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La utilizacion de moléculas aisladas como componentes electronicos es una idea fascinante que
ha atraido la atencion de multiples areas de la fisica esta ultima década. Pero la capacidad
de controlar el transporte de cargas a través de dichas moléculas depende fuertemente en
nuestro conocimiento de sus mecanismos de conductividad y del sendero que recorren las
cargas al interior de las moléculas. Con el motivo de estudiar este fenémeno, se midieron
exhaustivamente siete diferentes derivativos de porfirinas con estructuras similares.

Para medir la conductancia de de moléculas aisladas de porfirina se utilizé la técnica de
ruptura de juntura mecanicamente controlada (MCBJ por sus siglas en inglés). Esta técnica
utiliza nano-dispositivos fabricados mediante litografia en el cual un puente de oro de 100 nm
de ancho queda suspendido al centro de la muestra. Esta es flexionada con el fin de quebrar
y, luego, unir el cable de oro, formando nano-electrodos en los extremos de este. Con esta
técnica, una molécula puede ser atrapada para luego medir la corriente a través de esta.

Decenas de miles de curvas de conductividad fueron medidas. Para el anélisis de estos
datos se utiliz6 un algoritmo de clasificaciéon imparcial basado en aprendizaje de maquinas,
en particular se utilizé el algoritmo K-Means, el cual hace uso de la distancia o correlacion
de cada evento para clasificar las mediciones en diferentes clases. Al aplicar este método en
nuestro experimento se pudieron relacionar los diferentes valores de conductividad medidos
con rutas especificas dentro de la molécula por la cual las cargas pueden fluir.

La correlacion entre la presencia de cada clase en porfirinas con bloques estructurales
similares permiti6 su asignacion la ruta correspondiente. Con la serie de porfirinas medidas se
pudieron distinguir tres diferentes rutas de conductividad en un rango mayor a cuatro érdenes
de magnitud. La primera y principal corresponde a la molécula completamente extendida, de
manera tal que la conductividad se maximiza. Otras clases con menor conductividad fueron
observadas y se atribuyeron a la presencia de grupos espaciadores fenileno-acetileno en la
molécula.
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Using single molecules as electronic components for a new generation of electronic devices
is a fascinating idea that has attracted attention from many fields in science during the last
decade. However, the ability to control transport in single molecule devices depends heavily
on our understanding of the conductivity and charge pathway inside these molecules. To
study this phenomenon, for this thesis seven structurally related porphyrin derivatives were
repeatedly measured.

To measure single porphyrin molecules, the mechanically controlled break-junction tech-
nique was used. This technique is based on lithographically fabricated devices with a gold
wire and a suspended constriction 100 nm wide that can be bent in order to break and make
the wire, forming nano-sized gold electrodes. With this technique, a single molecule can be
attached and we can measure its conductance.

Tens of thousands of conductance traces were measured. To analyze these measurements,
an unbiased clustering algorithm was used. This algorithm is based on the K-means algo-
rithm, which can classify the data into different categories using the distance or correlation
of all the events. By applying this to our data we were able to link the different conductance
values extracted from the conductance measurements to the corresponding electron paths.

The correlation between the appearances of similar classes in particular sub-sets of the
porphyrins with a common structural motif allowed to assign the corresponding current
paths. The series of model porphyrins allowed to identify and distinguish three different
electronic paths covering more than four orders of magnitude in conductance. The first path
corresponds to the fully stretched molecule that gives the highest conductance. Other classes
with lower conductance were found and were related to the presence of phenylene-acetylene
spacers in the molecule.
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Chapter 1

Introduction

1.1 Motivation

Single molecular electronics is the field that studies charge transport through single molecules
or a few molecules in parallel. The field aims to exploit the functionalities of the molecules
in order to use them as electronic components. Because of the nanometer size of single
molecules, the field of molecular electronics is promising not only for application but also
to study the fundamental laws that govern quantum transport in these nano-scale systems.
However, for the same reason, the experimental measurements and modeling of molecular
systems are difficult to achieve, as they are too small to study with classical mechanics but
too big to simulate in all details using ab-initio, quantum mechanical methods.

1.1.1 History and current challenges

The field of molecular electronics was born in 1971 when Kuhn and Mann [I] measured the
conductivity of molecular monolayers. That same decade, Aviram and Ratner [2] attracted
the attention to the field as they proposed that a single molecule can work as an electronic
rectifier. This theoretical interest could not be proven experimentally until 20 years later
with the invention of the scanning tunneling microscope (STM) when the conductance of the
first single molecule was measured by Joachim and Gimzewsky [3], followed by Mark Reed
and co-workers [4] using the mechanically controllable break-junction (MCBJ) technique.
After that, the field of molecular electronics has grown incredibly and single molecules have
been integrated into, among others, optical detectors [5], electrochemical switches [6] and
photo-voltaic cells [7]. The study of molecular electronics also influences other areas such as
electronics and photonics, with applications in conducting polymers, organic superconduc-
tors, electrochromic, and more [§].

Nevertheless, significant challenges remain in the field [9] as key aspects of conductance like
the junction geometry or the molecule configuration can not be fully predicted. Some exam-
ples of these challenges are reproducibility, the lack of control in contacting the molecules and



discrepancy between theory and experiments, showing that there are still many interesting
questions to answer before applications of single molecules as electronic components.

1.2 Porphyrins: the molecular part of molecular elec-
tronics

Porphyrins are organic and aromatic molecules based on the molecular compound porphine.
They are found widely in nature, being of vital importance in biological systems. Some
examples are the chlorophyll in plants, hemoglobin and B12 vitamin in animals, bacterio-
chlorophyll in some bacterias and petroporphyrin in petrol and sediments [10].

b)

Figure 1.1: a) Molecular structure of a porphyrin and b) the different modules. The por-
phyrin consists of the porphine ring (grey), the core (yellow), spacer groups (green), bulky
groups (blue) and anchoring groups (red).

Porphyrins are attractive for molecular electronics because their synthesis is well estab-
lished, allowing to tune their chemical structure [I1]. In a modular way porphyrins can be
seen as depicted in Fig. , where we identify the porphine ring (coloured grey in the figure),
the core of the porphyrin where a metal ion (yellow) can be placed and side groups where
anchoring groups (red) can be used to attach the molecule to the leads and bulky groups
(blue) to prevent this attachment or spacer groups (green) as intermediate groups. The
porphine is the part that all molecules called porphyrins have in common, while the other
parts can be chosen in diverse combinations to obtain similar but yet different molecules. All
these combinations can be used to study the relation between the chemical structure of the
molecule and its electronic properties in a molecular junction.

1.2.1 State of the art

In previous studies, some of these combinations have been put to the test. Multiple studies
[12-16] measured the conductance of different porphyrins forming chains of various sizes in
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order to find the length dependence of the conductance. This has been found to follow the
relation o oc e ?%, where o is the conductance, L is the chain length and 3 is the attenuation
factor of the conductance per units of length. These studies show that porphyrins have an
ultra-low attenuation 8 factor [I7] or even a positive 5 factor in some cases [18], positioning
the porphyrins as good candidates for molecular wires.

Studies have also focused on changing different parts of the molecule to increase or stabilize
the conductance of the porphyrins, including different metal centers [19], anchoring [20)]
or bulky groups [21]. Similarly, other studies tried to identify the charge pathways inside
the porphyrins, changing the injection points [22] or comparing parallel with perpendicular
stacking [23]. These works compared the conductance and stability in each case, finding that
adding anchoring groups like thiol groups (-SH) increases the stability while inserting metal
ions like copper (Cu) can increase the conductance up to a factor of 2. Nevertheless, since
multiple configurations are possible, the experiment has shown a large spread in conductance
values. Because of that, the different conductance pathways through the molecule were not
identified and further studies are needed.

1.3 Hypothesis

Porphyrins have multiple functionalities that can be used in molecular electronics, like chem-
ical stability, light absorption and ultra-low attenuation factors for electronic transport. To
take advantage of these functionalities, it is important to have high stability and a high
conductance in the molecular junction. The stability is mainly affected by the structure
of the molecule and the injection point of the charges, while the conductance depends on
the contact-molecule interface and the pathways of charges movement inside the molecule.
Thus, changing the bulky groups allows us to modify the structure of the molecule, where
we expect to have a more stable molecular junction with planar structures. Next, adding
anchoring groups to the molecule can increase both the stability and the conductance as the
molecule is better attached to the contacts. We expect the molecules with thiol groups to
have better stability than without this anchoring group. Finally, the spacer groups and the
presence of a metal in the core of the molecules can affect the conductance depending on the
charge pathway.



1.3.1 Objectives

In this thesis, porphyrin molecules were measured using the MCBJ technique. This study
aimed to compare the conductance of different porphyrins with the same central part in order
to identify the conductance pathways.

Specific objectives

e Understand how to use the MCBJ technique to measure the conductance of stable
single-porphyrin junctions.
e Learn to fabricate nano-devices to be used in the MCBJ set-up.

e Analyze the measured data with clustering methods based on machine learning algo-
rithms.

e Interpret the data and draw conclusions from it, identifying the conductance pathways
in porphyrin molecules and how these are affected by changing the different modules of
the molecule like anchoring groups, bulky groups and incorporating metal ions in the
core.

