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“He was swimming in a sea of other people’s
expectations. Men had drowned in seas like that.”
— Robert Jordan

“‘Sometimes the best way to learn something is
by doing it wrong and looking at what you did”
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Resumo

ELECTROCHEMISTRY AND STM-ASSISTED MOLECULAR ELECTRONICS
STUDY OF BIMETALLIC HEXAPHYRINS. O transporte eletronico em porfirinoides
esta relacionado com diversos bioprocessos na Natureza, da conversdo de energia
solar em energia quimica na fotossintese ao transporte e reducdo de oxigénio em
animais aerébicos. Devido a essas caracteristicas, diversas aplicacées bioinspiradas
utilizam essa classe de materiais, como fotovoltaicos, water splitting, catalisadores e
terapia fotodinamica. Para compreender como esses processos ocorrem em porfirinas
expandidas, cinco hexafirinas foram sintetizadas em aromaticidade de Huckel, com e
sem centros metdlicos. Estas moléculas foram caracterizadas por técnicas
espectroscopicas, eletroquimicas e por juncbes moleculares. Os espectros de
absorcdo dessas hexafirinas mostram diversas transicfes possiveis, nas quais 0s
desdobramento e alargamento das bandas com a adi¢cdo de centros metalicos estéao
correlacionados com o a degeneracédo dos orbitais moleculares da molécula. O band
gap espectroscopico foi caracterizado através de fluorimetria, elucidando um gap
entre 1.12 e 1.20 eV. As medidas eletroquimicas mostram diversos processos quasi-
reversiveis. A adicdo de centros metalicos desloca os potenciais dos processos redox
de acordo com a eletronegatividade do metal adicionado. Devido ao grande numero
de processos observados, um critério de diagnéstico foi desenvolvido para indicar
quais processos ocorrem no centro metalico e quais processos ocorrem no macrociclo
do material e seus ligantes. A condutancia molecular das hexafirinas foram medidas
através de juncbes moleculares assistidas por um STM, sob substratos de ouro. A
funcionalizacdo do ouro se mostrou necessaria para observar 0s processos devido a
falta de interacBes entre as moléculas e os eletrodos metalicos. Diversas “current
signatures” foram observadas quando o ouro foi modificado com 4-TPy. Isto
corresponde a cada possivel conformacdo de juncdo molecular. Com a adi¢do de
centros metéalicos, um comportamento similar pode ser observado de acordo com
cada metal adicionado, indicando que as propriedades da molécula néo influenciam a

sua condutancia tanto quanto a geometria do fio molecular.
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Abstract

ELECTROCHEMISTRY AND STM-ASSISTED MOLECULAR ELECTRONICS
STUDY OF BIMETALLIC HEXAPHYRINS. The electron transport in porphyrinoids are
related to several bioprocesses in Nature, from conversion from solar energy to
chemical energy in photosynthesis to the transport and reduction of oxygen in aerobic
animals. Due to these characteristics, several bioinspired applications have used this
class of materials, photovoltaics, water splitting, catalysis and photodynamic therapy.
To further understand how this process occurs in expanded porphyrins, 5 hexaphyrins
in Huckel aromaticity were synthesized, with and without metal centres. These
molecules were characterized by spectroscopy, electrochemistry and through
molecular break junctions. The absorption spectrum of hexaphyrins show several
possibly transitions, which splits and broadens with the addition of metal centres due
to the degeneration of the molecule’s orbitals. The spectroscopic band gap was
characterized by fluorimetry showing a gap between 1.12 to 1.20 eV for the molecules
synthesized. Electrochemistry measurements shows several distinct quasi-reversible
redox pairs. The addition of metal centres shifted the processes accordingly to the
electronegativity of the metal centres. Due to the severe number of reactions a
diagnosis criterium was developed to indicate which peaks corresponds to reactions
in the macrocycle or its ligands and which are likely to occur on the metal centres. The
molecular conductance of the hexaphyrins were studied with STM assisted break
junctions on non-modified and modified gold as electrodes. The gold modification was
proved necessary due to the lack of interactions between the molecules and the metal
electrodes. Several current signatures were observed on 4-TPy modified gold. This
corresponds to all possible molecular junction conformations. Upon the addition of
metal centres, a similar trend is observed for each metal, indicating that the molecule

properties do not impact as much as the conformation of the molecular wire.
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1 — Motivation

If we look into Nature, we still do not comprehend how the electron
flow occurs in complex molecules. This is a whole area that can give further
insight to bioprocesses, enzymes activity and to drug behaviour. Having this in
mind, porphyrinoids are widely studied not only due to their exceptional
properties, such as high visible light absorption, thermal stability and easy to tune
properties, but also due to their activities in biological systems, from the
conversion of solar energy into chemical energy, in photosynthesis, until the
transport and reduction of oxygen in aerobic cells. As a matter of fact, without this
class of materials being part of complex proteins, life as we know it would not

exist.!

Considering this scenario, a class of expanded porphyrinoids, the
hexaphyrins, were prepared to be studied. Despite the fact that they were first
reported in the 80’s, due to its synthesis difficulty, its studies were hindered until
the 2000°s when a simpler synthetic pathway was found.? Since then, several
studies on synthesis show that most transition metals can be chelated in their
centre, 2 leading to several electronic and conformational changes. Due to its
aromatic properties, it has also been widely used for theoretical simulation, in
which molecular dynamics shows that the molecule changes from Hickel to
Mobius aromaticity by redox reactions or even by thermal inter-convention.*
However, to date few studies have been carried out on further properties of these
materials, such as: coordination chemistry, catalysis, electrochemistry and
Molecular Electronics. The latter a new field of study in which main application is

the use of molecules as a building block for electronics components.

Therefore, since many complex systems in nature happen through
metallated porphyrinoids, we developed 5 expanded porphyrins molecules with
and without metal centres for this study, with the common macrocycle of the
hexakis(pentafluorophenyl)[26]hexaphyrin. While the desire to understand how
the electrons flow this molecule has a bio-inspired argument, the metallic centres
added were those that would keep the structure of this molecule completely

planar, in Hickel aromaticity.



Some porphyrinoids have been used for molecular electronics
research in the past,’-® demonstrating its usefulness as a tool to study how
coordination chemistry between substrate/tip can be used to tune its
conductance. However, this is the first known study on expanded hexaphyrins on
this topic.

In this work, we use a series of techniques to try to provide some
insight on the fundamental question “How do electrons move through

molecules?”

Due to the complexity of the work, several issues were faced during
its execution. The necessity of a large amount of material influenced the synthetic
route chosen for this work, in which the reaction yield and price for synthesizing
the hexakis(pentaflurorophenyl)[26]hexaphyrin was the leading reason for its
use. The inability to functionalize the meso ligands impacted both the
electrochemical and molecular electronics study, in which electrodes could not
be directly modified with the molecule. Further, the metal centres used where
chosen based on the macrocycle planarity and synthesis yield. These were later
found to have no application for electrocatalysis and also hindered the molecular
electronics study due to the impossibility to coordinate the molecule through its
metal centres. Regardless of the issues faced through the project, being
responsible both for the synthesis and characterizations of the molecules made
it impossible to invest time both to improve its design and the study of electron

transport.



2 — Introduction

This chapter provides an overview on the background, the
techniques of molecular electronics and on porphyrinoids.

2.1 — Molecular Electronics

2.1.1 — Background

Gordon Moore published an empirical fact between the years of
1959 to 1965: the number of transistors in a single integrated circuit
approximately doubled every 18 months maintaining de same price. This was a
reflection of the technological advancement and miniaturization of the devices.
This exponential increase in transistor density lead to the huge technological
boom we observed in the last 50 years.'%1! The observation was later known as
Moore’s Law and is still in proof in 2019. However, Moore's Law starts to face a
deviation with the consecutive delays of the companies to further miniaturize the
Si transistors due to the high costs to produce them.

While often the miniaturization of transistors is justified only by the
following device miniaturization, an important role that is often overlooked is the
so called Dennard’s Law.'? Based on the assumption of maintaining a constant
electric field inside the transistor, it was demonstrated that scaling down the
device by k would increase the switching speed by the same factor, reduce the
power dissipation by k? and improve the power-delay product by k3. Therefore,
further miniaturization is not only a way to make faster and/or smaller devices,

but also a method to improve its energy consumption.

The key component used as reference to track the miniaturization
of the technology is the gate length between the “source” and “drain” electrodes
in a field-effect transistor (FET). As shown in Fig. 2.1, at Moore’s time a single
transistor gate had around 10 millimetres and, over the past 50 years, it was
reduced to below 100 nm. The current leading technology is by Intel’'s Coffee
Lake (2017-2018), which uses 14 nm FETs. The current approach is facing
difficulties that hinder further decreases in transistor sizes, once this is a value
extremely close to what is determined as the physical limit, also known as

Moore’s Limit: 5 nm. Upon further shrinking, the quantum effects of the materials



tend to have a higher influence on the properties of the electronic components,

such as current leakage, due to tunnelling.

In summary, we are not only approaching the collapse of Moore’s
Law but also its physical limits, and to go beyond implies looking for different
approaches. The almost exclusive investment on the Si transistor technology
allowed it to persist with no parallel innovation. Hence, a new breakthrough is
necessary to further develop this field.
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FIGURE 2.1 — Evolution of transistor density (left axis) and minimum feature
size (right axis) between 1970 and 2011. Reproduced from 13

In this scenario, there are three possible alternatives to deal with
Moore’s Limit:14-16 “More Moore Approach”, “More than Moore Approach” and

“Beyond Moore Approach”.

“More Moore Approach” - consists in keep decreasing the size of
electronic transistors while looking for more efficient components and better
system architectures as the applications demand, similarly to what has been done

up to recent years.

“More than Moore Approach” — Stands for making chips for specific
uses instead of just making them smaller and faster, adding new functionalities

such as power-management circuits and sensors. In this way, the chips will be
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optimized for specific devices. An example of this approach is the cell phone
camera, which has photodetectors integrated monolithically to its chip. ’
Interestingly, the first industry road map in which the development plan was on

this approach was released in 2018.

“Beyond Moore approach” looks for a way to completely substitute
the actual Complementary Metal Oxide Semiconductors (CMOS) for new
technologies. There are multiple approaches for beyond Moore as graphene
FETs, 819 memristors, ?°: 2! the look for new architectures such as neural
networks?? and molecular electronics, topic of this thesis. This approach is the
one that would bring forward a “presumptive anomaly”, as stated by Thomas

Constant,?? in which it would be a complete break from any previous technology.

2.1.2 — Molecular electronics history

Nowadays, the idea of molecular electronics can be intuitively
understood by blending two main concepts: molecules and electronics. The study
of electronics can be described as the study of the behaviour of electron transport
in a semiconductor, conductor, vacuum or gas and its application on the design
of circuits. By analogy, molecular electronics consist in the study of how the
electron current flows through molecules and its possible application as elements
to build electronic devices.?* However, the first grasp on this idea took years to
be defined.

Historically, the first proposition that could be related to molecular
electronics is that of molecular engineering. In 1956, Arthun von Hippel stated
that the development of bottom-up approaches was necessary to further the
development of the molecular engineering field, and published a book “Molecular
Science and Molecular Engineering” two years later, in 1958. In the same year,
the US Air Force in union with the Westinghouse Company organized a
conference on “Molecular Electronics”, the first time in record of the use of this
term. This conference had the objective to develop the technology in which von
Hippel's ideas were stated. However, the empiric studies of this field were
abandoned because they could not follow up with the semiconductor

electronics.?® Molecular electronics stayed dormant for most of the 60’s. In the

5



late period of this decade, distinct groups started to study the electron transport
in molecular monolayer created by Langmuir-Blodgett films.?® Nevertheless, it
was only in 1974 when the iconic paper “Molecular Rectifier” 2’ was published by

Aviran and Ratner that marks the beginning of modern Molecular Electronics.?®

In this historical paper, an asymmetric electrical conductivity can
occur when electrons tunnel through a single molecule bridging two electronic
conductors in a D — o — A configuration (in which D is an electron donor, A is an
electron acceptor, and o stands for a molecule bridging the gap between them).
In analogy to solid state systems, the energy difference between the highest
occupied molecular orbital (HOMO) and the lowest occupied molecular orbital
(LUMO) can be compared to the “band-gap” in semiconductors, and an electron
can be transferred from D to A only if the energy of the Fermi level of the former
is higher than that of the bridging molecule’s LUMO, and if the Fermi level of the
latter is lower than that of the bridging molecule’s HOMO. This scheme is
described in Fig. 2.2.

No Bias applied —
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FIGURE 2.2 — Molecular rectifier scheme, where D stands for the donor orbital

and A the acceptor orbital.

Despite the challenges of designing a molecule with good rectifying
properties, since the molecule has to have high HOMO and low LUMO, without
suffering spontaneous reduction,? at the time of Aviran’s and Ratner’s proposal
it was impossible to fabricate such devices due to the lack of techniques in which
molecules could be manipulated. As Ratner described: their proposal was
“probably somewhere between science fiction and state-of-the-art”.3° Therefore,

the earlier works on molecular electronics studied an assembly of molecules



instead of monomolecular junctions. Said that, the first work that could be related
to molecular electronics predates Aviran and Ratner’'s work, when Kuhn and
Mann reported the conductivity through monolayers of fatty acids with increasing
length size, showing the B-decay through the self-assembly layer of fatty acids.3!
However, the approach used was still complicated and difficult to reproduce.

The boom on molecular electronics happened years after the
invention of the Scanning Tunnelling Microscope (STM) by Binnig and Rohrer in
1982,32:33 and by the Atomic Force Microscope (AFM) in 1989, which can be
considered the birth event of modern nanoscience and nanotechnology. While
some experiments were made in this field, it wasn’t until late 90’'s when Reed et
al measured the first reported molecular junction conductivity. 3 While the
knowledge of the process was still crawling, the molecular electronics field started

to receive massive attention, becoming a research field widely studied.

2.1.3 - Techniques

The main problem that hindered the advance of molecular
electronics is how to develop reproductive molecular junctions. Since Aviran’s
and Ratner’s report, multiple approaches have been studied. Generally speaking,
the techniques developed are divided in two categories: the molecular array-
based devices (MBD), also known as monolayer junction or assembly mono-

junctions, and single molecule junctions.
2.1.3.1 — Molecular array-based devices

The MDB approach, historically, predates any concept of molecular
electronics. While often ignored, the first report of such method was a
measurement capacitance and electronic conductance of fatty acid monolayers
created by Langmuir-Blodgett (LB) films in the 30’s.353¢ This approach was more
used in the late 60’s as the first method for MDB, with the first paper with high
reproducibility being published in 1971 on Cd fatty acids salts.3! Several studies
could show how the conductivity would decrease with the molecules length,

showing the [B-decay of conductivity through alkylic chains. However, this



approach drastically restricts the molecules that could be used since it requires
that each termination of the molecule to interact distinctly with the solvent to
create a film. Years later with the further development of tools to manipulate
molecules, LB films were replaced by self-assembled monolayers (SAM), in
which the molecule would have a strong functionalization to bind with the surface
of the substrate, as thiols in gold or carboxylates for Pt. The first report of such a
case was done by Sagiv,%’ in which he showed that the film preparation method
does not induce changes in the conductivity of the monolayer. This kind of
method depends on having a functionalization on the molecule that interacts with
the substrate, and upon changing this group, it could drastically change the
conductivity, depending on the binding groups and the substrate material. Since
then, virtually any kind of thin layer technique has been used, from Langmuir-

Blodgett to high vacuum electrospray.38

The use of advanced techniques contributes to a higher order and
lower number of contaminants on the films, such as excess solvent. However,
the key point for the study of MDB is to assemble the second electrode on the
top of the monolayer to close the electrical circuit, since the metal can easily scrap
the monolayer and short-circuit the system. For this reason, several methods

have been developed to improve this aspect, such as:

- nanopore junctions:3%4% a nanopore is created by plasma
etching or lithography on an insulating film, such as SiO2 or SisN4. This pore will
behave as a window between the two sides of the film. A SAM of the molecule of
interest will be adsorbed inside the pore and electrical contacts will be made on

both sides by sputtering. The resulting assembly is represented in Fig. 2.3.

\ 4
FIGURE 2.3 — Nanopore junction scheme adapted from reference 35.
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- cross wire junctions:4-44 consists in using two long metal
wires as electrodes. A SAM is made over one of the wires and the second
electrode is soft attached over the SAM in a cross-like geometry, as shown in Fig.
2.4. If the second metal wire is attached perpendicular to a magnetic field, it can

be coupled for conductance measurements.

FIGURE 2.4 — Crosswire Junction Scheme adapted from reference 35.

- Hanging Hg drop junction:4*-47 consists in using a Hg drop on
a surface of a SAM modified electrode as a second contact. Due to the high
mercury surface tension, the odds of shortcircuiting the system decreases. Since
the mercury drop is created in the same solution as the SAM was made, usually
the measurement has two layers of the molecule. While it is a cheap and practical
technique, it has some serious drawbacks related to its toxicity and the fact it
easily forms amalgams, short-circuiting the system. Fig. 2.5 shows the scheme

of this junction.

