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Abstract
This thesis presents a dissertation on the chemical functionalization of
epitaxial graphene grown on Ru(0001) (gr/Ru(0001)) and its role as catalyst
agent in surface reactions. The experiments were performed in an Ultra
High Vacuum (UHV) system equipped with a low temperature Scanning
Tunnelling Microscope (STM).
A myriad of applications have been proposed for graphene, a two-dimensional
carbon allotrope with unique structural and electronic properties. Developing these applications usually requires the chemical functionalization of
graphene, which is a challenging task due to its low reactivity. In this work
two important elements are combined: i) Epitaxial graphene grown on a
metallic substrate, Ru(0001), which spatially modulates the reactivity of
carbon atoms by means of a moiré pattern. ii) Molecular radicals, being excellent candidates to form a covalent bond with the graphene carbon atoms.
Herein cyanomethyl radicals (CH2 CN• ) are created out of a partial pressure of acetonitrile (CH3 CN) molecules inserted in the UHV system. Upon
the exposure of the gr/Ru(0001) sample to molecular radicals, the CH2 CN
groups covalently attach to the graphene surface. Setting a suitable sample
temperature, a covalent patterning of graphene is achieved with an extremely
high yield and long-range order.
Taking advantage of a graphene layer with an unique chemical environment, it is explored the on surface reaction between CH2 CN groups and
another molecule: The 7,7,8,8-Tetracyano-p-quinodimethane (TCNQ) molecule. It is demonstrated that the gr/Ru(0001) surface is essential for this
reaction to occur due to its role as catalyst agent. In particular, it was found
that graphene makes a threefold contribution: i) Holding the chemisorbed
CH2 CN groups and adsorbing TCNQ molecules. ii) Acting as a good leaving
group regarding the CH2 CN species. iii) Providing the necessary charge for
the reaction. By means of STM manipulation techniques it is possible to
break the C-C bond formed between CH2 CN and TCNQ, restoring the properties of the pristine moieties. These results demonstrate the reversibility
of the reaction. The product molecule, adsorbed on the graphene layer, is
called CM-TCNQ and presents interesting properties that are investigated
by means of manipulation at the single molecule level.
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Resumen
Esta tesis presenta una disertación sobre la funcionalización química de
grafeno epitaxial crecido sobre Ru(0001) (gr/Ru(0001) y su papel como
agente catalizador en reacciones sobre superficies. Los experimentos fueron
llevados a cabo en un sistema de ultra alto vacío equipado con un microscopio
de efecto túnel de baja temperatura.
Se ha propuesto una gran cantidad de aplicaciones para el grafeno, un
alótropo bidimensional del carbono con unas propiedades estructurales y
electrónicas únicas. El desarrollo de estas aplicaciones suele requerir la funcionalización química del grafeno, lo cual es una difícil tarea debido a su
baja reactividad. En este trabajo se combinan dos elementos importantes:
i) Grafeno crecido en un substrato metálico, Ru(0001), el cual modula espacialmente la reactividad de los átomos de carbono mediante un patrón de
moiré. ii) Radicales moleculares, siendo excelentes candidatos para formar
enlaces covalentes con los átomos de carbono del grafeno. En este caso se
crean radicales cianometil (CH2 CN• ) usando una presión parcial de moléculas
acetonitrilo (CH3 CN) que es insertada en el sistema de ultra alto vacío. Tras
la exposición de la muestra de gr/Ru(0001) a los radicales moleculares, los
grupos CH2 CN se enlazan covalentemente a la superficie de grafeno. Usando
una temperatura adecuada de la muestra, se consigue funcionalizar covalentemente el grafeno con orden a largo alcance, obteniendo un alto ratio de
la reacción y ordenamiento a largo alcance.
Aprovechando una capa de grafeno con un entorno químico único, se
explora la reacción en superficie entre grupos CH2 CN y otra molécula: La
7,7,8,8-Tetraciano-p-quinodimetano (TCNQ). Se demuestra que la superficie
de gr/Ru(0001) es esencial para que esta reacción ocurra, debido a su papel como agente catalizador. En particular, se ha encontrado que el grafeno
realiza una triple contribución: i) Sujetar los grupos CH2 CN mediante quimisorción y adsorber las moléculas TCNQ. ii) Actuar como un buen grupo
saliente con respecto a las especies CH2 CN. iii) Suministrar la carga necesaria
para la reacción. Mediante técnicas de manipulación empleando el STM es
posible romper el enlace C-C formado entre las moléculas CH2 CN y TCNQ,
recuperando las propiedades de ambos reactivos. Este resultado demuestra
la reversibilidad de la reacción. La molécula producto, adsorbida sobre la
capa de grafeno, es llamada CM-TCNQ y presenta interesantes propiedades
que se investigan a través de manipulación a nivel molecular.
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1

Introduction
God made the bulk;
the surface was invented by the devil.
– Wolfgang Pauli

A solid is in contact with the surrounding world through the surface.
Surface atoms do not have an isotropic environment and can not satisfy
their bonding requirements in the same way as bulk atoms do. That is the
main reason why the chemical properties of the surface are unique.
In the early 19th century many laboratories started to report results indicating the surface atoms unique properties. W. Doebereiner, observed that
a platinum powder caused hydrogen gas to react with oxygen gas while the
platinum itself was not altered.1 This type of research, developed later by
personalities such as Michael Faraday or Jöns Jacob Berzelius, were the first
examples that highlighted the importance of the surface in chemical reactions, establishing the foundations of surface chemistry. Afterwards, Irving
Langmuir discovered the basis of surface reactivity, being awarded with the
Nobel Prize in Chemistry, 1932. The importance of surface chemistry can be
understood looking at the relation between its development and the progress
of society. It has provided applications to the electronic industry, the petrochemical industry, the fixation of nitrogen for the production of substances
such as fertilizers, and the automotive catalyst technology.2
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In the late 1960s surface science in general experienced a dramatic advancement, mainly triggered by three factors: i) Advent of Ultra High Vacuum
(UHV, i.e, P< 10−9 Torr) technology, ii) availability of single crystal samples
and iii) improvements on theoretical solid-state physics. For the first time
it was possible to study clean and controlled surfaces in combination with a
myriad of techniques that the UHV brought. Electrons and ions started to be
employed as a tool to reveal the geometric, electronic and chemical properties
of surfaces. The next major breakthrough in surface science was the Scanning
Tunnelling Microscope (STM), developed by Binnig and Rohrer in the early
1980s.3, 4 In 1986 they received the Nobel Prize in Physics.5 This instrument offered the capability of routinely imaging surfaces and surface bound
species with atomic resolution. Furthermore, the STM made possible the
manipulation of surfaces at the molecular and atomic level.6 Gerhard Ertl,
employing these advancements, was awarded the Noble Prize in Chemistry
"for his studies of chemical processes on solid surface" in 2007.7 For the
first time the scientific community was able to understand the dynamics of
surface reactions on a truly molecular level.
One of the most studied systems in the last decade in surface science is
graphene, a monolayer of carbon atoms arranged in a honeycomb lattice. It
was discovered by Novoselov and Geim in 2004, inspiring a large amount of
works and leading to the 2010 Nobel Prize in Physics.8 Graphene, which
can be considered a zero gap semimetal, presents an unique geometric and
electronic structure, making this material a promising candidate for a myriad
of applications.9 In many cases, in order to implement a real graphene-based
device, its chemical functionalization would be required. However, as a consequence of its structure, it presents an extremely low reactivity, which is
a major drawback towards functionalization. Overcoming this barrier, the
realization of a graphene chemical functionalization would allow the exploration of different chemical environments, paving the way to a chemistry of
graphene that until now has been an unsolved challenge.
During this work we employ a UHV system and the STM (Chapter 2)
to explore different aspects of the chemistry of graphene. First we show a
way to achieve the chemical functionalization of graphene. It is based in
the epitaxial growth of graphene on Ru(0001) followed by the exposition to
molecular radicals derived from acetonitrile (CH3 CN) molecules (Chapter 3).
The resulting chemical functionalization provides a graphene surface with a
more complex chemical environment. Under these conditions, we expose the
chemically functionalized graphene to 7,7,8,8-Tetracyano-p-quinodimethane
(TCNQ) molecules, triggering a reaction that is catalysed by the gr/Ru(0001)

3
surface (Chapter 4). In order to explore additional aspects of the molecular
adsorbates, we also carry out STM manipulation experiments (Chapter 5).

2

Experimental Methods

In this chapter we will review the fundamentals of scanning tunnelling microscopy, ultra high vacuum and low temperature measurements. Then, we will
describe the experimental set-up in which this thesis has been carried-out.

2.1
2.1.1

The Scanning Tunnelling Microscope (STM)
Fundamentals of STM

The key concept of the scanning tunnelling microscope (STM) is the quantum
phenomenon known as the tunnel effect. Classically, a particle can not overcome a potential barrier unless its kinetic energy is larger than the height of
the barrier. However, one of the fundamental ideas of quantum mechanics
is that particles, such as electrons, can also be described as waves. Due to
the wave nature of electrons, the probability of penetrating the barrier is
not zero, as can be derived from the Schrödinger equation. Therefore, if the
width of the barrier is small enough, the particle can go through it to the
other side. This phenomenon is called the tunnelling effect.
Gerd Binnig and Heinrich Rohrer, at IBM Zürich, found electron tunnelling as a promising approach to develop a way to characterize surfaces.5, 10
In order to accomplish their goal, they designed the local probe method now
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known as scanning tunnelling microscopy, being awarded with the Nobel
Prize in Physics in 1986.11
In a first approximation, a STM is formed by two electrodes: a metallic
tip, acting as the probe, and a conducting surface, which is the sample to be
studied. When tip and surface are close enough, at a distance of a few atoms,
and a bias voltage Vb is applied, a current generated by the tunnel effect, It ,
starts to flow. This is the fundamental working principle of STM, and it is
illustrated in Fig.2.1. The tunnelling current is extremely sensitive to the
distance between electrodes, as it will be demonstrated later. Together with
a small size probe (sharp tips), the STM resulted in a highly local technique,
being able to obtain a precision of picometers in the lateral and vertical
positions. The combination of a local physical phenomenon, such as the tunnelling current, and the exquisite spatial control of the probe, provided by
piezoelectric materials, led to the observation of atoms on a surface. In particular, the real space data of the Si(111) 7x7 spatial reconstruction was used
to determine the actual structure, choosing from different models obtained
using electron diffraction.4

Figure 2.1: a) Scheme of the tunnelling junction, being It the tunnelling current
and Vb the applied bias voltage. b) Energy diagram representing the LDOS(E) of
tip and sample, and the barrier between electrodes. A tunnelling current starts
to flow when a bias voltage is applied due to the unbalance generated by the
misalignment of the Fermi energies (EF ). φS and φT are the work functions and,
ρS and ρT are the density of states of tip and sample, respectively.

Imaging in the real space at the atomic level is only one of the capabilities
that the STM offers. The probability of an electron tunnelling through the
barrier depends strongly on the number of available electronic states in the
energy window opened by the applied bias voltage, Vb . Therefore, the tunnelling current is highly sensitive to the local density of states (LDOS) of both,
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tip and surface, thus carrying information about the electronic structure of
the electrodes. Fig.2.1b shows an energy diagram of a tunnelling junction,
where φS and φT are the work functions and, ρS and ρT are the density of
states of tip and sample, respectively.
The formalism generally used to describe the tunnelling junction in the
STM was developed by J. Bardeen in 1961.12 Bardeen studied the tunnelling
current through a thin oxide layer between superconducting electrodes, a
result that was experimentally found before.13, 14
Following the approach of Bardeen, the tunnelling current between two
electrodes can be calculated taking into account the contribution from every
electronic state in the energy window determined by e × Vb , being e the electron charge. In the first-order perturbation theory framework, the equation
can be expressed as:15
It =




2πe X
|Mµν |2 δ(Eµ − Eν + eVb ) f (Eµ ) 1 − f (Eν ) − f (Eν ) 1 − f (Eµ )
~ µ,ν

(2.1)
where f (E) is the Fermi function, Vb is the applied voltage, Mµν is the tunnelling matrix element between states ψµ and ψν from the left and right
electrodes, respectively, Eµ is the energy of ψµ relative to the left-electrode
Fermi level EF L , and Eν is the energy of ψν relative to the right-electrode
Fermi level EF R . In addition, Bardeen demonstrated that the matrix elements of equation 2.1 can be calculated as:
Z

~2
dS ψµ∗ ∇ψν − ψν∗ ∇ψµ
Mµν =
(2.2)
2m
where the integral must be evaluated over the region between the two electrodes.
Assuming a zero-temperature value, the Fermi functions become step
functions. Also, if only small voltages are considered, the tunnelling current
expression simplifies to:
It =

2π 2 X
e Vb
|Mµν |2 δ(Eµ − EF ) δ(Eν − EF )
~
µ,ν

(2.3)

The equations showed above are valid for any pair of electrodes in a tunnelling junction. Actually, most theories describing the tunnelling junction
in a STM employ this formalism.16–20 In particular, the theory developed by
J. Tersoff and D. Hamann was a major breakthrough in the interpretation
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of STM measurements.18, 19 In their work, Tersoff and Hamann substituted
one of the electrodes for a tip, modelling it as an s orbital. An important
consequence of this simple model is that the tunnelling matrix elements of
equation 2.2 resulted to be proportional to the wave function of the sample
at the position where the tip is located, rT . That is,
Mµν ∝ ψν (rT )

(2.4)

Therefore, the tunnelling current can be denoted as:
It ∝

X

|ψν (rT )|2 δ(Eν − EF ) ≡ ρs (rT , EF )

(2.5)

ν

The expression of equation 2.5 is a result of great significance, as it establishes
that the tunnelling current depends on the local density of states of the
sample at the Fermi level evaluated at the tip position. This is true regardless
of tip size, as far as the tip can be approximated by an s orbital.17, 21, 22 Also,
this result is valid provided that Vb is close to EF . However, it is possible
to approximate the tunnelling current for larger bias values.23, 24 N. D. Lang
analysed a tunnelling junction between two planar metal electrodes, each
of which having an adsorbed atom. In his work, Lang approximated the
tunnelling current avoiding the low bias condition, and obtained the next
expression:24
Z EF +|e|V
dE ρS (rT , E) ρT (E − |e|V )
(2.6)
It ∝
EF

where ρT (E) is the total density of states related to the tip atom, ρS is the
LDOS from the sample, and EF is the sample Fermi energy. In order to
include the fact that there is a certain probability for the electrons from
the sample to go through the barrier, ρS (rT , E) can be expressed as the
product of the sample local density of states at the surface plane ρS (E) and
a transmission factor:
ρS (rT , E) ∝ ρS (E) T
(2.7)
Fore a one-dimensional square potential barrier, the transmission factor would
be:
r


2m
(W
−
E)
(2.8)
T1D = exp − 2z
~2
where W is the height of the potential barrier, and z is the tip-sample distance. In order to go beyond the square barrier condition, it is useful to
employ the average height of the barrier:
W̄ =


1
φS + φT + eV
2

(2.9)
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Also, since the actual problem is not one-dimensional, we can subtract the
energy from the electron motion in the surface plane. Thus, assuming a free
electron model in such a plane, the energy can be written as:
Ē = E −

~2 2
k
2m ||

(2.10)

where k|| is the electron momentum in the surface plane. Therefore, employing equations 2.9 and 2.10 in equation 2.8, we can express the general
transmission factor as:
#
"
r

m
(2.11)
T = exp − 2z
φS + φT + eV − 2E + k||2
2
~
Finally, taking into account equations 2.11 and 2.7, we can write the general
tunnelling current expression at low temperatures from equation 2.6 as:
"
#
r
Z EF +|e|V

2m
It ∝
dE ρT (E−|e|V ) ρS (E) exp −2z
φS + φT + eV − 2E + k||2
2
~
EF
(2.12)
From equation 2.12 it can be deduced that the tunnelling current depends
exponentially on the tip-sample distance, z. In addition, all the states from
the electrodes in the energy window defined by the bias voltage participate.
However, the contribution from each state is different, presenting a larger
contribution those states at higher energy. Also, the transmission factor
depends on the parallel momentum of the electrons, being more probable
the tunnelling for electrons with low k|| . If the atomic tip model is assumed,
it is possible to approximate ρT as a constant. Taking into account these
assumptions, the energy diagrams of the tunnelling junction for negative and
positive Vb are shown in Fig.4.10. At negative Vb the electrons flow from the
occupied states of the sample to the unoccupied states of the tip. Conversely,
at positive Vb the electrons flow from the occupied states of the tip to the
unoccupied states of the sample.
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Figure 2.2: Energy diagram of the tunnelling junction for negative (left) and
positive (right) bias voltage. The direction of the yellow arrows indicates the
direction of the tunnelling electrons, whereas the length of the arrows denotes the
tunnelling probability.

2.1.2

Modes of operation

Employing the description of the tunnelling junction exposed above, in this
section we will introduce the different modes of operation that the STM
offers: topography, spectroscopy and manipulation.
2.1.2.1

Topography

One of the key elements of the STM is the piezoelectric scanner, which allows
to control the tip-surface distance, z, and the position of the tip with respect
to the plane of the surface, x and y, reaching picometer precision. Moving
the tip in the x-y plane, during a topographic measurement Vb is fixed and
either z or It are allowed to change. Accordingly, two different topography
modes can be employed:
• Constant height mode: In this mode, for a certain value of the bias
voltage Vb , the tip-sample distance z, is kept constant. Therefore, as
the scanner moves the tip through the x-y plane, the tunnelling current
It changes according to the different geometric and electronic features
of the surface. It is recorded resulting in current profiles It (x), taken
along different lines separated by a certain amount ∆y. The number
of lines and points per line recorded defines the resolution of the STM
topographic image. The main advantage of this mode is its speed,
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which is not limited by the response time of a feed-back loop as in the
case of the constant current mode, explained in the following section.
However, this mode presents an important limitation: If the surface is
not atomically flat, it may result in the tip crashing with the surface.
• Constant current mode: Like in the constant height mode, Vb is set
at a certain value. However, in order to keep the tunnelling current It
constant, it is the tip-sample distance z the magnitude that is allowed
to vary. An important difference with the constant height mode is that
the constant current mode requires a feedback-loop between It and z
signals. At the cost of a certain time delay, it adjusts z to compensate
the transient changes of It when scanning the sample. During the acquisition of a constant current topographic image the z signal is recorded, creating z(x) profiles along different lines separated by a certain
∆y. At this point, it is useful to remind that It depends on the tipsample distance and on the electronic LDOS of the sample. Therefore,
the concept of "apparent height" should be included. The term "apparent" emphasizes the fact that the z(x) profiles do not describe the
actual geometric corrugation of the surface. They are constant LDOS
profiles that only match the geometric corrugation when the local electronic structure of the regions under comparison is identical. This mode
is the most employed in STM topography, since the feedback-loop prevents the tip from crashing with the sample. In this thesis the constant
current mode will be the only one mode used in topography unless
specifically said otherwise.

Figure 2.3: Illustrations on the two STM topographic modes: a) Constant height
mode. b) Constant current mode.
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Experimental Methods
Scanning Tunnelling Spectroscopy (STS)

Since the tunnelling current presents a strong dependence on the LDOS of the
sample, one of the capabilities of the STM is to obtain information about
the local electronic properties of the surface. This is the goal of scanning
tunnelling spectroscopy (STS) measurements, which will be addressed in this
section.
Assuming that the bias voltage employed is well below the value of the
work functions involved, a condition that actually is fulfilled in most tunnelling spectroscopy measurements, the transmission factor from equation 2.11
can be expressed as:
#
"
r

m
φS + φT + k||2
(2.13)
T (z, k|| ) = exp − 2z
~2
In addition, assuming that the density of states of the tip is constant in
the energy window defined by eVb and taking into account the equation 2.13,
the next relation for the derivative of the tunnelling current with respect to
the bias voltage (the differential conductance) can be deduced:
"
#
r

m
dI
(Vb ) ∝ ρS (eVb ) exp − 2z
φS + φT + k||2
(2.14)
dV
~2
Equation 2.14 is the cornerstone of the tunnelling spectroscopy. It means
that at a constant tip-sample distance the differential conductance is related
to the local electronic structure of the sample. The main difference with
equation 2.5 is that equation 2.14 is valid not only for Vb =0, but for any
value of Vb as far as it is much lower than the work function of the electrodes.
In order to perform a STS measurement, the tip is located on a specific
location with respect to the sample (x,y fixed) and the feed-back loop is
switched off, keeping the tip-sample distance constant. Under these conditions, Vb is ramped in a specific voltage range while It is recorded. This
process results in the acquisition of a It -Vb curve at constant height. AccorddI
versus Vb will be related to the LDOS of the
ing to the expression 2.14, dV
sample at different energies (Fig.2.4a).
dI
Obtaining dV
-Vb curves from the acquired I-V curves can be achieved
by means of two different approaches: Performing the numerical derivative
or measuring it by means of the lock-in technique. The lock-in technique
is based in the addition of a low-amplitude (Vm ) and high-frequency (ω) sinusoidal modulation to the Vb signal. Since Vb is modulated, the It signal
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responds with an induced oscillation. The resulting It signal can be approximated by a Fourier series:
I(Vb + Vm sin(ωt)) = I(Vb ) +

dI
d2 I 2 2
Vm sin(ωt) +
V sin (ωt) + ... (2.15)
dV
dV 2 m

The lock-in electronics compares the modulated tunnelling current with the
original sinusoidal modulation, which is used as a reference. Through this
process, the first order of the Fourier series dI/dV is obtained. Since the
signal to noise ratio is better than obtaining dI/dV by means of numerical
derivative, the lock-in technique is the most extended in STS measurements
and the one employed in this thesis. In addition, the resulting dI/dV signal
is electronically filtered from those frequencies different from ω.
In order to image the LDOS of the sample avoiding the energy integration
inherent to the topographic mode, it is possible to take a dI/dV -V curve in
each pixel of an image. This kind of measurement is called "Current-imagingtunnelling spectroscopy" (CITS), and provides information about the LDOS
spatial distribution of the surface in the specified bias range. An alternative is
recording the dI/dV lock-in signal at a certain value of Vb while scanning the
surface. This measurement is called lock-in map and provides information
about the spatial distribution of the sample LDOS at the chosen Vb . The
lock-in maps and CITS measurements can be carried out either at constant
height or constant current topographic modes.
It is also important the second order in the series of equation 2.15,
d2 I/dV 2 , since it carries information related to inelastic tunnelling electrons.
This kind of spectroscopy is called inelastic electron tunnelling spectroscopy
(IETS). All the formalism described above applies for elastic tunnelling, however, in some cases, a small fraction of the tunnelling electrons lose energy in
favour of triggering excitations. When the electron energy surpasses the activation energy of a certain excitation a new tunnelling channel, the inelastic
channel, becomes available. This additional tunnelling channel produces a
change in the slope of the I-V curve, resulting in the appearance of steps in the
dI/dV-V curves and peaks in the d2 I/dV 2 spectra (Fig.2.4b). The inelastic
signal is symmetrically distributed in energy around the Fermi level. Measuring the inelastic signal produced by the excitation of molecular vibrations
was proposed as a way to obtain chemical sensitivity from STM measurements.25, 26 However, the excitation of molecular vibrations on surfaces is
usually complex and the interpretations of the results can be intricate.
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Figure 2.4: a) Elastic tunnelling spectroscopy through a molecular orbital.
Changes in the slope of the I-V signal imply the appearance of peaks in the dI/dV V curve. b) Inelastic electron tunnelling spectroscopy (IETS). The yellow arrows
denote the elastic channel, while the green arrows mark the inelastic channel. The
excitation of a molecular vibrational mode has been chosen to illustrate an inelastic
process. The inelastic signal can be observed in dI/dV -V curves as steps symmetrically distributed around the Fermi level, resulting in the appearance of peaks in
the d2 I/dV 2 spectra.

