (w), 2905 (w), 2867
(w), 1534 (w), 1479 (w), 1441 (w), 1415 (w), 1391 (w), 1365 (m), 1340 (m), 1294 (m), 1254 (s),
1161 (w), 1135 (m), 1099 (w), 1053 (m), 1020 (s), 972 (s), 856 (s), 806 (s), 784 (m), 739 (w),
707 (w), 688 (w), 668 (s). LDI-TOF (negative mode, m/z): 876.5 [M] , 806.8 [M 70] .
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7.5 Synthesis and characterization of non-methylated

Fc PTM derivatives

7.5.1 Synthesis of (E)-4ferrocenylvinylene-2,3,5,6-(tetra-
chlorophenyl)bis(pentachlorophenyl) methane (2H)

Procedure:

409.5 mg (467.1 mol) of the protonated phospho-
nate PTM derivative (20) were put into a schlenk
and dissolved in 60 ml of anhydrous tetrahydro-
duran (THF) under inert conditions. The solu-
tion was cooled down to 78 C using an ace-

tone/liquid nitrogen bath for 30 minutes and then

105.3 mg (0.94 mmols) of potassium fert-butoxide
were added. The solution was stirred for 30 minutes maintaining the temperature
at 78 C to form an orange ylide. After that, the mixture was heat up to 0 C by
changing the dewar recipient for an ice bath which is maintained for 10 minutes
at such temperature. The ice bath was removed and 100.3 mg (468.7 mol) of
ferrocenecarboxaldehyde were added. The mixture was left at continuous stirring
and at room temperature for 66 hours under argon atmosphere. After that, the
mixture was acidified with 5 ml of a 0.8 M solution of hydrochloric acid (HCI)
and maintained stirring for 15 minutes. The organic phase was extracted with
2 portions of 20 ml of chloroform (CHCIl3), washed with Mili-Q) water
(3 x 10 ml), dried with anhydrous magnesium sulfate (MgSO,) and filtered. The
solvent was evaporated under vacuum and the product was purified by column
chromatography of silica gel using as eluent a mixture of hexane/CHCIl3 (3:1).
Finally, 322.8 mg (74 %) of the final product 2H were obtained.

Characterization: Cj3 H;9Clj4Fe [936.61 g/mol]. IH-RMN (250MHz, CDCl;, (ppm)):
7.0 (s, 1H, CH); 6.92 (d, 1H, CH=CH, J = 16.23 Hz); 6.66 (d, 1H, CH=CH, J = 16.23 Hz);
4.51 (s, 2H, C5Hy); 4.36 (s, 2H, C5Hy); 4.20 (s, 5H, CsHy). FT-IR (KBr, (cm 1)): 2925 (m),
2851 (m), 1631 (m), 1534 (w), 1458 (w), 1362 (s), 1336 (s), 1297 (s), 1240 (m), 1187 (w),
1136 (m), 1106 (m), 1043 (w), 1027 (w), 1001 (m), 957 (m), 931 (w), 863 (w), 807 (s), 714 (w),
686 (m). LDI-TOF (positive mode, m/z): 935 [M]*, 901 [M 34]*, 865 [M 70]".
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7.5.2 Synthesis of (E)-4-ferrocenylvinylene-23,5,6-(tetra-
chlorophenyl)bis(pentachlorophenyl) methyl radical (2)

Procedure:

193.4 mg (206.5 mol) of 2H were dissolved in
20 ml of anhydrous dichloromethane previously
passed through activated alumina in order to de-
activate the acidic points of the solvent. Work-
ing under inert conditions (argon atmosphere),
120 1 (247.8 mol) of tetrabutylammonium hy-
droxide solution dissolved in 0.5 ml of CHyCly

were added. The mixture was stirred at room temperature for 5 h and 25 minutes

to form the anion derivative. Then, 45.3 mg (266.5 mol) of silver nitrate previ-
ously dissolved in 0.5 ml of acetonitrile were added. The formation of the radical
was followed by UV-Vis and after 45 minutes, the mixture was immediately filtered
though a flash silica column using dichloromethane as solvent. The solvent was
evaporated and 193.18 mg (72 %) of the desired product was obtained after purifi-
cation by column chromatography of silica gel using a mixture of hexane/CH3Cly
(1:1) as eluent.

Characterization: C3H;1ClisFe [935.61 g/mol]. FT-IR (KBr, (cm 1)): 2924 (m), 2853 (m),
1628 (m), 1512 (m), 1464 (w), 1362 (s), 1335 (s), 1300 (s), 1260 (s), 1187 (w), 1137 (m),
1107 (m), 1044 (w), 1028 (w), 1001 (w), 958 (m), 933 (w), 865 (w), 810 (s), 734 (m), 712 (m),
694 (m). LDI-TOF (positive mode, m/z): 935 [M]*, 864 [M 71]*.
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7.5.3 Synthesis of (E)-4-[2-(1¥formyl-ferrocen)ethen-1-yl]-

2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)

methane (4H)

Procedure:

419.4 mg (876.9 mol) of protonated phospho-
nate PTM derivative (20) were put into a schlenk
and dissolved in 80 ml of anhydrous tetrahydro-
duran (THF) under inert conditions. The solu-

tion was cooling down to 78 C using an ace-

tone/liquid nitrogen bath for 25 minutes and then
128.7 mg (1.2 mmol) of potassium fert-butoxide
were added. The solution was stirred for 25 minutes maintaining the temperature
( 78 C) to form an orange ylide. After that, the mixture was heat up to 0 C
by changing the dewar recipient for an ice bath and maintained for 10 minutes
at such temperature. The ice bath was removed and 128.7 mg (531.7 mol) of
1,1MFerrocenedicarboxaldehyde were added. The mixture was left at continuous
stirring and at room temperature for 66 hours under argon atmosphere. After that,
the mixture was acidified with 15 ml of a 0.8 M solution of hydrochloric acid (HCI)
and maintained stirring for 15 minutes. The organic phase was extracted with
3 portions of 20 ml of chloroform (CHCI3), washed with Mili-Q water (3 x 20 ml),
dried with anhydrous magnesium sulfate (MgSO,) and filtered. The solvent was
evaporated under vacuum and the product was purified by column chromatogra-
phy of silica gel using as eluent a mixture of hexane/CHCI3 (2:1) and after that
only with CHCI3. Finally, 289.7 mg (63 %) of the final product (4H) were obtained.