Hg Surface

Ag Surface

FIGURE 2.5 — Hanging Hd drop junction Junction Scheme reproduced from

refernece 35.
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- Eutectic gallium-indium (EGaln): #8 This method was used to
overcome the problems of Hg drops approach. In this technique, an EGaln drop
is suspended from a syringe and brought in contact with a bare Ag surface. The
syringe is then retracted slowly until the EGaln forms two conical endings. This
ending is then approached to a SAM as the second electrode. This mechanism
is described in Fig. 2.6. It is worth noticing that since the EGaln doesn’t form a
semi spherical drop, the contact area is drastically reduced when compared to

the Hg drop approach.

Syringe needle ——»
EGaln drop —»
g III
Metal substrate—>| | | gAM |

FIGURE 2.6 — EGaln approach scheme adapted from reference 48.

- Nanotransfer patterning:*® This method uses an elastomeric
stamp, such as polydimethylsiloxane (PDMS), on a Si wafer with features
previously defined by lithography. A thin layer of metal is deposited over the
stamp which then can be cast over a SAM coated substrate as shown in Figure
2.7. Due to the low interaction between the metal and the stamp, when the stamp

is removed the metal layer is transferred in the same pattern as designed.

Electronics [

FIGURE 2.7 — Nanotransfer patterning scheme adapted from reference 49.

- Nanoparticle bridges: °°-52 in this approach a nanogap is

10



created in a wire through ion beam milling. This system is then immersed in a
solution containing the molecules to be measured for a period, to allow it to
adsorb in its surface. Lastly, gold nanoparticles are trapped in the gap through
dielectrophoretic trapping. The final system is shown in Fig. 2.8.

® funp

a 6uL of Au Nanoparticles Solution

Au/Cr Au/Cr

U P
000 o0 _ & ..
| o0 o 00—,
% ‘o’o:ooso"oe
L) ©

m‘AC Voltage Source

FIGURE 2.8 — nanoparticle bridges scheme reproduced from reference 51.

Nanogap | | Si02/Si substrate

Molecules
‘Q’

Si02/Si substrate

While there is not an optimal approach for molecular array devices,
some of them have advantages over others. Cross wire junctions are extremally
easy to be created but also the easiest to curt circuit. Nanotransfer patterning is
not a simple technique and has restrictions on the molecules it can be used, but
it is a cheap and easy to attach the second metal contact. However, on proper
assembled systems there is not a large deviation on the conductance results in
the molecules in function of the approach used. Overall, it depends on the

expertise of the research group over an optimal study approach.

2.1.3.2 — Single molecule devices

Methods for single molecule measurement are not as diversified as
those for molecules arrays. This is caused by the difficulty in providing a current
signature that identifies as the single measured molecule conductance. The two
main methods for this are the mechanically controllable break junctions (MCBJ)
and Scanning Tunnelling Microscopy based break junctions (STM-BJ), which will

be discussed in the following sub-chapter.
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Mechanical controlled break-junctions (MCBJ) 53-58 consist in
slowly pulling a ductile metal wire until it narrows down and eventually breaks. If
the rupture occurs in solution, one or more molecule can spontaneously link
between the metal contacts forming a molecular junction. The first reported MCBJ
was designed in 1985, in which a Nb-Sn filament fixated on a substrate with
epoxy was slowly pulled apart.>® Nowadays, the technique has further improved
and a micro constriction is previously constructed with micro fabrication
techniques, such as lithography, increasing the attenuation factor of the break
junction, aka the relation between electrode displacement and the bending of the
substrate. A higher attenuation factor allows to tune the elongation to a matter of
sub-angstrom precision. The general schematic for a MCBJ technique is shown
in Fig. 2.9.

Polyimide . = Au !
1 | electrodes

FIGURE 2.9 — Mechanically controlled break junctions scheme adapted from
reference 58.
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2.1.4 - STM and its techniques

The STM s, usually, an imaging probe-based microscope that
consists in the relation between tunnelling current and distance between two
electrodes (surface and tip). For proper understanding of the technique, an

introduction to the equipment is necessary.

2.1.4.1 — The Scanning Tunnelling microscope

As previously mentioned, the STM was developed by Rohner and
Binnig in 1981.3? This technique allows the imaging of surfaces to atomic level.
The instrumentation consists in a sharp conducting tip, a piezodrive, height
controller, an isolation system to avoid noise and a computer for interface and

scanner control.

The experimental technique, represented in Fig. 2.10, consists in
attaching the sharp tip on the piezodrive, which consists in three piezoelectric
controllers orthogonal to each other, allowing the control of the tip in x,y,z axis.
Applying a voltage to each piezoelectric allows it to expand or contract, moving
the tip in the desired direction with sub-angstrom accuracy. Using the height
controller and the piezodrive in the z-axis, the tip is approached to the substrate
surface up to sub-nanometre distance. Applying a BIAS (V) to the tip allows the
wave-function of the tip and substrate to overlap, allowing the passage of a
tunnelling current (I)) between tip and substrate. The tunnelling current increases
exponentially with the distance and, in case it is measured in function of the x and
y axis though the piezodrive control, an image can be created of position in

function of height.

The current magnitude and direction that tunnels through this
system is dependent of the BIAS applied. Usually the tip of the STM is grounded
and the BIAS is applied on the sample. If the BIAS has a positive feedback, the
electrons are injected from the tip on the sample. If the BIAS is negative, the
opposite will happen and the electrons will tunnel from substrate to the sample.
The current in the tip is converted through a current pre amplifier to voltage,

allowing the flux of a picoscale currents.
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FIGURE 2.10 - Principles of STM schematic. >°

2.1.4.2 - STM-BJ Tapping

The first application of the STM for specific conductance studies
was in the 90’s conductance through point contact points, 6© showing the
conductance quantization of 2e%/h, where e is the electron charge and h is the
Planck constant. However, it took several years for the first successful use of the
STM on molecular electronics, when Xu and Tao, 8 who designed a tool to create
in-situ single-molecule break junctions between the STM tip and the surface

electrode.

Upon controlling the distance between them by the
piezoelectric transductor (PZE), one can create thousands of in-situ break
junctions by quickly approaching and retracting the tip from the surface. This

approach will be treated as “tapping” for the remaining of this thesis.

Moreover, a secondary technique was developed in which the tip is
kept static at fixed distance between both electrodes. When a molecule can
spontaneously span the gap between the tip and the surface, a blink of current
will be read, characteristic for each molecule. This approach will be treated as

blinking®? for the remaining of this project.

The tapping approach consists in controlling the PZE voltage to
drive the tip in and out of contact with the substrate. The mechanism elucidated

in Fig. 2.11%2 can be used to describe the regular experiment of tapping, with the
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target molecular system either in solution or adsorbed in the electrode substrate.
After using the PZE to force the tip into the substrate, crashing it to the substrate
and registering a saturation on the read current, it can be pulled from the surface,
elongating a metal atomic wire formed between both electrodes. Ideally, there will
be a moment in which the atomic wire will be formed by a single atom or quantum
point contact, in which the conductance is quantized to 1 Go (conductance
guantum). Upon further pulling, the atomic wire breaks and a molecule might be
linked bridging. In this scenario we obtain a single molecule contact and the
captured current signal is characteristic for each molecular system. Further
pulling of the tip results in the rupture of the system and obtaining the tunnelling

current in function of the distance resulting in a current sharp decay.

This mechanism is cyclically repeated several times in order to
collect thousands of molecular junctions. While multiple molecules might bridge
the rupture gap between the electrodes, upon pulling the tip further from the
surface will decrease the number of molecules trapped between electrodes until
the moment a single molecule will be in contact. It is important to highlight that
ideally the molecules should have strong linkers to promote the interaction with

the gold contacts to increase the odds of obtaining a molecular break-junction.

FIGURE 2.11 — “Simulation of the elongation of a BDT-coated Au nanowire,
leading to the formation, elongation, and eventual rupture of a Au—-BDT—-Au

junction.” reproduced from reference 4.

15



2.1.4.3 - STM-BJ Blinking

A year after the appearance of the first STM-BJ studies,
Haiss et al proposed an alternative use of the STM for Molecular Electronics
study.®® While using similar set up for the tapping experiments, the molecules
would be trapped spontaneously between the electrodes in a motionless
mechanism, elucidated in Fig. 2.12 % The STM tip is set at a constant distance
from the substrate and the current is monitored in function of time. In case no
molecule bridges the tip — electrode separation, the reading is constant and as
function of the tunnelling current through the gap. However, a molecule might be
trapped between the electrodes, in which case the circuit is closed and the
tunnelling current is redirected through the molecule, yielding a sudden jump in
the monitored current which corresponds to the conductance value of the bridged
molecule added to the background tunnelling current. As a consequence of these
spontaneous contacts, current jumps are observed in the captured current

transient, in a telegraphic fashion.

0 50 100 150 200
Time (mS)

FIGURE 2.12 — Mechanism for blinking method, reproduced from reference 66.

It is important that the distance between electrode and tip in this
experiment is compatible with the molecule dimensions. If the distance is too big,

a molecule would not be able to bridge the gap. Also, while the lack of strong
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linkers to make the gold-molecule interaction will not hinder the blinks to appear,

the lifetime of each blink, and its stability, will greatly decrease.

There are several tools that can be applied together with the
blinking approach. For example, once the blink happens the tip can be pulled
setting a voltage ramp to the PZE, retracting it, while reading the current.1® We
can use it for either proof the presence of the molecular bridge, or to check how
the molecule conductivity changes in function of the conformation until the
molecular junction is broken. It is also possible to make current- bias voltage
curves, checking for possible rectification properties of the studied molecular
systems.®” These tools, while worth mentioning, could not be used in the present
work due to the short lifetime of the blinks of the hexaphyrins as discussed in
chapter 5.

2.1.5 - Tunnelling current

The tunnelling current is a quantum effect where the electron
passes through a potential barrier. In the case of the STM, the electrons are
injected from the tip to the substrate, or vice-versa, while tunnelling through a
non-conductive media: vacuum or a liquid. An extensive discussion of tunnelling

current and the resolution of Schrodinger equation can be found elsewhere.58:69

The easier approach for tunnelling current through the tip to
substrate can be compared to the tunnelling through a rectangular potential
barrier, once the distance from the tip to substrate on a nonconductive media has
a constant barrier potential with changing distance. The simplified version of the

analytical solution can be described as:

It =cstxexV xexp [ zm¢*d] (1)

In this equation It is the tunnelling current, cst is dependent on the
media, e is the electron charge, V is the BIAS applied, ® is the work function of
the working electrode, as the difference in FERMI energy, m is the mass of the
electron, h is the Plank constant and d is the distance. Since most of these values

are constant, we can affirm the tunnelling current depends, mostly, on the applied
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BIAS, the kind of material and the exponential of the distance between the tip and
the substrate. Due to this relation with the distance the tunnelling current changes
by one order of magnitude for every 1 angstrom in distance, giving the equipment

its high resolution.

Since the 60’s simple arguments of molecules as a potential barrier,
in which its shape and size would affect conductivity have been made. These
predicaments are often related to Simmons’s model, which describes the electron
transport between metallic electrodes through a tunnelling regiment.”® This model
adopts an approximation in which the electron behaves as a free particle and
does not interact with the insulator. The equation that describes the current

density is expressed as:

J =Jo {pe AN — (§ + eV)e A/ P+ery )
Where,
Jo = sy ©
A = 4méAsvV2m, (4)

h

In which J is the current density, e is the electron charge, h the Plank
constant, m is the mass of the electron, V is the BIAS applied, ¢ is a dimensionless
correction factor, and ¢ is the potential barrier height. Since we are using an
approximation in which the potential barrier is rectangular, ¢ = ¢, , the height of

the potential barrier, and As = s, the thickness of the insulating barrier.

As shown in Fig 2.11, these approximations lead us to a model with

three regimes depending on the applied BIAS.

- The Low voltage Range (Fig. 2.13(a)) — in which the applied
voltage is really small and eV ~ 0. Therefore, ¢ can be considered independente
of the applied BIAS, the correction factor ¢ = 1, and it yields the following

expression:

J=aV; J, = SdZmed -afs (5)

4m2&}2As
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Where Jv is the current flowing from the left electrode and is a linear
function of the applied BIAS.

- Intermediate Voltage Range (Fig. 2.13(b)) - in which eV < ¢,
the ¢ is defined as:

T _ Pt a—eV
§=212Z ()

Simplifying the expression with the correction factor ¢ = 1, we have:

(4e)2  (4e)?

3 (7)

J =Wy = gomm s
32¢02

In this regime, the current increases in function of the voltage

applied.

- High voltage Range (Fig. 2.13(c)) —ifeV > ¢, ¢ is reduced to
¢./2 and As is also reduced. If the applied V is high enough to make the Fermi
energy of the left electrode higher than the right electrode, the tunnelling from the
right to the left is not possible since there is no empty states on that electrode to
receive electrons. On the opposite direction, since all electrons from the left
electrode are on higher energy than the empty states of the right electrode, all
electrons can tunnel through it. This is similar to the field emission of electrons in
vacuum, in which the work function is necessary to eject it. For this reason, J can
be simplified to :

2203 F? _8m/2m¢13/2

J = — a e 296ehF (8)

Where F is the electric field in the insulator, F = V/s, where s is the

thickness of the insulating field.

According to the equation, this regime currents density increases

exponentially with the voltage.
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FIGURE 2.13 — tunnelling current accordingly to Simmon’s Model at distinct
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voltage bias.

2.1.6 — Electron transport in molecular junctions

Molecular junctions are by definition in atomic scale. Therefore, the
transport mechanism phenomenon must be described as a quantum one, and
not approached as classical or semi-classical physics. Distinct models have been
discussed since the 60’s on how the electron can tunnel through atomic systems.
Landuaer and Buttkir proposed a system in which the tunnelling could be viewed
as a transmission problem’. The equation that describes the current for the
equations development of Landauer model is described in several
references. 2: 3 However, few remarks are important to be done about its

resolution.

Due to the Laundauer formalism, 741 the conductance G is

understood as the transmission probability through the junction described as:
G=2 3N, )

The Laundauer expression adds the contribution of each possible
conduction channel to the total current. In quantum mechanics viewpoint, this
adds each specific current carrying eigenmodes, Tn, which is each individual
transmission to the current. If T; = 1, it means that the specific mode has 1

guantum of conductance. Therefore, the conductance quantum is defined as:

2e2

Gy ==— ~ 77,49 uS (10)
When we approach a system in which we have two electrodes, the
current through it under an electric potential can be described as:

2e

— [, dET(E)[f..(E) — fo(E)], (11)
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This equation is the Laundauer formular which correlates current
and electron transmission. One of the Laundauer formalism achievements is to
be able to properly define the conductance quantum. When we have a perfect
single channel conductor T=1 between the two electrodes, the finite resistance is
the quantum of conductance Go, which is also known as Landauer Conductance.
This is an important remark because not only the definition of the conductance
quantum, but it contrast to the macroscopic definition of ideal conductor
(resistance is null), shows that the Landauer approach is able to explain the

conductance in nanoscale.

In the case of molecular devices, however, Landauer model is
shown too simplistic to consider several further effects, such as: the hybridization
of molecular orbital states with the electrodes and the interface dipole moment.
Therefore, as Ratner commented, “many slightly flawed theoretical approaches”
were done in the beginning of molecular electronics. We still lack complete
understanding of these effects, making the modelling of such systems a great
challenge.

Nowadays, there are more precise models for transport
mechanisms based on Landauer formalism. In this scenario, it is necessary to

define coherent and incoherent Tunnelling.

- Coherent tunnelling -7 - The electron neglects any
scattering processes, behaving as a ballistic transport. In this, the molecule is
considered a rectangular potential barrier with much higher energy than kT
energy and, due to this, it is independent of the temperature of the system. Direct
tunnelling usually occurs in single-molecule conductance measurements when
the voltage is much smaller than the potential height. The resolved equation for

a coherent tunnelling using Landauer Conductance notation is:
G = Gge P (12)

In which Gm is the conductance of the molecule, Gois the quantum
conductance, B is the decay constant in which the conductance exponentially

decays with the distance, .
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- Incoherent tunnelling’>7® it occurs when scattering effects
must be taken in consideration. In this case, the most studied case is the hopping
conduction mechanism, represented in Fig. 2.14, in which the electron can be
found within the potential barrier well, because the electron transfer does not
occur until a favourable situation is achieved, as its molecular conformation.
Therefore, hopping mechanisms usually involve thermal motion on the barrier,
causing the conductivity to be affected by temperature. It can be understood as
the molecules or its environment’s necessity to rearrange to allow the electron
transfer to occur. The hopping mechanism has its current decaying linearly with
the length of the molecule and has an exponential dependence of the

temperature:

¢
J ~ Ve KT (13)

Where ¢ is the activation energy specific for the system, ky is the
Boltzmann constant and T is the temperature. The hopping mechanism usually
occurs in long molecules with several low energy (E) potential barriers (N). This
concept can allow us to determine a new factor called the transversal tunnelling
time (7).