2.1 The Scanning Tunnelling Microscope (STM)
2.1.2.3
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Manipulation

STM and STS provides information about the geometric and electronic structure of the surface. However, when studying adsorbed atoms or molecules the
interaction between tip and sample can be important. This interaction may
produce structural changes of the sample, a fact that can be an obstacle for
the study of a particular object but at the same time can be seen as a way to
manipulate matter at the atomic and molecular levels. There are three main
interactions that give to the STM the capability of manipulating adsorbates
on a surface: Atomic forces, electric field and the tunnelling current itself.27
Electrostatic, Van der Waals or chemical forces are involved when the
tip is close enough to the adsorbate. These forces can be employed to laterally move along the surface a particular adsorbate. Although there are
different ways to carry out lateral manipulation, the most extended way is
illustrated in Fig.2.5a. First the tip is approached to the adsorbate under
non perturbative conditions. Then, the tip-sample distance is reduced in
order to increase the interaction between the tip and the adsorbate. If the
tip-adsorbate forces are strong enough, the diffusion barriers can be surpassed and, upon moving laterally the tip to another location, the adsorbate
can be relocated in a controlled way. Finally, the non perturbative scanning conditions are restored and a topographic image is taken to confirm the
new position of the adsorbate. If the z or It signal (depending on whether
the feedback-loop is activated or not) is recorded during the manipulation
process, from the shape of the signal it is possible to tell the nature of the
manipulation, which can be pulling, pushing or sliding, as shown in Fig.2.5b.

Figure 2.5: a) Sketch illustrating the lateral manipulation procedure. b) Vertical
tip height z versus lateral tip position during a lateral manipulation process when
pulling, pushing or sliding the adsorbate.
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Due to the short distance between tip and sample, the electric field generated is strong enough to be taken into account (107 - 108 V/cm). One
main drawback to use it for manipulation is its spatial extension, producing
random sample modifications in an extended region. Consequently, non controlled processes may be triggered. Nevertheless, there are still some works
that employ the electric field in an controlled way to modify the surface:
field assisted diffusion and evaporation28 or even molecular reactions29, 30 have
been achieved employing the tip-sample electric field.
Finally, the tunnelling current can also induce changes on the surface.
When tunnelling electrons deposit energy into an adsorbate, elementary electronic or vibrational excitations may be induced. The excitation may be
triggered injecting electrons from the tip to the sample or vice versa, depending on the particular case. The tunnelling current has been employed
to successfully induce bond-breaking processes,31–35 diffusion36 , rotation of
molecules,37 or chemical reactions.38 A controlled manipulation through the
injection of electrons in an adsorbate can be performed by locating the STM
tip on the adsorbate with soft tunnelling parameters. Then, at a fixed height,
the appropriate tunnelling parameters (It and/or Vb ) are set and the feedback loop is switched off. Monitoring the tunnelling current it is possible to
determine when the reaction occurs, since it is associated to a sudden change
of its value.

2.2

Ultra High Vacuum (UHV)

Surface science and Ultra High Vacuum (UHV) systems have always been
related because of two main reasons: The cleanness of the surface and the
use of different analysis techniques that require a long mean free path of
particles (electrons, ions...), like electron diffraction techniques or photoelectron spectroscopies.
The importance of UHV to preserve a clean surface during the experiments can be deduced from a simple calculation.39 Employing the kinetic
theory of gases,40 the flux F of molecules reaching the surface per unit area
at a given pressure P reads:
F =√

NA P
2πM RT

(2.16)

where M is the average molar weight of the present gases, T is the temperature, and NA is the Avogadro’s number. It is worth reminding that the
density of atoms on the surface of a solid is roughly 1015 molecules/cm2 .
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If P = 3 × 10−6 Torr, M = 28 g/mole and T = 300 K, the obtained flux is
F ≈ 1015 molecules/cm2 /s. Therefore, under these conditions the surface
would be covered by a residual gas monolayer within seconds, assuming that
the sticking coefficient is 1 (each molecule reaching the surface sticks). In fact,
the unit of gas exposure is 10−6 Torr/s, and it is called the Langmuir (L). If
the pressure is P = 10−9 Torr the time that would take covering completely
the surface is 103 s.
In order to work under UHV conditions the experiments are performed
in chambers connected to a series of pumps, in such a way that 10−10 Torr
is a typical pressure for a UHV system. The total pressure of the system is
commonly measured through devices called ion gauges.

2.2.1

Total pressure in UHV systems: Ion gauge

Apart from the set of pumps necessary to evacuate the residual gas from
the system, UHV systems should also be equipped with devices that provide
information about the pressure of the system. To accomplish this task in high
and ultra high vacuum systems the so called ion gauges are used. The ones
used during this thesis are the widely employed Bayard-Alpert ion gauges,
whose design is illustrated in Fig.2.6.
Electrons are emitted from a hot filament through thermionic effect (thermal
energy is large enough for electrons to overcome the work function), and
accelerated towards an anode grid. In their way, some of the accelerated
electrons (150 eV) encounter molecules from the residual gas that become
ionized. The electrons that do not encounter any molecule exit the grid and,
immediately, come back to the anode due to the electrostatic field, generating a multiple-pass ionization path. A collector wire (0 V) at the centre of
the device collects the positive ions generated inside the anode grid, producing a current that is related to the pressure of the residual gas, and thus
providing an indirect measurement of the pressure in the UHV system. The
suitable pressure range for ion gauge operation is from 10−4 to 10−11 Torr.
From 10−4 Torr the vacuum is good enough to employ the filament without
being damaged, while around 10−11 undesirable effects do not allow a correct
measurement. In particular, when electrons collide with the anode grid a
photon may be produced. If this photon hits the collector, an electron can
be emitted thus generating a current that opposes to the ion current.
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Assuming that every produced ion is collected, the collector current can
be expressed as:
Ic = S × Ie × P
(2.17)
where Ie is the current of accelerated electrons (emission current), P is the
pressure of the residual gas, and S is the gauge sensitivity factor that depends
on the gas type, the geometry of the gauge, and the absolute temperature.
Ion gauges do not distinguish between different gases, therefore, S is determined assuming that all gases exhibit the same probability of ionization.
Nitrogen or CO are common gases used to calibrate the ion gauges.

Figure 2.6: a) Side view: Scheme of a Bayard-Alpert ion gauge. The voltage
values are shown as an example to illustrate the operation conditions. b) Top view
and sketch of the different processes triggered by the accelerated electrons in an
ion gauge.

When considering a complex molecule, the collision with an accelerated
electron can generate a variety of ions. The number of possibilities grows
with increasing complexity. In addition to single or multiple charged molecular ions, molecular fragments are generated in the ionization process.
For instance, if a complex molecule ABC is ionized some possible products
are:

2.2 Ultra High Vacuum (UHV)
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ABC + e− → ABC + + 2e−
ABC ++ + 3e−
AB + + C + 2e−
BC + + A + 2e−
A+ + BC + 2e−
C + + AB + 2e−
B + + A + C + 2e−
Other possibilities such as the rearrangement of ions (like AC+ ) have not
been shown above. The variety and probability of generated ions depends
on each molecule and it is called the cracking pattern.
It is worth taking into account additional effects derived from the interaction between the ion gauge and the residual gas. In particular, chemical
reactions between the hot filament and the gas molecules may lead to a
change in the chemical composition of the residual gas and the total pressure
in the UHV system. Two types of reactions can be expected: i) thermal
dissociation in the surface of the hot cathode and/or ii) contamination of
the filament. For a tungsten filament, the interaction with gases commonly
found in an UHV system such as oxygen, hydrogen or water may lead to a
variety of chemical products:41
• Oxygen: When oxygen molecules react with the hot filament they
dissociate into atomic oxygen. Carbon impurities from the bulk of the
filament aggregate on its surface. These carbon impurities may react
with atomic oxygen forming CO and CO2 . Atomic oxygen also can
react with tungsten resulting in the production of WO2 and WO3 on
the surface of the filament, then changing the work function and making
it fragile. Through this mechanism, the ion gauge removes oxygen from
the system, acting as an oxygen pump.
• Hydrogen: Upon reaction with the hot filament, hydrogen molecules
dissociate into atomic hydrogen. The atomic hydrogen reacts with glass
and metal surfaces of the UHV system, producing CO, H2 O and CH4 .
A consequence of such a versatile chemistry is the anomalously high
pumping speeds for hydrogen in ion gauges with tungsten filaments.
• Water: After the dissociation of water on the hot filament surface,
atomic oxygen and hydrogen is generated. The presence of both atomic
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species triggers a chemical cycle which includes three steps: i) The
tungsten filament is oxidised by the atomic oxygen. ii) The oxides are
reduced by the atomic hydrogen forming water. iii) Water dissociates
on the hot filament and the cycle restarts. This process should be
avoided since it remarkably diminishes the lifetime of the filament. In
addition, other chemical reactions between water and the hot filament
result in the formation of CH4 , CO and CO2 .

In conclusion, it is difficult to understand the interaction between the ion
gauge and the residual gas due to the different ionization probabilities and
cracking patterns for each molecule of the residual gas, but also due to the
chemical reactions that may take place on the hot filament surface. In order
to measure the nature and proportions of the gases present in the vacuum
system, that is to measure the partial pressures of an UHV system, an extra
element should be added to the ion gauge design: A mass selector.

2.2.2

Partial pressure in UHV systems: Quadrupole
mass spectrometer

Molecular ions can be separated according to their mass/charge ratio. This
can be done employing electric and magnetic fields, as in the Dempster´s
Mass Spectrograph.42 However, the stabilization and uniformity of a magnetic field requires complex instrumentation that usually is not practical in
UHV systems. Another approach is the use of high frequency electric field,
which is the strategy employed in the quadrupole mass spectrometer (QMS).
It is widely extended in vacuum systems due to its simplicity and small size.
Fig.2.7 illustrates the main components of a QMS. The ion mass selector
consists of four metallic rods separated by 2ro . The voltage between rods
is composed by a high-frequency AC signal (Vo × cos(ωt) and a DC signal
U . In addition, the polarity of the signal is positive for two of the rods and
negative for the other two.

2.2 Ultra High Vacuum (UHV)
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Figure 2.7: Operating principle of a quadrupole mass spectrometer. Figure
adapted from "The Vacuum Technology Book" by Pfeiffer.43

Positive ions are generated in the ions source, whose working principle
is identical to the Bayard-Alpert ion gauge addressed above. The ions are
accelerated along the Z axis, entering in a mass selector. Here, the ions
oscillate in the X-Y plane when passing through the four rods, following the
trajectories determined by the solutions of a Mathieu differential equation
system:44

 
U + Vo cos(ωt)
d2 x
e
=−
x,
dt2
m
ro2

 
U + Vo cos(ωt)
e
d2 y
=
y,
dt2
m
ro2
d2 z
=0
dt2

(2.18)
(2.19)
(2.20)

There are two types of solutions for these equations. In one of them
the amplitude of oscillations remains limited and do not exceed the distance
between rods (2ro ). In the other set of solutions the amplitude of oscillations
continuously increase, leading to the ions colliding with the rods. These
solutions are called stable and unstable, respectively. The stable solutions
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represent those ions that pass through the mass selector reaching the detector, while the unstable solutions are those in which ions strike the rods,
being neutralized and pumped out as residual gas. Tuning the type of solution the realization of a mass filter can be achieved. In order to understand
the solutions the following parameters can be employed:44
4eVo
mro2 ω 2
8eU
a=
mro2 ω 2
q=

(2.21)
(2.22)

Fixing Vo , U and ro , only certain values of mass can pass through the quadrupole, assuming single ionization. The stable and unstable regions with
respect to the parameters q and a are revealed in the diagram of Fig.2.8.45
Therefore, there are two ways to obtain a mass spectrum: varying ω and
keeping U and Vo constant, or varying U and Vo preserving the ratio U /Vo
fixed for a constant angular frequency, ω. For technical reasons, the most
employed method is the last one. When fixing the ratio a/q = U /Vo = constant a scan line can be drawn in the stability diagram. Accordingly, when
selecting a particular mass, the other masses will lie in the scan line but out
of the stable area, reaching the detector only those ions with the chosen mass.
Ramping U and Vo while keeping U /Vo constant we are actually ramping the
mass of the ions that reach the collector. These considerations are made for
singly charged ions. In general each point of a quadrupole mass spectrum
corresponds to a certain value of the mass/charge ratio.

Figure 2.8: Diagram representing the different kinds of solutions, using the
parameters a and q, for the motion of ions in the mass selector. Only ions whose a
and q parameters are in the X,Y-stable region reach the collector. Figure adapted
from the work by M. Henchman and C. Steel.45

2.3 Low temperature

2.3
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Low temperature

Combining the STM with the UHV environment facilitates the measurement
of clean and controlled samples. Further benefits are obtained if, in addition,
the STM is operated under low temperature conditions. The most evident
one is the dramatic decrease in atomic and molecular diffusion on the surface,
as a consequence of diminishing the thermal energy. This fact allows to carry
out topography and STS measurements on isolated atoms or molecules, that
otherwise would be diffusing over the surface.
Low temperature STM (LT-STM) systems are equipped with a cryostat
which can be filled with liquid nitrogen (77 K) or liquid helium (4.2 K). Since
all the STM stage is in thermal contact with the cryostat, sample and tip
are at the temperature of the cryogenic bath. As a consequence the thermal
drift of the materials in the scanner is highly reduced, in comparison with
the thermal fluctuations experienced when measuring at room temperature.
Therefore, the mechanical stability of the tunnelling junction is remarkably
improved due to the low temperature set-up, permitting to perform measurements in a certain location during hours.
Another benefit of using LT-STM systems relies on the Fermi-Dirac distributions appearing in equation 2.1. Although a part of the STM formalism
was described for a temperature of 0 K, in actual experiments the finite values
of the temperature influences the energy resolution. The thermal broadening
of the order of 4κB T, being κB the Boltzmann constant and T the average
temperature in the tunnelling junction. Therefore, the energy resolution at
300 K is 103 meV while at 4.5 K it is 1.5 meV.

2.4

Experimental set-up: The LT-STM UHV
system

During this thesis most of the experiments were carried-out in a home-built
UHV system equipped with an Omicron LT-STM, located in the Scanning
Probe Microscopies and Surfaces Laboratory at the Madrid Institute of Advanced Research in Nanoscience (IMDEA-Nanoscience).

2.4.1

General description

The home-built UHV system was designed by Dr. Juan José Hinarejos, and
it is composed by four chambers interconnected through UHV gate valves:

24

Experimental Methods

LT-STM chamber, sample preparation chamber, tip preparation chamber
and load-lock chamber. The whole system is mounted on an aluminium frame
supported by pneumatic vibration isolators to avoid mechanical vibrations
during STM measurements. Furthermore, the floor on which the system
stands is isolated from the main structure of the building via an independent
concrete block. A picture of the system is shown in Fig.2.9. Apart from the
LT-STM chamber, all chambers were designed and built in the campus of
Universidad Autónoma de Madrid.
In this section we will describe in detail the different facilities equipped
in each UHV chamber. A description of the LT-STM UHV system can also
be found in the PhD thesis of Dr. Manuela Garnica46 and Dr. Sara Barja.47

Figure 2.9: Picture of the UHV system. Each part is highlighted: Loadlock chamber (green), tip-preparation chamber (orange), LT-STM chamber (blue),
sample-preparation chamber (red), pumping system (yellow) and vibration isolation system (purple).

2.4 Experimental set-up: The LT-STM UHV system
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Load-lock chamber

Being the smallest chamber, it was conceived as a fast entry chamber to
insert (and to take out) samples and STM tips from ambient conditions into
the UHV system without the necessity of breaking the vacuum in the other
chambers. In Fig.2.9 can be identified as the green part of the system. It
is equipped with an individual pumping system composed by a membrane
pump and a turbo molecular pump, reaching a pressure of 10−9 Torr. Samples
and STM tips can be transferred from the load-lock chamber to the tippreparation and the sample-preparation chambers by means of a magnetic
transfer bar mounted in one of its flanges. The head of the magnetic transfer
bar is electrically connected to a vacuum feedthrough connector to ground it
when required. Although its original purpose was to be only used as a fast
entry chamber, it is sometimes employed to carry out sample preparations
that requires high partial pressures (10−6 Torr) of a specific gas. Its small
size facilitates the pumping process. For this reason, a leak valve is mounted
in one of its flanges. If the sample preparation implies a low annealing of
the sample, it is possible to install a bake-out tent that heats the sample by
thermal radiation.

2.4.3

Tip-preparation chamber

Located between the load-lock chamber and the sample-preparation chamber,
this part of the system is intended for the preparation of STM tips. In Fig.2.9
appears coloured in orange.
STM tips are home made by means of electrochemical etching of a 0.3
mm polycrystalline tungsten wire (purity: 99.99 %). The wire is inserted in
a potassium hydroxide (KOH) solution (5M), as well as a secondary metallic
electrode. Between both electrodes a voltage of 15 V is applied, resulting
in the etching of the wire that leads to a sharp tip, as the one shown in
Fig.2.10b.
The obtained STM tips are mounted in a tip holder (Fig.2.10a) and inserted in the UHV system through the load-lock chamber on a tip carrier plate.
Since the electrochemical process produces a dense oxide layer on the W tip,
tip sputtering and annealing treatments are required in the UHV system.
Ar+ ion sputtering is carried out employing an ion energy of 2.5 keV during
30 minutes. Afterwards, the tip is annealed in a home-made system mounted
in the tip-preparation chamber, shown in Fig.2.10c . It consists of a tantalum
foil supported by a 3-axis manipulator and electrically connected to an UHV
feedthrough. The tip annealing is performed by contacting the tantalum foil
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with the STM tip, ensuring that the electrical resistance between both electrodes is high enough (≈ kΩ). Then, an electric current is applied leading to
the heating of the contact point between electrodes and achieving a highly
local annealing of the tip, preventing the damage of the tip holder. This
whole treatment provides clean and sharp STM tips suitable for topographic
and STS measurements. In addition, a home-made Fe evaporator is mounted
in one of the flanges of the tip-preparation chamber. Therefore, the tip can
also be coated by several Fe layers in order to perform spin-polarized STM.
Regarding its pumping system, the tip-preparation chamber is equipped
with a turbo molecular pump backed by a scroll pump. The total pressure of
the chamber is measured by an ion gauge tube, Bayard-Alpert type, whose
hot cathode consist in a tungsten filament (A spare hot cathode is also included). The available values of the emission current are: 10 mA, 1 mA and
0.1 mA. The bias voltage values (relative to the collector) of the filament and
the grid are from 25 to 40 V and from 150 to 200 V, respectively. The values
of the pressure that can be measured range from 3 × 10−11 Torr to
5 × 10−3 Torr.

Figure 2.10: a) Picture of one of the tip-holders employed in this thesis.
b) Optical microscope image of a tip achieved by electrochemical etching of a W
wire. c) Home-made tip annealing mechanism mounted in the tip-preparation
chamber. Different parts of the chamber have been labelled.

2.4 Experimental set-up: The LT-STM UHV system
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Sample-preparation chamber

This part of the UHV system is intended for the preparation and fast characterization of samples. In Fig.2.9 it appears coloured in red and its inside can
be seen in Fig.2.11a. Out of the UHV environment, the samples are mounted
on Ta sample-holders compatible with the stage of the LT-STM. They are
fixed to the sample-holders through pieces of Ta foil that are positioned over
the sample and joined to the plate by means of resistance spot welding. In
particular, the samples employed in the experiments of this thesis are grown
on a cylindrical single crystal Ru(0001) (8 mm diameter and 1 mm thick).
Fig.2.11b shows a single crystal mounted on a sample holder. Afterwards,
it is inserted into the vacuum system through the load-lock chamber. Then,
using the magnetic transfer bar, it is transferred to the sample-preparation
chamber and inserted in the stage of a manipulator.
The manipulator is designed to hold in its stage either sample-holders
or tip-holders compatible with the LT-STM head. It is employed to move
them through the sample-preparation chamber and the LT-STM chamber.
It offers a three dimensional translational motion, with a precision of 0.5
µm in x-y and 0.5 mm z, and a rotational motion around the z axis up to
360o . The stage contains a home-made thoriated tungsten filament (99%
W, 0.9 %ThO2 , diameter: 0.15 mm), positioned at least 1 mm away from
the sample-holder. For starters, it can be used to heat the sample through
thermal radiation. In addition, the sample-holder touches a Ta foil when
inserted in the manipulator stage. This Ta foil is electrically connected with
a high voltage source (HV). The geometry of the manipulator stage is shown
in Fig.2.11c, and it is conceived in such a way that the sample-holder is embedded in a ceramic body, electrically isolating the sample holder from the
main body of the manipulator stage and facilitating the contact with the Ta
foil. When a high voltage is applied to the sample (0.8 kV - 1.2 kV) and current passes through the filament heating it (2 A - 3 A), thermionic electrons
from the filament are accelerated towards the sample-holder leading to an
increase of the sample temperature. Employing this electron bombardment
method the sample can reach temperatures of 1700 K in 10-20 seconds. The
annealing is an essential steps in the preparation of a metallic surface.
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Figure 2.11: a) The inside of the sample preparation chamber while a sample
is being annealed in the manipulator stage. b) Sample fixed in a sample-holder
by spot-welded Ta foils. c) Stage of the manipulator. The parts mentioned in the
main text have been labelled.

