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Abstract

This work focuses on the study of the electronic and structural properties of molec-
ular architectures at metal surfaces formed by assembly of functionalized organ-
ics, in particular amino- and/or carboxylic-functionalized molecules. Several homo-
and hetero-organic architectures are characterized on a gold (111) surface by means
of combined low temperature scanning tunneling microscopy (LT-STM) and X-ray
spectroscopy techniques, coupled with ab initio calculations performed in collabora-
tion with theoretical groups. The aim is to identify the role of the molecule-molecule
and molecule-substrate interactions in determining the electronic and structural
configuration of the investigated systems. This thesis is subdivided in two parts. In
the first part we report the homo-organic assembly of a simple solvent molecule,
dimethyl sulfoxide (DMSO), and two different amino-functionalized molecules. In
particular, DMSO is found to form molecular complexes unexpectedly trapping
gold adatoms natively available on Au(111). Although such adatoms are not vis-
ible in the STM images, comparison between experiments and theoretical calcu-
lations shows that they are crucial for the stability of the observed DMSO com-
plexes. Then, we have studied a small aminomethyl-functionalized molecule, 1-
naphthylmethylamine (NMA), forming complexes of 3 or 4 molecules, and an amino-
phenyl-porphyrin forming hydrogen bonded molecular chains. In the latter two
works, we have pointed out the interplay between the amino-amino and amino-
gold substrate interactions which drive the formation of such complexes.

In the second part we exploit what we have learned about the amino-functionali-
zed molecules on Au(111) to build novel hetero-organic supramolecular architec-
tures based on the amino-carboxylic (A-C) interaction. Initially, we have studied
the self-assembly of two small molecules, namely NMA and terephthalic acid (TPA,
carboxylic-), whose 2D hetero-organic assembly is shown to be driven by the com-
petition between the A-C and carboxylic-carboxylic recognition. In literature, or-
ganic templates are successfully synthesized on surfaces to build guest-host systems
based on the shape matching between the host template and guest molecules. We in-
stead exploit the competitive A-C bond to develop a novel guest-host method based
on chemical affinity. By employing the monolayer of a carboxylic-functionalized
porphyrin as the host template, we find that small guest aminomethyl-terminated
molecules (like NMA) can be intercalated into this 2D template. These results show
that the competitive A-C recognition is a powerful tool to build supramolecular
assemblies.



Sommario

In questo lavoro si studiano le proprieta elettroniche e strutturali di architetture
molecolari su superfici di metalli formate dall’assemblaggio di molecole funzional-
izzate, in particolare con terminazioni amino- e/o carbossiliche. Diverse architet-
ture omo- ed etero-organiche sono stati caratterizzate sulla superficie (111) dell’oro
tramite microscopia ad effetto tunnel (STM) a bassa temperatura e tecniche di spet-
troscopia a raggi X, insieme a simulazioni fatte in collaborazione con gruppi teorici.
L’obbiettivo ¢ di identificare il ruolo delle interazioni molecola-molecola e molecola-
substrato nel determinare la configurazione elettronica e strutturale dei sistemi stu-
diati. Questa tesi é divisa in due parti. Nella prima parte descriviamo I’assemblaggio
omo-organico di un semplice solvente, il dimetilsolfossido (DMSO), e di due diverse
molecole con terminazioni amminiche. In particolare, il DMSO forma dei complessi
molecolari che intrappolano adatomi di oro nativamente presenti su Au(111). Pur
non essendo tali adatomi visibili nelle immagini STM, il confronto tra gli esperi-
menti e le simulazioni teoriche dimostra che essi sono fondamentali per la stabil-
ita dei complessi di DMSO osservati. Successivamente, abbiamo studiato una pic-
cola molecola, la 1-naftilmetilammina (NMA), che forma complessi di 3 0 4 NMA,
e una amminofenil-porfirina che forma catene molecolari tramite legami idrogeno.
In quest’ultimi due lavori, abbiamo analizzato i ruoli delle interazioni amino-amino
e amino-oro, responsabili della formazione dei complessi.

Nella seconda parte sfruttiamo cio che abbiamo imparato sulle molecole con ter-
minazioni amminiche su Au(111) per costruire nuove architetture etero-organiche
basate sull’interazione amino-carbossilica (A-C). Abbiamo prima studiato due pic-
cole molecole, i.e. NMA e 'acido tereftalico (TPA, carbossilico), il cui assemblaggio
etero-organico 2D é dimostrato essere guidato dalla competizione tra ilegami A-C e
carbossilico-carbossilico. I network organici vengono sintetizzati su superfici e usati
per costruire sistemi ospite/ospitante basati sulla corrispondenza in dimensione e
forma tra 'ospite e 'ospitante. Noi invece sfruttiamo I'interazione A-C competitiva
per sviluppare un nuovo metodo ospite/ospitante basato sull’affinita chimica. Us-
ando il monostrato di una porfirina carbossilica come network ospitante, troviamo
che diverse piccole molecole amminiche (come la NMA) possono essere intercalate
nel network 2D di porfirine. Questi risultati dimostrano che il legame competitivo
A-C ¢é un potente strumento per costruite assemblati supramolecolari.
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Chapter 1

Introduction

The traditional semiconductor based devices have almost reached their miniaturiza-
tion limit, and the industry has acknowledged that the Moore’s law, the empirical
principle that has driven the development roadmaps of the semiconductor compa-
nies since 1960s, cannot be pursued any further [1]. The end of Moore’s law is
both a technical and economic issue. From the economical point of view, the ef-
fort cost to further miniaturize the devices would exceed their economical return.
From the technical point of view, when the devices approach atomic dimensions
(few nanometers), several issues arise, such as the excessive heating of the inte-
grated circuit caused by the fast electrons moving through the very tiny silicon
circuits. Moreover, the rise of quantum mechanical effects that dominate matter at
the atomic scale would make the transistors inevitably unreliable.

On one hand the industry has tried to partially circumvent these issues by re-
designing the microprocessors; for example, to reduce the heating, the clock rate
(how fast the microprocessors execute the instructions) was limited and a multi-
core design was adopted (two or more processors in a single chip). On the other
hand, researchers are exploring different emerging technologies which are poten-
tial candidates to substitute the traditional semiconductor technologies. Therefore,
the breakdown of Moore’s law does not mean the end of innovation and progress,
but it can be instead considered as a challenge to develop new technologies.

In this context, the technologies based on organic molecules are among the most
promising approaches and their development is now an active area of research. Or-
ganic molecules are more versatile than traditional semiconductors and their inte-
gration in electronic circuits is at the basis of new-concept devices, such as OLEDs,
biosensors, or organic photovoltaic cells. Moreover, the organic-based technologies
can potentially solve the two problems affecting the semiconductor devices men-
tioned above. On one hand, organic molecules are (potentially) much cheaper and
more scalable than semiconductors; on the other, organic molecules are potentially
more efficient than semiconductors, and thus, for example, can help to solve the
excessive heating issue. Furthermore, also in environmental terms organic mole-
cules should be helpful since they are easier to recycle than semiconductor devices
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1. Introduction

[2]. However, up to now only few of these organic devices are present in our real
life (OLED, for example) because several technological issues have to be faced and
solved before such devices can be realized and launched on the market. One com-
mon limitation of these new technologies is their low efficiency due to the presence
of defects in their structure and to the electronic transport properties at the organo-
metallic interfaces, on which the functionality of such devices generally relies. To
tackle these issues, the structural and electronic properties of molecular layers and
molecular junctions need to be characterized in depth, in order to better understand
the dependence of the properties of interest (e.g. homogeneity, conductance) on the
molecular structure and the chemical properties of the adopted substrates.

In order to address these issues, significant effort by fundamental research is
needed. In this framework, the aim of this thesis work is to study two-dimensional
(2D) hydrogen bonded homo- and hetero-organic supramolecular assemblies at a
metal surface. Among all the metal surfaces, gold single crystal terminations, due
to their inertness, are the most popular substrates to support the growth of organic
assemblies. Therefore, we chose to employ a monocrystalline Au(111) sample as the
support for all the systems investigated in this thesis, since molecular interactions
on and with this substrate are of great importance in diverse technological applica-
tions. The (111) face of gold is the most stable one and thus, where polycrystalline
gold substrates or clusters are involved, (111)-terminated facets predominate [3, 4].

In synthesis, during my PhD work I made fundamental studies of 2D supramolec-
ular assemblies on Au(111) in Ultra High Vacuum (UHV) conditions. Working in
UHV chambers is necessary for this kind of studies in order to avoid the environ-
mental contribution to sample preparations and measurements. Moreover, UHV
is necessary for the X-ray spectroscopy techniques we employed for our studies,
namely X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-ray Absorption
Fine Structure (NEXAFS), since these techniques are based on the detection of pho-
toelectrons which are easily absorbed by the atmospheric gases. XPS is a quanti-
tative spectroscopic technique that measures the elemental composition, chemical
state and electronic state of the elements that exist within a material, and it is widely
used in both industrial and fundamental research. NEXAFS, instead, is a less popu-
lar technique since it requires a synchrotron facility, but it has a higher sensitivity
than XPS and can provide also geometrical information about the systems.

The main experimental technique used during my PhD is Scanning Tunneling
Microscopy (STM) for characterizing the investigated systems. With STM it is pos-
sible obtain sub-molecular resolution images of a surface and, when at low tempera-
ture (4 — 77 K), to manipulate single molecules as well as to perform single molecule
spectroscopies. Therefore, STM is the ideal technique to study 2D supramolecu-
lar systems. STM, XPS and NEXAFS are complementary techniques that together
generally give a comprehensive experimental characterization of the system of in-
terest. However, comparison with Density Functional Theory (DFT) simulations,
performed in collaborations established ad hoc with theoretical groups, is funda-
mental to achieve a thorough understanding.

12



This thesis is organized as follows. Chapter 2 is dedicated to the description of
the STM, XPS and NEXAFS techniques and the relative experimental apparatus.

As to the obtained results, this thesis is divided into two main parts. In Part I we
focus on the role of the Au(111) substrate in the molecular architectures, where the
interplay between molecule-molecule and molecule-substrate interactions drives
the formation of the supramolecular complexes. Each of the three chapters of this
part refers to a molecule forming a peculiar homo-organic assembly. In particular:

 In Chapter 3 we study the adsorption on Au(111) of a commonly used sol-
vent, dimethyl sulfoxide (DMSO). We reveal that DMSO forms peculiar molec-
ular complexes, unexpectedly trapping gold adatoms natively available on
Au(111). Although not visible in the STM images, comparison between ex-
periments and DFT calculations shows that the adatoms are crucial for the
stability of the observed DMSO complexes.

« In Chapter 4 we describe the complexes formed on Au(111) upon adsorption
of a small prototypical aminomethyl-functionalized molecule, 1-naphthylme-
thylamine (NMA). We find that NMAs form complexes of 3 or 4 molecules,
and we describe the role of the amino-amino and amino-gold substrate inter-
actions in their assembly.

+ In Chapter 5 a different amino-amino bonded architecture is presented. We
report about an amino-terminated tetraphenylporphyrin forming wires via
some hydrogen bonds between the NH, terminations. Our combined STM
experiments and DFT calculations demonstrate that in such wires each por-
phyrin is alternately a proton donor or acceptor; moreover, we show that the
latter tends to trap native gold adatoms underneath. Furthermore, by STM
manipulation experiments, we show that the donor porphyrins can behave
as binary switches.

After studying the adsorption of molecules on Au(111), in particular amino-
functionalized molecules, in Part IT we exploit our knowledge about these molecu-
les on Au(111) to build novel hetero-organic supramolecular architectures based on
the amino-carboxylic (A-C) interaction. In particular:

« In Chapter 6 we present a novel hetero-organic assembly strategy based
on the chemical affinity between two small molecules, namely NMA and a
carboxylic-functionalized molecule. By means of STM and XPS experiments,
we show that the competition between the A-C and carboxylic-carboxylic
recognition drives the formation of peculiar hetero-organic wires.

« In Chapter 7 we exploit the competitive A-C bond to develop a novel guest-
host method based on chemical affinity. In literature, the organic guest-host
systems are based on the shape matching between a host organic template

13



1. Introduction

and specific guest molecules. Instead, with our method no shape matching is
required for the guest-host coupling, which is entirely based on the chemical
affinity between two functional groups.

Finally, in Chapter 8 conclusions and outlook are drawn.

14



Chapter 2

The experimental apparatus

In this chapter describe we the fundamental concepts of the experimental tech-
niques used for our studies: the scanning tunneling microscope (STM), the X-ray
photoelectron spetroscopy (XPS), and the near edge X-ray absorption fine struc-
ture (NEXAFS). Then we give a description of the experimental systems we used:
the low temperature STM (LT-STM) and the ALOISA (Advanced Line for Overlayer,
Interface and Surface Analysis) beamline for the XPS and NEXAFS measurements.
The LT-STM experiments have been carried out at the IOM-CNR TASC Laboratory,
whereas the ALOISA beamline is located in the ELETTRA Synchrotron light radia-
tion facility, both being located in Basovizza (Italy).

2.1 Scanning tunneling microscope

The STM is a microscope with atomic resolution. Its invention in 1981 by Gerd Bin-
nig and Heinrich Rohrer at IBM Zurich (Nobel Prize in Physics 1986) gave an incred-
ibly powerful instrument to the development of the nanotechnology since it gave
us the possibility to achieve outstanding atomic resolution images in real space [5].
To make a metaphorical comparison, we could say that the invention of STM is to
nanotechnology as the telescope was to astronomy. Yet the STM can do more: it can
be used to do inelastic electron tunneling spectroscopy (IETS) to observe vibrational
states of individual molecules, it can probe the the density of states (DOS) close to
the Fermi level of molecules through scanning tunnelling spectroscopy (STS), and
it can be used to manipulate the single molecules (or atoms) on the surfaces, realiz-
ing the goal idealized by physicist Richard Feynman in his popular lecture "There’s
Plenty of Room at the Bottom" at the American Physical Society meeting at Caltech
on December 29, 1959 [6].

Thus STM is the ideal technique to study surface phenomena at the atomic scale
and, in particular, supramolecular structures on metal surfaces.

15



2. The experimental apparatus
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Figure 2.1: The general scheme of a STM: the distance control is the feedback mechanism
to control the tip height. Image from [7].

2.1.1  Operating principle

When a metallic tip is approached to a conductive surface, a potential barrier due
to the vacuum gap is present between the two objects. If a voltage bias is applied
between them, and their distance is small enough, the electrons can tunnel across
the potential barrier from the tip to the sample or vice versa, giving rise to a current
flow between them, which is strongly dependent on the tip-to-sample distance: this
phenomenon is called quantum tunneling.

The STM images are obtained scanning the tip over an area (x,y) of the surface
with sub-angstrom lateral resolution and recording the tip heigh z or the tunneling
current I. Therefore the recorded (x, y; z(x,y)) or (%, y; I(x,y)) data are displayed in
a 2-dimensional plot.

The tip position is controlled via a piezoelectric tube in the (x,y) directions
through the electrodes along the tube and in the z direction (tip height) through
a feedback mechanism (fig. 2.1). Since the piezoelectric expansion/contraction is
controlled with sub-angstrom precision in the (x, y, z) directions, the tip is scanned
over an area of the surface with sub-angstrom resolution and high resolution images
of the surface of interest can be obtained.

16



2.1. Scanning tunneling microscope

There are two modes of scanning of STM (fig. 2.2):

» constant height mode: the tip is kept at a constant height (constant z) while
scanning, and the tunneling current I(x,y), which is recorded in every scan
point, is color-coded to form the STM image (%, y; I(x,y));

« constant current mode: during the scan, the tunneling current is kept con-
stant by changing the tip height z by means of an electronic feedback system,
and the STM image (x, y; z(x,y)) is formed by color-coding the tip height z(x,y)
at every scan point.

sharp tip

Constant height mode

IA ZA

5% /
XV

Constant current mode

| A ZA

9% 4
93 4

Figure 2.2: The two imaging modes

Comparing the two scanning modes, the constant height mode has the advan-
tage to be faster since the z parameter is held constant and only the current I(x,y)
is measured, while in the constant current mode a feedback mechanism (fig. 2.1) is
necessary to change the z(x,y) parameter. Nevertheless, the constant height mode
can be used only for very plane and regular surfaces since any surface step or irreg-
ularity can make the tip crash against the surface. In our experiments we will use
only the constant current mode.

The information contained in an STM image is not simply the topography of
the surface because the tip is governed by the tunneling current, which depends
not only on the geometrical position of the atoms at the surface, but also on the
spatial distribution and the energy of the tip/sample electronic states available for
the tunneling process, as we will see in the following sections.

17



2. The experimental apparatus

V(z)
Vo, E<V,
sample vacuum tip
0 d z

Figure 2.3: The representation of the one dimensional barrier problem.

2.1.2 Quantum tunneling

As mentioned before, the physical principle that make possible the STM is the quan-
tum tunneling. The tunneling of electrons between the tip and the sample across
the vacuum barrier, in a first rough approximation, can be thought as a simple tun-
neling across a rectangular potential barrier in one dimension (fig. 2.3). Therefore,
to understand the principle, let’s solve this simple quantum mechanics problem:
the one dimensional potential barrier which is a typical exercise in a first course of
quantum mechanics.

Suppose an electron traveling represented by the wave function ¥/(z) in the fol-
lowing potential:

V(z)=o0 z<o0
Viz) =V, 0<z<d
V(z)=o0 z>d

Therefore, supposing our electron having an energy E < V, the Schréedinger
equation

n* d*y(z)
VD v = B
am dz
has the general solution
(z) = Ae'®* + Be™'%* z<o

Y(z) =Cek* + De™** o0 <z<d
Y(z) = Fe'®* + Ge™1%% z>d

where

VamE

a =

h (2.1)
f o \Vzm(V, — E)
- n

18



2.1. Scanning tunneling microscope

Supposing the electron going from the sample to the tip (fig. 2.3), we would have
two simplifications:

« Cek? = o since it would imply that probability of finding the electron at a
distance z from the z = o plane would increase with z, which is absurd in the
case of an electron impinging on the barrier from the left.

« Ge™'%% = o since in the right part we can have only transmitted wave.

Therefore, to have physical meaning we have to set C = G = o. Doing the
matching of the wave functions and their first derivative in o and d and making the
proper approximations, we get the following solution for o < z < d:

Y(z) = ‘//(O)e_kz (2-2)

By locating the sample at the z = o plane and the tip apex at z = d as in figure
2.3, the probability of finding the electron on the tip is proportional to the square
modulus of the wave function in d:

w o [Y(d)]” = [¢(o)|*e (2.3)

The tunneling current is proportional to the probability of electron tunneling.
Therefore, if the exponential term in (2.3) is not too small, i.e., if the distance sample-
tip is not too big, there is a measurable current flowing through the system sample-
vacuum-tip junction without sample-tip contact.

2.1.3 Metal-vacuum-metal tunneling

In the previous section we showed a simple exercise to explain the concept of quan-
tum tunneling; now we want to treat the real case.

If there were no electrical connection between the sample and the tip, each one
would have its own Fermi energy Er and the same defined vacuum level Ey,. (fig.
2.4a). If we connect electrically the tip with the sample (that’s in the STM), the Fermi
energy will become equal. It is clear that at T ~ o K, all the states below Ep will be
filled, and no states will be occupied above Ep, then there would be no tunneling
since there are no states for the electrons to tunnel to (fig. 2.4b).

Therefore, we have to apply a bias voltage between the tip and the sample to
have the tunneling current flow (fig. 2.4c-d). If the sample bias is negative, an elec-
tron in a sample state y,, with energy E,, lying between Er and Er + eV, has a chance
to tunnel into an empty state of the tip (fig. 2.4c) or vice versa (fig. 2.4d).

For example, we take the case of the sample biased negatively of figure 2.4c. For
notation simplicity, we take the sample as reference for our notation and we define
Er = Ef, and ¢ = ¢;. ¢ is the work function of the metal, which is defined as the
minimum energy required to extract an electron from the bulk to the vacuum level.
If we neglect all temperature effects, the Fermi energy is exactly the upper limit of
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2. The experimental apparatus

Eoo g

5 S T
EF T EF ______ EF
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sample d tip sample d tip
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no bias

negative bias
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Figure 2.4: (a) No electrical contact between the tip and the sample: the vacuum level is
the same for both. (b) Electrical contact but no bias: same Fermi energy (Eg = E;) but
no tunneling. (c) and (d) Electrical contact and bias: tunneling. Er = E}Z = sample Fermi
energy, E; = tip Fermi energy, ¢ = ¢s = sample work function, ¢, = tip work function, V =
bias voltage.
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2.1. Scanning tunneling microscope

the occupied states in a metal; thus, within our model Er = —¢ (we put Eyac = 0). If
the bias is small, i.e. if eV <« ¢, we can approximate

E, ~—¢

where E,, is the energy (around Er) of an electron involved in the tunneling process.
Then the probability w for the electron in the nth sample state 1/, to tunnel in the
tip (or vice versa), from equation (2.3), is

w o [ (0)| e

where

\zmo
h

since from equation (2.1) V, — E = ¢ (because V, = 0 and E = Er ~ —¢). Now, since
every tunneling electron would contribute to the current flow, the tunneling current
is the result of the sum of the contributions of all electrons having enough energy
flow from the sample to the tip (i.e. energy E, lying between Er and Ef + eV):

k=

Ef

Tec > [Ynlo)?e (2.4)

E,=Ep—eV

If V is sufficiently small, then the sum in equation (2.4) can be replaced with
the local density of states (LDOS) at the Fermi level. The LDOS is the number of
electrons per unit volume per unit energy at a given point in space and at a given
energy: at a distance z from the sample, the LDOS at the energy E is defined as

E

pszB) =~ > Wa@P
E,=E-¢

for a sufficiently small ¢. By using this expression for the LDOS, the current can be
rewritten as [8]:

I o« Vpg(o, Ep)e 2k
2.
~ Vps(o, Ep)e 5 V9 .

The equations (2.5) tell us two important things about STM:

+ They show that an STM image is a Fermi level LDOS contour of the sample
surface.

+ The tunneling current is extremely sensitive to very small differences in the
tip-sample distance, thus the STM can follow the corrugation of single atoms
while scanning above the surface. In fact, if we consider a typical metal work
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2. The experimental apparatus

function ¢ ~ 4 €V, then we obtain the typical value of the decay constantk ~ 1
A™": the current decays of a factor e ~ 7.4 when the distance changes of
Ad =1 A, ie. it’s extremely sensitive to small change in tip-surface distance.

Up to now, we have treated one-dimensional systems for simplicity to explain
the principle of STM, but obviously the tunneling process occurs in 3-dimensional
systems. In 1961, well before the invention of the scanning tunneling microscope,
Bardeen developed an extension of the one dimensional tunneling problem to the
three dimensional case [9]. Instead of solving the complicated Schréedinger equa-
tion for of the entire metal-insulator-metal system, his approach was to initially
solve it for two electrodes as separate entities and then calculate their overlap. What
he calculated is the M matrix element, i.e. the probability of tunneling from a state
¥ , on one side of the barrier (e.g. sample), to a state y on the other side (e.g. tip):

h oy ox*
M=— F— — das
2m / (X 0z 82)

z=z,

where z = z, is a separation surface lying entirely within the two electrodes. Fol-
lowing Bardeen’s approach, by determining the rate of electron transfer between
the two states and by assuming that kgT is small enough (which is a good approx-
imation in most of experiments) to approximate the Fermi distribution with a step
function, we obtain the following expression for the tunneling current:

eV

= % ps(Ep = eV + e)pr(Er + &)|M|*de

o

Eventually, if the M matrix is assumed to be almost constant within the range
of interest, we obtain a final, simplified expression for the tunneling current:

eV
I /ps(EF —eV + e)pr(EF + €)de (2.6)

o

Then, the tunneling current, within Bardeen’s extension of the one-dimensional
tunneling problem, is not only a constant LDOS contour at the Fermi level, but
rather a convolution of the density of states (DOS) of the two electrodes.

