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Faculté des Sciences
Laboratoire de Chimie des Matériaux Nouveaux

Modeling the structure and electronic properties of
self-assemblies of functional conjugated molecules

Andrea Minoia
Dissertation originale présentée
pour l’obtention du grade légal
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Science is facts; just as houses are made by stone,
so is science made of facts.
But a pile of stones is not a house,
and a collection of facts is not necessarily science.
(J. H. Poincaré)

For every complex problem, there is a solution
that is simple, neat, and wrong. (H.L. Mencken)

It doesn’t matter what temperature the room is:
it’s always room-temperature. (S. Wright)

Basic research is what I am doing when I don’t know what I am doing.
(W. Von Braun)
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In summary
Supramolecular chemistry is a major aspect of the bottom-up approaches to
nanoscience and nanotechnology. This branch of science is highly interdisciplinary
and is mostly concerned with advancing structural complexity such as molecular
recognition, molecular engineering and self-assembly. Essentially, common features of all supramolecular systems are non-covalent interactions, which provide
the clips linking the building blocks leading to the well organized superstructures.
Computational studies can contribute to the molecular/atomic level understanding of the structural and energetic features involved in the process of molecular
recognition and supramolecular organization, in close connection with the design
of the constituents and with experimental investigations of the properties of the
supramolecular assemblies. While in the past it was impossible to handle large
molecules or systems with computational methods, nowadays computational approaches can be successfully applied to very large systems thanks to the ever increasing computer capabilities. Our work deals with the modeling of functional
molecular monolayers formed by self-assembly at the interface between a substrate
and an organic solvent. The interface of a solid and a liquid is an excellent situation to study the assembly and function of molecules for many reasons: (i) the
system is able to organize under equilibrium conditions at room temperature, (ii) a
variety of molecular species can be probed, and (iii) the structure of the supramolecular organization and the electronic properties can be determined experimentally
with scanning probe microscopies, in particular by scanning tunneling microscopy
(STM). Two aspects of this type of monolayer will be discussed: (i) structure and
chirality and (ii) electronic properties. For the first aspect, we used force field techniques (molecular mechanics, MM, and molecular dynamics, MD) to examine the
role and the type of the intermolecular interactions involved in the self-assembly
of a variety of different systems: (i) di-amide tetrathiafulvalene (TTF) derivatives
likely to form one-dimensional molecular wires via π-π stacking and H-bonding;
(ii) polychlorotriphenylmethyl (PTM) organic radicals likely to form supramolecular magnetic assemblies for data storage; and (iii) asymmetrically substituted
diarylethenes in which the conformation can be switched by light irradiation and
which can form chiral assemblies on surfaces. The molecular organization and
the stability of the monolayers were established by the molecular modeling approach and were compared with the STM data, which allowed obtaining detailed
information on the intermolecular interactions driving the assembly and provided
guidelines for the design of optimized systems. Based on that structural information, density functional theory (DFT) has then been used to probe the electronic
properties of single molecules and stacks, in particular transmission spectra and
charge transport along the stacks.
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Chapter 1
Introduction
Supramolecular chemistry is in the central part of the bottom-up approaches to
nanoscience and nanotechnology. This branch of science is highly interdisciplinary
and is mostly concerned with advancing structural complexity such as molecular
recognition [1, 2], molecular engineering [3, 4, 5] and self-assembly [6, 7, 8]. The
most frequently utilized intermolecular interactions are non-covalent weak interactions such as hydrogen bonding, π − π stacking, Van der Waals forces, hydrophobic, ionic, and so on. Supramolecular chemistry is often pursued to develop new
functions that cannot appear in a single molecule, like magnetic and electronic
properties. Computational studies can contribute to the molecular/atomic level understanding of the structural and thermodynamic features involved in the process
of molecular recognition and supramolecular organization. However, a computational approach alone can seldom provide a full understanding of the structure and
properties of supramolecular systems, without experimental assistance. In this regard, collaborative studies by theoretical and experimental groups are required in
supramolecular chemistry.
Essentially, common features of all supramolecular systems are non-covalent interactions, which provide the clips linking the building blocks, leading to the well
organized superstructures. Thus many theoretical studies have been focused on
the expression of various intermolecular interactions. While in the past it was impossible to handle large molecules or supramolecular systems with computational
methods, nowadays computational approaches can be successfully applied to large
systems, thanks to the exponential increase of computer capabilities. When the
X-ray crystal structure of a system is known, it can be compared with the structure obtained by the calculations and if the two match, the computational analysis can give information about the basic mechanism at the molecular level for the
supramolecular organization and the superstructure properties. Even if the crystal
structure is unknown, computational and experimental results together can lead
to a detailed understanding of the molecular organization, by analyzing the structure and determining the important intermolecular interactions involved.
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In this work, we are interested in the structure and properties of monolayers
formed by self-assembly of multifunctional molecules (i.e., molecules that incorporate groups that allow to control the self-assembly process and groups that provide
specific electronic or magnetic properties). Two aspects of this type of monolayer
will be discussed: (i) the relationship between supramolecular structure and chirality and (ii) the relationship between supramolecular structure and functionality
for molecular electronics. These monolayers are formed by physisorption at the
interface between graphite and a organic solvent with a high boiling temperature.
The interface of a solid and a liquid is an excellent place to probe the assembly
and function of molecules for many reasons: (i) the system is able to organize under equilibrium conditions at room temperature, leading to a thermodynamically
stable system, (ii) a variety of molecular species can be probed, and (iii) the structure of the supramolecular organization can be experimentally imaged by scanning
probe microscopies [9, 10], in particular by scanning tunneling microscopy (STM).
As mentioned before, for full understanding of the structure of a self-assembled
monolayer, it is not enough to image it and information from modeling is required.
In this thesis we will investigate with force field techniques (molecular mechanics, MM, and molecular dynamics, MD) the role and the type of the intermolecular
interactions involved in the self-assembly of a variety of different systems. The relationship between structure and electronic properties has been addressed for the
self-assembly of di-amide Tetrathiafulvalene (TTF) derivatives. The role of π − π
stacking and H-bonding has been investigated for the self-assembly of TTF derivatives [11], a particularly attractive family of organic molecules for molecular electronics, thanks to their electronic properties and the capability to self-assembly.
To exploit the possibility to use TTF assemblies as molecular wires, self-assembly
of di-amide TTF has been studied both experimentally and computationally. STM
shows that the TTF monolayer is formed by parallel and regularly spaced stacks of
molecules, which have been then modeled by MM and MD. Density functional theory (DFT) has been used to probe the electronic properties of single TTF molecules
and stacks, in particular electron transmission spectra and charge transport along
the stacks. The results suggest that di-amide TTF derivatives self-assemble in
structures (stacks) that can act as molecular wires thanks to their high charge
transport capability.
Another type of system investigated during this thesis is the self-assembly of polychlorotriphenylmethyl (PTM) organic radicals. These molecules are interesting not
only for magnetic applications like high-density data storage; since these radicals
are stable and optically and electrochemically active, they are promising building
blocks in designing multifunctional molecular materials.
In both systems described above, the role of the surface is marginal, being limited
to provide a substrate suitable for the physisorption of molecules from solution and,
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depending on the nature of the molecules, to drive the direction of growth for 2D
anisotropic layers. In the last system we studied, the surface plays a crucial role
in the assembly, inducing achiral molecules like diarylethene derivatives to selfassemble in chiral domains [12]. Induction of helical chirality in achiral condensed
phases is of high importance in various fields, including liquid crystalline technology. It is, however, still not well understood how helical chirality is obtained,
enhanced, modulated, or preserved in supramolecular systems. Interfacial assemblies provide model systems to study these phenomena because of the geometrical
restrictions introduced by 2D confinement. Diarylethenes exist in a closed and in
an open form and it is possible to switch between the two forms by irradiation of
light, leading to optical molecular switching. We will show that helical chirality
emerges from an achiral solution of a flexible diarylethene derivative because of
atropoisomerism on the surface. Atropoisomerism occurs with molecules in the
open form because the rotational interconversion between two preferred conformers is sterically hindered on the surface.
To summarize, this thesis relies on a joint computational-experimental approach:
ab initio and density functional theory calculations, molecular mechanics and molecular dynamics have been combined together and with scanning probe microscopies
data aiming at a detailed understanding of the structures and properties of molecular self-assemblies at the surface/solvent interface.
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Chapter 2
Ab initio quantum-chemical
methods
The aim of this chapter is not to provide a full description of all the computational techniques available to chemists and physicists to investigate the properties
of molecules and materials since they are commonly treated in many text books
(see bibliography). In this chapter we will present the methods exploited during
this thesis, in particular the quantum-chemical Hartree-Fock theory (HF) and Density Functional Theory (DFT) techniques. In the last part of the chapter, we will
discuss the Molecular Mechanics approach (MM) which, in contrast to HF and DFT
methods, allows us to study the stability of large molecular systems such as selfassembled monolayers and simulate their dynamics.

2.1

General concepts

In principle, QM can predict any property of an atom or molecule exactly. However, in practice, the QM equations have been solved exactly only for one-electron
systems. In order to treat many-electron systems, a number of techniques and approximations have been developed. Two equivalent formulations of QM were developed by Schrödinger and Heisenberg: here we will focus on the Schrödinger formalism since it is the basis for nearly all computational chemistry. The Schrödinger
equation is
b = EΨ
HΨ
(2.1)
b is the Hamiltonian operator, Ψ a wave function and E the energy of the
where H
system. Mathematically speaking, an equation in the form 2.1 is known as eigen
equation, where Ψ is then called eigenfunction and E an eigenvalue.
The wave function Ψ is a function of positions of electrons and nuclei, it describes
an electron as a wave and it gives a probabilistic description of the electron behavior. The wave function is also called a probabilistic amplitude because it is the
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square of the wave function that yields probabilities. In order to obtain a physically relevant solution of the Schrödinger equation, the wave function must be
continuous, single-valued, normalizable and antisymmetric with respect to the interchange of electrons.
b is, can be written as:
The Hamiltonian operator H
particles

b =−
H

X
i

particles
X X qi qj
∇2i
+
2mi
rij
i<j

(2.2)

∂2
∂2
∂2
+
+
∂x2i
∂yi2 ∂zi2

(2.3)

∇2i =

where ∇2i is the Laplacian operator acting on particle i, mi and qi are the mass
and the charge of particle i and rij is the distance between particles. Particles are
both electrons and nuclei. The first term gives the kinetic energy of the particles
while the second term accounts for the energy due to the Coulombic attraction or
repulsion of particles.

2.2

Born-Oppenheimer approximation and HartreeFock formalism

What we described so far is the time-independent, nonrelativistic Schrödinger
equation and the Hamiltonian above is rarely used in practice due to its complexity. To simplify the problem, usually two approximations are used: (i) the BornOppenheimer approximation to separate the nuclear motion from the electronic
one and (ii) the Hartree-Fock formalism consisting in building an approximate
wave function.
The basis for the Born-Oppenheimer approximation is the huge difference of mass
between electrons and nuclei: it is therefore reasonable to assume that the electronic density reacts instantaneously to any nuclear reorganization. The Hamiltonian for a molecule with stationary nuclei is then:
particles

b =−
H

X
i

nuclei
X electrons
X Zi electrons
X X 1
∇2i
−
+
2mi
rij
rij
i
j
i<j

(2.4)

Here the first term is the kinetic energy of the electrons only. The second term is
the attraction of the electrons to the nuclei. The last term is the repulsion between
the electrons. The motion of nuclei can be described by considering this entire formulation to be a potential energy surface on which nuclei move. The wave function
then becomes:
particles
X
Ψ(r, R) =
Ψi (r; R)χi (R)
(2.5)
i

2.2 – Born-Oppenheimer approximation and Hartree-Fock formalism
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where χi (R) are the eigenfunctions for the nuclear problem, while Ψi (r; R) are electronic eigenfunctions, for a given nuclear configuration. For the sake of clarity, from
now on we will refer to Ψi (r; R) as Ψ(r). The Hartree-Fock formalism allows to approximate a multielectronic wave function as a product of monoelectronic wave
functions:
Ψ(r1 , r2 , . . . , rN ) = ψ1 (r1 ) · ψ2 (r2 ) · . . . · ψN (rN )
(2.6)
Each monoelectronic wave function ψn (rn ) satisfies a Schrödinger equation in the
form
b
hψi (r) = ψi (r)
(2.7)
where the single-particle Hamiltonian operator b
h is
2

∇
b
h=−
+ Vext + VH (r)
(2.8)
2m
Here Vext represents the nuclear potential, while VH (R) is the mean electrostatic
field felt by an electron and generated by the others:
X Z | ψi (r0 ) |2
VH (r) =
dr0
(2.9)
0 |2
|
r
−
r
i
The wave function built does not satisfy a fundamental requirement: since it describes electrons, which follow a Fermi-Dirac statistics, it must be antisymmetric
with respect to the interchange of electrons. For this reason, the wave function is
built in the form of a Slater determinant:

Ψ(r1 , r2 , . . . , rN ) =

1
√
N!



ψ1 (r1 )
ψ1 (r2 )
..
.

ψ2 (r1 ) . . .
ψ2 (r2 ) . . .
..
...
.

ψN (r1 )
ψN (r2 )
..
.

ψ1 (rN ) ψ2 (rN ) . . .