Another important step in the preparation of a metallic surface is the
ion sputtering. To accomplish this task the sample-preparation chamber is
equipped with an ion gun connected to an argon bottle through a leak-valve.
Setting a pressure of 2 × 10−6 Torr, Ar+ ions are generated and accelerated
(up to 3 keV) towards the sample by the ion gun. The sample must be
electrically connected to ground. Typical ion currents of 6 µA - 10 µA are
used.
Once the metallic surface is prepared by means of sputtering and annealing cycles, further steps in the preparation of a particular sample are

2.4 Experimental set-up: The LT-STM UHV system
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usually needed. To this end, the sample-preparation chamber is equipped
with leak-valves, allowing the controlled dose of gases such as O2 or C2 H4
(contained in aluminium pressure vessels), which are required for the preparation of epitaxial graphene on Ru(0001). Different evaporators are available
in the system. One of them works by electron bombardment, reaching high
enough temperatures to evaporate metals such as Fe, Co, Au or Pb. The
other evaporator operates by resistive heating and allows a precise control of
the temperature up to 800 K. This evaporator is mainly employed to evaporate molecules. Both evaporators include three independent cells, permitting
the deposition ot two materials simultaneously.
An electron diffractometer is installed in the sample-preparation chamber.
It allows to perform low energy electron diffraction (LEED), which is a surface
sensitive technique employed to determine the surface geometrical structure.
In addition, Auger electron spectroscopy (AES) can be performed using the
same equipment. This surface sensitive technique provides information about
the chemical composition of the sample.
The pumping system of this chamber is composed of a turbo molecular
pump backed by the same scroll pump than the tip-preparation chamber. In
addition, an ion pump is mounted, achieving a total pressure down to
8 × 10−11 Torr. The total pressure of the system is measured using an ion
gauge tube, equivalent to the one commented for the tip-preparation chamber. In addition, the partial pressures can be obtained through a quadrupole
mass spectrometer, QMS, installed in the chamber. The mass range is from
1 to 80 uma and the ion detector is based in a Faraday collector, having a detection limit of 10−12 Torr. The ion source employs yttrium oxide filaments,
which are less reactive than the tungsten ones. The QMS is employed to
analyse the composition of the residual gas and as a tool to obtain chemical
information about the gases inserted in the chamber.
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Figure 2.12: Picture of the UHV system showing the LT-STM chamber (blue)
and the sample-preparation chamber (red). Different components are labelled:
1) Wobble-stick, 2) Cryostats, 3) Coarse motion and temperature controller
electrical feedthrough, 4) Preamplifier, 5) Scanner electrical feedthrough, 6)
LEED/AES, 7) QMS, 8) Manipulator, 9) Metal evaporator, 10) Molecule evaporator.

2.4.5

LT-STM chamber

The LT-STM is embedded in a commercial chamber. It is pumped by means
of a turbo molecular pump and backed by the scroll pump that also is connected to the turbo molecular pumps of the tip-preparation and the samplepreparation chambers. An ion pump also operates in this chamber. The
vacuum state can be controlled either using the ion current lecture of the
ionic pump or an ion gauge tube installed in the chamber. This is interesting
for the low temperature operation of the STM, when the ion gauge is usually
switched off in order to avoid the heat income from its hot filament.

2.4 Experimental set-up: The LT-STM UHV system
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Fig.2.13 shows a simplified scheme of the main components of the LTSTM . The tunnelling current, It , can be measured by means of a complex
electronic circuit that is sensitive enough to operate with values of It as low as
1 pA. It and the bias voltage signal, Vb , travel through the same wire from the
tunnelling junction to the top of the LT-STM chamber, where a preamplifier
is installed. It is composed of a I/V converter, electronic amplifiers and lowpass filters. Two current ranges are available. One from 0.1 nA to 333 nA,
offering two possible values of the bandwidth: 3 kHz or 40 kHz. The other
current range goes from 1 pA to 3.3 nA, with a bandwidth of 800 Hz or
200 Hz. The STM measurements shown in this work are taken with the later
current range and a bandwidth of 800 Hz. After the preamplifier, a STM
controller processes the It and Vb signals, that can be set and monitored in
a computer. The STM controller also generates the signals to control the
motion of the STM tip, which can be classified in two types: Coarse and
scan motions. To macroscopically move the tip over the sample the coarse
motion drives should be employed. It consists of piezoelectric motors that
can move the scanner in a range of ±2.5 mm for Xc and Yc , and 10 mm for
Zc . In order to perform spatially resolved measurements at the atomic scale,
the STM tip is fixed to a piezoelectric scanner. It is a single tube scanner
with a maximum scan size (x-y plane) of 2.1 × 2.1 µm2 and a z range of
260 nm at 4.6 K. At 77 K the scan size is 3.4 × 3.4 µm2 with a z range of
400 nm. When scanning at constant current mode the STM controller adjust
z depending on the signal It through a feedback-loop.

Figure 2.13: Scheme of the main components of the LT-STM and the signals
involved.
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Low temperature STM measurements can be performed due to the cryostat contained in the LT-STM chamber. It consists of two concentric bath
jackets. The outer one is filled with liquid nitrogen (LN2 ) and plays the role
of thermal shielding. The inner one can be filled with either LN2 or liquid
helium (LHe) and is responsible for cooling the STM. When filled with LHe,
STM measurements can be carried out at 4.6 K during 28 hours without
refilling the inner jacket.
The STM stage is directly mounted under the inner jacket, as shown
in Fig.2.14. The sample and the tip are in thermal contact with the LHe
bath, and surrounded by two concentric thermal shields. The inner one is
thermally connected to the L-He jacket. Since its walls are close to 4.6 K,
it acts as a cryo-pump, obtaining even a better vacuum than in the rest of
the chamber. The outer shield is an additional thermal shield in contact
with the outer LN2 jacket, at a temperature of 77 K. Both thermal shields
have infrared filtered windows that permit viewing the tunnelling junction
through a CCD camera while reducing the radiative heating of the STM
head. Also, a special door mechanism serves for inserting the sample and
tip into the STM stage, while keeping a good thermal shielding. These can
be transferred from the manipulator to the LT-STM stage using a wobblestick that can be manually operated from the outside of the UHV system. A
sample at room temperature inserted in the STM stage at 4.6 K thermalizes
in around 30 minutes. The temperature of the STM stage is measured using
a silicon diode connected to a temperature controller.
STM measurements also requires a high quality vibration decoupling.
To accomplish this condition, the LT-STM stage is suspended by three soft
springs. Oscillations of the springs are damped by means of an eddy current system. This system, shown in Fig.2.14, consists in a ring of metallic
U-profiles located at the bottom of the STM stage. The U-profiles are distributed between permanent magnets fixed to the inner shield. Therefore,
when the springs and the STM stage oscillate, Foucault currents are induced
at the U-profiles, resulting in an effective eddy damping. An additional
mechanical isolation is provided by external pneumatic vibration isolators in
which the whole UHV system stands. Furthermore, the floor of the laboratory is mechanically separated from the building, preventing mechanical
interferences coming from other laboratories.

2.4 Experimental set-up: The LT-STM UHV system
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Figure 2.14: Pictures of the inner jacket (left) and the LT-STM stage (right).
The components mentioned in the main text are labelled.

3

Chemical functionalization of
graphene on Ru(0001)
We should look upon the surface
as consisting of a checkerboard.
– Irving Langmuir

3.1

Introduction to graphene

Graphene, the two dimensional allotrope of carbon, is a conjugated system
of sp2 -hybridized atoms arranged in a honeycomb structure. It was theoretically studied for the first time in the 1940s when its exotic fundamental
properties were discovered.48 However, graphitic structures had been studied
by chemists in the form of graphene oxides and graphite intercalated compounds since at least 1840. Boehm and co-workers achieved to reduce graphite oxide in 1962,49 starting to use the term graphene in 1986.50, 51 Surface
science also contributed to the study of the so called graphitic structures
at the end of the 1960s. In particular, Morgan and Sormojai studied the
thermal decomposition of hydrocarbons on Pt(100)52 resulting in the formation of graphitic structures.53 These structures have been the subject of
many studies due to their importance for many catalytic reactions on surfaces.54–56 In the meantime, given that isolated two dimensional materials
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were predicted to be thermodynamically unstable,57, 58 nobody expected to
obtain free-suspended graphene. However, this thermodynamical limitation
is overcome by the formation of ripples, wrinkles and crumples.59 In fact,
Geim and Novoselov obtained suspended graphene by micromechanical exfoliation in 2004.60 Since then, the scientific community has made a great effort
to understand and take advantage of its unique properties. The goal of this
section is to review the fundamental attributes of graphene and to introduce
a powerful method to modify its properties: the chemical functionalization.

3.1.1

Elementary properties of graphene

Figure 3.1: a) Graphene honeycomb lattice. Carbon atoms of sublattices
A (blue) and B (yellow) are distinguished. b) Electronic orbitals representation of
two carbon atoms of the graphene conjugated system: sp2 - orbitals form σ bonds
while remaining p - orbitals form π bonds. c) First Brillouin zone of graphene.
π and π ∗ bands intersect in K and K 0 points. d) Band structure of graphene from
D. W. Boukhvalov and co-workers.61 σ bands in blue and π bands in red.
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The honeycomb structure of graphene can be described as a triangular lattice with a basis of two atoms per unit cell. Thus, as shown in Fig.3.1a,
two sublattices can be distinguished, being 2.46 Å the size of the unit cell
and 1.42 Å the carbon-carbon distance. Among the four valence electrons
of carbon, three occupy sp2 - hybridized orbitals. The overlapping with the
surrounding atoms leads to a trigonal structure supported by strong σ bonds,
as a consequence of the resulting filled shell. In fact, σ bonds are responsible
for the strength exhibited by all low dimensional carbon allotropes. Regarding the remaining electron, it is spatially distributed in a p - orbital, which
is perpendicular to the lattice. The interaction between p - orbitals leads to
the formation of π bonds and, as the related band is half filled, the resulting
system turns out to be conjugated. The spatial distribution of σ and π bonds
are shown in a schematic fashion in Fig.3.1b.
The outstanding electronic properties of graphene are due to this conjugated system, as revealed by tight-binding calculations.48, 62 Considering that
electrons from the π bands can hop to nearest- and next-nearest neighbours,
the resulting dispersion relation is the following:
p
E(k) = ±t 3 + f (k) − t0 f (k)

(3.1)

Where the plus sign applies to the π ∗ band (conduction band) and the minus
sign to the π band (valence band). t is the nearest-neighbour hopping energy
(hopping between different sublattices), t’ is the next-nearest hopping energy
(hopping in the same sublattice) and f (k) reads:
√
√
3
3
f (k) = 2 cos( 3ky a) + 4 cos(
ky a) cos( kx a)
(3.2)
2
2
Being a = 1.42 Å the carbon-carbon distance, and k the crystalline momentum vector. The resulting band structure is shown in Fig.3.1c. It is
worth mentioning that, combining tight-binding and first principle calculations, the hopping parameters have been estimated to be: t ≈ -2.97 eV and
t0 ≈ -0.073 eV.63 In addition, t0 is small enough to make the π and π ∗ bands
almost symmetric, that is, free-standing graphene preserves the electron-hole
symmetry. Particularly important are the points K and K 0 , at the corners
of the graphene Brillouin zone, where the π and π ∗ bands intersect: The so
called Dirac points. When the Fermi level coincides with the Dirac point
energy, that is, for undoped graphene, the system is actually a gapless semiconductor. Expanding the full band structure 3.1 around the K (or K 0 )
point, the next dispersion relation is obtained:
E(q) ≈ ±vF |q| + O[(q/K)2 ]

(3.3)
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Where q is the crystalline momentum measured relatively to K (or K 0 ) and
vF is the Fermi velocity, which is given by vF = 3ta/2, resulting in a value
of vF = 1 × 106 m/s for free-standing graphene.48 The energy dispersion of
equation 3.3 is similar to that of ultrarelativistic Dirac particles, which are
described by the hamiltonian: Hk = −i~vF σ∇. However, for ultrarelativistic
particles (where vF = c), σ is referred to the spin, while in graphene it is
associated with another internal degree of freedom: The pseudospin. The
wave functions related to the eigenenergies given by equation 3.3 are in fact
two component spinors, each component carrying the information of sublattices A and B respectively. The pseudospin is the phase relation between
both components, and it is strongly coupled to the electron momentum.
In fact, the pseudospin always points in the direction of the reduced momentum (q), being either parallel (for electrons) or antiparallel (for holes).
This means that wave functions in graphene are chiral, causing strong implications in the behaviour of the charge carriers. One of the most important
consequences is the Klein paradox,64, 65 which establishes that Dirac particles
can be transmitted through an electrostatic potential barrier with probability
1 for normal incidence and changing with the incidence angle. Therefore, in
graphene, if pseudospin is preserved, electronic backscattering is strictly forbidden. This implies that impurity scattering in graphene is highly reduced in
general.62, 66, 67 Another interesting property is that, due to its chiral nature,
charge carriers in graphene have coherence lengths much higher than other
materials,68, 69 even at room temperature.70
The extended conjugation provided by the sp2 -hybridization give rise
to many superior physical properties,9 like very high electron mobility at
room-temperature,71 high thermal conductivity,72 exceptional Young’s modulus and strength,73, 74 optical absorption in the infrared limit75 or complete
impermeability to gases.76 Hence, a myriad of technological applications
have been proposed with contributions in different fields such as spintronics,
flexible electronics, sensors, high frequency devices or biotechnology among
others.9 But having said that, paradoxically, the same fundamental nature
of graphene is also the source of important obstacles for its success in the
industry.
The absence of an electronic band gap makes very difficult its application
in integrated logic circuits.9 But, what is more important, it is very challenging to handle it while preserving its properties: On one hand graphene
is insoluble in organic solvents and, in aqueous solutions, tends to reaggregate and form graphite through π-π and van der Waals interactions.77 On
the other hand, in the case of substrate-supported graphene, the techniques
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required to decouple and transfer the graphene sheet are complex and frequently result in an important increase in defects and contaminants.
Functionalization of graphene has been proposed to solve these problems,
either by means of intercalation or through adsorption of different chemical
species. In addition, new functionalities could be added, thus increasing the
range of possible applications. Although there are many ways to functionalize
graphene, the chemical functionalization is the most promising in terms of
functional possibilities and stability. It implies the attachment of chemical
species through covalent bonds, and has been intensely pursued in the last
years.78, 79 In the following sections we will account for the different advances
on graphene chemical functionalization from two different perspectives: wet
chemistry and surface science.

3.1.2

Chemical functionalization of graphene: The wet
chemistry approach

Because graphene is technically difficult to handle, most studies from the
wet chemistry trench have been carried out using structural analogues. For
instance, few-layer graphene, which are colloids of graphite that have been
thinned down to flakes of <10 layers, in average, by means of liquid phase exfoliation.80–82 Also, reduced graphene oxides, obtained from graphite through
oxidation-reduction processes, have been widely used in many studies.83, 84
Nanographenes, such as nanoribbons or large polycyclic aromatic hydrocarbons, are also a successful approach from the wet chemistry point of view.85
Nevertheless, developing a chemistry of graphene, in analogy to the advancements achieved in other carbon nanostructures like fullerenes and carbon
nanotubes, remains still a great challenge. In contrast to fullerenes or carbon nanotubes, graphene is planar, thus it is remarkably less reactive.86 So
far, the addition of malonate-type carbanions and radicals, acylations, and a
wide variety of cycloadditions, including [2 + 1], [2 + 2], [3 + 2], and [4 + 2],
have been studied among others.87–90
Insolubility and graphite formation problems have been frequently avoided
by using graphene on substrates.90 In order to have a better control in the
chemical functionalization, the most successful approach is the addition of
aryl radicals, created through the reduction of diazonium salts, to a graphene
layer deposited on SiC(0001).91 The resulting radicals attach to the graphene
carbon atoms by means of covalent bonds, thus generating a distortion in the
sp2 -hybridization system in the form of new C(sp3 )-aryl bonds.92 But the
creation of radical species is not well controlled, and, in fact, STM meas-
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urements reveal that this technique leads to a not-well-defined arrangement
of the molecular fragments.91 In addition, the excess of radicals triggers
the generation of oligomers, contributing to the formation of an undesired
amorphous organic insulating layer.93 Furthermore, since all basal graphene
carbon atoms are identical, there is a lack of site-selectivity that hinders
an ordered functionalization. In the following section we will see how the
ultra high vacuum techniques allow a more controlled functionalization of
graphene.

3.1.3

Chemical functionalization of graphene under UHV
conditions

One of the main drawbacks of free-standing graphene, as those used in the wet
chemistry approach, is that in principle all carbon atoms possess identical
reactivity. On the contrary, under UHV conditions, it is possible to grow
graphene on substrates with a suitable lattice-mismatch. Such a mismatch
generates a super-periodicity at the graphene monolayer, called moiré pattern. It induces a spatial modulation of several properties, including distance
to substrate (corrugation), charge density, work function and chemical reactivity, among others. This periodically corrugated graphene can be grown by
thermal decomposition of hydrocarbons on transition metallic substrates such
as Pt(111),94, 95 Ir(111),96–98 Rh(111)99, 100 or Ru(0001)101 . In these cases, except changes in the bond length, the graphene sp2 -hybridization system preserves the strong σ bonds. However, the π orbitals, which are perpendicular
to the lattice, interact with the electronic d-bands of the metallic substrate,
forming new hybridized orbitals.
Fig.3.2 shows the C 1s spectra obtained by X-ray photoelectron spectroscopy (XPS) for different graphene systems: Highly oriented pyrolytic
graphite (HOPG), gr/Pt(111), gr/Ir(111), gr/Rh(111) and gr/Ru(0001).102
Although the C 1s orbital does not contribute to the bonds, it is sensitive to
charge transfer and changes of the electronic cloud produced by the presence
of the substrate d-bands. The C 1s photoelectron spectrum from HOPG,
where the interaction between graphene layers consists mainly in van der
Waals forces, is shown as reference. For graphene on Pt(111) and Ir(111)
the C 1s line is shifted in energy due to the change of work function in
comparison with graphite. A slight broadening, especially for gr/Ir(111), is
observed, thus indicating a higher hybridization. The spectra for gr/Rh(111)
and gr/Ru(0001) change dramatically: the C 1s signal is split in two components with energy separations of 0.53 eV and 0.60 eV, respectively. This
splitting is associated with the moiré pattern, which, in these cases, produces
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a strong spatial modulation of the chemical interaction between the graphene
carbon atoms and the underlying metallic atoms. The component presenting
lower binding energy (C1) is related to the weakly interacting carbon atoms,
while the higher energy line (C2) results from those carbon atoms strongly
hybridized with the substrate.102 Therefore, it can be concluded that strong
interacting graphene systems such as gr/Rh(111) or gr/Ru(0001), provided
that there are at least two kinds of basal carbon atoms, should be better templates for site-selective chemical functionalization than free-standing
graphene.

Figure 3.2:

C 1s photoelectron spectra for graphene on different substrates.
Schematics illustrate the resulting graphene morphology. Figure from A. B. Preobrajenski and co-workers.102
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There are some works on the graphene chemical functionalization under
UHV conditions. Oxidation is a good example because it can be compared
with the highly known graphene oxide from the wet chemistry approach.
The latter is usually obtained by an aggressive acidic treatment developed by
Hummers and Offeman,103 leading to a range of oxygen functional groups and
defects.83 On the contrary, oxidation under UHV results in an uniform epoxy
functionalization, as determined by means of XPS and STM.104 Furthermore,
the functionalization has been proved to be fully reversible at temperatures
as low as 260o C.105 Covalently attached hydrogen has been studied as well.
In this case, when every carbon atom is functionalized, the resulting sample
is called graphane.106 In this system the hybridization of carbon atoms is
sp3 , instead of sp2 , due to the presence of attached hydrogen atoms. In fact,
the conjugated system is so distorted that the electron localization opens
a sizeable gap at the Dirac point,61, 107, 108 which is an interesting result for
applications in electronics. Other approaches are based in the fact that strain,
curvature and defects enhance the local reactivity of graphene.109–111
Finally it is worth noting that only atomic species such as oxygen or
hydrogen have been attached to graphene under UHV conditions, with some
scarce examples of molecular fragment attachments.111, 112 In the following
we will focus on the covalent functionalization of gr/Ru(0001) combining
the radical reactions expertise from the wet chemistry trench with the more
controllable approach of UHV techniques.