T=— (14)

The transversal tunnelling time can be defined as the time it takes
for the molecule to bridge through the molecule, or in other words, the time it
takes “inside the molecular junction”. Direct tunnelling mechanisms have lower
values than hopping mechanisms, indicating a direct, or faster, passage of the

electron through the molecular junction.

Source —mreteeste—» Drain Source rm:;c\uly Drain

FIGURE 2.14 — Scheme for coherent tunnelling, without interacting with the
molecule, and for incoherent tunnelling such as the hopping tunnelling

mechanism, in which the electron interacts with the molecule.
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While quantum mechanics is the most accurate way to describe the
conductance through molecular wires, there are semi classic models which can
also describe the electron transfer. In analogy to incoherent tunnelling
mechanisms, Marcus ”® describes that, after an initial electron transfer, a
relaxation of the system molecule-solvent is necessary prior to a second
electronic exchange.®® While Markus theory applies to transfer which depend on
thermally induced activations, such as vibrational energy, the electron transfer
rate can depend on other parameters. On Markus-Hush theory, 8% 8 it is valid the
assumption that the processes are adiabatic, and the activation energy can be
provided by a bias or potential applied. A described mathematical solution for

such model can be found elsewhere.83

2.2 — Porphyrinoids

Porphyrinoids consist in a wide class of materials formed by a
macrocycle of conjugated pyrroles.8* Their presence in biological systems allows
the existence of aerobic beings in Earth. In plants and bacteria, the green
molecules present in chlorophylls are modified porphyrins with a metallic centre
of magnesium, 8 which is responsible for the conversion of solar energy in
chemical energy in photosynthesis. The oxygen transport in aerobic cells are
complex enzymes which active site for oxygen binding are porphyrins with a ferric
centre,®® the haemoglobins. These molecules usually have strong colours and
are responsible for vital processes for life and, for this reason, have been named

“pigments of life”.87.88

2.2.1 — Porphyrins

The free base porphyrin, shown in Fig. 2.5(a), is a macrocycle with
four pyrroles linked through methine bridges.8® The porphyrinic macrocycle is
highly symmetric with 26 1 conjugated electrons through the backbone of the
molecule, obeying Hlickel’s rule for aromaticity. This indicates that the molecule
is planar, in the symmetry group D2n, while in Free base, or Dan, when metallated.
However, many studies indicate that the aromatic pathway in the porphyrins have
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only 18 1 conjugated electrons in the molecule, as in an annulene molecule,

which the intern amines groups behaving as inert bridges. 90-%2

There are several ways to tune the properties of porphyrinoids
through changes in their structure. These can be divided as core or peripheral.®
The core functionalization consists in addition of ligands in the positions meso-
pyrrolic and B-pyrrolic, Fig. 2.15(b). In this case, the functionalization will directly
affect the energy and electronic density of the chromophore and, potentially,
introduce distortions in the macrocycle due to steric effects. Therefore, the core
functionalization has a direct impact on the optical and electronic properties of
the molecule. °4° As example, the insertion of highly conjugated ligands tends
to red shift the absorption spectra due to the lower electronic density in the
macrocycle. °-%° The insertion of ligands in meso-pyrrolic position also increases
the stability of the porphyrins, behaving as a protector to avoid the formation of
the meso-hydroxy porphyrins. 100101 The artificial porphyrins with meso-pyrrolic
modifications are historically known as second generation, while those with
ligands in position B-pyrrolic are known as the third generation of porphyrins. Due
to the higher stability, steric protection and electronic effects, the third generation

often presents better catalytic activity properties.102-104

The peripheral functionalization consists in a functionalization in the
groups meso or B-pyrrolic already in the macrocycle. For this reason, ligands are
modified and the changes in the porphyrin ring are negligible, not affecting the
optical and electronic properties as the core functionalization.%> However, there
are several properties that are highly impacted by this kind of approach, such as
the solubility, potential gradient through the molecule, adsorption through
functionalized groups,etc. 16-19° The intern structure of the porphyrin ring has 4
nitrogen atoms that can chelate a metallic ion, as shown in Fig. 2.15(c), with a
maximum diameter of 3.7 A.11° The optical electronic and catalytic properties are

strongly influenced by the presence of a metallic centre.
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R,

FIGURE 2.15 — Free base porphyrin representations: a) non-functionalized
(elucidating its inner Hydrogens position), b) B-pyrrolic and meso-pyrrolic

functionalization and c) with a metal centre.

Porphyrin molecules have an intense absorption in the visible
spectrum, with molar absorption over 105 L moL-1 cm™. The electronic spectra
of porphyrinoids, represented in Fig. 2.16, usually presents a strong absorption
between 400 nm and 600 nm, the Soret Band (also known as B band), and a
small absorption at higher wavelength, the Q Band. The Soret band is a result
from the electronic excitation from the fundamental singlet state to the second
excited singlet state, SO to S2.107 However, the internal conversion from S2 to
S1 is a fast process therefore, the only radioactive process observed is from S1
to SO. The Q band is related to the electronic transition between S0-S1. The Q
band of the porphyrins is split due to the transition of the fundamental state to two
distinct vibrational levels of the excited state. The protons from the pyrrolic
nitrogen’s break the molecule’s symmetry and create two new bands. For these
reasons, the Q band is often observed as multiple absorption peaks. Both Sored

and Q band are related to electronic transitions from 1 electrons to ™. ,

A more accurate way to explain the metallated porphyrins spectra
is through Gouterman four-orbital model, ' Fig 2.16. While such model is based
on the symmetry of the molecule, the symmetry labels become inappropriate for
porphyrinoids with lower symmetry, in which case the orbitals are often referred
to bl and b2 (HOMO and HOMO-1) and cl1 and c2 (LUMO and LUMO+1).
According to this theory, the Soret band corresponds to the electronic transition
from an electron from HOMO or HOMO-1 to the second excited orbital, LUMO+1.

This usually is the absorption with highest intensity on porphyrins and, often, a
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single broad band can be observed in its spectrum. Further absorptions at longer
wavelengths correspond to the electronic transition from the HOMO or HOMO -1
to the LUMO. These are denominated Q bands and, while this should lead to two
bands in its spectrum, usually several processes are observed due to the
degeneration of the vibrational states of the molecule. ? While all orbitals
energies are affected by the presence of a metal centre, the Q band is also
heavily influenced by the presence of B or meso-ligands in the pyrroles of the

macrocycle, which can lead to different ratios between peaks | to IV.

To elucidate the effect of metal centres on the absorbance
spectrum, Table 2.1 shows the absorption value of the Soret band and Q band
for porphyrins with distinct chelated metals. 113 For the TPPS4, the chelation of Ni
does not influence drastically the absorption neither of Soret nor g bands.
However, when a Ni is added to the TPyEtAcP, the Soret band suffers a blue
shift, towards higher energy, while the Q band has a red shift, to lower energy.
This is an example that the chelation of a metal centre is not possible to be directly
related to the metal nature, and its effect on the optical and electronic properties
depends on all the electronic density and energetic levels of the molecule orbitals.

ﬂk\/ T A A LUMO+1
c
S -~ LUMO
\ .§
Ad 111 o
A — HOMO
‘ L HOMO-1

400 600

A (nm)

FIGURE 2.16 — free base porphyrin UV-Vis spectrum'4 and Gouterman model

scheme.

TABLE 2.1 —MAXIMUM ABSORPTION OF SORET BAND AND Q BAND FOR DISTINCT MESO-
TETRAPHENYL PORPHYRIN TETRASULFONATE (TPPS4), AND MESO-TETRAPIRIDYL
ETHLACETATE PORPHYRIN (TPYETACP) IN WATER. (10-5 MOL L), ADAPTED FROM 113.

Porphyrin Soret band (nm) Q Band (nm)
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515
552
579
633

515
552

556
595

519
557
584
641

532
562

563
608

TPPS4 413

TPPSaNi 413

TPPSaZn 421

TPyEtAcP 422

TPyEtACPNI 418

TPyEtAcPZn 436

2.2.2 — Other relevant porphyrinoids

There are other important families of porphyrinoid, the chlorins,
bacterochlorins and isobacterochlorins, which have the same pyrrolic macrocycle
as the porphyrin but with distinct saturation. Fig 2.1711% shows the distinct
porphyrinoids in function of the saturation of the macrocycle. These
porphyrinoids, however, have Moébius aromaticity and its structure is not planar
as the porphyrin. Its properties can be shifted in the same way as regular

porphyrins, with metalation and/or addition of ligands in meso or B-pyrrolic

position.
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FIGURE 2.17 — Representation of the macrocycle for free base porphyrin (a),
free base chlorin (b), free base bacterochlorin (c) and free base

isobacterochlorin (d).

There are other porphyrinoids with similar structures to the
porphyrin, but with some structural changes. The corroles, in Fig. 2.18 as
example, have one of the links between the pyrroles contracted, in which a
methinic group is eliminated. In this case several properties are distinct from the
porphyrin. While corroles can also coordinate a metal centre, it can only achieve
a tridentate chelate, in contrast to the porphyrins that have a tetradentate
coordination. Since corroles have a contracted cycle, the space for metallic
centres is smaller and, consequentially, its metallic complexes usually have a

distortion in its structure.

FIGURE 2.18 — Representation of a free base corrole.

A last porphyrinic group important to be mentioned is the
phthalocyanines. As shown in Fig. 2.19, the methinics bounds between pyrrolic
rings are substituted by amine bounds and B-pyrrolic positions are already
functionalized. The phthalocyanines have a higher potential for technological
application over porphyrins because those are often more stable chemically, and
from a thermal and photochemical perspective. However, its higher stability has
the downside of having lower solubility, restricting where it can be used. As other

porphyrinoids, further structural changes can deeply affect its properties
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FIGURE 2.19 — Structure representation of the free base phthalocyanine.

Due to the optical, electronic and chemical properties, as well as
the many biological function these materials have in Nature, porphyrinoids have
already been widely researched and applied in technological areas, such as:
sensors, 116-120 catalysts, 1?1 -125 photovoltaics, 1%6-12°  photodynamic therapy
drugs,30-134 cancer,3%136 etc. The series of porphyrinoids introduced so far have

been widely studied since the 40’s and have several reviews.137-14°

2.2.3 — Expanded porphyrins

There is a series of porphyrinoids that is receiving increased
attention in recent years: the expanded porphyrins. Sessler defined it as any
macrocycle with pyrrole, furan, thiophenes or heterocycles in which the internal
macrocycle has at least 17 atoms. 1°° However, this definition is too broad and,

for this project, the interest will be of those expanded porphyrins that follow Nonn
definition: any macrocycle made out of n pyrrolic rings linked together by
methinics groups, in which n is bigger than 4. **! Through this definition, this
group consists of the pentaphyrins, also known as sapphyrins,52 hexaphyrins,
heptaphyrins, octaphyrins, nonaphyrins and homologs with higher number of
pyrrolic rings. These molecules have properties analogous to the porphyrins,
however, its higher conjugated chain is more flexible. This not only increase its
solubility, but also improve its optical properties with a higher molar absorption, 153
photons absorption, 1% 15 and fluorescence on the near-infrared. ¢ The
expanded macrocycle also have an ordered sequence of amine and imine
groups, which allow several electronic states, metallic coordination and hydrogen

bound interactions. 57 Distinctly from porphyrins, the conformation of the
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expanded porphyrins is not necessarily planar, and is highly dependent of its
aromaticity or anti-aromaticity properties. The molecules usually adopt a planar
structure when it has a Hulckel aromaticity (4n+2 11 electrons) or a torsioned

structure when in Mobius aromaticity (4n 1T electrons).158

2.2.4 — Hexaphyrins

Among the expanded porphyrins of interest, the focus of research
often is the hexaphyrin. Its conformation depends of its oxidation state and of its
mesopyrrolic ligands.'>® As shown in Fig. 2.20, the hexaphyrin often has two
oxidation states which are interconvertible. In case of the mono Pd-Hxp, the
reduced state has 28 1 electrons, in the Nonn nomenclature: the mono Pd [28]
Hxp. Its structure is torsioned and has Mobius aromaticity and an intense blue
colour. The oxidated state has 26 11 electrons, the mono Pd[26]Hxp in the Nonn

nomenclature, with Hickel aromaticity and an intense violet colour.
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FIGURE 2.20 — Representation of the oxidation states of the mono Pd Hxp and
how its structure is affected.

In contrast to porphyrins, the planarity of the [26] Hexaphyrin is
highly dependent on its meso-pyrrolic ligands. There are two major structures:
rectangular and Dumbbell, also known as Huickel structures and shown in Fig.
21.160.161 The first has its ligands meso-pyrrolic turned to external side of the
macrocycle, adopting a planar structure. The Dumbbell structure, however, has
its meso-pyrrolic ligands towards the inner side of the molecule, decreasing its
planarity due to the steric interaction. The expanded porphyrins can have its

properties changed by core functionalization and/or peripheral one, similar to the
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porphyrins. However, due to the impact they can bring to the planarity of the

structure, it often has a higher impact on its properties
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FIGURE 2.21 — Dumbbell and rectangular structures for the [26] Hxp.

To date, most hexaphyrin studies cover its synthesis and the impact
of the aromaticity in its optical properties. Distinct materials have been reported
with bimetallic centres or heterometallic centres, such as Rh, Cu, Au, Ag, Cu, Zn,
Cd, Pd, etc. 162167 Several synthesis approach have been reported with distinct
meso-pyrrolic ligands.1¢8-170 However, the majority of these studies are done by
two groups: Prof. Dr. Sessler, in the United States of America, and Prof. Dr.
Osuka, in Japan. Both groups focus mostly on its optical properties'’* and
theoretical studies17?2-17¢ whereas their other characterizations are mostly
ignored. For technological applications, these uninvestigated properties are
required. To this day, few reports have been done in this sense, such as
lanthanide sensors!’” and use of hexaphyrins as photovoltaic dyes, showing an

increase in efficiency of 100%.178
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3 — Objectives

The objective of this thesis is to synthesize distinct bismetalllic
hexaphyrins, provide some insight on how the metallic centre affects its electron
transport properties and try to correlate distinct characterization methods.
Originally, such molecules were designed to have thiol terminations, which were
not successful. Therefore, we report the synthesis of the achieved molecules and

its properties.

The materials were characterized by electrochemistry,
spectroscopy and molecular break junction’s conductance. The properties of this
series of characterizations were cross analysed to see if the information from one

can give any insight into the others.
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4 — Hexaphyrins synthesis and spectroscopic characterization

The aim of this chapter is to elucidate the synthesis method and

the characterization of the materials prepared. Since the thiol modifications
couldn’t be achieved, this chapter has as objective to describe the synthetic
route, reproduced from the literature, and its NMR and spectroscopic

characterization as tools to validate the materials obtained.

4.1 — Synthesis methodology

4.1.1 - Reactives

All reactives used in this work were of analytical purity.
Pentafluorobenzaldeide, pyrrol, boron trifluoride ethyl etherate (BF3.0T2),
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)s), tris(4-
bomophenyl)aminiumhexafluorantimonate (TBAH), palladium trifluoroacetate
(Pd2(OCOCFs3)z2), copper(l) acetate (Cu(OAc)2), silver triflate (AgOTF), and 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) were purchased from Sigma-
Aldrich.

With the objective of drying the solvent utilized, all solvents were
distilled before used. For the electrochemical measurements, the solvents were
distiled and stored in molecular sieve 0.3 nm. Acetonitrile (ACN),
methanol(MetOH), dichloromethane (DCM) and dichloroethane (DCE) for high

efficiency liquid chromatography (HPLC), were obtained from Merck.

4.1.1 — Free base [26] hexaphyrin synthesis

The synthesis of the hexaphyrins was done as previously reported
by Osuka et al*’® and is represented in Fig. 4.1. In a round bottom flask of 100
mL were added: dry DCM (60mL), 2Immol of pyrrol (194 pL, 1mmol), 1 mmol of
pentafluorobenzaldeide (496 pL, 1mmol) and the catalyst BFs.OT2 (100 puL, 0.7
mmol). This system was constantly purged with Ar to create an anaerobic
atmosphere. Upon addition of the catalyst, the solution changes from uncoloured

to yellow. This system was stirred for a period of 2 hours to allow the formation
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of complexes between pyrrols and belzaldeides, which changes the colour from
yellow to pink. After the two hours period, the oxidant agent DDQ (2.27g, 10mmol)

was added, leading to the synthesis of several different pyrrolic macrocycles.

For the purification of the products, a chromatographic column with
common silica was prepared. Due to the high price of this synthesis process, the
separation and purification of the sub products, the tetraphenyl porphyrin (TPP)
among them, is also desirable. Therefore, the first eluent used is hexane: ethyl
acetate, with volume ratio from 9.75 : 0.25to 9 : 1, with the objective to completely
separate the TPP from the other molecules. The TPP fraction was recrystallized
in hexane, and was filtered and separated for its use in distinct projects. The
fraction with the desired material, Hxp, has a high quantity of expanded
porphyrins with 5, 7, 8 and 9 pyrrol groups in its macrocycle, as well as the Hxp
in the reduced state, [28]Hxp, which is not of interest of this project but can be
oxidized with DDQ and purified as [26]Hxp . Therefore, this second fraction needs
a second chromatographic column, with hexane: DCM ratio of 4:2, to purify the

material of interest.