ψN (rN )

(2.10)

where each wave function ψi (ri ) is factorized in to a space function φ(r) and a spin
function σ(s). The wave function in the form of a Slater determinant contains implicitly a term, called exchange, V exc which accounts for the fact that two electrons
with the same spin cannot occupy the same position at the same time.
Z Z
1
exc
Vij =
φi (r1 )φj (r2 ) φj (r1 )φi (r2 )dr1 dr2
(2.11)
r12
Once a wave function has been determined, any property of an individual molecule
can be calculated. This is done by taking the expectation value of the operator for
that property, e.g. the Hamiltonian operator for the energy
Z
b
< E >= Ψ∗ HΨ
(2.12)
For an exact wave function, this is the same as the energy predicted by the Schrödinger
equation, but, in practice, we always work with approximate functions. For instance, an electron is considered as interacting with the mean electrostatic field
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generated by all the other electrons in the system, thus we are neglecting correlation effects for the electronic motion and this leads to overestimation of the real
energy of the system. This is the origin of the variational principle, which states
that for any approximate wave function, Eq. 2.12 gives an approximation of the energy, called variational energy, which is larger than or equal to the exact energy of
the system. Properties other than the energy are not variational, because only the
Hamiltonian is used to obtain the wave function in nearly all the computational
chemistry methods.
Another way to obtain molecular properties is to use the Hellmann-Feynman theorem, which states that the derivative of energy with respect to the property P is
given by:
b
∂H
dE
=h
i
(2.13)
dP
∂P
The use of this formalism, limited to a finite number of combinations, is known as
configuration interactions (CI) and leads to a variational energy close to the exact
one.

2.3

Density Functional Theory

Density Functional Theory (DFT) has become very popular in recent years due
to the fact that it is less computationally intensive than other methods with similar
accuracy. The central concept of DFT is that the energy of a system can be determined from the electron density rather than from the wave function. This theory
originated with two theorems by Hohenberg and Kohn which state that:
• Theorem 1
The electronic density for a system cannot arise from two different external
0
potentials, Vext and Vext
that differ by more than a constant, i.e. Vext (r) =
0
Vext (r) + constant
• Theorem 2
R
For a given guess function ρ(r) satisfying ρ(r) > 0 and ρ(r)d(r) = N , the
energy E0 obtained by the exact electronic density for the ground state is
E0 ≤ E [ρ(r)]

(2.14)

A consequence of the first theorem is that, since ρ(r) determines the number of
electrons in the system, it also defines the exact wave function for the ground state
of the system. Therefore, it is possible to express the energy as a functional of the
electron density through the following relation
Z
E[ρ(r)] = ρ(r)vext (r) + FHK [r]
(2.15)

2.3 – Density Functional Theory
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Here vext (r) is the external potential generated by the nuclear configuration and
FHK [r] is a universal functional, which is not known exactly and it is not associated
to any external potential. The second theorem states the variational character of
the energy with respect to the electronic density.
The Kohn-Sham equations A reformulation of the density functional theory in
order to define a practical functional was made by Kohn and Sham. Their new
approach consists in describing the electronic density in terms of mono-electronic
orbitals ψi (r):
occ
X
ρ(r) =
|ψi (r)|2
(2.16)
i=1

These orbitals obey the following normalization condition:
Z
ψi∗ (r)ψj (r)dr = δij

(2.17)

In the Kohn-Sham approach, the total energy of the system is expressed as the
energy of a system of non-interacting electrons plus a new energy term Exc called
“exchange-correlation” energy. The electronic energy for the system is then:


Z
occ Z
X
∇2
∗
E[ρ(r)] =
ψi (r)dr + vext (r)ρ(r)dr
ψi (r) −
2
i
Z Z
1
ρ(r)ρ(r0 )
drdr0 + Exc [ρ(r)]
(2.18)
+
2
|r − r0 |
The total energy for a system of N atoms in positions {Ri } is the electronic energy
corrected for the nuclear repulsion
1 X ZI ZJ
E[{ψ}, {R}] = E[ρ] +
(2.19)
2 i,j |RI − RJ |
where Zi is the nuclear charge. The application of the variational principle to determine the variational electronic energy combined with the definition of electronic
density given in eq 2.16 leads to the so called Kohn-Sham equation:
b KS ψi (r) = i ψi (r)
H
where:

Here µxc

2

b KS = − ∇ + vext (r) +
H
2
is the exchange-correlation term:
µxc =

Z

ρ(r0 )
dr0 + µxc (r)
|r − r0 |

δExc [ρ(r)]
δρ(r)

(2.20)

(2.21)

(2.22)

Practically the solution for the Kohn-Sham equation is obtained in a self-consistent
way, starting from a guess for the wave function and improving it iterating untill a
convergence criterion for the energy is reached.
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Exchange-correlation energy. Some approximations can be required in order
to compute the exchange-correlation energy. The most common one is the so-called
local density approximation (LDA). In this case the exchange-correlation term Exc
is expressed as:
Z
Exc [ρ(r)] =

ρ(r)xc [ρ(r)]dr

(2.23)

where xc [ρ(r)] is the exchange-correlation energy for a homogeneous gas of electrons having a density, ρ, equal to the local density ρ(r). The LDA approximation
is reliable to predict the molecular geometry and the vibrational frequencies, but
overestimates the bond energies. With systems having unpaired electrons, a different density is used for spin α and spin β, i.e. spin up and spin down. This method is
known as local spin density approximation (LSDA). Here xc depends on a function
ξ(r) of the local density and the spin polarization defined as:
ξ(r) =

ρα (r) − ρβ (r)
ρα (r) + ρβ (r)

(2.24)

Further improvements for determining the exchange-correlation energy are obtained by using the gradient corrections: Exc includes terms that depend on the
gradient of the local density. In this case the exchange-correlation energy becomes
Z
Z
4
4
Cxc (ρ)ρ 3 |∇ρ|2
Exc [ρ(r)] = Axc (ρ)ρ 3 +
+ ...
(2.25)
4
ρ3
In the simple LDA all the terms but the first one are neglected.
Hybrid functionals: the B3LYP method.
two contributions: exchange and correlation

The term xc can be decompose in

xc = x (ρ) + c (ρ)

(2.26)

This allows to combine the advantages of HF methods (which give exact values
for the exchange) and DFT methods (which include correlation). This combined
approach relies on hybrid functionals: the exchange is calculated in part with HF
and in part with DFT and the correlation is calculated with DFT. A widely used hybrid functional is the B3LYP, where the term of exchange-correlation is expressed
as:
HF
Becke
B3LY P
Xα
(2.27)
EXC
= AEX
+ (1 − A) EX
+ B∆EX
+ ECV W N + ∆ECnl
HF
Here ExXα is the exchange functional of Slater, having the coefficient α = 2/3, EX
Becke
is the exchange term calculated with HF and ∆EX
is the difference between the
exchange functional of Becke (B3) [1] and the exact HF term. ECV W N is the local
correlation term of Vosko, Wilk and Nusair, and the last term ∆ECnl is the non-local
electronic correlation calculated by Lee, Yang, Parr (LYP) [2]. The values for the
three parameters A, B and C in eq 2.27 have been calculated by Becke by fitting
the energy and the ionization potential for a number of atomic systems.
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Basis sets

In the previous sections, we have introduced the main methods to calculate the
energy and the properties of a molecular system. To apply them it is necessary to
find a way to describe the orbitals with appropriate sets of functions called basis
sets. A basis set is a set of functions used to describe atomic orbitals (AOs) while
molecular orbitals (MOs) and the entire wave function are usually expressed as
linear combinations of basis functions. This method is known as linear combination
of atomic orbitals, LCAO:
n
X
ψi =
cµi φµ
(2.28)
µ=1

where the AOs φmu are solutions of the one-electron HF equations for isolated
atoms.
There exists a number of basis sets and the choice of one of them combined with a
particular method are the two crucial points in determining the accuracy of results.
The atomic orbitals φ almost always have the following functional form:
X X
n
φ = Ylm
Ci
Cij e−ξij r , n = 1, 2
(2.29)
i

j

The angular function Ylm describes the shape of the orbital and its symmetry (s, p,
d, etc.). Depending on the n in the exponents the orbitals in Eq. 2.29 are Slater-type
orbitals (STO) if n = 1 or Gaussian-type orbital (GTO) if n = 2. The contraction
coefficients Cij and the exponents ξij are read from a database of standard functions and do not change during the calculation so that the calculation consists in
optimizing the molecular orbitals coefficients Ci . The predefined set of coefficients
and exponents is called basis set. The minimal basis set uses a single function to
describe each orbital; for accurate calculations appropriate linear combination of
STO or GTO are used. Computationally, STO functions are more difficult to handle
since integrals have to be calculated numerically, so those functions are often approximated by using an appropriate number of GTO functions for which integrals
can be calculated much faster in an analytical way.
The basis sets are identified by a numerical notation scheme. The most popular
minimal basis set is the STO-3G set, where the notation indicates that the basis
set approximates the shape of a STO orbital by using a single contraction of three
GTO orbitals. Another widely used family of basis sets is the Pople basis sets, indicated by a notation such as 6-31G. This notation means that each core orbital
is described by a single contraction of six GTO primitives and each valence shell
orbital is described by two contractions, one with three primitives and the other
one with one primitive. These basis sets are very popular, in particular for studies
of organic molecules. Furthermore, in order to better describe the behavior of the
valence electrons, polarization (indicated with *) and diffuse (+) functions can be
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added to the basis set. Many other families of basis sets have been developed, but
their discussion is far beyond the purpose of this chapter. For further information
refer to the bibliography.