Characterization: C3yHp9Cli4FeO [964.62 g/mol]. IH-RMN (250MHz, CDCls, (ppm)):
10.0 (s, 1H, CHO); 7.01 (s, 1H, CH); 685 (d, 1H, CH=CH, J = 16.54 Hz);
6.73 (d, 1H, CH=CH, J = 16.54 Hz); 4.82 (s, 2H, Fc); 4.65 (d, 4H, J = 16.58 Hz, Fc);
448 (s, 2H, Fc). FTIR (KBr, (cm 1)): 2922 (s), 2852 (m), 1728 (w), 1682 (s), 1635 (m),
1533 (w), 1455 (m), 1366 (s), 1336 (s), 1299 (s), 1276 (m), 1242 (s), 1189 (w), 1136 (m),
1032 (m), 961 (m), 931 (w), 864 (w), 831 (m), 808 (s), 778 (w), 742 (m), 715 (w), 687 (m).
LDI-TOF (positive mode, m/z): 964.2 [M]*.
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7.5.4 Synthesis of (FE)-4-[2-(1X¥formyl-ferrocen)ethen-1-yl}-
2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)
methyl radical (4)

Procedure:

100 mg (103.6 mol) of 4H were dissolved in
60 ml of dry CHyCl; under inert conditions. Then
58 mg (219.6 mol) of crown ether (18-C-6) and
120 mg (2138.8 mol) of potassium hydroxide
(KOH) were added to the solution. The mixture
was maintained stirring for 24 hours in absence
of light. After controlling by UV-Vis the total for-

mation of the anion derivative, the mixture was immediately filtrated under vac-

uum and the solvent was evaporated. Then, few ml of hexane were added and
the solvent was evaporated obtaining 112 mg (85%) of the anion derivative 4a.
This compound was used only as an intermediary reaction. To prepare radical 4,
212 mg (167.31 mol) of the anion derivative 4a were dissolved under inert condi-
tions (in absent of light) in 60 ml of dry CHyCl; previously passed through alumina
in order to deactivated the acidic points of the solvent. Then, 40 mg (235.4 mol)
of silver nitrate were added. The mixture was stirred for 30 minutes and after
that it was immediately filtrated and washed with a potassium hydroxide (KOH)
solution to remove any residue of crown ether. The solvent was evaporated under
vacuum and the product was purified by column chromatography of silica gel using
CH;Cl; as eluent obtaining 117.7 mg (73%) of the final product 4.

Characterization: C3Hp1Cli,FeO [963.62 g/mol]. FT-IR (KBr, (cm 1!)): 2955 (m), 2924 (m),
2855 (m), 1683 (s), 1665 (m), 1627 (m), 1509 (w), 1455 (m), 1367 (m), 1335 (s), 1319 (s),
1260 (s), 1244 (s), 1188 (w), 1157 (w), 1138 (w), 1120 (w), 1043 (m), 1033 (m), 989 (w), 959 (m),
945 (m), 934 (m), 867 (w), 831 (m), 814 (s), 782 (w), 736 (s), 710 (m), 698 (m), 673 (w).
LDI-TOF (positive mode, m/z): 964.5 [M]*, 893.5 [M 71]".
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7.5.5 Synthesis of (FE)-4-[2-(1¥metoxi-ferrocen)ethen-1-yl]-

2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)

methane (7H)

Procedure:

355 mg (368 mol) of 4H were dissolved in
12 ml of a mixture of anhydrous dichlorometha-
ne/ethanol (1:1) under inert conditions. The solu-
tion was cooled down to 78 C using an ace-
tone/liquid nitrogen bath for 25 minutes. Af-
ter that, 14.13 mg (373.5 mol) of sodium

borohydride previously dissolved in 2 ml of a mixture (1:1) of anhydrous

dichloromethane/ethanol and cooled, were added. The mixture was stirred and
maintained at 78 C for 30 minutes. Then the mixture was heated up to 0 C
for 30 minutes, changing the acetone/nitrogen bath for an ice bath. After that,
the ice bath was removed and the reaction was stirred at room temperature for
2 hours and 40 minutes. The mixture was cooled again to 0 C during 10 minutes
and then acidified with 185 L of a 2 M solution of hydrochloric acid (HCI) and
maintained at 0 C during 10 minutes more. The mixture was stirred for 15 min-
utes more at room temperature and immediately after it was filtered. The mixture
was washed with distillated water (3 x 6 ml) and the organic phase was extracted
with dichloromethane, dried with anhydrous magnesium sulfate (MgSQOy), filtered
and the solvent evaporated under vacuum. The product was purified by column
chromatography of silica gel using a mixture of hexane/CHyCly/AcOEt (1:3:0,2) as
eluent. Finally, 266 mg (75 %) of the pure product (7H) were obtained.

Characterization: Cj3yHy4Cl14FeO [966.54 g/mol]. IH-RMN (250MHz, DMSO, (ppm)):
6.93 (s, 1H, CH); 6.95 (d, 1H, CH=CH, J = 16.46 Hz); 6.73 (d, 1H, CH=CH, J = 16.46 Hz);
4.79 (t, 1H, OH); 4.58 (t, 2H, C5Hy); 4.38 (t, 2H, CsHy); 4.23 (d, 2H, CHy); 4.17 (t, 2H, C;Hy);
4.14 (t, 2H, CsHy). FT-IR (KBr, (cm 1!)): 3380 (w), 2953 (w), 2924 (w), 2852 (w), 1631 (m), 1535
(w), 1464 (w), 1365 (s), 1336 (s), 1298 (s), 1275 (m), 1238 (m), 1187 (w), 1137 (m), 1043 (m), 997
(m), 959 (m), 930 (w), 863 (w), 827 (m), 808 (s), 779 (w), 715 (w), 687 (m). LDI-TOF (positive
mode, m/z): 965.7 [M]*, 948.7 [M 17]*.
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7.5.6 Synthesis of (FE)-4-[2-(1¥metoxi-ferrocen)ethen-1-yl]-
2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)
methyl radical (7)