2.1.4 Manipulation of atoms and molecules

As already anticipated, the STM can be used also to manipulate the single atoms or
molecules. The manipulation of atoms and molecules on a metal surface consists in
using the tip to move a chosen atom (or molecule) to another chosen position on
the surface [10, 11] or to induce conformal [12] or chemical [13, 14] modifications
of the molecules.
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"Pushing"

do

Figure 2.5: The different lateral manipulation modes. The "pushing" mode, where repulsive
forces are involved and the "pulling" mode where attractive forces drive the manipulation.
The right panels show the typical current signal during the manipulation process. Notice
that the periodicity of the signal in this case corresponds to the periodicity of the underlying
substrate along the direction of the manipulation path.

To move a molecule in the desired place, one positions the tip above (on top or
on the side) the molecule and then, by increasing the set tunneling current, the tip
moves towards the molecule to interact (attractive or repulsive interaction) strongly
enough to move it through the surface (i.e. the interaction energy between the tip
and the atom reaches the so called diffusion activation energy). Then the molecule
is moved by the tip to the desired position, and finally the tunneling current is
decreased so that the tip restores to the imaging condition [8].

The molecule can be moved in two ways:

« Vertical manipulation: generally refers to the process where a single atom
or a molecule is transferred between the tip and the surface, that can also be
used to relocate the adsorbates across the surface by pick-up and release.

« Lateral manipulation: adsorbates are laterally relocated by means of the
tip without losing contact with the substrate. There are two modes: the
"pushing” and the "pulling" mode (fig. 2.5). In the "pushing" mode, the tip
is laterally approached to the adsorbate and, when the tip-adsorbate repul-
sive forces are sufficient to overcome the diffusion barrier, the adsorbate hops
to the next available substrate site, while at the same time the current signal
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drops abruptly. In the "pulling" mode, the process is similar, with the only dif-
ference that this time attractive tip-adsorbate forces are driving the hopping
of the molecule between the sites.

These are the classical ways to move adsorbates through the surface.

As said before, manipulation includes not only the moving of molecules and
atoms, yet also the induction of conformation changes inside molecules or modifi-
cation of the chemistry of the molecules.

One way to induce modifications in a molecule is to place it in an electric field
that modifies the potential on the molecule and, depending on their polarizability,
can also induce a dipole moment. To do this one can simply position the tip on
the interested adsorbate and set the proper bias voltage that induces the electric
field (which depends strongly also on the atomic scale tip apex, which is unknown):
this is what we call "V-pulse". This manipulation technique is called "electric field-
induced manipulation”. Moreover, a higher bias means also tunneling electrons with
higher energy, which can induce geometrical and chemical modifications of the
molecules through inelastic electron tunneling.

2.1.5 Scanning tunneling spectroscopy

Although STM has the great advantage to give us real space atomic-resolution im-
ages of the surfaces, it lacks of chemical sensitivity. However, thanks to technical
and theoretical development, the STM has evolved so that we can get information
about the electronic properties of samples and adsorbates by Scanning Tunneling
Spectroscopy (STS) [15, 16] and about vibrational mode of a molecule by Inelastic
Electron Tunneling Spectroscopy (IETS). Here we give a brief description of these
two techniques.

Following the Bardeen’s formalism, and assuming the tip with a constant DOS,
from the equation (2.6) the first derivative of the tunneling current gives:

dI

F ps(Er —eV) (2.7)

and thus it is possible to probe the DOS of the sample, or molecular states close to the
Fermi level, through the tunneling current conductance: this is the scanning tunnel-
ing spectroscopy (STS). Since the tunneling current exhibits a dramatic dependence
on the tip-sample separation, STS data need to be normalized for comparison. The
commonly used normalization is the one proposed by Feenstra and Stroscio [17]:

dlnl dI V
dlnV ~ dV I
called normalized dynamic conductance.

The achievable resolution in the dI/dV spectra is strongly temperature depen-
dent and thus, in order to perform STS with high energy resolution, it is necessary

gn(V) =

(2.8)
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2.1. Scanning tunneling microscope

to work at low temperatures. Moreover, working at low temperatures guarantees
optimum stability of the tip position, thanks to the reduced thermal drift, and con-
sequently more reliable STS spectra.

To acquire dI/dV spectra, a lock—in amplifier is commonly used to recover the
signal of interest from the background noise. In particular, the first harmonic of the
lock—-in output is recorded, which directly gives the first derivative of the tunneling
current. In a typical STS measurement, the tip is moved to a point of interest on
the surface, then the feedback loop (the feedback circuit for the constant current
imaging mode) is switched off and the voltage is ramped while recording the signal
from the lock-in amplifier, producing thus a dI/dV versus V graph.

When characterizing molecules adsorbed at surfaces, however, there are a num-
ber of limitations in employing the STS technique. First of all, occupied states of the
sample which lie at the upper range of the energy window AE available for the tun-
neling process, represented in figure 2.4c, d, contribute more significantly to the
tunneling current (as shown by the arrows) since the barrier height seen by these
states is lower. Conversely, low-lying states (i.e. far below the Fermi level of the
sample) have little contribution to the tunneling current. Therefore, the sensitivity
of STS to occupied sample (or adsorbate) states rapidly decreases with increasing
energy below Ep [18].

Secondly, the allowed range of the electron energies (i.e. gap voltages) is within
+4 €V and +5 €V since in this limit we approach the typical work function of one
of the two metals, where field emission occurs. However, as has been shown by
photoemission spectroscopy experiments, interesting features expected for adsor-
bates often appear out of this range [19]. The range is often further limited by other
processes, for instance by molecular dissociation that can occur due to vibrations
induced by inelastic tunneling processes, at voltages well below the field emission
limit. For these reasons, the STS spectra presented in this thesis are typically within
the +2 eV range. Third, with STS a chemical identification of the molecules requires
the support of theoretical calculations [19].

Inelastic Electron Tunneling Spectroscopy (IETS) gives instead a more di-
rect chemical information, since it allows to access the vibrational modes of an ad-
sorbed molecule [19].

For electrons tunneling through adsorbed molecules, in addition to the elastic
electron tunneling path (i.e. electrons that tunnel between states with the same
energy), above a certain bias threshold, a new tunneling path can appear, where
electrons lose their energy by exciting a vibrational mode of a molecule. The exis-
tence of a threshold is understood by considering that the maximum energy which
can be lost by the tunneling electron is eV, thus the process occurs only if eV > Ficw,
where 7iw is the vibrational quantum.

The opening of the new tunneling channel increases the conductance (dI/dV)
for V. > o. Since this increase is very small in the conductance, it is more clearly
detected as a change in the differential conductivity d*I/dV?. In practice, d*I/d*V
spectra are measured by fixing (x, y) tip position over the position of interest, switch-
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ing off the feedback and ramping the voltage within the desired range while the
second harmonic output of the lock-in amplifier is recorded. In order to improve
the signal to noise ratio, many spectra are averaged.

2.2 The low temperature STM

Having described the characteristics of STM technique, we give here a description of
our STM instrument: the low temperature STM (LT-STM). The LT-STM is basically
a STM designed for working at very low temperatures.

The LT-STM is a ideal technique for studying the structural properties of or-
ganic molecules adsorbed on metal surfaces, since low temperatures limit or block
the motion of molecules allowing the STM, which is relatively a slow technique, to
image them (for some molecules this would be impossible at room temperature).
Moreover the LT-STM is capable of intrinsic higher resolution than a room temper-
ature one since low temperatures reduce the vibrational motion of the molecules
allowing thus the STM-tip to probe more details. Furthermore at lower tempera-
tures the intrinsic width of the electronic states, which has a kT dependence, is
narrower, further enhancing the STM resolution.

Our experimental system is based on a commercial Omicron LT-STM with a
dedicated Ultra High Vacuum (UHV) chamber, and complemented by a preparation
chamber designed and assembled by our group [20].

2.2.1  The LT-STM setup

The Omicron LT-STM head (fig. 2.6b) is a single-tube STM: a piezoelectric hollow
cylinder, where the tip is fixed at the top, is covered with four electrodes which split
the cylinder in four quadrants. By applying suitable voltage difference between the
quadrants and the inner electrode, the piezoelectric cylinder can be bent in order
to scan the tip laterally onto the sample (xy plane) with sub-angstrom resolution
(fig. 2.1). Moreover, the tip can be moved orthogonally to the sample surface (z
direction) with a voltage difference applied between the inner and the outer surface
of the cylinder.

As discussed in section 2.1.1, the constant current mode is usually used: during
the lateral scan, the current is kept constant by using a feedback loop, which changes
the z position of the tip in order to follow the local corrugation of the sample.

Since atoms exhibit corrugations of roughly 1 pm to 10 pm, it is critical to have
an excellent mechanical stability of the tip-sample junction. Therefore, for me-
chanical isolation purposes, the STM head can be suspended below the cryostat
by means of three springs. Moreover, an eddy current damping system, provides
effective, smooth damping of possible low frequency instabilities. The STM head
is mounted on a circular plate which is surrounded by copper alloy "U"s (fig. 2.6b)
that are centered within radially distributed small magnets, fixed on the inner part
of the internal radiation shield: if the STM stage moves, the movement of the copper
conductors within the magnets induces eddy currents in the copper alloy, which in
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(@ (b)

Figure 2.6: (a) shows the whole LT-STM assembly: the out-of-vacuum part (top part) with
the electrical feedthroughs; the blue line indicates the mounting flange and the STM head
is visible at the bottom; (b) close-up of the STM head with the slits for inserting and fixing
the sample (red arrows) and the top part of the piezoelectric cylinder (blue arrow) where
the STM tip is to be fixed.

Table 2.1: Operating temperatures of the LT-STM with the respective cooling methods.

T range coolant (inner cryostat)
2.5 K<T < 4K freezed LHe
4K<T <55K LHe
55 K<T < 77K freezed LN,
77 K<T< 300K LN,

turn build up magnetic fields that tend to counteract the initial movement of the
STM plate.

The operating temperature range of our LT-STM is ideally between 2.5 K and
room temperature (RT). To reach temperatures below RT a cooling system made up
of two concentric cylindrical cryostats is used (the STM head is fixed below them)
and we fill them with cryogenic liquids: liquid nitrogen (LN,: boiling at 77 K) and
liquid helium (LHe: boiling at 4.2 K).

The external cryostat is always filled with LN,, while the inner cryostat can be
filled with LN, or LHe according to the desired temperature as described in table
2.1. All the intermediate temperatures can be reached by means of a resistive heater
located near the sample stage and powered by a PID temperature controller. The
temperature is measured by means of a silicon diode installed behind the sample
stage. If no counter-heating is applied, the STM can be kept at 4 K for 24 hours
before having to refill the inner cryostat. To reach temperatures as low as 4 K at
the sample, the STM head is surrounded by a double shielding mechanism (fig. 2.7a-
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(@) | )

Figure 2.7: The LT-STM radiation shielding: (a) the inner shield which is tightly bolted on
the base of the LHe cryostat to ensure a 4 K thermal bath around the STM head; (b) the
outer shield is fixed to the base of the LN, cryostat.

b), in order to prevent external electromagnetic radiation from limiting the cooling
power. A wobble-stick is used to turn the shields in different positions, and it is also
used to transfer the samples and the tips from/to the manipulator (see section 2.2.2).
All the STM experiments presented in this thesis were performed at 4 K.

2.2.2 The Ultra High Vacuum system

As mentioned in the introduction, if one wants to have an atomically clean surface
and to keep it free from contaminants during all the experiment time, it is often
necessary to work in Ultra High Vacuum (UHV) conditions [21]. UHV denotes a
vacuum regime characterized by pressure lower than 107° mbar. Moreover, several
experimental techniques require vacuum conditions: for example, photoemission
experiments (see section 2.3) require vacuum conditions, since at high pressures
the emitted photoelectrons would be scattered or absorbed by the gas molecules
in the environment. For these reasons, we perform all our experiments in UHV
conditions.

The Omicron LT-STM comes with a dedicated UHV chamber equipped with a
carousel where tips and samples can be temporarily stored, retrieved and inserted
into the LT-STM by means of a wobble-stick. To prevent stray radiation from in-
creasing the final sample temperature, the windows for optical access of the cham-
ber are IR filtered.

The sample preparation chamber, separated from the LT-STM chamber by a gate
valve, (see fig. 2.8) is designed around a horizontal manipulator used to position the
sample and the STM tip in front of the various instruments. On the manipulator, the
sample can be heated up to 1300 K via filament heating and electron bombardment,
or cooled down till ~75 K via pumped LN, circulation.
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(a) Front view.
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i Preparatlon chamberl \ STM chamber h
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(b) Rear view.

Figure 2.8: Two opposite views of the STM and preparation chamber, showing the position
of the various tools and instruments.
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The facilities currently available on the preparation chamber are (fig. 2.8):

« a sputter gun, needed in order to clean the samples by bombardment with
noble gases (Argon or Neon);

« a residual gas analyzer (RGA), useful for process control and contamination
monitoring and for leak testing;

« aLow Energy Electron Diffraction (LEED) system, for a quick structural char-
acterization of the samples prior to the insertion in the STM;

- a molecule evaporator (Kentax) and (eventually) metal evaporators;
« a quartz balance for deposition rate monitoring;
« a gas line, allowing to dose various gases in the chamber background,

« afast-entry lock system, providing a quick way to insert and extract samples
and STM tips from the preparation chamber without breaking the vacuum;

The vacuum is maintained by a 500 /s ion pump in the STM chamber, whereas
the preparation chamber is pumped by a magnetically-levitated turbo pump (450
1/s) together with a smaller ion pump (240 1/s) equipped with a titanium sublima-
tion cartridge and a liquid nitrogen cooled cryopanel. The base pressure in the

1

preparation chamber is about ~ 1 + 2 X 107'° mbar, whereas the radiation shields

and the cryostats of the LT-STM act as cryo-pumps, ensuring a local lower pressure
at the LT-STM head.

2.3 X-ray spectroscopy techniques

2.3.1 X-ray photoelectron spectroscopy (XPS)

XPS is a quantitative spectroscopic technique that measures the elemental compo-
sition, empirical formula, chemical state and electronic state of the elements that
exist within a material. XPS is widely used in industrial research such as nanotech-
nology, cosmetics, semiconductor, automotive, agriculture, mining, chemistry and
many other fields. XPS is routinely used to determine:

« what elements and the quantity of those elements that are present within the
top 1-12 nm of the sample surface;

» what contamination, if any, exists on the surface of the sample;
« empirical formula of a material that is free of excessive surface contamination;

« the chemical state identification of one or more of the elements in the sample
and also give information on the local coordination of the atoms;
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« the thickness of one or more thin layers (1-10 nm) of different materials within
the top 12 nm of the surface;

« the density of electronic states.

A typical XPS spectrum is a plot of the number of electrons detected (Y-axis, or-
dinate) versus the binding energy (Ep) of the electrons detected (X-axis, abscissa).
Each element produces a characteristic set of XPS peaks at characteristic binding
energy values that directly identify each element that exist in or on the surface of
the material being analysed. Thus XPS has two important properties: chemical and
surface sensitivity.

In fact, the photo-electrons binding energies are a clear fingerprint of the chemi-
cal elements present in the sample. Moreover, the chemical environment (the chem-
ical bonding, the presence of adsorbates etc...) experienced by the electron prior to
the photoemission event affects its Eyp, resulting in a characteristic chemical shift.
For this reason XPS is also known as ESCA (Electron Spectroscopy for Chemical
Analysis). A particular kind of chemical shift is the surface core level shift (SCLS),
i.e. the shift of surface core level electrons with respect to photoelectrons originat-
ing from the bulk because of the lower coordination of the top layer atoms: with
XPS it is therefore possible to distinguish the surface signal from the bulk one.

The surface sensitivity of XPS is due to the finite inelastic mean free path A of
the photoelectrons. For electrons with intensity I, emitted at a depth d below the
surface, the intensity Is of the same electrons as they reach the surface is attenuated
as

Is = Le 44 (2.9)

We define sampling depth as 31 so that 95% of all photoelectrons from this depth are
scattered by the time they reach the surface. From figure 2.9 it can be seen that, in
the energy range from few eV to 1 keV, the electron mean free path in any material
is lower than 10 nm and in the 50-100 eV kinetic energy range the mean free path
is just few A: this means that photoelectrons in this kinetic energy range mostly
originate form the first few layers of the solid. For this reason XPS is widely used
for studying thin films and molecular adsorbates.

Theoretical aspects

XPS is based on the photoemission process: the spectra are obtained by irradiating
a material with a X-ray beam while simultaneously measuring the kinetic energy
(with a proper detector) and the number of electrons (photoelectrons) that escape
from the top 1 to 10 nm of the material being analyzed (fig. 2.10).

The photoemission process takes place when a highly energetic photon interacts
with matter, removing one electron from an atomic orbital or from an energy band,;
this electron then reaches the vacuum level and can be measured by a detector. Soft
X-rays are used in general to probe the core levels of a solid.

When a photoemission takes place (see fig. 2.11), the photon transfers its en-
ergy hv to the photoelectron which leaves the sample with a kinetic energy E}.
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Figure 2.9: Universal curve of the electron inelastic mean free path: the curve is roughly
valid for all the materials.
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Figure 2.10: The basic scheme of a XPS experimental configuration. Image from [7].
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Figure 2.11: Energy diagram of the photoemission process for a core electron.

equivalent to the difference between the energy (hv) gained from the photon and
the energy lost to overcome its binding energy Ep,, whose reference is convention-
ally taken with respect to the Fermi level (Er = o), and the work function ¢; of the
sample:

Efin = hv—(Bp + ¢5) (2.10)

then, the photoelectron reaches the detector and has to overcome the work function
¢p of the detector, which is grounded as the sample to have the same Fermi level:

Eyin = hv — (Ep + ¢s) - (QSD - ¢s)

v - Ey - ép (2.11)

Therefore, the equation (2.11) gives the kinetic energy of a photoelectron de-
tected the electron detector [22]. Finally, we obtain the electron binding energy:

Ep = hv — (Exin + ¢p) (2.12)

XPS spectra

The intensity Iip of a peak "p" of a selected element "i" in a XPS spectrum can be
expressed [22] as

Iip = NioiAiK (2.13)

where N; is average atomic concentration of element "i" on the surface under analy-
sis, oj the photoelectron cross-section for element "i" as expressed by peak "p", A; the
inelastic mean free path of a photoelectron, and K includes all other factors related
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to experimental set-up such as the incident X-ray photon flux and the detection
efficiency of the detector.

In a real photoemission experiment, the E}, of the core electron in its ground
state cannot be directly probed since the measured E}, incorporates both initial state
and final state effects, and the spectral linewidth is broadened by both intrinsic and
experimental effects. In general the total spectral broadening [23] can be written as

nat

AE = \JAE2 + A2, + AE, + AE;, + AE: (2.14)
where

o AEp, is the intrinsic natural linewidth directly related to the core-hole life-
time 7 via the Heisenberg indetermination principle I'z > 7. The photoemis-
sion event leaves the atom in a highly excited core ionized state, from which
it can decay radiatively (fluorescence) or non-radiatively (typically by Auger
decay).

o AEyj is due to the vibrational component produced by the excitation of low
energy vibrational modes both in the initial and in the final state.

« AE;, is the inhomogeneous broadening than can originate from the presence
of unresolved core level components in the spectrum.

+ AEp, is caused by the non perfect monochromaticity of the photon beam
(experimental contribution).

« AE, is due to the limited resolving power of the electron analyser (experi-
mental contribution).

For AE,, assuming an exponential decay probability for the core hole in the
time domain (« exp(—t /1)), the spectral function will have a Lorentzian shape given

by:

I /2

7 (E = Ep)* +(T'/2)?
where I' is the FWHM (Full Width at Half Maximum) of the Lorentzian peak. A
Gaussian broadening is used to account for the other terms of eq. (2.14):

_(E- Eb)z)
2y?

An accurate description of the lineshape of the photoemission peaks was formulated

by S. Doniach and M. Sunjic [24], who elaborated a modified Lorentzian distribu-

tion function by including an asymmetry parameter «, which basically accounts for

the excitation of electron-core hole pairs at the Fermi level. The Doniach-Sunjic

lineshape is expressed as:

IL(E) = (2.15)

Ic(E) = yf}zexp ( (2.16)
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FE(I - a)
[(E — Ep)? — (T'/2)2](G-a)/2

where I is the Euler Gamma function, and

Ips =1,

¢(E) (2.17)

E-E
E(E) = cos e + (1 —a)arctan( b)}
2 /2
The XPS spectra presented in this thesis are fitted using a Doniach-Sunjic profile
or a Voigt profile, which is a convolution of a Lorentzian profile and a Gaussian

profile.

XPS instrumentation

As shown in figure 2.10, the fundamental parts of a XPS experimental set-up are a
source of X-rays, an electron energy analyser (detector) and an UHV chamber.

UHYV condition (or at least high vacuum) is required because the electrons must
reach the detector, and their mean-free path is too short at high pressures. However,
we point out that recently high pressure (i.e. up to 10 mbar) XPS has been developed
[25] since, for instance, many chemical reactions take place in atmospheric condi-
tions, and therefore a higher pressure experimental system would be desirable for
investigating such systems.

The X-ray source can be a conventional laboratory aluminium K, X-rays or
non-monochromatic (polychromatic) magnesium X-rays, or it can be a synchrotron
light source. By synchrotron radiation we mean the light generated by relativistic
electrons when they are accelerated on a curved trajectory and thus emit a highly
collimated photon beam in the tangential direction. The description of the details
of synchrotron radiation is beyond the scope of this thesis. However, it is widely
treated in literature, for details one can refer to books like ref. [26]. The synchrotron
radiation is preferable to conventional sources, for many reasons:

« synchrotron radiation is tunable, so that a wide range of photon energies is
accessible by properly adjusting the undulator gap and the monochromator;

« it yields a high brilliance, i.e. a high photon flux with a narrow bandwidth;

« it yields a high polarization of the photon beam.

Thanks to these properties, XPS measurements with a synchrotron radiation X-
ray source have higher sensitivity to elemental composition, structural and chemical
sensitivity, surface sensitivity and faster spectra acquisition.

The electron detector is generally a hemispherical electron energy analyzer (as
in our experiments) because of its higher resolution with respect to other types of
detector. An ideal hemispherical analyzer consists of two concentric hemispherical
electrodes (inner and outer hemispheres of radius R; and R, respectively) held at
proper voltages V; and V, (see fig. 2.12).
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Figure 2.12: The hemispherical electron energy analyzer. (a) Basic scheme. (b) Some details
with the main parameters.

It is possible to demonstrate that in such a detector, (i) the electrons are linearly
dispersed along the direction connecting the entrance and the exit slit, depending on
their kinetic energy, while (ii) electrons with the same energy are first-order focused
[27] (fig. 2.12b). This property is used to select the electron energy to detect: only
the electrons with a energy E, (the so-called pass energy) will follow the trajectory
of radius R, = (R, +R,)/2 and then reach the detector at the exit slit, and E, is given
by

Vz - Vl -
[ V) (I (2.18)
2R, R, R,
where e is the elemental electron charge. The instrumental resolution AE is
w o a?
AE =E, + — (2.19)
2R, 4

where w is the average width of the two slits, and « is the incidence angle of the
incoming photoelectrons (fig. 2.12b). Although the resolution improves with in-
creasing R,, technical problems related to the size of the analyzer put a limit on the
actual value of R,. Although a low pass energy E, improves the resolution, the elec-
tron transmission probability is reduced at low pass energy, and the signal-to-noise
ratio deteriorates, accordingly. The electrostatic lenses in front of the analyzer (fig.
2.12a) have two main purposes: they collect and focus the incoming photoelectrons
into the entrance slit of the analyser, and they decelerate the electrons to the kinetic
energy E,, in order to increase the resolution. When acquiring XPS spectra in sweep
(or scanning) mode, the voltages of the two hemispheres and hence the pass energy
are held fixed; at the same time, the voltage applied to the electrostatic lenses is
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swept in such a way that each channel counts electrons with the selected kinetic
energy for the selected amount of time.