2.5

Conclusions

In general, ab initio calculations give very good quantitative results and can
yield increasingly accurate results as the molecules under investigation become
smaller. The advantage of ab initio methods is that they eventually converge to
the exact solution once all the approximations are made sufficiently small in magnitude. There are four main sources of error in ab initio calculations: the BornOppenheimer approximation, the use of an incomplete basis set, incomplete correlation, and the omission of relativistic effects.
The disadvantage of ab initio methods is that they are computationally expensive.
These methods often require huge amounts of CPU time, memory and disk space.
The HF method scales as N 4 , where N is the number of basis functions. This means
that a calculation on a system that is twice as big is 16 times longer, besides the
requirements on memory and disk space. Correlated calculations have often even
worse scaling. In practice, extremely accurate solutions can be obtained only when
the molecule contains twelve electrons or less, even though good accuracy is obtainable also for moderate-size organic molecules.
Focusing on the the simulation of self-assemblies, another major problem in using the DFT approach is that intermolecular interactions involing correlation (e.g.,
van der Waals), which in reality play the key role, are usually poorly described.
This means that even when the system of interacting molecules has a feasible size,
these techniques cannot be successfully applied.
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Chapter 3
Electron transmission through
molecules
Electron transfer, a fundamental chemical process underlying all redox reactions, has been under experimental and theoretical study for many years. Theoretical studies of such processes seek to understand the ways in which their rates
depend on donor and acceptor properties, on the solvent, and on the electronic coupling between the states involved. There is another class of electron-transfer phenomena: electron transmission between two regions of free or quasifree electrons
through molecules and molecular layers. Examples of such processes are photoemission (PE) through molecular overlayers, the inverse process of low-energy
electron transmission (LEET) into metals through adsorbed molecular layers, and
electron transfer between metal and/or semiconductor contacts through molecular
spacers. Fig. 3.1 depicts a schematic view of such systems. The standard electrontransfer model in Fig. 3.1a shows donor and acceptor sites, with their corresponding polarization wells connected by a molecular bridge. In Fig. 3.1b the donor and
the acceptor are replaced by a continuum of electronic states representing free
space or metal electrodes. (This replacement can occur on one side only, representing electron transfer between a molecular site and an electrode.) In Fig. 3.1c
the molecular bridge is replaced by a molecular layer. In addition, coupling to
the thermal environment may affect transmission through the bridge. Electron
transfer between metal and/or semiconductor contacts through molecular spacers
has drawn particular attention in recent years because of the growing interest in
conduction properties of individual molecules and of molecular assemblies. Such
processes have become subjects of intensive research because of recent interest
in electron-transfer phenomena underlying the operation of the scanning tunneling microscope (STM), and in the transmission properties of molecular bridges between conducting leads. In the latter case, the traditional molecular view of electron transfer between donor and acceptor species gives rise to a novel view of the
molecule as a current-carrying conductor, and observables such as electrontransfer
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Figure 3.1: Schematic views of typical electron transmission systems. (a) A standard electron- transfer system containing
a donor, an acceptor, and a molecular bridge connecting them (not shown are nuclear motion baths that must be coupled to
the donor and acceptor species). (b) A molecular bridge connecting two electronic continua, L and R, representing e.g. two
metal electrodes. (c) Same as panel b with the bridge replaced by a molecular layer. The Θ blocks represent the thermal
environment.
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rates and yields are replaced by the conductivities, or more generally by currentvoltage relationships, in molecular junctions. Of primary importance is the need
to understand the interrelationship between the molecular structure of such junctions and their function, i.e. their transmission and conduction properties. Such
investigations of electrical junctions, in which single molecules or small molecular
assemblies operate as conductors connecting traditional electrical components such
as metal or semiconductor contacts, constitute a major part of what has become the
active field of molecular electronics. Their diversity, versatility, and amenability to
control and manipulation make molecules and molecular assemblies potentially
important components in nano-electronic devices. In this thesis we have considered the electron transmission problem in order to relate the morphology of the
self-assembly of Tetrathiafulvalene (TTF) derivatives modeled to the experimental
STM images. STM is based on measuring the tunneling current between the tip
and the substrate through the self-assembled molecule. Theoretically, in order to
explain the STM results, we need a way to describe conduction through small conductors such as molecules. This has been done by Landauer, who described current
through a conductor as expressed in terms of the probability that an electron can
transmit through it, relating the macroscopic conductance, G, to the microscopic
transmission probability of electrons. This formalism is based on the Landauer
formula:
2e2
T
(3.1)
G=
h
where T represents the average probability that an electron injected at one end of
the conductor will be transmitted to the other end. A non-negligible transmission
leads to a conductance, hence to a current that can be measured, e.g, with STM:
our task is then to calculate the transmission probability T for the system under
investigation. As explain in Section 5.3 XX, the system is composed by a TTF
molecule placed in between two electrodes (representing the STM tip and the surface) . The transmission probability has been calculated by using the TranSIESTA
program [1, 2, 3]. It is a DFT electronic structure simulation program capable of
modeling electrical properties of nanostructured systems coupled to semi-infinite
electrodes. The two electrodes, could for instance be (semi-infinite) metal crystals
and the nanostructure could consist of molecules between the metal surfaces.. Ab
initio non-equilibrium Green function (NEGF) method is used, treating the electrons as quantum particles propagating coherently through a scattering region.
The interactions with other electrons are described through an effective potential
obtained from the DFT. The effective potential is determined self-consistently and
gives information about the voltage drop through the device. Electron current or
the current induced forces can be also obtained. Additionally, from the program
output itself or after post processing the data transmission curves, current induced
and total forces, voltage drop across the junction, 3-D scattering states and total
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energies can be extracted. Current-voltage characteristics can be obtained after
successful calculation for a range of voltages. Equilibrium geometry or molecular dynamics could be simulated trough the DF LCAO calculation, as described
above. The main distinct feature of the realized DFT approach is its ability to treat
open systems. One can say, that special boundary conditions are used in the selected direction denoted traditionally by the z coordinate label as reminiscent to an
STM setup, where current flows from the substrate to the tip, so that the bottom
electrode is “left” and the top electrode is “right”. Three regions are chosen: Left
electrode, Scattering region, Right Electrode. The electrode regions play the role of
the boundary regions, where the “boundary” condition consists of that the effective
potential retains its bulk value. This value (and, if needed, the structure of the
electrodes) is obtained from a separate self-consistent DFT bulk calculation. By
bulk calculation we mean, that the usual periodic boundary conditions are used.
The effective potential in the scattering region is calculated selfconsistently using
a non-equilibrium Green’s function (NEGF) technique. The open system calculation is based on NEGF techniques and is capable of treating situations in which
the two electrodes have different electrochemical potentials, which means that an
external bias voltage is applied across the structure. The NEGF techniques are
combined with the DFT for the electronic structure calculations. The method is
capable of modeling the electronic structure of geometries where two semi-infinite
atomic systems (viewed as periodic crystals) are coupled via a scattering region.
Periodic boundary conditions are employed in the x and y direction, while in the
z direction the division of the system into three regions is obeyed, as discussed
above. Left and right electrode regions are assumed to be completely described by
bulk parameters obtained from the separate bulk calculation, and typically this
condition is satisfied by extending the scattering region into the first few layers
of a metal surface. Before the open system calculation can start, a separate calculation of the bulk phase of the electrodes must be performed in order to obtain
the bulk Hamiltonian parameters. This Hamiltonian is used for calculating the
surface Greens function of the electrode. Next a computational supercell is defined
which includes all atoms in the left electrode, scattering region and right electrode.
The interaction range of the localized basis set determines the number of atoms
needed to describe the electrode region. In the open system calculation all Hamiltonian parameters within the supercell are calculated within a DFT selfconsistent
approach and passed to the NEGF subroutine. The Hamiltonian parameters of the
electrode atoms are substituted with bulk Hamiltonian parameters and determines
the NE density matrix of the system by combining the supercell Hamiltonian with
the remainder of the electrodes using the surface Greens functions. New Hamiltonian parameters are determined from the NE density, and the steps are repeated
self-consistently. To start the calculation, a starting guess for the potential in the
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scattering region is used, typically from a separate bulk calculation on the supercell region. When a bias voltage is applied the semi-infinite electrode systems have
different electrochemical potentials, and the better starting guess across the scattering region is to start from the unbiased system potential. The Hamiltonian matrix is calculated from this starting guess using a localized basis set. This matrix
is used to setup the NEGF of the system. In the next step the non-equilibrium density matrix is calculated from the NEGF. The density matrix defines the effective
potential in the scattering region, and thereby new Hamiltonian parameters. The
steps are repeated until a self-consistent solution is found. Once the self-consistent
Hamiltonian is obtained, post processing tools can be used to extract additional information. It is possible to calculate transmission coefficients within an energy
window and separates transmission into eigenchannels. It also calculates the total
current from transmission, if bias is applied to the electrodes.
More detailed information about electron transmission can be found in the books
and papers reported in the bibliography.

32

3 – Electron transmission through molecules

Bibliography
[1] ATK version 2.0 Atomistix A/S (www.atomistix.com).
[2] M. Brandbyge, J.-L. Mozos, P. Ordejón, J. Taylor, and K. Stokro. Phys. Rev. B,
65:165401, 2002.
[3] J. M. Soler, E. Artacho, J. D. Gale, A. Garcı́a, J. Junquera, P Ordejòn, and
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Chapter 4
Molecular Mechanics and
Molecular Dynamics
The most severe limitation of ab initio methods is the limited size of the systems
that can be modeled. For systems too big to be treated by ab initio or semiempirical
calculations, it is still possible to model their behavior avoiding quantum mechanics totally by using molecular mechanics, molecular dynamics and Monte Carlo
techniques. Before discussing the molecular mechanics and molecular dynamics
techniques, it is convenient to introduce briefly some basic concepts of thermodynamics and statistical mechanics widely used in those methods.

4.1
4.1.1

Basic concepts
Energy

Energy is one of the most important and useful concepts in science. The analysis
of energetics can predict which molecular processes are likely to occur. All computational chemistry techniques define energy so that the system with the lowest energy is the most stable one. Thus, determining the shape of a molecule corresponds
to finding the shape that minimizes the energy. Usually the amount of energy in
a system is broken down into kinetic energy, sometimes divided into vibrational,
rotational and translational contributions, and potential energy. A further distinction is made between the kinetic energy due to the nuclear motion versus that
resulting from the electronic motion. Potential energy can be defined completely
as Coulomb’s law or it can be broken down into a bonding (bonds, angles, torsions)
and non-bonding (electrostatic and dispersive interactions such as Van der Waals
interactions) energies.
In formulating the mathematical representation of molecules, it is necessary to define a reference system that is taken as having zero energy. This zero of the energy
is different from one method or approximation to another, thus the only energy that
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can be compared between different methods is the relative energy, while absolute
energy is not meaningful. For ab initio or density functional theory (DFT) methods, which model all the electrons in a system, zero energy corresponds to having
all nuclei and electrons at infinite distance from each other. Most semiempirical
methods use a valence energy, which experimentally corresponds to the ionization
potential. Some molecular mechanics techniques use an arbitrary zero energy, but
mostly they use a strainless molecule as zero energy.

4.1.2

Basics of statistical mechanics

Thermodynamics is one of the most developed mathematical description of chemistry and defines many of the concepts related to energy, free energy, entropy and
so on. Computational results can be related to thermodynamics: the results of the
calculations can be internal energies, free energies etc., depending on the method
used.
Statistical mechanics is the mathematical means to calculate the thermodynamic
properties of bulk materials starting from a molecular description of the materials.
Statistical mechanics relates the microscopic dynamics of an atomic or molecular
system with the macroscopic properties at equilibrium for the system described by
thermodynamics.
Without entering in the details, some basic concepts need to be introduced to explain how it is possible to relate the microscopic behavior of the system with the
thermodynamic properties. For the sake of clarity, in this discussion we will refer
to atoms and molecules with the generic term of particles.

Microstate and macrostate Let us consider a system composed of N particles
in a given instant t: the microscopic state, i.e., the assembly of the state of each
particle of the system, is called microstate and can be represented classically as a
point in the 6N-dimensional state space of positions and momenta, Γ:
(r1 , r2 , . . . , rN ; p1 , p2 , . . . , pN ) ≡ (rN , pN )
The time evolution of the microstate appears as a trajectory over the state space,
where the trajectory will evolve classically following the Newton’s equation of motion. The macroscopic state of the system is instead defined as macrostate.

The Ergodic Theorem A basic concept in statistical mechanics is that if we wait
“long enough”, the system will eventually flow through all the microscopic states
consistent with the constraints that we have imposed to the macroscopic system.

4.1 – Basic concepts
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If this is the case, then the system is constantly flowing through the state space
as we perform a multitude N of independent measurements on the system. The
observed value arising from these measurements for some macroscopic property G
is
N
1 X
Gobs =
Ga
(4.1)
N a=1
where Ga is the value during the ath measurement performed during a time so
short that, practically, it is possible to consider the system to be in only one microscopic state. The sum can be then partitioned as:

X 1
f (ν) Gν
(4.2)
Gobs =
N
ν
Here f (ν) is the occurrency of the state ν during the N observations and Gν =<
ν|G|ν >, i.e., the expectation value for the property G when the system is in the
state ν. If it is true that after a time “long enough” all the states are visited, the
term in square brackets in equation 4.2 is the probability to find the system in the
state ν during the measurement:
X
Pν Gν ≡< G >
(4.3)
Gobs =
ν

The weighted summation over Gν , < G >, is called ensemble average. An ensemble is the assembly of all the possible microstates consistent with the constraints
imposed on the system. This final equation expresses the equivalence between the
ensemble average, < G > and the time average. The equivalence in 4.3 is known as
ergodic theorem and systems that obey this theorem are called ergodic. The equivalence between time average and ensemble average, while sounding reasonable, is
not at all trivial, and it is quite difficult, in general, to establish whether a system
is ergodic or not, even though this should be the case for nearly all many-body systems. For the purpose of this chapter, let us discuss the practical consequences of
the ergodic theorem.
The primary assumption of statistical mechanics, that the observed value of a
macroscopic property corresponds to the ensemble average of that property, is reasonable if the observation is carried out over a very long time or if the observation
is actually the average of many independent observations, as stated by the ergodic
theorem. The two situations are actually the same if by “long time” we refer to any
duration longer than the relaxation time of the system. The idea that the system
is chaotic at a molecular level leads to the concept that after a certain period of
time, the relaxation time τrelax , the system will lose all memory (i.e., correlation
with) of its initial conditions. Therefore if a measurement is performed over a period τmeasure = N τrelax , the measurement actually corresponds to N independent
observations.
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The microcanonical, canonical and grand-canonical ensembles Depending on the constraints for the macrostate, it is possible to define different ensembles: the microcanonical ensemble, usually represented as (N,V,E), consists in the
assembly of microstates compatible with a constrained number of particles N , volume V and energy of the system E. This ensemble is not really useful in practice,
since in reality the system is always connected to a thermostats and barostats and
its energy E does not remain constant. A more realistic ensemble is the canonical ensemble (N,V,T): here the constraints act on the total number of particles N ,
the volume V and the temperature T of the system. Temperature is constrained
by using a thermostat. This can be done by coupling the system with an infinite
thermal bath. The last ensemble, the grand canonical, (µ,V,T) is similar to the
canonical one, except it constraints the chemical potential of the system µ instead
of the number of particles N , allowing for density fluctuations.
The choice of the ensemble is a matter of convenience since at the thermodynamic
equilibrium all the ensembles are equivalent and lead to the same values for the
macroscopic properties:
Gobs ≡< G >(N,V,E) ≡< G >(N,V,T ) ≡< G >(µ,V,T )

4.2

(4.4)

Molecular mechanics and molecular dynamics

Molecular Mechanics can be defined as a classical, time-independent, description of the energetics of a molecular system. The molecular mechanics energy expression consists of a simple algebraic equation for the energy of a system. It does
not use a wave function or total electronic density. The parameters in this equation
are obtained either from spectroscopic data or from ab initio calculations. A set of
equations with their associated constants (or parameters) is called a force field and
the fundamental assumption of the molecular mechanics methods is the transferability of the parameters between different systems. In practice, force fields use
atom types. An atom type can be seen as a set of parameters for an atom which
accounts for the nature, hybridization and chemical environment of the atom. For
example, a sp3 -hybridized Carbon has a different atom type from a sp2 Carbon and
two atoms having the same hybridization but different chemical environment, e.g.
a sp2 Carbon in a carbonyl group or in an alkene, correspond to different atom
types.
The performances of this technique is dependent mainly on three factors: the functional form of the energy expression, the data used to parametrize the constants,
and the technique used to optimize constants from the data.
The energy expression consists of the sum of simple classical terms used to describe various aspects of a molecule, such as bond stretching and bending, torsions,
electrostatic interactions, Van der Waals forces and hydrogen bonds. Force fields
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usually differ in the number of terms in the energy expressions, in their complexity and in the way in which the constants were obtained. It is important to note
here that since electrons are not explicitly included, electronic processes cannot be
modeled.
Terms in the energy expression that describe a single aspect of the molecular
shape, such as bond stretching, angle bending, ring inversion or torsional motion,
are called valence terms. Some force fields also include terms describing how one
internal motion of the molecule affects another, e.g. how a stretching affects a
bending; those are called cross-terms. Terms in the energy expression that describe non-bonding interactions can be divided in electrostatic, Van der Waals and
Hydrogen bonding terms. Eq. 4.5 shows a typical energy expression:
(4.5)

ET OT = Evalence + Enon−bonding
where
Evalence =

X

X
X
Vangle +
Vtorsions +
Vcross−terms
X
X
X
=
Vcoulomb +
VV dW +
VH−bonding

Vbond +

Enon−bonding

X

(4.6)
(4.7)

Table 4.2 gives the mathematical form of the energy terms often used in popular
force fields, including the MM3 force field which we have used in this study [1].
The constants may vary from one force field to the others according to the choice of
unit system, zero energy and fitting procedure. Nevertheless, all the constants in
these equations must be obtained from experimental data or ab initio calculations.