3.2
3.2.1

Graphene on Ru(0001)
Growth of epitaxial graphene on Ru(0001)

As we mentioned in the beginning of this chapter, the formation of graphitic structures on metallic surfaces has been widely studied in surface science. Segregation of carbon impurities has been observed during the surface preparation of crystals with carbon dissolved in the bulk, such as Pt
and Ru.113–115 Surface segregation of carbon actually became a recognised
method to grow graphene on Ru(0001). Grant and Haas observed after annealing the Ru(0001) surface to 1800K additional hexagonal satellite spots in
the LEED pattern. It was interpreted as a graphitic superstructure originated
by carbon segregation.115 Through this method, Marchini and co-workers
achieved a graphene single layer on Ru(0001), being studied by means of
XPS, Auger Electron Spectroscopy (AES) and STM.116 On the other hand,
graphitic structures generated by thermal decomposition of CO and hydro-
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carbons was of major interest in heterogeneous catalysis: The formation of
the graphitic structure on the surface of the catalyst leads to its deactivation.52–56 Goodman and co-workers observed, using a STM, that thermal
decomposition of methane on Ru(0001) resulted in the formation of monolayer graphene. Nowadays mostly ethylene is used in this method, but the
decomposition of propene, methane, acetylene, CO, and of larger hydrocarbon molecules such as cyclohexane, n-heptane, benzene, an toluene, also have
been employed.117 In this work, graphene on Ru(0001) will be obtained by
means of chemical vapour deposition(CVD) of ethylene on the ruthenium
surface.
In order to proceed with the CVD, a previous preparation of the Ru(0001)
substrate is required. Otherwise, impurities on the surface, such as segregated carbon, would act as non-controlled nucleation centres, increasing the
density of defects in the resulting graphene monolayer. To accomplish this
goal, ion sputtering and annealing cycles were carried out. For the ion sputtering, Ar+ ions are accelerated at 1.5 keV against the surface at normal
incidence. The argon partial pressure is set in such a way that an ion current
of around 7 µA circulates through the sample. The ion sputtering process
lasts for 5 minutes in these conditions. Just after the ion sputtering is finished, the sample is annealed up to 1150 K for 5 minutes under a 10−7 Torr
partial pressure of oxygen. This step is intended to even up the holes produced during the sputtering phase, while oxygen prevents the accumulation
of segregated carbon on the surface. When pressure is recovered, the sample
is flashed to 1400 K to remove the remaining oxygen, obtaining a clean and
flat Ru(0001) surface.
Once a few cycles have been performed, just after the last flash annealing
step, the CVD process is started: The sample temperature is reduced from
1400 K (coming from the last flash) to 1150 K, and then it is exposed to a
10−7 Torr partial pressure of ethylene (C2 H4 ) for 3 minutes. When the hydrocarbon molecules reach the sample, the hot Ru(0001) surface catalyse the
thermal decomposition of ethylene, leading to hydrogen desorption and the
formation of a graphene monolayer. Some works are focused on this process,
studying the stages at different temperatures by means of high-resolution
electron energy loss spectroscopy (HREELS), and reflection absorption infrared spectroscopy (RAIRS).118–122 Fig.3.3a shows a sketch of the processes
triggered at different temperatures. The obtained graphitic layer acts as a
reaction poison, thus avoiding the formation of a second graphene layer.
The structure of the resulting surface has been studied by means of LEED.
Fig.3.3b reveals a diffraction pattern where the graphene and Ru(0001) spots
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can be identified. Around them, satellite spots appear, being related with a
moiré superstructure. Further information is inferred from STM images such
as that shown in Fig.3.3c, where a large domain is revealed. The existence of a
moiré pattern is confirmed by a 3 nm superstructure of triangular bumps that
covers most of the surface. The amount of defects is extremely low, and only
one main rotational domain is observed. A small amount of missed ripples
and misorientations close to overlayer defects can be found. The appearance
of some protrusions like that encircled in Fig.3.3b has been reported by other
works: During the Ar+ sputtering of the Ru(0001) surface some ions remain
embedded in the first layers of the single crystal, generating Ar bubbles.123, 124
The amount of these protrusions can be highly reduced by thermal treatment
of the sample.125 .

Figure 3.3: (a) Thermal decomposition of ethylene on Ru(0001). Adapted from
Y. Ren and co-workers.118 (b) LEED pattern of pristine gr/Ru(0001) sample. Electron energy of 133.6 eV. Graphene and Ru(0001) spots are labelled. (c) 90 x 90 nm2
STM image showing the main features of pristine gr/Ru(0001). An Ar bubble is
encircled in green.
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Spatial modulation of surface properties: Moiré
pattern.

The moiré pattern generates a resulting unit cell much more complex than
that of free-standing graphene. In fact, determining the real size of the
unit cell was a challenging task and, furthermore, there are many attempts
claiming different results. If the moiré superstructure is chosen in such a way
that only one ripple is contained per unit cell, then it can be described as a
(11 x 11)116, 126–128 or (10 x 10)101, 129 Ru(0001) superstructure. Nevertheless,
some works claim that, as not every ripple is equivalent, the unit cell should
be larger.125, 130, 131 A (23 x 23) superstructure was proposed by diffraction
techniques, and then supported by a combination of STM and ab initio
calculations.130, 131 Recent STM works show that the graphene layer is indeed
rotated by 0.5o with respect to the ruthenium substrate,132, 133 implying a
larger unit cell or even an incommensurate system.133 In any case, it has
been shown that an unrotated (10x10) Ru(0001) superstructure is enough
to describe the fundamental properties of the system.134, 135 This model is
sketched in Fig.3.4a, where the superposition of the graphene layer with
the first two layers of Ru(0001) reveals a spatial modulation of the stacking.
Three representative regions can be identified: i) FCC-HCP region (Fig.3.4b)
where all graphene carbon atoms are on hollow positions, ii)HCP-Top region
(Fig.3.4c) where graphene sublattice B is in HCP stacking and sublattice A
is on top of the first Ru(0001) layer, iii) FCC-Top region (Fig.3.4d) where
graphene sublattice A is in FCC stacking and graphene sublattice B is on top
of the first Ru(0001) layer. Graphene lattice and moiré pattern are resolved
simultaneously in the STM image presented in Fig.3.4e. The hills correspond
to FCC-HCP stacking, where the interaction between graphene and Ru(0001)
is mostly due to van der Waals forces, leading to a larger distance between
carbon and ruthenium atoms. On the other hand, FCC-Top and HCP-Top
regions present a much stronger interaction, resulting in the hybridization
between every two carbon atoms and ruthenium orbitals.134, 136
The resulting spatial modulation of the chemical interaction between carbon and ruthenium atoms has important consequences in the mechanical and
electronic properties of gr/Ru(0001). The elastic response has been measured
by means of atomic force microscopy (AFM)137 and helium atom scattering
(HAS).138 Both works conclude that the hills behave like nanodomes with a
resonance frequency in the range of THz, in a scenario where the weak interacting hills are rigidly anchored by the strongly hybridized valleys. When
this system is imaged by STM, the electronic variations on the surface produce a strong dependence with the bias voltage.132 Spatially resolved dI/dV
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Figure 3.4: (a) Atomic model reproducing the (10 x 10) Ru(0001) moiré superstructure. Graphene sublattice A (light blue) and B (dark blue), first(dark grey)
and second (light grey) layers of Ru(0001) are represented. Different areas of the
moiré unit cell are encircled and amplified: (b) FCC-HCP (orange), (c) HCP-Top
(green) and (d) FCC-Top (red). (e) High resolution STM image (Vb = +10 mV,
It = 700 pA) of pristine gr/Ru(0001). The moiré unit cell is marked in white.

tunnelling spectra are shown in Fig.3.5a. The occupied LDOS is larger in the
high areas of the corrugated graphene, while the unoccupied LDOS is dominant in the low areas.101 This spatial modulation in the LDOS is visualized
directly in the real space in the dI/dV maps shown in Fig.3.5b, at -100 meV,
and Fig.3.5c, at +200 meV, where it is clear that the corrugation just below
and above the Fermi level is inverted.
The modulation of the graphene electronic properties are not only observed around the Fermi level, but also for hot electrons. Far in energy from
the Fermi level, among the unoccupied states, are the image states. These
states are bound by the surface barrier potential and describe a free-electron
like behaviour parallel to the surface.124 Due to the Stark shift produced by
the electric field in a STM junction, the image states are shifted in energy and
form field emission resonances (FERs). These resonances have been measured
by means of field ion microscopy140 and STM141 as a way to study the work
function for different metallic surfaces.142, 143 Fig.3.5d shows dZ/dV curves
measured on high and low areas of gr/Ru(0001). The resonances that appear
above 5 eV are shifted towards smaller energies at low areas. That is an indication of the local surface potential change along the moiré pattern.139, 144
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Figure 3.5: (a) STS measurements of dI/dV curves taken at 300 K on top of
high (blue) and low (red) areas. (b), (c) dI/dV maps at -100 mV and +200 mV,
respectively. The so called high and low areas are marked by blue and red spots,
respectively. (d) dZ/dV curves in the field emission regime taken on high (blue)
and low (red) areas. (a),(b),(c) adapted from A. L. Vázquez de Parga and coworkers.101 (d) Adapted from B. Borca and co-workers.139

However, the first FER does not follow the local surface potential. The origin
of such behaviour turns out to be the strong hybridization between carbon
and Ru atoms at low areas: A resonant state from the Ru(0001) valence band
suffers an energy promotion in low areas, becoming a surface state. Thus a
strong hybridization with the first FER takes place, generating an energy
splitting and leading to two resonances at +3.0 and 4.8 eV. Conversely, for
high areas, the first FER appears at 4.4 eV while the Ru(0001) resonant state
remains among the occupied states without energy promotion.139
A variation of the electronic properties is also present between the two
different lower areas: HCP-Top and FCC-Top areas. DFT calculations using
a 1x1 model, which mimic the FCC-Top and HCP-Top areas of the (10x10)
Ru(0001) superstructure, can describe qualitatively most features of the electronic properties of the system.136 Doing so, important differences between
HCP-Top and FCC-Top areas have been found. Particularly, an interface
state localized at HCP-Top areas becomes a surface resonance at FCC-Top
areas.145 The interface state at HCP-Top areas is almost completely localized
in the graphene layer and first ruthenium layer (Fig.3.6a). In addition, its
probability density at carbon atoms is much larger than in FCC-Top areas.
Here, on the other hand, the state is delocalized towards the bulk and in
various ruthenium layers, as can be seen in Fig.3.6b. The localization of
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the interface state at HCP-Top areas favours the local hybridization with an
eventual adsorbate, leading to site-selective adsorption. This effect has been
found in physisorbed molecules such as iron phthalocyanines, which adsorb
mainly on HCP-Top sites.146 Also, Pt and Ru nanoclusters have been found
to attach preferentially on HCP-Top areas.147–149 DFT calculations found
that this behaviour is due to the unoccupied d orbital of the transition metal
atoms and the strong sp3 hybridization of carbon atoms at HCP-Top sites.150

Probability density |Ψ2 | averaged for different layers of the
gr/Ru(0001) system at the K point of the 1st Brillouin zone of (a) the states
at E = +0.02 eV of the 1 x 1-(HCP-Top) model, (b) the states at E = -0.15 eV
(solid line) and E = +0.21 eV (dotted line) of the 1 x 1-(FCC-Top) model. Figure
adapted from the work by M. Garnica and co-workers.145

Figure 3.6:

In summary, the interaction between ruthenium and graphene carbon
atoms is spatially modulated by the moiré pattern, leading to a variation
of mechanical, electronic and chemical properties along its unit cell. Thus,
regarding the chemical functionalization, gr/Ru(0001) presents two important advantages over free-standing graphene: (i) The basal carbon atoms are
not identical, given that their properties change along the moiré unit cell.
(ii) Both the corrugation and the strong hybridization with the metallic substrate could increase the chemical reactivity. Therefore, gr/Ru(0001) seems
an ideal template to carry out covalent and site-selective attachments of molecular fragments.
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The next step to accomplish the chemical functionalization of graphene is
generating a suitable reactant under UHV conditions. Radical reactions, as
demonstrated by the wet chemistry approach, is indeed a successful strategy.
In the following section, we will focus on the creation and characterization
of molecular radicals by means of UHV techniques.

3.3

Radical formation under high vacuum conditions

The formation of chemically active species under high vacuum environments
(10−6 Torr) has been an important topic in techniques such as hot-filament
chemical vapour deposition (HF-CVD).151–154 A remarkable source of contaminants is the hot-filament itself, which, depending on the present gas
mixture, led to the generation of different radical species. Similar processes
occur in the ion gauge, a common instrument employed in high and ultra-high
vacuum systems to measure the pressure of the system. In fact, additional
doping of organic semiconductors was associated with contaminants created
in the ion gauge.155 Also it has been reported that graphene devices are
sensitive to impurities coming from the same source.156 But this effect, undesirable in principle, could be turn into a new method to create chemically
active species in UHV systems. In this work the ion gauge will be employed
to generate neutral free radicals that will serve as reactants in the chemical
functionalization of graphene on Ru(0001).
Anhydrous acetonitrile (Assay: ≥99.9%) was purified by several flushpump cycles through a leak valve in the load-lock chamber and analysed by
means of quadrupole mass spectroscopy (QMS). The resulting mass spectrum
is shown in Fig.3.7. The highest signal appears at 41 amu and is associated
with the parent ion CH3 CN+ . It is followed in intensity by different lines
at 40, 39 and 38 amu, which are related with the ions CH2 CN+ , CHCN+
and C2 N+ , respectively. The high intensity of these lines, specially that at
40 amu, indicates a remarkable abundance cyanomethyl radicals, which are
known to be produced directly from CH3 CN by homolytic cleavage of C−−H
bonds.157–159 Smaller ions related to seldom fragments of the acetonitrile
molecule are also detected. The contribution of air remaining from the flushpump cycles to this QMS spectrum is negligible. This can be concluded by
comparison with a QMS air spectrum scaled to 32 amu (molecular oxygen),
as shown by the blue curve in Fig.3.7.
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Figure 3.7: QMS spectrum with 10−6 Torr partial pressure of anhydrous acetonitrile (grey). It is compared to an air spectrum scaled to #32 (blue). The most
intense lines appear at 41 (related to the parent molecule, CH3 CN, labelled in
black) and 40 amu (related to CH2 CN• fragments, labelled in red). Contribution
from air is negligible.

It is worth noting that, as explained in chapter 2, the working principle
to generate ions in a quadrupole mass spectrometer and in an ion gauge is
identical. Therefore, especial attention to the chemically active species appearing in Fig.3.7 is needed during the sample preparation. For that reason,
the exposure of gr/Ru(0001) to acetonitrile (CH3 CN) has been explored as
a function of the relative position of the sample, leak valve and ion gauge,
for three particular configurations: (i) Sample in front of leak valve and ion
gauge off. (ii) Sample in front of leak valve and ion gauge on. (iii) Sample
in front of the ion gauge on. The different sample positions and the geometry of our vacuum chambers are sketched in Fig.3.8a. In all cases, the
exposures were carried out using a CH3 CN partial pressure of 10−6 Torr for
3 minutes. In case (i), a secondary ion gauge located in the main chamber
(not shown in Fig.3.8a) was used to control the pressure during the exposure. The gr/Ru(0001) sample was kept approximately at 100 K in order to
increase the sticking coefficient and facilitate the attachment of chemically
active species. Fig.3.8b shows a STM image measured on a sample corresponding to case (i), that is, with the ion gauge off. No attachments, apart
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Figure 3.8: Influence of the ion gauge in the functionalization of gr/Ru(0001).
(a) Sketch of the UHV system geometry (tip preparation and load-lock chambers).
(b-d) STM images (10 x 10 nm2 , VB = +1.7 V, It = 30 pA ) taken on gr/Ru(0001)
samples exposed to 180 L of CH3 CN at 100K with (b) ion gauge off, (c) sample in
front of leak valve and ion gauge on, (d) sample in front of ion gauge on.

from typical defects of pristine gr/Ru(0001), can be observed. In addition,
this result is not dependent on the sample position during CH3 CN exposure
as far as the ion gauge is off. Then, it is possible to conclude that CH3 CN
molecules do not attach to the graphene sample. Also, active chemical species generated by other sources in the UHV system can be discarded as well.
When the CH3 CN exposure is carried out with the sample in front of the
leak valve while the ion gauge is on, that is, for case (ii), some attachments
are clearly detected as revealed by the STM image in Fig.3.8c. Therefore,
these attachments should have been created by the ion gauge out of the dosed
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acetonitrile molecules. As it was mentioned before, the molecular fragments
produced by the ion gauge are revealed in the QMS spectrum of Fig.3.7, being
the cyanomethyl radical CH2 CN• the most abundant active chemical species.
Finally, graphene samples exposed under the conditions of case (iii), that is,
in front of the active ion gauge, present a dramatic increase in the amount
of attachments, as can be seen in Fig.3.8d. Thus the degree of functionalization can be directly related to the distance between sample and ion gauge
during the CH3 CN exposure. From these results we can conclude that the
chemically active species that attach to the gr/Ru(0001) sample are mainly
CH2 CN• radicals originated in the ion gauge.
In addition to some calculations predicting the homolytic cleavage of
CH3 CN molecules to form CH2 CN• radicals,157–159 Dr. Daniele Stradi calculated the bond dissociation energy (BDE) in gas phase. The constrained
energy minimization for different values of the distance between the abstracted hydrogen atom H and the remaining CH2 CN• radical, dH−−CH2CN , was
carried out. Through this method, the BDE can be estimated as the energy difference between the resulting optimized geometry for each distance
dH−−CH2CN and the original CH3 CN molecule. The resulting curve of the
BDE as a function of dH−−CH2CN is shown in Fig.3.9, being the estimated
total bond dissociation energy, ∆E = 92.431 kcal mol−1 , in good agreement
with previous calculations.158, 159

Figure 3.9: Bond dissociation energy for the CH3 CN –> CH2 CN• + H• reaction
in the gas-phase as a function of the distance dH−−CH2CN .
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Yoshida et al.160 managed the formation of CH2 CN• radicals from CH3 CN
molecules using the combination of a palladium catalyst and a titanium dioxide photocatalyst. Following this procedure, the cyanomethylation of aromatic rings through the creation of a C-C bond was achieved. Some theoretical works also study the reaction of CH2 CN• radicals with C=C double
bonds to form C-C single bonds.161–163 In the next section we will look into
the nature of the interaction between the attached cyanomethyl radicals and
the carbon atoms from our gr/Ru(0001) system.

3.4

Adsorption of CH2CN• on gr/Ru(0001)

A partial pressure of 1 x 10−6 Torr of CH3 CN for 3 min (180 L) was dosed
to samples of graphene on Ru(0001) at room temperature. STM images
at different bias voltages on a particular area of one of these samples are
shown in Fig.3.10. No signal coming from functionalized sites are observed
in the images acquired with bias voltages below +1.0 V, then, for higher
bias voltages, small protrusions are clearly observed. In addition, the apparent corrugation reduction of the moiré pattern, and its subsequent inversion
around +2.5 V,132 facilitates the identification of the adsorption sites. The
apparent height and lateral width of the protrusions are 26 ± 2 pm and
560 ± 20 pm, respectively. These values are in agreement with the study
on CH3 CN molecules adsorbed on Pt(111), carried out by Katano and coworkers,164 although they are bias dependent. The black feature on one of
the ripples, encircled in grey, is a common defect in pristine gr/Ru(0001). It
is related to oxygen coming from the preparation of the Ru(0001) surface.165
It is also more remarkable for bias voltages where the moiré corrugation is
less prominent. The molecular attachments are observed exclusively at low
areas of the moiré pattern and, interestingly, most of them are on HCP-Top
areas. In fact, Fig.3.10 shows eight molecular attachments, one on FCC-Top
and seven on HCP-Top site, pointing out the site-selective character of the
adsorption. This point will be discussed later, in section 3.5.
Depending on the strength in the interaction between the CH2 CN and
graphene, electronic distortions are expected in the graphene on Ru(0001)
system. The inset of Fig.3.11a shows two small protrusions, related to attached molecular fragments, surrounded by non-functionalized sites of the
moiré pattern. To elucidate the modifications on the electronic structure
due to the molecular attachments, STS measurements were performed on
non-functionalized and functionalized areas. At pristine sites, dI/dV curves
show the well known asymmetry between occupied and non-occupied elec-
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Figure 3.10: (a-f) 10 x 10 nm2 STM images with different bias voltages acquired
at 80 K after exposing gr/Ru(0001) to 180 L of acetonitrile at 300 K. Notice
the presence of seven protrusions on HCP-Top sites and one on FCC-Top sites.
Encircled in grey an oxygen defect coming from the preparation of the Ru(0001)
surface.

tronic states on high and low areas of the moiré unit cell,101 as revealed
in Fig.3.11a. Also, no important differences can be distinguished between
signals coming from HCP-Top and FCC-Top areas. However, on the functionalized sites, an additional feature at around +1.6 V appears. Although
in the past this feature was identified as the lowest unoccupied molecular
orbital (LUMO) of the adsorbed molecule,165 recent DFT calculations performed by Dr. M. Pisarra, from F. Martín group, concluded that the LUMO
of the attached CH2 CN• radical should be located at an energy higher than
+3 V (Fig.3.11b). Taking into account that in DFT calculations the energy
distance between HOMO and LUMO of adsorbed molecules is frequently underestimated, it is not reasonable to relate the feature at +1.6 V with the
LUMO of the attached molecule. Instead, this feature is now identify as a
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Figure 3.11: a) dI/dV curves recorded at 80 K on a functionalized site (green),
an empty FCC-Top site (purple), an empty HCP-Top (blue) and on a ripple
(FCC-HCP site, black). A STM image showing the locations where the spectra
were taken is shown in the inset. b) Projected density of states calculated on
the attached -CH2 CN molecular fragment (green) and the underlying graphene
(blue). Results obtained by Dr. M. Pisarra, from Prof. F. Martín group (private
communication).

new emerging state coming from the distortion of the graphene electronic
structure around the functionalized site. In fact, this distortion is very local,
appearing only at the protrusions, while the non-functionalized areas present
the same electronic structure than pristine gr/Ru(0001). Concerning the
highest occupied molecular orbital (HOMO) of the molecular attachment,
the calculations locate it around -4.5 V, falling out of the measured energy
window.
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Fig.3.12a shows an atomically resolved image of the gr/Ru(0001) area
functionalized with three molecular attachments (encircled in white). The
molecular attachments appear as an atomic vacancy in the graphene lattice
when a bias voltage few millivolts away from the Fermi level is used. This
observation implies a strong decrease of the graphene LDOS at the binding
carbon atom. In addition, the harsh conditions of the tunnelling junction
during the image acquisition (2 mV bias and 800 pA current) should be more
than enough to manipulate a physisorbed molecule.166 But here the molecular attachments remain in place, as it is demonstrated in the STM image of
Fig.3.12b, taken immediately after Fig.3.12a at 1.7 V and 100pA. Under these
conditions the molecular attachments are imaged through the 1.6 V state,
as usual. Besides, after trying standard manipulation techniques,167, 168 the
molecules remain at the same adsorption site, confirming the remarkable
strength of the bond. These experimental results are in agreement with the
formation of a covalent bond between CH2 CN• radicals and graphene.
To gain atomic understanding of this chemical reaction, Dr. D. Stradi carried out DFT calculations for the adsorption of CH2 CN• on gr/Ru(0001).165
The most stable adsorption configuration obtained was on HCP-Top site with
the orientation shown in Fig.3.12c, where the alkyl carbon atom of CH2 CN•
lies closer to the graphene surface. This is the same orientation observed in
the cyanomethylation of arenes.160 The projected density of states (PDOS)
on the graphene carbon binding atom is strongly quenched with respect to the
same atom in pristine gr/Ru(0001), especially close to the Fermi level (EF ),
as can be seen in Fig.3.12d. The quenching of the LDOS is extremely local,
in such a way that the PDOS on graphene carbon atoms that do not participate in the bond remain unaltered, as can be seen in Fig.3.12e. This result
is in agreement with the atomically resolved STM images where graphene’s
binding carbon atoms appear as atomic vacancies when imaged close to the
Fermi level. In addition, these atoms are expected to experience an out-ofplane buckling, which can be related to a change of their orbital hybridization
from sp2 to sp3 , as sketched in Fig.3.12c. All these features demonstrate the
covalent nature of the bond between CH2 CN• radicals and gr/Ru(0001).
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(a) High resolution STM image (17 x 12 nm2 , VB = +2 mV,
It = 800 pA), acquired at 80 K on a region containing three molecular attachments (white circles). (b) Same region scanned afterwards with VB = +1.7 V and
It = 100 pA. All three molecular attachments are still in place. The moiré unit
cell is highlighted. (c) Optimized geometry of the CH2 CN• radical attached on
graphene. The red (solid), orange (dashed) and green (dotted) atoms are used
to calculate their projected density of states (PDOS) for gr/Ru(0001) in (d) nonfunctionalized site and (e) functionalized site.