2.3.2 Near edge X-ray absorption fine structure (NEXAFS)

When the X-ray energy is scanned through the binding energy of a core shell, there
is an abrupt increase in absorption cross-section. This gives rise to a so-called ab-
sorption edge, with each edge representing a different core electron binding energy
[28]. The edges are named according to the principal quantum number of the elec-
tron that is excited: K for n = 1, L for n = 2, M for n = 3, etc. Due to angular
momentum and spin-orbit splitting, the edges split into further more edges like L,
(25), L, (2p1/2), Ls (2p5),) for the L edge (fig. 2.13). X-ray absorption spectroscopy
(XAS) refers to the measurement of X-ray absorption cross-section in the vicinity
of one or more absorbing edges.
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Figure 2.13: Schematic illustration of the transitions that contribute to XAS edges. Image
from [7].

Absorption of an ionizing X-ray results in photoelectron ejection, leaving be-
hind a highly excited core-hole state which tends thus to recombine. This can relax
by a variety of mechanisms, with the two most important being emission of an
Auger electron and X-ray fluorescence (fig. 2.14).
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Figure 2.14: Schematic illustration of the two main core-hole recombination processes.
Image from [29].

From the experimental point of view, the XAS spectra can be recorded in trans-
mission mode, measuring the intensity of the incident (I,) and transmitted (I;) ra-
diation obtaining thus an absorption A oc —In(1;/1,), or in fluorescence mode, mea-
suring the fluorescence excitation radiation intensity (Ir) obtaining an absorption
A o I [I,. The fluorescence mode is the most common one because the transmitted
intensity is generally rapidly absorbed by the common samples.

Conventionally the XAS spectrum is divided into two regions (fig. 2.15). The
structure in the vicinity of the edge is referred to as X-ray Absorption Near-Edge
Structure (XANES) or equivalently as Near Edge X-ray Absorption Fine Structure
(NEXAFS): the two acronyms should be interchangeable but over the years NEX-
AFS has become terminology for low Z (atomic number) elements like C, N, O...
[30]. Since in this thesis we will present only C, N, and O edges, we call it NEX-
AFS. The oscillations above the edge, which can extend for 1000 €V or more, are
referred to as Extended X-ray Absorption Fine Structure (EXAFS). The distinction
between NEXAFS and EXAFS is formally arbitrary, since the same fundamental
physical principles govern photoabsorption over the entire XAS region and there is
no unambiguous definition that distinguishes between "near-edge" and "extended"
structure [28]. However, in practice, the subdivision of these two regions is im-
portant because the dominant physical processes are different, and they can give
different types of information about the analyzed sample.

NEXAFS

In this thesis we present some NEXAFS measurements, and therefore in this section
we give a brief description of this technique.

The NEXAFS region, as shown in figure 2.15, is clearly more complex than sim-
ply an abrupt increase in absorption cross-section. There are several weak tran-
sitions below the edge (pre-edge transitions) together with structured absorption
on the high energy side of the edge. Thus, we can further subdivide the NEXAFS
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Figure 2.15: A X-ray absorption spectrum, showing the structured absorption that is seen
both within ca. 50 eV of the edge (XANES) and for several hundreds eV above the edge
(EXAFS). Image from [30].
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Figure 2.16: A NEXAFS spectrum subdivided into the pre-edge, edge and NEXAFS range.
Image from [30].

spectrum into three parts, as indicated in figure 2.16.
Each region has different physical processes involved, and gives different types
of information about the sample [30]:

+ The pre-edge region features are caused by electronic transitions to empty
bound states. The transition probability are controlled by dipolar selection
rules. From this region we can obtain information about the local geome-
try around absorbing atom and information on oxidation state and bonding
characteristics (chemical shift).

+ The edge region defines ionization threshold to continuum states. This region
depends on oxidation state (chemical shift) too, with the main edge shifting
to higher energies with increased oxidation state.
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« The NEXAFS region is dominated by multiple-scattering resonances of the
photoelectrons ejected at low kinetic energy. From this region we can obtain
information about the atomic position of neighbors: interatomic distances
and bond angles.

Angular dependence of NEXAFS

By employing synchrotron radiation as X-ray source, we can not only acquire stan-
dard XAS spectra, but we can also perform polarization dependent measurements.
In particular, in some works presented in this thesis, we performed linear dichroism
NEXAFS measurements to investigate the orientations of the molecules adsorbed on
Au(111).

Stohr and Outka in their work published in 1987 [31] presented a model for rec-
ognizing the molecular orientations on surfaces from the angular dependent NEX-
AFS spectra. They observed that, in the K-shell (1s) NEXAFS spectra for chemisorbed
molecules on surfaces, generally only the transitions to highly localized molecular
¥ and o* orbitals are not severely perturbed by the interaction with the surface,
and therefore they are the main features of the NEXAFS spectra. These 7* and ¢*
orbitals are directionally oriented.

Stohr and Outka demonstrated rigorously their model which gives quantitative
results. The detailed description of this model is beyond the scope of this thesis,
and can be found in the original article [31]. Here we just give only a very brief
explanation of the angular dependent NEXAFS.

The well-defined symmetry of the initial (1s) and the final (z* and ¢*) states
involved in the electronic dipole transitions and the nearly linearly polarized nature
of synchrotron radiation are responsible for the strong angular dependence of the
resonance intensities. The dipole selection rules dictate that the ¢ resonance is
largest when the electrical field vector E is along the o™ orbital, and zero when E
is perpendicular to the ¢* orbital. The same rules hold for z*. Therefore, we can
change E direction (which is perpendicular to the X-ray beam direction) to probe
the direction of the 7* and ¢* orbitals. Generally, two different angle measures are
enough to understand the bond orientation: a normal E (90°, named p polarization)
and a grazing E (0°, named s polarization) spectrum.

2.3.3 The ALOISA beamline

All our photoemission experiments were performed at the ALOISA (Advanced Line
for Overlayer, Interface and Surface Analysis) beamline or at the ANCHOR labora-
tory at the Elettra synchrotron facility located in Basovizza (Trieste - Italy).

ALOISA [32] is a multipurpose beamline at the Elettra synchrotron facility (in
Trieste, Italy) dedicated to the chemical and structural characterization of surfaces,
adsorbates and ultra-thin films. The ultra-wide energy range of the beamline and
the complete set of detectors in the end-station, allow the users to combine in-situ
structural and chemical investigation techniques, such as:
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Figure 2.17: The ALOISA chamber. Image from [32].

+ X-ray Photoemission Spectroscopy (XPS)

+ Near Edge X-ray Absorption Fine Spectroscopy (NEXAFS)

Photoelectron Diffraction (PED)

Resonant X-ray Photoemission Spectroscopy (RESPES)

Resonant X-ray Photoelectron Diffraction (RESPED)

Surface X-Ray Diffraction (SXRD)

Auger-Photoelectron Coincidence Spectroscopy (APECS)

A grating-crystal monochromator is employed to cover a wide photon energy
range spanning 130 — 1500 eV.

The experimental workstation (fig. 2.17) consists in two UHV chambers sepa-
rated by a valve: the preparation chamber for the sample cleaning and prepara-
tion and the experimental chamber surrounded by a p-metal shielding to screen
the sample from stray magnetic fields which would deflect the electron trajecto-
ries. The preparation chamber is equipped with a gas inlet system for the gas doses.
The experimental station is equipped with a combination of electron spectrometers
and energy-resolved photodiodes for detecting both electrons and photons. The
whole set of different detectors is hosted onto rotating frames inside the experimen-
tal chamber in order to perform complementary measurements in UHV conditions.

The ANCHOR laboratory

The ANCHOR laboratory [33] has been set up on the brenchline of the ALOISA
beamline. The apparatus permits to perform the in-situ growth and analysis of thin

41



2. The experimental apparatus

\";l.'%\ )

\ I‘|‘ . 4L o
\ | 5-Axis Manipulator & 2 fhromahcgou

s Synchroth}oﬁ beam

| = \h

iﬁ-j@x\.
AV T

Electron Analyzer

Figure 2.18: The ANCHOR laboratory.

organic films. High resolution XPS, UPS (Ultraviolet Photoelectron Spectroscopy)
and NEXAFS experiments can be combined for a complete spectroscopic character-
ization of the samples.

The chamber is equipped with a monochromatic X-ray source (Omicron XM100),
a 120 mm Electron Analyzer (PSP Vacuum - Resolve 120), a Helium Lamp (VG) (the
UV source for UPS experiments), and a 5 axis manipulator (VG) (fig. 2.18). The
chamber is connected to the brenchline of tha ALOISA beamline so that synchrotron
light can be provided in the for variable photon energy measurements (NEXAFS and
high resolution XPS). The sample is mounted on a variable temperature (200 — 900
K) sample holder and load lock system is present for fast sample replacement.
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Part1

The role of the substrate in the
formation of organic 2D
structures on Au(111)
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Chapter 3

Trapping of charged gold
adatoms by dimethyl sulfoxide
on a gold surface

The ability to control the structural and electronic properties of (hetero)-organic
assemblies on metal surfaces is the key issue for the design of efficient devices in
organic electronics, which has triggered a significant effort in the recent years in
this field [34—37]. Gold single crystal terminations are often adopted for their inert-
ness to support the growth of 2D supramolecular architectures. In particular, on the
Au(111) substrate, when suitable tectons [38] are used, the molecule-substrate cou-
pling is relatively weak, and manifold synthons [39] involving noncovalent [40—43]
or metal-organic [44-48] interactions have been exploited to program the desired
properties of the final architectures. Moreover, the (111) face of gold is the most
stable one, and molecular interactions on and with this substrate are of great impor-
tance since in most applications, where polycrystalline gold electrodes or clusters
are involved, (111)-terminated facets predominate [3, 4].

Despite being inert ("noble") in its bulk form, gold exhibits rich catalytic prop-
erties and ligand chemistry when in the form of small clusters composed by tens of
atoms down to single atoms, where gold is undercoordinated with respect to its bulk
form [49, 50]. The interest in nanogold chemistry has seen a significant upswing
only in the last decades, and nowadays reaches well beyond fundamental research,
finding valuable applications ranging from real catalysts for oxidation reactions up
to radiosensitization agents in cancer therapy [51, 52]. In particular, heterogeneous
catalysts based on highly dispersed gold have been widely investigated, and a re-
markable understanding of the structure-activity relationship at the nanoscale, as
well as of the role of the catalyst support, has been achieved in the last 20 years [49,
53-55].

At the intersection between these two seemingly opposite worlds, i.e., the in-
ertness of gold substrates and the nanoscale reactivity of gold clusters, an exciting
route opens up to novel binding motifs that can encode specific properties of the
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

supramolecular assemblies, based on gold adatoms as molecular linkers. In fact, on
the Au(111) surface, low-coordinated atoms are natively available, since the higher
density of gold atoms in the first atomic layer induces a periodic displacement of
the atoms out of the surface plane along the soliton walls of the herringbone re-
construction [56, 57]. On this surface, extraction and stabilization of native gold
adatoms can be induced by interaction of organic molecules with the Au(111) sur-
face, as observed for instance with molecules containing cyano (CN) groups [47, 48,
58], organophosphorus compounds [59, 60], porphyrin or phthalocyanine deriva-
tives [61-63], and molecules containing very electronegative substituents such as
chlorine [64] or sulfur [65, 66]. Apart from thiols (R-SH), which are known to induce
deep restructuring of the gold surface by covalently binding to this substrate [67-
71], to our knowledge there are only few examples where 2D or 1D supramolecular
architectures are stabilized by native gold adatoms as linkers. In these cases, the
Au adatoms appear to play the well-known role of transition metal linkers, where
reported substituents are often distinctively electronegative [34, 72, 73]. An alter-
native linkage method that has been recently explored involves alkali metal linkers
[74]. Together with providing tunable interfacial electronic properties [75], they
also allow more flexible bonding geometries due to the ionic character of the metal-
molecule interaction, in contrast to the directional coordination enforced by the
shape of the transition metal d orbitals [34, 46]. Gold can be seen as a half-filled s
shell element, in analogy to alkali metals: this suggests the idea that undercoordi-
nated gold adatoms could also display ionic behavior, particularly when interacting
with polarized but neutral molecules, although this has not been reported to date.
However, the observation of such ionic gold linkers by STM experiments could be
hindered by the small ionic radius of oxidized Au, and by the Au linker adatoms
being possibly located below the plane of the molecular adsorbates and thereby
hidden.

In this Chapter, we show how we can substantiate this physical picture by de-
positing on a gold surface a very simple polar molecule, dimethyl sulfoxide (DMSO
- see figure 3.2). By means of XPS and NEXAFS, and by extensive STM measure-
ments of DMSO on Au(111) from multilayer to sub-monolayer molecular coverages,
we show how the adsorption of this molecule is characterized by the formation of
characteristic molecular complexes composed of three or four DMSO molecules.
The latter appear in the STM images to be linked through their negatively charged,
and thus presumably mutually repelling, terminations. This puzzling supramolec-
ular structure has been rationalized by comparing the experimental STM images
with simulated ones, obtained by DFT calculations. As it will be shown, our results
clearly indicate that the majority of the observed complexes can be accurately re-
produced if and only if the negatively charged oxygen terminations are linked by
one or two Au adatoms, which are “invisible” in the STM images.

This work, where I contributed with most of the STM experiments and part of
the XPS and NEXAFS experiments, has been published as Feng et al. [76] in ACS
Nano.
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3.1 The Au(111) surface structure
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Figure 3.1: The gold crystal structure and its (111) surface. (a) 3-dimentional model of the
gold crystal structure, where b = fec lattice parameter, and (b) a = Au(111) lattice parameter.
(c) A STM image (35.6 X 35.6 nm?) underling the fcc and hcp regions. The bright strips are
the bridge stacking regions. (d) Model showing the difference between the hcp(ABA) and
fec(ABC) close packing. (e) Model for the herringbone Au(111) reconstruction: a (23 X 4/3)
unit cell is drawn. Along the [110] direction there are 23 gold atoms of the first layer for 22
atoms of the second layer. The first layer goes from fcc to hpc through regions with bridge
sites.

Because of its relevance in the technological applications (as mentioned in the
introduction), the Au(111) sample will be used as substrate the supramolecular as-
semblies in all the works presented in this thesis. Therefore, here we give a descrip-
tion of the Au(111) surface structure.
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

Gold has a face centered cubic (fcc) crystal structure, as showed in figure 3.1a.
The lattice parameter is b = 0.408 nm, thus the lattice parameter of the two-dimen-
sional (111) surface is @ = b/v2 = 0.288 nm (fig. 3.1a, b). Ideally, the structure
of a surface cut through a specific crystallographic plane should preserve the bulk
structure. However, in the real case, for many metals the surface can reconstruct.
In this sense, the (111) surface of gold is a unique case since it is the only fcc metal
that reconstructs on its (111) surface [57]. This reconstruction takes the form of a
23 X 4/3 "herringbone" structure which can be easily recognized on STM images by
the presence of stacking fault lines (also called discommensuration lines) exhibiting
a noticeable corrugation on the surface (fig. 3.1c). The herringbone structure is con-
sequence of the competition between the tendency of Au surface layer to contract
to higher surface density to minimize the energy, and the substrate (bulk gold) that
tends to keep the top layer in registry with the underlying atomic layers. The con-
traction, which induces a corrugation of about 0.15 A[77], takes place because it is
strong enough to overcome the potential due to the substrate. It is experimentally
demonstrated that the compression gives rise to regions where the stacking changes
from fec(ABC) to hexagonal close-packed hep(ABA) (fig. 3.1d, €). Moreover, a sec-
ondary structure, [57] where the fcc-hcp stripes bend every ~ 30 nm, originate from
the herringbone reconstruction (fig. 3.1c).

Theoretical calculations are in agreement with the experimental data. Takeuchi
and coworkers [78] calculated from first principles the Au(111) structure, finding
good agreement with the experimental results in literature: the hcp site is only 1
mRy higher in energy than fecc site, thus they are almost degenerate in energy and
can pass from one site to the other easily through regions with a bridge site which
has only 3 mRy higher energy than an fec site. They found that the top layer con-
tracts about 5% along the [110] direction, which is compatible with the experimental
4.3% (fig. 3.1e). Note that the surface does not contract in the [112] direction, since
some surface atoms would have to climb above the top site, which is energetically
very unfavourable since they found the top site to have 14 mRy higher energy than
fee site. From figure 3.1c, it’s also clear that fcc regions are wider than hcp ones,
and this is consistent with the fact that the hcp sites have a slightly higher energy
(1 mRy) than fec ones. Since Au(111) has three equivalent directions [110], there are
three equivalent domains rotated by +120° separated by domain boundaries.

In all the sample preparations of the experiments presented in this thesis, the
Au(111) surface is cleaned in UHV by repeated Ne* or Ar* sputtering at 500 €V at
room temperature for 10—20 min followed by annealing at 773—873 K for 10—20 min
(usually one cycle of sputtering and annealing is enough). Then, the molecule(s) of
interest are deposited by evaporation on the clean Au(111) substrate.
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3.2. The DMSO molecule

Figure 3.2: Ball and stick model of the DMSO molecule (yellow: sulfur, red: oxygen, grey:
carbon, white: hydrogen).

3.2 The DMSO molecule

DMSO is constituted by a sulfinyl (S=0) group and two methyl (CH,) groups bound
to the sulfur atom (figure 3.2), and it is characterized by a large dipole moment (3.96
D) [79]. DMSO is an aprotic solvent, produced as a byproduct of the paper industry
and widely employed both in laboratory and in industrial processes. It finds numer-
ous applications in the electronics industry [8o, 81], in biology and medicine as a
radio- and cryo-protective agent for cells and tissues [82], as well as a percutaneous
drug penetration enhancer [83].

DMSO (Sigma-Aldrich, anhydrous, > 99%), was dosed on the Au sample by
backfilling the UHV chamber through a leak valve connected to a glass vial, where
DMSO was transferred under nitrogen atmosphere to prevent water contamination.
Before dosing in the UHV chamber, DMSO was thoroughly cleaned by means of
several freeze-pump-thaw cycles. The DMSO adsorption phases were prepared by
exposing the sample held at 153 K to a background pressure of DMSO of about
4 X 107 Pa for about 15 s. This preparation consistently yielded a multilayer phase.
Monolayer and sub-monolayer phases were then prepared by simply heating the
multilayer phase or by dosing at saturation at a specific sample temperature. We
verified that no difference could be observed in the final surface by using the two
alternative preparation methods.

3.3 DMSO on Au(111): monolayer

To our knowledge, only very few experimental works have characterized the ad-
sorption of DMSO on metal surfaces, in UHV[84-87] or in solution [85, 88, 89] en-
vironments. In particular, on Au(100) and Au(111), the structural properties of the
DMSO-gold interface have been probed by STM, but only tentative models were put
forward on the basis of poorly resolved features in the STM images [85, 90].

To characterize the adsorption of DMSO on Au(111), we studied by LT-STM
films obtained by depositing the molecules at different temperatures T; of the Au(111)
sample in the 153 < Ty < 300 K range. Due to the weak bonding of the molecules
in the multilayer, STM imaging could not be carried out on this phase. Conversely,
upon annealing of the multilayer phase at 193 K, a high coverage, compact phase
is obtained and, where the compact phase starts to break apart, it exhibits regions
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Figure 3.3: (a) Experimental STM image (12.75 X 12.75 nm?*) showing the high coverage
phase (left part of the image), coexisting with patches of square complexes (on the right),
and (b) a high resolution detail of the high coverage phase, where transparent ball and stick
models are superimposed to guide the eye in the identification of the single molecules (2.14x
2.14 nm?). (c) DFT-based simulated STM image of this phase, and (d) the corresponding ball
model. Image parameters: (a) Vs = 100 mV, I; = 100 pA, (b) V; = 50 mV, I; = 200 pA.

where square complexes begin to form, as it is shown in figure 3.3a. The square
complexes will be discussed hereafter, while first we focus on the compact phase.

From the high-resolution inset (fig. 3.3b) supported by the superimposed stick
and ball models, the features corresponding to the molecular structure of DMSO
can be straightforwardly identified: there are two brighter protrusions which cor-
respond to the methyl groups, whereas the less intense one can be assigned to the
oxygen atom. The appearance also suggests that the molecule is sitting in an "in-
verted umbrella" geometry, i.e. with the S atom directly interacting with the Au
surface. In the compact phase, the orientation of molecular rows is found to be ap-
proximately +15° with respect to the directions of the herringbone reconstruction
(the [112] directions). By measuring the distance between the molecules, it is pos-
sible to define the unit cell of the molecular structure, which is described by the 51
and b, vectors in the following matrix notation:
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3.4. The square complex

with the Au(111) unit cell vectors being defined as 71 = ao(1;0) and 72 =a, (2, \/75),
and g, the nearest neighbor distance in the Au lattice (0.288 nm).

The arrangement of the DMSO molecules in the high coverage phase (mono-
layer) has been also characterized from the theoretical point of view, by means of
DFT calculations, performed in collaboration with Dr. S. Velari and Prof. A. De Vita
of the University of Trieste, to confirm the hypothesized structure (see the published
article of this work [76] for details about the DFT simulations). In figure 3.3d a ball
model of the optimized adsorption geometry is shown, while figure 3.3¢ shows the
DFT-based simulation of the STM image, which is in good agreement with the ex-
perimental high-resolution image in panel 3.3b of the same figure. Judging from its
structure, the stabilizing interaction within this phase is clearly the intermolecular
attractive CH,---O interaction.

3.4 The square complex

After annealing the monolayer phase to 233 K, thereby desorbing a large part of the
DMSO molecules, the surface appears as shown in the STM image in figure 3.4a.
From the high-resolution insets (fig. 3.4b, c), we deduce that the DMSO molecu-
les must be in the same "inverted umbrella” geometry, i.e. with the S atom directly
interacting with the Au surface, as found in the monolayer phase. From these con-
siderations, the dominant structural motif of this layer appears to be a complex
of four DMSO molecules (hereafter referred to as square), together with a smaller
number of isolated, single DMSO molecules.

Within the square complex, it appears that DMSO favors a geometry where the
oxygen atoms are located close to each other, a configuration that should intuitively
be relatively unstable, due to mutual repulsion of the oxygen atoms, even though
a weak attractive interaction between the methyl groups and the oxygen atoms of
adjacent molecules could instead favor the stability of the complex. To investigate
the stability of the squares, we performed extensive manipulation experiments, both
by scanning at high bias voltages (i.e. within 3 V) and by applying voltage pulses
on top of the complexes (not showed here).

What we found is that the square can be easily rotated as a whole on the sur-
face plane, but it is impossible to separate its constituent molecules without irre-
versible damage, i.e. the fragments observed on the surface after strong manipula-
tion attempts have completely lost the characteristic appearance, in terms of size
and shape, of the DMSO molecules. Therefore, the interaction between the DMSO
molecules within the squares appears to be remarkably strong and dominated by the
attractive CH,;—O interaction. The issue of the stabilizing interactions within the
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Figure 3.4: (a) STM image (12.82 X 12.82 nm?*) showing the square complexes formed by
annealing the DMSO/Au(111) multilayer phase to 233 K. Panels (b) (1.00 X 1.00 nm?) and
(c) (1.60 X 1.60 nm?) are high-resolution details of a single isolated DMSO molecule and a
square complex, respectively. Transparent ball and stick models are superimposed to guide
the eye in the identification of the single molecules. Image parameters: (a) V; = 100 mV,
I; = 100 pA; (b) Vs = 50 mV, I; = 100 pA; (c) V; = 100 mV, I; = 50 pA.

squares will be tackled later, after discussing the behavior of the system at higher
temperatures.