Procedure:

266 mg (275.2 mol) of 7H were dissolved in
15 ml of anhydrous dichloromethane previously
passed through activated alumina in order to de-
activate the acidic points of the solvent. Work-
ing under inert conditions (argon atmosphere),
200 L (412.5 mol) of tetrabutylammonium hy-

droxide solution dissolved in 0.5 ml of CHyCly were added. The mixture was
stirred at room temperature for 5 h and 20 minutes to form the anion derivative.
Then, 87.5 mg (5614.8 mol) of silver nitrate previously dissolved in 0.5 ml of ace-
tonitrile were added. The formation of the radical was followed by UV-Vis and after
50 minutes, the mixture was immediately filtered though a flash silica column us-
ing dichloromethane as solvent. The solvent was evaporated and 160 mg (60 %) of
the desired product was obtained after purification by column chromatography of

silica gel using a mixture of hexane/CHyCly/AcOELt (1:3:0,2) as eluent.

Characterization: C33H;3Clj4FeO [965.63 g/mol]. FT-IR (KBr, (cm 1y): 3373 (w), 2952 (w),
2925 (m), 2858 (w), 1660 (w), 1620 (m), 1510 (m), 1463 (w), 1334 (s), 1320 (s), 1259 (s), 1186 (w),
1156 (w), 1135 (w), 1119 (w), 1143 (m), 1026 (m), 960 (m), 946 (w), 932 (w), 865 (w), 816 (s),
765 (m), 734 (m), 710 (m), 699 (m). LDI-TOF (positive mode, m/z): 965.8 [M]*, 948.8 [M 17]*.
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7.5.7 Synthesis of 5-(1,2-dithiolan-3-yl)pentanoate of
(E)-4-[2-(1¥methyl-ferrocen) ethen-1-yl}-2,3,5,6-(tetra-
chlorophenyl)bis(pentachlorophenyl) methane (1-H)

Procedure:

86 mg (889 mol) of 7H were
dissolved in 10 ml of anhydrous
dichloromethane under inert condi-
tions. 23.1 mg (111.9 mol) of
() Lipoic acid dissolved in 1 ml

of anhydrous dichloromethane were
added. The mixture was stirred and cooled to 0 for 15 minutes. At the same
time 28 mg (135.7 mol) of DCC and 3.5 mg (28.7 mol) of DMAP each of one,
previously dissolved in 1.5 ml of anhydrous dichloromethane were mixed in a small
round flask and cooled to 0 for 15 minutes. After that, the second mixture was
added in the first one and maintained at 0 for 15 minutes more. The ice bath was
removed and the reaction was left at room temperature for 25 h. The mixture was
washed with distilled water (3 x 10 ml), extracted with dichloromethane and dried
with anhydrous magnesium sulfate (MgSOy), filtered and the solvent evaporated
under vacuum. The product was purified by a small-flash column chromatography
of silica gel using a mixture of hexane/CHyCly/AcOELt (1:1:0,05) as eluent. Finally,
74.8 mg (73 %) of the pure product 1-H were obtained.

Characterization: CyHgsClij4FeO3Sy [1154.95 g/mol]. IH-RMN (250MHz, CDCI3, (ppm)):
7.01 (s, 1H, CH); 6.90 (d, 1H, CH=CH, J = 16.33 Hz); 6.69 (d, 1H, CH=CH, J = 16.33 Hz);
4.90 (s, 2H, CHy); 4.49 (s, 2H, C;Hy); 4.36 (s, 2H, C;Hy); 4.27 (s, 2H, C;Hy); 4.22 (s, 2H, C;Hy);
3.56 (t, 1H, CH, J = 7.41 Hz); 3.18 (q, 2H, CHy, J = 7.19 Hz); 2.48 (m, 1H, CHy, J = 6.26 Hz);
2.32 (t, 2H, CHy, J = 7.52 Hz); 1.94 (m, 1H, CHy, J = 6.74 Hz); 1.70 (m, 4H, CHy, J = 7.6 Hz);
1.47 (m, 2H, CHy, J = 7.7 Hz). FT-IR (KBr, (cm 1)): 2922 (s), 2854 (s), 1730 (s), 1631 (m),
1535 (w), 1458 (m), 1364 (s), 1336 (s), 1298 (s), 1274 (s), 1239 (s), 1163 (s), 1137 (s), 1084 (w),
1042 (m), 1027 (m), 987 (w), 957 (m), 928 (m), 863 (w), 827 (m), 807 (s), 714 (w), 686 (m).
LDI-TOF (positive mode, m/z): 1153.8 [M]*, 948.7 [M 205.1]*.
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7.5.8 Synthesis of 5-(1,2-dithiolan-3-yl)pentanoate of
(E)-4-[2-(1¥methyl-ferrocen) ethen-1-yl}-2,3,5,6-(tetra-
chlorophenyl) bis(pentachlorophenyl) methyl radical (1)

Procedure:

70 mg (72.5 mol) of 7 were
dissolved in 10 ml of anhydrous
dichloromethane under inert con-
ditions. 19.2 mg (93 mol) of
() Lipoic acid dissolved in 1 ml

of anhydrous dichloromethane were
added. The mixture was stirred and cooled to 0 for 20 minutes. At the same time
22.9 mg (110.9 mol) of DCC and 2.9 mg (23.9 mol) of DMAP each of one, previ-
ously dissolved in 1 ml of anhydrous dichloromethane were mixed in a small round
flask and cooled to 0 for 20 minutes. After that, the second mixture was added in
the first one and maintained at 0 for 25 minutes more. The ice bath was removed
and the reaction was left at room temperature for 31 h and 10 minutes. The mix-
ture was washed with distilled water (3 x 7 ml), extracted with dichloromethane
and dried with anhydrous magnesium sulfate (MgSOy), filtered and the solvent
evaporated under vacuum. The product was purified by a small-flash column chro-
matography of silica gel using a mixture of hexane/CHyCly/AcOEt (1:1:0,05) as
eluent. Finally, 31.1 mg (37 %) of the pure product 1 were obtained.