Table 4.1: Common force fields terms.

Name
Harmonic
Harmonic
Cosine
Leonard-Jones 12-6
Coulomb
Morse

Use
Bond stretch
Angle bend
Torsion
van der Waals
Electrostatic
Bond stretch

Energy Term
k(l − l0 )2
k(θ − θ0 )2
k[1 + cos(nθ)]
12
6
− Br
4k Ar
q1 q2
4π0 r

−α(l−l0 ) 2


De 1 − e

l−bond length.
θ-bond angle.
k, α, A, B−constants particular to the elements in a certain hybridization state.
n−an integer.
r−nonbond distance.
q−charge.
De −dissociation energy.

In the MM3 forcefield, that we use in all the studies presented in this thesis,
bonded parameter terms are described as following:
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Bond stretching. The quadratic form k(l − l0 )2 is adequate to describe bond
stretching in all but a few cases, for which a cubic terms should be added to care of
all the structural calculations. However, a quartic term is needed to correct represent a Morse potential in order to account also the breaking of the bond. MM3 use
the following expression to account for the bond energy
Eb =

4
X

kbn (l − l0 )2

(4.8)

n=2

where kbn are the force constants.
Angle bending. As for the bond stretching, for small bending a quadratic expression for the potential is a good approximation. To the other hand, the approximation becomes poor for high bending and/or for describing angles in atomic rings.
The expression used is the following
Eθ =

6
X

kbn (θ − θ0 )2

(4.9)

n=2

where kbn are the force constants.
Torsions. MM3 use the following three-terms Fourier series expansion to represent the torsional energy:
Eω =

V2
V3
V1
(1 + cos ω) + (1 − cos 2ω) + (1 + cos 3ω)
2
2
2

(4.10)

Here the torsion angles are calculated between all pairs of atoms having 1-4 relationship.

Cross-terms. Motion of atoms in a molecules are often coupled: for instance,
when the angle between to bond is reduced a bond stretching occurs in order to reduce the interaction between the two non-bonded atoms. Cross-terms are energetic
terms that account for the interactions between the different atomic motion within
a molecule and are used to improve the molecular geometry prediction as well as
the calculations of some properties such as vibrational frequencies.

4.3

Practical aspects of MM and MD calculations

In this section some technicalities will be introduced in order to provide a better understanding of the modeling details that will be encountered in this work.
Here we will give a flavor on how it is possible to integrate the Newton equations
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of motion and provide some basic concepts and techniques; periodic boundary conditions and thermostats will be introduced. The database of compounds used to
parameterize the constants is another crucial point in the choice of the force field
and thus in the accuracy of the calculations. The result of a molecular mechanics
calculation is often the conformational energy, i.e., the energy of a given molecular
geometry. Furthermore, algorithms have been developed to minimize the conformational energy in order to find the most stable geometry for a molecule or for a
molecular system.
In section 4.1.2 the basic concepts of statistical mechanics were presented and discussed. In theory, statistical mechanics provides a way for determining physical
properties that are associated not with a single molecule in a specific geometry, but
rather, with a macroscopic sample in the solid, the liquid or the gas phase. This
is the net result of the contributions of many molecules in many conformations,
energy states and so on. The difficult part then is not to apply statistical mechanics, but to obtain all the information about possible energy levels, conformations,
and so on. Molecular dynamics (MD) is one of the suitable methods to obtain such
information.
A MD calculation consists in a simulation of the time-dependent behavior of a
molecular system. It requires a way to compute the energy of the system and
most often this is done using a molecular mechanics calculation: the molecular
mechanics energy expression is used to compute the forces on the atoms for any
given geometry. Using molecular mechanics as starting points for computing the
energies, the system in MD is also described classically, and the temporal evolution of the system is obtained by solving the classical Newton’s equations of motion
applied to the atoms and molecules of the system. The typical steps in a molecular
dynamic simulation are as follows:
1. To choose a starting atomic configuration or molecular geometry.
2. To choose an initial set of velocities. These are usually extracted from a
Maxwell-Boltzmann distribution for some temperature, then normalized so
that the net momentum for the entire system is zero. This is to avoid uniform
drift of the system.
3. To compute the momentum of each atom from its velocity and mass.
4. To compute the forces on each atom from the energy expression. This is usually done with a molecular mechanics force field designed to be used in MD
simulations.
5. To compute new positions from the atoms a short time later, typically few
femtoseconds. This interval is often call time step. This is a numerical inte-
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gration of Newton’s equations of motion using the information obtained in the
previous step.
6. To compute new velocities and accelerations for the atoms.
7. To repeat step 3 to 6
8. To repeat this iteration long enough to reach equilibrium. In this case, equilibrium is not the lowest energy configuration, but it is a reasonable configuration for the system having the given amount of energy.
9. Once the system has reached the equilibrium, to save the atomic coordinates
every few iterations. This list of coordinates over time is called a trajectory.

10. After enough data have been collected to give results with the desired accuracy, to analyze the trajectories to obtain information about the system.
Integrating Newton’s equations of motion: the Verlet algorithm. In order
to let the system evolve, the Newton’s equations of motion must be solved for each
particle. For N particles this means to solve a system of 3N differential equations
of the form of Eq. 4.11:
Fi = mi ai Ri = −∇V (Ri )
(4.11)
These equations are integrated numerically using the finite differences method.
As a consequence, time is no longer a continous variable, but it becomes discrete
by introducing a time step δt. The basic concept is that knowing the positions and
velocities at a given instant t, it is possible to obtain the positions and velocities of
the particles at the instant t + δt with a good accuracy. The equations of motion are
then solved step-by-step and the choice of the time step depends on the time scale
of the phenomena to study and on the algorithm used for the calculations. A good
integration algorithm has to satisfy the following requirements:
• To be fast and use small amount of memory
• To allow the use of large time steps (anyway in the order of femtoseconds)
• To reproduce the real continuous trajectory
• To conserve energy and momentum.
• To be time-reversible
The most simple algorithm to simulate the time evolution of a system is the predictorcorrector of Verlet. This method directly solves the equation of motion:
Fi = mi ai (Ri )

(4.12)
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The equation used to calculate the time evolution for the position of a particle is:
R(t + δt) = 2R(t) − R(t − δt) + δt2 a(t)

(4.13)

obtained combining the Taylor expansions for the positions:
1
R(t − δt) = R(t) − δtv(t) + δt2 a − . . .
(4.14)
2
1
R(t + δt) = R(t) + δtv(t) + δt2 a + . . .
(4.15)
2
Despite the fact that velocities do not appear in the calculations of the trajectory,
they are important to estimate the kinetic energy of the particles. Velocities can be
explicitly calculated with the following equation:
R(t + δt) − R(t − δt)
(4.16)
2δt
The accuracy of the method is then limited to that for the velocities, which is of the
order of δt2 .
v(t) =

Periodic Boundary Conditions (PBC). The classical way to minimize effects
of boundaries in a finite system is to apply periodic boundary conditions. The atoms
of the system to be simulated are put into a space-filling box, which is surrounded
by translated copies of itself (Fig. 4.1). Thus there are no boundaries of the system;
the artifact caused by unwanted boundaries in an isolated cluster is now replaced
by the artifact of periodic conditions. If a crystal is simulated, such boundary conditions are desired (although motions are naturally restricted to periodic motions
with wavelengths fitting into the box). If one wishes to simulate non-periodic systems, such as liquids or solutions, the periodicity by itself causes errors. The errors
can be evaluated by comparing various system sizes; they are expected to be less
severe than the errors resulting from an unnatural boundary with vacuum. There
are several possible shapes for space-filling unit cells. Some, as the rhombic dodecahedron and the truncated octahedron [2] are closer to a sphere than a cube
is and are therefore more economical for studying an (approximately spherical)
macromolecule in solution, since fewer solvent molecules are required to fill the
box given a minimum distance between macromolecular images. However, a periodic system based on the rhombic dodecahedron or truncated octahedron is equivalent to a periodic system based on a triclinic unit cell. The triclinic unit cell is the
most general space-filling unit cell; it comprises all possible space-filling shapes [3].
The minimum image convention implies that the cutoff radius used to truncate
non-bonded interactions must not exceed half the shortest box vector:
1
Rc < min(k a k, k b k, k c k)
(4.17)
2
otherwise more than one image would be within the cutoff distance of the interactions.
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Figure 4.1: Periodic boundary conditions in two dimensions.

PBC and electrostatic: Ewald summations. Concepts like cutoff and minimum image convention emerge directly from the application of the periodic boundary conditions. With those concepts, the use of PBC implies also the development
of appropriate techniques to describe the long range interactions, in particular the
electrostatic interactions. The total electrostatic energy of N particles and their
periodic images is given by:
N
N
f X X X X X qi qj
V =
2 n n n ∗ i j rij,n
x

y

(4.18)

z

where (nx , ny , nz ) = n is the box index vector, and the star indicates that terms
with i = j should be omitted when (nx , ny , nz ) = (0, 0, 0). The distance rij,n is the
real distance between the charges. This sum is conditionally convergent but has
very slow convergence. Ewald summation was first introduced as a method to
calculate long-range interactions of the periodic images in crystals [4]. The basis
of this method is to convert the single slowly-converging sum in Eq. 4.18 into two
fast-converging terms and constant terms:
V
Vdir

= Vdir + Vrec + V0
N
erf c(βrij,n )
f XXXX
q i qj
=
2 ij n n n ∗
rij,n
x

Vrec =

f
2πV

N
X
ij

y

qi qj

z

XX
mx my

(4.19)
(4.20)
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X exp(−(πm/β)2 + 2πim · (ri − rj ))
m2

mz ∗

V0

N
fβ X 2
= −√
a
π i i
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(4.21)

(4.22)

where β is a parameter that determines the relative weight of the direct and reciprocal sums and m = (mx , my , mz ). In this way we can use a short cutoff (of the
order of 1 nm) in the direct space sum and a short cutoff in the reciprocal space
sum (e.g., 10 wave vectors in each direction).
Berendsen and Nose-Hoover thermostats. The instantaneous value of the
temperature is related to the kinetic energy via the particle linear momentum as
follows:
N
X
kb T
kpi k
=
(3N − Nc )
(4.23)
2m
2
i
i=1
where Nc is the number of constraints and so 3N Nc = Ndf is the total number of
degrees of freedom. The average temperature < T > is identical to the macroscopic
Temperature. The standard MD is performed in the microcanonical (NVE) ensemble. Additionally, the linear momentum p as well as the angular momentum L are
conserved. Unfortunately, the microcanonical ensemble does not correspond to the
condition under which most experiments are carried out. For several reasons (drift
during equilibration, truncation and integration errors, . . . ) it is necessary to control the temperature of the system. Two convenient ways to do this is to use either
the weak coupling scheme of Berendsen [5] or the extended ensemble Nosé-Hoover
scheme [6, 7].
The Berendsen algorithm mimics weak coupling with first-order kinetics to an external heat bath with given temperature T0 . The effect of this algorithm is that a
deviation of the system temperature from T0 is slowly corrected according to
dT
T0 − T
=
dt
τ

(4.24)

which means that a temperature deviation decays exponentially with a time constantτ .
This method of coupling presents the advantage that the strength of the coupling
can be varied and adapted to the user requirements: for equilibration purposes,
the coupling time can be taken quite short, e.g. 0.01ps, but for reliable equilibrium
runs, it should be taken much longer, e.g. 0.5ps to avoid to affect the conservative
dynamics.
The Berendsen weak coupling algorithm is extremely efficient for relaxing a system to the target temperature, but once the system has reached equilibrium, it
is important to probe a correct canonical ensemble. This cannot be done with the
weak coupling scheme and a more suitable tool is the extended-ensemble approach
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proposed by Nosé and later modified by Hoover.
In the Nosé-Hoover formalism, the Hamiltonian for the system is extended by introducing a thermal reservoir and a friction term in the equation of motion. The
friction force is proportional to the product of each particle velocity and a friction
parameter ξ. This friction parameter is a fully dynamic quantity with its own
equation of motion which, in Hoover’s formalism, is expressed as:
d2 ri
Fi
−ξ
=
2
dt
mi

(4.25)

where the equation of motion for the heat bath parameter ξ is
dξ
1
= (T − T0 )
dt
Q

(4.26)

The reference temperature is denoted as T0 , while T is the current instantaneous
temperature of the system. The strength of the coupling is determined by the
constant Q (usually called the “mass parameter” of the reservoir) in combination
with the reference temperature.
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Chapter 5
Assembly of functional
supramolecular wires

5.1

Introduction

The creation of circuits at the nanoscale is important for miniaturization of electronic devices [1]. Candidate components for the wires in the circuits are generally
considered to be conventional metals [2] or carbon nanotubes [3]. Several reports
have shown the possibility to form supramolecular wires [4, 5] by a bottom-up approach [6], using organic molecules which are selfassembled [7] at a surface under
ambient conditions in a liquid. To generate at the nanoscale functional stacks of
organic molecules, we chose tetrathiafulvalene (TTF) as the functional component,
since compounds of that family can behave as conductors and superconductors
in a crystalline environment, [8]. Organic semiconductors based on π-conjugated
molecules constitute the active elements in new generations of electronic devices.
The performance of these devices depends largely on the efficiency of the charge
transport processes which, at a microscopic level, is governed by the amplitude of
the electronic interactions between the adjacent molecules. Intrinsically, these πelectron-rich units tend to adsorb flat on the graphite surface, which precludes the
formation of nanowires. [9, 10] To overcome that problem, in Amabilino’s group (at
the ICMAB, Barcelona, Spain) the TTF molecules has been functionalized by introducing amide groups in the structure to generate hydrogen bonded chains [11, 12],
which is expect to modify the molecular orientation of the TTF units to create onedimensional assemblies. We will refer to this compound as TTF-1 and its molecular structure is shown in Fig. 5.1. In the first stage, force field techniques are
used to determine the molecular structure and the stability of the rod-like objects
observed with scanning tunneling microscopy (STM). Based on that structural in-
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Figure 5.1: Molecular structure of the di-amide Tetrathiafulvalene (TTF) TTF-1.