3.5 The triangle and rectangle complexes

Subsequent annealing of the surface up to 273 K leads to a further decrease in the
molecular coverage and to the formation of a variety of new complexes, which are
summarized in figure 3.5. In the same figure, high resolution details of the four most
common complexes are shown, whereas other minor variants to these configura-
tions can be found on the surface (less than 10% of the total number of complexes).
While the arrangement of the DMSO molecules within the complexes in figure 3.5a
and d can be readily identified, since the shape of the single DMSO molecules is
evident, the complexes in figure 3.5b and 5c are less trivial to understand. More pre-
cisely, in the STM image in figure 3.5b, three DMSO molecules can be readily identi-
fied, whereas the nature of the brighter protrusion is not straightforward. Similarly,
in figure 3.5¢, two DMSO molecules can be recognized, whereas the assignment of
the two brighter features needs further investigation. For sake of simplicity, from
now on we shall refer to the complexes in figure 3.5a to d as the symmetric rectangle,
asymmetric rectangle, chiral rectangle, and triangle, respectively.

52



3.5. The triangle and rectangle complexes
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chiral rectangle . triangle

Figure 3.5: STM image (center - 12.94 X 12.94 nm?) showing the various complexes that
form on the surface after annealing to 273 K. (a-d) Insets show high resolution details of
complexes: (a) the symmetric rectangle complex (1.63 X 1.99 nm?), (b) the asymmetric rect-
angle complex (2.21 X 1.62 nm?), (c) the chiral rectangle complex (2.21 X 1.62 nm?) and (d)
the triangle complex (1.63 X 1.99 nm?). All images: 30 mV < V5 < 50 mV, 100 pA < I; < 200
PA.

Figure 3.6: Sequence of STM images of the same area, showing the effect of +1.5 V voltage
pulses applied with the STM tip at the location indicated by the green marker. A symmetric
rectangle (a) is converted to a chiral rectangle (b) and eventually back to a symmetric rectan-
gle. The triangle at the bottom right corner remains immobile in all three images, and acts
as a reference. All images: V; = 100 mV, I; = 100 pA, 4.20 X 4.20 nm®.
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

To better understand the nature of the observed bright protrusions, we have
performed experiments involving the manipulation of the complexes by applying
voltage pulses on these complexes. In particular, figure 3.6 shows the result of two
subsequent voltage pulses applied at the location indicated by the green markers,
in a sequence of STM images acquired from the same area. As can be observed,
under voltage pulses, the symmetric rectangle can be converted back and forth into
the chiral rectangle, unambiguously confirming that the constitutive units of both
rectangles are the same, i.e., four DMSO molecules.

Similarly, together with various other examples of manipulation experiments,
also the asymmetric rectangle could be converted to a symmetric rectangle and to
a chiral rectangle, thereby indicating that the protrusion on the side of the former
complex is likely a single DMSO in a different adsorption configuration.

3.6 The triangle and rectangle complexes: trapping of
charged gold adatoms

symm. rectangle asymm. rectangle chiral rectangle triangle square

Figure 3.7: (a-e) STM images of the various DMSO complexes from figures 3.5a-d and
3.4¢, showing the experimental (top row) and the DFT calculated images (middle row). The
bottom row shows ball models of the geometries obtained by DFT calculations, where the
gold adatoms are painted in green to ease their identification. The lateral scales of the
images within each column are the same, and are the same of figure 3.5a-d and figure 3.4c.

Surprisingly enough, it appears that a common feature of all the described com-
plexes is that the oxygen atoms appear to be preferentially located close to each
other, a configuration that should be extremely unfavorable due to the negative
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3.6. The triangle and rectangle complexes: trapping of charged gold adatoms

charge on the oxygens. To understand this behavior, we have carried out DFT calcu-
lations of the structural, electronic, and energetic properties of the observed DMSO
complexes as well as simulations of the STM images.

We started from the simplest complex, i.e. the triangle. From the experimental
STM images, it can be easily inferred that the complex is formed by three DMSO
molecules with a measured distance of approximately twice the Au lattice constant
between the S atoms. DFT calculations indicate that the most favorable adsorption
configuration for a single adsorbed DMSO is the on-top site, with the S atom bound
to the metal surface. As expected from the above chemical considerations, a triangle
with all three DSMO adsorbed on top is predicted by DFT to be less stable (losing
0.13 eV/molecule) with respect to a single adsorbed DMSO taken as the reference
configuration (1.78 eV/molecule). For the details of how the relevant energies are
calculated, we refer the reader to the discussion of table 3.1 below. In this triangle,
upon relaxation each DMSO rotates around the S atom by slightly more than 30°, in
order to maximize the O—H interaction, in analogy to the behavior reported for the
pure crystalline form [91], thus becoming very different from the complex observed
experimentally.

To explain the stability of the structure, we have therefore hypothesized the
presence of an Au adatom trapped within the complex, where it could act as an
acceptor for the electrons of the oxygen atoms. As a consequence of this ansatz,
the triangle becomes stable, gaining 0.25 eV/molecule with respect to single DMSO
adsorption. In agreement with the experimental STM data, the simulated images
clearly show no protrusion related to the adatom at the center of the complex, as
can be seen in figure 3.7d. It should be noted that in the experimental STM images
the triangles can be found pointing in both the [112] and the [112] directions (see
fig. 3.5). These two possible adsorption configurations of the triangle are consistent
with the preferred adsorption site of DMSO (on-top), and with the two possible
hollow Au sites for the adatom (hcp and fec).

On the basis of the same chemical considerations used for the triangle, the stabil-
ity of the symmetric rectangle can only be explained by introducing two Au adatoms,
as shown in figure 3.7a, gaining 0.40 eV/molecule with respect to a single adsorbed
DMSO. Also in this case, the adatoms are not visible in the experimental STM im-
ages, and the absence of protrusions related to their presence is confirmed by the
calculated image. The two adatoms are located in fcc and hcp hollow sites, and con-
sistently with the C; symmetry of the substrate, they are observed with the long
side oriented in all the three equivalent [112] directions.

With concern to the asymmetric rectangle and the chiral rectangle, various mod-
els have been tested, and the ones that show the best agreement with the experiment
in terms of energetics and appearance of the STM images are shown in figur 3.7b
and c. The energetic gain, referred to a single adsorbed DMSQO, is 0.35 eV/molecule
and 0.32 eV/molecule, respectively.

In the asymmetric rectangle (fig. 3.7b), the brighter protrusion is originated by a
DMSO molecule in an "inverted" adsorption geometry, i.e., with the S atom pointing
out of the surface plane and the O atom interacting with the Au adatoms. As in the
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

case of the symmetric rectangle, the two adatoms are located in fcc and hcp hollow
sites, and the complexes can be found on the surface with the same orientations.

The chiral rectangle (fig. 3.7¢) is again characterized by the presence of two
adatoms in fcc and hcp hollow sites. However, in this case, the two sites are almost
aligned along the [110] direction, with the adatoms located slightly off-site, giving
rise to a characteristic angle of +14° of the long side of the complex with respect to
the equivalent [110] directions.

The simulated STM images in figure 3.7a-d are in good agreement with the cor-
responding experimental images, since the morphology of the main features can be
immediately identified, in particular concerning the lack of features related to the
presence of the adatoms. However, it is also clear that the methyl groups in the sim-
ulated images always appear lower than the experimental ones. This artifact can be
traced back to the pseudopotential used in our calculations, which underestimates
the S—Au distance, inducing the methyl groups to relax to a slightly lower position,
thus yielding a decrease in their contrast which is not observed in the experimental
images.

It is to be noted that we have no direct information to pinpoint the process by
which the DMSO complexes form, in particular concerning the actual origin of the
adatom(s) in the complexes. However, in the temperature range where we observe
adatoms trapped within complexes (i.e. above 233 K), it is well known that native
gold adatoms can detach from step edges, diffuse along them and across the sur-
face itself, as well as be extracted from the herringbone reconstruction and elbow
sites [68, 92, 93]. Moreover, it is also well established that molecular adsorption,
especially involving very electronegative species, can significantly promote such
processes [68, 94]. In contrast to thiols and other molecules that interact strongly
with gold, in our case no lifting of the herringbone reconstruction was ever ob-
served, likely because the interaction of DMSO with gold is comparatively weaker
(no covalent bonding occurs between the molecule and the metal).

3.7 The square complex: adatom?

The case of the square complex deserves a separate discussion. Similarly to the other
complexes, the oxygen atoms are quite close to each other, possibly giving rise to
a repulsive interaction that could in principle destabilize the complex. However, in
this case the molecular arrangement also favors the interaction between the oxygen
and the methyl groups of each couple of adjacent molecules. The calculated CH-O
angle in the closest H-O couple (2.5 A) is approximately 140°, and this geometry
does in fact favor the formation of a hydrogen bond [95-97]. Additionally, as men-
tioned above, the square exhibits a remarkable stability upon manipulation with the
STM tip. Therefore, the question arises whether or not an adatom is trapped inside
the complex, and the contrast of the STM images cannot address this point since we
have verified that the trapped adatoms, even when present, are not visible both in
the experimental and simulated STM images. To clarify this point, on one side we
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Figure 3.8: Experimental angular distribution of the square complexes (blue histogram,
left axis) and the adsorption energy per molecule (markers, right axis) of the possible can-
didate models for the square complex with (red) and without (green) the central adatom.
The thumbnail above the graph shows the directions taken as a reference to determine the
orientation of the square complexes.

analyzed the distribution of the characteristic orientations of the complexes with
respect to the Au(111) crystallographic directions in the experimental STM images,
and on the other we carefully evaluated the energetics of the different complexes as
obtained by DFT.

As a starting point, we have measured the orientation of more than 1500 square
complexes on the experimental STM images, using as a reference the directions
shown as blue lines in the top inset of figure 3.8. By taking into account both the
symmetry of the substrate and the symmetry of the square complexes themselves,
the resulting angular distribution of the complexes falls within 0° and 60° (see the
published article of this work [76] for details on the measurement of the angles),
and is represented by the blue histogram in figure 3.8 (left axis). It is clear that
squares are aligned around four distinct angles, namely 7°, 23°, 36° and 53° with
an error of about +4°. In the same graph, the green and red markers show the
calculated energies of various structures composed by four DMSO molecules (right
axis), hypothesized as reasonable candidates for the square complex, as a function
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

Table 3.1: Calculated average adsorption (E,4s) and cohesion energies (E.o;) per DMSO
molecule of the various molecular complexes (energies in eV).

Species Euas  Econ
single DMSO 1.78 -

square 1.82 0.05
triangle 2.02  0.25
symm. rectangle  2.17  0.40
chiral rectangle 2.09  0.32

asymm. rectangle 2.11  0.35

of their characteristic angle with respect to the surface. In particular, the red (green)
markers correspond to the models including (excluding) the Au adatom. It is to be
noted that relaxation of the models corresponding to the red markers after removal
of the adatom consistently yielded one of the structures corresponding to the green
marker.

Both analyses indicate that, at variance with the other observed complexes, the
squares do not include a central gold adatom: First, from the energetic point of view,
it is clear that the complexes with no adatom are always more stable (green markers)
by more than 50 meV. Second, a clearly different angular distribution should be
found if the squares included the adatoms (red markers).

3.8 Adsorption energies

Table 3.1 shows the calculated average adsorption E 45 and cohesion E,,j, energies
per DMSO molecule of the various molecular complexes. The adsorption energies
have been calculated as:

Eags(n) = —% [E(hRDMSO/sub) — n x E(DMSO) — E(sub)]

where sub indicates the substrate, ie., the clean Au(111) surface, for the single
DMSO and the square, or the surface with one or two Au adatoms, for the tri-
angle and the rectangles; nDMSO indicates a DMSO complex with n molecules;
E(nDMSO/sub), E(DMSO) and E(sub) indicate the energies of the total system (ad-
sorbed complex and substrate), of a gas-phase isolated DMSO molecule, and of the
substrate, respectively. The cohesion energy per molecule, defined as

Ecoh(n) = Eads(n) - Eads(l)

indicates the energy gain per DMSO molecule in the most stable adsorption config-
urations of a complex with respect to the adsorption of the individual molecule(s)
on the bare Au(111) surface.

The energetics of the various complexes can help to rationalize the experi-
mental observations. The least stable species is the single DMSO molecule (1.78
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3.8. Adsorption energies

Figure 3.9: Top (top panel) and side (bottom panel) views of the changes in charge density
around a gold adatom coordinated by three DMSO molecules (triangle complex) on the
Au(111) surface with a pre-existing adatom on it. A perspective view (middle panel) is also
shown. The accumulation of negative charge is depicted in red, the depletion in blue. The
blue lobe surrounding the adatom highlights its cationic behavior.
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3. Trapping of charged gold adatoms by dimethyl sulfoxide on a gold surface

eV/molecule), that was in fact observed in rare cases. The square complex (1.82
eV/molecule) is more stable than the single adsorbed molecule, and is by far the
dominant structure, together with the monolayer phase, at temperatures below 233
K. This is apparently in contrast with the fact that all the other complexes are sig-
nificantly more stable than the square itself, and should therefore dominate the sur-
face. However, as shown above, strong energetic and structural evidence indicate
that this particular complex is the only one not entrapping one or more Au adatoms.
It is reasonable to assume that at temperatures below 233 K a decreased availability
of gold adatoms prevents the formation of triangles and rectangles, and therefore
favors the formation of the squares. This consideration further strengthens the con-
clusion that no adatoms are trapped inside the squares.

The cohesion energies reported in table 3.1 indicate that the presence of the
adatoms in triangles and rectangles plays a relevant role in the stability of the com-
plexes: molecule-molecule and molecule-adatom interactions (E.,p) account for
15% — 18% of their adsorption energies E,4,. Conversely, in the squares, E;o,/Eqds
is only 3%, consistently with the weaker molecule-molecule hydrogen bonding.

DFT calculations also reveal that a peculiar redistribution of the electron density
occurs around the Au adatom, as shown for the triangle by the charge density trans-
fer plots in figure 3.9. The latter have been calculated as p;o:(r) — psup(r)— 2 Pmoi(r),
where p;o;(r) is the charge density of the total system, ps,p(r) the density of the
gold substrate including an isolated adatom, and ; p,,,0;(r) the density of three non-
interacting DMSO molecules in gas phase.

Namely, the density depletion (blue lobe) occurring at the gold adatom suggests
that this atom displays a significant degree of cationic behavior. This is confirmed
by the calculation of the atomic Lowdin charges [98]: even in the absence of DMSO
coadsorption, a single Au adatom in the hollow position is always slightly posi-
tively charged (= —o.21e™) with respect to an atom of the surface layer, by donating
electronic charge to the nearest neighbor surface Au atoms. In the presence of a
DMSO complex, the adatom recovers only part of its electronic charge (~ —o0.08e~
relative to the single adatom) and rearranges the occupation of its s, p, and d or-
bitals. Moreover, at the same time, an increase in the electronic charge occurs on its
second nearest neighbor surface Au atoms, which are directly interacting with the
sulfur of DMSO. The oxygen atoms surrounding the adatom are polarized in a char-
acteristic double peak-trough pattern: this charge rearrangement pattern favors the
coordination of the oxygen terminations of DMSO with the gold adatom, which ef-
fectively acts as ionic linker between the otherwise mutually repelling molecular
terminations. The observed charge depletion and the proximity of deep p-orbitals
associated with the oxygen atom ligands imply the lack of electron states available
for tunneling in the STM observations at the Au site. This is consistent with the
STM images where the adatom is indeed not visible.

It is to be noted that linker adatoms which cannot be resolved in STM images
were also reported in other works, and this effect was accompanied by a reduction
of the occupation of the adatom states upon surface complexation [63, 72]. It is
important to remark that we have carried out extensive imaging on the complexes
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at various sample bias voltages, ranging from —3 up to +1 V. Within this inter-
val, no significant contrast variations could be observed on the complexes, except
for degradation of the resolution and broadening of the molecule-related protru-
sions. This observation gives experimental confirmation that no adatom-related
electronic states are available for tunneling in the examined energy range. Measur-
ing at bias voltages outside this range yielded very unstable imaging and easily in-
duced changes in the complexes, even at very low tunneling current set points (= 1
pA), pointing out to possible, strong interactions between the tip-sample electric
field and the molecular dipole. Eventually, it is to be noted that also the simulated
images show no relevant contrast variation within the above-mentioned bias range,
and the adatom-projected density of states is negligible in the corresponding energy
interval.

Our finding of a significant charge redistribution around the presumably en-
trapped adatoms is analogous to what was observed by Pawin et al. for 9,10-anthra-
cenedicarbonitrile on Cu(111), where a similar effect occurs [99]. Such charging
effect could explain the reported increase in the reactivity of Au(111) surfaces cov-
ered by PDI metal-organic frameworks with respect to CO, and CO adsorption,
compared to the bare Au(111) surface [100, 101]. Notably, evidence has been found
that charging is at the origin of the reactivity of small gold nanoclusters on metal
oxide surfaces, for instance in reactions involving CO [102-105].

Finally, we observe that the ionic character of the DMSO-adatom interaction is
consistent with the average Au(adatom)—0 distance, which is approximately 2.6 A,
and 30% larger than the same distance in related oxo-gold compounds (~ 2.0 A),
where the Au—O bond is mainly covalent [106].

3.9 XPS and NEXAFS experiments

XPS. To get chemical fingerprints about the adsorption of DMSO on Au(111), we
performed XPS experiments. We have first monitored the O 1s and S 2p photoe-
mission spectral features of films obtained by depositing the molecules at different
temperatures T; of the Au(111) sample in the 153 K < Ty < 300 K range. Curve
fitting reveals the presence of multilayer components for T; < 193 K (top spectra
in figure 3.10), whereas a decreasing coverage starting from the full monolayer is
observed in the 193 K < T; < 300 K range. It is to be noted that, in the latter
temperature range, both S 2p and O 1s spectra are always characterized by a single
component (bottom spectra of figure 3.10), and no significant changes in the profile
shapes are observed with decreasing coverage. In the S 2p spectra, minor features
are visible below 165 €V, related to X-ray induced damage. In figure 3.10, the decon-
volution profiles obtained by the fitting procedure highlight a binding energy shift
between the monolayer (blue) and multilayer (black) components, arising from the
screening effect of the metallic substrate.

The shift has comparable values, within 0.1 eV, for both the S 2p and O 1s fea-
tures. Both the S and O atoms of the DMSO molecule have an electron lone pair
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Figure 3.10: O 1s and S 2p spectra (hv = 650 €V) acquired on the multilayer (153 K - top
spectra - green) and on the monolayer (213 K - bottom spectra - blue) phase. The uncertainty
on the absolute binding energy values is +0.05 eV. Individual components, obtained from
the fit, are superimposed on the spectra.

and can therefore act as electron-donors in binding to the substrate or to an ad-
jacent molecule. In the latter case, as compared to a noninteracting molecule, an
increase in the binding energy of the donating atom is expected. On these bases, in
an early paper, Su and Faller [107] measured the difference between the O 1s and
S 2p binding energies, AEp, for several metal- DMSO complexes, attempting to de-
termine from this quantity whether the metal-molecule bonding occurred through
the oxygen atom, the sulfur atom or both. This method was adopted to rationalize
the XPS data for the adsorption of DMSO on Au(100) and Pt(111) [86, 89], where
bi- and mono-dentate configurations have been found, respectively. By adopting
this approach, the change in AE;, we found (= 0.1 €V - not significant within our
errors) suggests that, as it occurs on the Au(100) surface, also in the Au(111) case
DMSO adsorbs interacting with both its donor terminations to the metal. However,
an important aspect, which was not discussed in the cited works, has also to be
considered. Indeed, the supramolecular assembly at both monolayer and multilayer
stages can be driven by the formation of intermolecular hydrogen bonds, which
affects the binding energy of the termination involved in the interaction. If we as-
sume that the structure of the DMSO multilayer resembles the crystalline phase,
where oxygen-methyl interactions are present [91], a shift toward higher binding
energies is expected in addition to the screening effect of the substrate. The proper
reference value of AE;, for a noninteracting DMSO molecule should therefore be
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provided from spectra acquired in the gas phase, which are not available. Indeed,
as suggested by our STM data and DFT calculations, the O—CHj affinity drives the
assembly of the monolayer phase. These observations indicate that it is not possible
to unambiguously infer a bi-dentate DMSO-metal bonding from the observed small
AEp, and therefore call for further investigations to characterize the nature of the
molecule-metal and molecule-molecule interactions.

Summarizing, according to the interpretation of the XPS spectra by the Su and
Faller method, from a negligible shift in AE; (as we observe) a bidentate binding
mode (S-metal and O-metal) would be expected at all the temperatures we have
characterized. In contrast to this conclusion, our STM and DFT results indicate that
at temperatures below 233 K there is no oxygen-metal bonding, but only O—CH,
hydrogen bonds are formed. This observation points out to a limited applicability
of the Su and Faller method, primarily because it does not consider the possibility of
types of S- or O- interactions other than with the metal itself. In fact, in our case, it is
evident that a similar shift in AE;, can be induced by O-metal or O—CH, interactions.

NEXAFS. We also investigated the DMSO adsorption geometry at the mono-
layer stage by means of NEXAFS measurements. Figure 3.11 reports the O 1s light
polarization-dependent NEXAFS spectra, measured on a DMSO monolayer grown
at 213 K. The fit of the curves reveals the presence of distinct components, showing
a clear dichroic effect, thus suggesting that the molecules adsorb on the surface with
preferential orientation. It is to be noted that similar conclusions can be drawn from
NEXAFS spectra acquired at higher temperatures (which are not showed here).

Our spectra resemble the ones taken in both the gas [108] and liquid phase [109],
apart from a finer structure observable in our case, possibly due to the fact that in
both non-solid phases the molecules are randomly oriented and dichroic effects are
not measurable.

In a nutshell, comparison with gas phase spectra [109, 110] identifies peak 3
(532.7 €V) as due to a transition from the O 1s to the LUMO, which has a 7* char-
acter, and is expected to have maximum intensity when the photon polarization is
perpendicular to the S=0 bond. Conversely, peak 4 (533.5 eV) shows opposite polar
dependence and can be assigned to the ¢* transition of the same bond. By compar-
ing the intensities of this peak at the two polarization angles, we determined that
the S=0 bond is tilted by 25° + 10° with respect to the surface plane [111]. This value
is fully compatible with all the DFT calculated structures, where it lies between 25°
and 32°. This result can be rationalized in the context of simple chemical considera-
tions. The sulfur atom of DMSO has a tetrahedral coordination geometry, exposing
an electron lone pair at the "tip" of the umbrella structure that characterizes the
molecule. The angle between this pair and the S=O bond is roughly 110° for the
free molecule. Considering that the binding to the metal substrate typically occurs
through the lone pair (as in the case of ammonia [112], for instance), the expected
value of the angle between the S=0O bond and the surface plane for the adsorbed
molecule is about 20°, in agreement with our results.
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Figure 3.11: Linear dichroism NEXAFS spectra at the O 1s edge for two different syn-
chrotron light polarizations (s polarization: E parallel to the surface; p polarization: E per-
pendicular to the surface) of DMSO/Au(111) after annealing at 213 K. The main peaks, 3 and
4, are located at 532.7 €V and 533.5 eV respectively. Peaks 1 and 2 are assigned to impurities
or beam induced damage, whereas peaks 5, 6 and 7 are related to oxygen Rydberg states
[108].

3.10 Conclusions

In the present work, we have shown that there is a mutual stabilization between
a common, polar molecule, DMSO, and native, positively charged adatoms on the
Au(111) surface. The existence of these adatoms, for which no directly related fea-
tures are visible in the experimental data, is strongly supported by the agreement
between the measured and simulated STM images, as well as by the observed sta-
bility of the complexes, that would remain otherwise unexplained. Further possible
experiments which may support our results consist in exploring the concentration
of the adatoms, which can be controlled in principle by depositing metal atoms or
by exploring the behavior of the DMSO molecules on a different metal surface with
a higher adatom population, such as copper.

