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SUMMARY

In this dissertation, we analyse the charge transport of nanoscale molecular junctions in
mechanically controllable break junction (MCBJ) experiments. In particular, we focus on
the characterization of molecular features going beyond the "single-peak" picture, that
is, considering features in the measurements in addition to the most prominent one. To
achieve this goal, we use a combination of improved experimental techniques and data
analysis.

Chapter 1 introduces the field of molecular electronics. It provides a simple theoretical
background to understand charge transport through metal-molecule-metal junctions.
Lastly, it comments on several mechanisms that give rise to additional conductance
features beyond the simple picture painted by the theoretical model.

In Ch. 2, we report the design of a low-noise logarithmic amplifier that allows to
characterize molecular junctions in a greater current range. Then, we describe how
machine learning based analysis can be used to classify break-junction measurements,
helping in the distinction of different features in the conductance histograms.

In Ch. 3, we study a series of oligo(phenylene-ethynylene)s (OPE3s) where the central
benzene ring has been replaced with acenes of increasing size. We compare their charge
transport in junctions at two different scales: at the nanoscale (with the MCBJ technique),
and in large-area contacts (with eutectic gallium-indium, EGaIn, measurements of self
assempled monolayers, SAMs). In MCBJ, we observe a high-conductance plateau with
increasing conductance value with increasing acene size. The trend corresponds to the
transmission increase predicted through first-principle calculations for the sulfur-to-
sulfur transport. Additionally, MCBJ measurements contain lower conductance features.
In particular, the pentacene derivative exhibits low-conductance plateaus longer than
the expected length of the molecule. When analysing the SAMs, we observe a similar con-
ductance across the series of molecules, with the exception of the pentacene derivative,
which exhibits suppression of conductance. We ascribe this difference to the inability of
the latter molecule to form a monolayer without introducing significant intermolecular
interactions.

Chapter 4 analyzes the presence of switching events in MCBJ measurements. First, we
focus on OPE3 as a reference system and show that a significant fraction of the measured
traces show switching behaviour for a variety of anchoring groups. Acetyl protected
thiol (SAc) is an exception to this behaviour, as only a small percentage of traces displays
switching when using it as an anchoring group. Furthermore, we identify two types of
switching behaviour. "Plateau switching" corresponds to events in which the conductance
of the junction changes between two values. "Tunnelling switching" happens after an
exponential decay, at a well-defined displacement. This suggests the possibility that
this behaviour originates from junctions that are formed after the rupture of the gold
contact. We then turn our attention to alkane chains, for which we observe a high yield of

ix
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switching events even for SAc anchoring, hinting that conformational effects might be at
play due to the flexible backbone.

In Ch. 5 we analyse the effect of side-group substitutions and torsional effects on
charge transport through tolanes. We observe that the shift in frontier orbitals energy
induced by electron-withdrawing or electron-donating substituents is not directly trans-
lated to changes in conductance. A novel theoretical approach was developed for first-
principle calculations, which accounts for multiple contact geometries, non-equilibrium
conformations, and fluctuations of energy level alignment. In this way, it is possible to
more accurately predict the trends in conductance observed in the experiments.

In Ch. 6 we present the possibilities that using high-bias voltage introduces for char-
acterizing and controlling the charge transport through molecular junctions. We apply
the newly developed method to study possible quantum interference effects in macro-
cyclic molecules, and we present the characterization of two voltage-triggered molecular
circuits. Although preliminary, these results illustrate how a voltage bias can be used as
an additional tuning knob to gain more information on the charge transport of metal-
molecule-metal junctions, or to control it.

Finally, in Ch. 7 we reflect on the findings reported in the dissertation, and we give an
outlook on the research directions that span from them.



SAMENVATTING

In dit proefschrift analyseren we het ladingstransport van moleculaire juncties op nano-
schaal in experimenten met mechanisch regelbare breekjuncties (MCBJ). In het bijzonder
richten we ons op de karakterisering van moleculaire kenmerken die verder gaan dan
het ënkele-piek-beeld, dat wil zeggen dat naast de meest prominente kenmerken in de
metingen worden overwogen. Om dit doel te bereiken, gebruiken we een combinatie van
verbeterde experimentele technieken en data-analyse.

Hoofdstuk 1 introduceert het gebied van moleculaire elektronica. Het biedt een een-
voudige theoretische achtergrond om ladingstransport door metaal-molecuul-metaal
verbindingen te begrijpen. Ten slotte geeft het commentaar op verschillende mecha-
nismen die aanleiding geven tot extra geleidingskenmerken die verder gaan dan het
eenvoudige beeld dat door het theoretische model wordt geschetst.

In hoofdstuk 2 rapporteren we het ontwerp van een ruisarme logaritmische versterker
die het mogelijk maakt om moleculaire overgangen in een groter stroombereik te karakte-
riseren. Vervolgens beschrijven we hoe analyse op basis van machine learning kan worden
gebruikt om breek-junctie-metingen te classificeren, wat helpt bij het onderscheiden van
verschillende kenmerken in de geleidingshistogrammen.

In hoofdstuk 3 bestuderen we een reeks oligo(fenyleen-ethynyleen)s (OPE3s) waar-
bij de centrale benzeenring is vervangen door acenen van toenemende grootte. We
vergelijken hun ladingstransport in schakelingen op twee verschillende schalen: op nano-
schaal (met de MCBJ-techniek) en in contacten met een groot oppervlak (met eutectisch
gallium-indium, EGaIn, metingen van zelf-geassembleerde monolagen, SAM’s). In MCBJ
zien we een hooggeleidingsplateau met toenemende geleidingswaarde met toenemende
aceengrootte. De trend komt overeen met de transmissietoename die wordt voorspeld
door middel van eerste-principeberekeningen voor het zwavel-naar-zwaveltransport.
Bovendien bevatten MCBJ-metingen lagere geleidingskenmerken. Met name het penta-
ceenderivaat vertoont laaggeleidende plateaus die langer zijn dan de verwachte lengte
van het molecuul. Bij het analyseren van de SAM’s zien we een vergelijkbare geleiding
over de reeks moleculen, met uitzondering van het pentaceenderivaat, dat onderdrukking
van geleiding vertoont. We schrijven dit verschil toe aan het onvermogen van het laatste
molecuul om een monolaag te vormen zonder significante intermoleculaire interacties te
introduceren.

Hoofdstuk 4 analyseert de aanwezigheid van schakelgebeurtenissen in MCBJ-metingen.
Eerst richten we ons op OPE3 als referentiesysteem en laten we zien dat een aanzienlijk
deel van de de meetreeks schakelgedrag vertoont voor verschillende verankeringsgroepen.
Acetyl-beschermd thiol (SAc) is een uitzondering op dit gedrag, aangezien slechts een
klein percentage van de sporen schakelen vertoont bij gebruik als verankeringsgroep.
Verder onderscheiden we twee soorten schakelgedrag. "Plateau-omschakeling"komt
overeen met gebeurtenissen waarbij de geleidbaarheid van het contact verandert tussen
twee waarden. "Tunnelling"schakelen gebeurt na een exponentieel verval, bij een goed
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gedefinieerde verplaatsing. Dit suggereert de mogelijkheid dat dit gedrag afkomstig is van
knooppunten die zijn gevormd na het breken van het goudcontact. Vervolgens richten
we onze aandacht op alkaanketens, waarvoor we een hoge opbrengst aan schakelgebeur-
tenissen waarnemen, zelfs voor SAc-verankering, wat erop wijst dat conformationele
effecten een rol kunnen spelen vanwege de flexibele hoofdketen.

In hoofdstuk 5 analyseren we het effect van zijgroepsubstituties en torsie-effecten op
ladingstransport door tolanen. We zien dat de verschuiving in de energie van de grensor-
bitalen die wordt veroorzaakt door elektronzuigend of elektronstuwend substituenten,
niet direct wordt vertaald in veranderingen in geleiding. Er is een nieuwe theoretische
benadering ontwikkeld voor ab-initio berekeningen, die rekening houden met meer-
dere contactgeometrieën, niet-evenwichtsconformaties en fluctuaties van energieniveau-
uitlijning. Op deze manier is het mogelijk om de trends in geleiding waargenomen in de
experimenten nauwkeuriger te voorspellen.

In hoofdstuk 6 presenteren we de mogelijkheden die het gebruik van hoge voor-
spanning introduceert voor het karakteriseren en beheersen van het ladingstransport
door moleculaire juncties. We passen de nieuw ontwikkelde methode toe om moge-
lijke kwantuminterferentie-effecten in macrocyclische moleculen te bestuderen, en we
presenteren de karakterisering van twee door spanning getriggerde moleculaire circuits.
Hoewel voorlopig, illustreren deze resultaten hoe een spanning kan worden gebruikt
als een extra afstemknop om meer informatie te krijgen over het ladingstransport van
metaal-molecuul-metaal junctie, of om het te regelen.

Tenslotte reflecteren we in hoofdstuk 7 op de bevindingen gerapporteerd in het proef-
schrift, en geven we een vooruitblik op de onderzoeksrichtingen die daaruit voortkomen.



1
INTRODUCTION

This chapter introduces the field of molecular electronics. Starting with an historical
overview of the developments of the field, we briefly introduce some experimental methods
used for the characterization of molecular junctions that will be relevant throughout the
dissertation. Then, we introduce a simple theoretical background useful to understand
charge transport through metal-molecule-metal junctions. Lastly, we discuss several mech-
anism that have to be considered when analysing an experimental measurement, adding
complexity to the picture of nanoscale molecular junctions.

1
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2 1. INTRODUCTION

1.1. INTRODUCTION TO MOLECULAR ELECTRONICS

Molecular electronics is the field of science that studies electrical transport properties
of molecules as individual components in circuits. The ultimate objective is to integrate
them in electronic devices as, to name a few options, diodes, switches, transistors, or
sensors. The first concept of molecular electronics dates back to 1956, when von Hippel [1]
recognized the power of designing materials from their individual atoms to construct the
functionality that is required by an engineering application. However, the modern concept
of molecular electronics was born almost 20 years later, with the historical molecular
rectifier proposed by Aviram and Ratner [2]. These authors proposed a molecular design
with two units, an acceptor and a donor, separated by a tunnelling barrier. They predicted
that the current of this molecule would show rectification, similarly to a traditional
semiconductor p-n junction.

Experimental studies required more time to flourish, although Mann and Kuhn [3]
were able to measure the conductance of a layer of fatty acids already in 1971. The interest
in molecular electronics burst in the second half of the ’90s. In 1995, Joachim et al. [4]
reported on the electrical current flowing through a C60 molecule (more commonly known
as "buckyball" or "fullerene") using a scanning tunnelling microscope (STM) tip to contact
it. Two years later, Reed et al. [5] reported the conductance of a benzene-1,4-dithiol
using the mechanically controllable break-junction (MCBJ). Other modern molecular
electronics techniques began to develop in the years thereafter, following two main
directions. One approach was to contact ensembles of molecules (mostly monolayers),
using methods such as the formation of nanopores [6], interfacing with conducting
polymers [7], or the formation of soft contacts using liquid metals (mercury, or eutectic
gallium indium alloys) [8, 9]. The second strategy consisted in forming nanometric-scale
contacts to connect to a limited number of molecules. Among these we remember the
already cited MCBJ, the electromigrated break-junction (EMBJ) [10] and the STM break-
junction (STMBJ) [11]. The latter study was of great importance for the field, as it first
reported the conductance of a molecular junction as an histogram, not just as a single
value, hinting at the intrinsic statistical nature of the formation of nanoscale molecular
junctions.

Over the years, a wide variety of molecular electronic devices have been experimen-
tally demonstrated: rectifiers [12–16], switches [17–24], sensors [25–27] and transistors [28,
29]. Molecular junctions have also been a rich source of fundamental studies. Peculiar
quantum transport phenomena have been observed in molecular circuits, such as quan-
tum interference [30–32], magnetic and spin effects [33–35], and thermoelectricity [36–38].
One can refer to Ref. [39–43] for exhaustive reviews of the achievements in the field of
molecular electronics.

One of the major promises of molecular electronics has been to shrink the size of
electronic components [44]. However, as time has passed, silicon technology has been
able to reach dimensions comparable to individual molecules (<10 nm). It is legitimate
to wonder whether there is still motivation in pursuing research in this field. However,
the concept proposed by von Hippel is still applicable, and if molecules are no longer
beyond the size limit of silicon technology, they are systems that can be tuned on an
atomistic level through chemical synthesis to achieve functionalities that are out of reach
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of traditional materials [45]1.

1.1.1. EXPERIMENTAL TECHNIQUES FOR MOLECULAR ELECTRONICS
In the previous section we mentioned several techniques that can be used to characterize
the transport properties of molecules. In the following, we will briefly describe the three
of them that will be mentioned in this dissertation: MCBJ, STMBJ, and eutectic gallium
indium (EGaIn) measurements.

The mechanically controllable and the STM break junctions work on a very similar
principle. A metallic "tip" is crushed into another metallic "lead", forming a connection.
Then the two elements are pulled apart, thinning their connection. In this way, it is
possible to define atomically sharp contacts [46], whose conductance is characterized by
discrete values of multiples of the conductance quantum (around 77.5 µS, approximately
12.9 kΩ). After breaking this contact, if the electrodes are surrounded by molecules,
they can bridge the tip and the lead, allowing to measure the current through them. In
STMBJ, one electrode is the STM tip, while the other is an atomically flat substrate on
which the molecules are deposited [11]. In MCBJ, both the "tip" and the "lead" are a
wire of similar size [10], or they originate from the rapture a lithographically defined gold
nanowire [47]. Since the MCBJ technique will be extensively used in this dissertation, we
will give a more detailed description of it in Ch. 2. In both cases it is possible to measure
the current continuously as the electrodes are separated, often referred to as the I(s)
method, producing the so-called breaking traces. Additionally, they allow to perform two-
terminal electrical characterization of the junction (e.g., current-voltage characteristics).
The main feature of these measurements is the possibility to repeat the process thousands
of times, obtaining large statistics on the junction formation.

EGaIn measurements exploit conical tips of this fluid metal to contact ensembles
of molecules, in so-called "large-area" junctions. The first step of the approach is to
deposit a self-assembled monolayer (SAM), i.e., a compact layer with thickness of only
one molecule, on a flat gold substrate which constitutes one of the electrodes (details
on how that is possible are described e.g. in Ref [48]). The second electrode is a tip of
EGaIn, which is formed by depositing a droplet of EGaIn from a syringe. The latter is then
raised, forming a conical connection between the needle and the droplet. Eventually,
the connection breaks leaving a conical tip on the syringe needle [9]. This tip is then
brought in contact with the molecular layer, allowing for electrical characterization of the
current flowing through the SAM (usually in the form of current-voltage characteristics).
This method allows to conduct multiple measurements on a single layer, causing little
to no damage to it, and thus allows to gather a substantial statistics of formation of
junctions [49]. However, this method does not allow to tune the electrode separation, as
it is fixed by the thickness of the SAM.

1.1.2. THEORETICAL BACKGROUND
In this section, we will describe a simple model to understand the charge transport
through molecular systems. The discussion is mainly based on Ref. [44], in which the
reader can find more extensive derivations and explanations.

1Additionally, the transport properties of molecules are far from being well-understood, and there is still
fundamental interest in researching them.
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A molecule is characterized by a discrete set of energy levels. To each of these, a molec-
ular orbital (MO) is associated, which describes the spatial wave-like behaviour of the
electrons. Molecular orbitals and their energy can be calculated by solving Schrödinger
equation. They are filled in order of increasing energy, according to the Aufbau principle.
A maximum of two electrons can occupy one molecular orbital, with opposite spin, as
stated by the Pauli exclusion principle. Lastly, Hund’s rule specifies that in presence of
multiple degenerate MOs, each one of them will be filled by one electron before a second
electron occupies the same MO. Two particularly important orbitals for the molecular
properties are the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), which are often referred to as frontier energy levels2, and their
difference is known as HOMO-LUMO gap.

A scheme of the energy of the molecular orbitals and of the electrodes is shown in
Figure 1.1a. Notably, in the electrodes, electrons occupy continuous bands of energy,
rather than discrete values [50]. The probability of occupancy of an electron at energy E
at temperature T is described by the Fermi-Dirac distribution3:

fFD(E ,µ,T) = 1

1+e
E−µ
kB T

, (1.1)

where µ is the chemical potential of the electrons in the metal and kB is the Boltzmann
constant.

HOMO

LUMO

 μ1  μ2

Γ1 Γ2

ε0En
er

gy

a)

 μ1

 μ2

Γ1 Γ2

ε0

e-

b)

eV

Figure 1.1: a) Schematic representation of a molecular junction, with the corresponding energy level diagram.
b) Energy level diagram representing the single-level approximation.

When a molecule contacts the electrodes, the molecular orbitals hybridize with the
metal, leading to significant changes of the electronic structure. More specifically, the
energy levels of the molecule shift, and they are broadened by an amount proportional to
the coupling strength to the metal [44, 51].

The next point is how to describe the charge flowing through a molecular junction. If
the typical length scales of the system are smaller than the mean free path of electrons

2Often, "energy level" and "molecular orbital" are used interchangeably to indicate the state of an electron in
the molecule, although the former refers to an energy value, and the latter to a orbital wave function.

3We will use the letter T with normal character to describe the temperature, while the italic T will be used for
the transmission function.
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and of the coherence length, i.e., the system is in the quantum ballistic transport regime,
it is possible to describe transport through it with a scattering approach that yields the
famous Landauer formula [44, 52, 53]:

G(E) = 2e2

h

N∑
n=1

Tn(E) =G0

N∑
n=1

Tn(E), (1.2)

where e is the electron charge, h is the Planck constant and G0 = 2e2h−1 is the conductance
quantum. Tn(E), the transmission function of channel n, represents the probability that
an electron with energy E passes through the scatterer. More generally, one can express
the current flowing from one electrode to another, through a transmission T (E), as [44]:

I = 2e

h

∫ +∞

−∞
dET (E)

[
fFD(E,µ1)− fFD(E,µ2)

]
, (1.3)

where µ1,2 are the chemical potential of the two electrodes4. If the bias voltage is symmet-
rically applied between the electrodes, the chemical potential of the electrodes can be
written as:

µ1 = EF +eV /2, µ2 = EF −eV /2, (1.4)

where EF is the Fermi energy of the electrodes. In general, the transmission function
of a molecule cannot be represented by an analytical expression, and it is usually nu-
merically calculated through a combination of density functional theory (DFT) and
non-equilibrium Green’s functions (NEGF) [54].

Let us consider a simple case, in which one single discrete level is coupled to the
electrodes (the so-called single-level model, SLM). In this case, the transmission function
can be expressed analytically by the Breigt-Wigner (BW) formula [44]:

T (E) = 4Γ1Γ2

(E −ϵ)2 + (Γ1 +Γ2)2 , (1.5)

where ϵ is approximately the energy of the single-level, and Γ1,2 are related to how much
the level broadens due to coupling with electrode 1,2. In the low-temperature limit, it is
then possible to analytically solve the integral in Eq. 1.3 and obtain:

I = 2e

h

4Γ1Γ2

Γ

[
arctan

(
ϵ0 +eV /2

Γ

)
−arctan

(
ϵ0 −eV /2

Γ

)]
, (1.6)

where we defined ϵ0 = EF − ϵ and Γ = Γ1 +Γ2. It is important to mention the physical
meaning of these parameters. As schematically illustrated in Fig. 1.1b, ϵ0 represents the
distance between the energy level and the Fermi energy of the electrodes and is thus
called the energy level alignment, while ħ/Γ is the finite lifetime that the electrons on the
molecule acquire due to the interaction with the leads. Alternatively, one can see Γ1,2/ħ
as the rates at which an electron is exchanged with electrode 1,2. Thus, the Γ1,2 are often
referred to as (electronic) coupling strength5.

4We omitted the temperature from the Fermi-Dirac distribution variables to avoid confusion with the transmis-
sion. For the purpose of the chapter, it can be considered a set parameter.

5Not to be confused with the mechanical strength of the connection.
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Figure 1.2a shows the current-voltage characteristic (the IV ) resulting from Eq. 1.6,
which displays the typical step-like shape. At low voltages (eV ≪ 2ϵ0), the current is small.
As the voltage approaches twice the energy level alignment (eV ≈ 2ϵ0), the current sharply
increases. For large voltages (eV ≫ 2ϵ0), Eq. 1.6 reduces to I = 2πe

h
4Γ1Γ2
Γ : the current is

constant and proportional to the coupling strength.
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Figure 1.2: a) Current-voltage characteristic of the BW model in the low-temperature approximation, with ϵ0
= 0.5 eV and Γ1 = Γ2 = 5 meV. b) Temperature dependence of the BW model using the same parameters. c)
Zoom-in of the plot in b) showing the decrease of the slope close to resonance due to thermal broadening. d)
Current-voltage characteristic calculated using ϵ0 = 0.5 eV and Γ1 = Γ2 = 5 meV at room temperature (blue line),
and one calculated using the low-temperature approximation with ϵ0 = 0.5085 eV and Γ1 = Γ2 = 8.6 meV.

The single-level model has been shown to describe the shape of IV s of molecular
junctions [55–57], despite the approximations that it requires. Molecules have multiples
energy levels, all of which can contribute to transport. However, each one of them
will give significant contribution to the current only as the voltage approaches (twice) its
alignment. Typically, the HOMO-LUMO gap of molecules studied in molecular electronics
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is of the order of one eV. Thus, it is difficult for several levels to contribute to the current,
unless several Volts are applied betweent the electrodes. Secondly, electrons travelling
through different levels can interfere with each other resulting in constructive/destructive
interference in the transmission [58]. In particular, destructive interference leads to sharp
anti-resonances in the transmission, which implicates that the SLM cannot correctly
describe the situation. To summarize, as long as: 1) there is no significant interference
between the levels, 2) one of the two frontier energy levels is closer to the Fermi energy
than the other, 3) the involved level is not degenerate, and 4) the applied voltage is small
with respect to the HOMO-LUMO gap, the single-level model describes the behaviour of
a metal-molecule-metal junction quite well.

When fitting experimental data, the effect of temperature is often neglected, so that
the analytical form of Eq. 1.6 can be used. One might question how acceptable this
approximation is. Figure 1.2b shows the IV s calculated by numerically integrating Eq. 1.3,
using the transmission of Eq. 1.5, for several temperatures. Both in the low- and high-bias
regimes, the IV s are overlapping. However, they are different at eV ≈ 2ϵ0, as it is more
clearly illustrated in Fig. 1.2c. At 4 K (liquid helium temperature) the IV overlaps with the
analytical solution. Even at 77 K (liquid nitrogen), the error committed by considering the
analytical solution is small. However, as temperature increases, the current increase at
eV ≈ 2ϵ0 is broadened. At room temperature (293 K), this broadening is not negligible.
Thus, one should not use Eq. 1.6 to fit data measured at room temperature.

However, what happens if we do so? For example, let us consider a set of data that
would be described by Eq. 1.3 at room temperature, with the parameters ϵ0 = 0.5 eV
and Γ1 = Γ2 = 5 meV, in the range [-1 V 1 V] (solid blue line in Figure 1.2d). The best
fit of this curve using the analytical model yields the parameters ϵ0 = 0.5085 eV and
Γ1 = Γ2 = 8.6 meV, leading to a 40% error in the estimation of the coupling strength
(dashed red line in Figure 1.2d)6. In general, the error committed when using Eq. 1.6 to
describe room temperature IV s will depend both on the exact parameters as well as on
the voltage range that is considered. In particular, it is worth mentioning that in the limit
|V |≫ 2ϵ0/e, one would retrieve the same parameters for the numerical solution and for
Eq. 1.6, since the current saturates at the same value in both cases (assuming that the
SLM still applies at these voltages).

The last step to this theoretical overview is to describe conductance histograms. The
single-level model only gives one current value for each voltage, and thus the conductance
would be described as a single value. However, experimental measurement are reported
as histograms, often showing a log-normal peak shape [59]. Williams and Reuter [60]
first tried to explain the origin of conductance histograms by applying probability theory,
based on the single-level model. However, there is one difference that should be clarified
before continuing. The starting point of their derivation is the transmission:

T (E) = 4ΓLΓR

(4E −ϵ)2 + (ΓL +ΓR )2 , (1.7)

which seems different from Eq. 1.5. At a closer look, the two definitions are the same after
the substitution ΓL,R = 2Γ1,2. In the following, we will continue using the definition of the

6One can notice a small difference between the two curves in Fig. 1.2d. However, that difference would not be
visible in the case of real noisy data.
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Figure 1.3: a) One-dimensional conductance histograms calculated using the analytical model form Williams
& Reuter (|EF − ϵ̃| = 0.5 eV, Γ̃ = 10 meV, and δΓ = 1, 2, or 3 meV). b) Histograms calculated with the log-normal
modified model, using the same parameters. The orange shaded area corresponds to a log-normal distribution
fitted to the curve with δΓ = 3 meV (green curve).

transmission as in Eq. 1.7, to be faithful to the derivations in Ref. [60]. However, the reader
should remember to convert the coupling strength when comparing the two definitions
of T (E).