Figure 3.12:
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Site-selective covalent functionalization

As it has been suggested along this chapter, the moiré pattern presented in
gr/Ru(0001) provides a template for site-selective interactions. In fact, the
most stable adsorption configuration for the CH2 CN• radical on gr/Ru(0001)
is on HCP-Top sites. This is confirmed by STM images acquired on samples
that were exposed to CH3 CN at room temperature, as that shown in Fig.3.13a.
It can be noted that all adsorbed molecules are on low areas of the moiré unit
cell, but, what is more important, most of them are adsorbed on HCP-Top
areas. Particularly, for the STM image shown in Fig.3.13a, there are 14 molecules adsorbed on HCP-Top sites (encircled in green) and 3 on FCC-Top
sites (encircled in blue). Dr. Stradi ran DFT calculations to obtain the
adsorption energy between CH2 CN• radicals and gr/Ru(0001). Both the
HCP-Top and FCC-Top areas have been considered, since they exhibit distinct surface electronic structure as a consequence of their different stacking
sequence.169 For each area, different initial configurations of the molecule
have been considered: (i) cyanomethyl long axis is parallel to the surface,
the C-N bond is aligned with a graphene C-C bond, and the N atom points
toward a graphene C atom at FCC (HCP) or at top stacking; (ii) cyanomethyl long axis is normal to the surface above either a graphene C atom
at FCC (HCP) or at top stacking, with the N atom pointing toward the
surface; (iii) cyanomethyl long axis is parallel to the surface, with the C-N
bond above a honeycomb ring and the N atom pointing toward a graphene
C atom at FCC (HCP) or at top stacking. The adsorption energies for each
initial configuration (numbered from 1 to 6) are represented in Fig.3.13b.
The two most stable situations derive from the configurations 1 and 4, either
for FCC-Top or HCP-Top sites (see Fig.3.13c and Fig.3.13d). In addition,
the obtained adsorption energies are within the range of a covalent bond
(>2.1eV). Remarkably, the HCP-Top/FCC-Top preference which is observed
in the experiments is also reproduced. Therefore, if the reaction between
CH2 CN• radicals and gr/Ru(0001) is site selective, it should be possible
to functionalize the graphene system covalently and with long-range order.
On the other hand, concerning the CH3 CN molecule, adsorption energies of
0.40 ± 0.03 eV and 0.42 ± 0.02 eV for HCP-Top and FCC-Top sites, respectively, are obtained. This is in good agreement with the absence of molecular
attachments on the surface when the CH3 CN exposure is performed with the
ion gauge off.
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Figure 3.13: a) STM image (15 x 30 nm2 , VB = +1.5 V, It = 30 pA) acquired at
78 K . Molecular attachments are encircled in green for HCP-Top sites and blue for
FCC-Top sites. b) Adsorption energies calculated for the different configurations of
CH2 CN• on the HCP-Top (green boxes) and on the FCC-Top (blue boxes) regions
of the gr/Ru(0001) moiré. c) and d) Ground state adsorption geometries of the
two most stable configurations of CH2 CN• adsorbed on the HCP-Top region of
the gr/Ru(0001) moiré. Graphene atoms are coloured from dark-grey to white
depending on their height. Carbon, nitrogen, and hydrogen atoms of the molecule
are coloured in cyan, blue, and white, respectively.
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As explained before, the site dependent adsorption energy together with
the covalent nature of the bond could be exploited to obtain a covalent functionalization of the graphene system with long-range order. To accomplish
this goal, it is important to improve both the yield and the site-selectivity of
the reaction between CH2 CN• radicals and gr/Ru(0001). In the following we
will use the concept of yield when referring to the amount of functionalized
HCP-Top sites, independently on the number of attached molecules per area.
On the other hand, the concept of site-selectivity will be referred to the rate
of molecules that are bound on HCP-Top sites in contrast to those bound on
other sites of the moiré pattern.
Our first attempt to improve the yield was just increasing the exposure time: With the same partial pressure of CH3 CN (10−6 Torr) and the
gr/Ru(0001) sample at room temperature, the exposure time was augmented from 3 min (180 L, used in previous experiments) to 12 min (720 L).
Another improvement on the sample preparation was controlling the emission current of the ion gauge during the exposure, being set at a fixed value
of 10 mA. This provided a better reproducibility on the amount of CH2 CN•
radicals created during the sample preparation. A STM image measured on a
sample grown under the mentioned conditions can be seen in Fig.3.14a. Despite the augmented yield (76% of HCP-Top sites are functionalized), there
is no long-range order on the surface. In fact, the site selectivity decreases
and is as low as 48%.
A way to improve the site-selectivity of the reaction is increasing the
sample temperature during the CH3 CN exposure. By doing so, the diffusion
of CH2 CN• radicals over the surface is facilitated, thus helping them to find
the most stable sites (HCP-Top areas) and preventing the adsorption on less
favourable ones (FCC-Top areas). Simultaneously, the desorption of weakly
bound molecules with less favourable configurations will be enhanced. Thus,
increasing the sample temperature during the CH3 CN dose to 354 K and
keeping the remaining preparation parameters, a surface like that shown in
Fig.3.14b is obtained. Now a clear improvement of site-selectivity can be
noted (73%), however it is accompanied by a slight decrease of the yield
(65 %). This lower yield is in agreement with the desorption of CH2 CN•
radicals from less favourable adsorption configurations, as can be deduced
from the decrease in the final molecular coverage shown in the last column
of Table4.2. Further increase of the exposure temperature up to 374 K result in a 79% yield while the selectivity is almost complete (98%) as can be
seen in Fig.3.14c. Note that the yield increase is accompanied by the expected decrease of the final coverage, which is due to the relation between
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sticking coefficient and temperature. However, the remarkable improvement
of site-selectivity boosts the amount of molecular attachments adsorbed on
HCP-Top sites.

(a) STM image (68 x 34 nm2 , VB = +1.7 V, It = 10 pA) acquired after exposing the sample at 300 K to 720 L of CH3 CN. (b) STM image
(82 x 40 nm2 , VB = +1.7 V, It = 10 pA) acquired after exposing the sample at
354 K to 720 L of CH3 CN. (c) STM image (73 x 32 nm2 , VB = +1.7 V, It = 15 pA)
acquired after exposing the sample at 374 K to 1080 L of CH3 CN. All images were
acquired at 78 K.

Figure 3.14:

Fig.
3.14a
3.14b
3.14c
3.15a

T (K)
300
354
374
374

Exposure (L)
720 ± 1
720 ± 1
720 ± 1
1080 ± 1

Yield (%)
77 ± 1
65 ± 1
79 ± 1
92 ± 1

Selectivity (%)
48 ± 1
73 ± 1
98 ± 1
98 ± 1

Coverage (ML)
6.6x10−3
4.2x10−3
3.5x10−3
4.0x10−3

Table 3.1: Different sample preparation parameters (Temperature (T) and Exposure) and their resulting statistics regarding the covalent functionalization of
gr/Ru(0001).
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Once the exposure temperature for a extremely high site-selectivity was
determined, the exposure time was increased from 12 minutes (720 L) to
18 minutes (1080 L) in order to improve the yield. A STM image taken
on the resulting surface is shown in Fig.3.15a. 92% of HCP-Top sites are
functionalized while an almost perfect site-selectivity is preserved (98%).170
In Fig.3.15a, there are 395 HCP-Top sites available of which 362 are occupied
(92% yield). Conversely, only 7 FCC-Top sites are functionalized, which leads
to a site-selectivity of 98 %. A higher coverage than that related to the sample
of Fig.3.14c is a consequence of the increase in exposure time, as can be seen
in Table 4.2.
It is worth noting that not all the protrusions related to the attachments present the same shape or apparent height. Especially in the STM
images taken in the samples with the highest coverage, such as that shown
in Fig.3.15a or Fig.3.15b. This could be explained if some HCP-Top areas
accommodate more than one molecular addend. In fact, the surface shown
in Fig.3.15a presents on average 1.4 molecules per moiré unit cell, thus implying the existence of attached molecular clusters. This is demonstrated by
atomically resolved STM images like the one shown in Fig.3.15b. Here the
graphene carbon atoms bound to CH2 CN• radicals are resolved, and up to
3 addends per HCP-Top areas can be clearly observed. Fig.3.15b reveals a
STM image taken exactly on the same area than Fig.3.15b but injecting the
tunnelling electrons in the 1.6 V state. Interestingly, the shape of the protrusions in Fig.3.15b coincides with the geometric configuration of the molecular
attachments revealed in Fig.3.15c. The magenta and green circle mark two
functionalized HCP-Top areas with one and three molecular attachments
respectively.
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Figure 3.15: (a) STM image (73 x 32 nm2 , VB = +1.7 V, It = 15 pA) showing
long range selectivity and extremely high yield of the covalent functionalization.
(b) Atomically resolved STM image revealing different number of attachments per
functionalized area (17 x 12 nm2 , VB = + 2 mV, It = 800 pA). (c) STM image on the
same area but with different tunnelling parameters (17 x 12 nm2 , VB = +1.7 V,
It = 10 pA). All STM images were acquired at 78 K after exposing the sample at
374 K to 1080 L of CH3 CN. The magenta and green circles highlight single and
triple functionalized HCP-Top areas, respectively.
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Conclusions

Ideal graphene is a promising material with unique fundamental properties
that are suitable for a myriad of applications. However, a controlled chemical
functionalization is required for it to be successfully included in devices. Two
important obstacles hinder accomplishing that goal: i) Low reactivity of
graphene. ii) Identical basal carbon atoms. We showed that it is possible to
overcome these obstacles working under UHV conditions and choosing the
Ru(0001) surface as a substrate for graphene.
Molecular radicals were considered appropriate reactants to achieve the
chemical functionalization. In order to generate them, a partial pressure
of acetonitrile, CH3 CN, was inserted in the UHV system with subsequent
homolytic cleavage taking place in the ion gauge. As a result, molecular
fragments of CH2 CN• radicals were created. This fact was demonstrated by
means of QMS measurements.
Upon the exposure of gr/Ru(0001) to CH2 CN• radicals, -CH2 CN groups
end up attached to the graphene surface by means of covalent bonds, as suggested by atomically resolved STM images and DFT calculations.165 Due to
the moiré pattern, the reactivity of graphene carbon atoms is spatially modulated, making the reaction between CH2 CN and graphene site-selective. The
HCP-Top areas were found to be the most energetically favoured. Furthermore, a suitable sample temperature during the exposure of graphene to
acetonitrile resulted in chemically functionalized samples with a high yield
and exquisite site-selectivity.170

4

Chemical reaction on covalently
functionalized graphene
4.1

Graphene and heterogeneous catalysis

Following the definition of Wilhelm Ostwald: "A catalyst is a substance
which affects the rate of a chemical reaction without being part of its end
products".7 Catalytic processes are essential in the chemicals and energy industries. The Haber-Bosch process for ammonia synthesis,171, 172 Fischer-Tropsch
synthesis of hydrocarbons,173 automotive catalytic converters174 or Three-Way
catalysts175 are a few examples among a huge amount of processes that contribute to a more efficient and sustainable development. These reactions
are examples of heterogeneous catalysis, that is, catalytic reactions in which
two or more phases are present. The interfaces between phases, such as liquid/solid or gas/solid interfaces, are the place where the reactions occur.
Surface science allows to investigate this two-dimensional chemistry at the
atomic scale, thanks to a myriad of surface sensitive techniques that enable
the study of structural, electronic or chemical properties.176
Carbon based surfaces have played an important role in heterogeneous
catalysis, being widely used as support to disperse catalyst particles.177 For
instance, the use of graphene nanosheets as a support for platinum catalysts
has been related to an increase of catalytic activity in methanol fuel cells.178
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In addition, other applications for graphene derivatives include graphenebased electrocatalysts,179–181 metal-free catalysts,182–184 photocatalysts185–187
or supercapacitors.188
However, when working with transition metals, carbonaceous deposits
such as carbide or graphitic carbon structures usually are a major obstacle for
catalytic processes: The surface active sites are physically blocked by carbon
deposits, which poison the reaction due to its chemical inertness. Therefore,
in reactions where carbon-containing reactants are involved, a great effort is
usually made to inhibit the formation of carbon structures. For instance, in
the steam reforming of methane, where Ni is used as a catalyst, it is necessary
the addition of Au atoms to avoid the carbon poisoning, as revealed by STM
studies.189 Another example is given by the oxidative dehydrogenation of
ethane to produce ethylene, where alumina (Al2 O3 ) has been proved to avoid
coking and sintering.190
The same phenomenon that produces carbon poisoning in transition metals
can be employed to grow epitaxial graphene, as explained in the previous chapter. Interestingly, the moiré pattern, resulting from the mismatch
between graphene and metal substrate, has attracted considerable interest as
a way to create patterns of metallic nanoparticles that act as nanocatalysts.
The growth of homogeneous and size-controlled metal nanoparticles is of
paramount importance to improve the efficiency of the catalyst.150 Another
route to produce catalytic reactions in epitaxial graphene systems has been
found through the intercalation of reactants.191 A great variety of chemical
species, from metal atoms to molecules, can be inserted underneath graphene.
Consequently, some molecules, being confined between the graphene layer
and the metal surface, can react in a system that resembles a two dimensional
reactor. Following this strategy, CO oxidation192 and hydrogen oxydation191
was achieved in graphene/Pt(111), while water decomposition was found in
graphene/Ni(111).193
Despite its indirect role either as support for nanocatalysts or as confinement layer, there are scarce studies on chemical reactions directly promoted
by epitaxial graphene under UHV conditions. In this chapter we will study
the reaction between -CH2 CN groups and TCNQ molecules, catalysed by the
gr/Ru(0001) surface. In addition, the electronic properties of the product
molecule will be addressed.

4.2 Chemical reaction promoted by gr/Ru

4.2
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The -CH2 CN functionalized gr/Ru(0001) surface represents a new graphenebased chemical environment that can be employed to study reactions between
molecules. On the other hand, TCNQ molecules on gr/Ru(0001) have been
widely studied in the past.145, 194, 195 It was demonstrated that they have
a radicaloid character on the gr/Ru(0001) surface as a consequence of a
charge transfer process. In this section we will describe in detail a chemical
reaction between -CH2 CN groups, previously attached to gr/Ru(0001), and
physisorbed TCNQ molecules. It will be demonstrated that this reaction is
catalysed by the gr/Ru(0001) surface.

4.2.1

The molecular reactants: CH2 CN and TCNQ

Starting from pristine acetonitrile molecules, in the previous chapter we reported how CH2 CN• radicals were created in an UHV system through homolytic cleavage taking place in the ion gauge. The subsequent chemical
reaction between CH2 CN• and gr/Ru(0001) resulted in a long-range spatial
arrangement of covalently bonded CH2 CN fragments on the HCP-Top areas
of the gr/Ru(0001) moiré unit cell.165, 170 These can be considered respectively as the first and second steps of a complex chemical reaction. In this
section we will focus on a third step, which is triggered by the deposition of
an additional molecule: The 7,7,8,8-Tetracyano-p-quinodimethane (TCNQ)
molecule.
TCNQ is an electron acceptor molecule widely used to p-dope graphene.196, 197
In its neutral state it exhibits a non-aromatic quinoid structure, with singledouble bond alternation(p-quinoid character) including the exocyclic bonds
at both sides of the hexagonal core,198 as shown in Fig.4.1a. The addition of
one electron leads to the aromatization of the central ring, losing the quinoid
character. As a consequence, the exocyclic double bonds from the neutral
molecule become single bonds upon reduction, with the corresponding increase in length (See Fig.4.1b). The extra electron is accommodated in the
LUMO orbital of the neutral TCNQ molecule, alternating a higher electron
density over the two dicyanomethylene ends. Then one of the molecular ends
remains radical while the other one loses the radicaloid character by accumulating the extra negative charge. A second electron can be accommodated,
destroying the remaining radical character and forming a dianion, as sketched
in Fig.4.1c. In the anionic and dianionic forms, the exocyclic carbon atom
presents a higher sp3 character, increasing its reactivity and facilitating the
bending of the exocyclic group.199
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Figure 4.1: a) In the neutral form, the TCNQ molecule presents an alternation
between single and double bonds. b) Upon the addition of one electron, the central
ring is now aromatic while the exocyclic bonds increase their length and become
single bond. c) A second electron destroys the radical character and the molecule
becomes a dianion.

According to previous works, when TCNQ molecules are deposited on
gr/Ru(0001) both topographic STM images and STS maps show the spatial
distribution of the molecular orbitals almost unperturbed.194, 195 This is because of the low density of states of graphene around the Fermi level, which
prevents the hybridization between the molecular orbitals and the electronic
states from the Ru(0001) surface. The preferred adsorption area is between
two ripples, that is, the so-called bridge position. Under this configuration
the TCNQ molecule locates one exocyclic group on FCC-Top site and the
other on HCP-Top site.145 However, despite the low interaction with the
gr/Ru(0001) surface, TCNQ molecules acquire an extra electron by charge
transfer from the substrate. As a result, the molecule develops a magnetic
moment and, after self-organization, constitutes the first example of a purely
organic system with long range magnetic order.195 But what is more important regarding its chemistry is the radicaloid character of the reduced
TCNQ molecules, which is due to the changes in their structure after the
charge transfer from the substrate. Consequently, the reactivity of TCNQ
molecules increases when adsorbed on gr/Ru(0001).
In this work an evaporator was employed to deposit TCNQ molecules on
graphene. Using an evaporation temperature of 80o C, TCNQ molecules were
deposited on a pristine gr/Ru(0001) substrate, kept at room temperature, to
calibrate the amount of molecules reaching the sample. After an exposure of
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Figure 4.2: STM topographic images acquired at 4.6 K of a) TCNQ molecules on
gr/Ru(0001) (It = 25 pA, Vb = -0.8 V), b) CH2 CN molecules chemically attached
to gr/Ru(0001) (It = 10 pA, Vb = 1.7 V), c) CH2 CN chemically functionalized
gr/Ru(0001) after exposure to TCNQ. An attached -CH2 CN group to graphene
(encircled in white), an adsorbed new chemical species (encircled in blue) and a
non functionalized HCP-Top site (encircled in grey) are marked.

40 seconds, dimers and isolated TCNQ molecules can be observed, as shown
in Fig.4.2a. All STM measurements were done at low temperature (4.6 K)
in order to prevent surface diffusion. In addition, the tunnelling current was
kept below 100 pA to minimize the tip-molecule interactions.
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Once the TCNQ evaporator has been calibrated, it can be used to deposit
the molecules on a covalently functionalized gr/Ru(0001) sample. Following
the procedure addressed in the previous chapter, a graphene sample functionalized with CH2 CN molecular fragments was prepared. In particular,
the sample shown in the STM image of Fig.4.2b was obtained after exposing
a pristine gr/Ru(0001) surface at 353 K to 720L of CH3 CN with the ion
gauge emission current set at 10 mA. Then, the functionalized graphene was
exposed at room temperature to a beam of TCNQ for 40 seconds. As a result, a new scenario is found: The STM image of Fig.4.2c reveals among the

Figure 4.3: a),b) STM images of the same region acquired simultaneously
at +1.5 V and -1.5 V, respectively, from the resulting sample after depositing
TCNQ molecules on chemically functionalized gr/Ru(0001) (It = 5 pA). The different species have been encircled to mark isolated CH2 CN groups attached to
HCP-Top sites (white), one of the new species (blue) and its parallel (purple) and
antiparallel (red) dimers, respectively. Inset: Isolated pristine TCNQ and new
chemical species.
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attached CH2 CN molecules new chemical species. One of them is encircled
in blue, appearing brighter than the attached CH2 CN molecules (encircled
in white). Furthermore, under these tunnelling conditions, the new molecule
presents a characteristic shape, consisting of a large protrusion which is joined
to a smaller one.
Taking into account that TCNQ molecules increase their radicaloid character when deposited on gr/Ru(0001) and the radical character of the -CH2 CN
groups, the chemical reaction between both moieties is a plausible hypothesis.
Interestingly, the intramolecular resolution changes dramatically depending on the bias voltage. STM images taken at +1.7 V and -1.5 V are shown
in Fig.4.3a and Fig.4.3b, respectively. One of the new species has been encircled in blue for comparison. At negative voltages, one half of its body
resembles the spatial distribution of the LUMO orbital associated with a
TCNQ molecule on gr/Ru(0001), as remarked in the inset of Fig.4.3b. This
result reinforces the idea of a chemical reaction between TCNQ and CH2 CN.
It is worth mentioning that isolated TCNQ molecules are scarce compared
with the amount of new species, thus most of them would have reacted with
CH2 CN groups. The existence of dimers formed by the new species can
also be noted, presenting two main configurations: In parallel (purple) and
anti-parallel (red) configuration.

4.2.2

Theoretical calculations on the reaction

In order to identify the structure of the modified TCNQ molecules, Dr. Michelle
Pisarra, from Prof. Fernando Martín’s group at the Universidad Autónoma
de Madrid, carried out geometry optimization calculations in gas phase. First
they considered the possible configurations resulting from the combination of
-CH2 CN and TCNQ as well as their thermodynamic stability. The starting
configurations chosen for the geometry optimization calculations are shown
in Fig.4.4. In all 6 cases, the -CH2 CN group is placed flat, locating the C-H2
part right above two different carbon atoms of the TCNQ: i) The ring carbon
atom (Input Geometries 1-3), ii) the exocyclic carbon atom (Input Geometries 4-6). The -CH2 CN group was placed in such a way that the C≡N part
pointed at different angles with respect to the TCNQ long axis: i) Aligned
with the TCNQ long axis and pointing towards the centre of the closer exocyclic group (Input Geometries 1 and 4) ii) Aligned with the TCNQ long axis
and pointing towards the centre of the ring (Input Geometries 2 and 5) and
iii) forming 60o with the TCNQ long axis. For the last case (iii), due to steric
hindrance, the orientation is different depending on the carbon atom of the
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Figure 4.4: Starting configurations for the geometry optimizations in gas phase:
For each geometry a top and side view is given. Figure elaborated by Dr. M.
Pisarra, from Prof. F. Martín’s group (private communication).