The [26] hexaphyrin quantity obtained for each synthesis is around
55 mg (0.038mmol), with a yield as low as 15% for 4 consecutive days on the
synthesis process. Due to the high quantity necessary to prepare the metallated
molecules, several trials were done to scale up the process. However, despite all
efforts, upon increasing the amount of precursor decreases in the reaction yield.
Due to the high value for the reactive, it was decided to prepare multiple batches
in same condition. For record, upon using this approach the number of
chromatographic columns also increases proportionally, otherwise the silica gets
easily saturated and cannot be used to purify the products properly.
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FIGURE 4.1 — Reaction scheme for the synthesis of free base [26]Hxp.

4.1.2 - mono Pd - [28]Hexaphyrin synthesis

The synthesis reaction of the mono Pd- [28]Hxp was previously
reported by Osuka et al*® and its synthesis scheme is represented in Fig. 4.2. In
a round bottom flask the following components were added: dry DCM (8.0 mL),
MeOH (0.8mL), [26]Hxp (19.7 mg, 0.0135 mmol), NaOAc (10.1 mg, 0.135 mmol)
and Pdz(dba)s (60 mg, 0.675 mmol). The NaOac is used to deprotonate the
[26]Hxp and allow the reaction with the Pdz(dba)s. The system was stirred for

three hours under room temperature.

After the reaction period, the solution was filtered in celite with DCM
as eluent, with the objective of complete removal of excess Pd reagent. The DCM

solution was then dried under vacuum.

For purification of the product, a single chromatographic column is
necessary with silica gel and dichloroethane: n-hexane in ratio 6.4 as eluent. The
main product of this reaction is the desired mono Pd- [28]Hxp with an

approximate yield of 70% (14.84 mg) per synthesis over 3 days .
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FIGURE 4.2 - Reaction scheme for the synthesis mono Pd [28] hexaphyrin,
adapted from reference 180

4.1.3 - mono Pd - [26] Hexaphyrin synthesis

The synthesis of the mono Pd-[26] Hxp was previously reported by
Osuka et al *! and its reaction scheme is represented in Fig. 4.3. In a 100mL
round bottom flask the following components were added: ACN (50.0 mL), mono
Pd — [28] Hxp (15.7 mg, 0.0101 mmol) and TBAH (179 mg, 0.25 mmol). The
reaction was stirred for 30 minutes over an ice bath for temperature control.
During the whole reaction time, TLC was used to check on the reaction progress,

in which the eluent was a mixture of DCM:hexane at 6:4 volume ratio.

After the reaction period, the solution was washed with Milli-Q, for
removal of the excess of TBAH, and the product was extracted with DCM and
MeOH. The addition of MeOH is necessary because an emulsion is formed during
the extraction. The fraction in DCM, rich in the desired molecule, was dried in
anhydrous NaSOy, filtered and evaporated.

For the purification of the mono Pd-[26] Hxp a chromatographic
column was used with silica gel and a mixture of DCM:hexane of 7:3 in volume
as eluent. In this step, the unreacted mono Pd[28] Hxp can be separated from
the mono Pd-[26] Hxp and from secondary products from the over oxidation of he

molecule.

The average yield of this synthesis is around 80% (13.54 mg) over
1-2 days.
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FIGURE 4.3 - Reaction scheme for the synthesis mono Pd [26] hexaphyrin,

adapted from reference 180
4.1.4 — Pd-Pd - [26] Hexaphyrin synthesis

Fig. 4.4 shows the reaction scheme for the synthesis of bis Pd Hxp,
previously reported by Osuka et al. 8 In a 50 mL round bottom flask the following
components were added: dry THF (30 mL), mono Pd [26] Hxp (62.6 mg, 0.040
mmol) and Pd2(OCOCFs)2 (16.5 mg, 0.05 mmol). The solution was stirred or 2
hours in an ice bath for temperature control at 0°C while checking the reaction
rate with TLC.

After the end of the reaction, the solution was filtered through a
celite column to remove the excess of Pd2(OCOCFs3)2, while washing with DCM.
The solvent was then evaporated under vacuum and a chromatographic column
with regular silica was used to purify the Pd-Pd [26] Hxp, using a mixture of DCM

hexane of 6:4.

The average yield of the reaction is 43% (27mg) over 2 consecutive

days.

1) Pd,(OCOCF ),

THF 273K .
CeFs ”

FIGURE 4.4 - Reaction scheme for the synthesis of Pd-Pd [26] hexaphyrin,

adapted from reference 176.
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4.1.5 - Pd-Ag — [26] Hexaphyrin synthesis

The synthesis of the Pd-Ag hexaphyrin was previously reported by
Osuka et al*®?, and its reaction scheme is represented in Fig. 4.6. In a round
bottom flaks of 100 mL the following components were added: ACN (73.3 mL),
mono Pd [26] Hxp (31.3 mg, 20 mmol), AgOTF (51.4 mg, 20mmol) and NaOAc
(16.4 mg, 135 mmol). The reaction was stirred for 40 hours while checking the

reaction progress with TCL, while using DCM:hexane in 1:1 ratio.

Upon the end of the reaction, the mixture was washed with Milli-Q
water and extracted with DCM and MeOH. MeOH was used, as explained in the
previous procedures, to decrease the emulsion and allow it to be separated. The
agueous fraction was disposed with the NaOAc and excess of AQOTF. The
organic fraction was then dried with NaSO4 and then evaporated. To separate
the reagents from the product a chromatographic column with silica gel was used

with a mixture of DCM:hexane at ratio 7:3 as eluent.

This procedure has an average yield of 70% (23.4 mg) over 4 days.

CeFs CsFs

FIGURE 4.5 - Reaction scheme for the synthesis of Pd-Ag [26] hexaphyrin.

It is important to notice that, while this molecule has been previously
reported, Ag"'is not easily achieved and the compounds resulted are usually not
stable. Regardless, we trusted the previously reported data and studied its

compounds assuming the reports accurate.
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4.1.6 — Pd-Cu — [26] Hexaphyrin synthesis

The Pd-Cu [26] Hxp synthesis route was previously reported by
Osuka et al*®? and its reaction scheme is shown in Fig. 4.6. In a round bottom
flask of 25 mL the following components were added: dry DCM (5.0 mL), MeOH
(0.8 mL), mono Pd [26] Hxp (10.1 mg, 0.135 mmol), NaOAc (36.3 mg, 0.02 mmol)
and Cu(OAc)2 (36.3 mg, 0.02 mmol). The MeOH is necessary for the reaction to
improve the acetates solubility, which are insoluble in DCM. The NaOAc is used
to deprotonate the Hxp macrocycle and allow the electrophilic attack of the
Cu(OAC)2. The system was stirred for a period of 6 hours while being checked

through TLC with a DCM : hexane mixture at 6:4 volume ratio.

After the reaction period, the solution was washed with Milli-Q water
and extracted with DCM and a fraction of MeOH. The acetates are insoluble in
DCM so can be easily removed in water. The MeOH is necessary, once more, to
avoid the emulsion and allow a proper extraction of the system. The organic

fraction is then dried with NaSOa4 and the solvent is evaporated.

A chromatographic column with silica gel is used with DCM : hexane
in a mixture of 6 : 4 in volume to separate the product from the unreacted mono
Pd [26] Hxp and sub products. The average yield of this reaction is 55%

(18.0mg), over 2 days process.

CeFis CeFs
< SN ) 1) Cu(OAc),
) By _
N =l NS CH,Cl, MeOH

CeF5—\ Pd %CGFS ‘

\\ . e
/KN /‘I:‘\ HN/

_//‘ L\\ f’; A . N /i/L\»\‘—T)J\

| \
Cs#s CeFs

FIGURE 4.6 - Reaction scheme for the synthesis of Pd-Cu [26] hexaphyrin.

As with Ag"', Cu'"" compounds are not easily achieved and the are
often unstable. These molecules were previously reported and it was studied

assuming the reports accurate.
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4.2 — Nuclear Magnetic Resonance characterization

4.2.1 — Methods

The compounds were dried over vacuum for 6 hours before
analysis. Deuterated chloroform (CDCIs) was used to solubilize the prepared

molecules over 1H-NMR.

The NMR spectrum was measured with the only finality to compare
it with reported spectra. Even though a thorough analysis would require also the

C13-NMR spectrum, the *H -NMR is enough to validate the synthesized material.

4.2.2 — Results
4.3.2.1 — Free base [26] hexaphyrin

The NMR was obtained to confirm the synthesis of the material. Fig.
4.7 shows the free base [26] Hxp, with its hydrogens numbered, and its NMR
spectrum. The doublet at & -2.43 correspond to the B-pyrrolic protons from the
confused pyrroles in the Hxp structure (H1 and H4). The doublets at  9.11 and
9.44 are the remaining pyrrolic hydrogens (H5 to H12). It was expected to
observe a singlet at 6 -1.98, which are the NH hydrogens. However, due to the
acidity of these protons and to the deuterated solvent, it is likely that these
resonance values are not observed because of its lability with deuterium. 182 Due
to the low signal intensity of the Hxp, several others hinder its analysis, such as
contaminants and solvents, even though the sample has high purity.

4.3.2.2 —mono Pd-[26] hexaphyrin

The NMR spectrum for the mPd Hxp has not archived. While the
molecule was characterized by NMR, in this thesis only its spectroscopic

measurements spectroscopic are reported. .
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4.3.2.3 — Pd-Pd [26] hexaphyrin

Fig. 4.8 shows the 'H-NMR spectrum of the Pd-Pd Hxp. In The
singlet at & 11.76 correlate to both NH hydrogens on the outside of the
macrocycle. The doublets at & 9.09, & 9.00 and & 6.85 are related to the (-
pyrrolic hydrogens. Even though we observe a large amount of noise due to the
presence of solvents, it is possible to confirm the peaks of the material.110

4.3.2.4 — Pd-Ag [26] Hexaphyrin

Fig. 4.9 shows the *H-NMR of the Pd-AgHxp. The singlet at 5 12.12
corelates to the single NH hydrogen in the molecule. The doublets at & 9.62,
9.48, & 9.29, 89.27, 69.26 and & 9.24, as the multiplet at & 9.48, are correlated
to all 8 B-pyrrolic hydrogens. Therefore, this confirms the molecule we
synthesized with that of the literature.

4.3.2.5 - Pd-Cu [26] hexaphyrin

The 'H-NMR spectrum of Pd-Cu Hxp is shown in Fig. 4.10 The
singlet at & 11.15 corelates to the NH hydrogen in the outside of the molecule.
The doublets at 6 9.3 - & 8.77 are the signal of the 8 B-pyrrolic hydrogens. Even
though we have an intense solvent signal, it is possible to confirm the molecule
with the spectrum previously reported.
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FIGURE 4.7 — 'H - NMR spectrum of free base [26] hexaphyrin and

its representation with numbered hydrogens.
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FIGURE 4.8— 'H - NMR spectrum of Pd-Pd [26] hexaphyrin.
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4.3 — Spectroscopic characterization

4.3.1 — Methods

The molecules synthesized in 4.1. were characterized by UV-Vis
absorption on a Cary 5g UV-Vis-NIR spectrometer and by emission spectroscopy
fluorescence (fluorimetry) with an excitation laser of 560 nm. Due to the high
specific absorption of these materials, the compounds were diluted to low

concentrations in DCM.

As explained in chapter 2.2, spectroscopic methods are usually
used to characterize these materials due to the specific optic properties in

function of its metal centre and meso or B pyrrolic ligands.
4.3.2 — Results

An approach to understand them is to correlate the hexaphyrins
properties with those of porphyrins, simpler molecules that have been widely
studied. For most porphyrinoids, a four orbital model describes its several distinct
electronic transitions, as discussed in Chapter 2.2.1.

The FB [26] Hxp shows a broad Soret band with a peak at 567 nm
and Q-bands with absorptions at 711 nm and 767 nm and 1050nm, as shown in
Figure 4.11(a). These show a red shift in the absorptions in comparison to the
free base porphyrin, which is an expected result due to the longer conjugated
macrocycle. There is a shoulder in the Soret absorption at 591 nm that is related
to a distinct absorption cross section.8 Due to the nature of electronic transitions
in porphyrinoids, the absorbance spectrum is not a good approach to determine
its band gap. For this reason, fluorescence measurements were performed. Fig
4.12.(b) shows the emission spectrum of the FB [26] Hxp, which shows an intense
emission at 1056 nm and lower intensity emissions up to 1240 nm. The intensity
on 1056 nm corresponds to the transition between states S1 to SO, while the
longer wavelengths emission is related to weaker vibronic transitions of the
molecule.8* Therefore, the spectroscopic band gap of the molecule can be
determined as 1.174 eV. For the free base hexaphyrin, both the absorption and

emission spectra show the HOMO-LUMO transition.
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FIGURE 4.11 — Absorption (left) and emission (right) spectra of Free base [26]
Hexaphyrin. Aex = 560 nm.

When a Pd atom is chelated into the macrocycle centre, the mono
Pd hexaphyrin on Fig. 4.12, the Soret band absorption is broadened with a peak
at 557 nm and a Q band at longer wavelengths, 719 nm and 940 nm. This shows
that a single metal centre affects the orbital energies, blue shifting the Soret band
while red shifting the Q bands. There are two possibilities for the bands
broadening: the stacking of the hexaphyrins through tr-11 interactions or
degeneration the orbitals of the macrocycle, broadening the absorption band. The
addition of the metallic centre also affects its emission spectra, quenching it to a
level that it barely detected in the noise, Fig. 4.12. Upon a smoothing of the plot,
it is possible to approximate the maximum emission at 1108 nm, indicating that

the band gap of the molecule is around 1.12 eV.

Absorbance
Intensity

%

T T T T T T T T
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FIGURE 4.12 — Absorption (left) and emission (right) spectra of mono Pd [26]
Hexaphyrin. Aex = 560 nm.
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Upon chelation of a second metal atom, distinct behaviours were
observed for Cu, Ag and Pd. The Pd-Pd Hxp, Fig. 4.13, has three narrow
absorption bands in the Soret region at 493 nm, 579 nm and 629 nm, followed by
low intensity processes at Q band region of 889 nm and 1013 nm. In the literature
a splitting on the Soret band in several peaks have been previously denominated
Soret-like, or B-like, bands. This phenomenon occurs due to the absorption to
multiple excited states and/or for distinct absorption values across distinct
orthogonal cross sections of the molecule. The emission spectrum of the Pd-Pd
Hxp, shown in Fig. 4.13, shows a weak emission with a maximum at 1060 nm,
1.17eV. While the energy is similar to that of the Free Base Hxp, the emission

was quenched with the addition of metallic centres.

Absorbance
Intensity

T T T T T T T T
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FIGURE 4.13 — Absorption (left) and emission (right) spectra of Pd-Pd [26]
Hexaphyrin. Aex = 560 nm.

Similarly, to what happens to the Pd-Pd Hxp, the Pd-Ag Hxp has a
Soret-like band with 4 absorption peaks: 525 nm, 583 nm, 698 nm and 751 nm,
and Q bands at 867 nm and 1162 nm, as shown in Fig 4.14. The emission
spectrum of the molecule is severely quenched in relation to the free base Hxp,
but two peaks can be observed at 1035 nm and 1221 nm. It is likely that the first
process corresponds to the transition S1 to SO and the second to vibronic

transitions. Therefore, the spectroscopic band gap of the molecule is 1.20 eV.
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FIGURE 4.14 - Absorption (left) and emission (right) spectra of Pd-Ag [26]
Hexaphyrin. Aex = 560 nm.

Lastly, the Pd-Cu Hxp has an absorption spectrum similar to the Pd-
Ag hexaphyrin, with a slight shift Soret-like band, with absorptions at 382nm,
530nm and 587 nm, with its Q-like bands at 706 nm, 770 nm and 879 nm, as
shown in Fig. 4.15. The emission spectrum of this molecule was recorded but
due to the quenching caused by the metal centres it was not possible to separate
any possible emission out of the noise of the measurement, as shown in Fig.
4.15.

Absorbance
Intensity

T T T T T T T T
400 600 800 1000 1000 1100 1200 1300 1400
Wavelength (nm) Wavelength (nm)

FIGURE 4.15 — Absorption (left) and emission (right) spectra of Pd-Cu [26]
Hexaphyrin. Aex = 560 nm.