1.3.2 Document structure

In the following chapters, first a theoretical approach to transport at the nano-scale will
be presented ( chapter [2), particularly the electronic transport in single molecule junctions.
Then, the clustering method used will be explained (chapter along with the limits of the
algorithm and the followed procedure. Next, the measurement of every molecule will be shown
(chapter , followed by the corresponding interpretations and the results of the clustering
analysis (chapter @ Finally, the conclusions and the last remarks are presented (chapter

6.d)



Chapter 2

Theory

In this chapter, the conductance mechanisms of a molecular junction are described. These
depend strongly on the dimensions of the system; the main ones to consider are the size of
the conductor, the Fermi wavelength and the elastic and inelastic mean free path.

The size of the conductor corresponds to the physical dimension of the device in the z, y
and z-direction (L,, L, and L, respectively). The Fermi wavelength A, on the other hand,
arises from the wave-like behavior of the electrons and is defined as the wavelength of the
electron with the highest energy of the system. The other two lengths are the elastic and
inelastic mean free path (I, and ls), corresponding to the average length in which an electron
can travel before an elastic or inelastic scattering event occurs, respectively. When an elastic
scattering event occurs, the electron energy and the phase are conserved; alternatively, in an
inelastic scattering event, the energy is not conserved and the information about the phase
is lost.

For the case of a molecular junction with gold contacts, when the temperature (7") is near
the absolute zero, the Fermi wavelength in the gold contacts is Ay ~ 0.5 nm. Depending
on the molecule, the size of the system L,, . can range between a few angstroms to a few
nanometers, while the elastic and inelastic mean free paths of the Au leads are of the orders
of tens of nanometers [24, 25]. These values are strongly related to environmental variables;
a higher temperature leads to a shorter [, and a higher number of impurities or vacancies in
the material decreases [,. The scenario described above corresponds to the quantum ballistic
regime of transport as Ay ~ L, . < l. < ls. In this case, the electron can travel from one side
of the system to the other without undergoing neither elastic nor inelastic scattering. Thus,
the conductance does not depend on the length of the system and there is no dissipation on
the wire, which occurs only in the Drain contact.

2.1 Scattering formalism

In this section, we calculate the current through a nano-size contact using the scattering
formalism. The schematic of the device is presented in Fig. [2.0]a and [2.1I]b, where the
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quantum wire is connected between two electrodes with or without a scattering region in the
center. In Fig. 2.IJc the energy state diagram is shown when a fixed bias is applied to the
quantum wire without scattering.

a) v y 4
4/ N
. E
wire F*_
z axis .
BN ‘"
b) _ i, T i), A v k
Hs - — L 0
«— Ig \ ~— Ip N

. . Vis=(us-tp)lq
scattering site

Figure 2.1: Schematic of the system for the case of an ideal quantum wire a) without and b)
with a scattering site in the center. c) the energy state distribution diagram of the quantum

wire presented in a) when multiple energy levels are considered. Figures extracted fro Ref.
[26)

In the ideal one-channel case without scattering nor reflected charges, we can model the
molecular junction as a quantum wire between two reservoirs like in Fig2.Tla with a transpar-
ent scattering region, where the electrons can move freely in the z-direction but are confined
in the other two dimensions. If the chemical potentials of the source and drain are the same
(s = pp), there is no current through the system. But if a bias V' = (ug — up)/e is applied
between both contacts, a current can flow through the quantum wire from source to drain.
At zero temperature, the total current is given by [26]

I=e- N/, (2.1)

where N is the number of electrons and 7 is the transit time, defined as the time required to
cross the quantum wire from one reservoir to another. The transit time is expressed as

T=1L,/v,
1 E 2.2
with v = 7 fli_k (22)

Here, L. is the length of the quantum wire, v is the group velocity and E and k are the
energy and wavenumber of the electrons. The number of electrons that play a role in the

total current is equal to the number of states between the chemical potential of the contacts
(Fig. 2.1]b), where each state occupies Ak = 27/L. This is represented as [27]
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N =2 [ —dk 2.
[ e (23)
kp

where the factor of 2 comes from the spin degeneracy and kg p are the wavenumber of the
electrons on the leads that correspond to the chemical potentials j1s p. Combining Eq.
with Eq. 2.3 we obtain

ks
L 1dFE

kp

Changing the integration variable to energy, the total current takes the form:

us
2e 2e

I'=— [ dE =~ (us — pp). (2.5)

H“D

Finally, to calculate the conductance of the quantum wire, we divide Eq. by the applied
bias V' = (s — up)/e to obtain its conductance:

Go= . (2.6)

The quantity Gq is called the conductance quantum and corresponds to the conductance
of a perfectly conducting quantum channel. An extension of this result can be used for less
ideal systems where scattering events can occur in the channel. We can model that case as
a non-transparent scattering region in the quantum wire (Figb). Then, the conductance
through the channel is related to the transmission probability 7 as

G=T: Gy (2.7)

As a simplified picture, in the case of an Au point-contact 7 = 1, as the single-atom junction
acts as an ideal quantum wire. On the other hand, in a molecular junction, the transmission

probability is normally of the order of 7 ~ 107, leading to a conductance much smaller than
Go.

If we generalized for a case where multiple channels are involved in the charges transport,

we can write the conductance as a sum over all the available channels where each one has a
transmission probability 7,,:

G=Goy T. (2.8)
n=1



Following this approach we reach the so-called Landauer formula [28] 29]:

_ G_ / T(E) - [f(E, ns) — f(E, pp)] dE, (2.9)

where f(E, p1sp) is the energy distribution of electrons on the leads that can be described
with the Fermi-Dirac distribution

B = o (2.10)

2.2 Molecular orbitals

In this section, we will apply the analysis done before for the case of a molecular junction.
Let’s consider a single molecule connected to two gold contacts as illustrated in the schematic
of Fig. 2.2la. To apply this formalism, we model the electrons in the molecule as an ideal
Fermi gas. In a single molecule, electrons are situated in orbitals around the nuclei. These
orbitals, called molecular orbitals, have discrete energy levels filled from the lowest energy to
the highest energy, as presented on the left side of Fig. 2.2/b. The most important orbitals for
charge transport are the lowest unoccupied orbital (LUMO) and the highest occupied orbital
(HOMO) because they are the closest to the Fermi energy and thus they can contribute to
the charge transport through the molecule.

a) source drain

A+

‘ molecule ‘

Energy

Figure 2.2: a) Molecular junction consisting of a single molecule attached to two gold con-
tacts. b) Molecular energy levels before (left) and after (right) attaching to the contacts.



Similar to the case of a one-dimensional quantum wire, if the chemical potentials of the
source and drain are the same (us = pp = Ey), there is no current flowing through the
system. To allow the current to flow, we need to apply a bias between the contacts, and a
molecular energy level has to lay between the chemical potentials (the bias window). The
transport occurs through the energy level closest to the Fermi energy. Depending on the
position of the molecular orbitals with respect to the Fermi energy, this energy level can be
either the HOMO or the LUMO.

If we consider a single molecule without interactions with the environment, the energy
levels of the molecular orbitals can be described as a Dirac delta function. Nevertheless,
when the molecule approaches a metal surface, the wave function of the molecule starts to
overlap with the wave function of the metal [30]. This overlap can lead to the formation
of chemical bonds between the molecule and the contacts, affecting directly the molecular
orbital by broadening its density of states (right side of Fig. .b). This interaction between
the molecule and the electrodes is represented by the electronic coupling I' = I's +1'p, where
I's p are the electron transfer rate at the source and drain between the molecule and the lead.

If the couplings are weak, the molecular orbitals are almost not affected by the electrodes,
so we can consider them as discrete. As the interaction between the molecule and the
electrodes is weak, if an electron is transported into the molecule it stays there long enough
to lose the information of its phase before it is transported out of the molecule. This is called
sequential tunneling. On the other hand, if the coupling is strong, it causes level broadening
and hybridization of the molecular energy levels with the ones from the leads, where the
transport is mainly coherent tunneling, i.e., the information on the phase is preserved. The
latter is typically the case for single molecule junctions at cryogenic temperatures, whereas
at room temperatures the coupling is in an intermediate regime between weak and strong.

For small molecules, the energy spacing between molecular orbitals is typically much larger
than the bias window, so we can assume that only one energy level is present in the system.
This model is called single-level model. To use this model in the analysis discussed in the
previous section, we will now focus on the strong coupling regime, where the transport is
mainly coherent. In this model, the transmission probability in [2.9)is written as

I'sI'p
I's+1Ip

I'sI'p
(B —¢)?+ (Ts+Tp)2/4’

T(E) = 21

E)= (2.11)

where D(FE) is the density of states. This distribution is typically modeled as a Lorentzian
distribution centered around an energy e, expressed as

| g+ T
D(E) = G tE o+ (Ts s T/ (2.12)

Thus, the equation [2.11] can be written as

TsTp

TE) = oy (Ts 1 Top/A

(2.13)
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If we assume symmetric coupling (I's = I'p = I'/2) we can obtain an analytical solution for
the current:

(V) = G—ZF [arctan <50+F_6V/2) — arctan (%_F—GV/QH : (2.14)

where g9 = Ey — ¢ is the level alignment. The details of the description and analysis of this
model can be found in Refs [31, 32]. As a brief explanation (see Fig. [2.3), the I(V) curve
has an S-like shape with an abrupt increase in the current when the level approaches the
resonant condition |eV//2| — €. An increase of the coupling I' leads to a less abrupt shape and
also to a high saturated current, changing the level alignment ¢ shifts the resonance position,
and larger || moves apart from the positive and negative resonance. The transmission gap
between these two positions delimits the off-resonant transport regime.

a 54 b 10 -

Current (pA)
(an]

I'=1meV
I'=5meV
— ['=10meV
— ['=20meV
-5 T T T —10 T I
-1 0 1 -1 0 1
Bias voltage (V) Bias voltage (V)

Figure 2.3: Figure extracted from Ref. [32]. a) Shape of I-V curve for I' = 20 meV for
different energy positions of the single level. Bringing the single level closer to E results in
a higher zero-bias conductance. b) By reducing the total electronic coupling The constant
current level at high bias is reduced and the step in current becomes narrower.