Williams and Reuter propose that the parameters in Eq. 1.7 for a molecular junction
are not fixed values, but random variables, described by normal distributions. The average
and standard deviations of energy level position are ϵ̃ and δϵ. Also, in the non-resonant
tunnelling regime (i.e., 4(EF − ϵ̃)2 ≫ (ΓL +ΓR )2), only the effective coupling Γe f f =

p
ΓLΓR

plays a role in the conductance, which is assumed to have a normal distribution with
centre and standard deviation Γ̃ and δΓ. In this regime, they obtain that the histograms
should have a shape described by:

P (g ) = c√
8πg (1− g )3

·exp

[
−

(
c
p

g −d
√

1− g
)2

2
(
1− g

) ]
, (1.8)

where g =G/G0, c = |EF − ϵ̃|/δΓ and d = Γ̃/δΓ. There are two assumptions necessary to
obtain Eq. 1.8. First, since only positive Γ values make physical sense, we must have
that Γ̃/δΓ≫ 0 (in practice, the authors suggest Γ̃/δΓ > 4). Second, it considers that any
possible value in the distribution of the energy level position is far away from resonance,
i.e., |EF − ϵ̃|≫ δϵ.

While both assumptions seem physically sound, they pose strict restrictions on the
width of the peak described by Eq. 1.8. To illustrate this, let us consider parameters
analogous to the ones used for Fig. 1.2: |EF − ϵ̃| = 0.5 eV and Γ̃ = 10 meV. Figure 1.3a
displays the peaks obtained from Eq. 1.8 with the aforementioned parameters, when
considering three possible values for δΓ, corresponding to [c = 500 d = 10], [c = 250 d = 5],
and [c = 167 d = 3.33]. It is clear that the peak width strongly depends on δΓ. More
importantly, to obtain peak widths that are comparable to experiments one can get d < 4,
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which as mentioned earlier is not physically sound. It is possible to improve on the model
presented here by adding the background tunnelling current [61]. However, this is still not
enough to fit experimental histograms under the restriction d < 4, even when classifying
traces using machine learning algorithms [62].

We would like to end this discussion with a more speculative idea. One of the main
limitations of the Williams and Reuter model is the assumption of a normal distribution
of electrode coupling. Thus, one can think to change the distribution, for instance to a
log-normal one. We apply this modification to the model in Ref. [60] and obtain:

P (g ) = 1

4πδϵδLN

√
g

(
1− g

)3

×
∫ +∞

−∞
dE

1√
g

1−g

exp

− (E − ϵ̃)2

2δ2
ϵ

−

(
ln

(
|EF −E |

√
g

1−g

)
− Γ̃LN

)2

2δ2
LN

 , (1.9)

where Γ̃LN and δLN are the mean and the standard deviation of the log-normal distri-
bution respectively. We then numerically integrate Eq. 1.9, using a set of parameters
comparable with the ones used for Fig. 1.3a. More precisely, we convert them as:

Γ̃LN = ln

 Γ̃2√
Γ̃2 +δ2

Γ

, δLN =
√√√√ln

(
1+ δ2

Γ

Γ̃2

)
. (1.10)

The results are plotted in Fig. 1.3b. Interestingly, one retrieves an overall peak shape
that is very reminiscent of a log-normal distribution (for example, see the orange area in
Fig. 1.3b), a function that has been used for decades to fit break-junction histograms. The
question on which distribution best describes the coupling of a real molecular junction,
however, remains open, as well as the validity of the approach described above.

1.2. THE COMPLEXITY OF MOLECULAR CHARGE TRANSPORT AT

THE NANOSCALE
The picture of a molecule connected to electrodes as presented in the previous section is
an over-simplification of the nature of metal-molecule-metal junctions. The variability of
conductance of these systems presents a richer behaviour than simply a random variation
of energy level position and electrode couplings. Figure 1.4 illustrates the additional
mechanisms that can contribute to the variance in conductance histograms, which will
be discussed in this section. Already in 2001, Donhauser et al. [63] noticed that rod-like
molecules undergo stochastic switching in STM measurements, likely because of confor-
mational changes. The first observations of these fluctuations [63–65] inspired theorists
to take into account different electrode geometries when calculating the conductance of
molecular junctions [66]. This variability was shown to be present also in break-junction
measurements, in the form of multiple peaks in the conductance histograms: a molecule
binding on top of a gold atom would have a different conductance than one bound to a
close-compact site [66–70], as illustrated in Fig. 1.4 (top-centre panel).
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Studies on alkane chains brought a further complication of the picture: different
conformers of the molecule (see Fig. 1.4, top-right panel for an example) could also
cause the presence of multiple conductance peaks [71, 72]. However, break-junctions
studies of conjugated molecules (that would have no conformers) also frequently showed
multiple conductance peaks [73, 74], reinforcing the idea that different electrode shapes
and binding configuration are at the origin of the complexity of charge transport at the
nanoscale. With this picture in mind, combination of molecular dynamics simulations
with transport calculations have been developed for understanding the conductance
fluctuations in molecular junctions [75–79]. In particular, Li et al. [80] tackled the question
of whether the conductance of a molecular junction would have narrow dispersion, under
ideal conditions in which none of the above factors plays a role. However, these authors
find that even in such a case conductance histograms have quite a large variance. They
attribute the origin of the remaining variation to the mechanical manipulation during
the stretching process, and to the intrinsic stochastic nature of break-junction rupture
(Fig. 1.4, bottom-right panel).

Molecular Junction
=

Electrode Shape
Binding Configuration Conformers

Chaining Intermolecular Interactions Rupture/Formation

Stochastic
Fluctuations

Figure 1.4: Schematic representations of the mechanisms that contribute to conductance histograms of break-
junction measurements.

Intermolecular interactions are another piece that should be added to the puzzle.
These are particularly relevant in conjugated molecules, in which theπ orbitals of different
molecules can couple "through-space", forming dimers or larger aggregates, as depicted
in Fig. 1.4, bottom-centre. These π-coupled systems have been shown to produce conduc-
tance peaks in the 1D- and 2D-histograms at relatively low conductance values [81], which
can also present quantum interference features [82]. The main challenge is to distinguish
between charge transport through the molecular backbone ("through-bond"), and the
one thorugh-space. In the aforementioned two studies, the distinction was possible be-
cause the molecules presented anchoring groups on only one side, excluding the former
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mechanism. When two anchoring groups are used, through-space and through-bond
effects can coexist, inducing multiple peaks in the conductance histograms [83]. Still,
distinction between the two mechanism is possible through noise analysis [84]. Recently,
it was suggested that the chaining of multiple molecules is also possible during a break-
junction experiment [85, 86]. In this case, it is possible to identify features that have a
length greater than twice the molecular length. Additionally, these first reports hint at the
possibly that gold atoms are incorporated in the chain.

The advent of modern analysis methods based on machine learning enabled re-
searchers to better classify the multitude of features that are found in break-junction
measurements [87, 88]. In particular, Cabosart et al. [89] reported that, for a model
compound like oligo(phenylene-ethynylene) (OPE3), the conductance variation between
measured conductance values could be reduced by separating two types of features:
shorter ones at higher conductance, and longer ones with lower conductance. Individ-
ually, these two groups of traces would report very similar conductance values across
measurements, but with different yield (i.e., the amount of traces that show such feature,
with respect to the total). Using a similar approach, Veen et al. [90] distinguished among
different junction conformations in a series of alkanes chains, using the evolution of the
molecular conductance as a function of stretching.

1.3. DISSERTATION OUTLINE
The complex picture of metal-molecule-metal junctions painted in the previous section,
combined with the possibilities introduced by classification methods, is the context in
which this dissertation starts. The main thread that will permeate through the dissertation
is how we can make sense out of this complexity using the mechanically controllable
break-junction technique. The reader already went through the first steps. In the previous
sections of this chapter, after a brief introduction to the field of molecular electronics, we
described the most simple picture, perhaps even naive, in which a molecular junction
can be described: just a single-level. Then, we illustrated several mechanisms that add
variance and complexity to the description of a metal-molecule-metal junction. Next,
in Ch. 2, we will elaborate on the experimental and analysis methods used throughout
this thesis. Then, Ch. 3 will tackle how charge transport scales from nanoscale to large-
area junctions, with an eye on intermolecular interactions. In Ch. 4 we will address the
presence of stochastic switching in MCBJ measurements, reporting on how it changes
depending on the anchoring group and the molecular backbone. Additionally, we will
hint that, in addition to the stochastic rupture of molecular junctions, one might need to
also consider their formation dynamics. Chapter 5 will present the characterization of two
series of tolane molecules: one exploring how substituents affect transport properties, the
other exploring the effect of torsion angle. The chapter will also illustrate that, to properly
predict the observed conductance trend, first-principle calculations need to take into
account both different electrode configurations, non-equilibrium binding geometries
and a wide range of energy level alignments. Lastly, in Ch. 6, we will discuss the possibility
of characterizing molecules at high-bias to disentangle different physical phenomena.
We will touch on the topic of quantum interference in macrocyclic molecular circuits,
and we will consider the possibility of introducing changes in the molecule through the
externally applied voltage, to induce switching in molecular junctions.





2
EXPERIMENTAL TECHNIQUES AND

DATA ANALYSIS

This chapter describes the mechanically controllable break junction (MCBJ) technique used
to characterize nanoscale molecular junctions throughout the dissertation, including the
characterization of a low-noise logarithmic amplifier. Then, the chapter illustrates the
machine learning techniques that will be employed for the analysis of break-junction data.
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2.1. MECHANICALLY CONTROLLABLE BREAK-JUNCTION
The mechanically controllable break junction (MCBJ) technique is an approach that
allows to form nanoscale-sized electrodes, and to control the distance between them.
This technique has been used since decades to study metallic point contacts [91] and
metal-molecule-metal junctions [5]. More recently it was also proven to be a viable
platform for the study of 2D-materials [92–94]. In this dissertation, the MCBJ technique
was used to characterize nanoscale metal-molecule-metal junctions. This section briefly
describes the working principle of the technique and the main changes that have been
applied to the setup since its latest reported implementation. For a detailed description
of the system used in this dissertation, see the two articles by Martin et al. [47, 95], as well
as the PhD dissertations of Martin [96], Perrin [97], and Frisenda [98].

A scheme of the setup is shown in Fig. 2.1. The sample consists of a flexible phosphor
bronze substrate, covered with a ≈6 µm layer of polyimide, with a 100 nm gold nanowire
deposited on top of it (more details are presented in Sec. 2.4). The sample is mounted
between two clamps in a three-point bending mechanism, which can be actuated by a
stepper motor (Faulhaber), or by a piezoelectric actuator (PI-Ceramic). The stepper motor
is used when a large displacement range is required, while the piezoelectric element is
used for fast and precise control. As the substrate is bent, the gold nanowire increasingly
streches, until it ruptures. In this way, two nanoscale-sized electrodes are formed. The
geometry of the sample leads to a ratio between the vertical movement of the pushing rod
and the horizontal displacement of the electrodes of the order of 5·10−5. This allows for
sub-nanometer control of the displacement between the electrodes and good mechanical
stability.

Pushing rod

Clamp

Phosphor bronze

Polyimide

Gold electrodes A
Clamp

Figure 2.1: Schematic render of the mechanically controllable break junction (MCBJ) setup.

The most common measurement performed in the MCBJ technique consists of mea-
suring the conductance of the sample at a fixed voltage bias (typically 0.1 V), while
breaking and reforming the connection between the electrode. This results in a con-
ductance versus displacement curve. The section of this curve measured during the
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breaking portion of the cycle is called a "breaking trace", while the one measured during
remaking of the connection is referred to as "making trace". This cycle can be repeated
thousands of times consecutively. A trace starts when the electrodes are fully connected,
at a conductance of 30 G0. As the sample is bent, the conductance decreases. Below
around 5 G0 this decrease happens in discrete steps of about 1 G0 (Fig. 2.2a), indicating
the quantized nature of charge transport in the device. This step-wise decrease proceeds
until a conductance of 1 G0 is reached, corresponding to the formation of a single-atom
connection [46]. Subsequently, the conductance sharply drops to values around 10−4 G0

(Fig. 2.2b) because of the release of the stress accumulated during straining of the gold
wire, causing a fast retraction of the electrodes’ tips [99, 100]. When the electrodes dis-
place further, the current decreases exponentially with displacement, as predicted by
Simmons model [101], until the noise floor of the measurement electronics is reached. If a
molecule is present, however, the current will remain constant for a range of displacement
proportional to its length, producing a "molecular plateau".
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Figure 2.2: a) Examples of breaking traces showing quantized conductance steps, with a clear 1 G0 plateau. b)
Examples of breaking traces of an empty MCBJ device, showing the sharp conductance drop after rupture of the
1 G0 plateau, followed by an exponential decay.

The first step in an MCBJ experiment consists of the characterization of the bare
device, i.e., without introducing any molecule onto it. This has two purposes. On one
hand, it allows to check whether the sample is clean, that is, no molecular plateau arises in
the measurement. If some contamination is present, the sample is treated in an UV Ozone
cleaner (Novascan PSD-UVT), as described by I.J. Olavarria Contreras [102]. Then, the
characterization is repeated to ensure that the contamination was successfully removed.
On the other hand, this step allows to calibrate the attenuation factor for the device,
namely, to determine the ratio between the vertical displacement of the pushing rod
and the separation of the electrodes (typical values are between 6·10−5 and 8·10−5). The
procedure to do so is described in [98].
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After the initial characterization, a droplet of a solution containing the desired com-
pound is dropcast onto the device. After evaporation of the solvent, the measurement is
started and thousands of consecutive traces are collected, using a fixed bias, and electrode
speeds ranging from 1 to 5 nm s−1. This measurement procedure is sometimes referred
to as "fast-breaking".
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a) Empty b) OPE3-NH2

Figure 2.3: Two-dimensional conductance-displacement (left) and one-dimensional conductance histograms
for a) an empty device and b) OPE3-NH2 (see Ch. 4 for more details on the molecule).

Histograms are often employed to represent the statistical information arising from
the thousands of traces collected in each measurement. The two most common types used
for this purpose are one-dimensional (1D) conductance histograms and two- dimensional
(2D) conductance-displacement histograms. Examples of these histograms are shown
in Fig. 2.3a for an empty device, and in Fig. 2.3b for a device with OPE3-NH2 (Oligo
(phenylene ethynylene) with diamine anchoring groups, see Ch. 4 for more details on
the molecule; here it serves only as an example). Notice, that for the empty device, the
1D-conductance histogram is almost featureless below 10−4 G0. The corresponding 2D
histogram shows counts only at short displacements, overall following the exponential
trend of empty traces. The only deviation from the ideal behaviour is a small peak in the
1D-histogram at around 1·10−6 G0. However, there is no plateau in the 2D-histogram at
the corresponding conductance, hinting that its source is not of molecular nature. The
explanation of the origin of this peak can be found in Sec. 2.3.1. For now, it is enough to
highlight that the lack of plateaus corresponding to the peak makes it trivial to distinguish
between empty and molecular traces. In contrast with the empty device, in the 2D
histogram of Fig. 2.3b there are counts at much greater displacements, and the high-
count area defines a more or less flat region. This reflects the presence of a molecular
plateau. Corresponding to this area, a prominent peak emerges in the 1D histogram,
which approximately follows a Gaussian distribution when the histogram is binned in
logarithmic scale. Hence, the peak is typically fitted with a Gaussian [59]:
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N (g ) = A ·e
− (g−gc )2

2w2
g (2.1)

where g is the base 10 logarithm of the conductance in G0 units (g = logG). When
considering the linear scale, this defines a log-normal distribution [59]:

N (G) ∝ 1

G
e
− (l ogG−gc )2

2w2
g (2.2)

The centre of the distribution in Eq. 2.1 (gc ) defines the most-probable conductance
of the molecule. This value is used to characterise different molecules and compare them.
Throughout this dissertation, the most-probable conductance will often be referred to in
short as the "conductance" of the molecule. The width of the peak (wg ) is also an useful
parameter to characterise the behaviour of the molecule, allowing to discern between
well-defined flat plateaus and slanted or ill-defined ones.

2.2. MACHINE LEARNING FOR DATA ANALYSIS
The analysis and interpretation of break-junction measurements is often not as straight-
forward as described in the previous section. In many cases, more than one plateau is
present (a scrupulous reader might already have noticed it in Fig. 2.3b). For instance,
alkanes [71, 72, 80, 90] and OPE3s [89, 103–106] are notorious for showing multiple con-
ductance plateaus. As a further example, chaining of multiple units is possible in case
the molecule bond to the surface is strong enough [85, 86], leading to multiple steps in
molecular traces.

A modern approach of tackling this problem is to use machine learning to classify the
datasets measured with mechanical break-junctions. These algorithms can be broadly
classified1 as "supervised" or "unsupervised" [107]. Supervised learning consists in train-
ing the algorithm on a labelled set of data, i.e., data whose output is already known. This
approach has been applied to break-junction data to separate traces coming from differ-
ent molecules in a dataset measured from a solution containing two different compounds
and to track the presence of different conformers in a solution over time [108]. Although
very accurate, this approach is hindered by the requirement of a set with known labels,
which is seldom the case in molecular-scale electronics.

Unsupervised learning, instead, aims at extracting useful information from a set of
data based only on its properties. The typical problem in this category is clustering, i.e.,
the classification of a set of data in subsets, called clusters, such that any element in the
dataset belongs to one of them, and one only [109]. This approach gained great success
in the molecular electronics community to classify break-junction data [87–89, 110, 111].

2.2.1. CLUSTERING ANALYSIS FOR THE CLASSIFICATION OF MCBJ TRACES
The typical clustering process consists of two main steps (Fig. 2.4). Firstly, the elements
of the unclassified set need to be converted to points in a M-dimensional space, known
as the "feature space". Secondly, a clustering algorithm is used to classify the points in

1There is also the "reinforced" category. However, it is not discussed here as it is not useful for the classification
of break-junction data.
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Figure 2.4: Typical flowchart for clustering of a dataset. The data is converted into points in the feature space.
Then, a clustering algoritm is used to classify them. Lastly, the data can be divided into groups corresponding to
the clusters identified in the previous step.

different groups. Lastly, the original elements are split according to such separation. The
main differences between different clustering approaches are either in the preparation of
the feature space, or in the clustering algorithm that is employed [88].

One of the first successful approaches to break-junction data classification was pro-
posed by Lemmer et al. [87]. It considers every trace as a vector, and then computes their
distance, the angle, and the Hamming distance2 with respect to a reference one, defining
a three dimensional feature space. In this case, a trace showing the exponential decay
of an empty junction was chosen as reference. However, this process introduces one
additional degree of freedom (the reference vector) that can change the outcome of the
classification. For this reason, Cabosart et al. [89] developed an alternative approach.
Their method considers the 2D histogram of each trace as the element that needs to
be classified. Then, the k-means++ algorithm is used to cluster the dataset. As this ap-
proach has been used throughout this dissertation, it is instructive to discuss the working
principle of this algorithm.

First, let us describe the working principle of k-means. The goal of the algorithm is
to find the partition of the data which minimizes the within-cluster variance [113]. The
procedure starts by defining the number of clusters k, which is set by the user. The centers
of the clusters are then initialized, for instance by randomly choosing k points within the
dataset [113]. Then, the following two steps are repeated until convergence [114]:

2The Hamming distance of two vectors is the number of components at which the two are different [112].
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• assignment step: assign each point to the cluster that has the closest centre;

• update step: the new cluster centres are computed as the average of the observations
in each cluster;

In general, it is not guaranteed that this procedure converges to the global minimum,
and thus the algorithm has to be repeated several times to avoid local minima [113]. The
k-means++ algorithm differs from k-means in its initialization, resulting in improvements
in both accuracy and speed of the algorithm [115]. The modified procedure works as
follows.

1. Choose the first cluster center c1 uniformly at random within the dataset X .

2. Choose the next centre within the dataset, weighting each point by the distance
from the closest of previously chosen centers. Formally, if D(x) is the distance of
point x from the closest (already chosen) centre, the probability of choosing x ′ as

the next cluster centre is D(x′)2∑
x∈X D(x)2 .

3. Repeat step 2 until k cluster centres are chosen.

4. Proceed as in the standard k-means algorithm.

The next issue to tackle is the evaluation of the clustering results, and more specifi-
cally, the choice of the number of clusters. In fact, several algorithms, including k-means,
require it as an input. So far, the problem has been mainly tackled by using Clustering
Validation Indexes (CVIs) [116]. These are scalar values that evaluate a clustering classifica-
tion either based on the comparison with a correct partition, or on the their compactness
and separation. The second category is more appropriate for break-junction data, as
there is no correct separation known a priori. For example Lin et al. [111] used a few
indexes to evaluate the performance for clustering based on 1D histograms of the traces
split with the spectral clustering algorithm. On a set of simulated data, they found that
only the Calinski-Harabasz index would retrieve the correct number of clusters. However,
as noted by the authors themselves, real data is more complex than a simulated set of
data. A more systematic approach was proposed by El Abbassi et al. [88], in which 29 CVIs
are computed for the classification, and the "best" result is defined as the one scoring
the optimum for the most CVIs. The latter approach is promising to evaluate clustering
of break-junction data. Lastly, it is important to remember that: (i) CVIs performance
is lower when noise and cluster overlap are present [109], which is generally the case in
break-junction data; (ii) it is not generally true that all clusters generated by the algorithm
bear useful or physical information, thus even the "best" classification according to CVIs
might still hide useful information.

In this last paragraph, the workflow used for clustering in this dissertation is described,
exemplifying some of the issues described above. As mentioned, it is based on the ap-
proach by Cabosart et al. [89]. The first step is to create a 2D histogram for each trace. The
parameters used to build these histograms are one of the most critical settings for obtain-
ing a good clustering separation. The exact values for each study in this dissertation will
be reported in the corresponding chapter. Then, each row in the histogram is appended
to the previous one, forming an high-dimensional vector. The set of vectors built for all
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traces is then split using k-means++. Lastly, histograms corresponding to each cluster
are generated. As explained above, this procedure is repeated for several total number of
clusters. Figure 2.5 shows an example of the 2D histograms resulting from an OPE2-SAc
measurement (see Ch. 5). Differently from Fig. 2.3, there is not a clear plateau visible
in the unclassified data. Splitting the dataset in 2 allows to separate most of the empty
traces, but still does not yield any plateau. Only with 4 clusters a plateau at ≈10−3G0 and
one at ≈10−6G0 become visible. The other two clusters contain mostly empty traces, but
the last one seem to hide even a different behaviour. In fact, when splitting in 5 clusters,
an additional slanted plateau at ≈10−5G0 is isolated. In this case, we obtain 3 clusters
containing molecular plateaus and 2 having empty traces. It makes sense to group the
latter in just one plot, and to reference them as a single one. A similar approach will be
often used throughout the dissertation, in particular when dealing with clusters showing
empty traces. The following nomenclature will be used to avoid confusion: "cluster"
refers to the group of traces as identified by a clustering algorithm; "class" is a group of
traces showing the same behaviour. For example, the five-fold classification in Fig. 2.5
has 5 clusters, and 4 classes (3 showing molecular plateaus, and 1 with empty traces).

2.2.2. SUPERVISED LEARNING STRATEGIES FOR EMPTY TRACE DETECTION

Isolating molecular traces in a break-junction measurement is a crucial step in the analysis
of the acquired datasets. In fact, the presence of empty traces with exponential decay can
influence both the position and shape of the conductance histograms [117]. Although
one can correct for this effect by subtracting the background signal [59], or by adding its
contribution to the fitting functions [61], it is desirable to exclude the presence of such
traces all together. It is possible to use simple criteria, such as considering the fact that
empty traces have a lower number of counts in the measurement range with respect to
traces showing a plateau [118]. However, this does not always lead to a very accurate
classification. Alternatively, neural network based classification can be used for the task.
A few network designs have been reported in literature, showing promising accuracy [119,
120].