Characterization: CyHy;Cl14FeO9Sy [1153.94 g/mol]. FT-IR (KBr, (cm 1)): 2923 (m),
2853 (m), 2117 (w), 1729 (s), 1620 (m), 1510 (m), 1459 (m), 1365 (w), 1335 (s), 1319 (s), 1259
(s), 1157 (s), 1043 (m), 1028 (m), 987 (w), 958 (m), 946 (m), 932 (m), 865 (w), 814 (s), 734 (m),
710 (m), 672 (w). LDI-TOF (positive mode, m/z): 947.7 [M 206.2]*.
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7.5.9 Synthesis of (NE,N’E)-4,4¥disulfanediyl bis(N-{1X2-4-
[bis-(pentachlorophenyl) methyl]-2,3,5,6-tetrachloro-
phenylethen-1-yl-ferrocenylmethylene}aniline) (8H)

i
—ty A
HZN@S—SON/ T

Procedure:

47.6 mg (49.3 mol) of 4H and 12.9 mg (103.6 mol) of 4-aminothiophenol
(4-ATP) were dissolved in 20 ml of anhydrous toluene into a round flask. A dean-
stark system was mounted and the reaction was refluxed at 120 C for 50 hours.
After that, the solvent was evaporated under vacuum and a mixture of mono and

bi-substituted molecules was obtained.

Characterization: Cy;;H39ClggFeaNoSy [2141.58 g/moll. IH-RMN (250MHz, CDCls, (ppm)):
8.32 (s, 3H, CH=N); 7.18 (d, 12H, CH, J = 7.76 Hz); 7.07 (d, 6H, CH, J = 8.15 Hz);
7.00 (s, 3H, CH); 6.89 (d, 3H, CH=CH, J = 16.47 Hz); 6.70 (d, 3H, CH=CH, J = 16.47 Hz);
6.62 (d, 6H, CH, J = 8.43 Hz); 4.79 (s, 6H, C;Hy4); 4.53 (s, 12H, C;Hy); 4.43 (s, 6H, CsHy);
3.79 (s, 6H, NHy). FTIR (KBr, (cm !)): 2922 (m), 2852 (m), 1616 (s), 1593 (s), 1492 (s),
1462 (m), 1365 (m), 1337 (s), 1295 (s), 1216 (m), 1175 (m), 1137 (m), 1088 (w), 1042 (w), 860 (m),
820 (s), 808 (s), 759 (w), 728 (m), 714 (w), 694 (m). LDI-TOF (positive mode, m/z): 2141 [M]*,
1193 [M 948]*, 1069 M 1072]*.
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7.6 Synthesis and characterization of octamethylated

Fc PTM derivatives

7.6.1 Synthesis of (F)-4-octamethylferrocenylvinylene-
2,3,5,6-(tetrachlorophenyl)bis (pentachlorophenyl)

methane (3-H)"

Procedure:

515.0 mg (5687.5 mol) of protonated phosphonate
PTM derivative (20) were dissolved and stirred
in 80 ml of anhydrous THF under an inert atmo-
sphere of argon. Then, the reaction was cooled
down to -78 C using an acetone/COg bath
and 156.8 mg (1397.0 mol) of potassium tert-

butoxide were added to form the ylide. The re-
action was stirred and kept at -78 C for 15 minutes. Then, the orange solu-
tion was heated up to 0 C by changing the dewar recipient for an ice bath, and
210.8 mg (646.2 mol) of 1-formyl-2,2X3,3X4,4Moctamethylferrocene were added.
After reacting for 60 hours, the mixture was acidified with a 2M solution of hy-
drochloridric acid and extracted with 4 portions of 25 ml of chloroform. The
orange phase was washed with water, dried with anhydrous magnesium sulfate, fil-
trated, and the solvent was evaporated under reduced pressure. Finally, the product
was purified by column chromatography of silica gel using a mixture of hexane and
diethyl ether as eluent (1:1). 511.3 mg (83%) of the final product 3-H were obtained.

Characterization: Cj3gHg;Clj4Fe [1047.82 g/mol]. TH-RMN (250MHz, CDCls, (ppm)):
7.03 (s, 1H, CH); 6.94 (d, 1H, CH=CH, J =16.38 Hz); 6.70 (d, 1H, CH=CH, J =16.38 Hz);
3.48 (s, 1H, CH); 1.93 (s, 6H, CH3); 1.80 (s, 6H, CHs); 1.66 (s, 12H, CH3). FT-IR (KBr, (cm 1)):
2961 (m), 2914 (s), 2854 (s), 1728 (w), 1623 (s), 1538 (w), 1447 (w), 1420 (w), 1368 (s), 1335
(s), 1300 (s), 1272 (m), 1241 (m), 1214 (w), 1191 (w), 1187 (w), 1138 (m), 1116 (w), 1083 (w),
1027 (s), 971 (s), 937 (w), 923 (w), 871 (w), 843 (w), 807 (s), 748 (w), 714 (w), 685 (m). LDI-TOF
(positive mode, m/z): 1047 [M]*, 1014 [M 33]*, 977 [M 70]*.

TSynthesized by Dr. Judit Guasch
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7.6.2 Synthesis of

(£)-4-octamethylferrocenylvinylene-

2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)

methyl anion (3a) ¥

Procedure:

175.0 mg (166.9 mol) of 3H, 485 mg
(183.5 mol) of crown ether (18-C-6) and
156.8 mg (1817.7 mol) of potassium hydroxide
were dissolved and stirred in 80 ml of CHyCly un-
der an inert atmosphere of argon. After 24 hours,
the unreacted potassium hydroxide was filtrated

and the solvent evaporated under reduced pres-

sure. The product was washed with cold hexane. Finally, 190.0 mg of product 3a

(84%) were obtained.

Characterization: C;Hj5,Cl14FeKOg [1350.22 g/mol (with 18-C-6)]. FT-IR (KBr, (cm hy):
2897 (m), 1597 (m), 1539 (w), 1503 (m), 1472 (m), 1453 (w), 1352 (s), 1284 (m), 1248 (m),
1205 (w), 1103 (s), 1027 (m), 960 (s), 867 (w), 835 (m), 806 (m), 721 (w), 687 (m), 662 (w).

LDI-TOF (positive mode, m/z):
942 [M 408.2]*.