These adatoms act as ionic linkers between the molecules, a behavior reported
up to now only for alkali metal linkers. The broader interest of any such mechanism
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stems from the evidence that, even at low coverage, fabricating discrete structures
with high size selectivity can be achieved by exploiting more than just attractive
short-range intermolecular interactions (i.e., van der Waals, or H™ bonding). In par-
ticular, it is gradually becoming clear that monodisperse cluster populations can
be obtained if interactions of electrostatic nature are also present, as, for instance,
repulsive interactions between parallel dipoles which act on a longer range [113].

The observed mutual stabilization of DMSO and Au is likely related to the strong
dipole moment of the molecule and the strong electronegativity of its constituents:
further investigations are envisioned on the specific role of the sulfinyl group which
could be exploited as a functional group to drive the assembly of more complex
tectons through the described electrostatic linkage scheme, based on nondestructive
extraction/stabilization of native metal atoms from the substrate.

The nanoscale properties of the Au-DMSO interface are also of great relevance
in electrochemistry and, more generally, wet chemistry. For instance, a relatively
strong DMSO-Au binding, as originated from our observed bidentate configuration,
was hypothesized as a possible origin of the unusual behavior of liquid DMSO at
noble metal electrodes [89, 90, 114]. Very recently, the ability of DMSO to act as a
"functional solvent" in the synthesis of metal nanoparticles, advantageously provid-
ing in a single solvent the ability to both solvate and stabilize the gold aggregates,
was tentatively explained by Duggan et al. with an enhanced S™ and O~ coordi-
nation to gold, on the basis of FT-IR spectra [115]. Clearly, a generalization of our
results to the mentioned cases, where liquid-solid interfaces are involved, is far from
straightforward, but further investigations at the liquid DMSO-Au interface could
benefit from our findings.
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Chapter 4

Chemistry of the methylamine
termination at a gold surface

The study of the interface between primary amines and metallic surfaces is an im-
portant topic in physical chemistry. Amines are involved in several industrial pro-
cesses, ranging from the denitrogenation of fuels in the oil industry [116, 117], syn-
thesis of polymers [118, 119] and other compounds [116, 120] to the control of food
preservation [121]. Therefore, notable efforts have been devoted to the study of
the reaction and decomposition of small amines on catalytic metals like Pt [122—
124], Ni [125-128], Ru [129, 130], and Pd [131], in order to understand and opti-
mize the aforementioned processes. More recently, the interaction between primary
amines and the less reactive Au(111) surface has become a relevant issue as well.
This is related to the chemistry of the amino-gold interaction, which is governed
by the nitrogen electron lone pair [132-134]. The resulting junction is character-
ized by a well-defined geometry and electronic structure, thus representing a reli-
able electrode-molecule contact in single molecule conductance experiments [132].
Interestingly, despite the non-covalent nature of the interaction, ultrafast charge
delocalization has been shown to occur at the amino-gold interface [135], which
therefore represents a promising prototype for the design of organic-based devices.
The self-assembly process of small amino-terminated molecules on the Au(111) sur-
face is the result of the interplay between the molecule-molecule and the amino-gold
interactions [134]. The amino-gold bond is weak enough to ensure a high molecu-
lar mobility on the Au(111) surface and to promote the formation of intermolecular

bonds.

We report here a detailed study on Au(111) of the chemical and morphological
properties of ultrathin films of 1-naphthylmethylamine (NMA, fig. 4.1), constituted
by a naphthalene unit with a methylamine substituent, combining STM imaging and
X-ray Spectroscopies (XPS and NEXAFS) with DFT calculations. The molecule rep-
resents a good prototype for studying the properties of the methylamine functional-
ization of polyacenes and its role in the self-assembly process of these molecules on
surfaces. The study describes the chemistry of the molecule on the gold surface as
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a function of the sample temperature (T;). In fact, three distinct phases are obtained
at different T; ranges, characterized by single molecular layers of different density,
morphology and chemistry, namely the Flat Phase, the Standing-up Phase and the
Condensed Phase. The Flat-Phase provides the aforementioned surface functional-
ization and is characterized by the molecules being adsorbed with their naphthalene
block parallel to the surface. The morphology stems by the interplay between the
amino-gold and amino-amino interactions, the latter involving an auto-recognition
process based on an amino-amino hydrogen bonding scheme [43]. In particular, we
describe by means of DFT the different adsorption geometries that small clusters of
molecules can exhibit on the surface, as suggested by STM images. We show that
the amino-terminations play a crucial role in the assembly process of the clusters
and we relate their different chemical configurations to the measured N 1s NEX-
AFS features. The obtained results serve then as a reference for a more qualitative
description of the other two reported phases. The first is the Standing-up phase,
where the molecules are found lying tilted-up with respect to the surface, their as-
sembly being possibly stabilized by the interaction between the amino group and a
phenyl ring of adjacent molecules. The second one is the Condensed Phase, charac-
terized instead by a complete deamination of the molecules and their simultaneous
condensation in dimers.

This work, where I contributed with most of the STM experiments, has been
published in Chemical Communications [43] and The Journal of Physical Chemistry
C [136].

4.1 The NMA molecule

CH

¢

Figure 4.1: 1-naphthylmethylamine (NMA) molecule.

NMA is a naphthalene molecule with a methyl-amino functional group substi-
tuting one of the hydrogen atoms in & position, as depicted in figure 4.1. We chose to
employ a methylamino-functionalized molecule, not simply amino-functionalized,
in order to give enough geometrical freedom to the —NH, terminations to interact
with each other and with the substrate. NMA (Sigma Aldrich, 97%) was evapo-
rated from a Pyrex vial, connected to the experimental chamber through an all-
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metal valve. Exposure of the Au(111) sample to the molecule at its vapor pressure
(~ 5 X 1078 mbar) for 5 seconds yielded a saturation coverage for sample tempera-
tures between 220 and 360 K. The NMA multilayer was obtained at lower temper-
atures, whereas no molecular sticking was observed above 360 K. The Standing-up
Phase was obtained at 220 K < T; < 250 K; the Flat Phase at 280 K < Ty < 360 K;
the Condensed Phase was obtained upon annealing of the Flat Phase to T; > 360 K.

The DFT calculations, as well as the simulated STM images, have been per-
formed by the group of Prof. Giovanna Fronzoni. Details about the theoretical
methods can be found in the published paper of this work [136].

Figure 4.2: (a) Experimental STM image showing the distribution of the NMA complexes
in the Flat phase: the hcp regions of the herringbone reconstruction of the Au(111) substrate
(brighter areas) are covered mostly with (b) 4-leaf clover structures, whereas the fcc regions
(darker areas) are covered mostly with (c) irregular molecular clusters and single isolated
molecules. Image parameters: (a) Vs = —200 mV, I; = 10 pA, 30.0 X 30.0 nm>. (b) V; = +200
mV, I; = 30 pA, 2.2 X 2.2 nm?. (¢) Vs = +100 mV, I; = 50 pA, 2.0 X 2.0 nm?.

STM. We performed several depositions at a sample temperature Ts ~ 280 K fol-
lowed by an annealing of the sample at higher temperatures, in the 280 < Tynpear <
330 K range. Actually, we also observed that the same film morphologies are ob-
tained by directly depositing the molecules on the sample kept at Ty, ,eq1, Without
any further treatment. Both XPS and STM reveal that no multilayer is formed at
these temperatures and that the saturation coverage is a function of T, ,cq1, the
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4. Chemistry of the methylamine termination at a gold surface

NMA SAM being more compact at lower temperatures. STM images (see figure 4.2)
reveal that the NMA molecules assemble in n-leaf clover-like clusters, with n = 3-5.
The distribution of n values depends on the overall molecular coverage, which is
determined by the temperature of the sample T;. At higher coverage (or lower T)
the molecules pack in higher n structures, whereas the 3- and 4-leaf clusters are
predominantly observed upon preparation at room temperature (RT), Ty ~ 300 K.

Figure 4.2 reports the images of a NMA monolayer grown at RT. Interestingly,
the distribution of the different structures on the surface is not random but follows
the underlying herringbone reconstruction of the Au(111) substrate. The recon-
structed Au(111) surface is known to expose sites with different reactivity, due to
the different coordination of the gold atoms of the outer atomic plane [137]. Figure
4.2a shows alternating regions of fcc and hep areas with lower and higher Au coordi-
nation that are decorated with different structures of adsorbed molecules. Irregular
clover-like structures or even single isolated molecules are mostly present on the fec
regions of the surface, which correspond to the most reactive parts of the herring-
bone reconstruction. On the contrary, more regular 4-leaf structures populate the
less reactive stripes - the hcp regions. In the close-up shown in figure 4.2b, details of
the clover-like supramolecular assembly can be seen. From the shape of the leaves,
the orientation of the molecules can be inferred, indicating that the amino groups
are oriented towards the center of the clover. In figure 4.2¢ an irregular molecu-
lar cluster is shown, where two molecules look like the ones in the 4-leaf clover
structure, while the third NMA looks different from the others.
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Figure 4.3: N 15 XPS spectrum of the Aunya surface indicating that the amino groups of
most of NMA molecules are in their neutral state.

XPS. The N 1s XPS spectrum in figure 4.3 shows a peak with two components.
The position of the main component (399.0 €V) indicates that most of the molecules
are in their neutral state (NH,). The second component at higher binding energy
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4.2. Flat phase

(400.7 V) can be related to molecules interacting with the substrate through the
amino group. In fact, a shift to higher binding energies of the N 1s peak can be
due to the interaction of the primary amines with the gold surface [138] and can be
related here for instance to some molecules adsorbed on the more reactive under-
coordinated gold atoms at the edges of the terraces.
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Figure 4.4: Flat Phase. Left panel: C 1s XPS and its deconvolution into the different com-
ponents, assigned to three inequivalent carbon atoms of the molecule, as indicated in the
sketch of the molecule. Right panel: C 1s NEXAFS measured at two different polarization
angles, revealing the strong dichroism due to the flat adsorption geometry.

Figure 4.4 shows the C 1s XPS and C K-edge NEXAFS of the flat monolayer
phase. The C 1s XPS spectrum is reported in the left panel. Following the fitting
assignments adopted for naphthalene [139], the main peak at ~ 284 €V can be prop-
erly fitted with two components in a nearly 4 : 1 ratio, corresponding to the chem-
ically inequivalent sets of carbon atoms C1 and C2, as indicated in the sketch of
the molecule. To obtain a proper agreement with the experimental curve, a third
component is then needed, lying at higher binding energy (285.4 + 0.2 eV), that
we assign to the aliphatic carbon C3. This assignment will be further supported
by the study of the Condensed phase we present later. Two other peaks, located at
even higher binding energies (~ 289.5 eV and ~ 293 eV), are related to shake-up
molecular processes. Finally, the fit reveals a minor component close to 286.7 €V,
Cx in the figure, whose nature cannot be unambiguously determined. In fact, it will
be shown in the section 4.4 that this component can be likely assigned to a minor
fraction of NMA molecules that have undergone de-amination. It has to be pointed
out that, due to the presence of the methylamine termination, the symmetry of the
naphthalene block, that we assumed to fit the main peak at ~ 284 €V, is lost, as well
as the equivalence of the two sets of carbon atoms (C1 and C2). In particular, the
atom in & position (indicated as 1 in the inset of fig. 4.4) could in principle present
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4. Chemistry of the methylamine termination at a gold surface

different spectroscopic properties because of its bond with the functional group of
the molecule. However, the reliable fit we obtained with the previously discussed
assumptions indicates that the effects of these differences are not detected by XPS
in this case and that the naphthalene assignments are compatible with the NMA
naphthyl block.

NEXAFS. On the right panel of figure 4.4, the C 1s NEXAFS spectra acquired
at two different polarization angles of the electric field with respect to the surface
are shown. P-pol and s-pol geometries refer respectively to the photon electric field
normal and parallel to the surface plane. Similarly to the XPS, the NEXAFS spec-
tra closely resemble the ones of the naphthalene molecule [139, 140]. The main two
peaks around 285 eV can be assigned to the transitions from the naphthalene carbon
atoms to the 7} and 7 orbitals, respectively. The subsequent three structures visi-
ble in the p-pol scan are also related to transitions to 7™ orbitals [140]. The strong
linear dichroism of the NEXAFS spectra with the 7 transitions exhibiting a maxi-
mum in the p-pol configuration indicates that the molecules adsorb in a flat lying
geometry with aromatic ring parallel to the surface, as suggested by the STM im-
ages. Notably, while the linear dichroism is almost complete for the first two peaks
(I (s-pol)/L;(p-pol) — o, I;(x-pol) being the intensity of the & orbitals in the x-pol),
a residual intensity in the s-pol spectrum is present around 288 €V, even though the
corresponding transitions have the same symmetry as the ones occurring at around
285 eV. In the same way, the o* feature around 292 eV exhibits a reduced dichroism
(Iy(s-pol)/1,(p-pol)), with residual intensity clearly visible also in the p-pol spec-
trum. In fact, the residual intensity at both 288 eV and 292 eV can be attributed to
the contribution of the methyl carbon C3. In the case of gas phase glycine, o/,
OfN» O transitions have been observed at 287.7 eV and at 288.4 €V and 289.4 €V,
respectively [141]. Moreover, both o/, and o resonances have been observed to
contribute to the absorption intensity at 292 €V [142, 143]. Here we can therefore
accordingly assign these residual features to the amino-methyl termination. Since
their contribution is superimposed to the more intense contributions from the naph-
thalene atoms, we cannot unambiguously evaluate their dichroism. However, they
are visible at both polarizations indicating that for at least part of NMA molecules
the amino-methyl termination is not perfectly parallel to the surface. This find-
ing is in agreement with our STM images, which show that non-equivalent NMA
molecules are present on the surface (fig. 4.2¢).

DFT. Interestingly, a certain modulation of the surface reactivity is still present
upon the Flat phase formation, as can be evidenced in figure 4.2a. These obser-
vations suggest that the interplay between the intermolecular and the molecule-
substrate forces is indeed crucial for the formation of the different molecular com-
plexes present on the surface at the monolayer stage. To understand this aspect
and to determine the role played by the amino-termination, we performed DFT cal-
culations to describe the most relevant molecular structures observed in the STM
images. Moreover, we also simulated the N 1s NEXAFS spectra for the selected
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4.2. Flat phase

Figure 4.5: 3D and top view of the adsorption models obtained from the DFT calculations.
M1 is a single NMA molecule interacting with gold via the amino termination; Mz, is a
trimer of molecules, where N1 and N2 terminations are interacting with gold whereas N3
termination is far from the surface and is only involved in inter-molecular hydrogen bonds;
M3 is a free-standing 4-leaf clover structure of 4 NMA molecules. The Au atoms directly
interacting with the N atoms are depicted in dark-gold.

structures and compared them to the experimental data. Several different adsorp-
tion configurations of NMA molecules on Au(111) surface have been considered.
Some of them were discarded due to the poor agreement between experimental and
simulated N 1s NEXAFS spectra and/or STM images. Here, we will discuss the DFT
geometries and the simulated STM images while we will not discuss the NEXAFS
spectra simulations, which can be found in the published article of this work [136].
We have then selected three configurations that, on one side, give a good agree-
ment with the spectroscopic data and, on the other, can be considered representa-
tive prototypes of the different structures observed on the surface (fig. 4.2). The
three simulated models are reported in figure 4.5: M1 represents an isolated NMA
molecule interacting with the substrate through the amino termination; M2 is a
cluster of three non-equivalent molecules, two of which are involved in an amino-
gold interaction; M3 is a cluster of four molecules, involved in an auto-recognition
process driven by the amino-amino interaction in absence of the gold substrate.
The first two models M1 and M2 were obtained by relaxing a starting config-
uration where both the naphthyl plane and the N-C~Cpqpnthy1 arms of the NMA
molecules were parallel to the Au surface. Upon relaxation, in the M2 model two
out of three molecules maintain their position almost unchanged with respect to the
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4. Chemistry of the methylamine termination at a gold surface

Au surface (the N— Au distances increase to 2.56 and 2.58 A, respectively), while the
third molecule moves substantially away from the surface, keeping the parallel-to-
surface orientation and reaching a final N — Au distance of 3.64 A. The N atom (N3)
of this latter molecule interacts via H-bond with one of the other two molecules
(intermolecular N — H distance: 2.37 A, close to reported experimental values for
other comparable amines [144]).

With the third configuration, M3, we aim at describing the molecules involved
in the 4-leaf clusters, as observed in the experimental STM images. These struc-
tures are observed almost exclusively on the reconstructed, hcp regions (see fig.
4.2a) of the Au(111) surface, which, as mentioned before, exhibit a lower chemical
reactivity as compared to the fcc regions. From this observation, it can be hypoth-
esized that for them, the surface—adsorbate interaction is relatively weak and the
adsorbate—adsorbate forces prevail [137]. On the basis of this observation, we do
not include the excessively long-range reconstruction of the Au herringbone in the
model calculation but simply relax 4 isolated NMA molecules from an initial pla-
nar configuration. In the relaxed gas phase configuration, the four NMA molecules
are coplanar and interact via H bonds regularly organized in a fan-like, chiral ar-
rangement (each N atom interacts with the H atom of the neighboring NH, group),
with the intermolecular N-H distances are about 2.40 A. Subsequently, to simulate
the STM images of the 4-leaf configuration, we manually placed the optimally re-
laxed assembly of the four isolated NMA molecules on the Au slab without further
relaxation; in order to properly account for the weak interaction with the surface,
the ensemble of the four NMA molecules was placed at 3.90 Afrom the surface, an
average distance value derived from our calculations on the single NMA (M1) and
3-leaf NMA (M2) complexes, where the structures were fully relaxed on the Au(111)
surface.

Figure 4.6 compares in panels (a) and (c) an experimental STM image of the
4-leaf clover with that calculated from the relaxed M3 configuration. The agree-
ment of the molecular contrast is good and highlights the substantial equivalence
of the four molecules, where all nitrogen atoms are involved in hydrogen bonds
with neighboring molecules.

In contrast to the regularity of the 4-leaf clovers appearing in the Au(111) hep
regions, as stated above, the fcc regions are characterized by mostly irregular struc-
tures: Figure 4.6b shows a high-resolution STM image of the latter regions, high-
lighting the existence of two inequivalent molecules and their mild tendency to
assemble in trimers. The irregularity of these molecular assemblies originates from
the interplay between amino-amino and amino-gold interactions. This interplay is
governed on one side, as mentioned above, by the increased reactivity of the fcc re-
gions (compared to the hcp regions) that favors the amino-gold interaction, and on
the other, by the rotational degrees of freedom of the methylamine substituent in
the NMA molecule, allowing for various, almost iso-energetic conformations. From
a computational point of view, it is thus extremely challenging to investigate such
disordered and chemically complex surface behavior. However, as discussed above,
within a simplified, prototypical system, model M2 accounts for both the amino-
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4.2. Flat phase

Figure 4.6: Experimental STM images of (a) a 4-leaf clover structure, commonly observed
on the hcp regions of the Au(111) surface, and (b) the irregular complexes observed on the
fec regions. Simulated STM images with the corresponding ball and stick models of (c) the
4-leaf clover M3 and (d) the prototypical cluster of three molecules M2. Labels N1, N2 and
N3 identify the different molecular conformations, corresponding to the nitrogen species
N1, N2 and N3 in figure 4.5. Experimental image parameters: (a) V; = —200 mV, I; = 50 pA,
2.13%2.13nm?; (b) V; = —100 mV, I; = 40 pA, 4.41X4.41 nm?. Simulated image parameters:
Vs = 408 mV, ILDOS value: 1 X 1073 nm™3.

amino and the amino-gold interactions. Figure 4.6d shows the STM simulation of
such complex, where two inequivalent morphologies of the molecular protrusions
can be clearly identified, related to the orientation of the amino group. The first one
corresponds to the NMA molecules with the nitrogen (N1 and N2 of model M2, see
fig. 4.5) interacting directly with the gold substrate, and its appearance is charac-
terized by the methylamine termination showing a separate, round-shaped protru-
sion. Conversely, in the second morphology, corresponding to NMA molecule inter-
acting with the neighboring molecule through amino-amino H-bond (N3 of model
Mz, fig. 4.5), the main molecular protrusion appears as seamlessly joined with the
methylamine protrusion. Indeed, these two distinct molecular appearances can be
clearly identified in most of the structures present in the experimental image (fig.
4.6b), albeit participating in disordered molecular assemblies. This confirms that
the chemistry governing such assembles consists of amino-amino and amino-gold
interactions, which dictate specific orientations of the methylamine terminations
giving rise to distinct appearances of the molecules in the STM images.
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4. Chemistry of the methylamine termination at a gold surface

4.3 Standing-up phase
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Figure 4.7: Experimental STM images of the Standing-up phase showing (a) the long-range
ordered chains with minor areas where the growth of the phase is not complete and (b, c)
high-resolution details of the structure of the chains recorded in different areas of the surface
and likely in different tip conditions. The green box in (b, c) highlights the molecular unit
cell. Image parameters: (a) Vs = +200 mV, I; = 10 pA, 60.0 X 40.6 nm?; (b) V5 = +100 mV,
I; = 10 pA, 5.00 X 5.00 nm?; (¢) Vs = +25 mV, I; = 10 pA, 5.00 X 5.00 nm>.

The STM images of the Standing-up phase, obtained by depositing the NMA on
the sample held at 220 < T; < 250K, are reported in figure 4.7. The surface is charac-
terized by the presence of long range ordered chain-like structures, alternated with
regions where the assembly process was not completed (fig. 4.7a). High-resolution
images of the molecular chains recorded in different imaging conditions (fig. 4.7b
and c) reveal a complex but regular assembly structure (green unit cell in fig. 4.7b).
A closer inspection reveals that the structure also exhibits a chiral character (fig.
4.7¢). The STM contrast is strongly dependent on the bias voltage (compare fig.
4.7b and c) as well as on the tip conditions, making it extremely difficult to infer a
geometrical model for the molecules. The experimental STM image in figure 4.7b
strongly resembles the appearance of a 2-Naphthalenethiol standing up monolayer
on Au(111), where the different molecular contrasts were attributed to different ori-
entations of the naphthalene rings [145]. Given the similarity of such molecule to
NMA and the existence of comparable internal degrees of freedom, a similar con-
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4.3. Standing-up phase

trast formation mechanism could be involved also in our case. However, it is clear
that the chemistry driving the molecular assembly in the two systems is different,
being dominated by the gold-sulfur interaction in the former, and by the amino-Au
coupling in the latter case. In fact, the handedness of the structure suggests that the
assembly cannot be simply driven by a z-stacking of the phenyl rings.

rda
r BE,=284.5eV
Zl “ BE,=284.9 eV
=1 BE,=285.3 eV
2
S
&
Zt
El
294 290 288 286
Binding Energy (eV)
z g
=1 =1
= 124
g g
St T
) E
z g
Sl =
E Zz
1 1 1 1 1 1 1 J | 1 1 1 1 1 1 1 1 | 1

282 284 286 288 290 202 294 296 208 300 394 396 398 400 402 404 406 408 410 412 414

Photon Energy (eV) Photon Energy (eV)

Figure 4.8: Standing-up phase. Upper panels: C 1s and N 1s XPS spectra (panels a and b,
respectively). The vertical bars indicate the position of the main components of the two
photoemission lines for the Flat phase. Lower panels: C 1s and N 1s NEXAFS (panels ¢ and
d, respectively). The dichroism observed at the C 1s edge is compatible with a Standing-
up adsorption geometry of the NMA molecules. The nature of the N 1s peak at 399 eV is
unknown.

Both XPS and NEXAFS data actually suggest that the amine terminations are
directly involved in the assembly process, since their spectroscopic properties are
quite different from those expected from neutral, poorly interacting groups [138].