In the following, a neural network structure for the classification between empty and
molecular MCBJ traces is described. This is based on the work in the MSc thesis of van
Veen [121], where it is possible to find an in-depth description of the network design,
training process, and validation of the classification results. The first step is to define the
input of the neural network. Analogously to the clustering analysis, a combination of
the 2D- and the 1D-histogram is chosen. The 2D-histogram of the trace is computed in
the range -0.5 to 3 nm in displacement and -0.5 to -6 log(G/G0) in conductance, using a
25×32 bins grid. The 1D-histograms is calculated using 100 bins and 1 to -6 log(G/G0)
limits. In total, this procedure yields a 900 dimensional input for the neural network. The
network structure consists of a fully connected network with an input layer of 900 nodes,
matching the input. Then, two hidden layers are present: the first with 128 nodes, the
second with 64 nodes. Lastly, a 2 nodes output layer is used, representing the desired
classification in "empty" and "molecular" traces. The network was trained using a set of
around 200.000 pre-classified traces, containing similar amounts of empty and molecular
traces. For this purpose, a set of alkanes of different lengths (propane, hexane, and octane)
was used, as these molecules show plateaus at different lengths and conductance values,
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as well as traces containing multiple steps [90]. A 4:1 validation ratio is used during the
training process. The complete description of the neural network, its training, and its
validation will be further discussed in an upcoming publication.

2.3. LOW-NOISE LOGARITHMIC AMPLIFIER
This section describes the design and implementation of a logarithmic transconductance
amplifier3 that was added to the MCBJ setup, modifying the one reported by Martin
et al. [47, 95, 96]. The main goals of this upgrade were to enhance the detection limit
and to lower the noise of the electronics, and to decrease its response time. These was
achieved by moving from the amplifier from a module in the rack4, to a printed circuit
board (PCB) located close to the sample. For this reason we will refer to this electronic
device as "PCB-amplifier".

The circuit diagram of the PCB-amplifier is presented in Fig. 2.6. The voltage bias
(with respect to ground) is provided on the left, where it is divided by half by a voltage
divider (R12 and R15). Thus, the provided bias has to be twice the desired voltage at
the junction. From now on, when referring to "bias", we will refer to the voltage drop
at the junction5. The voltage source will apply twice that value in order to achieve the
desired bias. Then, a multiplexer (MUX V-source) allows to apply it to one of 8 channels.
Three calibration resistors (R10, R11, R14, with resistances of 1 kΩ, 10 MΩ, and 10 GΩ) are
placed in channels 0, 1, and 2. Channel 3 is empty, and channels 4 to 7 direct the bias to a
junction on the MCBJ sample. Each channel has a 1 MΩ resistor connected in parallel
to it, before the load (R16 to R23). The combination of these resistors with the voltage
divider allows to avoid large fluctuations of the load, as seen by the bias source. This is
critical, as in a typical MCBJ measurement the resistance of the junction can change from
1 k Ω to 1 TΩ in less than a second. With this scheme, the voltage source experiences
a change in load impedance from ≈400 Ω to only ≈440 Ω for the same fluctuation of
junction resistance.

After the sample/load resistor, the circuit has a second multiplexer (MUX I-meas)
that allows to select the channel to which the amplification circuit is connected. The
latter consists of an operational amplifier (82VD LMC6081AIM, Texas Instruments), to
which a negative feedback is provided by two sets of diodes (BAS416, Nexperia). These
are connected in opposite polarities, and they are responsible for the logarithmic current-
to-voltage conversion [122].

The connection between the PCB-amplifier and the setup is realised through a ribbon
cable, which is then wired to a rack-mounted matrix of MCX connectors (Matrix Module).
The latter allows for the modular connection to the rest of the measurement electron-
ics. The measurement is controlled by an ADwin Gold II (Jäger Computergesteuerte
Messtechnik GmbH), connected to a computer through Ethernet. This unit combines
a real-time processor with analog and digital inputs and outputs. The 16 bits digital-
to-analog converter (DAC) has a ±10 V range, and it is used to control the bias applied
to the junction. The 18 bits analog-to-digital converter is used to measure the output

3Design and fabrication of the amplifier were performed by Hans van der Does (TU Delft DEMO) and Raymond
Schouten (TU Delft). Further support was provided by Berend Otto (TU Delft DEMO).

4IVVI-rack, home-made module based measurement unit, developed by Raymond Schouten, TU Delft
5This is not a proper assumption for resistances close to the series resistance, as explained later in the section.
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Figure 2.6: Circuit diagram of the PCB logarithmic amplifier, with the multiplexers (MUX) to switch among
junctions on the sample, or calibration resistors on the board. The two insets illustrate the circuit diagram of
the connector on the PCB, and of the power-supply section of the multiplexers. The serial number of the U2
op-amp is 82VD LMC6081AIM (Texas Instruments). Capacitor C2 was not mounted in the final PCB design.
Adapted from the circuit diagram drawing by Hans van der Does (TU-DELFT-DEMO).
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of the amplifier. It operates in the range ±2.5 V, with a maximum theoretical sampling
rate of 500 kHz (in practice, if the measurement routine is complex, this is reduced to
100-300 kHz). Lastly, the digital input/output section of ADwin is used to control the
switching of the multiplexer.
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Figure 2.7: Schematic illustration of the connection of the PCB amplifier to the measurement system. The
ADwin Gold II system is used to control the the voltage bias sent to the PCB through its internal DAC (Out-1),
and the multiplexers using the digital input-output connector (DIO 00-15). The output voltage of the amplifier
is read through ADwin’s ADC (In-1). The connection between the ADwin system and the control computer is
sustained by Ethernet.

A specific interface module (A5) was designed6 to facilitate the connection process.
Figure 2.7 shows a simplified scheme of the connections. BNC cables are used to connect
ADwin’s analog input and output to the rack, which connects them to the A5 module. A
DB25 to DB9 cable is used to connect the digital I/O to the A5 module. Notice, internally
only 6 wires in this cable are connected, 3 controlling the binary input to MUX V-source,
and 3 for MUX I-meas. Additionally, the module provides access to ±5 V rails to power
the op-amp and the multiplexers on the PCB. Lastly, the A5 module is connected to the
matrix module through MCX cables.

2.3.1. PCB-AMPLIFIER CHARACTERIZATION
The amplification design presented here is quite simple with respect to some of the
designs present in literature[123, 124], yet, it is surprisingly effective. The time-domain
response was tested using square voltage steps. Figure 2.8a shows the response of the
amplifier when a bias step from 100 mV to 10 mV is applied at time t = 0 s. The output
voltage approaches the final value following a curve of the form −e−βt , and it takes

6design and realization by Hans van der Does
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Figure 2.8: a) Voltage output of the logarithmic amplifier as a function of time, upon the application of a bias
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axis origin is set to the instant the voltage is stepped to the lower value. b) Time constant and settling time as a
function of load resistance. c) Time constant and settling time as a function of the voltage after the step. The
voltage before the step has been set as 10 times the end value.

longer to do so with increasing load resistance. This behaviour closely resembles the
charging of an RC circuit. Thus, the output voltage was fitted with with the function
log (|V −V∞|) = A + t/τ where τ is the RC time constant. The resulting time constants
are plotted in Fig. 2.8b, along with the settling time (defined as the time required for the
output to be within 5% variation of the final value). For resistances up to 100 MΩ, the
amplifier responds in less than a millisecond, but for resistances of 10 GΩ and greater,
100 ms or greater are required. This is still enough for performing a break-junction
measurement, with some restrictions. We will further discuss the implications of this limit
later in the section. Lastly, notice that the response time decreases with increasing voltage
(Fig. 2.8c). This means that the voltage step used for the characterization in Fig. 2.8a-b is
a worst-case scenario with respect to the measurements performed in the setup, which in
any case use a bias greater than 10 mV.

The last step before using the PCB-amplifier for break-junction measurements is to
calibrate its response. That is, to assign the relationship between the current through the
channel, and the voltage at the output of the amplifier. Thus, resistors ranging from 10Ω
to 10 GΩ to the amplifier were connected to the amplifier, simulating a sample. For each
of them, the bias voltage was swept from -1 V to +1 V while recording the output voltage
of the amplifier. The resulting curves are shown in Fig. 2.9a.

The amplifier response follows the ideal logarithmic response from 1 mA to just over
10 pA, indicated by the linear dependence of current (in logarithmic scale) vs. output
voltage in Fig. 2.9a. At smaller currents, the response deviates from the ideal behaviour,
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Figure 2.9: a) Current through the junction versus the corresponding amplifier output, measured using load
resistors of 10 Ω, 100 Ω, 1 kΩ, 10 kΩ, 100 kΩ, 1 MΩ, 10 MΩ, 100 MΩ, 1 GΩ, and 10 GΩ. The square red dots
correspond to the amplifier output at 0.1 V bias for the 10 Ω, 100 Ω, and 1 kΩ resistors. The dashed black
line corresponds to the final calibration curve. b) Empty breaking traces measured with the PCB amplifier at
different breaking speeds.

but it can be calibrated down to about 0.2 pA. This corresponds to almost two orders of
magnitude improvement over the previous amplifier [47, 95, 98].

A significant deviation from the ideal response can also be observed for high resis-
tances (10Ω and 100Ω). This is linked to the deviation from the ideal beahviour of the
voltage divider. The voltage drop across the load will be half of the applied bias only if the
load is much greater than the series resistance. That is, if it is much greater than 220Ω
(neglecting the multiplexers and the PCB tracks resistances). This is always satisfied in
the range of interest for break-junction measurements (>10 kΩ, or <1.3 G0), making this
calibration procedure accurate for that interval.

However, it is useful to measure down to, and below, 1 kΩ as the making cycle of a
trace reaches about 430 Ω (30 G0). To calibrate the amplifier to a wider current range,
only the points at a fixed bias of 100 mV (the typical bias used in the measurement) for 10,
100, and 1kΩ are considered (shown as red squares in Fig. 2.9a). Then, the response is
interpolated to smoothly join these three points to the exponential response measured
with the 1 kΩ and 10 kΩ resistors. The resulting curve is plotted as a dashed black line
in Fig. 2.9a, and it corresponds to the calibration curve for the amplifier. Notice that this
procedure has a main drawback: the applied bias has to be 100 mV when the resistance is
equal to 1 kΩ or smaller, otherwise the measured value will not be calibrated correctly.
However, it is possible to work around this limitation by first bringing the junction to
a high-enough resistance using 100 mV bias, and then ramp the voltage to the desired
value. This still allows to measure the molecular conductance at any reasonable bias.
Additionally, due to the presence of 1 kΩ, 10 MΩ, and 10 GΩ resistors on the PCB, it is
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possible to automatically adjust the calibration in case it drifts (e.g. due to temperature
changes). However, the 10Ω and 100Ω are still left to manual calibration.

Finally, when measuring an empty MCBJ device, the traces seem different depending
on the breaking speed. Examples of breaking traces measured with the new amplifier at
different breaking speeds are shown in Fig. 2.9b. It is possible to identify two regions of
interest. The first, labelled as 1 and shaded in gray, falls between 2·10−4 G0 and 2·10−6 G0.
The second, labelled as 2, extends from 2·10−6 G0 to the noise level (2·10−8 G0). Con-
sidering first the trace at a breaking speed of 200 V s−1 (≈4 nm s−1, in green), it follows
an exponential decay compatible with the empty device in region 1. However, in region
two the slope changes to a smaller one (as if the conductance decays more slowly with
displacement). When slowing down the measurement to 50 V s−1 (≈1 nm s−1, in red), the
breaking trace overlaps with the previous one in region 1. However, in region 2 the trace
maintains the same slope as in region 1. Lastly, using a speed of 30 V s−1 (≈0.6 nm s−1, in
blue), the trace shows an almost vertical decay in region 1, while in region 2 it follows a
slope similar to the trace at 50 V s−1. These observations can be explained by considering
that the limit between region 1 and 2 corresponds to a resistance of about 5 GΩ. As
observed in Sec. 2.3.1, the response of the amplifier becomes considerably slower in this
range. Thus, the smaller slope in region 2 at 200 V s−1 is due to the lag in the ampli-
fier response to the rapidly changing displacement. Decreasing the speed to 50 V s−1

is enough to meet the condition such that the change in displacement is slow enough
that the amplifier can follow it. Despite this, there is still a residual feature of the change
of the amplifier response: the small peak at ≈10−6 G0 in the 1D histogram mentioned
in the discussion of Fig. 2.3a. However, the measurement speed cannot be decreased
indefinitely, since that will cause the 1 G0 plateau to self-break [125, 126], similarly to what
happens at 30 V s−1. Notice, at 200 V s−1 the response of the amplifier is still fast enough to
retrieve the correct conductance value until 2·10−6 G0. Thus, it is still possible to measure
at high speed, as long as the measured molecular features have higher conductance than
this threshold.

Notably, the conductance threshold at which the trace transitions from region 1 to re-
gion 2 decreases with increasing bias voltage. More specifically, this shift always happens
around a current value of ≈8 pA. This will be evident in Ch. 6, in particular in the 2D-
histograms reported for bias dependence in the appendices 6.A and 6.B. This behaviour
allows to distinguish between artefact peaks in the 1D-histograms, whose conductance
decays with 1/Vbias, and molecular peaks, which show a different dependence.

2.4. FABRICATION OF MCBJ DEVICES
The fabrication process to make MCBJ devices is based on the one developed by Mar-
tin [96] and adapted by Perrin [97]. The description of each step can be found in Sec. 2.A.1.
We note that the main difference lies in the reactive ion etching step, now performed
in pure oxygen plasma, in a different etcher. Figure 2.10a shows a scanning electron
microscope (SEM) picture of a standard device, illustrating two suspended gold wires.

In addition to the standard fabrication recipe, additional approaches have been ex-
plored with the goal of obtaining devices which can be used to measure in liquid. The
objective is to control the charge transport in molecules by changing its surrounding en-
vironment [127–129], and to implement an electrochemical gate in the MCBJ setup [130–
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a) b)

c) d)

Figure 2.10: Scanning electron microscpe (SEM) micrographs of a) the standard MCBJ device, b) passivated
devices with window patterned by Ar milling, c) top-view and d) cross-section of passivated devices patterned
by lift-off. Before imaging, 5 nm of gold have been sputtered on the device, to avoid imaging artefacts. The small
white dots visible especially in c) are a result of this step, and are not present in devices used in measurements.

132]. However, to measure in a (conductive) liquid it is necessary to passivate the elec-
trodes, i.e., to reduce their surface area exposed to the solution. In fact, when the gold
electrode are immersed in a conductive liquid, parasitic currents can flow through it,
increasing the noise floor of the measurement. In a STMBJ, this can be achieved by insu-
lating the gold tip with a layer of insulating polymer [133, 134]. However, this approach
is not feasible for the lithographic process of our MCBJ devices. Although it is possible
to isotropically cover the electrodes using atomic layer deposition [135], the yield of the
process is low. Additionally, the small surface area exposed to the liquid on one side
decreases the noise floor, but on the other side it decreases the available sites to which
molecules can bind. Thus, it is desirable to develop passivated devices that have a larger
exposed area for binding to the molecules. In the following, two approaches to obtain
this are described. Both follow the same principle: pattern a ≈5 µm window in an oxide
layer that exposes the bridge of the MCBJ devices, but cover the vast majority of the leads.
The fabrication procedures are reported in the appendix (Sec. 2.A.1).

The first approach consists of first depositing an oxide layer (in this case aluminium
oxide, AlOx), and then pattern the window by argon milling. A resulting device is shown
in Fig. 2.10b. The etched polyimide surrounding the undercut displays a peculiar "fur-
like" texture, i.e., a rough surface composed of thin fibers. This feature arises from
the combination of the roughness generated during ion-milling, followed by oxygen
etching [136]. This factor, in addition to the increase in roughness of the gold layer, led us
to exclude this approach for the passivation of the devices.
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The second approach shifts the patterning technique to lift-off. Additionally, hafnia
(hafnium dioxide, HfOX) is used as passivation material due to its superior stability in high
and low pH environments with respect to aluminium oxide [137, 138]. Figure 2.10c and d
display a top-view and a side-view of a device fabricated using this procedure. There are
a few differences worth highlighting. First, the fur-like structure in the polyimide is not
present with this procedure. Second, the undercut of the gold bridge is not as well-defined
as in the non-passivated samples (compare the smooth profiles in Fig. 2.10a with the
irregular ones in Fig. 2.10d). However, the undercut fully develops to around the same
size in both cases. Thus, no major differences in the device operation are expected.

We tested the hafnia passivated device performance. Figure 2.11a displays the 2D-
histograms of one of such devices, measured in air, without addition of any molecular
solution. The passivated device shows a tail of counts extending from 1 to 10−3 G0, and
diplacement up to around 0.3 nm, in contrast with the standard device, which shows an
abrupt transition to an exponential decay (compare to Fig. 2.3a). This behaviour is unlikely
linked to simple contamination of the devices. In fact, cleaning the devices either with an
ozone treatment or by immersion in hot-acetone did not yield any improvement. However,
since the unexpected behaviour is limited to low displacements, we can still observe
molecular features of longer compounds. Thus, we performed a test measurement in
liquid by using a solution of a hydroxyphenalenone compound in methanol 7 [139].
However, the measurement did not allow to gather a large dataset of traces, and no
clear molecular feature was detected, as shown in Fig. 2.11b. On the positive side, the
passivation procedure allowed to keep the noise floor of the measurement below 10−7 G0.
Thus, the patterning of the window covers the electrodes more than sufficiently to allow
for measurements of metal-molecule-metal nanoscale junctions. However, the process
needs to be refined to obtain a cleaner breaking of the device. The most straightforward
option would be to deposit the gold bridge after the patterning of the passivation layer.
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Figure 2.11: 2D conductance-displacement histograms for a device passivated with HfOx in a) air (1000 traces)
and b) methanol (100 traces).

7Synthesis by D. Vogel, in the group of M. Mayor, Basel University).
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2.A. APPENDIX

2.A.1. NANOFABRICATION PROCEDURES FOR MCBJ DEVICES
All spin-coating steps mentioned in the following recipes consist of a 5 s ramp step
followed by 55 s step at the target speed.

STANDARD MCBJ RECIPE
• Substrate Preparation

1. Starting from a 50×50×0.5 mm phosphor bronze substrate.

2. Cleaning 10 minutes sonication in acetone, followed by 10 minutes sonication
in isopropanol.

• Deposition of the polyimide layer

1. Heat the clean wafers on a hot-plate at 120°C for 60 s.

2. Dropcast the adhesion promoter (VM651, HD Microsystems, diluted at 0.1 %
v/v in isopropanol) and soak for 30 s.

3. Spincoat at 3000 rpm.

4. Bake on a hot-plate at 120°C for 60 s.

5. Spincoat with polyimide (PI2610, HD Microsystems) at 800 rpm, taking care
that the polyimide is at room temperature before starting the process.

6. Hard-bake the substrate in a vacuum oven at 300°C for 30 min.

• e-beam resist deposition

1. Spincoat the substrate with a 8% methylmethacrylate-methacrylic solution in
ethyl lactate [MMA(8.5)-MAA EL8], at 3000 rpm.

2. Bake on a hot-plate at 185°C for 7 min.

3. Spincoat the substrate with a 4% Poly(methyl methacrylate) 950k solution in
anisole (PMMA 950K A4), at 6000 rpm.

4. Bake on a hot-plate at 185°C for 7 min.

• e-beam lithography

1. Exposure in en electron-beam pattern generator (Raith EPBG5000 Plus HS
20bit B017. The contact pads are exposed with a dose of 750 µC cm−2, using
the largest available beam size; the central bridge is written with a dose be-
tween 1000 and 1300 µC cm−2. The exact dose depends on the beam size and
current, and was chosen according to a dose test performed at every filament
change.

2. Develop the pattern in a methyl-isobutylketone (MIBK) - isopropanol (IPA)
mixture (1:3 v/v), followed by 30 s rinse in IPA.

• Gold film deposition
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1. Deposition of 3 nm (0.5 Å s−1) of titanium as adhesion layer, followed by 80 nm
of gold (1 Å s−1) (using an electron-beam evaporator Temescal FC-2000).

2. Lift-off in acetone (overnight at room temperature, or 1-2 h at 50°C).

3. Rinse in acetone and IPA.

• Protection layer deposition

1. Spincoat the substrate with a 3% Poly(methyl methacrylate) 495k solution in
anisole (PMMA 950K A4), at 2000 rpm.

2. Bake on a hot-plate at 185°C for 1 min.

3. The substrate is then hand-cut to separate the individual samples using a
metal cutting guillotine.

• Suspension of the MCBJ bridge

1. Remove the protection layer in acetone at 50°C, for at least 15 min.

2. Reactive ion etching (RIE) of the polyimide layer (Sentech RIE plasma etcher
Etchlab 200), using a flow of oxygen at 50 sccm at a pressure of 200 µbar, and
an RF bias of -81 V, corresponding to roughly 32 W power. The thickness of
the etched polyimide is monitored in-situ using a built in laser interferometer.
The process is stopped after five and a half oscillations of the interferometer
signal, corresponding to the removal of around 1 µM of polyimide.

PASSIVATION USING AN ALUMINA LAYER PATTERNED BY ION MILLING
These steps are performed after following the standard recipe until and including the gold
deposition step.

• Deposit 20 nm of aluminium oxide by ALD at 300°C (Oxford instruments Flexal
ALD).

• Resist deposition and exposure

1. Spincoat the S1813 (Microposit) UV resist at 3000 rpm.

2. Bake on an hot-plate at 120°C for 2 min.

3. Expose the pattern in a NUV photolitography mask aligner (EVgroup EVG620).
The dose is around 53 mJ cm−2.

4. Develop the pattern in MF321 (Microposit) for 60 s. Follow by rinsing for 30 s
in DI water. Then rinse again in DI water.

• Argon mill the oxide layer using an ion mill (SCIA ion mill 150, using 250 W power
and 600 V acceleration voltage). The process was monitored using a in-situ sec-
ondary ion mass spectrometer (Hiden SIMS End Point Detector). Once no more
Aluminium was detected, the process was stopped.

After these steps, the standard recipe for the protective layer and for etching is followed.
Notice that the pattern in the oxide includes windows to access the polyimide with the
laser interferometer.
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PASSIVATION USING AN HAFNIA LAYER PATTERNED BY LIFT-OFF

These steps are performed after following the standard recipe until and including the gold
deposition step.

• Resist deposition

1. Bake the substrate on a hot-plate at 185°C for 15 min. This step is crucial to
obtain good resist adhesion.

2. Spincoat a layer of ma-N 1410 resist (Micro resist technology) at 3000 rpm.

3. Bake on an hot-plate at 120°C for 2 min. This results in a layer thickness of
around 1 µm.

• Exposure and development

1. Expose the pattern using a Heidelberg µMLA Laserwriter, with a dose of
180 mJ cm−2.

2. Develop in ma-D 533/S (Micro resist technology) for 100 s, then rinse in DI-
water for 30s. Follow with a second rinse in DI-water. Gently blow-dry the
excess water from the substrate. This results in a negative pattern with a wide
undercut.

3. Bake on an hot-plate at 120°C for 2 min.

4. Flood exposure of the pattern in a NUV photolitography mask aligner (EV-
group EVG620) for 60 s. This step is necessary to increase the cross-linking of
the resist, which improves its thermal stability.

• Hafnia layer deposition

1. Sputter HfOx with an RF magnetron sputterer (Alliance Concept AC450), using
a pressure of 1.5µbar of Argon for 280 s, resulting in around 60 nm of thickness.

2. Lift-off in acetone using mild sonication.

After these steps, the standard recipe for the protective layer and for etching is followed.
Notice that the pattern in the oxide includes windows to access the polyimide with the
laser interferometer.
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CHARGE TRANSPORT IN

ACENE-SUBSTITUTED OPE3S:
FROM NANOSCALE TO LARGE-AREA

JUNCTIONS

In this chapter we describe the charge transport properties of a series of molecules with
increasing intermolecular interactions. The focus is on the similarities and differences
when characterising the compounds at the nanoscale, using the mechanically controllable
break-junction (MCBJ) technique, or in large-area junctions, with the eutectic Gallium
Indium (EGaIn) technique. MCBJ experiments show multiple conductance plateaus. The
high-conductance plateau, shows an increase of conductance as a function of acene length,
in good agreement with theoretical predictions. In large-area junctions, the pentacene
derivative has suppressed conductance. We ascribe this to its inability to form a mono-
layer without introducing significant low-conductance paths due to intermolecular effects.
This hypothesis is supported by the MCBJ data and theoretical calculations. These results
highlight the role of intermolecular effects and junction geometries in the observed fluctu-
ations of conductance values between single-molecule and ensemble junctions, and the
importance of studying molecules in both platforms.