This model is frequently used in the literature to fit experimental data. With this curve
shape, it is possible to extract the level alignment ¢ and the broadening I' of the molecular
junction. Nevertheless, the extracted parameters have to be carefully interpreted as this
curve is only suitable for the case of a single-level model in the strong coupling regime at
low bias, where off-resonant coherent transport takes place and fails to fit the experimental
results at high bias.

2.3 Tunneling current

To understand what happens in the case where no molecule is bridging the gap between both
contacts, we can model this gap as a rectangular barrier U(z) with a potential energy of ¢
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and a length d. Thus, the energy landscape is given by

AE

Source Gap

|
NO/NE

<~ Hp

Figure 2.4: Schematic illustration of the energy landscape in the case of tunneling. The
barrier has a height ¢ and a width d. The red line represents the electron wave-function.

Ul(z) {(b z © [O’d]_ (2.15)

To obtain the transmission probability of this system, we will consider the electrons as travel-
ing planar waves coming from the source electrode. Then, the wave-function of the electrons
can be expressed by the time-independent Schrédinger equation:

2 dy(x)

S L U(a)(a) = Bul), (2.16)

where FE is the energy of the electron. We can obtain the solution of the Schrodinger equation
for each region independently

- gk + Cy - g ke z <0

Y(x) Cs- ¥ 4 Cy- e 0<a<d (2.17)
Cs - e x> d,
where
2m(¢p — E) , 2m(E)
k= o F = (2.18)



Notice that the exponential along with the constants C and C5 correspond to the incident
and transmitted wave, respectively. Thus, we can obtain the transmission probability 7 (E)
as T(E) = (C5/C4)?. If we apply the boundary conditions that ¢ and d¢/dx are continuous
in the two intersections of our model, we can obtain the transmission probability as

T(E)= (%‘:) = exp(—2d\/2me(¢ — E)/h). (2.19)

Finally, if we use Eq. 2.19 and Eq. [2.I} we can obtain the so-called Simmons equation for
the current density [33]:

m

where V' is the bias voltage and A the electrode area. Figure 2.5 shows the characteristic IV
curve calculated with the Simmons equation for different barrier height. As can be seen, the
shape of these curves is similar to the ones from figure [2.3 near-zero bias voltage. However,
these curves are smooth and do not have a saturation level.

1.4 -
——¢=0.1
—— =03
0.7t ¢=05
< —— =07
= — =09
§ 0
S
@)
-0.7
-1.4 : : :
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Figure 2.5: Current trough a tunnel junction, simulated by using the Simmons model (pro-
grammed in Matlab, extracted from Ref. [34]), where ¢ varies between 0.1 and 0.9.

12



Chapter 3

Methodology

All the measurements carried out for this thesis were done using the mechanically controllable
break-junction (MCBJ) technique. The mechanism of this technique works as follows: a thin
gold wire is deposited on top of a flexible substrate. The constriction is 100 nm wide and is
suspended after etching the sample with oxygen plasma. This substrate is clamped on both
sides to a three-point bending mechanism, shown in Fig. 3.1 The substrate is then bent by
a pushing rod stretching the gold wire until it breaks. Thus, both ends of the broken wire
act as electrodes. The gold wire can be fused again moving the pushing rod back, allowing
to break and make the junction thousands of times without noticeable deterioration of the
wire. Because of the geometry of the sample, the vertical movement of the pushing rod is
related to the horizontal movement of the electrodes with a ratio of the order of 1 : 1075,
allowing sub-nanometer control over the separation of the electrodes.

Clamps

Pushing rod Flexible substrate

Figure 3.1: Schematic of the architecture of the MCBJ technique.
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3.1 Experimental set-up

A detailed description of the MCBJ set-up can be found in [9, 30, B35, [36]. Here, only a
brief explanation of the important features will be presented. The diagram of the set-up is
illustrated in Fig. [3.2l The set-up description can be separated into mechanics, electronics
and programming parts.

—>» Electronics Dipstick
——» Mechanics W

Control modules J »  Actuators

Computer

Acquisition
modules

\ 4

Measurement

modules Sample

i
{

A

Figure 3.2: Diagram of the MCBJ set-up used. The description can be separated between
mechanics (right), electronics (center) and programming (left).

3.1.1 Mechanics

The sample is positioned in a three-points bending mechanism (Fig. .a) and can be
deformed in two ways: moving the pushing rod up or moving the sample down. The former
is done by a piezoelectric element positioned at the back of the bending mechanism. This
element pushes a cantilever connected to the pushing rod, as shown in Fig. [3.3]b. For the
experiments, a commercial piezoelectric element from Physik Instrumente is used, which has
a maximum speed of 800 um/s with a step of 150 pm. This element is responsive and fast,
but with a limited displacement range. The latter is done by controlling the clamps, which
are connected by a differential screw to a driving axis, controlled by a servo motor positioned
on top of the set-up (See Fig. 3.3]c). A brushless servo motor from Faulhaber is used. The
motor has a maximum speed of 5 ym/s with a minimum step of 0.1 ym. This element has a
large dynamic range but it is relatively slow in comparison with the piezoelectric element.

The function of the motor is to bring the substrate to a bending close to the rupture
point of the gold wire since it has a large dynamic range. The motor increases the tension
slowly and when the junction is broken, the motor stops and the piezoelectric element is
used to move the electrodes just before breaking. Then, the piezoelectric element breaks and
makes the junction at a higher speed while the conductance is been measured. This type of
measurement is called fast-breaking measurement.
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Figure 3.3: MCBJ set-up schematic. a) Three-point bending mechanism with a sample
inside; b) piezoelectric element; ¢) motor actuator (top) connected to the bending mechanism
(bottom). Some figures were extracted from [9.

3.1.2 Electronics

The electronics can be subdivided in control and measurement electronics. The control
electronics are composed of the piezo controller and the motor driver. The piezo controller
is connected to an ADwin Gold unit which is operated by the computer. The motor driver,
on the other hand, is connected directly to the computer.

The measurement electronics components were developed by Raymond Schouten (TU
Delft). These are hosted in a shielded rack (IVVI rack) powered by two batteries to avoid
the noise coming from the power line. A fixed bias voltage is applied to the junctions
and the current is measured to obtain the conductance. The current is measured with a
transimpedance logarithmic amplifier, with a precision of ~ 10 pA and a dynamic range
of about ten orders of magnitude. This wide range allows us to measure the conductance
of a gold junction (~ 1 Gy) and a molecular junction (~ 1075 G;) without need to change
amplifier. The analog signal from the IVVI rack is converted to a digital signal by the ADwin
Gold and then sent to the computer.
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3.1.3 Programming

The experimental set-up is almost completely controlled by computer. Homemade Python
scripts are used to control and measure both the motor and the ADwin. This, in turn, controls
the piezoelectric element and measure the analog signal. To interact with the ADwin Gold,
a homemade library in ADbasic is used.

3.2 Measurement procedure

The samples are bent thousands of times to break and make the junction. During this
process, the conductance is constantly being measured. A conductance trace consist of the
measured conductance G as a function of the electrode displacement d. In the case of a
clean junction (i.e. before molecule deposition) the conductance of the wire before breaking
decreases with the displacement as its cross-section decreases. The conductance continues
to decrease until the junction is a single atom wide. In this case, the conductance is equal
to the conductance quantum 1 Gy. Further bending results in the breaking of the junction.
Because of the tension before breaking the electrodes snap-backs, making a gap between them
so the conductance drops drastically. The current that can still be measured is now caused
by the tunneling effect between the electrodes, which decays exponentially as a function of

displacement (Fig. in purple).

If a molecule is around the junction at the breaking point, it can bridge the gap between
the electrodes when the junction is broken. The conductance is now through the molecule
and a step or plateau is present in the conductance trace as the conductance remains roughly
constant, until the connection is lost and the conductance drop to the noise level (Fig. (3.4
in red).

L

Conductance [%]

0 4 8 12
Electrode displacement [nm]

Figure 3.4: Semi-logarithmic plot of individual conductance traces for the case of with (red)
and without (purple) a molecular junction. The traces are horizontally displaced for clarity.

To measure single molecules in dry conditions, the molecule is prepared in a solution
with a concentration of 0.1 mM. Then, a small amount of the solution is dropcasted at the

16



center of the sample. After the solvent is completely evaporated the measurement starts. As
a general rule, the bare gold (before dropcasting molecules) is always measured before the
molecular measurements with the same parameters in order to have a control measurement.
Thus, only samples with clean control measurements are used.

3.2.1 Histogram generation

We measure the conductance versus the displacement of the junctions. As the geometry and
the dynamic of the junction cannot be controlled at the sub-nanometer scale, especially at
room temperature, measuring only one conductance trace is not enough to draw conclusions
about the conductance value. Therefore, we measure thousands of traces and we look for
the most common and reproducible behaviors. To picture these behaviors, all the traces are
merged into a two-dimensional (2D) histogram, where the diagram is divided into bins and
the color scale reflects the number of counts on each bin. Then, if multiple traces follow the
same behavior, a clear pattern is present in the 2D histogram (see Fig. a).