formation, density functional theory (DFT) calculations have then been carried out
to determine the electronic structure of the assemblies and to examine their charge
transport capabilities for both holes and electrons.
Looking at the molecular structure of TTF-1, different and competitive interactions can take place in the assembly, since the molecules of TTF-1 are able to
interact through π − π stacking, involving the conjugated molecular cores, and Hbonding involving the amide groups, as shown in Fig. 5.2. These intermolecular
interactions are not the only ones acting in the system: the molecules also interact
with the solvent (octanoic acid) and with the surface. π − π stacking can then take
place between the conjugated molecular cores (TTF moieties) and the π-system of
the graphite, driving the molecules to physisorb flat on the surface. H-bonds can
be formed between the amide groups in TTF-1 and the carboxylic group in the solvent molecules. Finally, alkyl chains are well known for strongly interacting with
the graphite (A) promoting the physisorption of the molecules and for driving the
growth of the assemblies along specific directions. Due to all these kinds of interactions and to the huge number of degrees of freedom (molecular configurations
and orientations), the system is highly complex from the theoretical point of view
and the most suitable approach to model it is based on force fields, i.e. molecular
mechanics and molecular dynamics. Despite the fact that it is possible to handle
such system with force field simulations, it is still prohibitive to try to model the
formation of the assembly from scratch, so we will focus on a detailed study of the
stability of the supramolecular structures by investigating the role of the different interactions. For computational reasons, two main approximations have been
introduced to model the system:
• The model graphite surface consists in two square layers of graphene with
the size tailored to the dimension of the stacks to adsorb. Since physisorption
does not affect the geometry of the graphite and since its dynamics is not
important for our purpose, we freeze the atoms of the graphite surface in
their crystallographic position for all the simulations. To avoid edge effects,
3-dimensional periodic boundary conditions are applied to the surface.
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Figure 5.2: Schematic representation of a dimer of TTF-1: the two conjugated cores are cofacial and can interact via
π − π stacking, while amide groups can form H-bonds to link the molecules together into 1D-assemblies. In this scheme the
long side chains are considered to be parallel to the plane of the graphite surface (XY plane), while the TTF moieties are
orthogonal to this plane (edge-on geometry).

• All the simulations are performed in dry conditions. This means that the
solvent is not explicitly taken into account but is introduced in the model
through its dielectric constant A.

5.2

Modeling the self-assembly at the graphite surface

STM images of monolayer of TTF-1 on graphite. As mentioned before, the
high complexity of the system is a challenge in modeling the formation of the selfassembled monolayer of TTF-1, so we will focus on the molecular organization and
the stability of the supramolecular structures. To do this, we need to have a reliable
starting point for the force field modeling, therefore we model the structure according to the experimental STM images obtained at KULeuven on the physisorbed
layers. The images show equally spaced continuous lines of high tunneling current,
indicative of the formation of supramolecular fibers at the surface, as in Fig 5.3.
The fibers are separated by 4.65±0.15 nm, i.e., approximately the length of one ex-
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Figure 5.3: STM images of the TTF-1 monolayer. In b some structural parameters are shown. (Left, Iset =0.45nA, Vbias =0.463V. The bar length is 15nm; Right, 12.3x14.7nm). Images obtained at the KUL University, Leuven (Belgium).

tended molecule of TTF-1. Assuming the bright spots in the images correspond to
the molecular TTF moieties, the repeat distance between TTF units within a fiber
was found to be approximately 0.44±0.03 nm. These observations indicate that the
planes of the TTF moieties are not parallel to the HOPG surface (the spots are too
close), but are tilted up with a high angle with respect to the surface plane. The
STM images were acquired in variable current mode, i.e. constant mode, and the
bright zones correspond to highest tunneling current, while the dark areas correspond to the lowest tunneling current. It is well known from the literature that
organic conjugated molecules present high tunneling current on graphite when
they are physisorbed flat, with the molecular π-system strongly coupled with that
of the graphite. In this case, STM images suggest that the molecules are adsorbed
edge-on on surface with a tilting angle of about 90◦ . In such conformation, the
TTF conjugated moieties are expected to interact together rather than with the
graphite, leading to the formation of a delocalized π-system which extends along
the columnar structures.

Supramolecular organization. Based on the information from the STM images, we can build a reasonable starting geometry for modeling the columnar stacks.
The first step in modeling the structure of the assembly consists in optimizing the
geometry of a non-periodic stack (i.e., eight molecules) on the surface. The TTF
units are oriented edge-on with respect the graphite plane and placed at the typical adsorption distance (about 3 Å) from the surface. In this edge-on orientation,
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the TTF moieties within a stack are cofacial and separated by a distance of about
5.5-6 Å (Fig. 5.4a). As shown schematically by the top view of the starting geometry in Fig. 5.4b, the stack is not periodic and the TTF units are parallel to each
other. For the sake of clarity, the alkyl chains are here represented by the black
lines aside the TTF moiety and their orientation with respect the conjugated core is
arbitrary. The amide groups (oxygen atoms in red; nitrogen atoms in blue) are oriented in such a way to promote the formation of intermolecular H-bonds to link the
molecules in the stacks. A detailed scheme of the orientation of the amide groups
is shown in Fig. 5.5. The amide groups are shifted with respect to each other in
order to maximize the strength of the hydrogen bonds (which is also an angular
dependent) and this implies a small lateral shift of the conjugated cores, which
are no longer perfectly cofacial. Molecular mechanics calculations are carried out
to optimize the geometry of the stacks allowing the system to relax. For further
simulations, we do not use the full stack resulting from this molecular mechanics
optimization, but only the inner core of four molecules, to avoid any defect, molecular misalignment or deformation that can occur at the edge of the stack. The
effects of the non-periodicity for the inner four molecules can be neglected and that
segment can be used as the building block for modeling two parallel stacks of eight
molecules each, as schematically shown in Fig. 5.6. The surface is now tailored to
the dimension of the monolayer, which is reoriented with respect to the graphite
lattice so that its periodicity can match that of the surface, avoiding edge effects.
In this periodic configuration, the system is allowed to relax with the molecular
mechanics, and the optimized geometry is used as starting point for molecular dynamics simulations at room temperature (in the NVT ensemble). Fig. 5.7 shows a
snapshot of the system (the alkyl chains at the sides of the image are not displayed
for the sake of clarity). The model allows not only to reproduce the experimental
geometry of the monolayer, but also provides new useful data. Fig. 5.7 shows really well ordered stacks, having the alkyl chains fully adsorbed on graphite and
parallel to each other along the stacks, forming compact alkyl rows. There is no
interdigitations of the alkyl groups. The TTF moieties are edge-on with respect the
surface with a tilted angle of about 80◦ and are all aligned to form π-stacking. The
amide groups are oriented in such a way that H-bonds patterns are formed on both
sides of the TTF units, to link the molecules together, contributing to maintain the
molecular alignment along the stack. Statistics of some meaningful geometric parameters, such as the interstack distance and the distance, along the main axes
of the stack, of two adjacent molecules, have been collected along the molecular
dynamics trajectories and compared with the information extracted from the STM
images. The results are shown in Tab. 5.1, showing that experimental morphology
is in great agreement with that predicted by the model. It is important to note
in Tab. 5.1, that the dinstance between the plane of TTF conjugated core in adja-
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Figure 5.4: Schematic representation of eight molecules of TTF-1 forming a single stack on HOPG. In orange are the TTF
moieties, while the alkyl chains are represented by the black lines. In the top view (b), the amide groups are represented by
two dots: red for the oxygen atom and blue for the nitrogen atom. H-bonds take place between the red and the blue dots of
adjacent molecules.

Table 5.1: Comparison between theoretical and experimental meaningful geometric parameters. The Molecular distance a
is the distance between two adjacent molecules along the main axis of the stack. The molecular distance b is the distance
between the two π-systems of adjacent molecules (this data has not been provided by the analysis of the STM images). The
two distances are not the same since molecules are tilted and shifted with respect the main axis of the stacks.

Parameter
Interstack distance
Molecular distance (a)
Molecular distance (b)

Experiment
4.5 nm
0.45 nm
-

Theory
4.4 nm
0.46 nm
0.35 nm
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Figure 5.5: Schematic representation of the arrangement of the amide groups to form the hydrogen bond patterns that link
together the molecules in the supramolecular stacks.

Figure 5.6: Schematic representation of two parallel stacks of TTF-1 on HOPG. The interstack distance, as resulting from
the modeling, is indicated by the black arrow and, according to the model, it is of about 4.4 nm.
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Figure 5.7: A model of two parallel stacks of TTF-1 on HOPG, after periodic MD/MM simulations. In blue is indicated the
interstack distance and in red the intermolecular distance within a single stack. The green dotted line indicates the distance
between two adjacent alkyl chains.

cent molecules is about 3.5Å, i.e., in the range of π-π interactions. This can have
important consequences in the charge transport capabilities of the stacks.
Intermolecular interactions. One of the most important aspect in modeling
is the possibility to make predictions avoiding long, expensive or difficult experiments to investigate some properties of a molecular system. With this idea and
after having validated the model with the experimental results shown in the previous section, we have used the model to analyze the interplay of the different
and competitive interactions in the stability of the supramolecular structures. It
is known from the literature that similar TTF derivatives bearing four long alkyl
chains (Fig. 5.8) tend to assembly flat on the graphite surface [9], due to the favorable interactions between the π-system of graphite and that of the conjugated
core. The main differences between the molecule in Fig. 5.8 and compound TTF1 are: (i) the second set of alkyl chains and (ii) the absence of the amide groups.
Looking at the molecular structure of these TTF derivatives, one geometric parameter that plays an important role in promoting a flat or edge-on molecular orientation on the surface is the torsional potential associated to the dihedral angle θ
indicated in Fig. 5.9. This torsion is responsible for determining the angle between
the plane of the TTF moiety and that of the amide group and alkyl chain. The
ab intio DFT torsional profile for the dihedral angle in Fig. 5.9 (top) in vacuo is
shown in Fig. 5.9 (bottom); a clear minimum is present for a torsion Θ of about 80◦ .
This means that the molecular geometry in vacuo is compatible with the picture
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Figure 5.8: Molecular structure and assembly of a TTF derivative bearing four long alkyl chains. In contrast to compound
TTF-1, this molecule adsorbs flat on graphite at the solvent/surface interface, as show in the STM/modeling images.

of molecules adsorbed edge-on on surface (i.e., with the TTF units strongly tilted
with respect to the plane of the alkyl chains). It must be noticed that this potential energy minimum is not deep enough to lock the molecule in this conformation;
interactions with the surface (mainly π-π and CH-π interactions) can make the
molecules adsorb flat, as shown for the compound of Fig. 5.8.
The results of the modeling presented above show that the molecules within the
stack are linked together on both sides of the TTF moiety by H-bonding patterns
between the amide groups. These patterns can play an important role in the stability of the supramolecular aggregates. Therefore, to study their influence on the
stability of the stacks, we have modified the chemical structure of TTF-1 by replacing the amide groups with ethylene groups, obtaining the molecule shown in
Fig. 5.10. For the sake of clarity, we will refer to this compound as TTF-2. We built
a small stack of TTF-2, composed by four molecules oriented edge-on on surface,
corresponding to the results for the stacks of TTF-1. The stack is now non-periodic,
in order to avoid constraints on the molecules in the starting geometry. An analog
non-periodic stack of TTF-1 was built for comparison. Both the stacks of TTF-1
and TTF-2 have been optimized with molecular mechanics by allowing the system
to relax. A subsequent short molecular dynamics simulation at room temperature
is enough to show the disruption of the stack of TTF-2, while that of TTF-1 is
maintaining its initial structure. Fig. 5.11 shows a snapshot of the system at the
end of the dynamics: the molecules of TTF-2 are spread on the surface, adsorbed
flat on graphite. From the time evolution of the system along the MD trajectory, it
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Figure 5.9: The dihedral angle θ is responsible for the angle between the plane of the TTF moiety and that of the alkyl chain
(which is parallel to the plane of the surface). The study of the torsional potential associated to θ (bottom) provides important
information to evaluate the tendency of the molecule to be adsorbed edge-on on the surface. The torsional potential has been
obtained by B3LYP/6-311+g** calculations.

Figure 5.10: Chemical structure of TTF-2: here the amide groups have been replaced by alkyl groups in order to suppress
the H-bonding interactions between adjacent molecules. In this way we will be able to study the effect of these interactions
on the stability of the stack.
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Figure 5.11: At the end of a short MD, the stack of TTF-2 breaks down and molecules are spread on surface and are
adsorbed flat.

is clear that without H-bonding interactions, TTF molecules lose their alignment
and the π-stacking, with the result that they fall flat the on surface. This also
suggests that the energy paid to modify the torsion angle θ towards a fully planar
structure is compensated by the strength of the coupling between the conjugated
TTF moiety and the π-system of the graphite. When the molecules are linked together by the H-bonds, the stack is much more stable, as result of the fact that the
relative molecular position is locked.
To conclude, it is clear from the model that the stability of the assemblies is promoted by the formation of H-bonding patterns that link the molecules together to
form the columnar stacks imaged with STM. With this kind of computational approach, theory can help chemists to design functional molecules in order to promote
the formation of desired supramolecular architectures.