Parts of this chapter have been published in The Journal of Physical Chemistry C 124, 22776-22783 (2020).

The Self-Assembled Monolayer characterization and the theoretical calculations presented in this chapter have
been performed by Y. Liu , M. Carlotti , Y. Ai, S. Soni, and R.C. Chiechi (University of Groningen). Synchrotron
XPS measurements were performed by A. Asyuda and M. Zharnikov (Universität Heidelberg).
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3.1. INTRODUCTION

Molecular electronics aims at controlling the conduction properties of molecules, and
implementing their intrinsic functionalities in electronic devices [140]. Different methods
are available to characterize molecular systems. These can be classified in two cate-
gories [141]: "single-molecule" junctions, in which the contact electrodes have atomic-
nanometric size [41, 142], and "molecular array" junctions, in which the electrodes can
vary from hundreds of nanometers to millimiters [7, 143]. Ideally, in both approaches, the
molecules are anchored to one electrode on each side, so that the full molecular back-
bone contributes to charge transport. Despite this, the environment that the molecules
experiences are different. In the "array" approaches a large number of neighbours are
present, while in "single-molecule" techniques molecules are more isolated. This can
lead to drastically different surface electrostatics [144], and suppression of current per
individual wire [145].

In this chapter, we investigate how the charge transport properties of a series of
oligo(phenylene-ethynylene) (OPE3) compounds change from the nanoscale to large-
area junctions, using the mechanically controllable break-junction (MCBJ) and eutectic
Gallium Indium (EGaIn) on self-assembled monolayers (SAMs) techniques respectively.
OPE3s are a good choice as a model compounds for this study, as they have been widely
characterized in literature with both techniques [89, 104, 118, 146–149]. For this study,
as shown in Fig. 3.1a, the central benzene ring of OPE3 has been replaced with a series
of oligoacenes: naphtalene (NP), antracene (9,10-AC), tetracene (TC), and pentacene
(PC). This approach extends the π-conjugation perpendicular to the molecular backbone.
However, the linear conjugation between the two sulfurs is unchanged across the series.
Thus, the effect of intermolecular interactions can be investigated without changes in tun-
nelling barrier length, which would intrinsically affect the molecular conductance [146].
We find that the MCBJ measurements show multiple conductance plateaus. The high-
conductance one follows the trend predicted by first-principle calculations. EGaIn mea-
surements do not follow the same trend. In particular, PC shows a conductance suppres-
sion of two orders of magnitude with respect to the other compounds. We propose that
this reduction arises from the stronger intermolecular interactions in PC. This hypothesis
is supported by the MCBJ data and theoretical calculations.

3.2. BREAK-JUNCTION MEASUREMENTS

The nanoscale charge transport properties of the five molecules were characterized using
the mechanically controllable break-junction (MCBJ) technique. Around 0.5 µL of a
0.1 mM solution of the desired compound were drop-cast on the junction (with the
addition of 0.5 mM of tetrabutylammonium hydroxide, to favour the separation of the
acetyl groups from the sulfur). After solvent evaporation, we performed fast-breaking
measurements with a voltage bias of 0.1 V and a piezo actuation speed of 200 V s−1. The
histograms built from one such measurements of OPE3 are shown in Fig. 3.1b. The one-
dimensional conductance histogram shows a clear peak at 6.3 ·10−5G0, corresponding to
a plateau in the two-dimensional conductance-displacement histogram with a length
of about ≈1.5 nm. These values are consistent with previous measurements reported in
literature [57, 104, 118, 148], although the conductance value is slightly lower. We will
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Figure 3.1: a) Molecular structures of the compounds in this study. b) Two-dimensional conductance-
displacement histogram (left) and one-dimensional conductance histogram (right) of the raw data of an
OPE3 measurement. The light blue area is the log-normal fit to the peak in the 1D-conductance histogram.

comment on the latter aspect in section 3.2.1. All the studied molecules show a similar
plateau, whose most probable conductance follows the trend: OPE3<NP<AC≈TC<PC
(Tab. 3.A1). In addition, low-conductance features are observed in all the molecules.
However, they are not as evident in the full dataset as the high-conductance plateau.

3.2.1. CLUSTERING ANALYSIS

We performed clustering analysis on the datasets to isolate the different features in the
measurement. We used a reference-free clustering method detailed in previous work [89]
and in Sec. 3.2.1. In this work, the feature space was defined as follows. We used a 25x32
pixels image of the 2D-histogram, with displacement range from −0.5 nm to 3 nm, and
the conductance range from −0.5 to −6 log(G/G0). Additionally, the 1D conductance
histogram, with 100 bins, was appended to the feature vector created from the image. As
for the number of classes, we considered the minimum number that would allow for the
isolation of the high-conductance plateau. Figure 3.2 shows the results of the clustering
analysis performed on the OPE3 measurement shown in Fig. 3.1b. In addition to the
high-conductance class, we obtain one class containing low-conductance features, and
one class containing empty traces. It is possible to isolate these classes in each molecule.

The high-conductance classes all consist of a plateau around 1.5 nm long and with a
conductance in the 10−4G0 range. An example of a 2D-histogram for each molecule is
shown in Fig. 3.4. To compare the shape and position of the high-conductance peaks,
we also build 1D-histograms including all measurements of the corresponding molecule.
Then, the histograms are rescaled by peak-height. Figure 3.3 shows the result of such
an analysis. All molecules show a similar peak, with the exception of PC which has a
slightly broader one. The conductance of this plateau follows the same trend found for the
raw data: OPE3<NP<AC≈TC<PC (Tab. 3.A2). Notice that the OPE3 conductance values
extracted from the clustered datasets are now the same as the values previously reported
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Figure 3.2: Two-dimensional conductance-displacement histograms of the high-conductance class (left), low-
conductance class (centre), and empty traces obtained for the OPE3 measurement shown in Fig. 3.1.

in literature [57, 104, 118, 148]. The reason is that the 1D histograms of the clustered data
yield more prominent and narrower peaks than the unfiltered data, due to the removal of
the "background" of low-conductance and empty traces.

Conductance (G0)

0

0.2

0.4

0.6

0.8

1.0

1.2

R
es

ca
le

d 
C

ou
nt

s 
(a

.u
.) Acene size

10010-110-210-310-410-510-6

OPE3
NP
9,10-AC
TC
PC

Figure 3.3: One-dimensional conductance histograms of the high-conductance class for OPE3, NP, 9,10-AC, TC,
and PC. Each histogram includes the traces from all measurements from the corresponding molecule. Counts
are rescaled by peak height.

Low-conductance classes show a more complex behaviour. The 2D-histogram of one
measurement for each molecule is reported in Fig. 3.5. OPE3 exhibits a slanted plateau at
conductance lower than 10−5G0. NP and 9,10-AC have two clear peaks: one at 3 ·10−5G0,
and another one at 2.2 ·10−6G0 (for NP) and 1.5 ·10−6G0 (for 9,10-AC). TC has a short
plateau at 3.6 · 10−5G0, while PC shows a plateau longer than 2 nm at 8 · 10−6G0 (see
Tab. 3.A3 for the fit results for each measurement).



3.3. SELF-ASSEMBLED MONOLAYER EXPERIMENTAL RESULTS

3

37

Electrode displacement (nm)
0 1 20 1 20 1 2 0 1 2 0 1 2

100

10-1

10-2

10-3

10-4

10-5

10-6

C
on

du
ct

an
ce

 (G
0)

OPE3 NP 9,10-AC TC PC

Low High

Counts (a.u.)

Figure 3.4: Two-dimensional conductance-displacement histograms of the high-conductance class obtained
from one measurement of (from the left): OPE3, NP, 9,10-AC, TC, and PC.

Electrode displacement (nm)
0 1 20 1 20 1 2 0 1 2 0 1 2

100

10-1

10-2

10-3

10-4

10-5

10-6

C
on

du
ct

an
ce

 (G
0)

OPE3 NP 9,10-AC TC PC

Low High

Counts (a.u.)

Figure 3.5: Two-dimensional conductance-displacement histograms of the low-conductance class obtained
from one measurement of (from the left): OPE3, NP, 9,10-AC, TC, and PC.

3.3. SELF-ASSEMBLED MONOLAYER EXPERIMENTAL RESULTS
We measured the charge transport properties of the series in large-area junctions using the
eutectic Gallium Indium (EGaIn) technique. In this approach, one electrode consists of a
tip of liquid EGaIn which makes conformal contact with the SAM. The second electrode
is the gold surface on which the SAM is grown onto. The result is a two terminal junction
whose contact area is of the order of thousands of µm2. For an in-depth description of
the EGaIn technique we refer to [150]; for the details of SAM growth see the Theoretical
Methods of the publication this chapter is based on [106].

Figure 3.6a shows the current-density vs. voltage (J/V) curves measured for each of
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the compounds in this study. OPE3, NP, 9,10-AC, and TC have similar behaviour, with
the current-density slightly decreasing as the size of the central aromatic unit increases.
PC has a different behaviour: the current-density at low bias is two orders of magnitude
lower than for the other compounds, corresponding to an equally lower conductance
(Fig. 3.6b). Additionally, J rapidly increases as the voltage increases, resulting in a V-shaped
J/V characteristic.
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Figure 3.6: a) Absolute value of current-density versus bias voltage for each molecule in the series. Each data
point is the mean from a Gaussian fit to a histogram of log |J|. b) Conductances of SAMs of the acence series,
extracted from the J/V traces of EGaIn data in panel a).

The simplest reason for such a drastic conductance decrease would be a poor quality
SAM. To rule out this option, we performed structural characterization of the monolayers
grown in this study using x-ray photoelectron spectroscopy (XPS). Angle-resolved XPS
measurements were performed with an home-built setup at the Univeristy of Gronin-
gen [151]. Additionally, Synchrotron-based X-ray photoelectron spectroscopy (XPS) mea-
surements were performed at the HE-SGM beamline (bending magnet) of the German
synchrotron radiation facility BESSY II in Berlin using a custom-designed experimental
station [152]. For a full description of the methodology, see [106]. Table 3.A5 reports the
resulting SAM thickness and packing density of the molecules in this study, together with
a octadecanethiol (SC18) reference [153]. The packing densities of OPE3, NP, 9,10-AC,
and TC are similar, although slightly decreasing. This is congruent with the measured
conductance of such films. Notice that PC has a similar packing density and thickness
to the other compounds. Thus, the quality of the SAM cannot be the reason for the low
conductivity of PC.

3.4. THEORETICAL CALCULATIONS AND DISCUSSION
We performed first-principle calculations to gain further insight on the dependence of the
conductance on the size of the acene unit. The molecular geometry was first optimized
in gas phase, using the ORCA 4.10 software package [154, 155]. The energy levels were
computed after attaching the compound to gold clusters through its terminal sulfur atoms.
Lastly, the transmission curves were computed with the ARTAIOS package [156, 157]. For
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the full details of the calculations, we refer to the Theoretical Methods of the publication
this chapter is based on [106].

Figure 3.7a shows the transmission curves computed for each of the molecules in
this study. The frontier energy level gap (Eg) decreases as the size of the central acene
increases from OPE3 to PC. This is in good agreement with the well-known decrease in
HOMO-LUMO gap observed in polyacenes of increasing size [158, 159]. The resonances
thus move towards the Fermi level. In the region close to the Fermi level the transmission
moderately and continuously increases, reflecting the change of the frontier energy levels.
Overall, a five-fold increase in conductance is predicted from OPE3 to PC.
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Figure 3.7: a) Transmission spectra calculated for the molecules in this study. The energy is referenced to an
estimated Fermi level of -4.3 eV, which is common for EGaIn junctions [160]. b) Conductance values of high-
(upwards triangles) and low-conductance (downwards triangles) classes measured with MCBJ, compared to the
values predicted from the transmission spectra (stars). The conductance value has been estimated as G = G0·
T(0).

We note that the energy axis has been referenced to a Fermi level position of -4.3 eV,
which is common for EGaIn junctions. The reader may question whether this is an
appropriate choice for describing gold-based junctions. For pure gold in vacuum, the
work function is known to be -5.1 eV; however, this values shifts to -4.4 eV to -4.2 eV when
the surface is covered by a SAM [161–163]. In the case of MCBJ junctions, the situation is
intermediate between these two: the gold surface is covered in molecules, but those are
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not as densly packed as in a self-assembled monolayer. Hence a Fermi level of -4.3 eV is
too high to best predict the properties of gold junctions. However, notice that a negative
shift of the Fermi level of about 0.5 eV does not change the trend in the prediction from the
DFT calculations. Thus, all the qualitative considerations made in this section still hold,
and a quantitative agreement with experiments is not expected from these calculations.

The trend predicted through first-principle calculations matches well the trend ob-
served for the high-conductance class of MCBJ measurements. This is consistent with the
interpretation of such plateau corresponding to tunnelling through the molecule when it
is anchored through sulfur on both sides [57, 81, 104, 148]. The low-conductance class
and EGaIn measuremets do not follow this trend. This suggests that there are additional
effects present in these cases. There are two main interpretations in literature for sec-
ondary peaks in break-junction OPE3 measurements: changes in the surface coordination
of the sulfur-gold bond [104], or the formation of π-stacked dimers in the junction [81,
82]. We did not perform detailed calculations of each possible configuration and binding
geometry to determine the origin of each feature in the low-conductance class, as a de-
tailed description of those is outside the scope of this study. However, we can comment
on it based on the measurements presented in Fig. 3.5, Tab.3.A3, and Tab.3.A4. For all
molecules, with the exception of PC, the low-conductance class shows plateaus shorter
than, or with comparable length to, the high-conductance plateau. Only in the case of
PC we observe long traces with relatively high yield. This could imply that in nanoscale
junctions the formation of π-stacked dimers is statistically significant only for the largest
acene core, for which intermolecular interactions are the most intense of the series.

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

 Pentacene
 Pentacene dimer

Tr
an

sm
is

si
on

E - EF (eV)

Figure 3.8: Transmission spectra calculated for PC (black line) and a PC dimer (red line).

In light of this marked difference of PC, we performed an additional simulation on a
metal-dimer-metal junction, consisting of two molecules of PC stacked on top of each
other, and connected to the electrodes so that neither of them bridges both electrodes.
This calculation was performed using the BAND module of Amsterdam Density Func-
tional (ADF) quantum chemistry program [164–167]. The resulting transmission curve is
shown in Fig. 3.8 (red line), together with a reference calculation of a single PC molecule
(black line). The dimer configuration has up to two orders of magnitude lower transmis-
sion in the range of energies in-between the HOPS and LUPS. This indicates that the
π-stacked configuration has lower conductance than the non-interacting case, which is
in good agreement with the MCBJ experiments.
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Ensemble EGaIn measurements have a surprisingly similar behaviour to MCBJ ones.
The conductance of the system is similar across the series, with the exception of PC. Thus,
we hypothesise that, as the size of the central acene increases, intermolecular interactions
in the SAMs become increasingly more important, introducing more and more "low-
conductance" molecular configurations in the ensemble. However, as long as even a small
fraction of molecules is left in the "high-conductance" state the observed conductance
drop would not be substantial [168–170]. Hence the intermolecular interactions in PC
are strong enough that the molecules in the junction no longer behave as independent
tunnelling paths, showing suppression of the conductance.

3.5. CONCLUSION
In this chapter, we characterised the charge transport properties of a series of acene-
substituted OPE3s with increasing π surface area, using the MCBJ and the EGaIn tech-
niques. MCBJ measurements show the presence of a high-conductance plateau and
of low-conductance features. The high-conductance plateau follows the same trend
as DFT+NEGF calculations in the metal-molecule-metal geometry. Regarding the low-
conductance features, only in the case of PC traces longer than the high-conductance
plateau are observed. In EGaIn junctions, PC shows a significant suppression of conduc-
tance compared to the other compounds. This behaviour cannot be explained by bond
topology or formation of multilayers. We suggest that, in analogy to the MCBJ case, strong
intermolecular interactions in PC lead to the suppression of conductance.

To conclude, MCBJ nanoscale junctions allow to measure and isolate both isolated
molecules and interacting dimers. In EGaIn measurements of SAMs, where molecules
seek a thermodynamic-minimum packing, only the overall behaviour can be observed.
When intermolecular interactions are strong enough, in the case of acene-substituted
OPE3s, this results in a suppression of conductance.
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3.A. APPENDIX - TABLES SUMMARIZING THE EXPERIMENTS

AND FITTING RESULTS

Table 3.A1: Conductance values and full-width half-maximum (FWHM) extracted from fitting the raw data of
each measurement, and total number of traces .

Molecule Measurement Conductance (G0) FWHM (decades) N° traces

OPE3 1 6.3 ·10−5 1.4 10000
2 8.9 ·10−5 1.2 10000

NP 1 1.0 ·10−4 1.2 10000
2 1.4 ·10−4 1.1 10000
3 9.7 ·10−5 1.2 10000

9,10-AC 1 3.7 ·10−4 0.8 10000
2 3.9 ·10−4 1.0 10000
3 1.6 ·10−4 1.2 10000
4 3.0 ·10−4 1.0 10000

TC 1 2.5 ·10−4 1.0 10000
2 2.4 ·10−4 1.1 10000
3 1.4 ·10−4 1.3 10000

PC 1 4.0 ·10−4 1.1 7324
2 3.0 ·10−4 1.5 7182
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Table 3.A2: Conductance values and full-width half-maximum (FWHM) extracted from fitting the high-
conductance class for each measurement. The yield is the percentage of traces classified in this class with
respect to the total number of traces.

Molecule Measurement Conductance (G0) FWHM (decades) Yield (%)

OPE3 1 9.4 ·10−5 1.1 22
2 9.5 ·10−5 1.2 17

NP 1 1.2 ·10−4 1.1 22
2 1.5 ·10−4 1.1 26
3 1.3 ·10−4 1.0 21

9,10-AC 1 4.1 ·10−4 0.8 20
2 3.6 ·10−4 1.1 23
3 2.4 ·10−4 1.0 3
4 4.3 ·10−4 0.7 15

TC 1 3.7 ·10−4 0.9 6
2 2.8 ·10−4 0.9 14
3 2.8 ·10−4 1.0 6

PC 1 5.5 ·10−4 1.0 6
2 5.0 ·10−4 1.0 6

Table 3.A3: Conductance values and full-width half-maximum (FWHM) extracted from fitting the low-
conductance class for each measurement. Conductance 1/FWHM 1 refer to ≈ 10−5 peaks, Conductance
2/FWHM 2 to ≈ 10−6 ones. The yield is the percentage of traces classified in this class with respect to the
total number of traces. *Measurement 3 of AC had too few low conductance molecular traces. Fitting was not
possible.

Molecule
Measure-
ment

Conduc-
tance 1
(G0)

FWHM 1
(decades)

Conduc-
tance 2
(G0)

FWHM 2
(decades)

Yield (%)

OPE3 1 5.4 ·10−6 1.9 16
2 2.2 ·10−6 1.7 17

NP 1 3.5 ·10−5 0.8 2.2 ·10−6 2.8 33
2 1.6 ·10−6 1.9 20
3 2.7 ·10−5 1.0 2.8 ·10−6 3.0 25

9,10-AC 1 2.4 ·10−5 1.2 2.0 ·10−6 2.4 19
2 2.2 ·10−5 1.4 9.4 ·10−7 3.7 30
3 *
4 4.0 ·10−5 1.3 28

TC 1 4.3 ·10−5 1.3 20
2 2.1 ·10−5 1.7 18
3 4.5 ·10−5 1.3 11

PC 1 1.0 ·10−5 1.0 7
2 5.6 ·10−6 2.4 13
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Table 3.A4: Length values extracted for all measurement in this study. HC refers to the high-conductance class,
LC 1 refers to ≈ 10−5 peaks, LC 2 to ≈ 10−6 ones. *Measurement 3 of AC had too few low conductance molecular
traces. Fitting was not possible.

Molecule Measurement Length HC (nm) Length LC 1 (nm) Length LC 2 (nm)

OPE3 1 1.4 1.2
2 1.5 1.1

NP 1 1.4 0.3 0.7
2 1.3 1.1
3 1.4 0.8 0.7

9,10-AC 1 1.0 1.3 1.0
2 1.4 0.8 0.7
3 1.3 * *
4 1.0 1.2

TC 1 1.1 1.1
2 1.3 0.8
3 1.3 1.2

PC 1 1.4 2.1
2 1.5 1.5

Table 3.A5: Effective thickness of SAMs of acene molecules on Au surface by angle-resolved XPS, and packing
density estimated from synchrotron XPS measurements. * This value is from earlier work in reference [149].

.
Molecule Thickness(Å) Packing density (molecules cm−2)±10%

SC18 20.9±0.2 4.63 ·1014

OPE3 24.8±2.3 3.5 ·1014*
NP 21.0±1.7 3.0 ·1014

9,10-AC 34.9±4.5 2.9 ·1014

TC 26.4±1.9 2.2 ·1014

PC 26.8±2.1 2.9 ·1014
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CONTACT-DEPENDENT SWITCHING

IN NANOSCALE MOLECULAR

JUNCTIONS

Inducing switching, i.e., a sudden change in conductance, upon application of an external
stimulus, has been a successful strategy to realise molecular electronic devices. This is often
achieved by introducing elements in the molecule that change its conjugation path or its
conformation. However, switching behaviour can also be observed in molecular junctions
without any of these elements. In this chapter, we analyse the switching events in molecules
where this behaviour is not introduced by chemical design: Oligo(phenylene-ethynylene)s
(OPE3), having a rigid conjugated backbone, and alkanes, with a flexible structure. We
systematically observe switching events in these molecules, involving two types of switching
events: "plateau" and "tunnelling" switches. We propose that the former correspond to
junctions created after rupture of the gold atomic point contact, while the latter can be
related to a change in the contact geometry of the junction.

Part of the measurements shown in this chapter, and the switch identification script were performed by J. Kamer
(TU Delft) during his MSc project. The alkane measurements were performed by M. El Abbassi (TU Delft).
Parts of this chapter have been published in The Journal of Physical Chemistry C 126, 19843-19848 (2022).
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4.1. INTRODUCTION

Nanoscale molecular junctions have been investigated for decades to use molecules as
building blocks in electronic devices [40]. Charge transport properties of such structures
are often investigated using break-junctions techniques [41]. Among these, stretching
based methods (such as Scanning Tunnelling Microscope Break Junctions (STMBJ) and
Mechanically Controllable Break Junctions (MCBJ)) have been widely employed because
of the possibility of acquiring large statistical sets of data [171], which are then used to
build one- and two-dimensional conductance histograms, as discussed in Sec. 2.1. This
statistical analysis, however, hides information that can be obtained from individual
breaking traces. For instance, spring-like molecules can show mechanosensitivity (i.e.,
conductance variations as a function of displacement), which gets smeared out when
averaged in a histogram [172]. Another class of features that can be hidden by histograms
is switching events, i.e., sudden changes of current flowing through the junction.

Switching behaviour has been observed in multiple instances, even in absence of
external stimuli. For instance, unconventional increases of conductance during stretching
have been linked to deprotonation of the anchoring group in a pyrazolyl terminated
molecule [173]. Another proposed mechanism of switching consists of flipping between
conformations in crank-like molecules [174]. Furthermore, González et al. [175] analysed
the elongation behaviour of a diamine terminated oligo(phenylene-ethynylene) (OPE3-
NH2). In this study, they indicate that the presence of traces with switching events is
linked to the formation of single-molecule junctions, where the bonding to the gold
electrode is broken and reformed multiple times. Instead, traces showing no switching
originate from junctions where multiple molecules bridge the nanogap. A more recent
study by Chen et al. [176] analysed the presence of switching events in diamine- and
dithiol-terminated alkanes using a novel technique, based on break-junction but using
low breaking speed. They found good agreement with previously proposed explanations
of multiple conductance states in alkanes [71]. Thus, the presence of switching events is a
frequent feature in STMBJ and MCBJ measurements. It is observed both in conjugated
and non-conjugated molecules, in molecules whose backbone is not changing upon
external stimuli, and it can also be related to the nature of the anchoring group.