TCNQ where the C-H2 part of the -CH2 CN is located. On the ring carbon
atom the C≡N of the CH2 CN is parallel to a C≡N of the TCNQ (Input
Geometry 3). On the exocyclic carbon atom the C≡N part from the CH2 CN
is parallel to one of the bonds in the ring of the TCNQ (Input Geometry 6).
The geometry optimization was carried out at different theory levels:
1) DFT calculations: 1.1) PBE-PE as implemented in VASP,200, 201 and
1.2) B3LYP as implemented in Gaussian; and 2) second order Møller-Plesset
perturbation theory (MP2). A full relaxation of all the coordinates was carried out without imposing any condition to the symmetry of the molecule.
A strict convergence criteria of 10−5 eV and 0.01eV/Å was employed. The
collected binding energies, calculated as E(separated molecules)-E(product),
being E(product) the total energy when the geometry optimization is finished, is shown in table 4.1 for each theory level.
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Geometry
Geo 1
Geo 2
Geo 3
Geo 4
Geo 5
Geo 6
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Binding Energy (eV)
PBE-PE
B3LYP
MP2
0.004
0.068
Does not converge
0.209
0.054
Does not converge
0.283
0.068
Does not converge
1.304
1.120
0.614
1.177
Ends in Geo6
Ends in Geo6
1.342
1.160
0.676

Table 4.1: Binding energies of the product molecule after geometry optimization
in gas phase for each theory level. A positive value indicates an exothermic reaction.
The most stable geometries are highlighted. Calculations performed by Dr. M.
Pisarra, from Prof. F. Martín’s group (private communication).

Since the starting geometries 1-3 did not lead to a stable output, the
results suggest that only the exocyclic C atom of the TCNQ molecule can
take part in the newly formed C-C bond with the -CH2 CN group. Geo 4 and
Geo 6 converge to stable configurations, while Geo 5 ends in the same output
than Geo 6. Thus two geometries, represented in Fig.4.5, have been found to
be the most stable geometries for the product of a reaction between CH2 CN
and TCNQ molecules in gas phase. In both cases, the bond length for the

Figure 4.5: Most stable configurations after full geometry optimization for the
CH2 CN-TCNQ product molecule in the gas phase. Top and side view is given for
each configuration. Figure elaborated by Dr. M. Pisarra, from Prof. F. Martín’s
group (private communication).
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Figure 4.6: Computed energy profile for the reaction between TCNQ and acetonitrile in gas phase. A SN 2 mechanism is considered, leading to an energy activation of 4.91 eV. Figure and calculations elaborated by Dr. B. Nieto-Ortega, from
Prof. E. Pérez’s group (private communication).

newly formed C-C bond is 1.56-1.57 Å, similar to the nominal value of the
C-C bond. In addition, a small energy difference between Geo 4 and Geo 6
indicates a possible rotation of the -CH2 CN group at different angles. Also
we observe that the TCNQ moiety is bent due to the interaction with the
-CH2 CN group; in contrast with its planar structure when separated, while
the C-H2 fragment from the CH2 CN moiety changes the hybridization of the
C atom, presenting now a tetrahedral geometry.
Once it is clear the existence of at least two thermodynamic stable configurations, it is necessary to calculate the energy barriers for going from the
initial configurations to the final ones. In order to fulfil this goal, Dr. Belén
Nieto-Ortega, from Prof. Emilio Pérez’s group, performed DFT-based search
for saddle points using the GAUSSIAN code.202 All the calculated energies of
intermediates and transition states discussed here are referred to the Gibbs
free energies (G), which is a convenient magnitude to evaluate the stability
and feasibility of a chemical reaction. In particular we define ∆G of the
reaction as the value difference of Gibbs free energy between the transition
states and the reactants, that is, the activation energy.
In order to shed light on the role played by the surface in the reaction,
first we studied the chemical reaction for the unperturbed molecules, that
is, between TCNQ and acetonitrile CH3 CN in gas phase. The proposed
reaction follows a substitution nucleophilic bimolecular (SN 2) mechanism: A
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Figure 4.7: Two step energy profile for the reaction between a TCNQ molecule
and a -CH2 CN group covalently attached to a graphene-like structure. The calculated energy barrier between the initial configuration and the TS is 0.77eV, highlighting the role of the graphene substrate in lowering the activation energy. After
the proposed SN 2 mechanism, a spontaneous conformation change results in the
rotation of the product. Figure and calculations performed by Dr. B. Nieto-Ortega
from Prof. E. Pérez’s group (private communication).

carbon-nucleophile bond forms while, simultaneously, a carbon-leaving group
bond breaks. Here the TCNQ attacks the bond between the acetonitrile
carbon atom and a hydrogen atom. The latter is thus the leaving group.
The energy profile for the described reaction is represented in Fig.4.6, where
the transition state (TS) represents a weakened C-H bond and an emerging
C-C bond between TCNQ and CH3 CN. The proposed pathway results in a
large activation energy of 4.91 eV (113.21 kcal/mol). According to this value,
the reaction is indeed extremely unlikely under non catalysed conditions.
In a second step, we include the surface in a simple model: An initial
configuration locates a CH2 CN group covalently attached to a polycyclic
aromatic hydrocarbon molecule including 36 benzene rings (C97 H27 ), and
far apart from the latter structure an unperturbed TCNQ is situated. This
model allows to search for saddle points and to evaluate different tendencies
at a low computational cost. According to this procedure, the calculations
lead to an energetically plausible two-step pathway, represented in Fig.4.7.
The first step follows a SN 2 mechanism, resulting in a TS in which the nucleophile TCNQ attacks the bond between the CH2 CN group and the graphene
patch, that is the leaving group. Accordingly, while a new C-C bond between

76

Chemical reaction on covalently functionalized graphene

TCNQ and CH2 CN is forming, the other C-C bond between CH2 CN and the
graphene patch is compromised. The activation energy for this process is
0.77 eV (ca. 17.8 kcal/mol). After the product is formed, the graphenelike fragment recovers its fully conjugated structure, where all C atoms are
sp2 hybridized. In addition, a spontaneous second step takes place, consisting in the rotation of the product molecule in such a way that the TCNQ
moiety lies directly over the graphene patch. This step maximizes the van
der Waals interaction between product molecule and substrate, leading to a
more stable state.
It is worth highlighting that the addition of a simple graphene-like structure lowers the activation energy by roughly one order of magnitude. Therefore, although the barrier is still quite high, it points up the catalytic role
of graphene to promote the reaction. It is expected that the addition of the
ruthenium substrate, acting as a reservoir for exchanging electrons during
the reaction, will further reduce the barrier for the reaction to take place.
In addition, a similar reaction between TCNQ and cyclic enol ethers in bulk
was previously reported.203
In conclusion, according to the geometry optimization calculations and
the study of different energy profiles, we have demonstrated that a reaction
between TCNQ and -CH2 CN is possible under our experimental conditions,
resulting in a new chemical species, CH2 CN-TCNQ, which from now on will
be addressed as cyanomethyl-TCNQ (CM-TCNQ).

4.2.3

Adsorption geometry of CM-TCNQ on gr/Ru(0001)

Once the formation of CM-TCNQ has been demonstrated, now we will focus
on the adsorption of this new chemical species on gr/Ru(0001). A STM image
taken at -1.5 V is shown in Fig.4.8, revealing several CM-TCNQ molecules
and, among them, an isolated pristine TCNQ (encircled in yellow) and a
CM-TCNQ dimer (encircled in red). Graphene bound CH2 CN molecular
fragments are not observable at this tunnelling conditions. Interestingly,
the horizontal strokes present on some discussed species in the topographic
STM image indicate their tendency to move, even for the used scanning
parameters (-1.5 V, 5 pA), which minimize the interaction between tip and
sample. This observation is in contrast with the covalently attached CH2 CN
groups which, as we saw in the previous chapter, are stable even under set
point values for voltage and tunnelling current that allow the acquisition of
atomically resolved images of the graphene lattice. This fact suggests a non
covalent bond between CM-TCNQ and gr/Ru(0001).
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Figure 4.8: Topographic STM image (Vb = -1.5 V, It = 5 pA) revealing several
CM-TCNQ molecules, an antiparallel CM-TCNQ dimer (encircled in red) and an
isolated pristine TCNQ (encircled in yellow). The gr/Ru(0001) moiré unit cell
is marked, distinguishing HCP-Top (green) and FCC-Top (blue) areas, which are
separated by a dotted white line associated with bridge position.

Concerning the adsorption sites, every CM-TCNQ molecule observed is
adsorbed on the so-called bridge position, that is, the area of the moiré
unit cell located between HCP-Top and FCC-Top areas (white dotted line
inside the highlighted moiré unit cell in Fig.4.8). Interestingly, this position is
energetically the most favoured for pristine TCNQ molecules on gr/Ru(0001),
though some of them adsorb on HCP-Top areas and, seldom on FCC-Top
areas.145 On the other hand, the CH2 CN molecular fragments covalently
attached to graphene show an extremely high site-selectivity for HCP-Top
areas.
Another important fact is that CM-TCNQ molecules have a new coordinate to describe the adsorption geometry. This is due to the asymmetry
presented in the molecule by the presence of the CH2 CN group in one end,
which allows us to define an orientation. Accordingly, in the STM image
shown in Fig.4.8, we can observe that every CM-TCNQ molecule exhibits the
same orientation, with the cyanomethyl part pointing towards a FCC-Top
area and the TCNQ half towards a HCP-Top area. This means that upon
reaction, the TCNQ relocates the CH2 CN moiety with respect to the moiré
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unit cell, a fact that supports the chemical nature of the bond between TCNQ
and cyanomethyl.
In order to explain this experimental observation, Dr. Pisarra performed
DFT calculations including the ruthenium substrate, the graphene monolayer
and the CM-TCNQ as described in the previous section. The gr/Ru(0001)
surface was modelled by a three layer thick 10x10 Ru slab and a 11x11
graphene supercell adsorbed. This model describes successfully the geometry
and electronic structure of gr/Ru(0001), as described in the previous chapter.
The CM-TCNQ was placed with the TCNQ moiety directly over the surface and the -CH2 CN group pointing towards the vacuum. An upside-down
configuration resulted in less favourable states with differences of, at least,
0.5 eV. Regarding the preference between Geo 4 and Geo 6 (see Fig.4.5), the
first is favoured by an energy difference of 0.1 eV. Interestingly it was found
that, analysing different angles for the -CH2 CN group with respect to the
TCNQ moiety long axis, Geo 4 and Geo 6 configurations are minima connected by an energy barrier of less than 0.3 eV. This indicates that the rotation
of the -CH2 CN group may be allowed during the STM image acquisition.
In addition, the adsorption geometry of CM-TCNQ upon the Geo 4 configuration was studied for different orientations of the whole molecule and
sites in the moiré unit cell. Two possible molecular orientations have been
considered, with the TCNQ half of the molecule pointing either towards
FCC-Top or HCP-Top sites, labelled α and β, respectively. Then, the binding energies were calculated for the three low areas of the moiré, that is,
FCC-Top, HCP-Top, and bridge sites. It is worth reminding that the adsorption geometry observed in STM images is bridge β; that is, on bridge
position with the TCNQ half pointing towards HCP-Top. The result of the
study is summarized in Table 4.2. A good agreement with the experimental
result is achieved indeed, indicating that the bridge β configuration is the
most stable. Despite the high adsorption energy (3.31 eV), the molecule to
surface distance is 3 Å, indicating that the CM-TCNQ is physisorbed on
the surface and no chemical bond is formed between molecule and graphene.
The final adsorption geometry of CM-TCNQ on gr/Ru(0001) is depicted in
Fig.4.9.
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Configuration
HCP-Top α
HCP-Top β
FCC-Top α
FCC-Top β
Bridge α
Bridge β
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Binding Energy (eV)
3.11
3.21
3.12
3.04
3.19
3.31

Table 4.2: Binding energy for different adsorption configurations of CM-TCNQ
over gr/Ru(0001). The most stable configuration is highlighted. Calculations performed by Dr. M. Pisarra, from Prof. F. Martín’s group (private communication).

Figure 4.9: CM-TCNQ most stable adsorption configuration according to DFT
calculations (bridge β). a) Top view of the molecule, adsorbed on bridge position
with the TCNQ half pointing towards HCP-Top. b) Lateral view showing the CH2 CN group on top of the TCNQ moiety. Figure elaborated by Dr. M. Pisarra,
from Prof. F. Martín’s group (private communication).
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Electronic structure of CM-TCNQ
Molecular orbitals and STS

A way to confirm the chemical structure of CM-TCNQ molecules is to compare the spatial distribution of their molecular orbitals with that predicted
by DFT calculations. A bias voltage series of STM topographic images is
shown in Fig.4.10a-d, where three CM-TCNQ molecules, and one pristine
TCNQ as a test for possible tip changes, appear. For negative voltages, half
CM-TCNQ exhibits an intramolecular resolution reminding the molecular orbitals of a pristine TCNQ, while the other half consists in a protrusion. For
positive voltages, this protrusion remains, but the intramolecular resolution
of the other half is strongly reduced. STM images simulated by DFT have
been calculated for CM-TCNQ on gr/Ru(0001), leading to the results shown
in Fig.4.10e (negative voltages) and Fig.4.10d (positive voltages). The agreement between theory and experiments is remarkable. The main difference

Figure 4.10: a), b), c), d) STM images of CM-TCNQ on gr/Ru(0001) at different
bias voltages employing a tunnelling current of 5 pA. e), f) Simulated STM images
for negative and positive bias voltages, respectively, obtained by Dr. M. Pisarra,
from Prof. F. Martín’s group (private communication).
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is the shape of the protrusion related to the -CH2 CN moiety, that appears
round in the experimental images. This could be explained by the fact that,
as mentioned in the previous section, the -CH2 CN moiety could be rotating
around the axis perpendicular to the surface during the image acquisition.
On the other hand, the electronic structure of CM-TCNQ has to be related to that of TCNQ, according to the resemblance between both species
in the STM images. STS measurements were performed simultaneously on
the product and the parent molecule, resulting in the dI/dV curves shown
in Fig.4.11. These curves were obtained by averaging the dI/dV curves
taken on several locations at each molecule. The resulting molecular orbitals

Figure 4.11: STS spectra measured on a) Pristine TCNQ encircled in green,
b) CM-TCNQ encircled in blue. Both spectra have been measured with a lock-in
technique using a peak-to-peak modulation of 200 mV. The insets show a STM
image (5nm x 3nm, VB = -2.2 V, It = 20 pA) that indicates the pristine TCNQ
and the CM-TCNQ where the dI/dV curves have been acquired.
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Figure 4.12: a) Spin-resolved pDOS for the CM-TCNQ molecule adsorbed on
gr/Ru(0001) in the equilibrium position (on bridge site, as depicted in Fig.4.9).
b) Spin-resolved energy and occupation of the molecular orbitals for the CM-TCNQ
molecule for neutral (green) and charged -1e (red) in gas phase. Figure and calculations elaborated by Dr. M. Pisarra from Prof. F. Martín’s group (private
communication).

for the pristine TCNQ, shown in Fig.4.11a, are in agreement with previous
works.169, 195 At -1.8 V there is a feature corresponding to the Highest Occupied Molecular Orbital (HOMO), populated with two electrons. Due to the
charge transfer from the substrate to the molecule, one electron is injected
into the Lowest Unoccupied Molecular Orbital (LUMO), in such a way that
one spin component appears below the Fermi level (around -0.8 V) forming
a Single Ocuppied Molecular Orbital (SOMO). The other spin component of
the orbital remains unoccupied forming a Single Unoccupied Molecular Orbital (SUMO) and appears around +1.0 V. SOMO and SUMO are separated
in energy by the Coulomb repulsion, U∼ 2 eV.
A dramatic change is revealed in the measured dI/dV curve on the nearby
CM-TCNQ, shown in Fig.4.11b. Two main features are distinguishable, one
at -1.75 V and the other at -1.28 V. Also, between them, there is a region
presenting negative differential conductance (NDC), which will be discussed
later. No molecular orbitals are clearly observed for positive voltages up to
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+1.5 V, threshold at which the molecule becomes unstable and STS measurements become compromised.
These results can be compared with the DFT calculations performed
by Dr. Pisarra. The resulting projected density of states (pDOS) for the
CM-TCNQ exhibits three features in an energy window of ±3 eV around the
Fermi level, as shown in Fig.4.12a. Two of them are doubly occupied states
and the other is fully unoccupied. During the formation of CM-TCNQ, the
unpaired electron from the -CH2 CN moiety is injected into the SUMO of
the pristine TCNQ. Due to this occupancy, the SOMO and SUMO from the
pristine TCNQ fuse into a new HOMO. This scenario is in agreement with
the two features observed below the Fermi level in Fig.4.11b.
According to the calculations, there is a sizeable charge transfer of 0.9
electrons from the substrate to CM-TCNQ molecules, similar to the case
for pristine TCNQ on gr/Ru(0001). It is worth mentioning that, in gas
phase, CM-TCNQ molecules have an odd number of electrons, leading to
spin-polarized orbitals around the Fermi level. The occupation of molecular
orbitals is the one shown in Fig.4.12b (neutral, green). Since on gr/Ru(0001)
the molecule acquire almost one electron, the experimental results should
be compared to the charged case, in which HOMO and LUMO are fully
occupied. Therefore, the molecular orbitals are non spin-polarized, as noted
in Fig.4.12a and Fig.4.12b (charged -1e, red).

4.3.2

Suppression of the Kondo effect

In a metal, when the temperature is decreased, the amount of scattering processes between electrons and lattice vibrations diminishes and, accordingly,
the resistance decreases. However, as the system is cooled down, other phenomena become important. In particular, at low temperatures the electronic
exchange interaction (J) starts to be of great significance in the scattering
between magnetic impurities and conduction electrons from the host metal.
This interaction causes the conduction electrons to condense into a manybody ground state forming an antiferromagnetic cloud around the spin of the
magnetic impurity. As a consequence of the additional channel for scattering, the resistance of the metal starts to increase. This phenomenon is called
Kondo effect.
Since it is a combination of spin exchange processes, the Kondo effect
modifies the energy spectrum of the system. In fact, a new state is generated
at the Fermi level, the so-called Kondo resonance, which can be measured
by means of STS as a zero bias feature. There are many examples of atomic
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magnetic species deposited on different non magnetic metallic surfaces that
give a Kondo resonance, either as isolated impurities204–207 or surrounded by
organic ligands.208–213
In addition to atomic species, molecular radicals presenting a magnetic
moment can also exhibit Kondo resonances.214, 215 Furthermore, for nonmagnetic inorganic216 and fully organic molecules217, 218 on metallic surfaces
the Kondo effect has been observed, provided that a suitable charge transfer
from the substrate occurs. If the molecule has unpaired electrons after the
charge transfer, it develops a magnetic moment, therefore becoming a magnetic impurity on the metallic surface.219 This is the case for pristine TCNQ
on gr/Ru(0001), in which the presence of the Kondo resonance depends on
the adsorption site in the moiré unit cell of gr/Ru(0001), being present only
when the TCNQ molecules are on FCC-Top or bridge areas.145 After molecular self-assembly the TCNQ preserved the magnetic moment, in such a
way that this system resulted in the first example of an organic system with
long range magnetic order.195
In the previous section we saw that, after the chemical reaction between
TCNQ molecules and -CH2 CN groups, the electronic properties of the resulting CM-TCNQ differs substantially from that of pristine TCNQ. In this
section we show that this change is also reflected in the Kondo resonance.
A dimer formed by two TCNQ molecules and another one formed by one
TCNQ and one CM-TCNQ appear in the STM image shown in Fig.4.13a.
Both dimers are adsorbed on bridge positions, thus the appearance of a
Kondo resonance should be expected in the pristine TCNQ molecules.145
This is in fact reproduced by the dI/dV curves measured around the Fermi
level, as can be seen in Fig.4.13b. However, for the CM-TCNQ, a featureless
spectrum is obtained. This fact is in agreement with the theoretical calculations presented in the previous section, which predicted that the molecular
orbitals of CM-TCNQ molecules on gr/Ru(0001) are doubly occupied.
Spatially resolved dI/dV measurements provide further confirmation on
the absence of a Kondo resonance in the CM-TCNQ molecule. Fig.4.13c
shows a dI/dV map taken at +2 mV, thus representing the spatial distribution of the Kondo resonance. The pristine TCNQ molecules appear in
this map exhibiting the characteristic node associated to their SOMO, which
is the molecular orbital that participates in the Kondo interaction. On the
other hand, the CM-TCNQ is not visible, indicating that no part of the
CM-TCNQ exhibits a Kondo resonance.
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Figure 4.13: a) STM topographic image (6 nm x 2.3 nm, -1 V, 10 pA). b) STS
spectra taken on the locations marked by the coloured dots in a). c) Kondo map
taken at +2 mV in the area shown in a). STS spectra were measured with a lock-in
technique using a peak-to-peak modulation of 6mV.