5.3

Electronic properties of the assemblies

Transport along molecular stacks. The well-ordered columnar stacks formed
by compound TTF-1 are of particular interest since have an extended delocalized
π-system, formed by the interactions of the TTF moieties, which could be used to
transport charges along the stack. It is then interesting to try to characterize the
electronic structure of those assemblies, in order to confirm that they can be suitable for charge transport of either holes or electrons or both. In other words, we are
interested in determining whether the stacks can act as molecular wires. It is well
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Figure 5.12: Schematic representation of the splitting of the molecular levels in a system of interacting molecules. The
scheme shows the HOMO and LUMO splitting in the case of a cofacial dimer and for the limit system of N interacting
molecules: for the dimer, the molecular splitting is twice the transfer integral, t, while N interacting molecules form bands
with bandwidths of four times the transfer integral.

known that charge transport depends critically on the degree of ordering in the
supramolecular structure in the solid state as well as on the density of chemical
and /or structural defects. For organic materials, one key parameter for the charge
transport is, at the microscopic level, the intermolecular transfer integral, t. This
parameter accounts for the ease of transfer of a charge between two interacting
molecules. The transfer integral associated to a given molecular electronic level
is related to the energetic splitting of the interacting electronic levels when going
from an isolated molecule to a bunch of interacting molecules, as schematized in
Fig. 5.12. In organic semiconductors, the splitting of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level is resulting from the interactions between neighboring molecules and, for a molecular
solid, the interactions between the HOMOs and the LUMOs lead to the formation
of a valence band and a conduction band. The nature of HOMO and LUMO splitting allows to use the transfer integral as an indicator for the charge transport
capabilities of the system for holes and electrons, respectively.
At low temperature, the charge transport in a number of organic crystals and
highly ordered structures can be described in terms of a band-like regime, similar to that in inorganic semiconductors where the charge mobility is strongly related to the shape and the width of the valence and conduction bands. In our sys-
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tem, the columnar stacks can be approximated to infinite one-dimensional stacks
of molecules, for which a tight-binding model predicts a bandwidth of four times
the transfer integral t between adjacent molecules [13]. Increasing the temperature, the effective bandwidth is reduced by phonon-scattering processes, which
negatively affect the charge mobility. In the high temperature regime, the charge
carriers get localized on a single molecule (or part of it) and charge transport becomes a thermally-activated hopping mechanism [14]. At the microscopic level,
charge transport in the hopping regime can be described in terms of electron transfer processes where a charge is transferred from a charged molecule to an adjacent
neutral molecule. In the context of the semiclassical electron-transfer theory of
Marcus [15, 16, 17], the electron transfer (hopping) rate, kET , can be described by
an Arrhenius equation in the form:


1
λ
4π 2
2
√
(5.1)
t exp −
ket =
h 4πkB T
4kB T
where T is the temperature, λ is the reorganization energy, t is the transfer integral, and h and kB are the Planck and Boltzmann constants, respectively. The
transfer integral reflects the strength of the electronic coupling between the two
molecules while the reorganization energy term describes the strength of the electronphonon coupling and can be reliably estimated as twice the relaxation energy of a
polaron localized on a single molecule. Eq. 5.1 shows that fast charge transfer
processes in a hopping regime require large transfer integrals and weak coupling
between charges and the (vibration of) conjugated backbone of the molecule. It is
also useful to recall here that the carrier residence time, τ , on a given molecule is
expressed as:
~
2 10−15 (s)
τ∼
∼ ·
(5.2)
W
3 W (eV )
where W is the full effective bandwidth. This means that an effective bandwidth
on the order of 0.1-0.2 eV or more is needed to ensure that the carrier residence
time is smaller than the typical phonon/vibration time, so that the molecules do
not have the time to geometrically relax trapping the charge. Anyway, these vibrations introduce a loss of coherence among the interacting molecules, leading to
an effective bandwidth, i.e., transfer integrals that could be smaller than the values provided by our calculations, which should therefore be considered as an upper
limit.
Since the electronic coupling strongly depends on the separation and relative
orientation of the molecules, we consider for our calculations dimers extracted from
the core of the modeled stacks, in order to avoid any kind of edge-effect. The electronic couplings between two adjacent molecules in the stack were then quantified by performing DFT calculations with the Amsterdam Density Functional code
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(ADF) and the TPZ basis set. The strength of this coupling is reflected for holes
O
O
and electrons by the amplitude of the transfer integrals < ΨHOM
|H|ΨHOM
>
1
2
HOM O/LU M O
HOM O/LU M O
LU M O
LU M O
and < Ψ1
|H|Ψ2
>, respectively, with Ψ1
and Ψ2
corresponding to the molecular orbital of the individual molecules. The transfer integral
for holes and electrons is not calculated here as half the splitting of the HOMO and
LUMO levels in the dimer, as traditionally done, because the molecules are not exactly equivalent. We rather directly estimated it from the evaluation of the matrix
elements, accounting for the possible energy difference between the HOMO/LUMO
levels of the individual molecules in the dimer. The resulting transfer integral for
the HOMO, which is related to the capacity for hole transport, [18] is computed to
be 134 meV. For the LUMO, which is related to electron transport, it is 111 meV.
This indicates a strong interaction between the π-systems of the molecules. According to Hückel theory, for an infinite one-dimensional stack, the width of the
valence band and conduction band (equal to 4t) is 0.54 and 0.44 eV, respectively.
These large bandwidths indicate that those TTF stacks can act as molecular wires
for both hole and electron transport. [19]
For comparison, we can consider the transfer integral between molecules in a crystal of Rubrene (a Tetracene derivative), which is an interested molecule widely
study experimentally. The molecules along the a axis of the crystalline structure
are in a geometry similar to that in our TTF systems. Molecules are cofacial and
slightly displaced (the displacement is along the long axis of the molecules) and
the transfer integral is 82 meV at INDO and 83 meV at DFT (PW91) level. The
results for the rubrene, support our conclusions about the fact that the stacks of
TTF-1 can behave as molecular wire with high charge transport capabilities for
both electrons and holes. Many other examples can be found in literature.

STM modeling by transmission spectra calculations. The presence of the
bright spots in the STM images suggests that even in the edge-on geometry, a large
tunneling current can flow between the tip and the surface through the conjugated
molecular cores. In order to better understand the nature of the high tunneling
current experimentally measured, we performed calculations of the electron transmission spectra through molecular junction.
As mentioned above, the STM images were acquired in the variable current mode,
and the bright zones correspond to the highest tunneling current, while the dark
areas correspond to the lowest tunneling current. Typically, organic conjugated
molecules present high tunneling current on graphite when are physisorbed flat,
with the molecular π-system strongly coupled with that of graphite. This is not the
case for our system, where the TTF units are adsorbed edge-on on the surface with
a large tilting angle. In this geometry, the TTF conjugated moieties are interacting
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together to form a delocalized π-system extended along the main axis of the stacks.
Therefore, since the molecular conjugated cores are not strongly coupled with the
graphite surface, the high tunneling current measured over the TTF moieties may
arise from a different kind of strong molecular-surface interaction. To investigate
this aspect, we have calculated the electron transport through a TTF molecule
placed between two electrodes with a LDA DFT approach, as implemented in the
ATK code [20, 21, 22, 23]. The result of the calculations is a transmission spectrum
showing the probability to have electron transmission from one electrode to the
other through the molecular electronic levels. In contrast with the charge transport in the hopping regime, where the charge is localized for some time on a given
molecule, with modification of its geometry, the transmission obtained with this
technique is an elastic and coherent transmission, i.e., a charge transport process
that occurs without relaxation of geometry for the molecules. Technically, also the
description of the systems is different between the two processes: for the coherent
transmission the whole system is described by only one wave function, while for
the hopping process the system is described in terms of molecular wave functions.
The system consists of two electrodes and the electronic transmission through the
region in between (the middle region), where the molecular system to probe is located, is calculated. Fig. 5.13a shows schematically the system considered in this
kind of calculations: the left electrode (in blue), S, represents the substrate surface and the right electrode (in orange), T, represents the STM tip. In between,
in light-yellow, is the so-called middle region where the molecule is located. In
Fig. 5.13a the molecule is indicated by its HOMO and LUMO molecular levels. The
molecule is placed close to the surface electrode in order to mimic the physisorption on graphite. The probability for an incoming electron (black arrow) from the
tip to be transmitted to the surface through the middle region is then calculated.
Fig. 5.13b, shows the electronic representation of the system: the two electrodes
are connected and, if no bias is applied, the two Fermi levels of the two electrodes,
FLS/T , align to a new value, FL, which is the Fermi level for the entire system. The
molecule, indicated in the scheme by its frontier orbitals, is adsorbed on the surface
electrode, at the distance and orientation obtained from the force field modeling. In
this picture, the molecular orbitals align to the line that connects the two vacuum
levels of the two electrodes, VLS and VLT respectively. Without bias and without
direct transmission from one electrode to the other, transmission can occur only
through the molecular orbital that is closer to the Fermi level of the system. Based
on this approach, we have calculated the transmission spectra for TTF compounds
placed between two electrodes.
For many systems where organic molecules are strongly coupled to one electrode,
the only non-negligible contribution to the electron transmission comes from the
conjugated system of the molecules, in this case the TTF moiety. We have then con-
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Figure 5.13: a)Schematic representation of the system used to model the STM experiment: in blue, denoted as S, is the
surface electrode, while in orange is the tip electrode (T). The molecule is located in the middle region close to the surface
electrode, to mimic the physisorption. An incoming electron from the tip to the surface electrode is indicated by the black
arrow. In (b) the system is represented in terms of electronic levels: the electrodes are connected in the experiment and,
without applying bias, their Fermi levels, FL/S align to a value that is the Fermi level of the entire system. The molecular
HOMO and LUMO electron levels align with respect to the line that connects the vacuum levels of the two electrodes.
Here the HOMO is the molecular level that is closer to the Fermi level of the system; hence, in absence of bias, if electron
transmission occurs, it involves the HOMO rather than the LUMO.
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Figure 5.14: Stick representation of the compounds TTF-1a (a) and TTF-1b (b) used in the transmission spectra calculations. These compounds are based on the same TTF moiety of TTF-1, which is the most relevant part of the molecule for
the transmission. For the compound TTF-1b the sulphur atoms attached to the TTF unit are also considered. This is done
to determine if they contribute to the formation of the HOMO and LUMO molecular orbitals.

sidered two TTF compounds, TTF-1a (Fig. 5.14a) and TTF-1b (Fig. 5.14b), which
are based on the only conjugated core of TTF-1. The compound TTF-1b has been
considered in order to see if the outer sulphur atoms contribute to the HOMO and
LUMO molecular orbitals. The frontier orbitals for the isolated molecule of TTF1a and TTF-1b from LDA-DFT calculations with the minimal basis set (SZ)1 are
displayed in Fig. 5.3: interestingly, the shape of the orbitals is exactly the same
for two compounds. This indicates that the sulphur atoms bonded to the TTF
moiety of TTF-1b do not participate in any transmission process that involves
the HOMO and the LUMO, since those groups do not contribute to the frontier
orbitals2 . Before discussing the results for the molecules placed between the electrodes, it is convenient to recall here that graphite is a semi-metal, i.e., a metal with
a very low charge carrier concentration at the Fermi level, typically several order
of magnitudes below the usual concentration of 1022 /cm3 . Anyway, semi-metals are
conductive even down to 0K, having partially filled valence and conductive bands.
A major (technical) problem in using a graphite electrodes for the calculation of
transmission spectra is that in the middle of its Brillouin zone (BZ), which is called
“Gamma-point”, its transmission in the direction perpendicular to the sheets is
zero. As said before, graphite is a semimetal, and therefore conducting, because
1

This is a really small basis set, but it is enough to have some reliable indications about the
transmission properties of the system. If there were polarization functions, the overlap and transmission peak width could probably be more important. Therefore, we are providing a lower estimate
of transmission.
2
It worth to mention that the shapes of HOMO and LUMO calculated with the SZ numerical
minimal basis set are in agreement with those obtained at the DFT B3LYP level (gaussian basis
set) calculated with the Gaussian03 package, as well as the HOMO-LUMO gap.
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Figure 5.15: Frontier orbitals calculated at DFT/SZ level for molecules TTF-1a and TTF-1b in vacuo. It is clear that the
outer sulphur atoms of TTF-1b do not contribute for the frontier orbitals, which are likely to be responsible of the electron
transmission.