Figure 4.8 reports the C 1s and N 1s XPS and NEXAFS spectra acquired on the
Standing-up phase. The C 1s NEXAFS exhibits an inverse dichroism with respect
to the Flat phase (I;(s-pol)/I;(p-pol) > 1), indicating that the phenyl rings of the
molecules are in a Standing-up configuration. From a quantitative evaluation of the
dichroism, an inclination of ~ 20° from the surface normal is found. We note, how-
ever, that defects of the Standing-up phase may introduce regions of non-uniform
distribution of molecular orientation, as can be observed in the STM images (fig.
4.7a). Therefore, we cannot unambiguously assign this angle to the molecular ori-
entation even though we can safely state that NMA molecules are mostly vertical
at this stage.
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4. Chemistry of the methylamine termination at a gold surface

The C 1s XPS spectrum (fig. 4.8a) resembles the one we described for the Flat
phase and has been fitted with the same criteria. Still, there are some significant
differences. First, the shoulder at higher binding energies attributed to the amino-
methyl atom is less pronounced here. Second, there is a shift toward higher binding
energies of the entire C 1s peak, as evidenced by the green vertical bar depicted in
the graph, which corresponds to the C 1s binding energy in the Flat phase. This can
be attributed to a different screening by the substrate. In fact, molecules with in-
creased tilt angle from the surface also increase the average distance of the C atoms
within the molecule from the Au image plane, thereby reducing the Au screening
of the final core-hole.

Interestingly, an opposite trend is observed on the N 1s, as reported in the figure
4.8b. The XPS peak is characterized by a main feature at 398.7 + 0.2 eV and a minor
component at 399.5 + 0.2 eV. The latter can be ascribed to part of the molecules in
the disordered regions, interacting through the electron lone pair with the substrate
or neighboring molecules, which accounts for an increased binding energy with re-
spect to their "neutral state". The position of the main component is unusual. In the
Flat phase, the main component is reported at 399.0 €V as indicated here by the blue
vertical bar. At the same time, the NEXAFS in figure 4.8d presents a dichroic feature
at 399 eV, which is compatible neither with a free amino-group [138] nor with an
amino-gold interaction [134]. The opposite shift of N 1s with respect to the C 1s
together with the novel feature measured in the NEXAFS suggest that the amino-
termination is involved in an interacting scheme different from the usual lone-pair
mediated interaction, possibly leading to the donation of positive charge in order to
explain the shifts in XPS. A possible explanation can be that a so-called NH—m inter-
action [146] takes place between two adjacent NMA molecules, where the phenyl
rings act as acceptors of one of the hydrogen atoms of the amino-groups. This kind
of interaction is fundamental in many biological systems [146—-149] and represents
one of the recognition schemes which the phenyl rings can be involved in. In our
system, this recognition process could be driving the assembly of the Standing-up
phase. In this view, part of the shift to the higher binding energies we observe in
the C 1s peak should be ascribed as well to the intermolecular interactions, instead
of being a purely screening-related effect. Albeit suggestive, the NH—m interaction
scheme cannot be unambiguously confirmed by the interpretation of the complex
structures we observed in STM and remains only a plausible explanation of our
results.

4.4 Condensed phase

Figure 4.9 reports the STM images and the XPS spectra of the system obtained by an-
nealing an NMA monolayer to 400 K. The n-leaf clover phase is not visible anymore.
The morphology of the system is characterized by the presence of novel structures.
The naphthalene bodies of the NMA molecules can still be identified. However,
most of them are involved in the formation of dimers, as evidenced in the inset of
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Figure 4.9: The Condensed phase. Left panel: STM image of the Condensed phase. Most of
the molecules form dimers (see the inset) even if several morphologically different structures
can be observed. Right panel: N 1s XPS spectra acquired on the Flat phase and on the
Condensed phase evidence the complete de-amination of the system in the latter. C 1s signal
of the Condensed phase reveals two components related to the methyl-termination of NMA
(at ~ 286.7 €V and ~ 285.4 €V), possibly indicating different chemical configurations for the
dimerized molecules. Image parameters: left panel: V; = +100 mV, I; = 20 pA, 20.0 X 20.0
nm?; inset: V; = +30 mV, I; = 100 pA, 4.00 X 3.10 nm>.

figure 4.9. From the morphology in the STM images it appears that the dimers are
not all equivalent and isolated molecules are also visible on the surface.

The XPS spectra reveal the chemical nature of the structures. No peaks are de-
tected in the N 1s region, as evidenced in the right-top panel of figure 4.9 by the
comparison with the Flat phase in figure 4.3. The system has therefore undergone
a de-amination process upon annealing at 400 K. The C 1s peak profile has changed
with respect to the Flat phase (see fig. 4.4). In particular, the intensity of the methyl
component close to 285.4 eV decreased; at the same time the intensity of the com-
ponent at 286.7 eV, previously detected as a minor component in the Flat phase, is
here more pronounced. We relate both components to the de-aminated methyl ter-
minations, involved in different interactions in the non-equivalent species present
on the surface. The de-amination on the poorly reactive Au(111) surface has been
already reported for the octylamine molecule [150]. In that case, the process was
not complete and residual amino-groups were observed after the thermal treatment,
probably due to steric constraints of the system.

4.5 Conclusions

The chemistry of the methylamine functional group on the Au(111) surface has
been investigated by studying the self-assembly properties of the NMA molecules
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at three different phases. The Flat phase (formed at intermediate temperatures)
is characterized by the interplay between the molecule-molecule and molecule-
substrate interactions. Most of the NMA molecules on the surface are found to
form clover-like clusters. By means of NEXAFS spectroscopy and DFT calculations
we determined the role of the amino-termination in the assembly. On one hand, an
auto-recognition process takes place between the amino-groups of NMA molecu-
les, driving the formation of the clover structures. On the other hand, the formation
of this hydrogen-bonding scheme can be affected by the direct interaction between
the —NH, group and the gold substrate, resulting in irregular molecular clusters,
as evidenced by the STM images. The occurrence of amino-gold interaction is con-
firmed by both NEXAFS spectroscopy and DFT calculations. We also show how the
growth of an NMA monolayer at low temperatures (Standing-up phase) leads to a
quite complex architecture: from the value of the N 1s binding energy, we propose
an interacting scheme where the amino groups act as proton donors to the phenyl
groups of the adjacent molecules. Finally, we identified a third phase (Condensed
phase) obtained upon thermal annealing of the Flat phase, in which the complete
de-amination of the NMA molecules is observed, with the formation of covalently
bound molecular dimers.

The results we presented describe the different interacting schemes the methy-
lamine termination can be involved in, on a poorly reactive substrate. In particular,
we demonstrated how the functional group can be first exploited to drive the as-
sembly of the molecules and then thermally activated so that the molecules are
de-aminated and a covalent intermolecular interaction can be promoted. We be-
lieve that this on-surface condensation process can be extended to other molecules
with a methylamine termination, representing an efficient and promising method
to grow stable organic templates on poorly reactive metal surfaces. As last remark,
as we will show in the next Chapters 6 and 7, the understanding of the behaviour
of a methylamino-terminated molecule on Au(111) is at the basis of novel hetero-
organic supramolecular assemblies.
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Chapter 5

Aminophenyl porphyrin chains
on Au(111)

Among all the molecules employed for potential applications in the field of organic
electronics (such as catalysis, solar cells, sensors, and electrochemistry [2, 151]),
porphyrins have attracted particular attention. As organic semiconductors, por-
phyrins exhibit good properties in terms of both stability and electronic transport.
Moreover, the inner part of the heme group is constituted by a porphyrin: the as-
sembly of these molecules can therefore mimic important biological processes like
the delivery of oxygen in the tissues. Porphyrins can also be functionalized with a
wide range of terminations and they can incorporate at their center a metal atom,
which can tailor their electronic properties.

Single molecules and self-assembled monolayers of porphyrins on metal sur-
faces have been widely studied in literature from both the structural and the elec-
tronic points of view. In particular, STM is used to characterize in situ single por-
phyrins on surfaces, while X-ray spectroscopic techniques are used to characterize
the electronics and chemistry of self-assembled monolayers or thin films. However,
to realize molecular electronic devices, nonperiodic assemblies of molecules may
be required [152]. For this reason, in the last decade researchers made an effort
to understand how to control the assemblies of molecules into the desired organic
architectures [151-153]. In particular, one-dimensional molecular chains have at-
tracted interest because they are promising candidates to be employed, for instance,
as organic wires into organic circuits. The possibility to functionalize porphyrins
makes them suitable to be used as building blocks to produce any sort of assembly,
especially organic chains. Several studies have reported many properly function-
alized porphyrins forming chains through hydrogen bonds [41, 154, 155], covalent
bonds [156, 157], or metal-organic bonds [155, 158—161]. The functional groups and
the interaction of porphyrins with the metal substrate determine the geometric and
electronic structure of such organic chains. Moreover, porphyrin molecules have
been proposed as single molecule switches, where inner hydrogen tautomerization
[162, 163] or molecule conformational changes [12, 164, 165] on a metal substrate
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5. Aminophenyl porphyrin chains on Au(111)

are at the basis of the molecular conductance switch.

Hydrogen bond based organic chains are of fundamental importance since they
can represent precursors to covalent or metal-organic bonded chains. In particular,
as we have learned from the NMA on Au(111) system in Chapter 4, primary amines
(=NH,) can establish hydrogen bonds with each other and can interact with a metal
substrate via weak bonds involving the electron lone pair of their amino group. The
N—Au donor-acceptor bond has been employed to form molecule-gold junction for
single molecule conductance studies [132, 134, 166], and charge transfer between
amines and gold substrates has been proved to be promising, showing a very fast
N—-Au charge delocalization [135].

In this Chapter, we study the behavior of an aminophenyl-functionalized por-
phyrin on the Au(111) surface to investigate the role of the amino-amino and amino-
gold interaction in the assembly of this macromolecule. Our combined STM ex-
periments and DFT calculations reveal that these porphyrins form chains via their
amino-terminations through a donor-acceptor mechanism. Moreover, we demon-
strate that these porphyrins in the acceptor configuration tend to trap at their center
charged gold adatoms, intrinsically available on the gold substrate (as we showed
with DMSO/Au(111) in Chapter 3).

Furthermore, we investigated the switching properties of each TAPP molecule
within these wires. We find out that the donor TAPPs can undergo two different
types of switching, both being binary: hydrogen tautomerization when partially de-
protonated (with only one inner hydrogen), or a two-state conformational change
when fully deprotonated (with no inner hydrogen). By means of combined STM ex-
periments and DFT calculations, we show that also the switching related properties
are strongly influenced by aminopehnyl-terminations of the molecules.

This work, where I contributed with most of the STM experiments, is in prepa-
ration for submission to a journal.

5.1 The TAPP molecule

In figure 5.1a the chemical structure of 5,10,15,20-tetra(4-aminophenyl)porphyrin
(TAPP), commercially available from PorphyChem (purity 98%), is shown. TAPP
is basically a tetraphenylporphyrin functionalized with four amino terminations.
TAPP was evaporated from a Knudsen cell at 520—570 K on a clean monocrystalline
Au(111) sample at room temperature. Before evaporating TAPP on Au(111), several
hours of outgas at 500—520 K are needed to purify the molecule from contaminants.

Figure 5.1b shows a STM image of TAPP molecules on Au(111), where TAPP
form chains along the herringbone reconstruction of the substrate. After a closer
look to these chains (fig. 5.1c), two questions arise: What is the interaction linking
TAPPs in the chain? Why do TAPPs appear in the STM images alternately different
in the chain?
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5.2. TAPP chains: the donor-acceptor model

Figure 5.1: (a) Chemical structure of 5,10,15,20-tetra(4-aminophenyl)porphyrin (TAPP). (b)
TAPP chains on Au(111), the length of these chains being limited by the herringbone recon-
struction of the surface. (c) High resolution image of a TAPP chain, where the alternated
appearance of the molecules is evident. Image parameters: (b) Vs = —0.2 V, I; = 0.2 nA,
40 X 40 nm?; (c) Vy = —1.0 V, I; = 0.3 nA, 10.0 X 3.0 nm>.

5.2 TAPP chains: the donor-acceptor model

The most intuitive answer to the first question is that TAPPs form chains via some
hydrogen bonds between their amino terminations. The length of these chains is
limited by the herringbone reconstruction of the substrate (see fig. 5.1b), suggest-
ing some weak interaction between the molecules, which form instead a compact
monolayer at high coverage for steric effects (see fig. 5.4a). Moreover, it is possi-
ble to separate one by one each TAPP from the chains by STM manipulation (not
shown). This fact further supports the hypothesis of a weak hydrogen bond between
TAPPs. Each N atom of an amine has an electron lone pair which can interact with
one hydrogen atom of a neighbor amine, or with the gold substrate [43, 134].

To understand how such bonds are formed, we performed DFT simulations on
this system, in collaboration with Dr. Simone Velari and Prof. Alessandro De Vita of
the University of Trieste (see also ref. [76] for details about the DFT calculations).
First, a single TAPP on Au(111) surface is modelled. DFT suggests that the most
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<

Figure 5.2: (a) Stick and ball model obtained by the DFT calculation of a TAPP chain, where
a blue arrow indicates an acceptor-donor hydrogen bond between two amino terminations.
Notice the "orthogonal" disposition of the acceptor with respect to the donor, meaning that
the two opposite k-pyrroles directions inside the two saddle-TAPPs are perpendicular, and
the gold adatom at the center of the acceptor. (b) Lateral view of the changes in charge
density in a TAPP chain. The accumulation of negative charges is despicted in red, the
depletion in blue.

stable geometry is characterized by a saddle-shaped macrocycle, where the two N
atoms of opposite pyrrole rings are tilted upwards, which (following the notations
in ref. [163]) we call k-pyrroles, or downwards, which we call ¢-pyrroles. The two
inner hydrogens are located on the two k-pyrroles. The aminophenyl terminations
are slightly twisted with respect to the surface plane. This is the most stable config-
uration for a single TAPP on Au(111), and we call it the saddle-TAPP (see also fig.
5.2a, where the "donor" TAPP has a geometry very similar to the isolated saddle-
TAPP). We point out that the saddle-shaped macrocycle and the tilted phenyls are
geometries typical of phenylporphyrins in gas phase or adsorbed on metal surfaces,
as widely reported in literature [154, 163, 167-170].

Subsequently, as shown in figure 5.2a, we simulate a system consisting of two
TAPP molecules on Au(111): because of the periodicity of the unit cell, this rep-
resents an ideal endless TAPP chain. We put two TAPPs close to each other, at
a distance compatible with the experimental one. After comparing many possible
configurations, we conclude that the best model (shown in fig. 5.2a), i.e. the ener-
getically most stable and with the simulated STM images that best match the ex-
perimental ones, is obtained by placing two saddle-TAPPs one perpendicular to the
other, meaning that the two opposite x-pyrroles directions inside the two saddle-
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5.3. TAPP chains: trapping of gold adatoms

TAPPs are perpendicular. Upon DFT relaxation, starting from this configuration the
aminophenyl terminations tilt into a geometry that favors the interaction between
the NH, terminations of the two neighboring molecules. The DFT simulations con-
firm thus our initial hypothesis, showing the lone pair of a N atom of the TAPP
on the left (fig. 5.2a) interacting with a proton of the amino group of the TAPP
on the right, as indicated by the blue arrow in figure 5.2a, thereby establishing an
amino-amino hydrogen bond. We point out that a similar alternate change in the
molecular orientation along a molecular chain has been recently observed also in
Fe-porphyrin metal-organic chains on Au(111) [171].

Therefore, at the point indicated by the blue arrow in figure 5.2a, the TAPP on
the right is donating a proton to the TAPP on the left, and both molecules must have
the same behavior on all their four aminophenyl terminations since, as suggested by
figure 5.1c, each TAPP is symmetric with respect to both its vertical and horizontal
axes. Thus, in the TAPP chains, each molecule behaves alternately as an acceptor
(fig. 5.2a, left) or as a donor (fig. 5.2a, right ) as a whole, i.e., TAPP has an amphiprotic
behavior within such chains.

In figure 5.2b the changes in charge density around the TAPP — gold interface are
shown, calculated as p;o; (r)— psub(X)— 2 Pmoi(r), where p;o;(r) is the charge density
of the total system, ps,p(r) the density of the gold substrate, and ), p,;01(r) the
density of non-interacting TAPP molecules in gas phase (the same formula used in
section 3.8). The charge density changes are mostly located around the aminophenyl
terminations, where the interaction between the amines takes place.

5.3 TAPP chains: trapping of gold adatoms

To answer the second question, i.e., the reason why TAPPs in a chain appear alter-
nately different, we hypothesize the presence of a gold adatom at the center (un-
derneath) of the acceptor TAPP, as one can notice in the model in figure 5.2a (TAPP
on the left). Indeed, as will be shown in the following, the donor-acceptor states
alone cannot explain such a difference in the appearances (density of states) of the
acceptors and donors in the STM images. We remind that it is well known that
native gold adatoms on Au(111) can detach from surface steps and diffuse across
the surface terraces where, due to their charged state related to their undercoordi-
nation, they can interact with molecules with cyano (CN) groups [47, 48, 58, 161,
172], sulfur [65, 66], or small solvents [43], as we showed in Chapter 3 with DMSO
trapping gold adatoms.

Figure 5.3a shows an experimental STM image where two acceptors have dif-
ferent appearances: the first one, which we name acceptor-1, appears similar to its
neighbor donor TAPP (rotated by 90°), while the second one, which we hypothesize
has an adatom underneath and we name acceptor-2, has a bright protrusion at its
center. Most of the acceptors found on the sample have the bright protrusion at
their center (acceptor-2), while the ones without the bright protrusion (acceptor-1)
are rarely found. Therefore, our hypothesis is that the particular geometry and elec-
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Figure 5.3: Comparison between an experimental STM image with two simulated ones. (a)
Experimental image of a TAPP chain showing an acceptor-1 and an acceptor-2. (b) Simu-
lated STM image of the model with the acceptors without adatom at their center. (c) Simu-
lated STM image of the model with the acceptors modeled with an adatom at their center.
Image parameters: (a) Vs = —1.0 V, I; = 0.2 nA, 10.0 X 2.3 nm”.

Figure 5.4: (a) TAPP in compact monolayer phase, where some molecules with a bright
protrusion at their center are circled. These have the same appearance as acceptors-2 and
have likely an adatom at their center. (b) TAPP at a surface step all having a bright protru-
sion, while on the terrace a single isolated TAPP does not have the same bright protrusion.
Image parameters: (a)Vs = —1.0 V, I; = 0.5 nA, 9.0 X 9.0 nm?; (b) Vs = —1.0 V, I; = 0.5 nA,
8.0 X 8.0 nm>.

tronic structure of TAPPs in the acceptor state allow them to trap adatoms at their
center. Figure 5.3b shows a simulated STM image where acceptors have no adatoms
trapped, while Figure 5.3c shows a simulated STM image where each acceptor has
an adatom underneath. By comparing these images with figure 5.3a, it is clear that
the acceptor-1 is similar to the acceptors in figure 5.3b, while the acceptor-2 is more
similar to the ones in figure 5.3c. Therefore, the simulated images support our the-
ory: the bright protrusion at the center of the acceptors-2 must be associated to a
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5.4. TAPP chains: binary switch

gold adatom underneath each of them. We stress that the simulated images in figure
5.3b, c are in good agreement with the experimental images, where also the donors
and the aminophenyl terminations are well reproduced.

The metalation process of porphyrins has been widely studied in literature, es-
pecially their self-metalation on metal surfaces, such as Cu, Fe or Ni [173-178], and
their direct metalation by evaporating metal atoms on the surface [179-181]. To
metalate, porphyrins need to undergo a partial dehydrogenation process, i.e., lose
their two inner hydrogens. However, in our case, TAPP acceptors-2 do not metalate
(the model in fig. 5.2a has still the two inner hydrogen atoms), but rather trap one
gold atom underneath, via a coordination bond between the N atoms of the two a-
pyrroles and the adatom. Indeed, the simulated STM image of the model in which
the acceptor is metalated does not match the experimental ones (not shown).

In the literature, no study of direct metalation of porphyrins with gold atoms
on surfaces has been reported till now, likely because the size of gold atom pre-
vents its spontaneous metalation into a porphyrin. In a recent work, Mielke et
al. [61] demonstrated that gold adatoms can be trapped underneath porphyrins on
Au(111). In their STM images, they find two types of porphyins: "bright" and "dark",
and they show that the "bright" porphyrins have a gold adatom underneath. This
is similar to what we observe in our STM images: TAPP acceptors-2 are "brighter"
than acceptors-1 because they trap one gold atom underneath (actually, the relative
brightness strongly depends on the bias). When the TAPP coverage is high enough,
they assemble into a compact phase (in analogy with simple tetraphenylporphyrins
[61]) for steric effects, as shown in figure 5.4a. In this compact monolayer we find
two types of TAPP, one similar to the donor or acceptor-1 of TAPP chains while the
other, having a bright protrusion at their center, appears similar to the acceptors-2.
This is exactly what Mielke et al. observe for tetraphenylporphyrins on Au(111),
where brighter molecules are demonstrated to have gold adatoms underneath. Fur-
thermore, the acceptors-2 and the bright TAPPs in the compact phase appear very
similar to the TAPPs adsorbed at the surface steps, where adatoms are likely to be
entrapped at the center of the molecule lying across the steps (fig. 5.4b). Indeed,
as mentioned in the work regarding DMSO in section 3.6, native gold adatoms on
Au(111) can easily detach from the surface steps [68, 92, 93], and therefore it is rea-
sonable that TAPPs at steps have adatoms underneath. This fact further supports
our hypothesis of an adatom trapped at the center of the acceptor TAPPs.

5.4 TAPP chains: binary switch

To be potentially suitable for devices, a molecule must exhibit electronic properties
such as switching [20, 163, 182] or rectification [183]. In this context, porphyrin
molecules have been proposed as single molecule switches, where inner hydrogen
tautomerization [162, 163] or molecule conformational change [12, 164, 165] on a
metal substrate are at the basis of the conductance change. Therefore, after char-
acterizing the structure of the TAPP chains, we investigated the possible switching
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Figure 5.5: (a) High resolution STM image of a section of a TAPP chain at a bias of —0.2V,
with its z-profile, acquired along the horizontal symmetry axis of the chain, that highlights
the asymmetry of the 1H-TAPPs. (b) The chemical structure model of the same TAPP chain,
where the donor-acceptor model and the different internal structures of each TAPP are
showed. From left to right: donor with both inner hydrogen (2H), acceptor with one gold
adatom, donor with one inner hydrogen on the left k-pyrrole (1Hy), acceptor with one gold
adatom, donor with one inner hydrogen on the right x-pyrrole (1Hgr). Image parameters:
(a) Vs = —0.2 V, I; = 0.5 nA, 10.0 X 3.0 nm”.

properties of each TAPP molecule within the chains.

The high resolution STM image in figure 5.5a shows details of five TAPP mo-
lecules in a chain, whose z-profile (acquired along the horizontal symmetry axis
of the chain) highlights the different symmetries of each TAPP. The two acceptors
have the same symmetric z-profile, and the donor on the left is characterized by
two identical peaks, whereas the other two donors have two different asymmetric
profiles. By comparing our STM images with previous results from the literature,
we hypothesize that the asymmetric TAPPs are partially deprotonated molecules,
which have lost one inner proton (see also fig. 5.5b), which we name thus 1H-TAPP.
In all the works in literature, when there is an asymmetry due to the presence of
hydrogen atoms, in the STM images the higher (brighter) side will correspond to
the presence of the hydrogen atom(s) [163, 184, 185]. Therefore, in figure 5.5a, as
shown in panel b from left to right, we suppose that the first donor TAPP has both
two inner protons (2H), the second donor has a single inner proton on the left x-
pyrrole (1Hy), and the last donor has a single inner proton on the right x-pyrrole
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5.4. TAPP chains: binary switch

Figure 5.6: Sequential deprotonation of single TAPP molecules in a TAPP chain on Au(111).
(a) A 2H-TAPP is deprotonated into (b) an 1H-TAPP by applying a —1.2 V bias on the center
of the molecule. (b) An 1H-TAPP is deprotonated into an (c) oH-TAPP by applying a —2.0

V bias on the center of the molecule. Image parameters: V; = —0.2 V, I; = 0.5 nA, 10.0 X 3.0

nm?.