4.3.3

Negative differential conductance

In addition to the suppression of the Kondo effect the negative differential
conductance is another electronic feature, not present in pristine TCNQ and
found in CM-TCNQ molecules. It appears between the molecular orbitals
obtained in the dI/dV curves of Fig.4.11b and, as it will be explained in
this section, it gives additional information about the interaction between
molecule and substrate.
The negative differential conductance (NDC) occurs when an increase
in the bias voltage results in a decrease in the electric current. This nonmonotonic current-voltage behaviour was pioneered by Esaki and co-workers
in a resonant tunnelling diode,220, 221 establishing the theoretical basis for
many technological applications,222, 223 and influencing many fields.224
Concerning STS measurements, it is possible to imagine the tip-sample
tunnelling junction as a resonant diode in some cases.225 In fact, a myriad of
different mechanisms that lead to NDC signals have been studied by STS.224
Among them it is possible to find vibrational processes226, 227 or tip-sample
orbital symmetry matching.228 However, what is more important in our case
is that, when STS is performed on molecules, the presence of NDC signal
usually indicates a weak coupling between the molecule and the substrate:229
When the energy of the tunnelling electrons matches a particular molecular
orbital the current increases. However, as the bias voltage is ramped, the
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Figure 4.14: a) dI/dV and b) I/V curves acquired on different locations of the
CM-TCNQ shown in the inset. The coloured dots indicate the positions were the
spectra were obtained.

tunnelling probability related to the mentioned molecular orbital decreases.
If the molecule-substrate coupling is strong enough, the additional density
of states from the metal surface prevents a drop of the tunnelling current.
On the contrary, when the molecule-substrate coupling is weak, the density
of states from the substrate may not be available and, consequently, the
tunnelling current decreases.
The STS spectra shown in Fig.4.14a have been taken on the CM-TCNQ
shown in the corresponding inset. The HOMO-1 and HOMO orbitals are
reproduced, as well as the NDC signal at ≈ -1.5 eV. Interestingly, these experimental results show a dependence on the intensity of the NDC related to
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the location of the STM tip with respect to the molecule. The corresponding
I/V curves are shown in Fig.4.14b, where the non-monotonic current-voltage
behaviour is actually more remarkable when the tip is located on the -CH2 CN
moiety of the CM-TCNQ. However, this conductance anomaly is suppressed
as the STM tip is displaced over the TCNQ moiety. According to the work
by Grobis and co-workers,229 this result indicates a spatial variation of the
coupling between the CM-TCNQ molecule and the gr/Ru(0001) substrate.
Fig.4.15a shows two vertical cuts of the electron density redistribution
calculated for an isolated CM-TCNQ on gr/Ru(0001), one along the molecular axis (left panels) and the other over the TCNQ cyano groups (right
panels). It can be seen that the extra electron acquired by the molecule
(red regions) is located mainly on the pristine TCNQ part of the molecule.
In addition, a charge depletion region in between the product molecule and

Figure 4.15: Electronic density redistribution for a) CM-TCNQ and b)TCNQ,
adsorbed on gr/Ru(0001) in the bridge position of the moiré, given as a density plot
and cutting over specific vertical planes (green lines in the insets): Along molecular
axis (left panels) and over the cyano groups on the TCNQ (right panels). The red
(blue) colour mark regions of increased (decreased) electron density. Figure and
calculations elaborated by Dr. M. Pisarra from Prof. F. Martín’s group (private
communication).
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the graphene surface has been found. More interestingly, in each cut, the
asymmetry of the charge redistribution along the X axis is evident, reflecting
the variation of the molecule-surface interaction: The coupling is stronger
on the CH2 CN-free end of the molecule. This fact explains the variation of
the observed NDC signal when the STM tip was moved along the molecule
axis. To complete the analysis, similar calculations were carried out for a
pristine TCNQ molecule adsorbed on the same region of the moiré unit cell.
The result is shown in Fig.4.15b. It is interesting to notice that in this latter
case, as it was expected, the electron density of pristine TCNQ is equal at
the two opposite ends of the molecule.

4.4

Conclusions

A covalent reaction between TCNQ and -CH2 CN is highly unlikely in gas
phase. The gr/Ru(0001) surface promotes this reaction making three important contributions: i) It facilitates the collision of the reagents by holding
the -CH2 CN groups covalently attached to HCP-Top sites, and adsorbing
the TCNQ molecules. ii) As it can accommodate excess electrons, graphene
is an excellent leaving group, thus making -CH2 CN groups reactive towards
TCNQ. iii) It acts as electron reservoir through its connection with the underlying metal: The resulting molecule, CM-TCNQ, receives a significant
charge-transfer (close to 1 e−) from the gr/Ru surface. The adsorption geometry of CM-TCNQ molecules is dictated by their TCNQ moiety, adsorbing on bridge positions of the moiré unit cell. In addition, all CM-TCNQ
molecules orient their TCNQ half towards HCP-Top areas. The electronic
properties present remarkable changes with respect to their parents TCNQ,
revealing a lack of magnetic moment, as deduced from the occupation of the
new molecular orbitals and the absence of Kondo resonance. Also a NDC
signal is found in the dI/dV curves taken on CM-TCNQ molecules, denoting
an interaction with the gr/Ru(0001) surface even weaker than for the pristine
TCNQ case.

5

STM manipulation of CM-TCNQ
species on gr/Ru(0001)
In this chapter we expand the study of CM-TCNQ species by means of
single molecule manipulation. The robustness of the chemical structure of
CM-TCNQ molecules and the reversibility of the C-C bond between CH2 CN
and TCNQ will be demonstrated through STM manipulation. In addition, we
will show that CM-TCNQ dimers can be seen as molecular rotors alternating
between different adsorption positions.

5.1

STM and molecular manipulation

Controlled manipulation of atomic species employing the STM was achieved
for first time by Eigler and Schweizer, demonstrating the construction of
an atomic scale structure made of single Xe atoms.230 The manipulation of
single atoms has been widely studied, leading to the realization of artificial
nanostructures such as quantum corrals, linear chains or 2D lattices. Outstanding examples have contributed to the understanding of many quantum
phenomena ranging from confinement231 to topological phases.232
Single atoms or small molecules such as CO can be moved on a surface
by means of either lateral or vertical manipulation. The former implies the
lateral displacement of the adsorbates over the surface, whereas the latter is
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based in the transference of atoms from the substrate to the tip in order to
release them in another location. Also, vertical manipulation can lead to the
desorption of atomic species into the surrounding vacuum, or to functionalization of the tip by transfer of a known adsorbate from the surface.233 In
consequence, it can be employed as a reliable tip-preparation technique.
When more complex molecular adsorbates are involved in the manipulation process, additional possibilities become feasible: bond breaking, chemical reactions234 or conformational changes can be induced by the STM tip.
This set of modifications make the STM a powerful tool to carry out chemistry on surfaces at the single molecule level.
In order to use the STM for molecular manipulation we can use different
interactions, ranging from dispersive forces between the STM tip and the
molecule to the injection of charge in chosen molecular orbitals. While these
interactions allow the manipulation at the single molecule level, the electric
field generated in the tunnelling junction can also be employed to modify the
surface, although with less precision. In the following we will comment on
the different interactions occurring in the tunnelling junction that should be
taken into account when performing STM manipulation.

5.1.1

Electric field-induced manipulation

A large electric field is created in the tunnelling junction when a bias voltage
is applied. This is a consequence of the short vertical distance between the
STM tip and the surface, being 108 V/cm a typical value for a STM experiment. Such an electric field is comparable with the fields experienced by
electrons in atoms or molecules. It has been employed to stimulate conformational transitions29, 235 , to trigger dissociation reactions236, 237 or desulfurization.30 It is also possible to manipulate adsorbates in the field emission
regime,238 that is, when the applied VB overcomes the work function of the
tip or the surface. Despite the static electric field can be useful to manipulate
adsorbates on a surface,239–241 it is non homogeneously distributed around
the tip apex and its influence can reach hundreds of nanometres.167

5.1.2

Forces and lateral manipulation

Lateral manipulation of molecules allows to relocate an individual molecule
on the surface with atomic precision, usually employing the forces between
tip and molecular adsorbate. In addition, during this process it is possible to
obtain information on the intramolecular dynamics of the manipulated molecule. This is the case for Cu-tetra-3,5 di − ter − butyl − phenyl porphyrin
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(TBPP) molecules on Cu(100), whose structure is illustrated in Fig.5.1a.242
When performing lateral manipulation at constant height, the tunnelling
current as a function of distance can be recorded (Fig.5.1c). The main modulation in the signal can be ascribed to the Cu(100) atomic periodicity, however, additional features in each period are observed. These irregularities
are related to the interaction between a porphyrin leg and the STM tip, and
provides information about internal conformational changes of the molecule
during the manipulation process.

Figure 5.1: a) Chemical structure of TBPP. Legs and angles are labelled. b) Topographic STM image of a TBPP adsorbed on Cu(100) (Vb = 200 mV, It = 2 nA).
c) Tunnelling current versus lateral displacement during manipulation. STM images in the inset were acquired before and after the manipulation. Figure adapted
from F. Moresco and co-workers.242

5.1.3

Electron injection-induced manipulation

When electrons are injected into a molecule during STM measurements they
can trigger different molecular phenomena: vibrational modes,25 electronic
excitations243 or spin-flip processes.244 Vibrational and electronic excitations
have been widely employed to induce motion and structural changes in molecules adsorbed on different surfaces.
When the energy of tunnelling electrons exceeds the energy of a certain
vibrational process, a small fraction of them will go through an inelastic process. Part of their energy will end up transferred to create a vibrational excitation of the molecule. Consequently, if an energy barrier can be overcome
along a certain reaction coordinate, the stored energy may trigger a conformational change or a chemical transformation. Following this approach many

92

STM manipulation of CM-TCNQ species on gr/Ru(0001)

processes have been induced, such as lateral motion,36 bond breaking,245, 246
isomerization247 , tautomerization248 and rotation.37, 249
On the other hand, electron injection in molecular orbitals and electronic
excitations have been responsible for major breakthroughs in tip-induced
chemical reactions on surfaces. When the energy of the tunnelling electrons
is large enough, the molecules are excited further in energy from equilibrium.
Through this method it has been achieved from molecular rotation,243 to
selective bond breaking31–35, 38, 250 and polymerization,251 and, in combination
with lateral manipulation, even complex chemical reactions.234, 252

5.2

Lateral manipulation of CM-TCNQ

As we commented above, molecular lateral manipulation reveals information
about the interaction between molecule and its surroundings. Furthermore,
lateral manipulation can be considered as a test of the robustness of the
molecule and its interaction with the substrate. On one hand, being able
to manipulate the molecule without altering it requires a certain structural
stability from its side. On the other hand, from the difficulty of the manipulation process itself it is possible to distinguish roughly between physisorption
or chemisorption. Here, we applied this technique to CM-TCNQ molecules
on gr/Ru(0001).
Fig.5.2 shows the method we followed to carry out lateral manipulation
of CM-TCNQ molecules. First we locate the tip on the starting point nearby
our target molecule (green cross in Fig.5.2a) still maintaining the parameters
used to acquire the topographic image, referred to as "scanning parameters"
(1.7 V and 5 pA in this case). Then the bias voltage and tunnelling current
are changed to the "manipulation parameters" in order to tune the tip-surface
distance for the manipulation process. For this particular case the manipulation parameters were Vb =50 mV and It = 70 pA. Once the manipulation
parameters are set, the feed-back loop is switched off and we move the tip
at a certain velocity (1.5 nm/s) to another location (yellow cross in Fig.5.2a)
crossing the CM-TCNQ that we intend to move. Finally, the feedback-loop
is switched back on and the scanning parameters are restored. This process
results in the lateral displacement of CM-TCNQ, as can be seen in Fig.5.2b.
In order to get some insight into the manipulation process, the tunnelling current was recorded during its course, resulting in the curve shown in
Fig.5.2c. The tunnelling current increases as the tip approaches the molecule. Then, a remarkable rise is followed by a constant value of the current,
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Figure 5.2: a), b) STM images (Vb = +1.7 V, It = 5 pA) taken before and after
lateral manipulation, respectively. c) Tunnelling current versus lateral displacement during the lateral manipulation procedure: Switching the feedback off, under
the manipulation parameters ( Vb = 50 mV, It = 70 pA, tip velocity = 1.5 nm/s),
the STM tip is moved across the CM-TCNQ molecule from the initial to the final
locations (green and yellow crosses, respectively, in panel a)). Scanning conditions: 1.7 V 5 pA 1.5 nm/s. A HCP-Top functionalized site is revealed after the
manipulation (white dotted circle in panel b)).

indicating that the tip-molecule interaction reaches an equilibrium. Under
these conditions the molecule follows the motion of the tip, leaving behind
the starting position. Although it is not possible to observe the features that
determine if the process takes place through pushing, pulling or sliding; the
behaviour of the tunnelling current versus the lateral distance resembles that
expected for a force induced lateral manipulation (see Chapter 2). Finally,
the relocation of CM-TCNQ molecules by means of lateral manipulation implies that the interaction between CM-TCNQ molecules and the gr/Ru(0001)
surface is low enough to allow this process. This is in agreement with a scenario where the molecules are mostly physisorbed, as demonstrated by the
experiments and the calculations discussed in Chapter 4.
There are two important facts in Fig.5.2 that are worth mentioning. In
the first place, Fig.5.2b reveals that the site where the CM-TCNQ molecule
was originally adsorbed is near a functionalized HCP-Top area of the moiré
pattern. This can be understood taking into account that, as commented in
Chapter 3, HCP-Top areas can be functionalized with more than one CH2 CN
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Figure 5.3: a), b) STM images simultaneously taken at Vb = +1.7 V (forward
scanning) and Vb = -1.5 V (backward scanning), using a tunnelling current of 5 pA.
c), d) STM images obtained under the same conditions than a) and b), respectively, after the lateral manipulation of one CM-TCNQ. The employed manipulation
parameters were, keeping the feedback off, Vb = 70 mV and It = 30 pA. Green and
yellow crosses represent the initial and final location of the tip, respectively, during
the lateral manipulation procedure.

group. However, it would be possible to argue that during the lateral manipulation a part of the CM-TCNQ molecule detaches from the main structure,
indicating a poor chemical robustness. In the second place, the chosen scanning parameters allow us to observe the gr/Ru(0001) functionalized sites
but we lose the intramolecular resolution in the CM-TCNQ, hindering the
observation of the adsorption geometry of the CM-TCNQ after the manipulation. In order to overcome these two issues, we acquired topographic STM
images of the same area at positive and negative voltages, simultaneously.
This is possible by measuring each line scan at positive voltage when going
in one direction (forward) and at negative when going in the opposite direction (backward). We performed this kind of measurement before and after
the manipulation process. In particular, Fig.5.3 shows STM images taken at
Vb = +1.7 V and Vb = -1.5 V, simultaneously, allowing to determine the functionalized sites in the first case and the adsorption geometry in the later at
the same time. For this particular experiment the manipulation parameters
were Vb =70 mV and It = 30 pA, resulting in the displacement of the chosen
CM-TCNQ to a nearby selected location. What is more interesting is that
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Figure 5.4: a), b), c) STM images (Vb = 1.7 V, It = 5 pA) acquired on the same
area after successive lateral manipulation processes (feedback loop off, Vb = 50 mV
and It = 50 pA). The arrows indicate the direction of the tip trajectory during
lateral manipulation. Green crosses mark the tip location between the successive
lateral manipulations.

the adsorption geometry after the lateral relocation at 4.6 K is the favoured
one: on bridge position. In addition, it preserves even its most stable orientation, that is, locating the pristine TCNQ half towards the nearby HCP-Top
area and the CH2 CN moiety towards the FCC-Top area. Despite the fact
that a functionalized site was left behind (white dotted circle in Fig.5.3c
and Fig.5.3d), the intramolecular resolved image shown in Fig.5.3d does not
reveal any distortion on the orbital spatial distribution with respect to the
starting CM-TCNQ. This suggests that the functionalized site is not related
to a molecular fragment coming from the manipulated CM-TCNQ and that,
on the contrary, the molecule was unaltered during the manipulation process.
We performed an additional experiment to further support the robustness of CM-TCNQ molecules during lateral manipulation. Fig.5.4 shows
three STM images acquired in the same area before and after two successive lateral manipulation processes on the same CM-TCNQ. Fig.5.4a shows
the original configuration before the first manipulation, in which the chosen
CM-TCNQ is relocated near an empty HCP-Top site, leaving behind a functionalized site (white dotted circle in Fig.5.4b). Then, starting from the situation shown in Fig.5.4b, the CM-TCNQ is laterally manipulated back to its
original place. The previous non-functionalized site remains so after the lateral manipulation, thus demonstrating that the whole CM-TCNQ molecule
is repositioned during the process, not leaving any fragment behind. This
result proves that CM-TCNQ are physisorbed on the gr/Ru(0001) surface as
well as the structural robustness of the molecule.
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Induced reverse chemical reaction

As commented above, STM manipulation techniques allow to induce chemical
reactions on surfaces at the single molecule level.234 Here, we demonstrate
that employing electron injection manipulation it is possible to trigger the
dissociation of CM-TCNQ into CH2 CN and TCNQ molecules. In addition,
the properties of the moieties prior to the CM-TCNQ formation are restored,
a fact that demonstrate the reversibility of the reaction between CH2 CN and
TCNQ molecules.
Fig.5.5 shows the controlled manipulation process to dissociate a single
CM-TCNQ molecule. First, the STM tip is located on the -CH2 CN moiety,
marked with a blue cross in Fig.5.5a. To locate the tip at this position we
look for the maximum in the Z scan signal with the feedback-on and under

Figure 5.5: a), b) STM images taken before and after electron injection manipulation. c) I(V) curve revealing a dramatic decrease in the tunnelling current
when the bias voltage is ramped to values close to +2 V. The jump indicates the
removal of the CH2 CN moiety, as can be seen comparing panels a) and b).
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scanning conditions (-1 V, 20 pA). Once the tip is on top of the -CH2 CN
group, the feedback is disconnected and the tunnelling voltage is ramped at
a rate of 0.3 V per second while the tunnelling current is recorded. Fig.5.5c
shows the evolution of the curve from +0.5 V. When the voltage value gets
close to +2 V, there is a sudden decrease in the tunnelling current. Since the
tip is fixed in space (X-Y scan is interrupted and feedback is disconnected)
and provided that the tip is stable during the process, the abrupt current
drop means that the molecule either has moved or has undergone a change in
its conformation. The STM image shown in Fig.5.5b, taken under scanning
conditions, reveals that only a pristine TCNQ remains in the site after the
manipulation process, while the CH2 CN moiety has been removed from the
molecule. This process is fully reproducible and can be efficiently employed
to break the C-C bond between CH2 CN and TCNQ.
The voltage threshold at which the induced dissociation occurs is systematically found around +2 V, so it must be related to the injection of electrons
into the tail of the LUMO of CM-TCNQ molecules. Therefore, the process
underlying the induced dissociation could be due to an alteration of the molecular electronic structure. In particular, a transient oxidation may disturb
the molecule breaking the C-C chemical bond between CH2 CN and TCNQ
moieties.
Fig.5.6a shows a STM image, taken at 1.7 V and 10 pA, where four
CM-TCNQ are revealed. Some of them exhibit horizontal straight lines, indicating instability under the employed scanning conditions. In addition,
four -CH2 CN groups attached to graphene (encircled in white) appear. The
induced dissociation has been reproduced applying the manipulation process
explained above to each individual CM-TCNQ molecule appearing in the
scan frame. After that, the same area was imaged under the same scanning
conditions, revealing four pristine TCNQ molecules in the places where previously four CM-TCNQ had been observed, as shown in Fig5.6b. Furthermore,
it is possible to locate three new -CH2 CN groups, encircled in blue, attached
to the gr/Ru(0001) surface. Therefore, not only the CM-TCNQ dissociation,
breaking the C-C bond between CH2 CN and TCNQ, was induced: After
the electron injection manipulation the C-C bond between -CH2 CN groups
and gr/Ru(0001) is restored, leaving pristine TCNQ molecules at the positions where the prior CM-TCNQ molecules were adsorbed. Consequently, it
demonstrates the reversibility of the reaction between -CH2 CN and TCNQ.
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Figure 5.6: a) STM image (Vb = 1.7 V, It = 10 pA) revealing four CM-TCNQ
molecules on gr/Ru(0001). Four -CH2 CN molecular fragments attached to
gr/Ru(0001) are encircled in white. b) STM image acquired in the same area
and under the same tunnelling conditions after electron injection manipulation on
each CM-TCNQ molecule. Four pristine TCNQ molecules and three new -CH2 CN
molecular fragments (encircled in blue) attached to graphene appear.