Table 4.1. summarizes the data of the spectroscopic
characterization. The chelating of a metal centre affects the behaviour of the
absorption spectra of these molecules, which is due to the shifting and/or creation
of new molecular energy levels. Overall, the addition of the metals leads to a blue
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shift in the Soret or Soret-like band and a red shift on the Q-band. Additional
processes are observed on the molecules Pd-Pd Hxp and Pd-Ag Hxp, which
could be due to new energy levels created by the metallic centre and/or distinct
absorption values in distinct cross sections. The chelation also affects the
emission spectra. The first behaviour that we can observe is the quenching of the
emission signal for these molecules, which is similar to other previously reported
hexaphyrins.'8® The values of emission for distinct molecules can be related to

its band-gap.

TABLE 4. 1. — WAVELENGTH AND ENERGY ABSORPTION FOR THE ABSORPTION AND
EMISSION SPECTRA OF THE HEXAPHYRINS. (VALUES MARKED WITH * WERE REPORTED
BUT NOT OBSERVED)

Soret-like band Q-like band Emission
(nm) (eV) (nm) (eV) (nm) (eV)
o 711 1.74
s 2 567 2.19 1056 1.17
o T 767 1.61
L
1050 1.18
o 719 1.72
_{Ij 557 2.26 1108 1.12
o 940 1.32
S
493 2.51 889 1.39 1060 1.17
o
X
T 579 2.14 1013* 1.22
o
s
629 1.97
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525 2.36 867 1.43 1035 1.2
§<J. 583 2.13 1152* 1.07
I
<
3 698 1.78
o
751 1.65
o) 382 3.25 879 1.41 - -
I
>
% 530 2.34 1157* 1.08
o
587 2.11
706 1.76
4.4, Remarks

While the molecules were successfully synthesized as described by
literature and its optical bandgap determined by fluorimetry, the question of the
accuracy of its reported metal centres oxidation state was raised. Ideally, 13C

NMR should be done to investigate it.

In the scenario that the reports are not accurate, it is likely that both
Cu and Ag are not bound to the carbons of the inner pyrrolic rings, distorting its

structure and possibly resulting in a non-planar conformation,
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5 — Electrochemistry of Hexaphyrins

Many porphyrins have been applied in electrocatalysis and

sensors over the years, inspired for its processes in Nature. Porphyrinoids have
unique spectroscopic and electrochemical properties!8 with potential
application in wide a range of fields. As previously discussed, their properties
can be easily tuned by modifications in its macrocycle. Most porphyrinoids have
similar tendencies on its electrochemical reactions based on core or peripheral
functionalization. While few studies were conducted on expanded porphyrins,
several reviews,187-193 have been published on the study of other porphyrinoids
families. This chapter will consist of a brief discussion in terms of its properties

and the effects of the core modifications on the macrocycle of porphyrinoids.

5.1 — Introduction — Electrochemistry of porphyrinoids

Porphyrinoids are electroactive materials with rich electrochemical
properties presenting several redox processes, which makes them a constant
research topic since the 60’s.1%* Up to the 90's, most of the studies consisted in
reporting the effects on its redox properties, based on changes from metallic
centre or ligands, and its application as sensors or catalysis. These studies
created a library of how core changes affect the molecules electrochemical
properties.

The voltammogram of a porphyrin and similar macrocycles usually
present at least two pairs of two consecutive redox reactions, as described in Fig.
5.1, forming cations and dications or anions and dianions. For both the free base
and metallated porphyrinoids, the oxidations or reductions usually consist on the
removal or addition of electrons on the 1 conjugated macrocycle,'°® which rarer

cases in which the metal centre change its oxidation state or its axial ligands. %6
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FIGURE 5.1 — Cyclic voltammogram of a metallated tetraphenyl porphyrin in

dichloromethane, adapted from reference 192.

Electrochemical techniques can provide information about the
orbital energy of a molecule. In a voltammogram, the potential to remove an
electron relates to the energy of the HOMO of the molecule, while the potential
to inject an electron in it provides the energy associated to its LUMO. The
difference in the potential between the first reduction peak, to introduce an
electron in the LUMO of the molecule, and the first oxidation peak, where the first
electron is removed from the HOMO of the molecule, its electrochemical band
gap.1%® Furthermore, the studies from the 60’s until the 80’s generated an
electrochemical criteria that indicates the electron transfer site on the molecule
based on its potentials.’®” In porphyrins and tetraphenyl porphyrins the band gap
has been extensively studied and often found between 2.1V to 2.5V.1%8 The
difference in potential between the first and second macrocycle reductions often
was between 0.35V and 0.5V and the difference between the two first oxidations
between 0.24V and 0.35V.19%-201 These are known as the “diagnosis criteria”, and
are often used in these molecules to define if the metal centre is participating or
not in the redox properties of the material, where transitions that would occur on
ligands or metallic centre would deviate from these mean values.?®
Nevertheless, as the synthesis of porphyrinoids improved and specific
functionalization could be achieved it was shown that proper tuning of the
molecule properties could be done and reduce its band gap up to 1V.'%
Furthermore, the chelation of transition metals in the 90’s indicated that the
“diagnosis criteria” lacks proper comprehension for those molecules which metal
centre hinders its planarity, such as Fe and C0.1902% |n these cases, often a two
electron transfer was observable at the same potential, which was later

characterized as two steps with one electron transfer at similar potential.?%*
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Specific studies lead to a vast library of molecules showing trends
on how the core modification of these molecules affect its electrochemical
properties. As described in Chapter 2.2 of this thesis, several porphyrinoids are
distinguished one from another by its macrocycle saturation level in relation to
the porphyrin’s. For example, we have the phlorines and chloroporphyrin, which
conjugation pathway is partially saturated, affecting its planarity and its symmetry
group. 2% The same is observable for the comparison between isobacteriochlorin,
chlorins and porphyrins, in which the difference in first oxidation potential is up to
0.9V. 2%6 The modification in planarity of the molecule by its saturation leads to a
change in the HOMO and LUMO of the molecule making it easier to oxidize, while
having an increase in the absorption wavelength. This trend is observable for all
reported porphyrinoid families.207. 208

However, one of the most explored tools to tune the
electrochemistry of porphyrinoids are the meso and B-ligands to the macrocycle.
These can affect its properties, mostly, in two distinct ways. The first is a possible
distortion in its macrocycle where several bulky ligands are introduced close to
each other. This will correspond to oxidations in lower potentials as the case of
saturation of the macrocycle.?°®210 The second, showing a more concise effect,
is the electron donation or withdrawal properties of the ligands. The addition of
withdrawal groups will lead to a shift of both reduction and oxidation potentials to
more positive, while electron donator groups shift it to more negative potentials.
211-214

Lastly, porphyrinoids are known for chelating with all transition
metals,?'5216 including lanthanides and actinides.?'’?1° There are several ways
in which the nature of the metal will affect the electrochemistry properties of the
molecule. First, stable reversible redox pairs, such as Fe*?/Fe* can lead to an
increase of the number of redox reactions in the voltammogram, creating a redox
pair specific for the metallic centre.®® However, most metals are not stable in
multiple redox states while chelating in the macrocycle, and its effect is mostly by
a shift in the oxidation and reduction potentials accordingly to the metal

electronegativity.??°

Porphyrinoids have been used due to their electronic properties in

several applications, such as sensors, 2?!-230 electrocatalysts for diverse
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reactions,?31-247 photovoltaic dyes,?*8-2% etc. It is important to notice that for most
applications, not only the properties of the molecule need to be tuned, but also
their interaction with an interface and/or target molecule.?®® For this reason the
porphyrinoids are often functionalized with terminal thiol or carboxylate groups,
and some metals are prioritized for electrocatalysis, such as Fe and Co.

Expanded porphyrinoids have not been as widely studied as
porphyrins and phthalocyanines, nevertheless, in the last few years few groups
have expanded this area of research, among them, Sessler et al. and Osuka et

al. being the main contributors in this field.

Similar effects to those of the porphyrinoids are observed for
hexaphyrins. The addition of electron donating and or withdrawal groups to is -
pyrrolic and meso-pyrrolic positions will affect is redox potentials, shifting it
towards more negative or positive potentials, respectively.?6126” The macrocycle
of hexaphyrins also allows multiple conformations by the torsion of its pyrroles,
as explained in Section 2.2. of this Thesis. This will affect its aromaticity and, due
to the planarity distortion of the molecule, it will also make it easier to
oxidize,?58.269 shifting its oxidation potentials to lower potentials. Due to the bigger
molecule size in relations to porphyrins, several synthesis procedures lead to the
formation of confused macrocycles, which creates a distorted molecule and also
affects its redox potentials.?’0-272 Several metallic centres have been successfully
chelated in hexaphyrins macrocycle. However, the study of its effect on
electrochemical properties are still limited, whereas its electrochemical properties
are not often reported. Some studies show the same tendency as for remaining
porphyrinoids, in which the electronegativity of the metal will affect the redox

potentials of the macrocycle and, in some cases, create new redox processes.?’3

This chapter tries to bring further information to this field, studying

how distinct metal centres will affect its properties.

5.2 — Methods

5.2.1 — Reactives
Dichloroethane (DCE) HPLC was bought from Sigma and further

dried by distilling it and storing in Molecular sieve 0.3 nA, which was acquired

58



from Sigma-Aldrich. Tetrabutylammonium Hexafluorophosphate (TBAPFs) was

purchased from Sigma-Aldrich and used as received.

The hexaphyrins were synthesized as described in Chapter 4 of this
thesis, with collaboration of Prof. Dr. Kleber T. Oliveira and Dr. Maria C. Donatoni

Santos.

Platinum microelectrodes were purchased from “Art Glass Industria

e Comercio Ltda ME”.

5.2.2 — Equipment and electrochemical system

The electrochemical experiments were carried out in homemade
three-electrode glass cell using an AUTOLAB PGSTAT 302N with SCANGEN250
and FRA32m modules. A homemade Faraday cage was used to decrease the

noise on the measurements.

Due to the nature of porphyrinoids, it was not possible to measure
it in water. Therefore, an organic system was determined in such a way that a
large potential window could be achieved. As shown in Fig. 5.2, a potential
window of 3.0 V could be achieved by using DCE as solvent and TBAPFs as

support electrolyte.

The Pt microelectrode used has a diameter of 50.8 um. Two Pt
wires were used for counter electrode and as a pseudo reference. Lastly, due to
the low solution volume used on electrochemical measurements, a gas saturation
system was used to previously saturate the Nitrogen through dry dichloroethane

before deairing in the cell.
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FIGURE 5.2 — Voltammogram of the system without any of the molecules from
this study. Electrolyte: 0.10 mol.L™* TBAPFs in DCE. Work electrode a Pt

microelectrode, reference and counter electrode: Pt wires. Scan rate 0.50 V/s.

The molecules were characterized with cyclic voltammetry at room
temperature, using a NOVAZ2.1 routine to scan in distinct scan rates, with anodic
sweeps starting on the open potential circuit. The reported voltammograms is the

third collected cycle.

Due to the quasireversible or irreversible property of the redox pairs
observed, square wave potentiometry measurement was realized with the

objective of determining a better approximation of the peak potentials.

All measures were done with a pseudoreference wire of Pt. To avoid
degradation and contamination of the hexaphyrins, Ferrocene was measured
only in the electrolyte, shown in Fig. 5.3, with a half wave potential of 0.12V. Since
there is the possibility of the pseudoreference to slightly shift its potential in the
system with the molecules, all the voltammograms presented in this chapter are
represented against the pseudoreference value while having in mind the 0.12V

shift to ferrocene as reference.
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FIGURE 5.2 — Voltammogram of Ferrocene at 0.100 V/s, over a Pt
microelectrode. Electrolyte: 0.10 mol.L"t TBAPFs in DCE. Reference and

counter electrode: Pt wires.
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5.3 — Results

5.3.1 — Voltammograms

The cyclic voltammogram for the Free Base Hexaphyrin for the two
lowest scan rates, 0.20 V/s and 0.50 V/s, are shown in is shown in Fig. 5.4. The
solvent was DCE with 0.10 mol L** TBAPFs as supporting electrolyte, the working
electrode was a Pt microelectrode, reference and counter electrodes were Pt
wires. The redox processes at 0.20 V/s are not as evident as at higher scan rates.
One important feature that can be observed between these two voltammograms
Is the potential shift between the positions of the peaks, indicating that these
processes are not reversible, but quasi-reversible. This is also collaborated by
the large gap between the current peak for each oxidation and reduction pair,
which is often higher than 80 mV. At 0.20 V/s, no oxidation is evident for the
molecule, while 4 reductions, can be observed at -0.25V, -0.63V, -0.97V, -1.37V
and -1.89V. It is important to notice that there is a trend in which the overall
current keeps shifting towards negative upon each new process, indicating that
all the previous reactions still occur on the more negative potential. The two first
reductions are quasi-reversible in which its reversible oxidation can be observed
at -0.19V and -0.59V, while the reductions that occur in more negative potentials
seems to be irreversible, which can be caused by the reaction of the molecule
with the solvent or due to a change in conformation of the macrocycle, which

would affect the reversible step.

At 0.5 V/s, the processes become more evident, but due to the shift
of its potential it seems to lose some features. An irreversible oxidation peak can
be observed at 0.99V, two quasi-reversible reductions occur at -0.47V and -
0.78V, in which its oxidations occur at -0.38V and -0.71V, a third reduction occurs
at -1.52V and a last one at -1.89V. The two last reductions follow up with a large
current drop in the system, in which could indicate multiple reactions at similar
potential or a reaction with multiple electron transfer occurring. From the
voltammogram at 0.10 V/s, it is likely that there are two reactions happening at
similar potentials and, just like the two more negative reductions in the lower scan
rate, irreversible. Supposing that all the electrons added or removed from the
molecule are from the conjugated macrocycle, it is expected that the molecule

change from [26]hexaphyrin up to [30]hexaphyrin, in which an oxidation towards
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[25]hexaphyrin or a further reduction towards [31]hexaphyrin have a chemical

process, or a transition of conformation, irreversible.
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FIGURE 5.4 — Voltammogram of free base hexaphyrin at 0.20 V/s and 0.50 V/s,
over a Pt microelectrode. Electrolyte: 0.10 mol.L* TBAPFs in DCE. Reference

and counter electrode: Pt wires.

Fig. 5.5 shows the scan rate of the Free Base Hxp at distinct
scanrates up to 10.0 V/s, with each process labelled. The potential of each
process changes with increase scan rate due to its quasi-reversible
characteristic. More importantly, ultra-fast scan-rates allows the detection of
processes that couldn’t be observed before. The oxidation at 1.00V (a) that was
previously irreversible due to extinction of the molecule possible by a chemical
reaction or change in conformation, start to be observable for scan rates higher
than 4.0 V/s (a’), indicating that at this speed the oxidized molecule can be
reduced before the chemical reaction or its conformation is changed. The same
occurs with the reduction d’, in which the reversible oxidation can be observed at
scan rates over 2.00 V/s. This indicates the kinetics of the chemical reactions
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after the electron transfers, in which at fast scan rates the reverse electron
transfer can be observed because it is faster than the chemical change. Lastly,
the Half wave potential from the first oxidation process, a, to the first reduction

process, b, gives what is determined as the electrical band gap of the material,
which is 1.42 V.
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FIGURE 5.5 — Voltammogram of free base hexaphyrin with its processes
tagged at distinct scan rates, over a Pt microelectrode. Electrolyte: 0.10 mol.L*

TBAPFsin dichloroethane. Reference and counter electrode: Pt wires.

Fig. 5.6 shows the peak current for each process tagged in Fig. 5.5
in function of the square root of the scan rate. Due to the linearity between all the
processes, it is possible to affirm all of them are predominantly diffusion limited.
However, the intersection point of none of the curves crosses the axis Y at 0,

indicating that some adsorption occurs at the interface.

Table 5.1. shows the potentials obtained experimentally in
comparison to those in the literature.®* The potentials reported are based on

glassy carbon electrode at low scan rate of 0.05 V/s. This will lead to a difference
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in the potential observed, but the electrochemical band gap is approximately the

same as previously reported.

® a
.l e a
16x1071 .
v b
[ ]
¢ cC .I..
' [ |
= 8.0x10° - : 3 =" "
9 1 . AA
= e d o« saaasddes
o s s o8 ¢
X
© 0.0 1 SE XXX ¥
[) > b > >
o Y x ¥ 5 x
X x
®
-8.0x10° * e . .
[ ] ......
®
T T T T T T T T T T T
0.5 1.0 1.5 2.0 25 3.0 35

Scanrate®® (V*s1)05

FIGURE 5.6 — Peak current in function of square root of scan rate for all the

processes observed in the Free Base Hexaphyrin tagged in Fig. 5.5.

TABLE 5.1. — HALF WAY POTENTIALS FOR FREE BASE [26] HEXAPHYRIN FOR THIS WORK
OVER PT ELECTRODE AGAINST PSEUDO REFERENCE OF PT, AND FOR REFERENCE 94, ON
GLASSY CARBON AGAINST Fc/Fc*:

El20x1 EY2red: | EY%red> |EY?reds |BandGap
V) V) V) V) V)
This work 0.98 -0.43 -0.73 -1.48 141
Reference 0.90 -0.57 -0.89 -1.65 1.47

Fig. 5.7 shows the voltammogram of the mono Pd Hxp over Pt
microelectrode of Pt at scan rates 0.20 V/s and 0.50 V/s, using 0.10 mol/L
TBAPFs as electrolyte and Pt both as counter electrode and working electrode.