In this chapter, we systematically analyse the effect of both the anchoring group and
the molecular backbone on the switching behaviour in MCBJ traces. For this reason, we
characterise oligo(phenylene-ethynylene) derivatives with three benzene rings (OPE3),
and in two alkanes (hexane and octane). Both systems are well-studied benchmark
molecules in molecular electronics, the former having a rigid conjugated backbone [57,
59, 81, 104, 177, 178], the latter having a flexible, non-conjugated one [68, 71, 72, 80, 90,
179, 180]. Additionally, we consider different anchoring groups for each molecule. For
OPE3, we use amino (-NH2), pyridine (-Pyr), thiomethil (-SMe), and acetate protected
thiol (-SAc). For alkanes, we opt for diamino (-NH2) and dithiol (-SH) termination. This
selection allows to explore strong covalent binding to the electrodes (-SAc and -SH),
as well as the weaker dative one (-NH2, -Pyr, and -SMe). The use of these backbones
and anchors will constitute a solid foundation for future studies on switching in metal-
molecule-metal junctions.
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4.2. METHODS
OPE3-SAc, hexanedithiol, hexanediamine, octanedithiol, and octanediamine were pur-
chased from Sigma-Aldrich and used without further purification. OPE3-NH2, OPE3-Pyr,
and OPE3-SMe were obtained as described in Ref. [57]. The chemical structure of the
compounds analysed in this study is shown in Fig. 4.1. The conductance of the molecules
was characterized using the MCBJ technique. Details of the method can be found in
previous work [95], as described in Sec. 2.1. After checking for the cleanliness of the
sample, about 5 µL of the molecular solution, in dichloromethane (Sigma-Aldrich), was
dropcast on the device. The concentration of the solution used for the measurements
is reported in Tab. 4.A1. After solvent evaporation, thousands of consecutive breaking
traces were recorded on each device, using a constant bias voltage of 0.1 V and actuation
speeds of either 50 or 200 V s−1. The corresponding electrodes’ speed ranges between 1
and 5 nm s−1. An overview of the measurements can be found in Sec. 4.A.2.

4.3. RESULTS AND DISCUSSION
We first analyse the unsorted data of a typical measurement of this set of molecules, to
characterize its most prominent features. The two-dimensional conductance vs. electrode
displacement histogram of OPE3-NH2 is shown in Fig. 4.2a and displays two plateaus.
Log-normal distributions are fitted to the corresponding peaks in the one-dimensional
histograms (shaded blue and green areas in Fig. 4.2a): a high-conductance one at 4.5 ·
10−5 G0 and a low-conductance one at 1.0 ·10−6 G0. The presence of multiple plateau-
like features in MCBJ measurements of OPE3 has been widely discussed in literature.
Plateaus with a conductance around 10−6 G0 are attributed either to the presence of
π-stacked dimers, or to presence of multiple binding configurations [81, 104]. Notice
that the measurement also show a peak at higher conductance than the 4.5 ·10−5 G0 one.
Plateaus at conductance higher than the prevalent one have been observed before for
OPE3-SAc [88, 89]. In particular, its intensity correlates with the molecular yield, i.e.,
the number of traces showing a plateau with respect to the total number of traces and it
can be observed in OPE3 with different anchoring groups, albeit with varying intensity
across measurements. Its origin is at present not fully understood; a detailed analysis
of this aspect lies outside the scope of this chapter. When inspecting individual traces,
most show a continuous plateau until the junction ruptures (blue curves in Fig. 4.2b), but
not all of them. Breaking traces can exhibit switching, either after an exponential decay
(red curves in Fig. 4.2b), or after a plateau with a different conductance (green curves in
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Figure 4.1: Chemical structures of the compounds analysed in this study
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Fig. 4.2b). The same behaviours have been reported by others [90, 173, 175].
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Figure 4.2: a) Two-dimensional conductance-displacement histogram (left) and the corresponding one-
dimensional conductance histogram (right) of OPE3-NH2. The light blue and green shaded areas are the
fits to the high- and low-conductance plateau respectively. b) Examples of individual traces showing different
behaviours: stable plateau (blue), switching between tunnelling and a molecular plateau (red), and switching
between two molecular plateaus (green). Curves are displaced in the x-direction for better visibility.

4.3.1. SWITCHING TRACES CLASSIFICATION

In order to quantify the presence of such switching events, we developed an algorithm
that works as follows: the derivative of the conductance is computed in a defined region of
interest, and its peaks were identified as possible locations for switching events. Going in
order of decreasing peak height, each peak was further analysed by checking the difference
in conductance before and after the switch. This was done to avoid noise spikes being
detected as switches in conductance. If the difference clears the set threshold, the trace is
marked as having a switch, and the displacement at which the peak appears is saved. An
example of how the algorithm operates is shown in Fig. 4.3a. For further details on the
algorithm we refer to the appendix, Sec. 4.A.1. Notice that we restrict this analysis to the
first switch found in each trace. Additionally, in some cases, the conductance switches
downwards right before the end of the trace. We exclude this event from our analysis
because first it is well discussed in literature [71, 104], and second, we want to focus on
the cases in which the conductance is able to switch back to a higher value.

Focusing first on the OPE3-NH2 measurement shown in Fig. 4.2a, the algorithm found
switching events in 22% of molecular traces. Figure 4.3b displays the histograms obtained
using only switching traces. The high-conductance plateau built from those has a most
probable conductance of 3.9 ·10−5 G0. Instead, when considering only traces showing no
switch the most-probable conductance is 4.5 ·10−5 G0, higher than the one containing
the switching traces. This trend is consistent across measurements (Table 4.A2), and with
the previous observations by González et al. [175].
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Figure 4.3: a) Illustration of the classification procedure used to separate traces containing switches: in blue,
an example of a molecular trace showing a switch, and in red the corresponding derivative used to identify
jumps. The black cross identifies the average conductance identified after the jump. b) Two-dimensional
conductance-displacement histogram (left) and one-dimensional conductance histogram (right) constructed
using only traces that show jumps obtained from the same OPE3-NH2 measurement shown in Fig. 4.2a.

4.3.2. EFFECT OF THE ANCHORING GROUP

Switching events can be detected across the OPE3s with different anchoring groups, as
shown in Fig. 4.4. OPE3-SMe presents a similar behaviour to OPE3-NH2, meaning that
the 2D-histograms built from switching traces are similar to the ones built from raw
data. OPE3-Pyr exhibits a different behaviour: the conductance switch happens after an
exponential decay, at a well-defined displacement. This is emphasised when considering
the master trace, i.e., the trace built using the most probable conductance at each dis-
placement in the 2D-histogram (black lines in Fig. 4.4). The yield of molecular traces with
respect to the number of molecular traces is similar among different anchoring groups,
with the exception of -SAc anchoring. The latter has a drastically lower probability of
showing switching events (Tables 4.A1). The origin of this difference is likely the stronger
covalent bonds formed by the thiol groups upon deprotection [48, 57]. Additionally, we
observe a large variation of switching probabilities across different measurements of the
same molecule. For example, for OPE3-NH2 this probability ranges from 13% to 52% of
molecular traces (Tab. 4.A1).

Traces without switching show a plateau with a higher most-probable conductance
than the corresponding one in switching traces: the peak position in the 1D-conductance
histogram is 24% higher for OPE3-Pyr, 30% for OPE3-NH2, 42% for OPE3-SAc, and 59%
for OPE3-SMe (Tab. 4.A2). Notice that traces without switching usually have comparable
conductance to the raw data. This can be explained by considering that if a trace is
switching, it will have fewer counts at the plateau conductance. Hence, in the raw data,
the most-probable conductance value will be mostly determined by non-switching traces.
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Figure 4.4: Two-dimensional conductance-displacement histograms of OPE3-NH2, OPE3-Pyr, OPE3-SMe, and
OPE3-SAc built using only traces that show switching. The master trace (black line) is superimposed on the
corresponding histogram. The yield of switching events is 27% for OPE3-NH2, 41% for OPE3-Pyr, 16% for
OPE3-SMe, and 3% for OPE3-SAc. These values are obtained as average of the most probable conductance value
of the measurements at 50 V s−1 reported in Tab. 4.A1.

4.3.3. TYPES OF SWITCHING EVENTS
It is possible to distinguish between two types of switching events, as hinted in the pre-
vious section: the ones occurring after a steep exponential decay ("tunnelling" switch),
and the ones that occur between two different plateaus ("plateau" switch). To better
characterize the presence of these types of events in the measurements, we further filter
the switching traces by considering the slope of the trace before the switch. In a measure-
ment showing no molecular plateaus, traces with a slope greater than -3 decades nm−1

are not expected. Thus, if a molecular trace shows a slope smaller than this value before
switching, it is labelled as a tunnelling switch. If the slope is greater, it is considered to be
from a plateau.

This procedure allows to track the presence of both types of events in OPE3-SMe
(Fig. 4.5a) and OPE3-NH2 (Tab. 4.A3). Tunnelling switches occur after a defined displace-
ment, which is reflected by the isolated cloud of counts between 0.8 nm and 1.4 nm in
Fig. 4.5a (left). This type of behaviour closely resembles that of OPE3-Pyr (Fig. 4.4). On the
contrary, the histograms built with plateau switches do not show this cloud-like feature.
This hints an interesting behaviour: the junctions first show the slope typical of empty
traces. Then, they switch to the molecular feature at a consistent displacement. Because
of this, the area in the 2D-histogram corresponding to the plateau appears isolated from
the rest.

Increasing the breaking speed from 1 nm s−1 to 4 nm s−1 does not influence the
presence of either type of switching event, nor does it change the displacement at which
the switch happens in the tunnelling events (see Fig. 4.5b). This implies that, in the
explored stretching rate range, tunnelling switches are not related to time-dependent
phenomena, such as thermal adsorption/desorption of the molecule from the electrode.
We note that according to previous reports [126] these effects start to be dominant only at
stretching rates below 1 nm s−1, or that they are not relevant at all [175].
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A possible explanation for the tunnelling switching is that these are due to a junction
forming while separating the electrodes, with molecules initially anchored to only one
of them, as illustrated in Fig. 4.6a. Since in the experiments the switch occurs at a well-
defined displacement, one can conceive that after this critical displacement is reached,
the dangling side of the molecule "snaps" to connect to the other electrode. In this picture,
the threshold should correspond to the minimum distance between the free anchoring
group of the molecule and the apex of the electrode (i.e., the site at which the driving force
for binding is the largest). This is, in principle, a similar mechanism to what drives AFM
or STM tips functionalization procedures [181]. However, this explanation is in contrast
with a previously reported study in STMBJ [182], where it is found that junction formation
happens before rupture of the gold contact. However, it is important to highlight that in
this study the measurements were performed in solution. Additionally, the tip-substrate
geometry of the STM setup is different from the MCBJ lithographically defined nanowire.
These differences could be at the origin of the contrasting results.

Plateau switching suggests that the junction is changing between different configu-
rations. Since there are no intrinsic molecular switching mechanisms in the rigid OPE3
backbone, the most likely explanation is that the contact configuration with the gold
surface is changing, as illustrated in Fig. 4.6b, similarly suggested by Kaliginedi et al. [104].
We therefore examined the length of the segments in which the junction remains in the
low-conductance state, as described in Sec. 4.A.4. Examples of the resulting histograms
are shown in Fig. 4.A4. We find that OPE3-NH2 and OPE3-SMe have a prominent narrow
peak at a length of 0.1 ± 0.02 nm and 0.1 ± 0.04 nm respectively. In addition, we also
observe broader peaks at 0.3 ± 0.06 nm and 0.3 ± 0.04 nm respectively (Tab. 4.A4). As
a first estimate, these values can be compared to the distance between different sites
on the gold surface. Considering an Au(111) surface with an interatomic distance of
0.2884 nm [183], there are three types of adsorption sites: on-top, bridge (in-between
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two gold atoms), and close packed (surrounded by 3 atoms) [184]. The distance that a
molecule needs to cover to move from an on-top site to a bridge one is 0.14 nm or 0.25 nm
depending on the direction, while moving to a close packed site requires 0.17 nm.

An alternative explanation for plateau switching is the disconnection (and subsequent
reconnection) of one side of a molecule in a π-stacked dimer (see Fig. 4.6b). We cannot
exclude this mechanism, however, it is unlikely that an event that causes the rupture of
the gold-molecule contact would still preserve the intermolecular geometry. Theoretical
studies combining molecular dynamics with transport calculation are needed to reveal
the details of the junction evolution.

Side view Top viewa) b)Side view

d < dthreshold
d > dthreshold

SS

S

S

S

S

S

S S

S

Figure 4.6: a) Illustration of the interpretation for tunnel switching events: the molecule starts only attached
on one side, and connects only when a critical displacement is reached. b) Illustration for plateau switching.
Either the molecule change binding sites on the surface (top), or one molecule in a π-stacked dimer repeatedly
connects and disconnects.

4.3.4. SWITCHING IN ALKANES MOLECULAR JUNCTIONS
We also analysed a set of MCBJ measurements on alkanes previously published by our
group [90]. Similar switching behaviour is present in breaking traces of these molecules,
albeit they show a much smaller difference between the conductance states before and
after the switch compared to OPE3. This is evident from the 2D-histograms shown in
Fig. 4.7. The other striking difference between alkanes and OPE3 is that in the former
the amount of switching events for the (-SH) terminated compounds is higher than for
(-NH2) (Tab. 4.A1). However, alkanediamines show much clearer switching behaviour in
their histograms (Fig. 4.7a and 4.7b). This can have different explanations. Firstly, dithiol-
alkanes were measured without the use of a deprotecting agent. This could lead to the
presence of weaker bonds to the gold surface [48]. However, this is unlikely to be the only
cause. In fact, when measuring OPE3-SAc without deprotecting agent, we find a slight
increase of switching events (Tab. 4.A1), but the value is not close to the one observed
for OPE3-NH2. Another explanation stems from the several junction configurations that
alkanes are expected to form when bound to gold, such as gauche conformations [71],
or chaining of multiple units [85]. This leads to more mechanisms through which the
conductance can switch, thus increasing the yield of such events.

The analysed alkane measurements show mostly tunnelling type switching, although
the classification is less clear than for OPE3s (see Sec. 4.A.3, and compare Fig. 4.A2 to
Fig. 4.A3). The origin of this observation could be purely technical: since hexane and
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Figure 4.7: Two-dimensional conductance displacement histograms built using only switching traces of a)
C6-NH2 (left) and C6-SH (right), and b) C8-NH2 (left) and C8-SH (right). The master trace (black line) is
superimposed on the corresponding histogram.

octane are relatively short molecules, it is possible that they do not spend enough time
in the junction to spontaneously switch between different states, especially considering
the measurement speed at which these measurements were carried out. It would be
interesting to repeat such measurements with a low measurements speed to see if the
presence of plateau switches increases.

Lastly, we analysed the length of the low-conductance segments for plateau switches
in alkanes. We find that they show a distribution with one peak at 0.2 nm for all of them
(only C6-SH shows a clear additional peak at 0.1 nm, Tab. 4.A4), differently from OPE3s.
In terms of displacement, this can still be explained by the switch between different
contact sites on the gold surface. However, gauche defects in alkanes are also expected to
happen in a similar displacement range [72], making it difficult to disentangle the two
phenomena.

4.4. CONCLUSIONS

In conclusion, we identify the presence of switching events in MCBJ measurements of
OPE3, hexane, and octane, having different anchoring groups. For OPE3s, we find switch-
ing events with a probability ranging from 5% to 52%. However, in the case of OPE3-SAc
the amount of switching events can be considered negligible. Additionally, we distinguish
between two types of switching. "Tunnelling" switching happens after an exponential
decay of conductance typical of empty traces, which suggests the possibility of junction
formation after rupture of the gold bridge. "Plateau" switching happens while the trace is
already showing a clear molecular plateau right after breaking of the gold contact. These
can be related to the junction changing its configuration during the measurement, either
to a junction with weaker coupling to the electrodes, or to a π-stacked dimer. This study
highlights the necessity to carefully consider the anchoring groups when studying abrupt
conductance changes in molecular switches. Acetate protected thiol (-SAc) is confirmed
as a stable anchoring option showing no relevant amount of switching. Otherwise, coexis-
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tence of contact-dependent mechanisms and chemically introduced backbone-related
mechanisms thus requires either careful selection of anchoring groups or one-to-one
comparison to reference compounds. Our study gives a perspective for what can be
expected from some of the most studied reference molecules.
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4.A. APPENDIX

4.A.1. SWITCH IDENTIFICATION ALGORITHM
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Figure 4.A1: a) Example trace with a conductance switch and b) zoom in of such trace in the region of interest,
showing how the algorithm operates. The blue line represents the total trace, while the orange line is the portion
of the trace that falls within the defined range. The dark blue open circle is the point that the algorithm identifies
as the switch, and the green line is the corresponding conductance switch. The black lines are the average
conductance values before and after the switch, extended for the interval that the algorithm is considering to
compute them.

The algorithm developed to identify switching events works as follows. First, it defines
a region of interest in the trace. This corresponds to a specified range of conductance
and displacement (orange line in Fig. 4.A1a). Then, it computes the derivative of the
trace in that segment. The low-conductance limit for this region was set as 2 ·10−6 G0 for
all molecules. The upper conductance limit was set as 1 ·10−2 G0 for OPE3s, 2 ·10−4 G0

for hexanes, and 2 ·10−5 G0 for octanes. The displacement range was 0 nm to 1.7 nm for
OPE3s, and 0.2 nm to 1.0 nm for alkanes.

Considering that the highest conductance increases are likely due to a switch, points
at which the derivative spikes are considered to be possible switching events, and they
are analysed in order of decreasing intensity. Thus, the algorithm considers the position
of the highest peak (dark blue circle, in Fig. 4.A1b), and it considers only the section of
the trace just before and just after the peak (with a width of around 0.07 nm for OPE3s
and 0.025 nm for alkanes), to compute the average conductance of these sections (see
black lines in in Fig. 4.A1b).

If the ratio of these conductance values is above a set ratio (5 for OPE3-Pyr, 10 for
other OPE3s, and 2 for alkanes), the point is labelled as a switch. This step is necessary to
avoid noise spikes being detected as switching events. If the most intense derivative peak
fails any of the aforementioned checks, the algorithm iterates through the next peaks until
either a switch is found, or a maximum number of iterations is reached (10 iterations).
In the latter case, the trace is labelled as "no switch". If a switch is found (green line in
Fig. 4.A1b), the algorithm saves the displacement at which it happens, as well as the
conductance computed just before and just after the jump.
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4.A.2. SWITCHING IDENTIFICATION SUMMARY TABLES

This appendix reports the results for the switching identification algorithms for all the
measurements in this study. Notice that, the switching yield is calculated as the number
of switching traces with respect to the number of molecular traces. Additionally, for
OPE3-Pyr, it was necessary to filter out empty traces to get a reliable estimation of the
conductance value. This was done by using an unsupervised learning algorithm as
described in Sec 2.2.1. The results obtained in this way are reported in the tables with the
label "OPE3-Pyr clustered".

Table 4.A1: Overview of the measurements of all compounds in this study. The measurement number is
indicated in the first column by N.

Molecule N Number
of traces

Piezo
speed
(V/s)

Electrode
speed
(nm s−1)

Molecular
yield (%)

Switching
yield (%)

Concen-
tration
(µM)

OPE3-NH2 1 10000 50 1 88 52 100
2 10000 200 4 40 46 100
3 10000 50 1 64 16 100
4 9384 200 5 27 13 100
5 10000 50 1 55 22 100
6 10000 50 1 92 18 100

OPE3-SMe 1 10000 50 1 94 18 100
2 10000 200 4 93 11 100
3 5000 50 1 93 18 100
4 5000 200 4 95 11 100
5 10000 50 1 98 21 10
6 10000 200 4 84 21 10
7 10000 50 1 87 8 1
8 10000 200 3 85 5 1

OPE3-Pyr 1 10000 50 1 58 41 100

OPE3-SAc
deprotected

1 10000 50 2 50 1 100

OPE3-SAc
protected

1 10000 50 1 24 5 100

C6-NH2 1 20000 200 5 67 10 1
C6-SH 1 100000 200 5 19 25 1
C8-NH2 1 20000 200 4 13 27 1
C8-SH 1 100000 200 4 19 44 1
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Table 4.A2: Conductance of the measurements of all the compounds in this chapter. The measurement number
is indicated in the first column by N.

Molecule N Raw Data
(G/G0)

Switching
traces (G/G0)

Non-
switching
traces (G/G0)

OPE3-NH2 1 8.1 ·10−5 7.5 ·10−5 9.6 ·10−5

2 4.9 ·10−5 4.6 ·10−5 4.3 ·10−5

3 4.1 ·10−5 3.2 ·10−5 4.6 ·10−5

4 2.9 ·10−5 3.2 ·10−5 2.6 ·10−5

5 4.5 ·10−5 3.9 ·10−5 4.5 ·10−5

6 8.6 ·10−5 6.9 ·10−5 9.2 ·10−5

OPE3-SMe 1 9.1 ·10−5 6.3 ·10−5 1.0 ·10−4

2 5.8 ·10−5 3.9 ·10−5 6.3 ·10−5

3 6.6 ·10−5 4.7 ·10−5 7.1 ·10−5

4 5.1 ·10−5 3.4 ·10−5 5.4 ·10−5

5 4.7 ·10−5 3.4 ·10−5 5.3 ·10−5

6 2.9 ·10−5 2.4 ·10−5 3.1 ·10−5

7 5.9 ·10−5 3.3 ·10−5 6.4 ·10−5

8 4.6 ·10−5 2.9 ·10−5 4.6 ·10−5

OPE3-Pyr 1 4.7 ·10−6 5.7 ·10−6 5.3 ·10−6

OPE3-Pyr
clustered

1 - - 7.2 ·10−6

OPE3-SAc de-
protected

1 1.6 ·10−4 1.2 ·10−4 1.6 ·10−4

C6-NH2 1 9.1 ·10−5 1.1 ·10−4 9.2 ·10−5

C6-SH 1 2.3 ·10−4 2.6 ·10−4 2.0 ·10−4

C8-NH2 1 1.8 ·10−5 1.7 ·10−5 1.9 ·10−5

C8-SH 1 2.2 ·10−5 1.8 ·10−5 2.5 ·10−5

4.A.3. TUNNELLING AND PLATEAU SWITCHING CLASSIFICATION SUMMARY

TABLES

In this section the results of the analysis done by splitting the switching traces based on
the slope of the trace before the switch are presented. Traces whose slope is lower than
the threshold (-3 decades nm−1) are labelled as "Tunnelling switch", while the ones that
follow a less steep behaviour are labelled as "Plateau switch".

Fig. 4.A2 shows the effect of changing the threshold value for OPE3-SMe as an example.
Too small values overestimates the presence of plateau switching, vice versa greater
value overestimates the presence of tunnelling switches. The ideal tunnelling switch 2D
histogram has the cloud of counts after the switch perfectly isolated from the tunnelling
that precedes it. In the ideal tunnelling switch 2D histogram the counts below the main
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Table 4.A3: Results of the classification of switching traces in tunnelling and switching events in OPE3-NH2,
OPE3-SMe, C6-NH2, C6-SH, C8-NH2, C8-SH. The measurement number is indicated in the first column by N.

Molecule N Tunnelling
switch
G/G0

Tunnelling
switch
displace-
ment (nm)

Tunnelling
Switch
yield (%)

Plateau
switch
G/G0

OPE3-NH2 1 3.9 ·10−5 0.77 59 5.6 ·10−5

2 3.4 ·10−5 0.80 64 3.4 ·10−5

3 1.9 ·10−5 0.74 57 2.8 ·10−5

4 2.6 ·10−5 0.63 51 2.2 ·10−5

5 3.1 ·10−5 0.81 59 3.6 ·10−5

6 4.1 ·10−5 0.65 48 4.9 ·10−5

OPE3-SMe 1 4.4 ·10−5 0.76 60 4.6 ·10−5

2 3.3 ·10−5 0.80 51 3.4 ·10−5

3 3.2 ·10−5 0.76 60 3.5 ·10−5

4 3.1 ·10−5 0.74 57 3.3 ·10−5

5 2.5 ·10−5 0.74 62 3.0 ·10−5

6 2.3 ·10−5 0.87 63 2.7 ·10−5

7 2.8 ·10−5 0.72 59 3.1 ·10−5

8 2.9 ·10−5 0.67 62 3.5 ·10−5

C6-NH2 1 1.3 ·10−4 0.36 76 1.4 ·10−4

C6-SH 1 1.2 ·10−4 0.39 71 2.0 ·10−4

C8-NH2 1 1.9 ·10−5 0.49 39 2.1 ·10−5

C8-SH 1 2.7 ·10−5 0.56 72 3.0 ·10−5

plateau would be uniform for all displacements. In our case, the best compromise is
obtained with a threshold of -3 decades nm−1 (Fig. 4.A2 c).