Claiming that the reaction between CH2 CN and TCNQ is reversible
means that, after inducing the C-C bond breaking in the CM-TCNQ, all
the properties of the original reactants should be restored. Fig.5.7a shows
a dimer formed by a TCNQ and a CM-TCNQ adsorbed in bridge position.
As we commented in the previous chapter, a Kondo resonance appears on
pristine TCNQ molecules adsorbed on that position. On the contrary, its
appearance is not expected for CM-TCNQ molecules, which do not present
unpaired electrons. This is reproduced for this dimer in Fig.5.7b, where the
dI/dV curve taken on the pristine TCNQ appearing in Fig.5.7a reveals a
Kondo resonance, while the one taken on the CM-TCNQ of the same STM
image is featureless. Taking advantage of the reversibility of the C-C bond
and using the manipulation process described above, we removed the CH2 CN
group from the mentioned CM-TCNQ. It can be seen that the dimer, now
formed by two pristine TCNQ molecules, is still adsorbed on the bridge position, as shown in Fig.5.7c. The change in the intramolecular resolution in
this case is probably due to the functionalization of the tip with the removed
CH2 CN fragment. Fig.5.7d shows the corresponding dI/dV spectra measured on the exocyclic groups of both TCNQ molecules, revealing a Kondo
resonance in each of them. This result demonstrates that the properties of
TCNQ molecules are restored after the tip manipulation, thus supporting the
reversibility of the C-C bond existing between CH2 CN and TCNQ moieties
in CM-TCNQ molecules.
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Figure 5.7: a) STM image showing a pristine TCNQ, an unstable CM-TCNQ
dimer, and a TCNQ/CM-TCNQ dimer (Vb = -0.1 V, It = 20 pA). b) dI/dV curves
around the Fermi level taken at red and blue spots in panel a). c) STM image
taken in the same area, under the same tunnelling conditions, after manipulation.
d) dI/dV spectra taken on red and blue spots in panel c). All dI/dV curves were
obtained by means of the lock-in technique, employing a bias modulation with
amplitude Vp−p = 9 mV.
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Molecular rotors on gr/Ru(0001)
Molecular machines on surfaces

In a simple mechanical machine an input energy generates a "forward" motion, thus performing work. When going to the nanoscale, any motion is
mainly governed by thermal fluctuations, resulting in a random motion, also
known as Brownian motion. This fact determines the way a molecular machine works: A molecular machine prevents the "backward" motion, while
the "forward" motion is powered by thermal noise. Or in other words, a
molecular machine rectifies random motion to generate directional force in
order to carry out a particular task.253 The thermal noise is particularly
important in biological systems, where molecular machines are ubiquitous,
or in synthetic molecular machines in solution.254, 255
At cryogenic temperatures thermal fluctuations are greatly reduced, and
in some cases can even be neglected, so that molecular motion is frozen. However, under these conditions, the energy required for motion can be provided
by an STM junction through the mechanisms explained in section 5.1. Furthermore, employing STM manipulation techniques, it is possible to control
molecules one by one and image their motion.256
In fact, some molecular machines are synthetically designed to be moved
on surfaces using the chemical and molecular forces that are involved in
STM lateral manipulation.256–258 This is the case for a self-assembled rack
and pinion, in which hexa−t−butylıpyrimidopentaphenylbenzene (HB-NPB,
C64 N2 H76 ) molecules (shown in Fig.5.8b), were designed resembling a pinion.
Also a pyrimidine group was included as a marker in order to facilitate the
observation of the molecular rotation. The STM tip apex represents the rotation axis of the pinion and a self-assembled molecular island of HB-NPB on
the Cu(111) surface represents the rack.258 By performing lateral manipulation at constant current, it was possible to prove that for each successful step
the molecular rotation was a multiple of 60o . In fact, the most frequent process occurring in both directions was the molecular rolling, +60o , as shown
in Fig.5.8c,d, resembling a macroscopic six-toothed rack-and-pinion device.
The molecule is even capable of recognizing the two different directions, due
to the shape of the molecular island border. Accordingly, the statistics of the
motion are sensitive to the lateral manipulation direction.
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Figure 5.8: a) Macroscopic rack-and-pinion mechanism. b) Chemical structure
of HB-NPB molecule. Nitrogen (dark blue), carbon (light blue) and hydrogen
(white) atoms are coloured. c), d) STM images taken before and after manipulating
the molecule one step to the right, respectively. The molecule rotates by 60o while
it moves one step, as highlighted by the white arrows. Figure adapted from F.
Chiaravalloti and co-workers.258

Another way to power the motion of molecular machines is using the energy coming from the tunnelling current. In this case, the fight against the
"backward" motion comes from the geometry of both tip and molecule. A
promising way to fulfil this goal is benefiting from chirality. Butyl methyl
sulphide (BuSMe) molecules, belonging to a family of thioether molecular
rotors,259 were employed in the realization of a molecular electronic motor.
For a rotor37, 243, 260 to be considered a motor, the rotation must be directed.
That is, it must perform more clockwise than anticlockwise rotations, or vice
versa.249 However, the energy required to overcome the barriers for clockwise
and anticlockwise rotations is the same. It is the asymmetric potential energy
which leads to preferential directionality and, as commented above, it can be
provided by suitable geometries. Taking advantage from the chirality exhibited by BuSMe molecules on Cu(111), Tierney and co-workers249 achieved a
directional rotation triggered by the excitation of vibrational modes through
electron injection at suitable energies. Not only the chirality of the molecule,
but the geometry of the tip was found to play an important role in the directionality. The STM images of the molecules in motion are shown in Fig.5.9.
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Figure 5.9: STM image of the two enantiomeric forms of BuSMe (R and S) on
Cu(111). In the main panel the molecules are rotating because of the tunnelling
conditions (Vb = 0.1 V, It = 300 pA, T = 7 K). The inset shows a static BuSMe
rotor under non-perturbative conditions (Vb = 0.07 V, It = 5 pA, T = 5 K). Figure
adapted from H. Tierney and co-workers.249

An important aspect either in the molecular manipulation process or the
molecular machine behaviour is the nature of the surface. The interaction
between the molecular adsorbate and the substrate often plays a major role
in the activation energies of configurational changes. Epitaxial graphene on
transition metals is an excellent substrate for molecular manipulation, since
it provides a low hybridization between molecule and the substrate while
permitting the transference of charge from the underlying metal. Also, the
nanostructured graphene generated by the moiré pattern usually facilitates a
limited number of adsorption positions. Despite these advantages, examples
of molecular manipulation and molecular machines on graphene systems are
scarce.261

5.4.2

CM-TCNQ dimers: molecular rotors

During the acquisition of STM topographic measurements some CM-TCNQ
dimers were hard to image due to their unstable adsorption configurations. In
order to study the related dynamics, we decided to prepare a new sample with
a larger number of dimers. The idea was to decrease the amount of -CH2 CN
functionalized sites so that the surface diffusion of CM-TCNQ molecules,
formed upon exposure to TCNQ at room temperature, was enhanced. Under
these conditions the chances of a CM-TCNQ to find a partner and form a
dimer was expected to be higher.
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Figure 5.10: a) STM image (Vb = 1.7 V, It = 50 pA) acquired on a sample
prepared following the commented procedure in the main text. Only four functionalized HCP-Top areas (encircled in white) are observed. TCNQ (green),
CM-TCNQ (blue) and CM-TCNQ dimer (yellow) are marked. b), c), d) STM
images (Vb = -2.0 V, It = 5 pA) revealing the intramolecular resolution of the
marked species. The size of all marks is approximately that of one moiré unit cell.

Accordingly, a new -CH2 CN functionalized gr/Ru(0001) sample was prepared following the steps addressed in Chapter 3. This time the CH3 CN
exposure was reduced to 8 minutes (33% less than the standard preparation
described in Chapter 4), maintaining the sample at room temperature. The
TCNQ exposure time was 40 seconds, that is, the same than in the standard
preparation. The resulting sample can be seen in the STM image shown in
Fig.5.10a. Most of the HCP-Top areas are clear, appearing only four at-
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tached cyanomethyl groups (encircled in white). In addition, the amount of
CM-TCNQ dimers (like the one marked in yellow) is remarkably higher than
in the case of the standard preparation, overcoming the amount of isolated
CM-TCNQ molecules (one of them marked in blue). Another consequence of
the diminished amount of -CH2 CN groups is the presence of many unreacted
TCNQ molecules (one marked in green), in contrast with the type of samples
explained in Chapter 4. To facilitate the identification of each molecular species they can be observed in the STM images shown in Fig.5.10b, c, d, which
have been acquired at negative voltage. Under these tunnelling conditions
the intramolecular structure of TCNQ and CM-TCNQ molecules is resolved,
although attached CH2 CN groups are not visible.
Strikingly, the dimers composed of two CM-TCNQ molecules (Fig.5.10b)
are absorbed with an unexpected configuration: One of them is adsorbed
in the same configuration than individual CM-TCNQ molecules (Fig.5.10c),
with the pristine TCNQ half towards HCP-Top and the CH2 CN moiety towards FCC-Top. On the contrary, the other CM-TCNQ composing the dimer
exhibits an adsorption geometry never observed in individual CM-TCNQ molecules: Locating the molecule axis between two ripples. A larger area of the
surface imaged at negative bias voltage can be seen in Fig.5.11. Most of
the dimers composed of two CM-TCNQ molecules are adsorbed with the
described configuration (antiparallel dimer, encircled by solid yellow line
in Fig.5.11 as an example). On the other hand, dimers composed of two
CM-TCNQs with both molecules at similar adsorption configurations (parallel dimer, encircled by dotted yellow line in Fig.5.11) are scarce.
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Figure 5.11: STM image (Vb = -2.0 V, It = 5 pA) with intramolecular resolution
in which a TCNQ (green), CM-TCNQ (blue), antiparallel CM-TCNQ dimer (solid
yellow) and parallel CM-TCNQ dimer (dotted yellow) are encircled. CM-TCNQ
dimers with a blurry appearance are encircled in white.

In the STM images shown in Fig.5.11 some CM-TCNQ dimers, encircled
in white, exhibit a blurry appearance. This indicates that the species move
around the adsorption position during the topographic image acquisition.
In order to shed light on this behaviour, we focused on the study of individual dimers. Fig.5.12a shows a dimer in a well defined adsorption position
that was imaged using scanning parameters (-2 V, 5 pA). Under the same
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Figure 5.12: a), b) STM images (Vb = -2.0 V, It = 5 pA) before and after
manipulation on the dimer. The STM tip is held on the location marked with the
green cross. Then, the scanning parameters are substituted by the manipulation
parameters, Vb = -1.4 V, It = 105 pA. The tunnelling current is recorded with the
feedback off. c) Tunnelling current versus time during the manipulation process.
A dramatic jump in the tunnelling current indicates the rotation of the dimer.

tunnelling conditions the position of the STM tip was set on the location
marked in Fig.5.12a (green cross). Aiming to track changes in the adsorption position, the tunnelling current was increased and, after switching off
the feedback loop, recorded as a function of time. The resulting signal can
be seen in Fig.5.12c, where a dramatic decrease of the current is registered
around 35 seconds since the tracking process started. This drop of the tunnelling current indicates a change in the dimer. Afterwards, the feedback
loop was switched on and the scanning parameters were restored. When
we scanned the same area again, the adsorption position of the dimer was
indeed different, as shown in Fig.5.12b. In fact, the CM-TCNQ that in
Fig.5.12a was locating the -CH2 CN moiety towards a FCC-Top area now is
pointing towards a graphene/Ru(0001) ripple, while the other CM-TCNQ
is now pointing towards a FCC-Top site of the moiré pattern. This change
in the adsorption position can be considered as a rotational motion of the
antiparallel dimer, which from now on will be called rotor.
The approach followed to get a better insight into the rotation mechanism was to acquire a series of fast images on a fixed small area containing
from one to several rotors. The typical size of the images containing one

5.4 Molecular rotors on gr/Ru(0001)

107

Figure 5.13: STM images showing the different adsorption configurations in the
successive rotation events. a), b), c) acquired at -2 V and d), e), f) at -1.4 V. All
images are acquired employing a tunnelling current of 5 pA. The colour scale is
inverted in order to emphasize that the images are taken from a STM movie

rotor was around 3 nm, and the number of points per image was reduced to
64. Optimising the feedback response time and rising the scan velocity to
200 nm/s, the resulting time per image was of the order of 1s. Therefore,
only configurations with a time of residence of at least 1 s can be completely
resolved. These images can be understood as the frames of a whole STM
movie. As a result, we can record the motion of rotors and identify the different adsorption positions. Fig.5.13 a), b), c), shows three selected frames
from a STM movie composed of 163 images, acquired at +2 V, representing
the three adsorption positions observed. Note that the colour scale has been
inverted in order to emphasize that the images belong to a STM movie. The
same number of adsorption positions is found carrying out the same kind of
measurement for another rotor at -1.4 V (this time in a movie containing
106 images) as shown in Fig.5.13 d), e), f). It seems that the rotors alternate between three adsorption positions, which may be dictated by the steric
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hindrance from the ripples of the moiré pattern. It is worth highlighting
that at both voltages, positive and negative, the rotation is observed. As
can be seen in the different adsorption positions shown in Fig.5.13, one of
the CM-TCNQ composing the rotor is always on bridge position and the
other CM-TCNQ is adsorbed with a configuration never observed in isolated
CM-TCNQ molecules. Therefore, the rotational movement could be a consequence of the competition between both CM-TCNQ molecules composing
the rotor for being adsorbed on a favoured adsorption site.
In those frames where a change in the adsorption configuration is observed, a line separating prior and new positions can be distinguished (Fig.5.13e
and Fig.5.13f). In fact, it never occurred a change in position while the tip
is not on the rotor. From this observation it is possible to deduce that the
motion is triggered by the interaction with the STM tip and not by thermal
fluctuations.
STM movies also allow us to obtain statistical information of the rotor
motion like the time of residence for each adsorption position. Fig.5.14a
shows five frames representing the different configurations revealed during
a STM movie, taken on an individual rotor. In this case the tunnelling
parameters were -1.2 V and 5 pA and the scanning speed was 200 nm/s,
which resulted in a time per image of 1.2 s. The total duration of the movie
was 36 minutes, giving a total of 1800 images. States A, B and C are the
three possible results from a rotation event, state D is an unstable state
where the molecule is changing between A, B and C in a rate that we can not
resolve and, finally, an additional state was observed representing a lateral
displacement of the rotor. The time of residence has been determined by
counting the number of frames associated with each configuration, as shown
in Fig.5.14b. Among the stables states located at the centre of rotation, the
most stable turned out to be A with 56%, followed by C with 21% and B
with only 2.3 %.
States A, B and C should be energetically equivalent, since the adsorption
geometries are undistinguishable, according to the threefold symmetry of the
gr/Ru(0001) moiré pattern. However the time of residence is strikingly different between them, as illustrated in Fig.5.14b. Therefore, something must
be breaking the threefold symmetry of the surface, and the main candidate
is the STM tip. Due to the local nature of the tunnelling process, it is safe
to assume that it is dominated by the last atom of the tip and the sample
atom underneath it. From this point of view any contribution from the surroundings could be discarded. However, this is not the case for the other
interactions involved in the STM junction, particularly those that involves
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a much larger scale than the tunnelling process like the electric field or the
dispersive forces. In these cases, an anisotropy in the mesoscopic shape of
the tip (electric field) or in its last atoms (dispersive forces) could break
the threefold symmetry of the surface. This hypothesis might explain the
observed differences in residence times between states A, B and C.

Figure 5.14: a) STM frames (Vb = -2.0 V, It = 5 pA) representing the five
configurations, A, B, C, D and displacement, discussed in the main text. An
individual pristine TCNQ, adsorbed at the top left corner of the images, serves as
a reference. b) Time of residence related to each state.
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Conclusions

STM manipulation at the single molecular level is a convenient way to extend
our knowledge about CM-TCNQ species adsorbed on gr/Ru(0001). Dispersive forces between tip and isolated CM-TCNQ molecules can be employed
to laterally relocate the molecular adsorbate. Two important facts were deduced: i) The chemical structure of CM-TCNQ species remains unaltered
after the lateral relocation. ii) Even after manipulation, the most favoured
adsorption configuration is preserved. These results reinforce the idea of the
CM-TCNQ as an individual entity and prove that it is physisorbed.
The reversibility of the reaction between CH2 CN and TCNQ to form
CM-TCNQ molecules was demonstrated through electron injection manipulation. When electrons are injected at energies larger than +2 V, the C-C
bond between CH2 CN and TCNQ moieties in CM-TCNQ molecules breaks.
As a consequence, the removed CH2 CN group can form again a C-C bond
with the gr/Ru(0001) surface. Likewise, the remaining TCNQ restores its
original properties, such as the spatial distribution of its molecular orbitals
or the Kondo resonance.
The STM tip also induces the rotation of antiparallel CM-TCNQ dimers,
which were studied as molecular rotors. This behaviour was assigned to the
competition between the three different adsorption positions dictated by the
gr/Ru(0001) moiré pattern, and was studied by means of STM movies. The
residence time for each adsorption position was collected, and it resulted in
very different values for adsorption configurations energetically equivalent, a
fact that could be related with the mesoscopic shape of the tip.

6

General conclusions

Chemical functionalization of graphene is challenging due to its low reactivity and, in addition, the fact that all its basal atoms are identical hinders
any degree of site selectivity. The route followed in this thesis is based in
the properties of graphene grown on Ru(0001). The mismatch between their
lattice parameters generates a moiré pattern that effectively produces a spatial modulation of the graphene properties. In particular, the reactivity of
graphene carbon atoms vary following the unit cell of the moiré pattern.
In order to achieve the chemical functionalization of the gr/Ru(0001)
surface, it was exposed to cyanomethyl molecular radicals (CH2 CN• ). These
molecular radicals were created through a partial pressure of acetonitrile molecules (CH3 CN) inserted in the UHV system and the subsequent homolytic
cleavage taking place in the ion gauge. When CH2 CN• radicals reach the
gr/Ru(0001) sample they form a covalent bond with the surface, as demonstrated by atomically resolved STM images and DFT calculations. In addition, when the exposure to molecular radicals is performed with the sample
at a suitable temperature, it was found that only HCP-Top areas of the
moiré pattern react with the CH2 CN groups. This exquisite site-selectivity
is achieved preserving an extremely high functionalization yield.
Taking advantage of the new chemical environment found in the
CH2 CN-functionalized gr/Ru(0001) surface, it was explored the interaction
between CH2 CN groups and an additional molecule: TCNQ. The depos-
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ition of TCNQ molecules resulted in a chemical reaction between TCNQ and
CH2 CN catalysed by the gr/Ru(0001) surface. The role of gr/Ru(0001) in
this reaction is threefold: i) Holding the -CH2 CN groups covalently attached
to HCP-Top sites, and adsorbing the TCNQ molecules. ii) Making -CH2 CN
groups reactive towards TCNQ. This is because of its capability to accommodate excess electrons, which facilitates the role of graphene as leaving
group. iii) Acting as electron reservoir, providing the charge necessary for
reaction and adsorption of the molecular species. The product of this catalytic reaction was called CM-TCNQ, which adsorbs only on bridge sites of the
moiré pattern and has a well defined orientation, locating the pristine TCNQ
half towards HCP-Top areas and the CH2 CN moiety towards FCC-Top areas.
The fact that CM-TCNQ is a consequence of the reaction between pristine
TCNQ and CH2 CN was demonstrated studying its electronic properties by
means of STS and DFT calculations. The occupied molecular orbitals of
CM-TCNQ do not present unpaired electrons, resulting in the suppression
of the Kondo resonance observed in pristine TCNQ. In addition, a negative
differential conductance signal in the spectra indicates a lower interaction
with the gr/Ru(0001) surface.
It was demonstrated that the C-C bond between CH2 CN and TCNQ
in the adsorbed CM-TCNQ molecule can be broken by means of electron
injection-induced manipulation, in such a way that the original properties
of the moieties are restored. In particular, it was shown that TCNQ molecules recover the Kondo resonance after the manipulation process, while the
CH2 CN groups reattach to the gr/Ru(0001) surface. These results demonstrate the reversibility in the reaction between CH2 CN and TCNQ.
Finally, some properties of the molecular dynamics of different CM-TCNQ
species were studied through STM manipulation. Lateral manipulation on
CM-TCNQ species demonstrated: i) A weak interaction with the gr/Ru
surface, ii) the degree of structural robustness of the molecule, iii) At
4.6 K it can only be repositioned on bridge sites of the moiré. In addition,
it was found that the CM-TCNQ dimers alternate between three equivalent
adsorption positions of the moiré pattern, a fact that make them actual
molecular rotors. Since this motion is triggered by the STM tip, the molecular
rotors are good candidates for molecular machines.

7

Conclusiones generales

La funcionalización química del grafeno es una difícil tarea debido a su baja
reactividad y, además, el hecho de que todos sus átomos sean idénticos previene cualquier grado de selectividad espacial. La ruta seguida en esta tesis
se basa en las propiedades del grafeno crecido sobre Ru(0001). La diferencia
en los parámetros de red genera un patrón de moiré que produce una modulación espacial de las propiedades del grafeno. En particular, la reactividad de
los átomos de carbono del grafeno varía siguiendo la celda unidad del patrón
de moiré.
Con el fin de conseguir la funcionalización de la superficie de gr/Ru(0001),
ésta fue expuesta a radicales moleculares cianometilo (CH2 CN• ). Estos
radicales moleculares fueron creados mediante una presión parcial de moléculas acetonitrilo (CH3 CN) insertada en el sistema de ultra alto vacío, seguido
de la ruptura homolítica que tiene lugar en el medidor de presión. Cuando
los radicales CH2 CN• llegan a la muestra de gr/Ru(0001) forman un enlace
covalente con la superficie, tal y como se demuestra mediante imágenes de
STM con resolución atómica y cálculos DFT. Además, si la exposición a radicales moleculares es realizada con la muestra a una temperatura adecuada,
se observó que solamente las zonas HCP-Top del patrón de moiré reaccionan
con los grupos CH2 CN. Ésta excelente selectividad espacial se obtiene junto
a un alto ratio de funcionalización.
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Aprovechando el nuevo entorno químico encontrado en la superficie de
gr/Ru(0001) funcionalizada con CH2 CN, se exploró la interacción entre grupos
CH2 CN y una molécula adicional: TCNQ. La deposición de moléculas TCNQ
resultó en una reacción química entre TCNQ y CH2 CN catalizada por la
superficie de gr/Ru(0001). El papel del gr/Ru(0001) en esta reacción es
triple: i) Sujetar los grupos CH2 CN enlazados covalentemente en las zonas HCP-Top, y adsorbiendo las moléculas TCNQ. ii) Haciendo los grupos
CH2 CN reactivos a las moléculas TCNQ. Esto se debe a su capacidad de
acomodar exceso de electrones, lo que facilita su papel como grupo saliente.
iii) Actuando como una reserva de electrones, facilitando la carga necesaria
para la reacción y adsorción de las especies moleculares. El producto de esta
reacción catalítica fue llamado CM-TCNQ, el cual se adsorbe en areas específicas del patrón de moiré con una orientación bien definida, colocando la
parte de TCNQ sin reaccionar hacia zonas HCP-Top y el fragmento CH2 CN
hacia zonas FCC-Top. Que las moléculas CM-TCNQ se generen mediante
la reacción entre TCNQ y CH2 CN se demostró estudiando sus propiedades
electrónicas mediante STS y cálculos DFT. Los orbitales moleculares ocupados de la CM-TCNQ no presentan electrones desapareados, resultando en
la supresión de la resonancia Kondo, observada en TCNQ sin reaccionar.
Además, una señal de conductancia diferencial negativa fue detectada en las
curvas dI/dV obtenidas sobre moléculas CM-TCNQ, indicando una interacción más débil con la superficie de gr/Ru(0001) que en el caso de las TCNQ.
Se demostró que el enlace C-C entre CH2 CN y TCNQ en la CM-TCNQ
adsorbida puede romperse mediante manipulación por inyección de electrones, de tal modo que las propiedades originales de los dos fragmentos moleculares son restaurados. En particular, se probó que las moléculas TCNQ
recuperan la resonancia Kondo tras el proceso de manipulación, mientras
que los grupos CH2 CN se reenlazan a la superficie del gr/Ru(0001). Estos
resultados demuestran la reversibilidad de la reacción entre CH2 CN y TCNQ.
Finalmente, algunas propiedades de la dinámica molecular de diferentes
especies de CM-TCNQ fueron estudiadas mediante manipulación con el STM.
La manipulación lateral en especies CM-TCNQ demostró: i) Una interacción
débil con la superficie de gr/Ru(0001), ii) El grado de estabilidad de la
molécula, iii) A 4.6 K puede ser desplazada solamente a su zona favorable
del patrón de moiré. Además, se encontró que los dímeros de CM-TCNQ
alternan entre tres posiciones de adsorción equivalentes, un hecho que los
convierte en verdaderos rotores moleculares. Ya que este movimiento es inducido por la punta del STM, los rotores moleculares son buenos candidatos
a máquinas moleculares.
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