At 0.20 V/s a sigmoidal curve shows two irreversible oxidations, one occurring at
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1.01 V, which is a similar potential to the oxidation of the free base hexaphyrin,
and a second at 0.17V, which is also irreversible. There are 3 reversible
reductions at -0.63V, -1.33 V -1.76V. In comparison to the Free base Hxp, all
these reductions occur at potentials more positive than the free base hexaphyrin,
indicating that the metal centre affects the HOMO of the molecule by shifting its
energy to shallower potentials. Increasing the scan rate to 0.50 V/s the current
peaks become more prominent and its Ipeak has its potentials shifted, indicating
that these are quasi-reversible processes, an important characteristic upon
increasing the scan rate is the separation of some processes. While at 0.20 V/s
only 4 reductions could be observed, at higher scan rates 5 processes can be

distinguished, which become more visible at even higher scan rates.
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FIGURE 5.7 — Voltammogram of mono Pd hexaphyrin at 0.20 V/s and 0.50 V/s,
over a Pt microelectrode. Electrolyte: 0.10 mol.L-1 TBAPFsin dichloroethane.
Reference and counter electrode: Pt wires.

Upon increasing the scan rate, the peaks become more defined and
separated, as shown in Fig. 5. 8. With the improved resolution, we can define two
oxidation processes, ‘@’ and ‘b’. Process a, at 1.00V, is irreversible even at higher

scan-rates, indicating that its coupled chemical reaction or conformation change
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to occur extremely fast. Process b, with half wave potential of 0.11V, becomes
partially reversible at scan rates faster than 2.00 V/s, indicating a slower chemical
step. Processes c to g are quasi-reversible with half wave potentials at -0.24V, -
0.64V, -0.96V, -1.13V and -1.36V. Fig. 5.9 shows the current peak for each
process in function of the square root of the scan rate, indicating all the processes
are predominantly diffusion limited.
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FIGURE 5.8 — Voltammogram of mono Pd hexaphyrin with its processes tagged
at distinct scan rates, over a Pt microelectrode. Electrolyte: 0.10 mol.L-1

TBAPFs in dichloroethane. Reference and counter electrode: Pt wires.
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FIGURE 5.9 — Peak current in function of square root of scan rate for all the

processes observed in the mono Pd Hexaphyrin tagged in Fig. 5.8.

The voltammograms for the Pd-Pd Hxp at scan rates 0.20 V/s and
0.50V/s are shown in Fig. 5.10. The non-reversible oxidation observed at around
1.00V for Free Base Hxp and Mono Pd Hexaphyrin is present at higher potential:
1.12V. Both capacitance and faradaic currents increase with the scan rate, in
which the Faradic processes becoming more prominent at higher scan rates.
Four reductions can be observed at -0.26V, -0.68V, -1.38V and -1.87V, with its

Scanrate®® (V*s1)%°

reversible oxidation at -0.18V, -0.61V, -1.30V and -1.77V.
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FIGURE 5.10 — Voltammogram of Pd-Pd hexaphyrin at 0.20 V/s and 0.50 V/s,
over a Pt microelectrode. Electrolyte: 0.10 mol.L-1 TBAPFsin dichloroethane.

Reference and counter electrode: Pt wires.

At higher scan rates the processes become more evident, as shown
in Fig. 5.11. Distinct from what happens for the other molecules studied, there is
no further separation of the peak potentials with scan-rate for all the
voltammograms. This indicates that, with the exception of the oxidation at 1.12V,
the processes are reversible for the Pd-Pd hexaphyrin. Even upon fast scan rates
no reversibility in the electron transfer could be observed for process ‘a’, what
indicates a fast-chemical step after the electron transfer. Furthermore, the
analysis of the current peak in function of the square root of the scan-rate, Fig.

5.12, indicates that all processes are predominantly diffusion limited.
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FIGURE 5.11 — Voltammogram of Pd-Pd hexaphyrin with its processes tagged
at distinct scan rates, over a Pt microelectrode. Electrolyte: 0.10 mol.L-1
TBAPFsin dichloroethane. Reference and counter electrode: Pt wires.
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FIGURE 5.12 — Peak current in function of square root of scanrate for all the
processes observed in the Pd-Pd Hexaphyrin tagged in Fig. 5.11.
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Fig. 5.13 shows the voltammograms for the Pd-Ag Hxp at 0.20 V/s
and 0.50 V/s. At low scan-rate the processes are not easily distinguishable due
to the low potential difference between them. Upon increasing the scan-rate to
0.50 V/s, the potentials are shifted and the faradaic current increases, making the
processes more evident. Three irreversible oxidation peaks can be observed at
0.10V, 0.60V and at 0.97V. While the first two process are not observable for the
free base Hxp, the last oxidation potential is similar to the one presented in the
other molecules. Six distinct reduction potentials can be observed, in which some
are quasi-reversible and others are irreversible.
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FIGURE 5.13 — Voltammogram of Pd-Ag hexaphyrin at 0.20 V/s and 0.50 V/s,
over a Pt microelectrode. Electrolyte: 0.10 mol.L-1 TBAPFs in dichloroethane.

Reference and counter electrode: Pt wires.

To better understand this system, faster scan-rates are necessary,
as shown in Fig. 5.14. At a faster scan-rate the first oxidation peak is shifted
towards a higher potential while being covered by the capacitive current,

becoming less noticeable. Both processes ‘a’ and ‘b’ are irreversible at low scan-
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rates, but its reverse electron transfer can be observable at higher scan-rates,
with a half wave potential at 0.58 and 0.90V. Processes ‘c’ to ‘h’ have narrow
potential gaps and are not reversible, with half wave potentials at -0.27V, -0.62V,
-0.93V, -1.18V, -1.44V and -1.82V. Process ‘f’ and ‘h’ have a sharp decrease in
the current. This can be caused by a two-electron reaction or by multiple reactions

at similar potentials, similar to what is observed on the Free Base Hexaphyrin.
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FIGURE 5.14 — Voltammogram of Pd-Ag hexaphyrin with its processes tagged
at distinct scan rates, over a Pt microelectrode. Electrolyte: 0.1 mol.L-1
tetrabutylammonium hexafluorophosphate in dichloroethane. Reference and

counter electrode: Pt wires.

Fig. 5.15 shows the peak current for each process labelled in Fig.
5.14 in function of the square root of the scan-rate. The processes are
predominantly diffusion limited, due to the linearity of its function.
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FIGURE 5.15 — Peak current in function of square root of scanrate for all the

processes observed in the Pd-Ag Hexaphyrin tagged in Fig. 5.14.

Lastly, Fig. 5.16. shows the voltammogram of the Pd-Cu Hxp over
a Pt microelectrode in DCE with TBAPFs as support electrolyte. Several distinct
processes can be observed, but at lower scan rates, some of them are not easy
to point out due to the small potential gap between them. Two non-reversible
oxidation processes are observable at 0.10 V and at 0.99 V. There is a total of
five reduction processes occurring with short potential gap between them, which

becomes more featured at higher scan rates.
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FIGURE 5.16 — Voltammogram of Pd-Cu hexaphyrin at 0.100 V/s and 0.814
V/s, over a Pt microelectrode. Electrolyte: 0.10 mol.L-1 TBAPFsin
dichloroethane. Reference and counter electrode: Pt wires.

Fig. 5.17 shows the voltammograms of the Pd-Cu at scan-rates up
to 10 V/s. With increasing scan-rates, a third non reversible process is observed,
‘b’, at 0.67V, and the reverse electron transfer of the first oxidation process, ‘c’,
can be observed. Processes ‘d’ through ‘h’ are quasi-reversible with half wave
potentials of -0.24V, -0.60V, -0.92V, -1.16V and -1.38V. The process ‘h’ is
followed by a sharp decrease in current similar to that observed for the Free Base
Hxp, which may indicate a two-electron transfer or two processes at similar
potential. Fig. 5.18 shows the peak current for each process in Fig. 5.17 in
function of the square root of scan rate. Due to the linearity of each function, it is

supposed that most of these processes are controlled predominantly by diffusion.
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FIGURE 5.17 — Voltammogram of Pd-Cu hexaphyrin with its processes tagged
at distinct scan rates, over a Pt microelectrode. Electrolyte: 0.10 mol.L-1

TBAPFs in dichloroethane. Reference and counter electrode: Pt wires.
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FIGURE 5.18 — Peak current in function of square root of scan rate for all the
processes observed in the Pd-Cu Hexaphyrin tagged in Fig. 5.17.

76



5.3.2 — Comparison between molecules

Fig. 5.19 shows the voltammograms at 1.00 V/s for all molecules of
this study and Fig. 5.20 shows the square wave potentiometry. Table 5.2. shows
the half wave potential for each process, aligned to corresponding processes in
the other molecules. Several processes in all molecules can be related to similar
potentials. The free base hexaphyrin has a single oxidation occurring at 1.00V
and four reductions on its macrocycle, presumed consecutive, at -0.43V, -0.73V,
-1.49V and -1.93V. As shown in Fig. 5.17, the non-reversible reductions at -1.49V
and -1.93V follows up with a larger decrease in the current, indicating multiple
processes at similar potential or two electron transfers reductions.

TABLE 5.2. — HALF WAVE POTENTIAL FOR EACH PROCESS FOR THE MOLECULES OF THIS
STUDY.

Half wave potential (V)
FB Hxp 1.00 -0.43 -0.73 -1.49 -1.89
mPd Hxp | 1.08 0.12 -0.24 -0.63 -096 -1.14 -1.38
PdPd Hxp | 1.13 -0.22 -0.64 -1.34 -1.82
PdAg Hxp | 0.91 0.58 027 -0.62 -0.95 -1.19 -1.46 -1.87
PdCu Hxp ' 1.05 0.69 0.08 -0.23 -0.60 -0.92 -1.15 -1.37 -1.86

As observed for other porphyrinoids, the addition of a metal centre
will shift potentials of the macrocycle accordingly to the electronegativity of the
metal. The addition of a Pd shifts all molecule potentials to more positive, as
shown in Table 5.2. The non-reversible oxidation at higher potentials at 1.08V
has a faster coupled chemical reaction, and its reverse electron transfer cannot
be observed even at higher scanrates. The two first reductions shift from -0.43V
and -0.73V to -0.24V and -0.63V, respectively. The multiple processes, or
multiple electron transfer process, observed at -1.49V can be observed at -1.38V.
These processes are assumed to be electron transfers on the macrocycle of the
molecule, in which consecutive electrons are added or removed from its
conjugated backbone. However, this molecule presents three other processes
that are not observable in the free base Hxp. An oxidation at 0.12V and two
reductions at -0.96V and -1.14V. This could occur for two specific reasons: the
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first is the change in the redox state of the Pd, in which case the macrocycle
doesn't participate in the electron transfer, and the second is the change in orbital
energies of the molecule due to the presence of the Pd and, because of this,
multiple orbitals at narrower energies can participate on electron transfers,
allowing it to donate/withdraw multiple electrons on the backbone of the molecule.
The presence of similar behaviour for oxidation and reduction reactions to the
free base Hxp could indicate that these redox reactions are centred at the metal
instead of the backbone of the molecule. However, without specific tools to
measure the intermediate nature for each reaction, it is difficult to affirm the

mechanism of these processes.

Upon the addition of a second metal centre, distinct behaviours are
observed accordingly to its nature. The Pd-Pd Hxp voltammogram can be
compared to the one of the free base Hxp, with a shift in its potential to more
positive. A single oxidation process is observable at 1.13V, non-reversible. Four
distinct reductions can be observed: at -0.22V, -0.64V. -1.34V and -1.82V. The
correlation with the Free base Hxp indicates that all these processes are related

to the conjugated 1T backbone of the macrocycle.

The Ag on the PdAg Hxp influences its electrochemical properties
in two distinct ways. Firstly, the oxidation potential common to all the molecules
at around 1 V has its potential shifted towards more negative values: to 0.91V. A
second oxidation potential, not observable for previous molecules, is observable
at 0.58V. Due to the lack of this process on the free base Hxp and monoPd Hxp,
it is likely that this represents a process centred on the Ag centre. Several
reduction processes can be observed at -0.27V, -0.62V, -0.95V -1.19V, -1.46V
and -1.87V. The two first and two last can be comparable to those of the free
base hexaphyrin, whereas the firsts are shifted to higher potential and the lasts
to lower potential. The processes at -0.95V and -1.19V are not related to any that

happens on the free base molecule, and might happen on a metal centre.

78



-2 -1 0 1
370x10° | —— PdCu Hxp | | %
0.00 F e st S §

3.70x10° | B
s |

7.40x10° u

1.80x10° |—— pdAg H}(p /rxj

000 | e Wit S

<L 360x10° f .
Lo 1 L 1 L

5 0.00 [ e ﬁﬁ/_

o 2.90x10° | J/}«_ﬁ .

3 488 :

AUV l——mPd Hxp Yanr

0.00 [ o T

2.40x10° | ]

4 80x10°®

7 10x10° | Frele Base Hxp

0.00 L . )
TJ10x10% - ff ]

1.42x107 E1 - . - . - 1
2 1 0 1

Voltage (V)

FIGURE 5.18 — Voltammogram of studied molecules, over a Pt microelectrode.
Highlighted processes are supposed to be centred on the macrocycle of the
material Electrolyte: 0.10 mol.L-1 TBAPFe in dichloroethane. Reference and

counter electrode: Pt wires.
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FIGURE 5.19 — Square potentiometry for synthesized molecules, over a Pt
microelectrode. Electrolyte: 0.10 mol.L-1 TBAPFs in dichloroethane. Reference

and counter electrode: Pt wires.

Lastly, the Pd-Cu Hxp is the molecule with highest number of

processes among the studied ones. The non-reversible oxidation at around 1.0V
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is shifted towards more positive potentials, at 1.05V. Two other oxidation
processes are observable, one comparable to the mono Pd and one to the Pd
Ag, at 0.08V and 0.69V, respectively. It is possible that these processes occur on
the metal centre of the molecule. Six distinct reductions can be observed for this
molecule. The two shallower and two more negative processes, at -0.23V, -
0.60V, -1.37V and -1.86V can be related to those reductions on the macrocycle
observed to all other molecules. Two other reductions can be observed at -0.92V
and -1.15V, which are in the same range as the reductions of the mono Pd Hxp
and the Pd-Ag Hxp. These reductions occur, possibly, on the metal centre of the
molecule. Due to the similarity to the other molecules, possibly it is caused by the

Pd centre, while having its potential shifted by the second metal.

Based on the hypothesis of the flagged processes are either
centred on its metal or its macrocycle, checking the potential gap between each
process half wave potential can give some insight as a characteristic criterion for
the hexakis(pentafluorophenyl) [26] hexaphyrin electrochemistry. Table 5.3
presents the gap between the half wave potentials previously shown in Figure
5.16 as macrocycle centred. The difference of the first oxidation half wave to the
first reduction is present around 1.18V to 1.43V. The Pd-Ag Hxp shows an
unusually low oxidation potential which shifts the tendency of the material to
present a process at around 1.30V. The difference of energy between the first
and second reduction half wave process is between 0.30V and 0.42V, between
the second and third is between 0.70V and 0.84V and lastly the difference
between the two last processes is from 0.41 to 0.49V. Within a margin of error,
these potential differences can be considered within the same range. The
remaining processes are most likely metal centred, in which no specific trend can

be observed since it is highly dependent on the nature of the metal.

TABLE 5.3. — DIFFERENCE BETWEEN HALF WAVE POTENTIAL FOR THE GIVEN PROCESSES
CHARACTERIZED AS “MACROCYCLE” CENTRED IN FIG. 5.16. Eox — HALFWAVE OXIDATION
POTENTIAL, Erep — HALFWAVE REDUCTION POTENTIAL

Elox - Elred Elred-Ezred Ezred-E3red E3red-E4red
FB Hxp 1.43 0.3 0.76 0.44
mPd Hxp 1.32 0.39 0.75 0.49
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PdPd Hxp 1.35 0.42 0.7 0.48
PdAg Hxp 1.18 0.35 0.84 0.41
PdCu Hxp 1.28 0.37 0.77 0.49

The electrochemical band gap can be defined as the potential
difference between the first oxidation half wave potential and the first reduction
half wave potential. Table 5.4. shows the electrical band gap for the molecules of
this study. Due to the oxidation centred on the metal for some of these
hexaphyrins, some band gaps are unusually narrow, as for the PdCu Hxp and
mPd Hxp. As described in the introduction of this chapter, the electrochemical
band gap can provide the energy level of the HOMO and LUMO of the molecule.
The determination of this value was important to try to correlate the
electrochemical and spectroscopic data. However, while the spectroscopic data
has several forbidden transitions, the electrochemical processes are limited by
the energy to add or remove an electron. Therefore, the values of the

electrochemical band gap are too narrow for this comparison.