Alkanes mostly show tunnelling switches, and their separation in plateau vs. tun-
nelling is not as clear as in the case of OPE3, because of the presence of short plateaus at
different conductance levels. Changing the threshold slope does not help in extracting
plateau switches (Fig 4.A3). For comparison, we report the results of the classification
with a threshold slope of -3 decades nm−1. Notice that also the presence of large conduc-
tance spikes after breaking of the 1 G0 plateau make the classification more difficult. For
example, the blue traces of C6-NH2 in Fig. 4.A3 show these spike, while the yellow traces
of C8-SH in the same figure do not.
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Figure 4.A2: Two-dimensional conductance-displacement of traces with tunnelling switches (left) and with
plateau switches (right) from an OPE3-SMe measurement, obtained using different threshold slopes: a) -
1 decade/nm, b) -2 decades/nm, c) -3 decades/nm, d) -4 decades/nm. The black dashed line is an eye-guide
with the threshold slope used for splitting the two types of traces. The percentages correspond to the yield of
tunnelling or plateau switches with respect to the total number of switching traces.

4.A.4. LENGTH OF LOW-CONDUCTANCE SEGMENTS

We further analyse plateau switching by computing the length of the segment of the trace
in the low-conductance state. More precisely, we first identify the switching point at which
the conductance increases, as described in Sec. 4.A.1. Then we scan the trace backwards,
and identify the point at which the conductance increases again (in an analogous way
to the downwards shift). Lastly, we compute the difference between the displacements
at which the upwards and downwards switch are found. This value corresponds to the
length of the low-conductance segment in the trace. Figure 4.A4a displays an example of
an histogram built from the values computed in this way for OPE3-NH2, and Fig. 4.A4b
shows the same histogram for C8-SH. For the histograms built from all measurements,
we refer to the Supporting Information of the publication this chapter is based on [185].
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Figure 4.A3: Two-dimensional conductance-displacement of traces with tunnelling switches (left) and with
plateau switches (right) from the C6-SH measurement, obtained using different threshold slopes: a) -
1 decade/nm, b) -2 decades/nm, c) -3 decades/nm, d) -4 decades/nm. The black dashed line is a eye-guide
with the threshold slope used for splitting the two types of traces. The percentages correspond to the yield of
tunnelling or plateau switches with respect to the total number of switching traces.

Table 4.A4 lists the centre of the peaks obtained by fitting the histograms with Gaussian
distributions. Notice that for the alkanes, segments with length smaller than 0.041 nm
were excluded. This allows to avoid the inclusion of conductance spikes happening just
after the gold wire ruptures.
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Figure 4.A4: Histograms of the length of the low-conductance segments extracted from a measurement of a)
OPE3-NH2 and b) C8-SAc. The dashes orange line corresponds to a Gaussian fit to the histogram.

Table 4.A4: Fitted length values for the low-conductance segments for OPE3-NH2, OPE3-SMe, C6-NH2, C6-SH,
C8-NH2, C8-SH. The measurement number is indicated in the first column by N.

Molecule N Peak 1
(nm)

Peak 2
(nm)

OPE3-NH2 1 0.09 0.26
2 0.14 0.40
3 0.14 0.36
4 - 0.35
5 0.11 0.21
6 0.11 0.30

OPE3-SMe 1 0.10 0.34
2 0.17 0.30
3 0.09 -
4 0.18 0.31
5 0.08 0.22
6 0.15 0.32
7 0.06 -
8 0.11 -

C6-SH 1 0.07 0.22

C8-SH 1 - 0.20

C6-NH2 1 - 0.19

C8-NH2 1 - 0.24





5
SIDE-GROUP SUBSTITUTION AND

TORSIONAL EFFECTS IN TOLANES

One of the main challenges in molecular electronics is controlling the molecular conduc-
tance at the nanoscale. In this chapter, we will explore two approaches based on chemical
design that allow to engineer the charge transport in nanoscale molecular junctions. First,
the effect of electron-donating and electron-withdrawing side-groups is analysed. Second,
we will study the effect of torsion of the molecular backbone. The results shown in this
chapter show how structural modification to the molecule can affect charge transport at
the nanoscale, but the measured effects are not straightforward to predict.

Parts of this chapter have been published The Journal of Physical Chemistry Letters 13, 9156-9164 (2022).
Some of the measurements were performed by M. Parmeggiani, J. Kamer and C. Bolhuis. The chemical synthesis
and characterization was performed by D. Vogel and M. Mayor (Univerity of Basel). STMBJ conductance and
thermopower measurements were performed by P. Bastante and N. Agraït (Universidad Autónoma de Madrid).
Theoretical calculations were done by A. Daaoub, S. Sangtarash and H. Sadeghi (University of Warwick).
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5.1. INTRODUCTION
One of the main challenges of molecular-scale electronics is to engineer and control the
charge transport properties at the nanoscale. This is an essential step in reaching the
objective of implementing molecules as electronic components [40, 41, 186]. In Ch. 3 we
have shown that a possible way to control the conduction is to increase the π-conjugation
of the molecule, albeit at the cost of increasing the intermolecular interactions. However,
there are additional ways through which the molecular properties can be tuned through
molecular design [187], such as by using substituents, or by altering the planarity of the
molecular backbone. In this chapter, we will explore these two approaches. First, we
will study the effect of electron-withdrawing and -donating side groups (Sec. 5.2 to 5.4).
Second, we will analyse the effect of twisting the molecular backbone (Sec. 5.5).

Substituents are key design elements in molecular materials, widely applied in or-
ganic semiconductors, photovoltaic, and light-emitting diodes [188]. However, in break-
junction based measurements, the role of side groups was often only limited to increase
the solubility of the molecule [103, 146, 189]. Thus, side groups are employed that do
not have an effect on the molecular conductance. For example, the addition of two
methoxy, hexyloxy, alkyl, alkoxy, fluoride or tert-butyl groups has no significant effect on
the conductance compared to the unsubstituted OPE3 [59, 103, 105, 189, 190]. Although
inert with respect to the measured conductance, methoxy side groups have an effect
on the Seebeck coefficient, increasing it by ≈ 3 µV K−1 [190]. Side groups can, on the
other hand, influence the conductance indirectly, by affecting the conformation of the
molecule [191, 192], or by modifying their quantum interference pattern [20, 21, 193, 194].
Lastly, only small variations in conductance were reported for a series of monosubstituted
benzene- 1,4- diamines with either electron-donating or electron-withdrawing anchoring
groups [195].
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Figure 5.1: a) Scheme of a tolane molecule with a nitro substituent and thiol anchor connected to two gold
electrodes. b) Molecular structure of the series 1-3 of tolane model compounds with acetyl (a) and methyl (b)
masked thiol anchor groups. c) Frontier molecular orbitals of 1a, 2a, 3a.

In the following, we will examine the effect of electron-withdrawing and electron-
donating substituents in nanoscale molecular junctions, both theoretically and exper-
imentally (Fig. 5.1). For this investigation, the tolane backbone was chosen. It is the
smallest structural variant of OPE derivatives (Fig. 5.1a,b), and it is highly conjugated
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(Fig. 5.1c), chemically versatile, and it is known to be well behaved in break-junction
measurements [196]. For the connection to the gold electrodes, the backbone was ter-
minated with either thiol- (series a in Fig. 5.1b) or methylsulfide- (series b in Fig. 5.1b)
anchoring groups. These two terminations differ in gold-sulfur bond strength (covalent
for the former, coordinative for the latter), and in the electronic coupling [57, 197].

To tune the energy level position of the tolane structure (1), it was decorated either
with electron-withdrawing nitro groups (2), or electron-donating dimethylamino groups
(3), as shown in Fig. 5.1b. The detailed synthetic procedures for obtaining these com-
pounds can be found in the Supporting Information of [198]. Then, we investigate the
effect of the substituents on charge transport measurement with the mechanically con-
trollable break junction (MCBJ) and the scanning tunnelling microscope break junction
(STMBJ) techniques, as well as in Seebeck coefficient measurements (with the STMBJ).
Lastly, a novel statistical approach to model quantum transport is proposed. This allows
to predict the trends from the measurement. Furthermore, the method does not treat the
electrodes’ Fermi energy as a free parameter, avoiding its arbitrary choice in the prediction
of conductance values.

5.2. EFFECT OF SIDE-GROUP SUBSTITUTION ON ENERGY LEVEL
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Figure 5.2: a) A simplified scheme of a molecular junction where the molecule’s backbone is linked over anchor
groups (AG) to the adjacent electrodes. The parent molecule may be decorated by additional substituents
(SU), e.g., electron-donating or -withdrawing groups. b) Energy level diagram with HOMO/LUMO levels of the
tolanes 1a, 2a, 3a, 1b, 2b, 3b. The solid (dashed) lines show the levels determined by CV (calculations using first
principle methods).

The substitution with electron-withdrawing groups, such as nitro (-NO2), moves
the position of both frontier orbitals down in energy [6, 188, 199]. On the other hand,
electron-donating substituents, such as dimethylamino [-N(CH3)2], shifts both HOMO
and LUMO upwards. We refer to this practice as "frontier orbital engineering" (FOE). The
effect is schematically represented for a molecule contacted by gold electrodes in Fig. 5.2a.
Both experimental cyclic voltammetry (CV) and first-principle density functional theory
(DFT) calculations verify the effect of FOE (Fig. 5.2b), showing the shifts in energy often
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exceeding 1 eV. However, there is an offset between the measured and calculated data,
which is due to the well-known underestimation of the band-gap by DFT [200]. For the
details on the CV and DFT measurements we refer to the Supporting Information of the
publication linked to this chapter [198].

5.3. EFFECT OF SIDE-GROUP SUBSTITUTION ON CHARGE TRANS-
PORT EXPERIMENTS

The charge transport properties of the tolane series were characterised with the MCBJ and
STMBJ experiments. The detailed methodologies used for both techniques can be found
in Ref. [198]. Briefly, MCBJ measurmements were performed as described in Sec. 2.1, after
drop-cast of around 5µL of a 0.1 mM solution of the target compound in dichloromethane
(DCM). STMBJ measurements were performed after depositing the molecules from a
1 mM solution in DCM on a preannealed gold surface. A bias voltage of 0.1 V was used
for both techniques. The data is then analysed as follows. From the raw dataset, first
we remove the empty traces. The methodology to do so in the MCBJ measurement has
been described in Sec. 2.2. Then, we apply the k-means based clustering procedure (see
Sec. 2.2.1) to isolate the different molecular classes in the measurements. The feature
space used for analysing these molecules consists of the 30x40 bins 2D histogram, with
limits set as 0 to 1.5 nm in displacement, and -1 to -6 log(G/G0) in conductance. The 1D
histogram of the trace with 100 bins and limits -1 to -6.5 log(G/G0) was also appended to
the previous vector, for a total of 1300 dimensions. These parameters were used to cluster
both MCBJ and STMBJ traces.

Table 5.1: Average of the most probable conductance values across all the measurements for each molecule, in
units of G0 ≈ 77.5 µS, for both MCBJ and STMBJ experiments. The columns correspond to the values extracted
by fitting the high-conductance (HC) class, and the two low-conductance classes (LC1 and LC2).

Molecule HC G/G0 LC1 G/G0 LC2 G/G0

MCBJ STMBJ MCBJ STMBJ MCBJ STMBJ

1a 1.2 ·10−3 2.3 ·10−3 1.5 ·10−5 3.1 ·10−5 2.3 ·10−6 3.3 ·10−6

2a 1.5 ·10−3 2.2 ·10−3 2.5 ·10−4 1.6 ·10−4 // //
3.2 ·10−5 1.9 ·10−5

3a 2.2 ·10−3 2.5 ·10−3 6.0 ·10−5 1.6 ·10−4 2.0 ·10−6 2.4 ·10−6

1b 5.9 ·10−4 5.6 ·10−4 1.3 ·10−5 8.3 ·10−6 // //
2b 7.0 ·10−4 8.4 ·10−4 1.8 ·10−5 3.5 ·10−5 // //
3b 7.3 ·10−4 8.2 ·10−4 1.1 ·10−5 9.2 ·10−6 // //

The measurements show the presence of high-conductance (HC) and low-conduc-
tance (LC) plateaus in all molecules, both in MCBJ and STMBJ measurements. Focusing
first on the HC ones, the a series shows a most probable conductance above 1·10−3 G0,
while b one have around a factor 2 lower conductance (Tab. 5.1). This decrease is expected
due to the weaker electronic coupling to the gold of -SMe compared to -SAc [57]. The HC
plateau follows the trend 2a ≈ 1a < 3a for -SAc anchoring (Fig. 5.3a,b top left panel), while
for -SMe all compounds are within margin of error from each other: 1b ≈ 2b ≈ 3b (Tab. 5.1,
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and Fig. 5.3a,b bottom left panel). We note that a first analysis of the raw data of 2a did
not reveal the high-conductance plateau. This is mainly due to the low percentage of HC
traces with respect to LC ones. However, clustering allows to systematically isolate the HC
class in all measurements of 2a (see the Supporting Information of [198], in particular
Fig. S2.2, S2.3, S3.3).
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Figure 5.3: a) 1D-conductance histograms for a) MCBJ and b) STMBJ measurements of the HC (left) and LC
(right) peaks as obtained from clustering, separated by anchoring group (top: a, -SAc, bottom: b, -SMe). The
measurements have been rescaled by peak height to make the peak position and shape directly comparable
across the different molecules.

The low-conductance features show a more diverse behaviour than the HC plateau.
Considering the -SAc terminated compounds, they follow the trend 2a > 3a > 1a (top
right panel of Fig. 5.3a,b). Further analysis reveals the presence of two types of low-
conductance features for the a series, as illustrated in Fig. 5.4a: slanted plateaus falling
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in the 10−5 G0 range (LC1), and long, flat plateaus in the 10−5 G0 range (LC2). An LC1
feature was measured for all compounds, while LC2 plateaus were measured only in 1a
and 3a. For 2a, we observe two types of slanted features, as shown in Fig. 5.4b. One
falls in the 10−5 G0 range (LC1L), similarly to the other compounds. The other one has
a higher conductance, around 10−4 G0 (LC1H ), and slightly shorter traces. As for the
b tolanes, they all show only LC1 low-conductance features. In MCBJ measurements,
all three compounds exhibit very similar conductance (Fig. 5.3a, bottom right panel).
However, in STMBJ 2b has roughly a factor 4 higher conductance than 1b and 3b (Tab. 5.1
and Fig. 5.3b, bottom right panel).
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Figure 5.4: Two-dimensional conductance-displacement histograms of molecular classes found through cluster-
ing in MCBJ measurements for a) 1a and b) 2a. While both show a HC plateau at roughly the same conductance
value, they have different LC features.

5.4. DFT CALCULATIONS AND THERMOPOWER MEASUREMENTS
To further comprehend the relation between charge transport measurements and the
synthetic addition of substituents, we performed DFT combined with quantum transport
calculations [201] using the methodology described in [198]. In this way, the transmission
function T(E) for molecules 1-3 is obtained. Then, the low-bias conductance is calculated
from T(E) through the Landauer formula. Multiple gold-molecule contact configurations
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were included in the theoretical analysis, considering that the molecule can bind to the
surface by connecting to one, two, or three gold atoms (as shown in Fig. 5.5a).
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Figure 5.5: a) Molecule/gold contact through one, two, and three gold atoms. b) Example of the transmission
coefficient for the molecule 1a with different contacting conformations to the electrodes. c) Example of the
conductance (G) for molecule 1a, 2a, and 3a with different contacting conformations to the electrodes. For
clarity, G is shown for the EF between HOMO and LUMO resonances only. E = 0 eV corresponds to the DFT
Fermi energy. The gray dashed lines (marked by 1-5) show examples of the choice of the Fermi energy.

Figure 5.5b shows T(E) for 1a, in the three contacting modalities. The two and three
atom contacts have relatively similar transmission, with a slight shift to more negative
energies for the latter. However, the one-atom contact exhibits significant deviations: the
position of the resonance peaks is at more positive energy than for the other two contacts,
and the minimum of T(E) in the HOMO-LUMO gap is lower. Figure 5.5c compares the
calculated conductance for 1a, 2a, and 3a. For the 3-atom configuration, the curve shifts
similarly to what is expected from the CV experiments and DFT calculations for the iso-
lated molecules: 3a moves to higher energy with respect to 1a, while 2a changes to lower
energy. However, the 1-atom contacted molecule displays almost overlapping conduc-
tance curves for 1a and 3a, while 2a shows a deviation close to the LUMO. This suggests
that the conductance trend in the measurements might differ depending on the contact
configuration. In addition, the predicted substituent effect strongly depends on the choice
of the Fermi level. To illustrate this, let us consider a few possible choices, marked by
dashed lines in Fig. 5.5c. At the energy marked by 1, we find the trend 2a ≈ 1a < 3a. At the
point marked by 2, all three compounds have the same conductance, while around energy
3 we find 2a < 1a ≈ 3a. These differences make prediction of molecular conductance a
difficult task [73, 202, 203].

In the following, a new analysis method for quantum transport calculation is pro-
posed. This procedures allows to minimize the ambiguity in the Fermi energy choice.
Furthermore, it allows to predict the small experimentally observed variations in electrical
conductance caused by nitro and dimethylamino substitution (Tab. 5.1). The first step
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is to calculate the electrical conductance for a wide variety of electrode conformations,
obtained by increasing the molecule-electrode distance. The resulting calculations are
shown in Fig. 5.6, for all compounds. Then, conductance histograms are created us-
ing the calculated conductance curves, by considering a wide range of EF within the
HOMO-LUMO gap. The peaks in the conductance histogram are fitted with a log-normal
distribution, and their centre is the most-probable calculated conductance. The goal
of the first step is to incorporate in the conductance prediction conformations that are
accessed during the measurements due to the dynamic nature of the traces in break-
junction measurements. The second step has a double-fold objective. First, it takes into
account fluctuations in the alignment of the molecule’s energy levels with the Fermi
energy [204–206]. Second, it groups the data in a single plot, analogously to how the
experimental data is used to compile 1D-conductance histograms. The restriction to
the energy range delimited by the HOMO and the LUMO is based on the assumption of
non-resonant charge transport.
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Figure 5.6: Calculated conductance for molecules 1, 2, and 3 with different anchor groups and contacting
conformation to the electrodes. G is shown for the EF between HOMO and LUMO resonances only.

The histograms calculated through the theoretical analysis are shown in Fig. 5.7a,b.
The conductance of -SAc terminated compounds is higher than the -SMe terminated
counterparts, in agreement with the experiments. Additionally, there are multiple con-
ductance peaks in the computed histograms: the low-conductance ones originate from
molecules contacting the electrodes through a single gold atom, while the high-conduc-
tance ones correspond to contacts formed with more than one gold atom. The former is
compatible with the LC1 features in the experiments, while the latter is consistent with
the HC peak in the experimental 1D-histograms (Tab 5.1 and Fig. 5.3a,b). Importantly,
notice how for the a series the high-conductance peaks overlap for both the calculations
and experiments, with compound 3a having a moderately higher conductance than the
other two. Also, the low-conductance peak of 2a in Fig. 5.3a is slightly higher than for 1a
and 3a, in agreement with the experiments.

An additional explanation for the low-conductance features is the presence of π-
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Figure 5.7: Conductance histograms based on the conductance in 5.6 for a wide range of Fermi energies within
the HOMO-LUMO gap for a) 1a, 2a, and 3a and b) for 1b, 2b, and 3b.

stacked molecules in the junction [81, 82, 103]. These effects are not included in the
calculations shown in Fig. 5.3. According to first-principle calculations (see Fig. S4.3
of [198]), the conductance of π-stacked dimers is even lower than the LC peak in Fig. 5.3,
and it would give rise to an additional peak in the histogram. Additionally, traces corre-
sponding to π-stacked dimers are expected to be longer than those of non-interacting
molecules. Thus, this explanation fits well the LC2 features measured for 1a and 3a
(Tab. 5.1 and Fig. 5.4). However, we note that such features were not observed in 2a. No-
tice, Fig. 5.7b has one discrepancy with the measurements: the peaks for 3c have higher
conductance for than 3a and 3b. Interestingly, the more conductive electrode conforma-
tions that give rise to this shift are all at long displacements, i.e., when the junction is very
stretched. However, it is possible to reasonably assume that such conformations do not
arise in the measurements, since the weak bonding of -SMe group would rupture before.
If such conformations are removed in the construction of the theoretical histograms (see
Fig. S4.7 of [198]), the three compounds are predicted to have similar conductance.

Lastly, let us explore further the effect of NO2 substitution. Figure 5.2b and Fig. 5.6
indicate that, when this substituent is used, the LUMO of the molecule substantially
decreases with respect to the parent tolane. This effect arises from the introduction of a
new energy level in the molecule because of the presence of the substituents. The level
for NO2 falls within the HOMO-LUMO gap of the unsubstituted compound [198, 207].
The additional resonance caused by it is visible in the transmission of both 2a and 2b,
and when considering either the single Au atom contact, or the multiple atom contacts
(Fig. 5.5c and Fig. 5.6). However, when considering the multiple electrode conformations
and the wide range of Fermi energies, the potential conductance increase is lost for 2b,
while for 2a it only survives for the one-atom contact (Fig. 5.6). As a result, the histograms
of 2a and 2b in Fig. 5.7 overlap with those of 1a and 1b respectively, with the exception of
the low-conductance peak in 2a.

However, the significantly shifted LUMO is expected to have still have an effect on
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transport properties, in the form of a negative shift of the Seebeck coefficient. In fact,
this quantity is proportional to the additive inverse of the derivative of the transmission
function at the Fermi energy [208]. To verify this hypothesis, Seebeck coefficient mea-
surements were performed with the STMBJ technique (experimental details can be found
in [198]). The resulting Seebeck coefficient for each class is reported in Tab. 5.2. Overall,
-SAc terminated molecules show more positive Seebeck than their -SMe counterpart.
More importantly, compound 2a shows a negative Seebeck coefficient while 1a and 3a
have a positive coefficient. Similarly, 2b exhibits a more negative Seebeck coefficient than
1b and 3b.

Table 5.2: Average Seebeck coefficient with the corresponding standard deviation in all thermopower measure-
ments for each molecule.

Molecule Total Seebeck
(µV K−1)

HC Seebeck
(µV K−1)

LC1 Seebeck
(µV K−1)

1a +1.7 ± 0.1 +1.6 ± 0.2 +2.8 ± 0.4
2a -1.4 ± 0.1 -0.8 ± 0.1 -1.6 ± 0.1

-2.6 ± 0.1
3a +1.7 ± 0.1 +2.1 ± 0.2 -0.1 ± 0.2

1b -0.4 ± 0.1 -0.4 ± 0.1 -0.7 ± 0.2
2b -5.2 ± 0.1 -4.3 ± 0.1 -6.2 ± 0.1
3b -0.2 ± 0.1 -0.5 ± 0.1 +0.4 ± 0.2

5.5. EFFECT OF THE TORSION ANGLE ON CONDUCTANCE OF

TOLANES
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Figure 5.8: Chemical structure of the twisted tolane derivatives. a) Reference compound (Ref, no forced twisting),
and b-e) tolanes with alkane linkers with a length ranging from 3 (T3) to 6 (T6) CH2 segments.
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Figure 5.9: a) 2D-histogram of the high-conductance class built from all T6 measurements. b) 1D-histograms of
the high-conductance class for all the twisted compounds and the reference, built using all the measurement
of each. Counts have been rescaled by peak height to make the peak position and shape more comparable
across the different molecules and measurements; the histograms have been displaced vertically for clarity.
c) 2D-histogram of the low-conductance class built from all T6 measurements. d) 1D-histograms of the low-
conductance class for all the twisted compound and the reference, built using all the measurement of each.
Counts have been rescaled by peak height; the histograms have been displaced vertically for clarity. The dashed
black lines are eye-guides centered at the conductance value of the reference compound. The small peak at
around 10−6 G0 is an artefact from the amplifier (see Sec. 2.3.1).