(1Hg). We point out that the different appearance of TAPPs in figures 5.1c and 5.5a
is due to a different bias voltage: In figure 5.5a, at a bias of —o0.2 V, the asymmetry
due to the inner protons is better highlighted.

STM manipulation: deprotonation. Figure 5.6 shows a sequence of three
STM images where controlled deprotonation of TAPP donors was obtained by cen-
tering the STM tip above the molecule and increasing the bias voltage over a certain
threshold [163]. A 2H-TAPP (fig. 5.6a) is deprotonated into an 1H-TAPP (fig. 5.6b) by
applying a —1.2 V bias onto the center of the molecule. Subsequently, an 1H-TAPP
(fig. 5.6b) can be deprotonated into a oH-TAPP (fig. 5.6¢) by applying a —2.0 V bias
onto the center of the molecule as well. Such deprotonation reactions seem to be
irreversible, since we have never observed a re-hydrogenation reaction. We must
point out that, actually, the first stage deprotonation, i.e. from 2H-TAPP to 1H-TAPP,
is also induced thermally when TAPP is evaporated at 520 — 570 K from the UHV
evaporator. Indeed, in our images we find most of the donors as 1H-TAPP, i.e. al-
ready partially deprotonated, while 2H-TAPPs are less commonly found. However,
oH-TAPP are never found spontaneously on Au(111), suggesting that the thermal
energy is insufficient to overcome the barrier to remove also the second proton.
We point out that, when TAPPs undergo deprotonation, a hydrogen atom is likely
removed, although no satisfactory experimental proof of this hypothesis has been
reported so far. However, even if just a proton is removed, the deprotonated TAPP
would be a stable molecule since its charge would be balanced by the gold substrate.
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Figure 5.7: Switching in 1H-TAPP and oH-TAPP. (a) Binary H-tautomerization in the cen-
tral 1H-TAPP and (b) I(¢) trace recorded on it at bias of —1.5 V, with the tip in a slightly
asymmetric position with respect to the molecule center. (c) Binary conformational switch
in two oH-TAPPs and (d) a typical I(t) trace recorded at their center at bias of +1.0 V. (¢) Ten-
tative model illustrating the conformation switch of a o0H-TAPP, where the two a-pyrroles

change their angle tilt. Image parameters: (a) and (c) Vs = —0.2 V, I; = 0.5 nA, 10.0 X 3.0

nm?.

STM manipulation: tautomerization. We therefore studied the hydrogen
tautomerization, ie. the flip of the inner protons in different sites, in each TAPP
within such chains. The reaction can be induced by positioning the STM tip above
the molecule and increasing the bias voltage below the HOMO or above the LUMO
resonance of the molecule [162], while simultaneously monitoring the current sig-
nal in the constant height mode, i.e. recording the current versus time I(t) spectra.
In this way the tautomerization reaction is induced by excitation via inelastic elec-
tron tunneling into the molecules [162, 186], and different current values are asso-
ciated to different proton positions. In the acceptor TAPPs no H-tautomerization
switching was found, likely due to the presence of the adatoms which hinder this
process. In the donors we find no switching in 2H-TAPPs, while we find a binary
H-tautomerization in 1H-TAPPs where the inner hydrogen atom can "jump" only
between the k-pyrroles, as shown in figure 5.7a.

These findings are in contrast to what found so far in literature, where the 2H-
porphyrins are found to be readily switchable [163, 186—-188] and 1H-porphyrins can
switch into all the available pyrroles sites [163]. Apparently, here, in the donors, the
a-pyrroles cannot bind any hydrogen atom. It is known that the molecule-substrate
interaction can strongly influence the conformation of the molecules [189], and
thereby also the possible tautomerization reactions [162]. In our case, the observed
restriction of the tautomerization to only two sites (the x-pyrroles) can be explained
by our DFT model in figure 5.2a: the two protons in the donor 2H-TAPP are located
on the two k-pyrroles, while the two a-pyrroles are bent towards the surface thereby
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Table 5.1: HOMO-LUMO and gap in each type of TAPP. Multiple Gaussian peaks are fitted
to the spectra to determine the HOMO and LUMO positions.

TAPP type HOMO (V) LUMO (eV) Gap (eV)
Isolated 2H-TAPP —0.40 +1.36 1.76
Acceptor with adatom —0.68 +1.56 2.24
2H-TAPP —0.84 +0.52 1.36
1H-TAPP —0.54 +1.16 1.70
oH-TAPP OFF —0.18 +1.72 1.90
oH-TAPP ON —0.21 - -

interacting through their nitrogen atom with the substrate, likely preventing them
from binding hydrogen atoms. In the two previous sections we have showed that
the interaction between the NH, terminations of the TAPP molecules is responsi-
ble for the chain formation and trapping of gold adatoms by the acceptors. Since
the geometry of the TAPPs within the chains is also dictated by the aminophenyl
terminations, and two H-switching channels in each molecule are inhibited by the
geometry of the TAPPs, we deduce that the aminophenyl functionalization indi-
rectly influences also the H-switching within the molecules.

STM manipulation: conformation switch. Interestingly, also the fully de-
protonated oH-TAPP is found to be reversibly switchable in two different states,
which we call oHopr and oHoy, as showed in figure 5.7¢. This switch cannot be due
to tautomerization since there are no inner protons left. Therefore, the observed
change in the appearance is likely related to a conformational change. It is known
that porphyrins can undergo a conformational switching under the electric field or
inelastic electron tunneling [164]. Here, due to the geometrical constraint imposed
to the molecule by the amino-amino and amino-gold interaction, the conforma-
tional change is likely due to the a-pyrroles since there is a strong contrast change
at their position after a switch, as one can see from figure 5.7c.

Figure 5.7b shows a typical I(t) (current versus time) trace recorded on a 1H-
TAPP at bias of -1.5 V, where the two current values indicate the binary switching
between 1Hj, and 1Hg. The switching rate and ratio between the two states depend
on the bias applied and tip position on 1H-TAPP. Figure 5.7d shows a typical I(t)
trace recorded on the center of a oH-TAPP at bias of +1.0 V, where the two current
values indicate the binary switching between oHopr and oHopn. Here, the I(t) trace
suggests that one state is less stable than the other, since there is no asymmetry
argument to justify it. By comparing the STM images before and after the I(t) traces
we conclude that the most stable state is 0Hqpp.
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Figure 5.8: dI/dV spectra recorded at the center of single molecules in TAPP wires, where
each color indicates a different type of TAPP. (a) dI/dV spectra of 2H-TAPP (blue), acceptor
TAPP trapping an adatom (green), and 1H-TAPP (red). The blue spectrum is limited in the
[-1.25;+1.25] V range, otherwise 2H-TAPP undergoes deprotonation. The black spectrum
at the bottom is acquired on the Au(111) substrate for comparison. (b) dI/dV spectra of
oHorr (orange) and oHoy (violet). The violet spectrum is limited in the [—o0.75; +0.75] V
range because for higher bias oHpn switches to oHopg.

5.5 TAPP chains: STS spectroscopy

The different donor-acceptor and 2H-, 1H-, oH states of TAPPs have different geo-
metrical and electronic structures. Figure 5.8 shows dI/dV spectra recorded at the
center of single molecules within the TAPP wires, while table 5.1 summarizes the
HOMO-LUMO peak positions and gaps of each spectrum. Clearly, every TAPP in
a wire has a different electronic structure with respect to single isolated TAPP mo-
lecules (see table 5.1). In particular, 1H-TAPP (both 1Hj, and 1Hg) has both HOMO
and LUMO shifted towards higher energies (fig. 5.8a) with respect to 2H-TAPP and,
moreover, has a wider HOMO-LUMO gap, suggesting that the deprotonation affects
the transport properties. Similarly, oH-TAPP (oHopr) has both HOMO and LUMO
shifted towards higher energies and a wider HOMO-LUMO gap with respect to
1H-TAPP (fig. 5.8b). Interestingly, the acceptor TAPP trapping one adatom has the
largest HOMO-LUMO gap; this is probably due to the cationic nature of the gold
adatom [43] (see also section 3.8) which acts as an acceptor for the electrons of the
TAPP, and thus deeply modifies the electronic density of the porphyrin.

5.6 Conclusions

In conclusion, in the present work, we studied an aminophenyl-functionalized por-
phyrin (TAPP) on Au(111), and we have shown that the interplay between the inter-
molecular amino-amino interaction and the molecule-gold interaction is responsible
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of the TAPP assembly into molecular chains. Our combined experimental STM im-
ages and DFT calculations demonstrate that TAPPs interact via amino-amino bonds
of their terminations to form such chains, where each TAPP behaves alternately as a
hydrogen donor and acceptor as a whole. Moreover, in the STM images, most of the
acceptors have a bright protrusion at their center, which, by comparing experimen-
tal and simulated STM images, we demonstrate to be associated to a gold adatom
located just below their center. The TAPP molecule is coordinated to the adatom
via the N atoms of the two pyrroles without the proton terminations (@-pyrroles).

Furthermore, we have investigated the switching properties of each TAPP, na-
mely H-tautomerism and conformation change, in these molecular wires. The par-
tially deprotonated 1H-TAPP is found to be characterized by a binary H-tautomeri-
zation switch on the x-pyrroles along the TAPP wire. Moreover, the fully depro-
tonated oH-TAPP is showed to be switchable into two different conformational ge-
ometries. The interplay between the amino-amino and amino-gold substrate inter-
action dictates the geometry of each molecule and thereon the number of switch
channels available for the H-tautomerization reaction and conformational change.

Finally, we have reported the dI/dV spectra which show that the donor/acceptor
states (and thereby the adatom trapped by the acceptor), and the different switching
states have very different electronic structures (HOMO-LUMO levels). Our studies
reveal for the first time how the competitive amino-amino and amino-gold inter-
action can modify the geometry and electronic structure in a porphyrin, as well
as control the symmetry of the possible tautomerization pathways and conforma-
tional switching. These properties highlight the amino-terminations as an intrigu-
ing functionalization for molecules employed in the research on organic electronics
and devices.
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Part 11

Amino-carboxylic
hetero-architectures on Au(111)
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Chapter 6

A competitive amino-carboxylic
hydrogen bond on a gold surface

The supramolecular assembly on surfaces has been widely investigated in the last
decade as a key towards an effective device engineering at the nanoscale. Organic
architectures on metal surfaces can be obtained by exploiting both covalent and
non-covalent bonds between the molecules or by building metal-organic frame-
works [34-36, 157, 190]. The interplay between molecule-substrate and molecule-
molecule interactions drives the formation of the (hetero-)organic architectures and
determines the morphological and chemical properties of the systems. A proper
control on the self-assembly process is therefore the mandatory requirement to
obtain systems with the desired properties. One possible strategy is to lock the
molecules in a hydrogen bonded network, taking advantage of the chemical affin-
ity between their functional groups. This approach mimics the organic 3D crystal
growth mechanisms, based on the formation of supramolecular synthons [39]. In
this context, several carboxylic molecules have been shown to assemble on sur-
faces in highly ordered architectures based on the formation of carboxylic homo-
synthons [40, 41, 191-193], the molecular auto-recognition being favored by the
intrinsic hydrogen donor (O—H) - acceptor (C=0) nature of the —COOH groups. In
the synthesis of 3D crystals, the carboxylic group has been successfully exploited
also in the formation of hetero-synthons, with the growth of organic co-crystals
based on the hydrogen bond with the amines of a second molecular species [194—

197].

In the previous three chapters, we have described the adsorption of three differ-
ent molecules on the Au(111) surface. In particular, we studied amino-functionalized
molecules on Au(111) (NMA and TAPP), and showed that the delicate interplay be-
tween the amino-amino and amino-substrate interaction governs the self-assembly
of these molecules and the geometrical conformation of each molecule. In this chap-
ter, as a further step, we exploit our knowledge on amino-functionalized molecules
on Au(111) to build a novel supramolecular assembly based on the amino-carboxylic
(A-C) interaction.
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In surface science, the A-C affinity has been extensively exploited in the 2D
homo-molecular self-assembly of amino-acids. It drives the formation of very long
range ordered molecular chains with the molecules in their zwitterionic state on
poorly reactive surfaces like Au(110) [198, 199], Au(111) [200], Ag(111) [34, 201],
whereas it is inhibited by the stronger carboxylic-substrate interaction on more re-
active surfaces like Cu(110) [142, 202], Cu(111) [201], and Cu(100) [203], where de-
protonation of the carboxylic group occurs. Conversely, 2D hetero-organic assem-
blies based on the A-C interaction have been poorly explored. Recently, Cossaro and
coworkers have shown that the chemical affinity between the two functional groups
can drive the anchoring of a carboxylic molecule on top of an amino-terminated Self
Assembled Monolayer, obtaining a vertically stacked hetero-organic structure [204].
On the other hand, so far we are not aware of examples of in-plane hetero-molecular
coupling based on the interaction between these two groups.

Here we present a method for steering the assembly of a carboxylic molecule
on surface. Our approach consists in modifying the metal substrate before the ad-
sorption of the carboxylic molecules by depositing a second species of molecules,
characterized by an amino-termination and a high surface mobility. In this way, we
introduce a competitor to the well-known self-recognition of the carboxylic species,
which modifies the molecular bonding scheme of the film. A similar approach has
been reported in ref. [205, 206], where the amino-groups of melamine interact with
the carbonyl oxygens of perylene derivatives forming a supramolecular template.
The description of the morphology and the chemistry of the intermolecular bonding
scheme paves the way to further investigations on the A-C interaction on surfaces
and provides a novel method for steering the assembly of carboxylic molecules on
surfaces.

This work, where I contributed with most of the STM experiments, has been
published as Feng et al. in Chemical Communications [43].

6.1 Terephthalic acid (TPA)

To fulfil our high-mobility requirement we adopted the previously studied NMA
molecule (see Chapter 4) to treat the Au(111) surface before the deposition of the
carboxylic species. For the latter, we have chosen to employ the terephthalic acid
(TPA) (figure 6.1a), whose assembly on the bare Au(111) surface represents a sim-
ple, prototypical system and has already been characterized by means of STM [40]
and X-ray spectroscopies [207]. As usual, the preparation of the samples and the
measurements have been performed under UHV. NMA was deposited on Au(111)
as described in Chapter 4. TPA was evaporated in UHV from a standard Knudsen
cell at a temperature of 390 K for few seconds (typically 10 s) on the sample at room
temperature.

The TPA molecule on Au(111) assembles in a very compact 2D structure, formed
by molecular chains placed side by side (fig. 6.1b), whose building block is repre-
sented by two head-to-tail aligned TPA molecules. This arrangement is driven by
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6.2. NMA-TPA competitive amino-carboxylic bond

Figure 6.1: (a) Terephthalic acid and (b) it self-assembly on Au(111) with the inset showing
a superimposed model on a zoomed image. STM image parameters: (b) Vs = +100 mV,
I; = 0.5 nA, 10.0 X 10.0 nm?.

the hydrogen bond between the carboxylic groups, as revealed by XPS spectra. In
particular, O 1s spectra (see figure 6.3b, top spectrum) showed that the two non-
equivalent species of oxygen atoms of the molecule are indeed involved in a donor-
acceptor hydrogen bond [207].

6.2 NMA-TPA competitive amino-carboxylic bond

Figure 6.2: (a) The NMA and (b) TPA self-assemblies are mixed together (c) to form hetero-
organic nanowires whose central backbone of TPA is decorated by lateral NMA molecules.
(d) A wide STM image shows that, if dosed in 2 : 1 NMA/TPA ratio, NMA and TPA mix
completely without phase separation. STM images parameters: (a) Vs = +100 mV, I; = 50
PA, 4.6 X 4.6 nm?; (b) Vs = +50 mV, I; = 100 pA, 4.6 X 4.6 nm?; (¢) V5 = +200 mV, [; = 20
PA, 5.0 X 5.0 nm?; (d) V; = +200 mV, I; = 10 pA, 29.4 X 18.9 nm>.
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6. A competitive amino-carboxylic hydrogen bond on a gold surface
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Figure 6.3: (a) N 1s XPS spectra show the chemical conversion of the amino groups of NMA
from the neutral (top) to ionic state (bottom) when interacting with TPA. (b) Simultaneously,
O 15 XPS spectra show the chemical conversion of the carboxylic groups of TPA from the
homo-monolayer (top) to the mixed hetero-phase (bottom).

As anticipated in the introduction, to build the supramolecular assembly, we
first modified the Au(111) by depositing NMA (amino-functionalized) with cov-
erage below one monolayer, and then evaporated TPA (carboxylic-functionalized)
onto the sample, thus introducing a competitor (NMA) to self-recognition of the
carboxylic TPA molecules.

Upon the deposition of TPA on the NMA covered Au(111) sample, long hair-like
structures are found on the surface, as shown in STM images in figure 6.2¢, d. The
N 15 XPS spectrum in figure 6.3a shows that the amino groups of the NMA undergo
a chemical conversion, with the N 1s binding energy going from the neutral state
at 399.0 eV (only NMA, fig. 6.3a top spectrum) to 401.1 eV (NMA-TPA, fig. 6.3a
bottom spectrum), a value compatible with the ionic NH," chemical state [208].
A residue of neutral component is still found at 399.0 eV, due likely to residual
NMA molecules non mixed with TPA. At the same time, the oxygen atoms of TPA
undergo a chemical conversion as well. Figure 6.3b shows the O 1s XPS spectra
of TPA/Au(111) (top spectrum) and of NMA-TPA mixed phase (bottom spectrum).
The first spectrum exhibits two peaks associated to the two non-equivalent species
of oxygen atoms of the molecule involved in a donor-acceptor hydrogen bond in
its self-assembly, while the second exhibits only one main peak suggesting that the
oxygen atoms are all equivalent and the carboxylic groups are in their anionic state
COO™ [204]. Therefore, both the STM imaging and XPS show that the nature of
the TPA intermolecular hydrogen bond has been deeply modified by the presence
of the NMA molecule.

In the STM close-up of figure 6.2¢, the details of the hair-like structure can be
distinguished and the different molecules in the structure can be easily recognized,
as suggested by the superimposed ball and stick model. Indeed, although NMA
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6.3. NMA-TPA wires: multi stranded structures

and TPA sizes are similar, in the STM images they can be easily identified from
their shapes: NMA has an irregular triangle shape, while TPA has a rhombus-like
shape. It can be seen that the TPA molecules are aligned in rows similar to the ones
observed when TPA is adsorbed individually on the bare Au surface; here, however,
two NMA molecules participate in each TPA intermolecular bond in a novel bonding
scheme.

6.3 NMA-TPA wires: multi stranded structures

Figure 6.4: The NMA-TPA assembly depends on the NMA/TPA concentration. (a) An ex-
cess of TPA molecules promotes the assembly of multi-stranded hair structures. (b) With a
low NMA coverage, the formation of 2D islands of TPA is observed. For both (a) and (b), the
interaction with the NMA of the outer TPA molecules of the architectures also affects the
pairing of the inner TPA rows. Image parameters: (a) Vs = +200 mV, I; = 20 pA, 9.3 X 9.3
nm?”. (b) Vs = +200 mV, I; = 10 pA, 50.0 X 44.0 nm>.

We also verified that the sample temperature during deposition plays an im-
portant role: if TPA is deposited at lower sample temperatures (T; < 270 K) no
ordered structures are observed and STM imaging is very difficult probably due to
the presence of second layer molecules. We hypothesize that the mobility of the
molecules in this case is too low to drive the formation of the hair-phase bonding
scheme. More interestingly, both TPA deposition at higher temperature (T > 330
K) or an annealing of the hair phase to the same temperature promote the formation
of a hair-phase with double- or multi-TPA central rows, as shown in figure 6.4a. In
fact, a minority of TPA molecules assembled in 2D structures can be found also on
a surface with a highly ordered hair-phase. It can be argued that, since a 2 : 1 ratio
between the coverage of NMA and TPA is required for the formation of the hair-
phase, the formation of 2D TPA assemblies occurs when this ratio decreases towards
excess TPA. Notably, the TPA assembly in the double- and triple-stranded hair re-
ported in figure 6.4a is different from the one found on bare Au(111). The TPA rows

101



6. A competitive amino-carboxylic hydrogen bond on a gold surface

join by aligning the phenyl groups of the molecules instead of building the usual
honeycomb structure, indicating that the NMA-TPA interaction in the outer row of
the strands modifies the pairing of the inner row. Starting with even lower NMA
coverage, larger 2D islands of TPA were detected, as shown in figure 6.4b. In this
case TPA was deposited at T; = 300 K on a low coverage NMA/A(111) sample. As
for the hair-phase with multi-TPA central rows, the TPA assembly in the islands is
different from the one found on bare Au(111), the latter being more compact (see
fig. 6.1b and 6.2b compared to fig. 6.4).

6.4 Conclusions

In conclusion, we have shown how the assembly of carboxylic molecules can be
steered by treating the surface with a small amino-terminated molecule, leading
to the formation of well-defined hetero-organic architectures. The A-C chemical
affinity introduces a competition in the intermolecular hydrogen bonding and deter-
mines peculiar supra-molecular assemblies. The method we developed represents
a valuable opportunity to explore alternative assembly morphologies of carboxylic-
terminated molecules and yields a novel A-C motif of potential interest in the syn-
thesis of co-crystals based on hetero-synthons. Furthermore, the heteromolecular
architecture we characterized represents an ideal prototypical system for further
investigations on the A-C interaction at surfaces.

102



Chapter 7

A chemical guest-host
supramolecular assembly driven
by the A-C recognition

In the previous Chapter we showed that the competitive A-C hydrogen bond can be
exploited to build a supramolecular hetero-organic assembly of two small prototyp-
ical molecules on Au(111). In this Chapter, as a further step, we want to exploit this
bond to build a novel guest-host supramolecular assembly based on this chemical
recognition.

Organic templates are successfully synthesized on surfaces as both non-covalent
and covalent (COFs) organic frameworks and as metal organic frameworks (MOFs)
[36, 190, 209—213]. Guest-host approach on surfaces has been successfully applied
to grow 2D arrays of fullerenes [205, 214, 215], coronene [216], small biomolecules
[215], clusters of alkenthiols [217]. The adsorption of the guest molecules is driven
by their shape matching with the template pores, which in fact limits the efficiency
of the method in terms of the guest recognition. Moreover, little is known about
how the guest-host interaction affects the properties of the guest molecules. In 3D
architectures, the interaction between molecule and pores, based on non-covalent
bonds, stabilizes the system and, as it was shown for MOFs, affects its chemical
properties [218].

The chemistry of the 2D systems has not been investigated as far as we know.
It has been shown that the guest-host interaction can be tailored by modifying
the molecular building blocks of the template, obtaining a functionalization of the
nanopores [219]. Likely, being the guest molecules interacting both with the pores
and with the substrate, their chemical properties could be remarkably affected by
the hosting process. Guest-host recognition and interaction do not represent an is-
sue in the anchoring of molecules on surfaces, if the control of the morphology of
the system at the nanoscale is not required. In this case, in fact, the surface is first
functionalized with a properly terminated Self Assembled Monolayer (SAM) and
then the molecules are deposited on top, the assembly process being driven by the
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7. A chemical guest-host supramolecular assembly driven by the A-C recognition

chemical affinity between the SAM and the molecule termination. The method is
successfully employed both in solution, where selective covalent bonding between
SAM and molecule is obtained through a click-chemistry approach [220-222] and
under UHV, where the recognition process is based on hydrogen bonds [204, 207].
In both cases, the distribution of the anchoring points on the surface is ruled by the
morphology of SAM, usually formed by alkanethiols derivatives and exhibiting in-
termolecular distances of few angstroms, thus preventing a controlled distribution
at the nanoscale of the guest species. To overcome this limitation, a modulation
of the chemical properties of the hosting SAM can be obtained by means of AFM-
based patterning techniques [223-226]. The spatial resolution of the patterning of
a template is however limited to tens of nanometers by the mechanical nature of
method.