Another useful representation of the data is the one-dimensional (1D) histogram, where
only the conductance distribution is presented. In this case, each bin represents the number
of counts with similar conductance, independent of the displacement. This can be seen as
the sum of each row of the 2D histogram (Fig. b). As the range of conductance is 7-8
orders of magnitude wide, all the histograms in this thesis, both one and two dimensional,
have a logarithmic scale in the conductance axis.

1=+ 1 G, peak

Molecular
A ‘,'
plateau
4

Conductance [G,]

- Noise level

Electrode displacement [nm] Counts [a.u.]

Figure 3.5: a) 2D histogram and b) 1D histogram of an example measurements. In the image
the 1 GGy, molecular plateau and noise level are indicated.
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3.2.2 Distance calibration

The relation between the vertical displacement of the pushing rod and the horizontal dis-
placement of the electrodes is called attenuation factor. As the junction structure can change
between samples because of small differences in the fabrication process or positioning of the
sample, the attenuation factor is not a fixed value between different samples. Two methods
can be used to obtain this value: the length of the 1 Gy plateau and the steepness of the
tunneling slope (Fig. [3.6)).
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>
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107" 2 l‘
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8 1o Length 1G, plateau [nm]
IS
s B
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S i
10°° . c)

10¢ @

Counts[a.u.]
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0 1 2
Electrode displacement [nm]

-30 15 0 15
Tunnelingslope [dec/nm]

Figure 3.6: a) 2D histogram of a bare gold measurement. b) histogram of the length of
the 1 Gy plateau. c¢) Slop histogram of the tunneling decay, where the vertical dashed lines
represent the theoretical values for different work functions.

The 1 Gy plateau comes from the single Au atom junction prior to the breaking event. The
inter-atomic distance of this chain has been shown to be 0.25 nm [37]. Thus, the attenuation
factor can be chosen so the median value of the 1 Gy plateau is similar to the expected value

(Fig. [3.6]b).

The second method to calibrate the distance is to use the bare gold measurements to
obtain the tunneling slope. To do this, we can use the Simmon’s equation (Eq. [2.20) from
the last chapter. For the case where eV < ¢; the current has an exponential relation with
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the displacement [38§]:

I(d) o< exp(—2dy/2mep/h). (3.1)

In a logaritmic scale, we can obtain the theoretical tunneling slope if we consider the gold
work function to be ~ 5 eV (Fig. [3.6]¢):

— %«/Qmegb ~ —10 dec/nm. (32)

Each method has its benefits and drawbacks. The first method is considered the most effec-
tive one, but not all the breaking events present a well defined 1 GGy plateau and the length
histogram is not easy to fit. While the second method shows good results for cryogenic tem-
peratures, at room temperatures it is experimentally found that the gold work function can
change depending on the environmental conditions, affecting drastically the expected slope.
Using both methods, together with having control measurements, can assure an acceptable
calibration. Nevertheless, claims based on plateau length in molecular measurements should
be treated carefully.
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Chapter 4

Data analysis

Break-junctions measurements are intrinsically stochastic. Therefore, they require the acqui-
sition of large data sets to gain insight into the electronic properties of the molecule under
study. Hence, there is a need to develop statistical tools for the analysis of the measured
data, in order to capture the complexity of the molecular junction. To achieve this, the
first step is to separate the interesting events (molecular traces) from the uninteresting ones
(tunneling traces). This is not an easy task as the percentage of molecular traces is generally
low and their breaking behavior is a prior: unknown.

Different techniques have been used to filter the data in the past with different benefits
and drawbacks [39, 40]. But conventional analysis has a strong focus on the most prominent
class of signals and smaller groups in the data may remain unnoticed. To overcome the
current limitations, many efforts have been made to introduce machine learning in the data
selection, using techniques like vector-based analysis [41], density peaks clustering [42] or
hierarchical data structure [43].

Machine learning provides a great advantage, as it allows us to select the data in a me-
thodical and unbiased way. Machine learning tools can be subdivided into two main groups:
supervised and unsupervised learning. Supervised algorithms are based on the fact that the
result is known, so the algorithm can be trained with data already processed until the output
is equal to the expected result. An example of supervised learning is the artificial neural
networks used in image recognition to identify, for example, dogs an cats. As the result can
be found easily by the user, the neural network is trained with selected images where the
labels “cat” or “dog” are known until the algorithm can predict the labels of new images with
low error rate.

In contrast, unsupervised learning is implemented when the result is unknown or when less
human intervention is needed. This type of algorithm is used to detect underlying structures
of the data that otherwise is not clear how to distinguish. An example of this is the customer
segmentation of a brand or shop, where the purchasing history and customer behavior can
be used to identify associated patterns.

In this thesis, the unsupervised K-Means clustering algorithm was used to filter the mea-
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sured data, following the procedure of [44], which will be explained in this chapter. First,
a general qualitative explanation of the K-Means algorithm will be given, followed by how
the data is represented in order to use this algorithm. Then, the general procedure and the
limitations of this technique are presented.

4.1 K-means algorithm

The K-means algorithm is a very popular clustering algorithm due to its conceptual simplicity,
low computational cost and scalability [45]. K-means is a classification algorithm that seeks
to split the data in a given number of clusters or classes.

To explain the algorithm, let us consider a dataset where 2 variables are collected [46].
The data points can then be presented in a 2D plot where each axis represents one variable,
as in Fig. left. This is called the feature space. Then, we want to split the data into
4 different clusters. In K-means, the first step is to initialize the centers or centroids of
the clusters at random positions. Then, a first classification is made: Every point will be
assigned to the centroid that is closer to it. We will call this step the E-Step. The next step
is to evaluate the new center of the cluster. The new position is calculated as the average
position of all the points that belong to that cluster. We will call this the M-Step. With
the new position, some points are now closer to a different centroid and will be assigned to
that cluster instead. Thus, the E-Step and M-Step are repeated until the new position of the
M-Step is the same as the old position, and the final clusters are selected.

.Random Initialization ‘*, E-Step “_ E-Step ‘*_ E-Step Final Clustering
N " ; 2
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® ‘ "
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f‘ w\f"*_ “M-Step l"* M-Step . _’.

o || "\/ >

Figure 4.1: Step-by-step evolution of the K-means algorithm (from left to right). For the
description of each step, see the main text. Figure extracted from Ref. [47]

Depending on the input data, the final results can vary from one initialization to another.
Therefore, to optimize the classification task, the K-means algorithm is run multiple times
with different initial parameters. The final classification result is the one corresponding to
the smallest cost function, defined as the sum of the squared distances from each point to its
centroid.
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4.2 Feature space and data representation

The feature space used in this thesis is described in [44]. The creation of this feature space is
partly inspired by the well-known MNIST dataset for handwritten digits, where the images
of the digits are reduced to a 28x28 pixel images [48]. In the present case, each breaking
trace is converted into a 2D histogram image with a resolution of MxN bins, where M and
N are chosen by the user, as it is shown in Fig. [£.2 Then, every image is converted from
a matrix to a vector. This vector is called feature vector and corresponds to the position of
each trace in a new space called feature space, where each bin of the feature vector represents
one dimension in the feature space, and the value of that bin is the coordinate value of the
trace in that dimension (similar as in . As the histograms have M xN bins, the clustering
algorithm has to deal with a high-dimensional feature space.

10° 1 30 I'._ 32x25 pixels
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0 r 2 3 5 10 15 20 25
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Figure 4.2: Feature space generation. Each conductance trace (left) is converted to a 2D
histogram (right) with MxN pixels or bins. Each bin represent a dimension of the feature
space and the number of counts of them is the coordinate value on that dimension.

To gain more insight into the molecular junction, each conductance can be also represented
in a 1D conductance histogram with L number of bins. This can be added to the feature
space as extra dimensions, leading to a feature space with M xN+L dimensions. Notice that
even though the clustering method works in a high-dimensional space, the final clusters are
then converted back to 2D and 1D histograms showed previously in order to illustrate the
analyzed data in the same way as the raw data. As an example, in Fig. [4.3] the raw data
of a molecular measurement is presented along with three different classes after using the
clustering method explained here.

4.3 General procedure and limitations

In the case of MCBJ measurements, the first and most important step is to be able to split
empty traces (traces only with exponential decay attributed to tunneling) and molecular
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Figure 4.3: Example of the results using the clustering method explained in this chapter. On
the left, the raw data of a porphyrin-based molecule is presented, while on the right, three
classes obtained after clustering are shown. Notice that the empty class is not presented (See

section .

traces (traces with plateau-like features or peaks in the 1D histogram). For that purpose,
the following procedure is used to choose the number of clusters:

1.

Each conductance trace is converted to a 2D semi-logarithmic histogram with 32x20
bins and a 100-bins 1D logarithmic histogram (see section . The resolution of the
2D histograms is chosen to be 4 bins per decade (vertical axis) and 1 bin per angstrom
(horizontal axis).

. The K-means algorithm is used with 100 different initialization (see section [{.1). As a

first step, a low number of clusters is used, normally 2-3 clusters.

. If the result is not satisfactory, the algorithm is run again. The number of classes is

increased until the empty traces can be visually separated from the molecular traces.