1048 [M 302.2]*, 1014 [M 336.2]", 977 [M 373.2]%,

*Synthesized by Dr. Judit Guasch
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7.6.3 Synthesis of (F)-4-octamethylferrocenylvinylene-
2,3,5,6-(tetrachlorophenyl)bis(pentachlorophenyl)
methyl radical (3) W

Procedure:

150.0 mg (111.0 mol) of 3a were dissolved
in 85 ml of anhydrous CHyCly (passed through
activated alumina in order to deactivate the
acidic points of the solvent) in strict inert con-

ditions (series of vaccum/argon at -70 C). Then,

21.6 mg (111.0 mol) of silver tetrafluoroborate
were added under vigorous stirring. In the next
30 minutes, the solution changed its color from purple to brown while a grey pre-
cipitate was formed (Ag”). Finally, the solution was filtrated to eliminate the silver
and was extracted with a solution of potassium hydroxide to eliminate the crown
ether. Finally, the organic phase was dried and 214.0 mg (70%) of the dyad 3 were

obtained.

Characterization: C3gHgClysFe [1046.81 g/mol]. FT-IR (KBr, (cm 1!)): 2902 (m), 2865 (m),
1607 (m), 1536 (w), 1474 (m), 1416 (w), 1372 (w), 1351 (m), 1333 (s), 1287 (w), 1262 (m),
1135 (w), 1103 (s), 1025 (s), 962 (s), 873 (w), 838 (m), 808 (m), 734 (w), 712 (w), 690 (w),
666 (w). LDI-TOF (positive mode, m/z): 1047 [M]*, 1014 [M 33]*, 976 [M 71]*.

BSynthesized together with Dr. Judit Guasch
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7.6.4 Synthesis of (FE)-4-[2-(1X¥formyl-2,2X3,3X4,4X5 5Kocta-
methyl-ferrocen)ethen-1-yl]-2,3,5,6-tetrachlorophenyl-bis
(2,3,4,5,6-pentachlorophenyl) methane (6H) T4

Procedure:

100 mg (0.89 mmol) of potassium tert-butoxide

and 368 mg (0.42 mmol) 4-[bis(2,3,4,5,6-pentachlo-
rophenyl) methyl]2,3,5,6-tetra-chlorobenzyl (triphe-
nyl)phosphonium bromide were suspended in

8 ml of dry THF at 78 C and stirred for 30 min.

The cooling bath was removed and after 15 min

the resulting orange ylide suspension was cooled
again. Then, 100 mg (0.28 mmol) of 2,2¥3,3¥4,4X5,5M octamethylferrocene-1,14
biscarbaldehyde dissolved in 2 ml of dry THF, were added slowly and the mixture
was stirred for a further 72 hours at ambient temperature after which 5 ml of 2N
HCI was added. The crude product was extracted with two portions of 50 ml of
CHCIs3, the organic layer was washed three times with 50 ml of water, dried over
NaySO4 and evaporated under reduced pressure. Finally, chromatographic purifi-
cation with silica and n-hexane/CHCl3 (1:1) yielded 240 mg (75%) of the desired
product 6H.

Characterization: CyHygCli4FeO [1075.83 g/mol]. IH-RMN (250MHz, CDCls, (ppm)):
10.0 (1H, CHO); 7.0 (s, 1H, methine); 6.83 (d, 1H, Jians = 169 Hz, vinyl);
6.65 (d, 1H, J;rans = 16.9 Hz, vinyl); 2.0, 1.9, 1.78, 1.75 (s, each 6H). FT-IR (KBr, (cm hy):
2954 (m), 2907 (m), 2857 (m), 1729 (w), 1664 (s), 1629 (s), 1536 (w), 1448 (w), 1414 (m),
1370 (s), 1335 (s), 1298 (s), 1262 (s), 1212 (w), 1183 (w), 1136 (m), 1118 (m), 1075 (m), 1025 (s),
973 (s), 939 (w), 863 (m), 843 (w), 807 (s), 746 (w), 716 (m), 684 (s). LDI-TOF (negative mode,
m/z): 1074 [M] , 1004 [M 70] .

ISynthesized by Christian Sporer
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7.6.5 Synthesis of (FE)-4-[2-(1X¥formyl-2,2X3,3X4,4X5 5Kocta-
methyl-ferrocen)ethen-1-yl]-2,3,5,6-tetrachlorophenyl-bis
(2,3,4,5,6-pentachlorophenyl) methyl radical (6)

Procedure:

70 mg (65 mol) of 6H were dissolved in 12 ml of
dry CHyCly previously filtered through a column
with basic alumina. Then, 31 L (65 mol) of
tetrabutylammonium hydroxide solution 40% in
water (TBAH) dissolved in 0.5 ml of dry CHyCly
were added. The solution was stirred for 6 hours
under red light. After that, 15.4 mg 90.7 mol) of

silver nitrate (AgNO3) dissolved in 0.5 ml of acetonitrile were added and the reac-

tion was left for 1 hour and 15 minutes. The dark brown solution was filtered by a
flash column to eliminate the rest of metallic silver and the solvent was evaporated

under vacuum. 63 mg of pure radical 6 were obtained.

Characterization: CyHy;Cl4,FeO [1075.82 g/mol]. FT-IR (KBr, (cm 1)): 2949 (m), 2910 (m),
2856 (m), 1664 (s), 1620 (m), 1511 (w), 1452 (w), 1412 (w), 1375 (s), 1333 (s), 1263 (s), 1104 (s),
1027 (s), 965 (s), 841 (m), 816 (m), 734 (m), 712 (m), 685 (m), 667 (m). LDI-TOF (negative
mode, m/z): 1074 [M] , 1004 [M 70] .
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7.7 Synthesis and characterization of Fc derivatives

7.7.1 Synthesis of ferrocenylmethyl b5-(1,2-dithiolan-3-yl)

pentanoate (5)

Procedure:
o @ 101.0 mg (467.5 mol) of ferrocenemethanol were
Mo/\é dissolved in 11 ml of anhydrous dichloromethane
s—S under inert conditions. 115.6 mg (560.3 mols)

of () Lipoic acid dissolved in 1 ml of anhy-
drous dichloromethane were added. The mixture was stirred and cooled to 0 C
for 25 minutes. At the same time 142.0 mg (688.2 mols) of DCC and 15.3 mg
(136.4 mols) of DMAP each of one, previously dissolved in 1 ml of anhydrous
dichloromethane were mixed in a small round flask and cooled to 0 C for 25 min-
utes. After that, the second mixture was added in the first one and maintained at
0 C for 20 minutes more. The ice bath was removed and the reaction was left at
room temperature for 42 hours minutes. The mixture was washed with distilled
water (3 x 5 ml), extracted with dichloromethane and dried with anhydrous mag-
nesium sulfate (MgSQOy), filtered and the solvent evaporated under vacuum. The
product was purified by a smallflash column chromatography of silica gel using a
mixture of hexane/CHyCly/AcOELt (1:1:0,05) as eluent. Finally, 59 mg (31 %) of the

pure product 5 were obtained.