its valence and conduction bands are touching at the ends of its BZ. Without enter
too much in the detail, the problem is how to tackle, with the software used, the
transmission at some k-point only, while for the rest the transmission is zero. With
metals, it happens that transmission is insensitive to k-point, and the problem
of interpretation is sort of irrelevant. For this reason, we have chosen to replace
graphite with a conventional metal: aluminum. The tip has also been modeled as
an aluminum electrode; both the electrodes consist in five aluminum atoms layers
(Al(111)). The system is built in such a way that there is no current flowing directly
between the electrodes when there are no molecules in the middle region.
Fig. 5.16a-b shows the middle region we considered for the transmission calculations involving a single molecule of TTF-1a, for two different adsorption geometries, namely “on-top” and “hollow-edge” respectively. In the “on-top” geometry,
each Sulphur atom in the TTF moiety is close to only one aluminum atom, while in
the “hollow-edge” geometry one sulphur atom is located above the hollow site between by three neighboring aluminum atoms in the surface lattice. In both cases,
the molecule is oriented on the surface electrode with the tilting determined in the
force field model. This is done for all the calculations and for both the compounds
TTF-1a and TTF-1b. For computational reasons, the middle region has to include
at least one metal layer, as shown in Fig. 5.16.
To interpret the results correctly, the transmission spectrum needs to be related
to the partial density of states (PDOS) of the middle region obtained with the
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Figure 5.16: The probed adsorption geometries for the molecule TTF-1a on the metal electrodes. In (a) the “on-top”
geometry and in (b) the “hollow-edge” one. The surface is represented by the bottom electrode. Molecules are ∼3.5Å far from
the electrode surfaces.

molecule placed between the metal electrodes. Fig. 5.17a-b shows the transmission spectrum for compound TTF-1a in the “on-top” and “hollow-edge” geometry,
respectively, and the graphs in the lower part of the picture show the PDOS for the
middle region in the two cases. Here the Fermi level of the system (equal to that
of the electrodes) is the zero energy and all the molecular orbitals are now referred
to it. The transmission spectra are shown in the upper part of the picture and are
basically the same, which means that the transmission is not strongly affected by
the adsorption geometry, as long as the molecule has the same tilting with respect
the surface electrode. From calculations of the molecular HOMO-LUMO levels in
vacuum, it is possible to assign the nature of the peaks in the PDOS: the peak close
to the Fermi level corresponds to the HOMO of the molecule, while the one at ca.
2.2eV corresponds to the LUMO. The other peaks are the HOMO-1, LUMO+1, . . . ,
but are too far in energy from the Fermi level of the system to participate in the
electron transmission at low bias. The peaks in the transmission spectra correspond to the probability to transmit an incoming electron of a given energy from
one electrode to the other through the molecular orbitals. Since we do not apply
bias, transmission is expected to occur through the HOMO with a probability close
to one, which corresponds to a high tunneling current.
As expected from the comparison of the localization of the molecular HOMO and
LUMO levels between the compounds TTF-1a and TTF-1b, the transmission calculations for TTF-1b (Fig. 5.18) give basically the same results as for TTF-1a. The
differences between the two PDOS distributions for the two compounds arise from
the orbitals at higher (LUMO+2, LUMO+3, . . . ) and lower (HOMO-1, HOMO-2,
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Figure 5.17: Effect of the adsorption geometry on the transmission spectra (top) and PDOS (bottom) for molecule TTF-1a.
Since the transmission spectra appear to be the same for both geometries in the region of the Fermi level (at zero energy),
we conclude that the electron transmission for this system is insensitive to the adsorption geometry of the molecule on the
surface.

. . . ) energy due to the new states introduced by the SH groups, which anyway do
not participate to the transmission. Even though we are not applying bias and we
are working with metal electrodes, these approximated calculations suggest that
high tunneling current can be measured with STM even when TTF molecules are
adsorbed edge-on on surface, probably due to the strong coupling between the Sulphur atoms in the TTF moieties with the π-system of the graphite.

STS I(V) curves. The electronic properties of the assemblies on the graphite surface were also addressed experimentally bt Scanning Tunneling Microscopy (STS)
measurements, a technique that allows to probe the local electronic response in
physisorbed systems. Current-voltage sweeps were performed with the STM tip
located either over the stacks of TTF moieties or over areas of the layer where the
alkyl chains are present. An averaged I(V) curve obtained above the TTF moieties
is shown in Fig 5.19. The curve shows a clear rectifying effect: the current at neg-
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Figure 5.18: PDOS and transmission spectra for molecule TTF-1b. The spectra do not show significant differences at the
Fermi level compared to that obtained for TTF-1a. Since transmission occurs through the HOMO in absence of bias, this
result is expected knowing, from the calculation of the frontier orbitals, that the outer sulphur atoms do not participate to
the HOMO.

ative voltage is approximately 10 times higher than that at positive voltages, for
a bias of ±1V. These experimental results support the theoretical conclusions in
indicating that the fibers are capable of acting as supramolecular wires.
With the technique used to calculate the electron-transmission spectra for a molecule
between two electrodes, applying the bias it is possible to generate theoretical I(V)
curves in order to model STS experiments. The experimental STS curve shows a
strong asymmetry depending on the applied bias. To explain this, we need to understand: (i) where asymmetry is introduced in the system; (ii) whether different
molecular orbitals are responsible for the tunneling current depending on the bias
applied. Fig.5.20a shows an electronic scheme for a molecule between two electrodes in a symmetric situation (i.e., same electrode-molecule distances and two
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Figure 5.19: An STS curve of TTF-1 at the 1-octanoic acid-HOPG interface (solid line, average of 56 spectra recorded with
the tip located above the TTF moieties in the regular lamellae with set-point value Iset =0.5nA Vbias =-1.03V). The dotted
line shows a curve recorded in the solvent alone.

identical electrodes). When applying a bias voltage, the two Fermi level are shifted
up or down in the same way. When the molecular orbital of the molecule and the
Fermi level of the electrode are in resonance, i.e., close in energy, a current starts
to flow through the system and a peak appears in the I(V) curve. Since the system
is symmetric, its I(V) characteristic is symmetric too (Fig. 5.20b). Our real system
is different because the electrodes are different and, maybe more important, they
interact differently with the molecule. In reality, the molecule interacts strongly
with the substrate and weakly with the tip, which is more distant (Fig.5.21a). Applying a voltage, e.g. positive, the Fermi level and the HOMO, which are strongly
coupled, tend to move together (i.e., the energetic separation between the Fermi
level and the HOMO is only slightly reduced). As a result, resonance cannot be
easily reached and to increase the current a high voltage is needed. Reversing the
bias we, act on the Fermi level of the electrode that is weakly coupled with the
molecule and, as in the previous case, its Fermi level can move fast with respect to
the HOMO, and resonance can be reached applying a small bias. What is obtained
now is therefore an asymmetric I(V) curve (Fig.5.21b) that reflects the asymmetry
of the real system. It must be noted that for both situations, the current flows
through the same molecular orbital, e.g. HOMO, both for positive and negative
bias, since the LUMO is too far in energy. These considerations will be the starting point for more accurate calculations on this system, where the different nature
of the electrodes will be successfully introduced in the model for the transmission
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Figure 5.20: Electronic scheme of a system composed of two electrodes and a molecule in between. If the situation is
symmetric, applying a bias the Fermi levels of the electrodes shift (one up and the other down) with respect to the HOMO
of the molecules. Reversing the bias, the shift of the Fermi levels is reversed, but the situation does not change and for
a given bias (positive or negative) the same current is measured. The symmetry of the system leads to a symmetric I(V)
characteristic.

Figure 5.21: Electronic scheme where the substrate and the molecule interact strongly, so the bias +V acts on both the
HOMO and the Fermi level and their energy difference, ∆E, decreases slowly. Reversing the bias, it is the Fermi level of
the other electrode that moves and since the molecule is weakly coupled to it, the situation is similar to that of Fig. 5.20.
Asymmetry in the coupling between the molecule and the electrodes leads to an asymmetric I(V) characteristic.
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Figure 5.22: STM images of TTF-1 at the 1-octanoic acid/HOPG interface. In (a) the lamellae going up from the bottom
part (green arrows) seem to pass under the lamellae coming from the top part, red arrows, but the multilayer effect in this
case is not clear. The image can also be interpreted as a domain boundary (Iset = 0.7 nA, Vbias = -0.120 V). In (b), (c) and
(d) the formation of a multilayer is clearer. The (b) image is a small scan of the crossing point (Iset = 1.5 nA, Vbias = -0.322
V). The image (c) shows a larger area with crossings points (orange arrows, Iset = 0.5 nA, Vbias = 1.209 V), zoomed in (d).
The scale of (d) image is 30 x 30 nm; it clearly shows an array of stacks oriented almost top-down, beneath a layer of stacks
oriented left-right. Images obtained at the KUL University, Leuven (Belgium).

calculations.

5.4

Crossing of molecular nanowires

Another interesting aspect of the self-assembly of TTF-1 is the formation of
multilayered domains on the surface. In these regions, the molecular stacks can
cross each other, as shown in Fig. 5.22a-d. Statistical analysis of the STM images
at the crossing shows that the stacks most often cross with a crossing angle of 30
or 60 degrees. We explain this bimodal distribution of the crossing angle as due to
the way the long alkyl groups adsorb on graphite. This point has been already discussed in section A: alkyl groups directly adsorbed on the graphite tend to follow
the main axes of the graphite surface, orienting the growth of the supramolecular
stacks.
STS measurements carried out in Leuven, Fig. 5.23, show a clear rectifying effect
at the crossing, i.e., the current intensity depends on the sign of the bias voltage. In
order to understand this effect, it is interesting to model the supramolecular structure of crossed stacks and to probe the electron transmission properties through
the stacks at the crossing. To address this problem, we proceed as in the study
of the TTF monolayer: (i) the molecular structure of the system at the crossing
is modeled with MM and MD calculations and (ii) the transmission spectrum between two adjacent TTF molecules in the different stacks (i.e., at the crossing) is
calculated.
The crossing has been modeled by considering two non-periodic TTF stacks crossing each other (Fig. 5.24a-c): the initial geometry of the stacks is taken from the
results obtained in the previous modeling (see section 5.2). One stack is directly
adsorbed on the surface, while the second one is placed on top of the first one,
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Figure 5.23: STS curve (average of 10 spectra) acquired with the tip located over the crossing point in a clear multilayer
STM image, like Fig. 5.22b or Fig. 5.22d. The conductance gap is indicated with the short orange solid lines.

and is tilted to form an angle of 30◦ with respect the main axis of the stack in the
first layer. The simulations are performed in “dry” conditions (i.e., without solvent
molecules) and the system geometry is optimized with MM calculations, using the
MM3 force field. This model is rather simple to study the morphology for a multilayered domain, since more than two stacks should be considered and since the
solvent molecules can play an important role in determining the morphology (e.g.,
they can fill the space between the two layers of alkyl groups). Despite these limitations, this simple model can be used to evaluate the distance between the two
stacks at the crossing, which is the key parameter to govern the electron transmission at the crossing through the two overlaying stacks.
The distance between the stacks depends mainly on the orientation of the methyl
groups attached to the TTF core (Fig. 5.25) and the angle θ determines the orientation of the methyl groups with respect to the TTF core. The largest separation
between the stacks is found when the methyl groups of the lower stack are pointing towards the upper stacks; in this case the average interstack distance at the
crossing is about 5Å. In the model, after relaxing the structure, we found the interstack distance ranging from 3.5Å to 5.5Å, as the methyl group orientation varies
along the crossing. As shown in section 5.2, the angle θ shown in Fig 5.25 (analogue to that studied in 5.2) has a rather small energy minimum for a torsion of
about 80◦ , but the weak potential allows the methyl groups, indicated by the arrows in Fig 5.25, to rotate with respect the plane of the TTF core. In modeling of
the monolayer, those group were pointing towards the “solvent phase”, i.e., they
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Figure 5.24: (a) Front view of the crossing. Indicated by the red circles are the methyl groups that govern the interstack
distance. (b) Front view with the van der Waals spheres for the sulphur atoms in yellow. (c) Top view of the crossing for a
crossing angle of 30◦ . The sulphur atoms of the upper stack are shown in orange.

Figure 5.25: Molecular structure of the di-amide Tetrathiafulvalene (TTF) TTF-1.
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Figure 5.26: (a) Model for the middle region with a dimer composed by two TTF-1 molecules. In (b) the whole system
where 3D periodicity has been applied is shown.

were pointing far from the surface, being in the plane of the TTF core. Here, one
stack is placed on top of the one adsorbed on the surface, oriented so to have the
main axis of the stacks forming an angle of 30◦ . During the relaxation, the methyl
groups can be oriented in a different way with respect to the case of the monolayer,
and therefore, in some points, the stacks (the TTF cores) can come closer. This
aspect of the modeling could be further investigated by drastically increasing the
complexity and the size of the model, for example including the solvent molecules
and more than one stack adsorbed on surface. Here we limited ourself to a systematic investigation of the transmission at the crossing in the range of distances
found in the model (3.5-5.5Å).
To calculate the transmission, we considered the dimer formed by two molecules
(one in each stack) at the center of the crossing, which are 5Å apart. The dimer
extracted from the force field model has been placed between two aluminum electrodes (Fig. 5.26) and the transmission is calculated with the LDA-DFT approach,
as in the calculation of the transmission through a single molecule (see section 5.3).
The partial density of states and the transmission spectra calculated for the middle region in Fig. 4 are shown in Fig. 5.27. As in the case of the single molecule,
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Figure 5.27: PDOS (bottom) and transmission spectrum (top) calculated for the dimer extracted from the force field model
of the crossing: the molecular orbital close to the Fermi level is the HOMO, but the probability for the transmission is
negligible (nine orders of magnitude lower with respect the calculation with only one molecule in the middle region). This
suggests that the two molecules are too far from each other and cannot interact.