TABLE 5.4. — ELECTROCHEMICAL BAND GAP FOR THE STUDIED MOLECULES
Band-Gap (V)

FB Hxp 1.43
mPd Hxp 0.36
PdPd Hxp 1.35
PdAg Hxp 0.85
PdCu Hxp 0.31
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5.4 — Partial Conclusion

The electrochemical characterization of the hexaphyrins were
successfully performed. Several processes could be detected depending on the
metal centres in the molecule. Several peaks could have a source in common for
its oxidation and/or reduction: the macrocycle of the molecule. Several electrons
could be donated to the Tm-conjugated backbone, at similar potentials and
potential gaps in between each process, creating a criterion for its selection. Due
to the lack of further characterizations of metallated [26] hexaphyrins in Hickel
aromaticity in the literature, this criterion could not be expanded to check its
validity. This is with acceptance with the literature of hexaphyrins since it has
multiple conjugated backbones reported, from 26 electrons to 32 electrons. The

remaining processes observed are characteristic for each metal.

Further information could be achieved with the use of coupled
electrochemical techniques, such as electron paramagnetic resonance or UV-Vis.
These techniques could provide details on the redox mechanism of the molecule
and guarantee that the assumptions of each process occurring in the conjugated
macrocycle on the metal centre are correct. While EPR analysis could not be
achieved due to the high concentration needed for the electrochemical

characterization, in-situ spectroscopy has not been investigated.

While it was desired these molecules would have activity towards
electrocatalysis for reactions of interest, the metal centres added were chosen
based on the aromaticity of the macrocycle, whereas their coordination geometry,
at that moment was ignored. Pd*2, Cu*3 and Ag*® have square planar geometry
which are not expected to be able to coordinate molecules of interest. Further,
the interaction between molecule and electrodes are weak and it could only be
characterized in high concentrations solutions. Trials to support it on an electrode
yielded no result. The use of specific ligands on meso-pyrrolic positions could
improve this, as explained in the introduction of this chapter. Therefore, any

electrocatalysis for this molecule would compete with the activity over the bare
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electrode. In this scenario, oxygen reduction reaction has been tested to show a

decrease in efficiency with the molecule in solution.
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6 — Molecular electronic of Hexaphyrins

As previously introduced, many bioprocesses occur through

porphyrinoids, from catalysis, oxygen transport, electron transport and energy
harvesting and conversion. Therefore, the importance of the study and
comprehension of their electronic properties and functions is evident. Due to the
ease with which the porphyrinoids properties are changed by structural
modifications on its macrocycle, it is also a potential class of molecules to be
the building blocks for the next generation of electronic devices based on
molecules. However, despite of years of research the charge separation and

electron transfer are not easily predicted from its structural properties.274275
6.1 — Introduction— Porphyrinoids in Molecular electronics

Porphyrin have been previously used in molecular
electronics both in molecular array-based devices and as single molecule
junctions.?’8 In Molecular array-based studies the development of a mono-layer
is necessary, where a common method is to use self-assembled monolayers.?’”
Supramolecular chemistry plays a role in developing better systems to improve
the assembly strategies and the way to package molecules in layers. The self-
assembly of porphyrinoids has been a topic of wide variety of studies due to its
proved relation to the application in electrocatalysis, photoelectric dyes, and

sensors. 278281

Earlier porphyrinoid studies can be briefly explained by Drain et al.
classification of its structure. It is divided in four parts that directly affects the
molecular electronics properties: the surface-reactive functional group, the

tether, the linker (exemplified in Fig. 6.1) and the electronically active part.?®?
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FIGURE 6.1 — Structural parts as classified by Drain et al. Based on reference
282.

The surface attachment, also defined as anchoring group, is a
molecule terminal group with a high affinity for the electrode. It is responsible for
the interaction between the molecule and the surface, which plays an important
role in electron-transport properties.?®2 The atomic configuration on the surface
of a monocrystal can lead to distinct conductance as shown for thiols over gold, 8
where a coordination by a single bound or a symmetric multiple coordinated site
over a monocrystal can lead to a variation on the conductance by a factor of 1.5.
Further, the coupling of the orbitals between the substrate and the molecule,
which relates to its adsorption strength, will also affect the electron transport
properties,?®> whereas strong interactions are preferable due to a lower energy
barrier for the electron to tunnel through.?26-287 For this reason, specific groups
are often used in function of the employed metal substrates. On gold surfaces,
thiol and disulfate groups are often used to link the molecules,?28289 put several
other groups have been successfully used as pyridines, 2° amines 2%,
cyanines,?% carboxilates,?®3 etc. If the working metal is distinct, several other
groups can be used such as carboxylates for Pt, diphosphines for Pd?°4 and

phosphonates for oxides.?®>2% Even though not ideal for molecular electronics,
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porphyrinoids can be attached to the surface through weaker interactions. This
scenario is not ideal due to the higher tunnelling barrier created by the lack of
coupling between molecule and electrodes orbitals. However, interactions such
as -1 stackings or through an indirect anchoring group that can chelate with a
metal centre can be achieved. The latest can also be used as a tool to guarantee

that the orientation of the porphyrin will be parallel to the surface.

The tether allows the distance between the electroactive part and
the surface to be changed, increasing or decreasing it. The nature of the tether
will also influence the conductance, where a high conjugated one will have a
lower B-decay than an alkylic chain, for example.?®” While a long tether hinders
the electron tunnelling since it behaves as an extra potential barrier,? it is also
used as a spacer between the electronically active part and the surface. While it
iIs not desired for molecular electronics application, this spacing allows the
correlation between the electronic transport properties and possible applications.
A larger spacing allows bigger molecules to interact with the porphyrinoid and

lead to improvements on its use for sensor and catalysis.?%

The linker is the porphyrin macrocycle modification in which the
tether and the surface attachment will be added. The linker has a strong influence
as a core modification, and the electronic properties of the molecule will be

affected by its electron donating or withdrawal properties.

Lastly, the electronically active part consists on the macrocycle with
its functionalization. The conductance properties are strongly dependent on the
energy levels of the molecule and its core functionalization, in which the metal
centre or the B or meso ligands will influence the finals properties. However, on
molecular array devices the interactions between molecules play an important
role. Therefore, the ligands used in the molecule can guarantee a low electronic
intermolecular interaction, in which the properties of the molecule will have its
properties evaluated, or groups in which the intermolecular interaction will be
maximized can be used. In this case, it is expected a higher density of molecules
and a distinct property due to the coupling of nearby molecules orbitals. 3%
Further, porphyrinoids have two main orientations on the surface: parallel to the

substrate, which shall be referred as orthogonal, or perpendicular to it, which will
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be referred as axial. Changes in the electronically active part of the molecule will
favour one orientation over the other. 301-303 While it is easier to functionalize the
macrocycle for its study in axial conformation, in biosystems the porphyrin ring is
perpendicular to the main pathway of the electron flow, in an orthogonal

conformation linked through chemical ligands. 304305

The definition of Drain is consistent to the “first generation” of
molecular arrays with porphyrins, whereas recent studies have moved towards
more complex systems including linked molecules and controlled multi-layer of
porphyrinoids. Through these approaches, several studies have been conducted
showing a strong potential for its application in information storage, 3°6-319 and
others such as current routers,3!1-314 grganic FETSs,3!® spintronic devices3'® and,

through the understanding of the electron transfer, on photovoltaic dyes.3*’

The molecule design for porphyrinoids study on mono molecular
junctions can be done in analogy with the previous explained definition by Drain.
However, there are several difficulties on the single molecule junction formation,
and further details should be considered. A structural requirement is that the
molecule has to connect simultaneously with two electrodes.® The probability
for the break-junction to happen and its stability depends on how this interaction
occurs.®? As previously described, the conductance through a molecular3?® wire
is highly influenced by the coupling of the orbitals between the molecule and
electrodes,®?! and in this scenario a good molecule design should have anchoring

groups adequate to the metal electrodes.

On STM-BJ experimental conditions, higher vibrational and
rotational energy of molecules, variable distance of tip-substrate and the
molecule environment can lead to the observation of multiple current signatures.
In a simple molecule as an oligoene, for example, the electrical contact can
happen by a terminal thiol group or through the conjugated mr-system.3!8:322  For
more complexes molecules, it can be observed several current signatures, where
they may have similar conductance, resulting in a broad distribution of signals in
the same range, or conductance distinct by several order of magnitudes. In this
scenario multiple approaches have been used to restrict the number of signals

observed to those of interest, as the use of bulky or longer anchoring groups to
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favour specific anchoring configurations, 323324 the addition of insulating
orthogonal groups, 325326 and even wrapping the desired molecule in larger

macromolecules.3%’

Lastly, due to the lack of neighbouring molecules, the environment
can directly affect its conductance. The STM-BJ of 1,4-benzenediamine (BDA)
on gold changes up to 50% depending on the solvent used for the measurement,
once the solvent molecules can bind to uncoordinated Au sites around the break-
junction, changing the work function of the metal. 3?4 Furthermore, the solvent
can lead to different solvation and distinct conformations, which might be

favoured on the electrodes.324

On the case of porphyrinoids, several distinct molecules have been
studied by molecular junctions.3?8-336 While a proper use of anchoring groups can
lead to higher junction stability,®3” a secondary influence of the anchoring group
is the variety of molecular geometries that the molecule can acquire, each with
different conductance values. 33|t is important to notice that the anchoring group
position can also hinder the formation of a molecular junction in case it has any

kind of steric hindrance.33°

Often a metal centre is present and anchoring groups can be used
to chelate on it, such as pyridines. As previously explained, two distinct
conformations are possible: an axial and an orthogonal one, as described in
Figure 6.2.340 On the case of the diphenyl-porphyrin(DPP) and the Co-diphenil-
porphyrin (Co-DPP), the conductance through the macrocycle doesn’t suffer
strong influence from the metal centre, showing two current signatures around
3x107® Go and 8x107% Go. The addition of the metal centre allows a new
conformation with a higher current signature specific for the metal, at 3x1072 Go.
This same behaviour is also observed with other metal centres such as Zn, Ni

and Cu. 341
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porphyrin. And resulted conductance histogram.

A second stage on the porphyrinoids studies are from
its derivatives. Molecular break junction can give insights in how porphyrin
stackings work as antenna effect, and for this reason often linked porphyrins are
studied.3*? Linked porphyrins have shown low to ultra-low attenuation factor, 343
346 and it is often in function of the coupling of its orbitals.3*’ Fused porphyrin
rings, however, have shown a negative B-decay, indicating an increase of

conductivity with length.348

To date the only report in which hexaphyrins have been used for
molecular electronic is a theoretical study on the conductance switching on free
base hexaphyrins due to the aromaticity change from Hickel to Mobius.34°

Hence, this work tries to provide further information on this class of molecules.

6.2 — Methods

6.2.1 — Reactives

All reactive used in this work were of analytical purity. Hydrogen
peroxide, sulfuric acid, 4-mercaptopyridine (MPy) and ethanol were purchased
from Sigma-Aldrich and used as received. 1,2,4-trichlorobenze (TCB) were
purchased from Merck and used as received. 4-(thiomethyl) pyridine (TPy) was
received from Dr. Arantzazu Gonzalez Campo from Materials Science Institute of

Barcelona.
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The hexaphyrins were synthesized with collaboration of Prof. Dr.
Kleber T. Oliveira and Dr. Maria C. Donatoni Santos as explained in Chapter 4 of

this thesis.

Gold (111) monocrystals (10 mm x 1 mm) of 99.9999% purity and
orientation accuracy <0.1 degrees were acquired from MaTeck.

6.2.2 — System preparation

All glassware, PTFE tweezers and the homemade STM PTFE cell
were cleaned with freshly prepared piranha solution, made with 3:1 volume ratio
of sulfuric acid to hydrogen peroxide, for a period of 20 minutes. All items were

rinsed with Milli-Q water (Millipore) in abundance.

The gold monocrystals used as substrates electrodes were
annealed in hydrogen flame for a period of 6 minutes, followed by a brand surface
electropolishing process. The oxidation was done in 0.1 mol.L** sulfuric acid
during 3 minutes to eliminate possible residual contamination in the surface of
the electrode followed by a strapping of the Au oxide layers on the surface by
immersing the monocrystal in a 1 mol.L* hydrochloric acid solution. The gold was
then re-annealed in hydrogen flame for 6 minutes and cooled down in Ar
atmosphere to avoid molecules adsorption on the surface, such as oxygen.

The STM tips were mechanically cut, briefly annealed and then

installed in the STM and immersed in the sample solution.

A solution of each analyte was prepared in sub pmolar

concentration and added to the cell after its assembly.

6.2.3 — Electrodes functionalization

Au tips and substrates were functionalized after annealing. The gold
was immersed in 1 mM Ar-purged ethanol solution of 4-mercaptopyridine or 1mM

4-(thiomethyl) pyridine for a period of 24h under an Ar inert atmosphere.
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The gold was then rinsed with EtOH and Milli-Q water and dried with
Ar before being assembled in the STM.

6.2.4 — STM Methods

STM — BJ techniques were discussed in session 1.1. and its
relevant papers are referred properly. All experiments were carried out using a
homemade Teflon STM cell on a magnetic plate. The experiments were carried
out on a PicoSPM Il Microscope head controlled using Picoscan 2500 electronics,
all from Agilent (USA). The system was completely isolated mechanically and
electronically to avoid noise. The data was acquired through a NI-DAQmx/BNC-
2110 National Instruments (LabVIEW data acquisition System), with data
collection and analysis with LabVIEW code designed by Diez-Perez Group at
King’s College London.

The equipment has a current pre-amplification system that can be
manually swapped in between experiments. LabVIEW interface reads the data in
the converted voltage from the tunnelling current detected. So, the reading could
be converted to conductivity by the formula:

I, 1

‘ Uapplied Go

Where It is the tunnelling current in Ampere, V is the current output
captured as voltage (in volts), P is the pre amplification used in A/V, G is the
molecule conductance and the Uappiied is the bias applied between the grounded

tip and the substrate. Go is the quantum conductance: 7.7480 * 107> S.

6.2.4.1 — Tapping (I1z)

After the system assembly, the STM tip is brought to tunnelling
regime over the surface electrode area. The STM feedback is then turned off and
the piezo control over the tip electrode is done through the LabView tool. The
STM tip is brought in and out of contact with the substrate at a constant speed,
in V/s, from 0.5 to 2 V/s, controlling the approach and retraction from the surface
through the current tunnelling through the tip. This creates a two-point feedback

used to collect thousands of current decays during the tip retracting cycle, 350 as
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exemplified in Fig. 6.3. The saturation level at the beginning of the curve (a)
corresponds to the maximum current reading of the equipment, where the tip is
touching the surface of the monocrystal. When the tip is withdrawn from the
surface in tunnelling regime, an exponential current decay can be observed. If a
molecule junction is formed, there will be steps or plateaus in the tunnelling decay
(b), where the conductance of the molecule can be determined. Lastly, upon
separation between tip and substrate the current reading will decay until an open

circuit current will be read (c), without any current flow.
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FIGURE 6.3 — Representation of the current decay on the pulling cycle of
tapping method (left) and a 1D conductance histogram (right) created out of

contacts formed between Au STM tip and Au monocrystal.

The decays containing current signatures were selected using
selection criteria. Curves that are too noisy or decays were no plateau could be
observed have been rejected sure to the lack of molecular junctions. The selected
current decays with the observed plateaus were accumulated in semi-log
conductance histograms, where the observed plateaus provide an average single

molecule conductance value.

6.2.4.2 — Blinking (It)

After the system assembly, the STM tip is brought to an initial set-
point tunnelling current. The STM feedback is then turned off and the tunnelling

current is monitored for the formation of molecular bridges. The spontaneous
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molecular events, coined as “blinks”, appear due to the spontaneous formation
of molecular bridges as explained in section 2.1.2. The blinking data is plotted
either as a 1D conductance histogram or as a 2D conductance, shown in Fig.
6.4., using a LabVIEM tool/code.
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FIGURE 6.4 - Representation of the current blink (left) and its 2d conductance
map (right) created by the accumulation of blinks. The 2D blinking maps were
normalized versus the total amount of counts (100 counts representing the
maximum and O representing the minimum) and a vertical offset to zero current
was applied to the baseline such that the single-molecule junction component is

displayed clearly (tunnelling background subtracted).

6.3 — Results

6.3.1 — Non modified electrodes

The first approach to the study of the molecules was through
tapping method employing non-modified gold electrodes. Due to the limitation on
the current detection range, two pre-amplifications were used: 100 nA/V and 1
nA/V, so conductance in the range from 1 Go to 10 Go could be obtained under
the applied bias voltages. After setting the experiment, over five thousand break
junctions were collected with the objective of obtaining a histogram of possible

current signatures.
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From Fig. 6.5 to Fig. 6.9, the 1D conductance histogram for each
molecule in each pre-amplification range is shown. All the molecules have a peak
at 1 Go, corresponding to the gold quantum contact point (2e2/h = 77.45 [1S). The
non-modified surface did not show any current signature of the molecule possibly
because of the weak interaction with gold. This could be caused by the lack of
chemical affinity between the gold and the molecule meso-ligands. An alternative
explanation regarding the lack of current signatures is the possibility of the
molecule having a high resistance, in which case the current signature could be
below the equipment detection limit. This high resistance is not expected on highly
conjugated molecules, so it is unlikely to be the case. Some of the histograms for
the pre-amplifier at 1nA/ show a sharp increase in counts around 4-10-° Go while
others show a broad increase. Both signals correspond to the baseline current,
and the profile is because of the use of distinct pre-amplifiers of the same range

and their inherent current detection limits.