Characterization: Ci9Hg4FeOySy [404.37 g/mol]. TH-RMN (250MHz, CDCls, (ppm)):
4.89 (s, 2H, CH2); 4.27 (s, 4H, C5Hy); 4.16 (s, 5H, C5;Hjs); 3.59 (m, 1H, CH); 3.22 (m, 2H, CHy);
2.50 (m, 1H, CHy); 2.32 (t, 2H, CHy, J = 7.11 Hz); 1.95 (m, 1H, CHy); 1.71 (m, 4H, CHy);
1.50 (m, 2H, CHy). FTIR (KBr, (cm 1)): 3092 (w), 2922 (m), 2865 (w), 1727 (s), 1445 (m),
1409 (m), 1377 (m), 1334 (m), 1236 (s), 1165 (s), 1103 (s), 1028 (s), 998 (s), 946 (m), 922 (m),
878 (w), 809 (s), 746 (s). LDI-TOF (positive mode, m/z): 404 [M]*, 414 [M+10]*.
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7.8 Surfaces functionalization

7.8.1 Preparation of gold substrates

Glass slides were cut into small pieces (different sizes) according to the need in the
Electron Microscopy Sample Preparation Service at Institut Catala de Nanociéncia

i Nanotecnologia (ICN2).

Clean procedure

Glass substrates were immersed in a solution of piranha for 1 hour. After that, they
were removed and thoroughly washed with distillate water. Then they were washed
with acetone and isopropanol, HPLC grade. Dried under a nitrogen current and
placed in a glass support by using tape.

Silicon substrates were only washed with series of solvent (CHyCly, acetone, ethanol

and isopropanol).

Evaporation conditions

Freshly cleaned glass and silicon substrates were loaded in the metal evaporator

and 5 nm of Cr and 50 nm of Au were thermally evaporated.

7.8.2 Surface cleaning protocol

All the glass material used for SAMs preparation was cleaned in a Hellmanex II
solution (1 % v/v in Mili-Q water), after 3 h the material was thoroughly washed
with Mili-Q water and dried.

All gold substrates were first rinsed with different solvents of high purity grade
(dichloromethane, acetone and ethanol) and sonicated in each one for 7 minutes,
and dried under nitrogen stream. Then, the clean substrates were placed in a UV
ozone chamber for 20 minutes to remove any organic dirt, afterwards they were
immediately immersed in ethanol HPLC for a minimum period of 30 minutes. The
substrates were rinsed with ethanol and isopropanol and dried under argon stream

just before to be immersed in the solution of the desired D A dyad to form the
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corresponding SAM. The gold substrates on mica were not sonicated by follow the

same procedure of cleaning.

7.8.3 Preparation of SAMs by the two-step approach

| ?
S0

The functionalization of gold surfaces using the “two-stepXapproach starts with the
formation of the amino-terminated monolayer SO. To prepare SO, a freshly clean
gold substrate was immersed in an ethanolic solution 10 mM of 4-aminothiophenol

(4-ATP) molecules under an argon atmosphere. The gold substrate was left for
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24 hours and then it was thoroughly rinsed with ethanol HPLC grade and dried
under an nitrogen stream. SO was immediately immersed in a solution [1 mM] of
the corresponding octamethylated or non-methylated Fc PTM derivative (6 and
6H or 4 and 4H, respectively) under inert conditions. Two different solvent were
used: dry toluene and trimethyl orthoformate (Tmof). The substrate was left for
24 and 48 hours under an argon atmosphere. Finally the new D A SAMs (S6,
S6-H, S4 and S4-H) were rinsed with dry toluene or Tmof and dried under an

argon stream. All the preparation process was made under red light conditions.

7.8.4 Preparation of SAMs by one-step approach

S8-H SAM S8-H was prepared by immersion of a freshly cleaned gold sub-
strate in a 1 mM solution of 8H in toluene for 24 hours. After that the SAM was

rinsed with dry toluene and dried under an argon current.
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S1 and S1-H were prepared on Au substrates by immersion of the freshly cleaned
substrates in a 1 mM solution of 1 and 1-H dyads, respectively in absence of light
and under argon atmosphere. The solvent used in both cases was freshly anhydrous
toluene. The samples were maintained at 40 during the first hour and afterwards
they were left at room temperature for 48 h. The functionalized gold substrates
were rinsed thoroughly with anhydrous toluene in order to remove any physisorbed

material and finally they were dried under argon stream.
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Xtrength does not come from physical capacity. It comes

Jfrom an indomitable will¥
Mahatma Gandhi

Conclusions

This Thesis has been focused on the design, synthesis and nanostructuration

of molecular materials based on donor acceptor (D A) open-shell systems.

The electronic bistability phenomena of the octamethylated
Fc® PTM dyad 3 has been studied, demonstrating that in bulk, the proportion
of the zwitterionic state is higher for this dyad in comparison with its analogous
non-methylated Fc PTM dyad 2. The enhancement of the donor capability of the
Fc unit based on the substitution of eight methyl groups was probed by the shift of
its redox potential in comparison with the non-methylated system, as well as by the
lower energy at which appeared the intramolecular electron transfer band in the
UV-Vis-NIR spectrum. Interestingly, it was observed that in solution, playing with
the polarity of different solvents we were able to stabilize one (neutral) or other
(zwitterionic) stable electronic state of dyad 3. It is noteworthy that using solvent
of intermediate polarity it has been possible to observe the cohexistance of both

electronic states, indicative of the true bistability of this system.