. Then, the K-means algorithm is used only in the empty cluster to create sub-clusters

and thus be sure there is no molecular signature inside it.

. If needed, sub-clusters can be created in the molecular clusters to split different con-

figurations.

Finally, similar classes are merged to present the final result. As a general rule, two
clusters can be merged if they present a similar breaking pattern and the 1D histogram
of the merged data shows a single peak.

4.3.1 Limitations

To understand the limitations of the classification procedure, we have to understand which
are the assumptions behind it. K-means algorithm has three implicit assumptions [49]:

e All the variables have the same variance,

e Clusters are spatially distributed, i.e., the distribution of each variable is spherical,

e Fach cluster has almost the same number of observations.
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Raw data ' K-means

Figure 4.4: a) Example of a 2 dimensional set of data where each variable has different
variance. b) example data and c¢) after using K-Means, where it fails to separate the 3
classes. Figure extracted from Ref. [50]
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Figure 4.5: a) example data where the second assumption is not fulfilled. b) results after
using K-Means with 2 clusters are shown. K-means fails to cluster the two rings in a Cartesian
representation. c) changing to polar coordinates the algorithm works correctly. Ref. [49]
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Figure 4.6: Example where the third assumption is not fulfilled. At the left, the raw data
is presented and, at the right, the results after using K-Means with 2 clusters are shown.
K-means fails to separate the small group with the rest of points. Ref. [51]
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If any of the assumptions are not met, the algorithm will “fail” in classifying the data, i.e.
the clusters cannot be found in a single run. Although the first and second assumptions can
be met changing the way of representing the data (see Fig , the third assumption depends
strongly on the measurements and cannot be controlled. Even more, the high dimensional
feature space in our procedure makes it difficult, to see if the first 2 assumptions are really
fulfilled. However, even if the algorithm “fails”, the method can still be used to analyze the
data if clusters are merged and sub-clusters are made, although the result, in that case,
depends on the procedure used.

Finally, it is important to stress that every conductance trace measured is different, so
general conclusions about the properties of a molecule must arise from a statistical analysis
of the whole data set and not from an individual or few traces. Thus, the number of clusters
cannot be separated from the experimental resolution nor the physical interpretation.
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Chapter 5

Conductance measurement of porphyrin
molecules

The results presented in the following chapters were published and can be found in Ref. [52].
All the molecules measured for this thesis were synthesized by Patrick Zwick from the Mayor
group at the University of Basel.

Porphyrins are attractive to study as they are present in a variety of biological processes in
nature. In particular, they are interesting for molecular electronics as they are stable, easy to
synthesize and have low attenuation ( factor (see Section . In this project, we studied the
influence of structural features of porphyrin-based compounds using the MCBJ technique
for transport measurements. For this reason, we synthesized seven different compounds
with similar geometry, changing the bulkiness of the substituents and adding or removing
anchoring groups and metal ions in the center of the structure.

The chemical structure of each measured porphyrin can be found in Fig (.1 Every
molecule was methodically and purposefully synthesize in order to study the influence of
every module in the conductance of the molecule. Compound P1, P2 and P3 share the
same linear backbone, consisting of the porphyrin core, phenylene-acetylene spacers and
thiol anchoring groups, but vary in their lateral bulky groups. These measurements are used
to study the influence of the bulky groups. On the other hand, ZnP1, a variant of P1 which
includes a Zn(II) ion in the center of the molecule, is employed to investigate if the presence
of a metal center affects the conductance of the porphyrin.

R1, R2 and R3 are based in the compound P1 as they possess the same lateral bulky
groups and are used to investigate the role of the anchoring groups and the spacers. R1 has
the same structure as P1, but only one side exposes the anchoring groups with the spacer,
while at another side both groups are replaced with a bulky group. Similarly, in R2 both
sides were replaced with bulky groups, leading to a molecule with bulky groups only. And
finally, R3 has a similar backbone as P1 but here only the anchoring group is replaced with
the bulky group, without taking off the spacers.

26



Figure 5.1: a) Structural designs of P1, ZnP1, P2 and P3; b) structural formula of R1,
R2 and R3. The different parts of the molecule have been coloured dividing the anchoring
groups (red) and the bulky side groups (blue). The molecules are synthesized with R=acetyl,
but upon deprotection at the electrode surface, R represents either a hydrogen atom or the
gold electrode.
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Figure 5.2: a)-g) Two-dimensional (2D) conductance versus displacement histograms built
from 10 000 consecutive breaking traces of P1, R1, R2, R3, ZnP1, P2 and P3. no data
selection was made. All measurements were performed with a bias of 100 mV and a bending

speed of 6 pm/s at room temperature. The insets represent the chemical structure of each
measurement.
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For each molecule, 10 000 consecutive traces were recorded without data selection. The
bias voltage used for all the measurements was 100 mV. Fig. [5.2| shows the 2D histograms of
every molecule.

As can be seen from Fig. 5.2 P1, P2, P3 and ZnP1 show a very well defined plateau
with a conductance value above 1 x 107*Gy longer than 2 nm, whereas R1, R2 and R3
do not show this clear feature. To illustrate this difference, examples of individual breaking
traces recorded for P1 and R2 are presented in Fig. [5.3
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Figure 5.3: Examples of individual conductance breaking traces for a) P1 and b) R2 (with
a horizontal offset of 3 nm for clarity).

To get more insight into the electronic properties of the porphyrins, we employed the
unsupervised clustering algorithm mentioned in section 4.1} Using the raw data of the seven
different molecules, we identify classes of common behaviors in the breaking traces and their
correlation with structural features of the molecules, intending to link each of them to a
different electron pathway across the porphyrins. In figure three of the four classes from
P1 are shown. Class A-C are associated with the presence of a molecule inside the junction,
while Class D (the excluded one) contains the traces in which no molecular junction has been
formed and only shows the exponential decay typical of tunneling through a barrier. More
information can be found in the Appendix.

In this case, Class A constitutes 64.7% of the molecular junctions and contains the traces
that exhibit a plateau of about 2.2 nm length. A log-normal fit to the peak in the 1D
conductance histogram reveals it being centered around 2 x 107Gy. The traces grouped in
Class B (28.8%) form a slightly shorter and wider plateau, centered at 3 x 107°Gy. Finally,
Class C (6.5%) shows a broad feature centered at 2 x 1079Gy. The three classes together
constitute 12.6% of the total traces.

To investigate the stability of the molecule in the junction and to get more information
about the different classes, self-breaking measurement was also performed for the case of the
compound P1.
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Figure 5.4: Clustering analysis of the conductance properties of P1. a-c) Two-dimensional
histograms of the three different categories of breaking traces obtained from the reference-free
cluster analysis applied to P1. d) One-dimensional conductance histograms corresponding to
Class A, B and C. By fitting a log-normal distribution to the one-dimensional histograms, we
can extract the conductance peak positions at 2 x 1074G for Class A (64.7% of the molecular
traces), 3 x 107°G) for Class B (28.8%) and 2 x 105Gy in the case of Class C (6.5%).

5.1 Self-breaking measurements

Unlike fast-breaking measurements, in self-breaking the piezo element is not used to open
and close the junction. In these measurements, the piezo element bends the sample until the
conductance is close to 1 Gy, just before breaking. Then, the piezo stops and it waits for the
junction to break by itself because of the tension in the constriction. If no molecule is around
the junction, the conductance drops to the noise level and the junction is merged again for a
new measurement. But if a molecule is attached to the gold electrodes, the junction will stay
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open and recording the conductance as long as the molecule can be attached. Thus, if the
molecule can form a stable molecular junction, it can be attached for longer periods. This
kind of measurements allow us to probe the lifetime of the junction, which is a consequence
of the strength of the binding, and the conductance value of the molecule in a configuration
that does not necessarily coincide with those obtained in fast-breaking measurements.

In figure the self-breaking measurements of P1 are presented. The plateaus between
3 x 107° and 1 x 103G are the most stable ones, with a junction lifetime up to 5 minutes.
The longest self-breaking traces can be mostly associated with the Class A from the fast
breaking. Note that the peak around 3 x 1075G| present in the 1D histograms is attributed
to long traces (up to 300 seconds, the time limit of the measurements) corresponding to Class

A.
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Figure 5.5: Self-breaking measurements for P1. a) Average conductance vs time of 384 self-
breaking traces. The maximum recorded time was 300 seconds. b)-c) Examples of single
traces corresponding to Class A (red), Class B (green) and Class C (blue). e) 1D histogram
of self-breaking traces (purple area) and fast-breaking traces for each class (solid lines).
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Chapter 6

Analysis and discussion

In this chapter, the data from every molecule will be compared to identifying the different
electronic pathways inside the porphyrin. Using the clustering analysis we found four different
classes (class A, B, C and the excluded traces). In table the presence of each class in
every molecule is shown. Comparing the occurrence of each class for the various molecules
we can relate them with a specific charge path. In order to do so, the result of every molecule
for each class will be compared separately in the following sections.

Molecule ‘ Class A Class C
P1 v v v
P2 v v v
P3 v v v

ZnP1 v v v
R1 v
R2
R3 v v

Table 6.1: Summary of the occurrence of the three molecular classes for each molecule. Class
A corresponds to the high-conductance class, class B to the medium-conductance class and
class C corresponds to the low-conductance class.