We report here a novel approach to the molecular anchoring at surfaces. Our
guest-host strategy relies on the chemical affinity the carboxylic functional group
we showed (Chapter 6) to exhibit towards primary amines on Au(111) [43]. Here we
show how, with the same recognition mechanism, a regular 2D distribution of car-
boxylic groups on a surface can act as a template for the growth of amino-terminated
molecules, the entire procedure being obtained under UHV conditions. No shape
matching is required for the guest-host coupling, which is entirely based on the
chemical affinity between two functional groups.

This work, where I contributed with most of the STM experiments, is in prepa-
ration for submission to a journal.

7.1 The carboxylic-functionalized host molecule:
CTPP

Figure 7.1: (a) 5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin (CTPP). (b) STM image
of alow coverage of CTPP on Au(111), where CTPPs assemble in complexes of (c) four mo-
lecules via their carboxylic terminations. We point out that in panel (c) the carboxyphenyl
terminations involved in the hydrogen bond can be easily identified because of their flatter
appearance with respect to the phenyls. Image parameters: (b) V; = —0.5 V, I; = 0.2 nA,
40 X 40 nm?; (c) Vy = —0.5 V, I; = 1.0 nA, 6.0 X 6.0 nm?>.

As anticipated in the introduction, we want to employ a regular 2D self-assembly
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7.1.  The carboxylic-functionalized host molecule: CTPP

of carboxylic molecules on a surface as a template for the growth of amino-termina-
ted molecules. For this purpose, our 2D template is constituted by a self-assembled
monolayer of a carboxylic-terminated (—~COOH) phenyl porphyrin, CTPP (fig. 7.1a),
grown on the Au(111) surface. CTPP molecules were evaporated from a Knudsen
cell at a temperature of 520 K and deposited on Au(111) at room temperature. A
sketch of the molecule is reported in figure 7.1a, together with STM images (fig.
7.1b, ¢) of a low coverage sample, showing that CTPPs assemble in complexes of
four molecules via their carboxylic terminations in a cross-like structure. We point
out that, while the phenyls of tetraphenylporphyrins on metal surfaces are gen-
erally tilted with respect to the surface plane [154, 167-169], the carboxyphenyl
terminations here, in order to establish the hydrogen bond, appear flatter than the
other phenyls, and can be thus easily recognized, being their phenyl ring resolved
by STM (fig. 7.1¢).

Figure 7.2: Three different phases of the self-assembly of CTPP on Au(111). (a) Phase A
where four molecules bind via their carboxylic terminations like the complexes found at
low coverage. (b) Phase B with paired CTPP bonded via their COOH terminations. (c) The
most compact phase C, where no carboxylic-carboxylic bond is established. CTPP models
are superimposed on the STM images to ease their identification. Notice that in (a) and (b)
the carboxyphenyl terminations involved in the hydrogen bonds can be easily identified
because they appear flatter than the phenyls. Image parameters: (a) V; = —0.5 V, I; = 0.5
nA, 8.0 X 8.0 nm?; (b) Vs = —0.5 V,I; = 1.0nA, 8.0 X 8.0 nm?; (c) Vs = —0.5 V, I; = 2.0 nA,
8.0 X 8.0 nm”.

As we mentioned in Chapter 6, the carboxylic self-recognition is known to play
a determinant role in the assembly process of molecules on surfaces and is widely
exploited for the formation of 2D hydrogen bond architectures [40, 41, 210, 216,
227]. Also here, the pairing of adjacent CTPP molecules is driven by the chemi-
cal affinity between their COOH groups. At high coverage, the molecules assemble
in three different phases, as showed in figure 7.2, two of which characterized by
the presence of carboxylic networks involving four (panel a, called phase A) or two
molecules (panel b, called phase B), which resemble the ones observed for other car-
boxylic terminated porphyrines [41, 228]. In the compact phase C in figure 7.2c the
carboxylic terminations are not involved in any auto-recognition process and the
self-assembly is similar to the SAM of non-functionalized tetraphenylporphyrins on
(111) metal surfaces [61].
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7. A chemical guest-host supramolecular assembly driven by the A-C recognition

The three phases coexist on the surface and their relative population depends
on the SAM growth conditions: for high deposition rates (> 0.1 ML/min) the com-
pact phase in panel c is prevalent, while for lower deposition rates the carboxylic-
carboxylic bonded phases A and B are dominant, with the phase C almost disap-
peared. This is likely a dynamical process where a slow deposition rate preserves
the carboxylic-bonded complexes during the SAM formation.

The CTPP SAM phases A and B are here employed as a carboxylic-functionalized
2D template to host smaller amino-terminated molecules. The carboxylic groups of
the system, however, are here involved in the recognition process between adjacent
CTTP molecules, which could inhibit the preferential adsorption of amines under
an amino-carboxylic anchoring scheme. We point out that here, in analogy with
the low coverage CTPP complexes, the carboxyphenyl terminations in figure 7.2a,
b, being involved in the hydrogen bond, appear flatter than the other phenyls and
can be thus easily identified. Therefore, to test the chemical properties of the CTTP
template, we chose two different small amino-terminated molecules as hosts.

7.2 The amino-functionalized guest molecules: AMC

and NMA
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Figure 7.3: (a) 2-Aminomethyl-15-crown-5 (AMC). (b) STM image of the disordered mono-
layer of AMC on Au(111). (c) N 1s XPS spectrum of the AMC monolayer on Au(111) where
the presence of many peaks suggests a not well defined chemistry. Image parameters: (b)
Vs = —0.2V,I; = 20 pA, 15 X 15 nm*.

The first molecule we chose is 2-Aminomethyl-15-crown-5 (AMC), which is ba-
sically a cyclic pentamer of ethylene oxide (called crown ether) with an aminomethyl
termination (fig. 7.3a). AMC (Sigma Aldrich, 95%) was evaporated from a Pyrex vial,
connected to the experimental chamber through an all-metal valve. Exposure of the
Au(111) sample held at room temperature to the molecule at its vapour pressure
(~ 5 X 1078 mbar) for 10 minutes yielded a saturation coverage.

Crown molecules invest a relevant importance in coordination chemistry, ba-
sically because of their affinity for metal ions, which allows for obtaining metal-
organic complexes as well as ion sensors [229—231]. However, to our knowledge, no
examples of their employment on supramolecular assembly on surfaces are found.
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7.3.  AMC intercalation into the CTPP template

The reason can be attributed to the poor self-assembly properties they exhibit when
deposited on metal surfaces. Figure 7.3b reports the STM image of a monolayer of
AMC on the Au(111) surface. No ordered structures are observed.

An XPS study (fig. 7.3¢) of the system shows that the molecules are involved
in a quite complex chemistry on the surface, revealed by the presence of multiple
components of the N 1s signal given by their amino-termination. The chemistry of
crown molecules is determined by the electron lone pair of oxygen atoms, which
give the reactivity to the molecules. On the surface, this reactivity possibly pro-
motes the formation of molecular clusters and prevents an ordered distribution of
the molecules.

As a second molecule to host into the CTPP template, we chose to employ NMA,
whose self-assembly on Au(111) has been already studied in Chapter 4 and NMA-
TPA supramolecular assembly studied in Chapter 6. We point out that both AMC
and NMA are aminomethyl-functionalized, not simply amino-functionalized, be-
cause the aminomethyl termination gives a higher geometrical degrees of freedom
to the NH,, to interact with the carboxylic terminations.

7.3 AMC intercalation into the CTPP template

Figure 7.4 shows the AMC-CTPP supramolecular self-assembly after depositing
AMC onto the 2D template of CTPP. Two coexisting phases are found on the sur-
face: one with AMC/CTPP molecules ratio of 1 : 1, the other with AMC/CTPP of
1 : 2. In both phases, AMC is regularly intercalated into the CTPP template, as
one can see in figure 7.4; in the STM images, CTPPs have the same appearance as
in figure 7.2, while AMCs look like irregular bright spots because of their several
geometrical degrees of freedom.

These two phases resemble somehow the two ones of the CTPP template. In
particular, the AMC/CTPP 1 : 2 phase in figure 7.4b looks similar to the CTPP SAM
phase B (fig. 7.2b) with the AMC molecules filling the empty holes left by the CTPPs.
Instead, the 1 : 1 phase in figure 7.4a, where CTPP molecules are in a two by two as-
sembly, does not resemble clearly the CTPP SAM phase A (fig. 7.2a), although we can
speculate that the competitive amino-carboxylic bond modifies the cross-like four
carboxylic-terminations assembly to accommodate the AMC molecules. Indeed, we
have already showed in Chapter 6 that the presence of an aminomethyl-molecule,
NMA, modifies the TPA-TPA carboxylic-carboxylic self-assembled structure, even if
NMAs only decorate TPA islands [43]. We stress that, although these two phases re-
semble the two CTPP SAM phases, we cannot infer certainly that they come directly
from the CTPP SAM since we have not performed any dynamical characterization
of the intercalation process.

Now we know that AMC intercalate regularly into the carboxylic CTPP tem-
plate, but with only STM images we cannot infer what kind of interaction drives
this intercalation. Therefore, as we did for NMA-TPA wires (section 6.2), we per-
formed XPS measurements to obtain chemical information on our system. Figure
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7. A chemical guest-host supramolecular assembly driven by the A-C recognition

Figure 7.4: STM images of the two coexisting phases the AMC-CTPP self-assembly. (a)
AMC/CTPP 1 : 1 phase and (b) AMC/CTPP 1 : 2 phase. The blue lines help to identify
the periodicity of the supramolecular architectures. For each image, on the right there is a
zoomed image with superimposed models of AMC and CTPP to help the reader to identify
each molecule. Images parameters: (a) V; = —0.2 V, I; = 2.0 nA, 20 X 20 nm? (7.5 X 7.5 nm?*
zoomed); (b) Vs = —0.1V, I; = 0.2 nA, 20 X 20 nm? (7.5 X 7.5 nm? zoomed).

7.5a shows a N 15 XPS spectrum of the CTPP SAM, which exhibits two typical peaks
associated to the iminic (397.2 eV) and pyrrolic (399.3 eV) internal nitrogen atoms
of the porphyrins. Upon deposition of AMC, the N 1s spectrum exhibits a new com-
ponent at 401.3 eV (fig. 7.5b, yellow peak), a value compatible with the ionic NH,*
chemical state [43, 208], which is a fingerprint of the A-C hydrogen bond.

By comparing our STM images with the XPS N 1s spectra, we conclude that here
the competitive A-C bond drives the intercalations of AMC molecules into the 2D
network of CTPPs. Indeed, similarly to what we found for the NMA-TPA wires, here
the AMC molecules "decorate” laterally the carboxyphenyl-carboxyphenyl bonded
terminations of CTPPs in order to establish the hydrogen bond.

We stress that no shape matching is required here for the guest-host (AMC-
CTPP) coupling, which is entirely based on the chemical affinity. As showed in
figure 7.6, the unit cell of the AMC/CTPP 1 : 2 phase (right panel) is different from
the CTPP phase B SAM unit cell (left panel), with the latter slightly smaller. The
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Figure 7.5: (a) N 15 XPS spectrum of the CTPP SAM exhibiting two typical peaks associated
to the iminic (397.2 eV) and pyrrolic (399.3 €V) nitrogen atoms of the porphyrin. (b) After
deposition of AMC onto the CTPP SAM, in the N 1s XPS spectrum appears a new peak
(vellow) at 401.3 eV, which is associated to the —NH," of AMC in the competitive A-C
hydrogen bond.

Figure 7.6: Comparison of a CTPP SAM phase B unit cell (left panel) with an AMC-CTPP
SAM unit cell (right panel). Angles: @ = 73°, f = 80°. Lattice parameters: a = 1.48 nm,
b =13.60nm, ¢ = 1.50 nm, d = 3.70 nm.

chemical affinity is strong enough to modify the preexisting CTPP template in order
to accommodate the AMC molecules. This is even more evident if we consider the
AMC/CTPP 1 : 1 phase (fig. 7.4a) which is deeply different from any CTPP SAM
phase (fig. 7.2).

Within this picture, the AMC intercalation is possible only if the starting CTPP
template is not a full monolayer SAM, typically 0.9 ML. Indeed, if we employ a
full monolayer of CTPP, the STM experiments (not showed) suggest that the AMC
molecules cannot intercalate into the template since the CTPP molecules do not
have enough space to displace themselves to accommondate the AMC molecules.

As last remark, we verified also that we could remove the intercalated crown
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7. A chemical guest-host supramolecular assembly driven by the A-C recognition

molecules by heating our sample: after annealing our sample to 470 K, the STM
images show that almost all the crown molecules have desorbed, while the CTPP
template is still perfectly intact, ready to host new molecules. Therefore, with our
method the host template can be easily reset.

7.4 NMA intercalation into the CTPP template

Figure 7.7: STM images of the different coexisting phases the NMA-CTPP self-assembly.
The blue lines on the images help to identify the periodicity of the supramolecular archi-
tecture. For each image, on the right there is a zoomed image with superimposed models
of NMA and CTPP to help the reader to identify each molecule. Images parameters: (a)
Vs = =01V, I; =0.2nA;(b) Vs = —0.1V,I; =0.3nA, 15 X 15 nm?; (c) Vs = —0.1 V, I; = 70
pA. All images: 15 X 15 nm” (5.0 X 5.0 nm* zoomed).
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7.4. NMA intercalation into the CTPP template

Figure 7.8: (a) A cross-like four CTPP complex where one CTPP is displaced by a NMA
molecule to establish the A-C bond. (b) A wider image of NMA deposited on a low coverage
(~ 0.5 ML) CTPP SAM. Images parameters: (a) Vs = —0.1 V, I; = 0.3 nA, 5.0 X 5.0 nm?; (b)
Vs = —0.1V,I; = 0.5 nA, 10 X 10 nm>.

The deposition of NMA molecules onto the CTPP template yields an NMA-CTPP
supramolecular assembly similar to the AMC-CTPP one. Figure 7.7 shows three
different coexisting phases of the NMA-CTPP assembly. The first two phases are
NMA/CTPP 1 : 1 and 1 : 2 phases, in figure 7.7a and b, respectively, and they are
equivalent the two AMC/CTPP phases (fig. 7.4a and b, respectively).

Interestingly enough, there is a further NMA/CTPP 2 : 1 phase (fig. 7.7¢), which
does not correspond to any AMC/CTPP phase. In this phase there are 4 NMA mo-
lecules for each couple of CTPP-CTPP, and we hypothesize that all the 4 NMAs
have their —NH, terminations interacting competitively with the COOH-COOH
bond of CTPPs (fig. 7.7¢c, zoomed image). The presence of this phase, not found
for AMC/CTPP, is likely due to the molecular size of NMA which is considerably
smaller than AMC, and therefore is able to establish a 4 NMA to 2 CTPP bonding
scheme. As mentioned above, this last bonding scheme requires CTPP displacement
to leave enough space to the NMA molecules to intercalate, and thus the occurrence
of NMA/CTPP 2 : 1 phase depends also on the initial CTPP template coverage.

As we did with the crown molecules, we verified that our template can be re-
newed by removing the guest molecules: after annealing the sample to 420 K, all
the NMA molecules have desorbed, leaving the CTPP template perfectly intact and
ready to host new molecules.

As last remark, we studied the adsorption of NMA onto a low coverage (~ 0.5
ML) CTPP/Au(111) sample, as showed in figure 7.8. The high resolution image in
panel a suggests how the NMA molecule, thanks to the A-C affinity, can displace one
CTPP from the cross-like CTPP complex. From this image we can hypothesize that,
as mentioned above, the CTPP SAM in phase A can be turned into the NMA/CTPP
1: 1 phase in figure 7.7a. Indeed, we can infer that, in a more compact CTPP phase
A, the adsorption of two NMA molecules can displace two CTPP from the cross-like
structure making these two CTPP rotate and form COOH—-COOH bond with other
neighboring CTPP molecules. The wider image in panel b shows how to displace-
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ment mechanism works at a larger scale. These images give us a hint about the
dynamics of the NMA-CTPP (and similarly AMC-CTPP) hetero-assembly and help
to understand how the CTPP phase A (fig. 7.2a) can transformed into NMA/CTPP
(AMC/CTPP) 1 : 1 phase figure 7.7a (fig. 7.4a). These findings might suggest that in
the CTPP-NMA SAM the role of the guest and the host can be swapped, since at low
coverage we can obtain TCPP-NMA self-assembled islands also by depositing NMA
before CTPP. However, we point out that the CTPP template dictates the geometry
of the hetero-organic architecture and a full monolayer of CTPP-NMA can obtained
only by first building the CTPP SAM, which therefore can be reasonably considered
the host molecule.

7.5 Conclusions

In conclusion, we have shown that the competitive A-C recognition can be exploited
to build a novel guest-host strategy based on the chemical affinity rather than shape
matching between the host and guest molecules. In particular, we showed that two
small aminomethyl-functionalized guest molecules, AMC and NMA, whose self-
assemblies on Au(111) do not show any long-range ordered structure, can be regu-
larly deposited and intercalated into the ordered 2D template of CTPP (carboxylic-
host), driven by the A-C chemical affinity. No shape matching is required for the
guest-host coupling, which is entirely based on the chemical affinity between two
functional groups, which is also strong enough to modify the preexisting template
of CTPP to accommodate the guest molecules. The A-C recognition is a power-
ful tool to build novel supramolecular motifs, and the method we developed here
represents a valuable example of how this bond can be exploited.
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Chapter 8

Conclusions and outlook

In this thesis work several homo- and hetero-organic supramolecular assemblies
have been investigated on Au(111) by means of STM, XPS, and NEXAFS in UHV
conditions. In Part I we described the role of the gold substrate in the formation of
molecular architectures by presenting three different studies where we explain the
interplay between molecule-molecule and molecule-substrate interactions driving
the assembly processes.

As a first case, we studied the adsorption on Au(111) of a commonly used sol-
vent, DMSO. Our combined STM imaging and DFT simulations reveal that DMSO
forms complexes of 3 or 4 molecules, unexpectedly trapping one or two positively
charged gold adatoms, natively available on Au(111), to which DMSO coordinates
by its oxygen atom via a bond of ionic nature. Although not visible in the STM
images, such adatoms are crucial for the stability of the observed DMSO complexes.
With this work we have showed that the interaction between a polar solvent (DMSO)
and a gold substrate cannot be neglected, since peculiar solvent-gold interactions
can be present even at room temperature. The nanoscale properties of the gold-
solvent interface are of great relevance, for example in electrochemistry where the
solvent-electrode interaction is relevant, and our findings can contribute to the un-
derstanding of these properties at the atomic scale.

We also investigated the behavior of two amino-functionalized molecules in or-
der to understand the behavior of the NH, termination on Au(111). First, we studied
NMA whose aminomethyl-termination drives the formation of complexes of 3 or
4 molecules, which we showed to be results of the interplay between the amino-
amino and amino-substrate interactions. In this case, the Au(111) herringbone re-
construction plays a crucial role, where the relative population of these complexes
is dictated by the hcp and fec regions of the substrate. Second, we studied TAPP
whose aminophenyl-terminations drive the formation of molecular wires via hy-
drogen bonds. In such wires, each TAPP is found to be alternately a proton donor
or acceptor, with the latter trapping native gold adatoms at its center. Moreover,
by means of STM manipulation, the donor TAPPs can be switched in two ways:
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8. Conclusions and outlook

tautomerization or conformation switch, both switches being binary. We showed
that both the TAPP wire geometry and the symmetry properties of switching are
governed by the aminophenyl-terminations.

After studying the behaviour of amino-functionalized molecules on Au(111), in
Part II we employed these molecules, coupling them with carboxylic-functionalized
molecules, to design novel 2D hetero-organic architectures based on the A-C bond.
We started first by considering two small prototypical molecules, NMA (amino-)
and TPA (carboxylic-), which we showed to form hetero-organic wires in a compet-
itive A-C bonding scheme. Our work on NMA-TPA is the first study of an in-plane
hetero-molecular coupling based on the A-C interaction, and represents a novel
method for steering the assembly of a carboxylic molecule on a metal surface.

In the last chapter, we exploited the A-C competitive bond to develop a novel
guest-host supramolecular strategy based on chemical recognition rather than shape
matching between the guest and host molecules. By employing a SAM of CTPP as
the (carboxylic-) host template, we could successfully intercalate two small guest
aminomethyl-terminated molecules, AMC and NMA, into the host template. No
shape matching is required for the guest-host coupling; actually, we found that the
chemical affinity is strong enough to modify the preexisting CTPP template to ac-
commodate the guest molecules, suggesting that our method is also very flexible.
By developing this novel guest-host strategy we demonstrated that the A-C recog-
nition is a powerful tool to build new supramolecular motifs.

Our studies on the solvent-gold and amino-gold interaction, and the A-C recog-
nition based methods we developed represent a step forward in the understanding
of the structural properties of molecular layers and molecular junctions at funda-
mental level. Undoubtedly, there are still many open questions and possible devel-
opment plans for our studies. For example, we should deepen the understanding of
the role of the native gold adatoms, which is not crucial in the NMA-TPA and CTPP
guest-host SAM, as opposed to the cases of the DMSO complexes and TAPP wires.
Another important point is the fact that the A-C bond we explored is a hydrogen
bond while, in a potential application of these molecules, more stable, covalently
bonded structures would be desired. The condensation reaction where an A-C in-
teraction is converted into a covalent bond, called peptide bond, is a fundamental
mechanism in living systems, where amino acids condensate to form proteins. As
mentioned in Chapter 6, in surface science the 2D homo-molecular self-assembly
of amino acids on metal surfaces have been extensively studied; however, none has
been able to induce the condensation of amino acids on surface so far.

Actually, we have already explored some possible strategies to induce condensa-
tion in our A-C bonded hetero-structures, although without any satisfactory result
up to now. For example, we attempted to condensate the hydrogen bonded struc-
tures by X-ray irradiation of our sample. We will further examine this method by
changing the exposure time of the sample to X-ray, or by changing the wavelength
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(photon energy) of irradiation up to the ultraviolet range. Another possible strat-
egy is the deposition of an additional molecule that can catalyze the condensation
reaction or, as an alternative, we will change the supporting substrate from Au(111)
to another more reactive metal surface. In our future plans we consider to explore
all these strategies step by step in order to obtain for the first time the A-C conden-
sation on surface.
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Acronyms

A-C
AMC
CTPP
DMSO
DOS
IETS
LT-STM
LDOS
LEED
LHe
LN,
NEXAFS
NMA
RT
SAM
STM
STS
TAPP
TPA
UHV
XPS

Amino-Carboxylic

2-aminomethyl-15-crown-5
5-(4-carboxyphenyl)-10,15,20-(triphenyl)porphyrin
dimethyl sulfoxide

Density of States

Inelastic Electron Tunneling Spectroscopy

Low Temperature Scanning Tunneling Microscope
Local Density of States

Low Energy Electron Diffraction

Liquid Helium

Liquid Nitrogen

Near Edge X-ray Absorption Fine Structure
1-naphthylmethylamine

Room Temperature

Self-Assembled Monolayer

Scanning Tunneling Microscope

Scanning Tunneling Spectroscopy
5,10,15,20-tetra(4-aminophenyl)porphyrin
terephthalic acid

Ultra High Vacuum

X-ray Photoelectron Spectroscopy
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