On the other hand, different derivatives based on the Fc PTM dyad were
used to prepare self-assembled monolayers (SAMs) on gold substrates using the

bottom-up approach. SAMs prepared by means of the two-step strategy using an
247
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imine condensation reaction were not stable to study their electronic properties
neither to look for possible applications. However, SAMs prepared through the
one-step strategy using Fc PTM derivatives obtained from an esterification reac-

tion were stable.

From the study of the electronic structure of SAMs S1 was probed that once
the molecules are bonded to the gold surface only the neutral state of the molecules
is present. The no observation of bistability when passing from 3D (crystalline)
to 2D structures (SAMs) was attributed to the loss of cooperative effect of inter-
molecular electrostatic interactions. Although dyad 1 is a good candidate to study
the molecular switching induced by soft external stimuli like temperature and sol-
vents, once it is nanostructured as an array of oriented dipoles on a surface we
only observed a temperature induced and reversible partial charge transfer but not
a true bistability with the complete electron transfer from the Fc to the PTM unit.
In fact, when the Fc PTM dyad 1 is nanostructured on a surface as a SAM (2D),
the intermolecular electrostatic interactions are working against the intramolecu-
lar electron transfer (IET) that give place to the bistability phenomena observed
in solid state (3D). To stabilize the bidimensional system it is required a reorga-
nization of the energy levels of the system which take place against the D A IET
in order to get an electronically stable system. This is the reason why, in spite of
the dipole moments of dyad 1 and 1H no big modification of the work function of
the gold was observed. This fact is also related to the high effect of depolarization
and the reorganization of the energy levels that take place inside the bidimensional

systems.

Finally, transport measurements of these SAMs in junctions of the type Au-
SAM/GagO3/EGaln show that SAM S1 present high current density but does not
show current rectification since the single unoccupied molecular orbital (SUMO)
more localized on the PTM unit is participating in the charge transport at both bias
applied (forward and reverse). Interestingly, the closed-shell SAM S1-H showed
a high rectification ratio when 2.0 V (forward bias) were applied, which was
attributed to the participation of the highest occupied molecular orbital (HOMO)

localized over the Fc unit in the charge transport once the energy barrier imposed
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by the lowest unoccupied molecular orbital (LUMO) is overcome at such voltage.

Generally, thanks to the possibility that offer molecular materials, through
organic synthesis, to tune its molecular structure, in the framework of this Thesis
it has been possible to study not only how the molecular structure influence the
bistability phenomena but also how the dimensionality of the system influence their
electronic properties. Such influences are important to be taken into account if we
are interested to move forward towards applications using these kinds of systems.
Moreover, the results obtained in this Thesis, contribute to the development of new
molecules with interesting properties to be potentially used as active components

in molecular electronics.
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Study of the degradation of organic molecules

bonded to Au by synchrotron radiation

Since Fc PTM D A self-assembled monolayers contain carbon atoms with
different binding energy due to their own chemical environment, this element was
used to follow the degradation of the organic molecules bonded on gold substrates
as effect of the synchrotron radiation. Cls high-resolution spectrum was taken at
a photon energy of 500 eV. Different scans were measurements in the same point

until to see any change as it is shown in Figure A.1.

253
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Figure A.1: High resolution photoemission spectra of Cls. Effect of the radiation.

It was observed that after 20 - 30 minutes of irradiation, the samples starts to
show some degree of degradation. The peak observed at around 284.5 increase its
intensity while the peak around 286.5 eV diminish it. Additionally, the separation
between them decrease. After this observation, the sample was exposed for more
time until to see a higher degree of degradation which clearly is observed in the

blue line HR-PES spectrum of Cls showed in Figure A.2.

Cls

— initial

—— degradation
—— degradation
— final

S

T T T T T T T T
296 292 288 284 280
Binding energy (eV)

Figure A.2: High resolution photoemission spectra of Cls. Higher degree of degradation.

The effect of the temperature was also controlled by the spectrum of Cls.
Until 120 C the sample (S1) does not show any signal of degradation. However

at 150 C, the Cls spectrum (Figure A.3) was very similar to that obtained for the
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sample degraded by the radiation.

Cls

—— room temperature
— 150°C
— 150°C

-

T T T T T T T
296 292 288 284 280
Binding energy (eV)

Figure A.3: High resolution photoemission spectra of Cls. Effect of the temperature.

Then to avoid the degradation of the organic molecules attached to the sur-

face, each measurement reported in Chapter 4 was performed in a different spot
of the sample.
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Surface analysis techniques

B.1 Polarization-Modulation Infrared Reflection

Adsorption Spectroscopy (PM-IRRAS)

FT-IR beam
Detector

Polarizer
Lens

.

Photoelastic
Modulator

Figure B.1: Polarization-Modulation Infrared Reflection Adsorption Spectroscopy (PM-IRRAS)

layout.

257
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Polarization-Modulation Infrared Reflection Adsorption Spectroscopy
(PM-IRRAS) is a very sensitive surface technique that allows the study of the
molecular orientation and the chemical composition of thin films and monolay-
ers. This technique is based on the selective absorption of s- and p-polarized light
by molecules on a substrate when a high grazing incident angle is used. In a typical
PM-IRRAS experiment two light modulations are applied simultaneously. One by

the FT-IR interferometer and the other by the photoelastic modulator®.

Figure B.2: PM-IRRAS equipment.

In a simple way, the process begins with the directional of a collimated in-
frared light onto an off-axis parabolic mirror with a long focal length. Then, the
light beam passes through a polarizer and subsequently through a photo-elastic
modulator (PEM) before to be focused onto the sample. Finally, the beam is col-
lected with an infrared lens and focused onto the detector element®. Molecules
grafted on metal surfaces only interact with the p-polarized infrared radiation
which enhances its absorption allowing to increase the sensitivity of the measure-
ment. However under this condition (high grazing angle of incidence) the absorp-
tion of s-polarized radiation is virtually zero. Then using selection rules at the
surface is possible to infer about the average molecular orientation and confor-
mation of molecules in SAMs'!. Moreover the background absorption associated
with the atmospheric environment do not mask the bands corresponding to the

sample?,
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B.2 Contact Angle (CA)

Automated
Dosing System
Light
Source
CCD Camera
Sample
Stage I__?_—I
Hydrophobic Hydrophilic
Drop Drop
m A
[ |
9> 90° B <90°
high contact angle low
poor adhesiveness good
poor wettability good
low solid surface free energy high

Figure B.3: Typical Contact Angle measurement setup.