6.1 Class A

Class A corresponds to the high-conductance plateau and is present in all the four main
molecules: P1, P2, P3 and ZnP1. The 2D histograms are shown in figure [6.1] Although
there are some differences in the shape of the plateau, the conductance value of all the four
molecules is around the same value and the observed differences in plateau conductance or
length are within the variations typically found in MCBJ experiments even when performed
on the same molecule [53].
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Figure 6.1: Two-dimensional conductance vs. displacement histograms for a) P1, b) ZnP1,
c) P2 and d) P3. The histograms only include breaking traces with the behaviour present
in class A. All datasets have similar length and conductance values.

We attribute this feature to the junction configuration in which the molecule is connected
to both electrodes via the anchoring groups and transport occurs from sulfur to sulfur. This
is supported by the average trace length of about 2 nm, which is in good agreement with
the estimated length from the crystallographic measurements of the fully stretched molecule
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length (Figl6.2)).

Noticeably, the presence of the Zn atom does not affect this plateau, indicating that the
electron paths involved in transport are mainly localized around the core of the porphyrin and
not inside it [54]. We further note that for P3, class A exhibits the least slanted conductance
plateau with the narrowest distribution (see Table S1). Besides, the breaking of the molecular
junction around 2 nm occurs in a more defined way compared to the other derivatives. In this
respect, it is interesting that the bulky groups of P3 are more spatially localized above and
below the porphyrin system than for the other molecules P1 and P2, thus reducing access
to the 7 system of the porphyrin core.

Figure 6.2: Representation of the solid state structures of a) P2 and b) ZnP1. The dashed
red line displays the main axis and the S-S distance.

6.2 Class B

In figure [6.3] class B from molecules P1 and R3 are shown for comparison. As it is shown in
table [6.1], this class is present in all the four main molecules P1, P2, P3 and ZnP1, and in
the reference molecule R3; while is not observed for the porhpyrin compounds without both
spacer groups (R1 and R2). This suggests that their presence introduces another transport
pathways.

Compared to that observed in class A, the plateau in class B has a lower conductance,
is shorter, more spread out and observed less frequently. In the case of R3, not containing
any anchoring group, this plateau is more slanted than P1. Hence, the presence of these
anchoring groups seems to stabilize the junction, yielding more defined plateaus even if the
electron injection does not occur through the sulfur atom. The charge transport pathway
could thus involve the spacer group or the porphine ring at both sides of the molecule, as it
is not observed in molecules that do not contain these groups.
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6.3 Class C

Class C corresponds to the low-conductance class and is present in all the measured molecules
except R2, which do not have any spacer or anchoring group. In figure [6.4] the 2D and 1D
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histograms of class C are shown for the case of P1, R1 and R3.

Class C can be related to the path that results from injection in the 7-system of the spacer
group and ends at one of the lateral bulky group. Nevertheless, the bulky group should not
play a role in the conductance of the molecule because it cannot attach to the gold electrodes.
Thus, this interaction is not a binding connection but a tunneling current mediated by the
bulky group. This interpretation is validated as the conductance range of this class is very
low, similar to the tunneling current between the gold electrodes in an empty junction.

As can be seen in Fig. [6.4] the plateau from R3 is more slanted, again suggesting that
the sulfur plays a role in the stability of the junction configuration. The role of the sulfur
in mechanically stabilizing the junction configuration is also corroborated by the reduced
conductance spread in R1, which does expose one anchoring group as a potential mechanical
grip, compared to R2 and R3, which do not. Still, the Sulfur in the anchoring group cannot
be excluded as a possible injection point in P1 and R1 for this class, although it does not
change significantly the conductance value with respect to R3.

6.4 Stability and self breaking

To check the stability of the different classes, self-breaking measurements were performed in
the case of compound P1 (Fig. |5.5). While class A showed high stability (up to 5 minutes at
room temperature), the lifetime of class B and C did not exceed the tens of seconds. These
observations confirm the hypothesis about the mechanical stabilization role of the anchoring
groups. Furthermore, the stability of the fully stretched molecule is relatively high and in
the range of other well-known molecules as OPE3 [55].

Finally, it is interesting to see that the most stable configuration has a slightly lower con-
ductance than the most probable conductance of Class A in the fast breaking measurements
(Fig. .e). Suggesting that, inside the same conductance pathway, the most probable con-
ductance is not necessarily the same as the most stable one. For this, more experiments and
analysis are needed.
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Conclusions

In this thesis single porphyrin-based molecule were electrically characterized using the me-
chanically controllable break-junction (MCBJ) technique. Seven different molecules were
measured with similar yet different molecular structures, methodically and purposefully mod-
ifying their design in order to understand the conduction path inside every single molecule
measured. For each molecule, at least 10 000 breaking traces were measured, constituting
an unprecendently large dataset. We identified transport pathways by applying an unbiased
clustering algorithm for the analysis of these breaking traces (Fig. . This clustering algo-
rithm is based on the K-means algorithm with a high dimensional feature space specifically
tailored for our experimental data.

By introducing phenylene-acetylene as spacer and thiols as anchor groups, we achieved
very stable molecular junctions with a high conductance up to 2 x 10~* Gy. Both, bulky
groups and Zn ion as a metal center did not have a significant influence on the junction prop-
erties, suggesting the conductance through the molecule is mainly localized on the conjugated
porphyrin system.

The observed high-conductance plateau (named Class A) is related to the thiol-to-thiol
conduction path. Other classes with lower conductance were found and were related to
the presence of phenylene-acetylene spacers. In particular, the middle conductance plateau
(named Class B) is attributed to the acetylene-acetylene conduction path and the third
slanted plateau (Class C') is related to a conduction path between the spacer group and one
of the bulky group, i.e., the acetylene-benzene conduction path.

Figure 6.5: Transport pathways corresponding to the 3 different classes through the molecular
structure displayed with P1.
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Appendix A

Conductance values and clustering
results

In figures [A.1] [A.2] and [A.3| the complete classes sets are presented for molecules P1, R1 and
R3 in order to compare the different classes obtained after the clustering analysis. Figure
presents the classes obtained after applying the cluster analysis to the measurements of
molecule P1. Four classes corresponding to Class A, Class B, Class C and the tunneling class
are present. In figure [A.2] the two classes corresponding to molecule R1 are shown. These
classes are attributed to Class C and the tunneling class. Finally, in figure three classes
are displayed for the case of molecule R3, attributed to Class B, Class C and the tunneling
class. Notice that Class B, although have a similar conductance peak as P1, is more slanted.
Molecule R2 presents only tunneling traces.

Table shows a summary of the fitting of the conductance peak of the three differ-
ent classes. The Full Width Half Maximum (FWHM), yield and length of every measured
molecule attributed to each class is presented. Table S2 presents a summary of all the mea-
surements performed in this study. In the table [A.2] the number of samples, junctions and
traces is shown for different bias voltage and bending speed. Each sample has a maximum
of 4 junctions.
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Figure A.1: Two-dimensional histograms of the complete data from P1. Four different cate-
gories of breaking traces are shown corresponding to a) Class A (7.9%), b) class B (2.0%),
c) class C (2.7%) and d) class D with no clear molecular signature (84.7%).
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with no clear molecular signature. d) 1D conductance histogram for class 1 and 2.
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P1 R1 R2 | R3 ZnP1 P2 P3
Gr(Gy) | 2.80E-04 - - - 2.40E-04 | 1.90E-04 | 2.30E-04
Class A FWHM | 1.1 - - - 1.8 1.2 0.8
Yield 7.90% - - - 12.00% 7.10% 6.40%
L(nm) | 1.9 - - - 2 1.8 2.2
Gur(Gy) | 1.10E-05 - - | 5.10E-05 | 2.10E-05 | 4.00E-05 | 8.30E-06
Class B FWHM | 1.5 - - 2.4 1.7 1.2 0.9
Yield 2.00% - - 19.00% | 4.10% 7.10% 1.00%
L(nm) |18 - - I 15 1.3 )
Gur(Gy) | 1.00E-06 | 2.80E-06 | - | 1.20E-06 | 4.10E-06 | 1.70E-06 | 1.00E-06
Class O FWHM |1 1.6 - |2 1.9 1.7 0.6
Yield 2.70% 14.00% - | 7.00% 16.20% 4.70% 0.30%
L(nm) |2 I ~ (15 11 13 23
Table A.1: Conductance peak, full width half maximum (FWHM), yield and length extracted

from the clustering analysis and the 1D histogram fitting for each class on every molecule

measured, related to each class.
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Molecule Sample | Junction | Bias (V) | Bending speed (nm/s) | Traces
. 0.1 6 x 10* 20 000
1 0.1 6 x 10? 5 000
P1 2 0.1 6 x 107 9 589
5 1 0.1 6 x 107 10 000
2 0.1 6 x 10* 10 000
Total 2 4 54 589
0.1 6 x 10* 20 000
R2 1 1 0.2 6 x 10* 10 000
Total 1 1 30 000
0.1 6 x 10* 10 000
R1 1 1 0.2 6 x 107 10 000
0.3 6 x 10* 10 000
Total 1 1 30 000
1 0.1 6 x 10* 4 994
R3 1 2 0.1 6 x 10% 17 271
Total 1 2 22 265
) 0.1 6 x 10* 5 000
. 0.1 3 x 107 5 000
5 0.1 6 x 10* 20 000
ZnP1 0.2 6 x 107 5 000
0.1 6 x 10% 20 000
2 1 0.2 6 x 10% 10 000
0.3 6 x 107 8 280
Total 1 2 73 280
. 1 0.1 6 x 10* 8 376
2 0.1 6 x 10* 10 000
Po 2 1 0.1 3 x 107 3 083
3 1 0.1 3 x 10% 9 236
4 1 0.1 3 x 10? 14 835
5 1 0.1 3 x 101 5 000
Total 5 6 50 530
1 1 0.2 6 x 10* 10 000
P3 0.1 6 x 107 20 000
2 1 0.1 6 x 10* 5 000
Total 2 2 25 000
Total of traces | 285 664