The blinking approach was used for these molecules, but no signal

was observed.
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FIGURE 6.5 — Histograms acquired through tapping approach for Free base
Hexaphyrin, TCB as solvent. The working bias voltage was set on +10 mV,
employing a tip electrode. Measured using 100 nA/V (right, 36% yield) and 1
nA/V (left, 29% vyield).
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FIGURE 6.6 — Histograms acquired through tapping approach for mono Pd
Hexaphyrin TCB as solvent. The working bias voltage was set on +10 mV,
employing a tip electrode. Measured using 100 nA/V (right, 39% yield) and 1
nA/V (left, 32% yield).
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FIGURE 6.7 — Histograms acquired through tapping approach for Pd-Pd
Hexaphyrin, TCB as solvent. The working bias voltage was set on +10 mV,
employing a tip electrode. Measured using 100 nA/V (right, 38% yield) and 1
nA/V (left, 41% yield).
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FIGURE 6.8 — Histograms acquired through tapping approach for Pd-Ag
Hexaphyrin, TCB as solvent. The working bias voltage was set on +10 mV,
employing a tip electrode. Measured using 100 nA/V (right, 42% yield) and 1

nA/V (left, 32% yield).
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FIGURE 6.9 — Histograms acquired through tapping approach for Pd-Cu
Hexaphyrin, TCB as solvent. The working bias voltage was set on +10 mV,
employing a tip electrode. Measured using 100 nA/V (right, 43% yield) and 1
nA/V (left, 34% yield).
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6.3.2 — 4-mercaptopyridine modified gold

The following step was to measure the molecule with a gold
modified tip and substrate electrodes. At this moment, the used molecule to
anchor the target molecule was 4-mercaptopyridine. While the molecules
synthesized do not seem to have a direct interaction with the gold, the metal
centres could be used to anchor the molecules perpendicularly to the surface
through the linker as described in Fig. 6.10.

FIGURE 6.10 — Representation scheme of a possible interaction between 4-
mercaptopyridine and Pd-Ag Hxp. The meso-pyrrolic ligands and hydrogen

atoms have been removed for clarity.

The 1d conductance histograms for the molecules of this study are
represented from Fig. 6.11. to Fig. 6.15. Similarly, to what was observed for the
non-modified gold, on low pre-amplification, 100nAV-%, the peak corresponding
to 1 Go is observed. However, no other current signature band can be observed

in either pre amplification.
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FIGURE 6.11 — Histograms acquired through tapping on MPy modified Au for
Free base Hexaphyrin, TCB as solvent. The working bias voltage was set on
+10 mV, employing a tip electrode. Measured using 100 nA/V (right, 33% yield)
and 1 nA/V (left, 48% yield).
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FIGURE 6.12 — Histograms acquired through tapping on MPy modified Au for
mono Pd Hexaphyrin, TCB as solvent. The working bias voltage was set on +10
mV, employing a tip electrode. Measured using 100 nA/V (right, 38% yield) and

1 nA/V (left, 31% yield).
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FIGURE 6.13 — Histograms acquired through tapping on MPy modified Au for
Pd-Pd Hexaphyrin, TCB as solvent. The working bias voltage was set on +10
mV, employing a tip electrode. Measured using 100 nA/V (right, 22% yield) and
1 nA/NV (left, 29% yield).
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FIGURE 6.14 — Histograms acquired through tapping on MPy modified Au for
Pd-Ag Hexaphyrin, TCB as solvent. The working bias voltage was set on +10
mV, employing a tip electrode. Measured using 100 nA/V (right, 26% yield) and
1 nA/V (left, 27% yield).
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FIGURE 6.15 — Histograms acquired through tapping on MPy modified Au for
Pd-Cu Hexaphyrin, TCB as solvent. The working bias voltage was set on +10
mV, employing a tip electrode. Measured using 100 nA/V (right, 21% yield) and
1 nA/NV (left, 37% yield).

While it is likely no signal could be observed due to the lack of
interaction between molecule and modified electrodes, a second reason that
could lead to the lack of signals is the fact the tapping approach is not the optimal
technique to use on modified electrodes. The constant crashing between gold
surface and the tip may lead to a defunctionalisation by coverage of the tip and/or
migration of the 4-mercaptopyridine. Furthermore, the interactions between the
anchor with the metal centres are expected to be weak due to the preferable d4
geometry of the metal centres, in which case the molecular junctions would have
a lifetime too short to be capturable with the amplifier resolution. For this reason,
the blinking technigue was also used to characterize these molecules. A single
signal was observed for these molecules as shown in Fig. 6.16, however, this
signal corresponds to the molecular junction of the 4-mercaptopyridine itself,
showing that the tentative to coordinate the molecule was not succeeded, in
which there is a higher affinity between the linker molecules than the linker-

macrocycle.
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FIGURE 6.16 — 1d Histograms acquired through blinking on MPy modified Au
for Pd-Ag Hexaphyrin control experiment without molecule, TCB as solvent. The
working bias voltage was set on +10 mV, employing a tip electrode. Measured

using 100 nA/V as pre-amplifier.
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6.3.3 — 4-(thiomethyl) pyridine modified electrodes

Previous results in porphyrins showed a better response on
4-(thiomethyl) pyridine modified gold over 4-mercaptopyridine due to the
possibility of 1- 1 stacking in addition to the complexing over the metal
centre, 31352 as schematized for diphenilporphyrin in Fig. 6.17. Analogously,
there is the possibility of the interaction between the TPy and the conjugated 1T
macrocycle of the hexaphyrins. Due to the gold functionalization, tapping was not

used as an approach at this stage.

Au Surface (11 1) Au Surface (11 1)

FIGURE 6.17 — Distinct interactions possible between 4-mercaptopyridine and

4-(thiomethyl) pyridine for diphenyl porphyrin.

The 1d histograms acquired through blinking for all the molecules
are represented Fig. 6.18. All histograms show broad bands over 4 orders of
magnitude, from 10 Go to 102 Go. This happens due to the molecule’s design,
as there are many possible interaction points between the modified gold and the

molecule. Distinct interaction corresponds to distinct current signatures. 53

The Free base hexaphyrin, Fig. 6.18, shows all the current
signatures through the macrocycle. When compared to the molecules with metal

centres, a noticeable change in the profile of the conductance bands is noted,
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even though, all the processes still occur in the same range as the macrocycle

current signatures.
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FIGURE 6.18 — Histograms acquired through blinking on TPy modified Au for
the studied hexaphyrins, TCB as solvent. The working bias voltage was set on

+15 mV, employing a tip electrode.
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A tool to decrease or restrict the number of signals is necessary to
understand what is happening. As previously discussed, the distance between
tip and surface can restrict the possible conformations the molecular bridge can
assume. Therefore, two distinct tunnelling currents setpoints were used as
parameters to collect blinks: 1 pA and 0.100 nA. Considering a coherent electron
tunnelling as described in section 2.1, the B-decay of the measured systems
could be estimated as approximately 8.2 nm*. Therefore, a difference of 0.6 nm
can be expected between the setpoints, where the setpoint 1pA should be at
1.7nm from the surface and the setpoint 0.1 nA should be at 1.1 nm from the
surface. The axial coordination between Au-TPy-CoDPP-TPy-Au was shown by
DFT calculations to require around 1.8nm3%° and, from this estimative, it is
expected that the 1pA setpoint to be able to coordinate through the metal centre
while at closer tip-surface distance other interactions between TPy and molecule

to occur.

Fig. 6.19 shows the 1d conductance histogram for each molecule
at the new pre-set parameters. Upon approaching the tip setpoint from 1 pA to
0.1 nA, a similar behaviour occurred to all molecules. The current signatures at
the range of 10 Go do not show up, which is caused by the hinder of some
conformations by the hexaphyrin with the proximity with electrode, whereas in
further tip-substrate distance a molecular junction through the axial conformation

is more likely.34°
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FIGURE 6.19 — Histograms acquired through blinking on 4-(thiomethyl) pyridine
modified Au for all the molecules synthesized at setpoint 0.1 nA or 1 pA. 1,2,4-
trichlorobenzene as solvent. The working bias voltage was set on +15 mV,

employing a tip electrode.

Fig. 6.20 shows the 1d conductance histogram for all the studied
hexaphyrins at setpoint 1 pA and a blink event from each current signature.
Comparing the several 1d histograms on same setpoint, it is possible to observe
trends when a metal centre is added to molecule. The free base hexaphyrin has
the current signatures corresponding to the backbone of the macrocycle, which
can be observed on all molecules and, for this reason, not highlighted. Upon
addition of Pd, there is a current signature at higher conductance range, around
10* Go and highlighted with a circle. This current signature is present on all the
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metallated systems, indicating that the tunnelling through this conformation is
dependent on the presence of the Pd. Observing the blink sampling on Fig. 6.20
for these metals, the blinks for this conformation are often short and infrequent,
resulting in a smaller amount of counts when compared to the macrocycle current
signatures. Upon addition of a second metal centre, represented as a square on
the conductance histogram, a second region is highlighted. On Pd-Ag hexaphyrin
a second current signature is well defined at 2*10° Go. This current signature is
present on the other histograms but not as enhanced, once the current signatures
corresponding to the macrocycle are present on all this range. On the case of Pd-
Cu hexaphyrin the featured current signature is at 1*10-°Go, showing a similar

current signature to the Ag interaction.

Lastly, an important information that can be retrieved is the average
lifetime for the blinks at each current signature. The 2D blinking maps was
created by the accumulation of hundreds of blinks, shown in Fig. 6.21. The
stability of the blinks can be evaluated through the average lifetime of the current
captures. For all molecules, there is a large distribution of current signature as
shown in the 1d histograms, where the weak interactions between them and the
modified electrodes made the blinks, on average, have a short lifetime of bellow
0.1 second. This is an issue that could be improved through proper

functionalization of the molecule, as it is demonstrated with further experiments.
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FIGURE 6.20 — Histograms (left) acquired through blinking on TPy modified Au
for the studied hexaphyrins, TCB as solvent. The working bias voltage was set
on +15 mV, employing a tip electrode. The setpoint for blinks was set as 1 pA.

Example of blinks for each current signature (right) on same conditions.
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FIGURE 6.21 — 2-dimension blinking maps were built by the accumulation of

hundreds of blinks at a common time x axis origin.

Fig. 6.22 shows the 1d conductance histogram for all the
studied hexaphyrins at setpoint 0.1 nA. As previously discussed it was possible
to restrict the current signatures by changing the setpoint of the measurements.
While at setpoint 1 pA it was possible to observe a pattern between samples, at
this condition there is no visible model for them. It is difficult without theoretical
simulation to understand this behaviour, once the conductivity of the molecule
depends of multiple factors, from the frontier orbitals energy difference from the
fermi energy level of the electrodes or its coupling with the substrate,3>® as
previously explained. To properly study this set of data, it is necessary
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computation studies to determine its possible conformations between modified

gold and then calculate its current signature.
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FIGURE 6.22 — Histograms acquired through blinking on TPy modified Au for
the studied hexaphyrins, TCB as solvent. The working bias voltage was set on
+15 mV, employing a tip electrode. The setpoint for blinks was set as 0.100 nA.
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6.4 — Partial Conclusion

The molecular conductance signatures of the
hexaphyrins could only be detected upon modification of the gold surface with 4-
(thiomethyl)pyridine. This could be reasoned by the lack of a robust interaction
from the molecules with non-functionalized electrodes and the difficulty of direct
anchoring through octahedric chelation of the metal centres with the 4-

mercaptopyridine.

Several conductance signatures in a same range
were observed due to plausible multiple contact geometries between the
molecule with the modified gold surface: from the several meso-pyrrolic ligands
to the bulky macrocycle through T1- 1T stacking as it have been observed in
previous works (refs). Some of these current signatures were evident to be the
due electron pathways directly through the metal centre over the macrocycle, in
which specific current signatures were observed uniquely under the presence of
the metal centres: around 1*10* Go for Pd-Hxp , 2*10-° Go for Ag-Hxp and 1*10-
5 Go for Cu-Hxp. The blinks corresponding to the macrocycle has shown a higher
stability than those related to the metal centres. All blinks were brief with an
average lifetime bellow 0.1 s. Upon decreasing the distance between tip and
substrate by 1.7 nm, several new current signatures could be observed with a
higher conductance value, up to 10 Go. This is possibly caused by stronger
interactions between the macrocycle and its metals centres and the TPy anchor.
However, due to the number of distinct current signatures and the broad
histograms obtained, it is not possible to infer over what interaction results in each
conductance. For further details on this experimental setup, it would be necessary
the study of related contact geometries and its conductance through theoretical

simulation, which is not the scope of this thesis.

There is a design flaw of the molecules of the study, in
which the presence of several meso-ligands is present, giving many distinct
interaction positions with similar current signatures. Further, the lack of a

functionalized group with strong interaction to the gold surface to further restrict
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the possible conformations of the molecular junction lead to broad bands in which
is difficult to distinguish the effect of the macrocycle and the metal centres as

other studies could achieve.
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7 — Conclusion

The absorption spectrum of the hexaphyrins is complex and the
band gap of the material cannot be easily determined through it. The optimal way
to determine its band gap is through fluorimetry, showing that for Free base
Hexaphyrin the optical band gap is 1.12V. With the metalation of the macrocycle,
there is a quench in it emission intensity until it is barely detectable. The optical
band gap is 1.12eV (monoPd Hxp), 1.17V (Pd-Pd Hxp), 1.20V (PdAg Hxp). The
insertion of the metal may lead to distinct decay modes, either vibrational or with
interaction with other molecules. The Pd-Cu Hxp doesn’t have an observable

emission spectrum.

The electrochemical behaviour of the hexaphyrins show distinct
quasi-reversible redox pairs. Upon addition of distinct metal centres, the potential
in which the reactions occur changes in function of the electronegativity of the
added metal. A similar behaviour with potential spacing between redox pairs
could be observed for all molecules, indicating a criterion for determining the
macrocycle processes potentials. The distance between first and second
reductions half wave potentials is in the range of 0.30V to 0.42V, from second to
third reduction half wave potential from 0.70V to 0.84V and from the third to forth
reduction half wave potential from 0.41V to 0.49V. The remaining potentials can
be easily related to each other because they have a strong influence from the

metal nature in the macrocycle.

The molecular conductance signatures of the hexaphyrins could
only be detected upon modification of the gold surface with 4-(thiomethyl)pyridine.
This could be reasoned by the lack of interactions from the molecules with non-
functionalized electrodes and the difficulty of direct anchoring through octaedric
chelation of the metal centres with the 4-mercaptopyridine. In the case of the 4-
(thiomethyl)pyridine it is likely that the molecule is also interacting through - 1
stacking with the macrocycle. Several conductance signatures in a broad range
could be observed due to several contact geometries possible between molecule
and modified Au substrate. These could be separated by a change in the distance
between tip-substrate. It was possible to detect conductance ranges specific for

current signatures for pathways through the metal centre over the macrocycle: of
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1*10** Go for Pd-Hxp, 2*10-° Go for Ag-Hxp and 1*10-% Go for Cu-Hxp. However,
several other current signatures were registered which interaction between TPy

and molecule cannot be easily explained.

Overall, while all these molecules could be characterized in this
study, several hindrances were observed due to improper molecule design. For
its electrochemistry analysis, the functionalization for better interaction with the
substrate would lead to an easier study and a possibility of its use in electro
catalysis, since a monolayer of these materials could be done and measured over
distinct solvents. For molecular electronics, reducing the number of meso-pyrrolic
ligands would lead to a great reduction in the current signatures observed. Further,
with the exception of the free base Hxp and the Pd-Pd Hxp, these molecules are
not symmetrical. A further improvement would be to have a protected group such
as acetomidomethyl group, which could be unprotected after adsorption on gold
and guaranteeing a single orientation of the molecule.

This thesis covered several distinct fields: organometallic synthesis,
electrochemistry and molecular electronics. Each of them could, by itself, be
further developed and result full project by itself, provided time and material would
be present. Time was a limiting factor for the synthesis, which the ideal molecular
design couldn’t be achieved for the study even after 2 years of dedication. The
lack of expertise in electrochemistry in non-aqueous medium and the small
number of molecules obtained, did not allow the application of coupled
techniques for a thorough investigation. Lastly, while the molecular electronics of
this molecules could be characterized, it was done only qualitatively due to the
molecule design. Overall, several techniques were learnt and developed, but it
was not possible to achieve the desire explanation on how the electron transfer

occur on these molecules.
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