The effect of torsion angle (φ) on molecular conductance has been widely studied in
literature as a strategy to tune the molecular conductance by acting on the conjugation
of the backbone. Venkataraman et al. [179] first reported that in bipyridine derivatives,
the molecular conductance is linearly dependent on cos2φ. They link the explanation of
this dependence to the decrease of the conjugation between the two aromatic rings as
the angle between them is increased. Later, Mishchenko et al. [191] demonstrated that
the same dependence is obtained in biphenyl derivatives, and that the cos2φ law can
be reproduced in a double level model in which a state lies on each benzene ring, with
electrons tunnelling from one side to the other. A similar localization has been shown to
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tune the conductance in longer aromatic molecular wires [209]. Additionally, Hendon
et al. [210] calculated that the π-orbitals of allene and oligoyne based wires form helices
upon torsion of their termination. The calculated transmittion consequently depends on
torsion angle [211]: oligoynes show a dependence that is similar to that of biphenyl, while
cumulenes markedly differ from it. Considering these results, it is to be expected that
tolanes, upon torsion, would show a linear decrease in conductance with the squared
cosine of the torsion angle. To investigate this approach, a series of five tolane derivatives
was synthetised1, using alkoxy chains of increasing length in the attemp to increase the
angle between the two aromatic rings (Fig. 5.8). A similar approach was show to induce
twisting in tolanes without thiomethyl anchoring [212, 213].

We characterized the charge transport properties of the series of twisted tolanes using
the MCBJ technique, analogously to what described in Sec. 2.1. The concentration of
the molecular solution used in these measurements was 50 µM, lower than the one
for the substituted tolanes. This was done to reduce the yield of molecular traces in
the measurement, as the measurements of the b series compound in Sec. 5.3 all show
yields above 50% (see S2.1 of [198]). After clustering, we found that all the compounds of
Fig. 5.8 show high-conductance (HC) and low-conductance (LC) plateaus, analogously
to the b series of substituted tolanes presented earlier in this chapter. As an examples,
Fig. 5.9a,c shows the 2D-histograms of the classes obtained for T6. The 2D-histrograms
for all compounds are shown in the appendix (Fig. 5.A1 and Fig. 5.A2). Notice, that these
histograms are built by using all the measurements of T6 together. To avoid glitches in the
histograms due to differences in attenuation factors between the different measurements,
the traces have been interpolated with 1000 points in the displacement interval -1 nm to
2.5 nm. This procedure ensures that all measurements have the same number of points
per nm.
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Figure 5.10: Average conductance value and its standard deviation (error bar) for the a) high- and b) low-
conductance classes. Notice that a linear scale is used for these plots.

For the reference compound, we identify a most probable conductance of 8.4 ·10−4

G0 for the HC class, and 1.4 · 10−5 G0 for the LC one. These values are similar to the
ones obtained for the substituted compounds 2b and 3b in Tab. 5.1, highlighting a slight
electronic effect of the side groups. However, the twisted derivatives T3 to T6 do all show

1Chemical synthesis by D. Vogel and M. Mayor (University of Basel).
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almost identical histograms for both the high- and low-conductance classes, as shown in
Fig. 5.9b,d respectively. Even when plotting the conductance values on a linear scale, as in
Fig. 5.10, no significant trend can be observed. In fact, not only there is no defined trend
across the series, but the conductance values are within error of each other, indicating no
effect of the increasing length of the side groups.

This phenomenon could have two explanations. On one side, it could be that the
torsion angle has no effect on the conductance of tolanes, in contrast with biphenyl and
bipyridine [179, 191] measurements, and despite the prediction that oligoynes should
show the same dependence as them [211]. On the other side, it is possible that the
twisted tolanes do not have the hypothesized torsion angle. This explanation is consistent
with the observations of Menning et al. [212], who reported no difference in absorption
and emission spectra of similar twisted tolanes, in solution at room temperature, when
connecting the two aromatic rings with a simple alkoxy chain compared to the planar
compounds. This similarity was measured despite the crystallographic structures of
the compounds showed clear difference in torsion angle. Additionally, they found that
the difference expected from the solid-state structures is retrieved at low temperature.
This hints that tolanes can easily rearrange their torsion when enough thermal energy
is provided. The same mechanism could be at play for MCBJ measurements, where
the identical conductance of the series T3-T6 might indicate that all the compounds
have similar torsion angle because of thermal activated reconfigurations of the molecule.
Undoubtedly, theoretical calculations and further experiments, involving for instance
temperature dependence of the conductance, could further shed light on the nature of
the observed trend.

5.6. CONCLUSIONS

In summary, we studied the effect of electron-donating and electron-withdrawing side
groups on the conductance and Seebeck coefficient of nanoscale gold-molecule-gold
junctions formed by tolane derivatives. Additionally, a new data analysis procedure for
theoretical calculation has been proposed and applied to explain the experimental data.
We found that (1) the measured conductance values are in good agreement between
the two break-junction techniques; (2) the proposed theoretical methodology is able to
predict the measured experimental trends, while minimizing the arbitrary choice of the
Fermi energy; (3) electron-donating and electron-withdrawing groups can be used to tune
the conductance of a molecule, although the effect can be small and not straightforward
to interpret; (4) the addition of nitro groups introduces a resonance in the HOMO-LUMO
gap of the parent tolane, leading to a negative shift of the Seebeck coefficient, while the
dimethylamino group has no measurable effect on it.

Lastly, we tackled the possibility of tuning the conductance of tolanes through twisting
of the molecular backbone. Contrary to previous reports on bipyridine and biphenyl
molecules, we did not find any trend of the conductance by using longer side chains to
force a twist of the aromatic rings relative to each other. A possible explanation of this
observation is that the tolanes all show similar torsion angle due to thermally activated
reconfigurations of the molecule. However, further studies are needed to fully understand
this phenomenon.
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5.A. APPENDIX - 2D-HISTOGRAMS OF TWISTED TOLANES
This section reports the 2D-histograms of the high- and low-conductance classes for the
twisted tolanes, and the reference. Analogously to the 1D-histograms in Fig. 5.9b,d, the
2D-histograms do not show clear differences among the measured compounds.
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Figure 5.A1: 2D-histogram of the high-conductance class built from all measurements of the reference com-
pound, and of the series of twisted tolanes T3-T6.
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HIGH-BIAS BEHAVIOUR OF

NANOSCALE MOLECULAR

JUNCTIONS

Break-junction measurements are often performed at low bias. However, applying larger
voltages to a molecular junction allows to access a wider range of the transmission of
the molecule, and it enables voltage-driven switching mechanisms. In this chapter, we
report how voltage can be exploited to obtain more information on the charge transport of
macrocyclic molecule. Then, we characterize two molecular systems that are expected to
exhibit voltage-induced switching.

Parts of this chapter have been published in The Journal of Physical Chemistry C 126, 8801–8806 (2022).
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6.1. INTRODUCTION
The characterization of break-junctions is typically performed at low bias, so that the
molecule’s energy levels lie well outside the bias window. So far in this dissertation, the
measurements were performed at 0.1 V bias, complying with this rule. However, there are
several physical effects that become visible at higher bias. First, applying a larger voltage
allows to explore a wider range of the transmission function of the molecule, possibly
reaching resonance with one of the frontier energy levels. This is critical when performing
current-voltage characteristics, and for transition voltage spectroscopy [55, 56, 214–216].
Second, it enables to exploit voltage driven switching effects [23, 217–221]. In this chap-
ter, we will explore the charge transport properties of different classes of molecules, by
exploiting conductance measurements at voltages higher than 0.1 V. In Sec. 6.2 we will
analyse macrocyclic molecules that are expected to show destructive quantum interfer-
ence. Then, in Sec. 6.3 and 6.4 we will evaluate the voltage induced switching of two
classes of compounds: a hydroxyphenalenone based three-state molecular switch and a
Norbornadiene–Quadricyclane based compound. The results shown in this chapter are
from ongoing studies, and thus do not show definitive conclusions at the current stage.

6.1.1. METHODOLOGY
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Figure 6.1: Breaking trace (blue line) recorded during the high-bias measurement protocol. The bias voltage for
each point is shown in red.

Applying a bias up to around 0.3 V would be possible with the standard measurement
procedure. However, when increasing the voltage further, it is possible to induce elec-
tromigration of the gold contact [222]. Such a breaking mechanism is undesirable while
performing MCBJ experiments and usually leads to junctions uncontrollably breaking to
the noise floor. To avoid this effect, it is possible to break and make the junction using
a smaller voltage (0.1 V), and to only apply the larger one while measuring the open
gap. This process is illustrated in Fig. 6.1. The cycle starts with the junction fully made,
while measuring at a small bias (0.1 V). Then, the junction is stretched as in the stan-
dard measurment procedure. After the conductance drops below a threshold of 0.3 G0,
i.e., the gold atomic point contact is fully broken, the bias is ramped to a higher value
(0.5 V in this example), while keeping the electrodes stationary. Then, the stretching
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process is continued until full extension of the gap. Lastly, the bias is ramped down to
the initial value (0.1 V), before making the junction again. Using the 0.1 V bias during
the the high-conductance part of the breaking cycle (and for the making cycle) has an
additional benefit. It allows to use the calibration of the amplifier described in Sec. 2.3.1
for resistances <1 kΩ, which is only valid at 0.1 V bias.

6.2. OPE-BASED MACROCYCLES

6.2.1. INTRODUCTION

Quantum interference effects are one of the most effective strategies to tune charge
transport. They arise from the interference of electron waves travelling through different
pathways [223]. The most simple molecular system that exhibits this effects is a single
benzene ring, when connected to metal electrodes through conjugated chains [224, 225].
The two pathways correspond to two molecular energy levels. When the aromatic ring
is connected in para configuration, the wave functions corresponding to the frontier
energy levels are in phase, resulting in constructive interference. On the contrary, when
the connection is through the meta (or the orto) configuration, these two energy levels are
out-of-phase, leading to a characteristic dip in the transmission as a function of energy,
and in the suppression of the current flowing through the molecule [30–32, 226, 227].

Controlling the quantum interference pattern in molecules has thus become one of
the main objectives of molecular electronics. Several strategies can be found in literature.
For example, cross-conjugated molecules have been shown to exhibit quantum interfer-
ence phenomena [163, 228–230], which can be controlled by reduction/oxidation of the
compound [20, 21, 231]. Another approach consists in using heteroatoms in aromatic
structures and controlling their position [232–235]. It is also possible to tune the quantum
interference of a molecule in a continuous manner: through electrochemical gating [132,
236], or by mechanical manipulation of the molecule [82, 172, 237].
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m p
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m
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a) OPE3-SAc b) MC-OPE3-pmp c) MC-OPE3-mmp

Figure 6.2: Chemical structure of a) OPE3-SAc, b) the macrocycle with para-meta-para connections (MC-OPE3-
pmp), and c) the macrocycle with meta-meta-para connections (MC-OPE3-mmp). The meta connections are
indicate in red (m), the para ones in green (p).

A different approach to introducing quantum interference in a molecule consists in
using multi-branched molecules, in which each branch introduces additional pathways
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that can interfere with each other [58, 238]. This concept has been experimentally demon-
strated in short cyclic molecules [239–241]. However, it has only been marginally explored
in conjugated macrocyclic molecules [242, 243].

In this section, we will analyse the charge transport properties of OPE3-based macro-
cycles. The chemical structures of the compounds1 are shown in Fig. 6.2. For reference,
we will first report the high-bias behaviour of the well-known OPE3-SAc molecule with all
para connections (Fig. 6.2a), which is not expected to have any destructive interference
phenomena [234, 244].

The macrocycles consists of two branches, each one having a meta connected benzene.
The connection to the electrodes is then realised in two different ways. In one case
(Fig. 6.2b), the top-branch has para connections on both sides of the molecule. The
bottom-branch has meta connections, as indicated in Fig. 6.2b. The second molecule
(Fig. 6.2c) has the top-branch connected with the meta configuration to one electrode,
and para to the other. We will refer to the compounds based on the connections that the
top-branch presents (MC-OPE3-pmp and MC-OPE3-mmp respectively). In this case, the
bottom-branch has the same connectivity, although in reverse order. The combination of
the presence of two branches, in addition to the different connectivity to the electrodes,
is expected to give different interference patterns for each of the macrocycles.

6.2.2. EXPERIMENTAL RESULTS
We characterized the charge transport properties of the two macrocycles using the MCBJ
technique. The resulting measurements were classified using the clustering technique
described in Sec. 2.2.1, using the parameters reported in Sec 6.A.1.

We first used the standard 0.1 V bias setting. The 2D-histograms resulting from these
measurements are shown in Fig. 6.3. Both molecules show two classes: one having a well
defined low-conductance plateau (Class 1), and one with traces spanning a wide range
of conductance (Class 2). In this analysis, we will focus on the first class. Notice, that
MC-OPE3-pmp exhibits a flat plateau, while MC-OPE3-mmp has a more slanted one. We
opted to avoid dividing Class 2 further, since this class already has low yield, and further
subsets of it are likely to be statistically unimportant. More details on the measurements
can be found in Tab. 6.A1.

Figure 6.4a shows the 1D-histograms for the two macrocycles, with the corresponding
log-normal fit. MC-OPE3-pmp has a conductance value of 2.1·10−6 G0, and a plateau
length of around 1.2 nm. Although this conductance value is much smaller than the one
of para-OPE3 (≈1·10−4 G0, see Ch. 3, Fig. 6.4b, Tab. 6.A1, and Ref. [57, 148, 223, 234]), it is
comparable with values of meta-OPE3 found in literature [234]. MC-OPE3-mmp has a
conductance value of 4.6·10−7 G0, a factor 2 lower than the pmp-compound, indicating
that the position of the anchoring group has an influence on charge transport in these
molecules.

To better highlight the role of quantum interference in these compounds, we in-
vestigated the voltage dependence of the conductance. As a reference, we performed
measurements of OPE3-SAc at 0.1, 0.5, and 1.0 V bias. The 2D-histograms of these mea-
surements are shown in Fig. 6.A2 while the corresponding 1D-histograms are compared

1Chemical synthesis of the macrocycles by A. Gallego and of OPE3-SAc by P. Zwick, both in the group of M.
Mayor (University of Basel).
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Figure 6.3: Two-dimensional conductance-displacement histograms of the raw data and the molecular classes
constructed from a) 5000 traces of MC-OPE3-pmp, and b) 10000 traces of MC-OPE3-mmp

in Fig. 6.4b (bottom panel). Starting at 1.5·10−4 G0 at 0.1 V, the conductance value of OPE3-
SAc hardly changes when increasing the bias to 0.5 V (1.7·10−4 G0, within experimental
error). At 1.0 V, the conductance value of OPE3-SAc increases to 2.2·10−4 G0, higher than
the value at the lowest bias by a factor 1.46. This small increase reflect the flatness of the
transmission function for OPE3-SAc in the middle of the HOMO-LUMO gap (see Fig. 3.7
and Ref. [223, 234]). MC-OPE3-pmp exhibits a more pronounced increase in conductance
when increasing the bias. At 0.5 V, the conductance value is 5.2·10−6 G0, almost 2.5 times
higher than at 0.1 V. This is a clear indication that the transmission function for this
compound is steeper than the one of OPE3-SAc, possibly reflecting the presence of a
quantum interference dip. Additionally, a class with traces having a conductance in the
10−7 G0 range can also be identified when using the higher bias, as reported in Fig. 6.A3,
although it is not very clear due to its proximity to the noise floor.

However, it is still unclear whether the quantum interference pattern in the molecule
is affected by the presence of two branches, or if the conduction in the macrocycle
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effectively ignores one of them and behaves in the same way as meta-OPE3. Since meta-
OPE3 is know to have a destructive quantum interference dip [234], the bias dependence
measured for MC-OPE3-pmp is not enough to answer this question. Measuring the bias
dependence of conductance for meta-OPE3 and comparing it to the macrocycles would
allow to explore the effect of the multiple pathways in more detail. However, at the current
state, we did not perform any measurement of meta-OPE3.
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Figure 6.4: a) One-dimensional histograms of MC-OPE3-mmp (blue) and MC-OPE3-pmp (red) corresponding
to the measurements shown in Fig. 6.3. The colored areas are the log-normal fit to the corresponding histogram.
b) One-dimensional histograms of MC-OPE3-pmp and OPE3-SAc at different bias voltage. Counts have been
rescaled by peak height to better compare peak position and shape. The corresponding two-dimensional
histograms can be found in Fig. 6.A3 and Fig. 6.A2.

As a final note, it is worth mentioning that the measurement of these macrocycles
has proven to be particularly challenging. First, the low conductance of the compounds
required to improve the detection limit of the setup, which was only possible thanks to
the amplifier discussed in Sec. 2.3. Second, it was critical to optimize the concentration
of the molecular solution. Using a concentration of 100 µM would lead to unstable
measurements (only able to measure few hundreds of consecutive traces), while already
halving it would result in only empty junctions. For this reason, a concentration of 75 µM
was employed. Even so, it was difficult to obtain reasonable yields for MC-OPE3-mmp.

To summarize, changing the position of one anchoring group from MC-OPE3-pmp
to MC-OPE3-mmp lowers the conductance of the compound by a factor 2. Addition-
ally, the measurements presented in this section show a large bias dependence of the
conductance for MC-OPE3-pmp, which could be related to the presence of a quantum
interference dip in the transmission of the molecule. However, theoretical calculations
and more measurements (in particular of the non-macrocyclic meta-OPE3) are necessary
to corroborate this hypothesis and to evaluate the effect of the additional branch.
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6.3. 2,5-DIARYL 6-HYDROXYPHENALENONES SWITCH

6.3.1. INTRODUCTION

A molecular switch is one of the most basic functional devices that can be realized with
molecules. It relies on the reversible change of conductance between two (or more)
relatively stable states upon application of an external stimulus [39, 42]. The event can be
triggered by different actions: light [17–19, 24], electrochemical reactions [20–22, 245],
electric field [23, 217–221], or strain [34, 246–248].

Most molecular switches that have been characterized in break-junction techniques
are only able two change their conductance between two levels; only few examples of
three-state switching have been reported [22]. The compound studied in the latter refer-
ence inspired the chemical design of a molecular switch based on 6-hydroxyphenalenone
derivatives2. In this section, we will characterize the charge transport properties of a
6-hydroxyphenalenone based switch3, whose structure is depicted in Fig. 6.5a. The chem-
ical synthesis and characterization of the compound is explained in detail in Ref. [139].
The compound exhibits switching to two different forms: an anion and a radical, as
illustrated in Fig. 6.5b. The radical form can be obtained by oxidation of the compound,
but is not stable in air for long periods of time. The anionic form can be obtained either
through reduction of the 6-hydroxyphenalenone, or by deprotonation of the molecule.
Both switched forms induce a significant change in the conjugation of the molecule which
is possibly reflected in a change of conductance of a metal-molecule-metal junction. Cur-
rently it is unclear whether the anion and the radical would feature different conductance
values, or if their behaviour would be different.

Additionally, the radical form, having an unpaired electron, is expected to exhibit
magnetic properties [249]. However, cryogenic temperatures and external magnetic fields
are necessary to characterize those. Considering also the low stability of the compound
in this form, we will not characterize it in this study. In this section we will aim to identify
the switching of the molecule to its anion by break-junction conductance measurements,
while inducing the change either through protonating or deprotonating additives, or by
increasing the bias voltage to induce the required electrochemical process.
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Figure 6.5: a) Chemical structure of the 2,5-Diaryl 6-hydroxyphenalenones molecular switch. b) Chemical
structures of the 6-hydroxyphenalenones core (centre), its anionic form (left), and its radical form (right).

2Chemical design and synthesis by D. Vogel in the group of M. Mayor (Univeristy of Basel).
3Parts of this section have been published in The Journal of Physical Chemistry C 126, 8801–8806 (2022).

https://doi.org/10.1021/acs.jpcc.1c09684
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6.3.2. MCBJ MEASUREMENTS

The first characterization of the compound was performed using 1 or 0.1 mM solutions
in methanol (waiting for evaporation of the solvent after dropcast). The 2D- and 1D-
histograms built using the measurements performed in this conditions are shown in
Fig. 6.6a. Notice, in this figure all the measurements are collected together in one plot,
interpolating with 1000 points in the interval -1 to 2.5 nm before building histograms,
which is necessary to avoid errors in the histograms due to different attenuation factors.
Information on the individual measurements can be found in Tab. 6.B1 and in the Sup-
porting Information of Ref. [139], Fig. S243 to S245. Using clustering analysis, it is possible
to clearly identify one molecular class, with a conductance value of 2.6·10−6 G0, and a
length of 1 nm. The plateau length matches well the sulfur-to-sulfur distance obtained in
the crystal structure of the compound [139], after adding ≈0.5 nm snapback distance of
the electrodes [250].
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based compound dropcasted from a methanol solution constructed using a) 21927 breaking traces without
classification and b) molecular and empty classes obtained through clustering. The molecular and empty class
together form the raw data presented in a). The light blue areas correspond to the log-normal fits to the peak in
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of the raw data of these measurements can be found in Fig. 6.B1 to 6.B3. The light blue areas correspond to the
log-normal fits to the peak in the 1D-histogram.

Next, we characterized the compound after adding substances able to increase (ce-
sium carbonate, Cs2CO3) or to lower (trifluoroacetc acid, TFA) the pH of the solution. In
solution, the former additive switches the molecule to the deprotonated form, while in
the latter case, the lower pH ensures that the compound is protonated [139]. For these
measurements, we switched the solvent to tetrahydrofuran (THF). Figure 6.7 displays
the 2D- and 1D- histograms of the molecular class resulting from the measurements.
First, changing the solvent does not have a relevant effect on the measured conductance
(Fig. 6.7a and Tab. 6.B1). Second, introducing either of the two additives also does not
affect the measured conductance significantly (Fig. 6.7b,c and Tab. 6.B1). This hints that
the molecule is in the same protonation state independently on the additive. It would be
useful to repeat these experiments in solution, to evaluate whether the lack of conduc-
tance changes arises just from the evaporation of the solvent, or if it is induced by the
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bonding to the gold surface.
Lastly, we explored the influence of bias on the conductance of the molecule. First,

we measured the compound at 0.05 V, lower than the voltage used in the previous mea-
surements (0.1 V). From the results reported in Tab. 6.B1, it is clear that the conductance
between 0.05 V and 0.1 V does not significantly change (both when having TFA or Cs2CO3

as additive). We also performed measurements at higher bias. Using the compound with
Cs2CO3, we increased the bias to 0.5 V, and then to 1.0 V, all on the same junction. The
1D-histograms resulting from these measurements are shown in Fig. 6.8a, and the corre-
sponding 2D-histograms can be found in Fig. 6.B3. At 0.5 V bias, we report a conductance
value of 3.5·10−6 G0, only marginally higher than the low-bias measurement (2.1·10−6 G0).
For the largest bias, we find a conductance of 7.0 ·10−6 G0, twice as high as for a bias
of 0.5 V. However, the increase only marginally higher than what we reported for OPE3
in Sec. 6.2, which hints that this change is due to the convex shape of the transmission
function, rather than because of a switching process. Lastly, we repeated the experiment
using the molecule with no additive (to avoid any effect that the additional compound
could have on the measurement), and increasing the bias up to 1.5 V. The 1D-histograms
are displayed in Fig. 6.8b, with the corresponding 2D-histograms in Fig. 6.B2. At 1.0 V, we
retrieve a conductance value of 7.9 ·10−6 G0, comparable with the previous experiment.
Interestingly, when increasing the bias at 1.5 V, we observe a sharp increase in conduc-
tance to 5.4·10−5 G0, which is an indication that a switching process could have happened.
This would be related to the change of the molecule’s structure from its neutral form to
the anion, as depicted in Fig. 6.5b. This explanation is also supported by the redshift
observed in the absorption and emission spectra of the compound upon deprotonation
(see Table 1 in Ref. [139]), which indicates a decrease of the HOMO-LUMO gap. However,
without proper first-principle calculations, it is difficult to assess whether the change in
conductance is related to the change of the molecule to the anionic for. Additional experi-
ments, such as current-voltage characteristics or time-domain response to square voltage
steps could also help in defining an explanation for the supposed switching mechanism.
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Figure 6.8: One-dimensional histograms of the high-bias measurements of the compound with a) Cs2CO3
additive and b) with no additive. Counts have been rescaled by peak height.