The measurement of contact angles is fairly important for the majority of the
wetting studies®. The contact angle () is the angle formed between the tangent
plane of the surface of a solid and a liquid at the wetting perimeter. The wetting
perimeter is most commonly referred to as the wetting line at the three-phase zone
(solid, liquid, gas). The most commonly used technique is the sessile drop method,
using a contact angle goniometer, which uses an optical system to capture the pro-
file of the liquid droplet on a solid substrate. A typical system uses a high-resolution
camera and software to capture and analyse the contact angle?. The smaller the
angle, the better the liquid is said to wet the solid, so for complete wetting is as-
sumed a contact angle of zero degrees. Conversely, nonwettitg suggest a contact
angle of 180 °. A value of 6 > 90° implies poor wetting and low solid surface free

energy, whereas 6 < 90° implies partial wetting and good adhesiveness®.



260 Chapter B Surface analysis techniques

B.3 Cyclic Voltammetry (CV)

Potentiostat

cathode — ——anode

(" electrolite )
e )

Figure B.4: Typical Cyclic Voltammetry measurement setup.

Cyclic voltammetry is an electrochemical technique that sweep a potential in
a range while the current is measured of a redox event®. The voltage across the
working and counter electrode (WE-CE) is controlled by the potentiostat which
has to adjust such potential in order to maintain the potential difference between
the working and reference electrodes (WE-RE) according to the desired potential

at any time®.

In CV experiments the WE potential has a triangular potential sweep con-
figuration. Thus, it goes from a start potential value to a set final value and then
it returns back to the initial potential maintaining a constant potential sweep rate
which can range from few mV to hundred mV°. The voltammogram obtained
determines the potentials at which different electrochemical processes occur and
allows to shed light on the kinetics of electrochemical reactions taking place at

electrode surfaces.
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Local electronic properties became accessible after the development of scan-
ning probe microscopy (STM) by Binning et al. in 1981 at IBM Zurich. Based
on quantum mechanical tunnelling between a conductive surface and an atomi-
cally sharp metallic tip, STM is well known to be the first instrument to generate
real-space images of surfaces with atomic resolution and has triggered the develop-
ment of new classes of STM-related microscopes*, like the Atomic force microscopy
(AFM) which nowadays is a basic technique and inevitable tool for all nanoscopic
research, and is also known as scanning force microscopy (SFM). AFM, like all
other scanning probe microscopes (SPM) works by scanning with a probe very
close to the surface of the sample. It basically operates in two modes constant
height or constant force by measuring attractive or repulsive forces between the tip
and the sample, respectively’. Then the basic principle for all SPMs is that a sharp
probe is scanned across a sample surface by means of piezoelectric transducers,

while certain signals are recorded for every single point. Information is recorded
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in the so-called nearfield, so the resolution is no longer diffraction-limited. Topo-
graphical information — in principle, down to atomic resolution — can be obtained
in real space. The working principle of an AFM is based on the deflection of a
very sensitive cantilever due to repulsive forces. Such deflection is measured by
using a laser beam when the sample is scanned. The x, y and z scanned positions
performed by a piezoelectric translator. The computerised system controls xyz
translations and records the reflected laser beam signal. Topographic pictures of

the recorded data are constructed by dedicated software*.

B.5 Kelvin Probe Force Microscopy (KFFM)
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Figure B.6: Kelvin Probe Force Microscopy setup.

Kelvin Probe Force Microscopy (KFFM) was developed by Lord Kelvin in
1898 for the measurement of surface potentials®. This technique measures the
contact potential difference (CPD) between a reference electrode and a sample.”.
The sample corresponds to one plate of a parallel plate capacitor, with a known
metal forming the other plate®. The CPD between these two materials is given by

the difference of their work functions as shown Equation B.1.

Vepp = —(¢1—¢2)/e (B.1)
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Where ¢71 and ¢y are the work functions of the conductors. Basically, in KPFM
technique, a periodic vibration between the two plates at a frequency w gives an
alternating current (ac) with the same frequency w when the two plates have differ-
ent work functions. The technique depends on detecting the zero point of the ac
while an additional bias voltage is applied between the two plates until the electric

field between them disappears; thus the CPD can be measured by Vcpp = ~Viias -

B.6 X-ray Photoelectron Spectroscopy (XPS)
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Figure B.7: X-ray Photoelectron Spectroscopy (XPS) schematic.

X-ray photoelectron spectroscopy (XPS) was developed as a surface analysis
technique in the mid-60s by Siegbahn et al. at the University of Uppsala, to measure
the elemental composition, chemical stoichiometry, chemical state, and electronic
state of the elements that are present basically at the surface of a substrate. XPS
spectra is obtaining by using very-high-energy "photon” to penetrate the material
surface and "dig-out" the electrons that bond in the inner "core"level orbital, the
electrons generated in this manner are called x-ray photoelectrons. As the photo-
electrons are recorded together with their kinetic energies (KE) and by analysing
the later, the bonding energy of electrons is calculated; then the material from
which the electrons escape is inferred. XPS is a very surface-sensitive technique,

because photoelectrons free of inelastic collisions are only from the top 1 to 10 nm
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of the material analysed, despite the fact that x-rays can penetrate much deeper

into a material »1°.

B.7 Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS)
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Figure B.8: Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) schematic.

Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) is an analyti-
cal technique used to study the composition of solid surfaces and thin films, by
focusing a pulsed beam of primary ions (typically Cs or Ga) on the surface to be
analysed, producing secondary ions in a sputtering process. The particles obtained
are accelerated into a time-of-flight tube and subsequently their mass is determined
by measuring the time at which reach a detector. Then, ToF-SIMS is a qualitative
technique which through analysing the secondary ions gives information about the

molecular and elemental species present on the surface®!.
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