Table A.2: Number of samples, junctions and traces measured with the different parameters
(bias and bending speed) for the different molecules. All the comparisons presented in this

paper are using 10 000 traces with a bias of 100 mV and a speed of 6 x 10* nm/s.
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Porphyrin derivatives are key components in natural machinery enabling us to store sunlight as chemical
energy. In spite of their prominent role in cascades separating electrical charges and their potential as
sensitizers in molecular devices, reports concerning their electronic transport characteristics are
inconsistent. Here we report a systematic investigation of electronic transport paths through single
porphyrin junctions. The transport through seven structurally related porphyrin derivatives was
repeatedly measured in an automatized mechanically controlled break-junction set-up and the recorded
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1 Introduction

Porphyrins and their related macrocycles are promising
building blocks for the construction of functional molecular
devices, as their rich and tunable optical and electrical prop-
erties can be employed in a wide range of applications,
including those in catalysis, electrocatalysis, solar energy
conversion, and photodynamic cancer therapy.'*® Furthermore,
porphyrin synthesis is well established, allowing us to fine tune
their chemical design in order to study fundamental charge
transport through single molecules.” Side groups can be added
to porphyrins in a modular way, allowing us to methodically test
various chemical designs with different anchoring, bulky and
spacer groups.'® Additionally, expanded porphyrins have been
suggested as building blocks for electronic applications dis-
playing rich transport variety depending on their topology.*
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However, it has been reported that porphyrin molecules have
a low conductance value of the order of 1 x 107" Gy, albeit with
a low B-attenuation factor especially at higher bias voltages,"**
with only a few studies recording higher conductance (=1 x
10~" G,)."*** The extensive m-system enables the formation of
molecular junctions with different stable configurations,
leading to a large spread in conductance.'*'” Studies about the
influence of a coordinating metal show that the presence of
a central ion hardly alters the conductance of the parent
porphyrin structure.’® However, the incorporation of Zn can
induce conformational changes that lead to the appearance of
an additional conducting state.” This rich variety of structural
aspects reflected in their transport behaviour makes porphyrins
interesting model compounds, but limits their potential for
applications. These limitations could be overcome by an opti-
mization of the molecular design, however the identification
and characterization of the possible conductance paths at the
single molecule level is required for this.

In this study, we systematically investigate transport across
porphyrin-based compounds in order to identify the influence
of structural features. In particular, the presence of anchoring
groups, the bulkiness of the substituents, the presence of
a metal ion and the dimension of the m-system are correlated
with the recorded transport properties. For this reason, we
synthesized seven different compounds with closely related
geometry features, and measured them using an automatized
mechanically controlled break-junction technique (MCB]). By
employing an unsupervised clustering algorithm'?** on
a unique set of data consisting of almost 100 000 conductance
traces, we identify classes of common behaviours in the
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breaking traces and their correlation with structural features of
the molecules under investigation enables us to link each of
them to a different electron pathway across the porphyrins.

2 Experimental

The chemical structure of the porphyrin molecules included in
this study can be found in Fig. 1a and b. Compounds P1, P2 and
P3 share the same linear backbone, consisting of the porphyrin
core, phenylene-acetylene spacers and thiol anchoring groups,
but vary in their lateral bulky groups. With this series, the
influence of the steric requirement of the peripheral phenyl
subunit shall be studied. ZnP1, a variant of P1 which includes
a Zn(u) ion in the porphyrin core, is employed to investigate
variations in the transport characteristics emerging from the
presence of the metal center.

The role of the anchoring groups and of the spacers is
investigated by comparing the results of P1 with those obtained
from three derivatives that possess the same lateral bulky
groups, but have different components in their backbones
(Fig. 1b): R1 exposes only on one side the backbone structure of
P1 comprising a thiol anchor group, R2 has neither acetylene
spacers nor anchoring groups, whereas R3 has a similar back-
bone to P1, but with terminal tert-butyl groups replacing the
thiol anchoring groups.

Samples consist of a thin gold constriction suspended on top
of a flexible substrate coated with an insulating layer of poly-
imide, as depicted in Fig. 1c. The sample is mounted in a three-
point bending mechanism, clamped between two lateral
supports and the head of a central pushing rod. Upon bending,
the gold wire stretches until rupture, which leaves two atomi-
cally sharp electrodes whose separation can be adjusted
mechanically. The wire can be fused back by reducing the
deformation of the substrate. The breaking-making process can
be repeated thousands of times while the conductance of the
junction is recorded. A two-dimensional (2D) histogram of the
conductance vs. displacement is built from the “breaking
traces”. The measurements were performed in an MCB]J setup at
room temperature in air. All the measurements presented in
this work have been performed with a bias voltage of 100 mV.
Each dataset presented in this work consists of 10 000 consec-
utive traces recorded on the same junction and without data
selection.

3 Synthesis

The porphyrin model compounds studied in this work were
synthesised by variations of reported procedures, which are
summarized in Fig. 2.>%** The porphyrin subunits of R2 and the
intermediates 1, 2, and 3 were assembled from the corre-
sponding bis-pyrroles and aldehydes. For the precursor 7 of the
mono-functionalized porphyrin, both aldehydes were used in
equal amounts. Condensation of literature-known 2,2'-((4-(tert-
butyl)phenyl)methylene)bis(1H-pyrrole)*® with either 4-(tert-
butyl)benzaldehyde or commercially available 3-(trimethylsilyl)
propiolaldehyde provided R2 or 1 respectively. Using instead
either 2,2'-((3,5-di-tert-butylphenyl)methylene)bis(1H-pyrrole)*
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Fig. 1 (a) Structural designs of P1, ZnP1, P2 and P3; (b) structural
formula of R1, R2 and R3. The different parts of the molecule have
been coloured dividing the anchoring groups (red) and the bulky side
groups (blue). The molecules are synthesized with R = acetyl, but upon
deprotection at the electrode surface, R represents either a hydrogen
atom or the gold electrode. (c) Schematics of the mechanically
controllable break-junction (MCBJ) setup.

or 2,2'-(mesitylmethylene)bis(1H-pyrrole)* in combination with
3-(trimethylsilyl)propiolaldehyde provided 2 and 3 respectively.
The less symmetric 7 was condensed from a 2/1/1 mixture of
2,2'-((4-(tert-butyl)phenyl)methylene)bis(1H-pyrrole),?®  4-(tert-
butyl)benzaldehyde, and 3-(triisopropylsilyl)propiolaldehyde.>
For the condensation reactions, a protocol of Anderson et al
was adapted, which was already used for the preparation of
literature-known 2.%¢

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Synthetic overview. (a) (1) BFs-OEt,, CH,Cly, rt, 45 min. (2) DDQ, CH,Cly, rt, 1 h. (b) (1) BF35-OEt,, CH,Cly, 0°Crt, 520 min. (2) DDQ, CH,Cly,
rt, 1 h. (c—e) Zn(OAc),, CHCl,, CH3OH, rt, Lh to 3 d. (f) (1) TBAF, 2Me-THF, rt, 1 h. (2) S-(4-lodophenyl)ethanethioate, Pd(PPhs),4, Cul, THF, NEts, rt,
1-16 h. (g—j) TFA, CH,Cl,, rt, 2 h. (k) (1) BF5- OEt,, CH,Cly, rt, 5 min. (2) DDQ, CH,Cl,, rt, 1 h. (1) Zn(OAc),, CH,Clp, CH3OH, rt, 1 h. (m) (1) TBAF, 2Me-
THF, rt, 1 h. (2) S-(4-lodophenyl)ethanethioate, Pd(PPhs),4, Cul, THF, NEts, rt, 16 h. (n) TFA, CH,Cl,, rt, 2 h.

Condensation reactions were catalysed by BF;-OEt, in
CH,Cl, at either 0 °C or room temperature for 5 to 45 minutes
prior to oxidation by 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ) at room temperature for one hour. The ¢, symmetric
porphyrins R2, 1, 2 and 3 were isolated in typical yields of 27 to
31%. The less symmetric compound 7 was condensed in
a statistic fashion leading to 9% yield. Metalation of the
porphyrins by zinc(n) acetate in a CH,Cl,/CH;0H mixture for
one hour to three days at room temperature provided the Zn-
porphyrins 4, 5, 6, and 8 almost quantitatively.

Further functionalization of the porphyrins 4-6 required the
liberation of the alkyne group, which was achieved by treatment
with tetrabutylammonium fluoride (TBAF) at room temperature
for one hour in 2-methyltetrahydrofuran (2Me-THF). Without
further purification, these compounds were engaged in Sono-
gashira-Hagihara cross couplings*®> with excesses of the
iodoaryls of interest. The coupling reaction was performed in
dry and degassed THF and NEt; with Pd(PPh;), and Cul as
catalysts at room temperature with reaction periods between 2
and 16 hours. Using S-(4-iodophenyl)ethanethioate as iodoaryl
gave access to ZnP1 in isolated yields of 29%. Treatment with
trifluoroacetic acid (TFA) in CH,Cl, for two hours at room

This journal is © The Royal Society of Chemistry 2019

temperature gave the free base analogues P1, P2, P3, R1, and R3
almost quantitatively.