There are a few consideration that have to be made before drawing any conclusion.
When using the higher bias levels, many long traces (>1.5 nm) are present in the mea-
surements, whose origin is unclear at the moment. These are evident in Fig. 6.B3c and
Fig. 6.B2c. Notably, the clustering approach used for the analysis, using only 2 clusters,
mostly separates these traces and the empty ones (Class 2) from a shorter group of traces
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(Class 1), as shown in Fig. 6.B1 to 6.B3. The latter has a length comparable to the plateau
measured at low bias, and thus we focused on this class in the comparison shown in
Fig. 6.8. Additionally, at the end of these high-bias measurements, the junction is not able
to merge back to the conductance threshold we usually consider as a fully made junction
(30 G0). Because of this, we could not repeat a measurement at 0.1 V at the end of the high
bias one, which leaves unclear whether the process affects the molecule in a reversible
manner or not. Even more importantly, at the moment of writing this dissertation, the
measurement at 1.5 V has not been repeated yet. Thus, the reported behaviour, however
interesting, must be evaluated with care.

In summary, we characterize the charge transport properties of a 2,5- diaryl 6- hy-
droxyphenalenones molecular switch using different solvents and additives to prepare
the solution. We find that, when measuring the compound in dry conditions, there is no
significant change in the measured conductance value. It would be useful to perform the
experiments in liquid conditions, to assess whether the lack of the expected change is due
to the solvent evaporation process. Additionally, we perform high-bias measurements of
the compound. We observe that the conductance of the system only marginally increases
up to 1.0 V bias. A preliminary measurement at 1.5 V shows a promising conductance
increase, but more experiments need to be performed to draw appropriate conclusions.

6.4. NORBORNADIENE–QUADRICYCLANE SWITCH
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Figure 6.9: Chemical structure of the NB-QC switch analysed in this section. The molecule starts in the NB form,
and can be switched to the QC one upon illumination or application of a large voltage bias. The backwards
reaction happens via thermal relaxation.

In this section, we report MCBJ measurements of a Norbornadiene (NB) – Quadricy-
clane (QC) molecular switch, based on a modification of an already published design [24,
218]. The molecule is synthesized in the NB form4, and it can be switched to the QC form
by irradiating with UV-light, or by applying a large enough voltage bias. During this pro-
cess, the central unit changes its hybridization from sp2 to sp3, breaking the conjugation
path along the molecule. For this reason, the conductance of NB is higher than the one of
QC and the two could exhibit different mechanoresistive behaviour [24]. The backwards
switch happens spontaneously by thermal relaxation. The design characterized in this

4Synthesis by S. Ghasemi, in the group of K. Moth-Pulsen (Chalmers University of Technology).
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section (Fig. 6.9) presents a shorter (phenylene ethynylene) arm for connection to the
electrodes than the previously reported compound, and is thus expected to have a higher
overall conductance. In the following, we will present the standard characterization of
the molecule at low bias. At the time of writing, measurements of the high-bias switching
of the molecule are ongoing, and measurements using different anchoring groups have
been scheduled.
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Figure 6.10: Two-dimensional (left) and one-dimensional (right) histograms of a) the raw data of an NB mea-
surement, b) the empty traces removed from it, c) Class 1 obtained by clustering the molecular traces, and d)
Class 2 resulting from the same analysis. The light blue areas correspond to the log-normal fits to the peak in
the 1D-histogram.

The 2D-histogram in Fig. 6.10a presents a clear plateau. We further process the
data by first removing the empty traces using the neural network procedure reported in
Sec. 2.2.2 (histograms of the traces classified as empty are shown in Fig. 6.10b). Then, we
perform the clustering analysis on the remaining molecular traces (using the parameters
described in Sec. 6.C), obtaining the two classes shown in Fig. 6.10c,d. The molecule
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shows a clear plateau at 4 ·10−4 G0, which is higher than the value reported in literature
for the compound with longer arms (1 ·10−4 G0). The plateau has a length of around
1.2 nm. With the commonly used approach of adding a snapback distance of about
0.5 nm [250], this yields a length of the molecule of around 1.7 nm. Surprisingly, this value
is significantly longer than the length of the molecule (estimated5 to be approximately
1.1 nm). The same plateau, with the same length, is present in a second measurement
(shown in Fig. 6.C1 and Fig. 6.C2). The molecular yield in this additional measurement is
much lower than the previous one, hinting that the reason for the long plateaus could be
different than the formations of π-stacked dimers or chains of molecules [81, 82, 85, 86].
At the moment, we do not have an explanation for this observation. We can speculate
that, starting from the V-shaped structure of Fig. 6.9, the molecule stretches until reaching
an almost-linear conformation due to the strain applied during the breaking trace. As for
Class 2 (Fig. 6.10b), it shows a broad conductance peak in the 10−5 G0 range, rather than a
clear plateau. This behaviour is reminiscent of the QC-state reported in Ref. [24]. However,
more control experiments are needed to properly assign this second class present in our
measurements.

Lastly, we observe that the measurement presents a decay in the probability of showing
a molecular plateau over time. To illustrate this, for each trace we define an interval that
spans 100 traces to the left and 100 to the right (we exclude the first and last 100 traces,
for which the complete interval cannot be defined), corresponding to roughly 25 minutes
of measurement. For each of these intervals, we compute the probability of measuring
Class 1, Class 2, or an empty trace.Figure 6.11a plots the result of this analysis for NB. It
is clear that the probability of measuring the molecular plateau (Class 1) decreases over
time, and it is vanishing after around 5000 traces. For comparison, Fig 6.11b shows the
same analysis performed on the measurement of OPE3-SAc in Sec. 6.2. In this case, the
probability of measuring the high-conductance plateau (Class 1) increases in the first
1000 traces, and quickly stabilizes around 0.4 until the end of the measurement (and
probably longer, since the two measurements performed afterwards on the same junction
have similar yield than the one plotted here, see Tab. 6.A1). A likely reason for the decay
in the NB measurement is a degradation of the compound when in contact with oxygen.
Measurements in vacuum will be performed to attempt to improve the stability of the
molecule.

To summarize, the NB-QC molecular switch in the NB form shows a well defined
plateau at 4 ·10−4 G0, with a length of around 1.2 nm, and the probability of encountering
this feature decreases with time. Further measurements are needed to give concrete
explanations to the features of this plateau, and to characterize the switching behaviour
as a function of bias voltage or under illumination.

5Estimated with Chem3D 20.0 MM2 optimization.
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Figure 6.11: a) Evolution of the probability of obtaining Class 1 (blue), Class 2 (red), or an empty trace (green)
in an interval of 200 traces in the measurement of NB shown in Fig. 6.10. b) Evolution of the probability of
obtaining Class 1 or Class 2 in an interval of 200 traces in the measurement of OPE3-SAc shown in Fig. 6.4b and
Fig. 6.A2a. The total measurement time is around 21 hours for panel a) and 12 hours 20 minutes for panel b).

6.A. APPENDIX A - ADDITIONAL INFORMATION ON OPE-BASED

MACROCYCLES

6.A.1. CLUSTERING PARAMETERS
For the clustering analysis of the data, a combination of the 2D- and 1D-histograms was
used. For the macrocycles, the 2D-histogram of the trace is computed in the range 0
to 2 nm in displacement and -0.5 to -7 log(G/G0) in conductance, using a 30×30 bins
grid. The 1D-histograms is calculated using 100 bins and -0.5 to -7 log(G/G0) limits. To
simplify the clustering procedure for these molecules the tunnelling traces were filtered
out beforehand. As the conductance of these molecules lies below the minimum value
used to train the neural network described in Sec. 2.2.2, we had to use another method.
Thus, we employed the less-refined classification based on the number of counts. The
number of counts in the range -0.5 to -7 log(G/G0) was computed for each trace. Then, a
histogram of the number of the counts is built and fitted to a Gaussian distribution. All
traces having counts lower than the center of the distribution plus its width are considered
empty. This strategy was sufficient to effectively filter out the tunnelling traces in the
measurements of the macrocycles, although it might not be accurate in all cases. The 2D-
histograms of the empty traces for the measurements shown in this chapter are reported
in Fig. 6.A1.

For OPE3-SAc, the 2D-histogram of the trace is computed in the range 0 to 3 nm in
displacement and -0.5 to -8 log(G/G0) in conductance, using a 30×30 bins grid. The
1D-histograms is calculated using 100 bins and -0.5 to -8 log(G/G0) limits. No pre-filtering
of the tunnelling traces was performed in this case as the high-conductance plateau was
easily separated from the raw data. In this chapter, we do not analyse the low-conductance
features of this molecule.
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6.A.2. ADDITIONAL PLOTS AND TABLES SUMMARIZING EXPERIMENTAL RE-
SULTS

This section reports additional figures and a summary table supporting the discussion in
Sec. 6.2.

Table 6.A1: Conductance values extracted from fitting the class 1 for each measurement of OPE3-SAc and the
two macrocycles. N is the measurement number, reported as x.y (x = sample number, y= measurement number)
and n traces is the total number of traces measured. The yield is the percentage of traces classified in each class
with respect to the total number of traces. *Measurement shown in Fig. 6.3 and Fig. 6.4a. +Measurement shown
in Fig. 6.4b (top panel) and in Fig. 6.A3. † Measurement shown in Fig. 6.4b (bottom panel) and Fig. 6.A2.

Molecule N Bias
(V)

n traces Class 1
(G/G0)

Class 1
Yield
(%)

Class 2
Yield
(%)

Class 3
Yield
(%)

MC-OPE3-
pmp

1.1* 0.1 5000 1.9 ·10−6 9 15 -

1.2+ 0.5 5000 5.3 ·10−6 11 15 11
2.1 0.1 10000 2.2 ·10−6 5 2 -
3.1 0.1 2000 1.2 ·10−6 7 10 -
3.2 0.5 2000 5.1 ·10−6 4 7 6

MC-OPE3-
mmp

1.1* 0.1 10000 4.6 ·10−7 4 3 -

OPE3-SAc 1.1† 0.1 5000 1.5 ·10−4 38 62 -
OPE3-SAc 1.2† 0.5 5000 1.7 ·10−4 41 59 -
OPE3-SAc 1.3† 1.0 1858 2.2 ·10−4 31 69 -



6

92 6. HIGH-BIAS BEHAVIOUR OF NANOSCALE MOLECULAR JUNCTIONS

C
on

du
ct

an
ce

 (G
0)

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2

Low High

Counts (a.u.)

OPE3-SAc - 0.1 V

0 1 2
Electrode displacement (nm)

0 1 2

Raw data Class 1 Class 2

C
on

du
ct

an
ce

 (G
0)

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2

Low High

Counts (a.u.)

OPE3-SAc - 0.5 V

0 1 2
Electrode displacement (nm)

0 1 2

Raw data Class 1 Class 2

C
on

du
ct

an
ce

 (G
0)

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2

Low High

Counts (a.u.)

OPE3-SAc - 1.0 V

0 1 2
Electrode displacement (nm)

0 1 2

Raw data Class 1 Class 2

a)

b)

c)

Figure 6.A2: Two-dimensional histogram for the raw data and the two classes measured for OPE3-SAc at a) 0.1 V,
b) 0.5 V and c) 1.0 V bias. The one-dimensional histograms corresponding to Class 1 of these measurements are
shown in Fig. 6.4b (bottom panel).
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6.B. APPENDIX B: ADDITIONAL INFORMATION ON

6-HYDROXYPHENALENONE SWITCH
This section reports additional figures and a summary table supporting the discussion
in Sec. 6.3. For the clustering analysis, a combination of the 2D- and 1D-histograms was
used. The 2D-histogram is computed in the range 0 to 2 nm in displacement and -0.5 to
-7 log(G/G0) in conductance, using a 30×30 bins grid. The 1D-histograms is calculated
using 100 bins and -0.5 to -7 log(G/G0) limits.
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Figure 6.B1: Two-dimensional histograms for the raw data and the classes obtained for the measurements with
TFA in THF, using a voltage bias of 0.1 V (N = 2.2 in Tab. 6.B1).



6.B. APPENDIX B - ADDITIONAL INFORMATION ON 6-HYDROXYPHENALENONE SWITCH

6

95

Electrode displacement (nm)

C
on

du
ct

an
ce

 (G
0)

0 1 2

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2 0 1 2

no additive - 0.1 V

Low High

Counts (a.u.)

Raw data Class 1 Class 2

Electrode displacement (nm)

C
on

du
ct

an
ce

 (G
0)

0 1 2

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2 0 1 2

no additive - 1.0 V

Low High

Counts (a.u.)

Raw data Class 1

Electrode displacement (nm)

C
on

du
ct

an
ce

 (G
0)

0 1 2

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

0 1 2 0 1 2

no additive - 1.5 V

Low High

Counts (a.u.)

Raw data Class 1

a)

b)

c)

Class 2

Class 2

Figure 6.B2: Two-dimensional histograms for the raw data and the classes obtained for the measurements with
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The 1D-histograms of Class 1 of these measurements are shown in Fig. 6.8b.
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Figure 6.B3: Two-dimensional histograms for the raw data and the classes obtained for the measurements with
Cs2CO3 additive in THF, using a voltage bias of a) 0.1 V (N = 3.2 in Tab. 6.B1), b) 0.5 V (N = 3.3) and c) 1.0 V (N =
3.4). The 1D-histograms of Class 1 of these measurements are shown in Fig. 6.8a.
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Table 6.B1: Conductance values and details on the measurements discussed in Sec. 6.3. N is the measurement
number, reported as x.y (x = sample number, y= measurement number) and n traces is the total number of
traces measured. The yield is the percentage of traces classified in the molecular class with respect to the total
number of traces of the measurement when separating the data in 2 clusters. *Measurement shown in Fig. 6.6
and published in Ref. [139]. +Measurement shown in Fig. 6.7. † Measurement shown in Fig. 6.8

Additive N Solvent Concen-
tration
(mM)

Bias
(V)

n traces Class 1
(G/G0)

Molecular
Yield (%)

None 1.1* methanol 1 0.1 10000 1.7 ·10−6 14
2.1* methanol 1 0.1 2761 3.0 ·10−6 71
2.2* methanol 1 0.1 3945 2.7 ·10−6 63
3.1* methanol 0.1 0.1 1976 2.2 ·10−6 37
3.2* methanol 0.1 0.1 3245 2.9 ·10−6 52
4.1+† THF 0.1 0.1 1000 2.6 ·10−6 47
4.2† THF 0.1 1.0 5000 7.9 ·10−6 43
4.3† THF 0.1 1.5 3870 5.4 ·10−5 27

TFA 1.1 THF 0.1 0.05 3615 2.4 ·10−6 38
1.2 THF 0.1 0.1 1653 1.5 ·10−6 37
2.1 THF 0.1 0.05 1000 2.8 ·10−6 12
2.2+ THF 0.1 0.1 10000 2.8 ·10−6 32

Cs2CO3 1.1 methanol 0.1 0.1 10000 1.6 ·10−6 51
2.1 THF 0.1 0.1 2200 1.5 ·10−6 50
2.2 THF 0.1 0.1 2000 1.2 ·10−6 46
2.3 THF 0.1 0.5 2000 2.9 ·10−6 42
3.1 THF 0.1 0.05 10000 3.2 ·10−6 43
3.2+† THF 0.1 0.1 5000 2.1 ·10−6 40
3.3† THF 0.1 0.5 2000 3.5 ·10−6 23
3.4† THF 0.1 1.0 2000 7.0 ·10−6 48
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6.C. APPENDIX C: ADDITIONAL INFORMATION ON

NB-QC MOLECULAR SWITCH
This appendix reports additional figures and a summary table for the measurements on
the NB-QC molecular switch analysed in Sec. 6.4. The clustering parameters are analogous
to Sec. 6.B: the 2D-histogram is computed in the range 0 to 2 nm in displacement and -0.5
to -7 log(G/G0) in conductance, using a 30×30 bins grid. The 1D-histograms is calculated
using 100 bins and -0.5 to -7 log(G/G0) limits. Notice, that for measurement 2.1 of NB
it was necessary to use 4 clusters (shown in Fig. 6.C2) to obtain two classes comparable
to measurement 1.1 (see Fig. 6.10, for which 2 clusters were used). The two additional
clusters contain slanted traces which were not classified as tunnelling (Fig. 6.C2c) and
traces with high noise (Fig. 6.C2d), which can be considered outliers.

Table 6.C1: Conductance values and details on the measurements discussed in Sec. 6.4. N is the measurement
number, reported as x.y (x = sample number, y= measurement number) and n traces is the total number of
traces measured. The yield is the percentage of traces classified in the molecular class with respect to the total
number of traces of the measurement when separating the data in 2 clusters. *Measurement shown in Fig. 6.10.
+Measurement shown in Fig. 6.C1 and Fig. 6.C2.

N Concen-
tration
(µM)

Bias
(V)

n traces Class 1
(G/G0)

Class 1
Yield (%)

Class 2
(G/G0)

Class 2
Yield (%)

1.1* 1 0.1 10000 4.7 ·10−4 11 3.0 ·10−5 14
2.1+ 0.1 0.1 10000 2.9 ·10−4 0.4 4.7 ·10−5 2
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Figure 6.C1: Two-dimensional histograms (left) and one-dimensional histograms (right) of the a) raw data and
b) the traces selected as empty through the neural network method for measurement 2.1 in Tab. 6.C1.
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Figure 6.C2: Two-dimensional histograms (left) and one-dimensional histograms (right) of a) Class 1 (with a
yield of 0.4 %), b) Class 2 (2 %), c) the slanted traces (2 %), and d) traces with high noise (0.05 %). The four plots
were obtained by clustering in 4 clusters the traces selected as molecular from measurement 2.1 in Tab. 6.C1.
The light blue areas correspond to the log-normal fit to the peak in the 1D-histogram.





7
CONCLUSION AND OUTLOOK

CONCLUSION
Metal-molecule-metal junctions are complex systems. In this dissertation, we addressed
a few intricacies involved in the charge transport across them. We first analysed a series of
acene-substituted OPE3s (Ch. 3), comparing their charge transport in nanoscale (with the
MCBJ technique) and large-area junctions (with EGaIn measurements). We have shown
that, in MCBJ experiments it is possible to discern between multiple peaks in conductance
histograms. More specifically, we identified one reproducible plateau that corresponds to
the sulfur-to-sulfur transport pathway across the molecule, separating it from the other
possible junction configurations. On the other hand, ensemble measurements only probe
the conductance averaged over a large number of different conformations. In particular,
the ensemble conductance of pentacene substituted OPE3 (PC) was significantly lower
than the one of the other compounds, while in MCBJ experiments the conductance
followed the trend predicted by theory. However, MCBJ measurements of PC presented
a significant fraction of long traces, contrary to the other compounds. We ascribed this
finding to the presence of significant intermolecular interactions in PC, which leads to the
formation of π-stacked dimers in MCBJ, and introduce higher low-conductance defects
in SAMs. This study highlighted how the combination of MCBJ and EGaIn measurements
is able to give more insight on the nature of charge transport, allowing to distinguish
between scenarios where molecules show significant intermolecular interactions, and
scenarios in which they do not.

Then, in Ch. 4 we turned our attention to events happening within a single breaking
trace, rather than to the average conductance of the junction. More precisely, we studied
the presence of switching events in molecular junctions, analysing the effect of anchoring
groups and molecular backbone. We reported that, for several anchoring groups, a
significant fraction of traces shows switching even when using a backbone for which
this behaviour is not expected (OPE3). A notable exception was OPE3-SAc, for which
switching is almost absent. We classified these events in two groups: "plateau" switches,
in which the conductance switches between two semi-stable values, and "tunnelling"

101
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ones, in which the junction first exhibits an exponential decay of the conductance, to
then switch to a molecular plateau. We attributed the former type of event to junctions in
which the binding geometry to the electrodes is changing, and we hinted that the latter
originates from junctions forming after rupture of the atomic point contact. These results
give a perspective on the intrinsic statistical switching in break-junction experiments,
which should be taken into account when a switching functionality is introduced in the
molecular backbone by chemical design.

Chapter 5 returned on the aspect of multiple peaks in conductance histograms, but
under a different point of view. In the chapter, we analysed the effect of electron-donating
and electron-withdrawing substituents. We observed that these have different, although
small, effects on the conductance peaks in the histograms. Explaining the trends proved
to be challenging. It was necessary to develop a theoretical method that includes different
binding geometries, non-equilibrium junction conformations, and the possibility that
the molecule energy levels position fluctuates with respect to the electrodes’ Fermi level.
These results illustrate how chemical design concepts are not easily translated to metal-
molecule-metal junctions because of the intrinsic variance of the latter.

Lastly, in Ch. 6 we presented three studies that employ high-bias measurements of
molecular junctions. We analysed the behaviour of macrocyclic molecules and of two
molecular switches, exploring the possibilities that this additional tuning knob brings
to molecular junctions. With the newly developed method, it is possible to measure
current-voltage characteristics and conductance histograms up to ± 2 V bias.

OUTLOOK
In these last few paragraphs, I would like to present a few reflections and research direc-
tions that one can explore in molecular electronics. Similar points have been recently
discussed, from a different perspective, by Mol J.A. in the Roadmap to quantum technolo-
gies [251].

The first point I would like to discuss is the question "are we measuring single-
molecule contacts?". The general consensus in the community is that break-junction
techniques like MCBJ or STMBJ (scanning tunnelling microscope break-junction) are
able to do so. However, at the very least that is not always true. As I mentioned in Sec. 1.2,
π-stacked dimers and chains of molecules can form in the junction. Thanks to machine
learning based approaches, however, we are now able to discern these cases from the one
in which hopefully "a single molecule" is present. There is one more complication though,
as I mentioned in Ch. 4 [175]. It is possible that junctions composed of multiple molecules
form after separation of the electrodes. The next question would be "is it possible to
distinguish junctions with multiple molecules from junctions with a single one?". Here,
machine learning is not (yet) of help, and the question is still unanswered. There is one
more aspect to point out: switching. One can reasonably think that, if a junction ex-
hibits plateau or tunnelling events (as described in Ch. 4), than it is composed of a single
molecule. The reasoning is: if multiple molecules were present, than all of them would
need to switch at the same time for the event to happen, which is highly unlikely. The
conductance values reported in Ch. 4, as well as the observations of González et al. [175]
point in this direction: the conductance extracted from switching traces is consistently
lower than the one of non-switching traces. We can even bring the discussion one step
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further. Would it be possible to identify in which configuration a junction is in a specific
trace, at a certain displacement? Although far-fetched, being able to answer this question
would enable to use break-junction techniques as spectroscopic tools, rather than simple
conductance characterization methods. Being able to address the conductance variations
in breaking traces is the first step in this direction.

The second point concerns the "application" side of molecular electronics. Both
in Ch. 1 and Ch. 6 I mentioned a few functions that molecules can fulfill as electronic
components. However, the studies published so far stop at the proof-of-concept stage.
There are a few issues that quenched the realization of more concrete devices. First, the
progress of silicon technology has put to rest the claim of using molecules as alternative
building blocks for microprocessors. This required researchers to shift their attention to
different functionalities, like switching, thermoelectricity, or sensing (perhaps the most
promising one). Second, no reliable way of anchoring molecule to electrodes has been
developed so far.

There are two side to this challenge: mechanical stability, and electrical variance. With
mechanical stability I refer to the robustness of the chemical (or physical) connection to
the electrodes. Depending on the technique, electrode material, and anchoring group,
the metal-molecule-metal junction can last up to hours at room temperature. This is
more than enough for scientific work, but viable devices would need to have consistent
performance for years. In this sense, self-assembled monolayers are a more reliable way
to anchor molecule to an electrode. Soft top-contacts (like the EGaIn method in Ch. 3) are
consistent ways to realize connection to them, but due to the liquid phase of the material,
their integration in devices is complex. There are other methods to fabricate top contacts
based on traditional metals deposited, e.g., by physical or chemical vapour deposition.
However, the field still faces challenges to embed them in smaller-scale circuits, and
without introducing defects in the layers [49]. Electrical variance is the concept that
was treated the most in this dissertation: the current flowing through a metal-molecule-
metal junction can fluctuate by an order of magnitude due to their intrinsic conductance
variations. These fluctuations have to be suppressed or at least accounted for when
implementing molecules in more complex circuits. At the research level, we can now
(partially) address this challenge with careful analysis of the measurement data. Whether
this is possible in a device the should work "on its own" is sill up for debate. Perhaps,
trying to suppress as many fluctuation mechanisms at the chemical design stage is a more
desirable approach.

In this dissertation we explored different aspects of the complexity of charge transport
in nanoscale molecular junctions. We explored the effects of intermolecular interaction,
contact chemistry and geometry, and bias-voltage, combining the mechanically control-
lable break-junction technique with clustering based analysis. We have shown that it
is possible to address the variance in these systems, and we gained further insight on
their behaviour. The variability of metal-molecule-metal junctions is one of the main
challenges that molecular electronics is facing, and one that has to be dealt with for the
field to progress.
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