The identity of all porphyrin derivatives was corroborated by
"H-NMR spectroscopy and mass spectrometry. In addition,
single crystals suitable to analyse the solid state structure by X-
ray diffraction were obtained for 1, 2, 3, 4, 5, ZnP1, P2, and R2. A
sulphur-to-sulphur distance of 2.41 nm could be extracted from
the crystallographic data of ZnP1 and P2, showing indepen-
dence of the structural variations, such as bulky groups or the
incorporated Zn(u) ion (Fig. 3). Detailed description of the
experimental procedures and the analytical data of all the
compounds are provided as ESL.f

4 Results

Fig. 4a and b show the 2D histograms of two representative
measurements performed on P1 and R2, respectively. While for
P1 a clear plateau is found above 1 x 10~* G, and extending for
about 2 nm (Fig. 4a), no clear plateau is observed in the case of
R2. Examples of individual breaking traces recorded for each
molecule are presented in Fig. 4c and d. Clear and flat plateaus
above 1 x 10* G, are observed in the case of P1, whereas, in the
case of R2, the plateau is absent. All the molecules containing
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Fig. 3 ORTEP-representation of solid-state structures. (a) P2 and (b)
ZnP1. Thermal ellipsoids are plotted at a 50% probability level. The
dashed red line displays the main axis and the S-S distance.

two thiol groups as anchoring sites (P1, P2, P3, ZnP1) show
a similar conductance histogram to that in Fig. 4a with a very
well-defined plateau, in contrast to the measurements of the
reference molecules R1, R2 and R3 which lack this design
feature (see Fig. S17).

To further investigate the charge transport pathways, an
unsupervised clustering algorithm has been used to subdivide
the different datasets in four different classes.”® Classes A-C are
associated with the presence of a molecule inside the junction,
whereas class D (see Fig. S2) contains the traces in which no
molecular junction has been formed and only shows the expo-
nential decay typical of tunnelling that occurs through a barrier.
The results obtained for P1 are reported in Fig. 5, as an example.
Class A constitutes 64.7% of the molecular junctions and
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Fig. 4 Two-dimensional conductance vs. displacement histograms
built from 10 000 consecutive breaking traces of (a) P1 and (b) R2; no
data selection was made. Both measurements were performed with
a bias of 100 mV at room temperature. Examples of individual
conductance breaking traces for (c) P1 and (d) R2 (with a horizontal
offset of 3 nm for clarity).
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contains the traces that exhibit a plateau of about 2.2 nm
length. A log-normal fit to the peak in the 1D conductance
histogram reveals it being centred around 2 x 10 * G, (red
colored high-conductance area in Fig. 5¢). The traces grouped in
class B (28.8%) form a slightly shorter and wider plateau, cen-
tred at 3 x 10> G, (green colored medium-conductance class in
Fig. 5¢). Finally, class C (6.5%) shows a broad feature centred at
2 x 10°® Gy (blue in Fig. 5d). The three classes together
constitute 12.6% of the total traces. The same clustering anal-
ysis has been applied to all the datasets and four groups with
similar features have been found. Table 1 summarizes the
occurrence of each class for the various molecules.

¥ b) X o)

Class B ‘; Class C

Class A
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Fig. 5 Clustering analysis of the conductance properties of P1. (a—c)
Two-dimensional histograms of the three different categories of
breaking traces obtained from the reference-free cluster analysis
applied to P1. (d) One-dimensional conductance histograms corre-
sponding to classes A, B and C. By fitting a log-normal distribution to
the one-dimensional histograms, we can extract the conductance
peak positions at 2 x 10™% Gg for class A (64.7% of the molecular
traces), 3 x 107> Gq for class B (28.8%) and 2 x 107° G in the case of
class C (6.5%).

Table 1 Summary of the occurrence of the three molecular classes
for each molecule. Class A corresponds to the high-conductance
class, class B corresponds to the medium-conductance class and class
C corresponds to the low-conductance class

Molecule Class A Class B Class C
P1 v v v

P2 v v v

P3 v v v
ZnP1 v v v

R1 v

R2

R3 v v

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Two-dimensional conductance vs. displacement histograms
for (a) P1, (b) ZnP1, (c) P2 and (d) P3. The histograms only include
breaking traces with the behaviour present in class A. All datasets have
similar length and conductance values.

5 Discussion

While class A is present only in the four compounds containing
two thiol anchoring groups (P1, P2, P3 and ZnP1), class B is also
found in R3. Class C, on the other hand, is present in all the
measurements except those of R2. The 2D conductance histo-
grams of class A obtained in the case of the molecules

a) b)

Class A Class B

Au
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containing the same backbone exposing two terminal thiol
groups (P1, ZnP1, P2 and P3) are displayed in Fig. 6. The
observed differences in plateau conductance or length are
within the variations typically found in MCBJ experiments even
when performed on the same molecule.”” For this reason, we
attribute this feature to the junction configuration in which the
molecule is connected to both electrodes via the thiols and
transport occurs from sulfur to sulfur. This is supported by the
average trace length of about 2 nm, which is in good agreement
with the estimated length from the crystallographic measure-
ments of the sulfur-to-sulfur distance (Fig. 3). Noticeably, the
presence of the Zn atom does not affect this plateau, indicating
that the electron paths involved in transport are mainly local-
ized on the aromatic system of the ligand." We further note that
for P3, class A exhibits the least slanted conductance plateau
with the narrowest distribution (see Table S17). In addition, the
breaking of the molecular junction around 2 nm occurs in
a more abrupt way compared to the other derivatives. In this
respect, it is interesting that the bulky groups of P3 are more
spatially localized above and below the porphyrin system than
for the other molecules P1 and P2, thus reducing access to the 7
system of the porphyrin core.

The correlation of the presence/absence of particular classes
with the structure of the studied porphyrin allows us to assign
possible transport paths of the molecular junction (Fig. 7 and
S17%). Class A is assigned to the molecule bridging the elec-
trodes via the thiol anchor groups, as intended by the molecular
design (Fig. 7a). The matching length of the plateau with the
dimension of the structure and the fact that exclusively the
porphyrins with terminal thiol-exposing backbones show that
this class corroborate the assignment.

Both classes B and C are not observed for the porphyrin
compound without phenylene-acetylene spacers (R2), suggest-
ing that their presence introduces additional charge transport
pathways. Compared to that observed in class A, the plateau in
class B has a lower conductance, and it is shorter, more spread
out and observed less frequently. In the case of R3, not con-
taining any thiol groups, this plateau is more slanted. Hence,
the presence of the thiol groups seems to stabilize the junction,
yielding more defined plateaus even if the electron injection
does not occur through the sulfur atom. The charge transport
pathway could thus involve the acetylene spacer or the phenyl

c)

Fig. 7 Suggested transport pathways corresponding to the 3 different classes through the molecular structure displayed with P1. Au represents
the electrode. The contact to the corresponding subunit is schematically drawn.

This journal is © The Royal Society of Chemistry 2019
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ring on both sides of the molecule, as it is not observed in
molecules that do not contain these groups (Fig. 7b).

Class C, on the other hand, can be related to the path that
results from injection in the 7-system of the acetylene group
and ends at one of the lateral phenyl rings (Fig. 7c). This is
suggested by the fact that this class is also observed in molecule
R3 that does not have sulfur atoms in its structure but
comprises the components suggested for the current path. In
this case, however, the plateau is more slanted, again suggest-
ing that the sulfur plays a role in the stability of the junction
configuration. The role of sulfur in mechanically stabilizing the
junction configuration is also corroborated by the reduced
conductance spread in R1, which does expose a thiol as
a potential mechanical anchor, compared to R2 and R3, which
do not. To check the stability of the different classes, self-
breaking measurements were performed in the case of
compound P1 (see Fig. S61 for more details). While class A
showed high stability (up to 5 minutes at room temperature),
the lifetime of classes B and C did not exceed the tens of
seconds. These observations confirm the hypothesis about the
mechanical stabilization role of the thiol anchors.

The pathways attributed to classes B and C can be compared
to the “para” and “ortho” paths found by Li et al. in the case of
porphyrins without acetylene spacers and with pyridine
anchoring groups.'” While in their experiments the two path-
ways resulted in conductances that differed by a factor of 1.4, in
our case the difference is about an order of magnitude.

Finally, apart from tunnelling traces (class D), none of the
classes found in R2 exhibits a clear molecular signature. This
confirms that the bulky groups do not form an efficient injec-
tion point for charges and that the transport path from one
bulky group to another is ineffective.

6 Conclusion

In this study, we report an unprecedented dataset of almost
300 000 traces measured on seven different porphyrin deriva-
tives. We identified transport pathways by methodically and
purposefully modifying the chemical design of these porphyrin-
based compounds and by applying an unbiased clustering
algorithm for the analysis of the breaking traces. By introducing
phenylene-acetylene as the spacer and thiols as anchor groups,
we achieved very stable molecular junctions with a high
conductance up to 2 x 10~ * G,. The observed high-conductance
plateau is related to the thiol-to-thiol conduction path. Both,
bulky groups and the Zn ion as a metal center did not have
a significant influence on the junction properties, suggesting
that the conductance through the molecule is mainly localized
on the conjugated porphyrin system. Other classes with lower
conductance were found and were related to the presence of
phenylene-acetylene spacers.
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