the molecular orbital that is more likely to participate to the transmission is the
HOMO, which is close to the Fermi level of the system (the zero-energy point on
the x axis). The major difference in the case of the crossing is that the probability
to transmit an electron through the HOMO is negligible, being nine orders of magnitude smaller than that calculated for the single molecule. It is important to note
that, while in the case of transmission through only one molecule the most important parameter governing the process was the angle formed by the TTF plane with
the surface of one electrode, with the dimer at the crossing, there are more degrees
of freedom all equally important, among which the relative orientation and the distance between the two molecules.
These results seem to indicate that one should not expect to have a high tunneling current measured at the crossing, when the distance between the stacked
molecules is above 5Å. However, as mentioned above, the distance between the
stacks can vary from 3.5Å to 5.5Å; thus we should consider transmission through
dimers in which the molecules are closer than 5.5Å. We have then performed a
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Figure 5.28: Transmission spectra for the dimer where the molecules are 5.5Å (above) and 4.5Å (below) apart.

systematic study to investigate how much the transmission changes by moving the
molecules closer to each other. The results are shown in Fig. 5.28: by reducing the
intermolecular distance from 5.5Å to 4.5Å, the probability to have transmission
through the HOMOs becomes 10−2 , seven orders or magnitude higher than in the
previous case, which is quite consistent with a tunneling current that can be measured by STM/STS. Even though these results can be improved by increasing the
accuracy of the force field model, they clearly indicate that electron transmission
can take place at the crossing, provided the intermolecular distance is sufficiently
small. Such small separation can be reached when the methyl groups of TTF-1 are
arranged in a proper orientation.
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Conclusions

Self-assembled monolayers of di-amide TTF derivatives at the solvent/HOPG
graphite interface have been investigated extensively both experimentally, by STM
and STS measurements, and theoretically, by force field and quantum chemical
calculations. The columnar stacks revealed by STM images, together with force
field models and electron transmission calculations, are formed of molecules physisorbed edge-on on the surface. In order to investigate the role of the different and competitive interactions that are acting in the system, force field models
have been built using as starting points the information coming from the STM
data. Molecular mechanics and molecular dynamics calculations show that the
force field model is able not only to reproduce the experimental structure of the
aggregates with a great deal of accuracy, but also to give more informations about
the morphology of the aggregates (e.g., the tilting of the TTF core with respect to
the surface, the non-interdigitations of the alkyl groups, etc.). The role of the Hbonding patterns have been clarified by suppressing those interactions in the modeling, replacing the amide groups with ethyl groups. We have shown that without
hydrogen bonds the stacks are not stable enough to form edge-on aggregates, and
the molecules tend to adsorb flat on surface. This is in agreement with the results
for similar TTF compounds that cannot form H-bonds that have been reported in
the literature. It seems then clear that the stability of the columnar stack is promoted by the formations of H-bonding patterns that link the molecules together to
form the columnar stacks imaged with the STM. With this kind of computational
approach, theory can help chemists to design and functionalize molecules in order
to promote the formation of desired supramolecular architectures that can have
interesting properties.
With the molecules adsorbed edge-on on surface, each highly ordered columnar
stack of interacting molecules is characterized by a delocalized π-system which extends over the whole structure, forming a channel that can be suitable for charge
transport. We have probed the capacity of the stacks to transport charges with
quantum chemical DFT calculations and we have shown that molecules within the
stack are strongly coupled. The high values of transfer integrals and the relative
conduction and valence bandwidths suggest that those self-assembled supramolecular structures could indeed act as molecular wires.
The last aspect investigated is the crossing of stacks, experimentally observed in
multilayers domains. In particular we focus on the transmission properties at the
crossing and their dependency on the interstack distance. Molecular mechanics
and molecular dynamics calculations of two stacks of TTF-1 crossing at 30◦ have
been used to determine the interstack distance. This distance ranges in the system from 3.5Å to 5.5Å. We then performed transmission calculations at the cross-
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ing considering a dimer extracted from the force field model. The distance of the
molecules in the model dimer was varied from 5.5Å to 4.5Å, and the results show
that there is a strong correlation between the interstack distance and the electron transmission at the crossing. In particular, from no transmission when the
molecules are 5.5Åapart, the transmission increases by seven orders of magnitude
when moving the molecules closer by 1Å. This is quite consistent with the presence
of a high tunneling current, measured in STM. The force field calculations suggest
that the key factor that govern the interstack distance at the crossing is the orientation of the methyl groups attached to the TTF core. This means that we can
control the transmission at the crossing by modifying the size of those side groups.
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Chapter 6
Self-assembly of stable organic
radicals into functional
monolayers
6.1

Introduction

In the last decade, the fabrication of nanometer scale devices has become a central point in science and technology and appropriate strategies need to be designed
in order to address this problem. Mainly, there are two approaches for fabricating
nanoscale devices: Top-Down and Bottom-Up (Fig. 6.1). The top-down approach
often uses the traditional workshop or microfabrication methods where externallycontrolled tools are used to cut, mill and shape materials into the desired shape
and spatial arrangement. Micropatterning techniques, such as photolithography
and ink-jet printing, belong to this category. Bottom-up approaches, in contrast,
use the chemical properties of molecules to cause single-molecule components to
automatically arrange themselves into some useful conformation. The fabrication
of nanodevices via the bottom-up approach implies to control the organization of
functional molecules on a substrate and involve phenomena such as molecular selfassembly and/or molecular recognition.
A very appealing class of multifunctional molecules for nano-applications is Polychlorotriphenylmethyl (PTM) radicals (Fig. 6.2). In addition to their magnetic
properties, these radicals are also optically and electrochemically active and, therefore, are promising building blocks for designing multifunctional molecular materials. Thanks to their high chemical stability, which is due to the shielding of the
trivalent central carbon atom by the phenyl rings, PTM radicals can be functionalized to prepare supramolecular materials with a variety of properties. Possible
applications are the preparation of porous molecular magnets [1, 2], systems with
non-linear optical properties [3], molecular switches in solution [4, 5] and on sur-
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Figure 6.1: Examples of top-down (left) and bottom-up (right) approach.

Figure 6.2: Molecular structure of the PTM radicals.

6.1 – Introduction
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Figure 6.3: Molecular structure of the PTM radicals PTM-1.

face [6, 7].
In this part of the work we focus on the study of the self-assembly at the HOPG
surface of the PTM radical shown in Fig. 6.3. We will refer to this molecule as compound PTM-1. Experimentally, the self-assembly of PTM-1 has been investigated
with the STM at the solid/liquid interface, and ordered nanostructures of PTM-1
have been imaged. We proceed to validate the force field chosen (MM3) by comparing the geometry of the isolated PTM head of PTM-1 calculated at DFT and
MM3 level. The kind and the strength of the interactions that are likely to occur
between PTM heads in the monolayer are systematically investigated with quantum chemical and force field-based calculations. This is done to determine which
intermolecular interactions (Cl· · ·Cl, Cl· · ·Phenyl, etc.) play a major role in the
supramolecular system. Molecular mechanics and molecular dynamics are used to
probe the different possible orientations of the molecules on surface and segments
of the PTM dimeric rows have been built, with molecules in those adsorption geometries. The results of the calculations are then compared with the STM images
in order to have a full understanding of the structure of the self-assembly of PTM1. We have made models for the monolayer only, i.e., only a segment of a dimeric
row is modeled on surface.
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Figure 6.4: (a) STM image of PTM-1 from 1-phenyloctane on HOPG. I = 0.023 nA, V = -1.0 V. Green and red arrows
indicate the separation between two adjacent rows and between two adjacent double rows, respectively, and blue arrows
indicate some double rows from the first bottom-layer. (b) STM image of the multilayer feature of PTM-1. I = 0.023 nA, V =
-1.0 V. Images obtained at the KUL University, Leuven (Belgium).

6.2

Experimental data

The self assembly of the PTM radical in Fig. 6.3 at the liquid-solid interface was
investigated with STM (performed in De Feyter’s group at the KULeuven University, Leuven, Belgium) in the constant current mode and under light exclusion. A
dilute solution (2.5 x 10−4 M) of PTM-1 in 1-phenyloctane was dropped on a freshly
cleaved surface of HOPG. The molecules assembled spontaneously and formed ordered nanostructures at the interface, as shown in Fig. 6.4a. Since the bright
features in the STM images correspond to high topography, the bright areas in the
image are attributed to the bulky PTM head. The molecules assemble into characteristic double rows with a separation of 2.2 ± 0.2nm (green arrows in Fig. 6.4a).
The distance between double rows is of 8.0 ± 0.2nm (red arrows in Fig. 6.4a). It
is also worth to mention that several dimeric rows are aligned in the same direction, forming the domain structures. Three domains are visible in Fig. 6.4a.
Interestingly, those structures are oriented only along three directions at 120◦ from
each other, which suggests that the molecules interact strongly with the HOPG
graphite, and therefore the substrate symmetry strongly affects the growth direction of the dimeric rows. Fig. 6.4a shows also some less bright structures (blue
arrows) which can be interpretated as multilayer structures. This phenomenon is
strongly evidenced in the STM images in Fig. 6.4b, in which dimeric rows are lying
ontop of each other. The formation of multilayer structures is further confirmed
by performing bias-dependent measurements during imaging. The range of bias
applied is from -1.5V to -0.2V. When the bias voltage was -1.5V, the double rows in
the second top-layer can be observed. Then, decreasing the voltage to -0.5V, only
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Figure 6.5: (a) STM image of PTM-1 at different applied bias voltages. I = 0.023 nA. (b) STM image of 1 forming a single
monolayer of aligned double rows. I = 0.023 nA, V = -1.2 V. Images obtained at the KUL University, Leuven (Belgium).

the structure in the bottom-layer was imaged. At -0.2V, the tip is too close to the
surface and no molecules are imaged, probably because the molecules are removed
from the substrate by the tip, as shown in Fig. 6.5a.
The influence of the concentration on the multilayer formation was also studied.
For very dilute solutions (2.5 x 10−5 M), the absence of bias-dependence in the STM
images is consistent with the formation of domains with only one monolayer of
aligned dimeric rows (Fig. 6.5b)

6.3

Modeling methodology

The experimental results clearly show the fact that, in addition to the formation
of physisorbed monolayers on HOPG, which is favored by the presence of the three
long alkyl groups, the PTM molecules tend to form multilayer structures. This
is probably due to favorable molecule-molecule interactions. The driving force for
the formation of the monolayer and the multilayer structures may originate from
electrostatic and/or weak Cl· · ·Cl and Cl· · ·Phenyl interactions. Those interactions
may be able to transmit the organizative information vertically from the HOPG to
the top-most layer. It is therefore important to have an estimation of the strength
of these forces, which mainly take place between the propeller-like heads of the
molecules. Density-functional Theory (DFT) calculations have been performed to
investigate the geometry of the PTM head in vacuum and the spin density of the
radical. Ab initio Hartree-Fock (HF), Möller-Plesset MP2 and Coupled Cluster (CC)
calculations have been used to investigate the strength of Cl· · ·Cl and Cl· · ·Phenyl
interactions, in relation to the relative orientation of interacting molecules. Two
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Figure 6.6: Triphenyl molecular head. Some relevant geometrical parameters are indicated.

different force fields have been compared to the quantum-chemical results, in order to determine which one is most suitable for the study of the self-assembly on
graphite.
Regarding the modeling of the self assembly and for the reasons discussed in section A, the solvent is not taken explicitly into account in the model to reduce the
complexity of the system; it is introduced via its dielectric constant (2.26, [8])

6.4

Structure and electronic properties of the PTM
head

Density Functional Theory calculations have been carried out in order to obtain
a reliable geometry for the PTM head, to be compared with that predicted by the
forcefield methods. Table 6.1 shows the comparison between the results of calculations with DFT, MM3 and Dreiding force fields, for some meaningful geometric
parameters described in Fig. 6.6. The geometries at DFT and force field levels
Table 6.1: Comparison of relevant geometric parameters obtained with DFT calculations and the MM3 and Dreiding forcefields.

Parameter
d1 (Å)
d2 (Å)
d3 (Å)
t1 (◦)

DFT (DND, GGA PW91)
1.72
1.47
1.42
-49.7

MM3
1.75
1.52
1.35
-52.4

Dreiding
1.71
1.51
1.42
-56.5
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Figure 6.7: DFT-calculated spin density in the triphenyl head: the spin density (in blue), i.e. the radical, is strongly
localized on the trivalent central carbon. This radical is stable being protected by the phenyl rings.

are in good agreement, despite the fact the force fields do not contain specific bond
parameters involving trivalent carbon atoms. With the Dreiding force field, the
non-bonded and bond parameters are those for a sp3 carbon atom, while in the case
of MM3 the bond parameters are those for sp3 carbon atoms and the non-bonded
parameters are those for the trivalent carbon atom, which are present in the force
field. In any case, these results indicate that the force field techniques can be used
to model reliably the structure and the aassembly of that type of molecules.
Spin unrestricted DFT calculations have been performed to determine the distribution of the density of spin in the radical. We have used a numerical DND basis set
with the GGA PW91 density functional and effective core potentials for the atomic
core treatment. As shown in Fig. 6.7, the density of spin is strongly localized on
the trivalent carbon atom being protected by the three chloro-phenyl rings. This
suggests that magnetic interactions between radicals are very weak and probably
do not play a significant role in the supramolecular assembly. This allows for the
use of the force field approach in the study of the assembly of PTM radicals.

6.5

Analysis of intermolecular Cl· · ·Cl and
Cl· · ·Phenyl interactions.

The geometry of the dimeric rows observed in the STM experiments suggests
that these structures originate from head-to-head interactions between molecules
in different rows (6.8). The nature of the interaction between chlorine atoms is
the subject of long debates, due to the fact that in some crystals of chlorinated
molecules some, Cl· · ·Cl intermolecular contacts are shorter than what would be
expected from the conventional isotropic Van der Waals radius [9]. Accurate cal-
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Figure 6.8: Schematic representation of the head-to-head interactions within a dimeric row. The rectangles represent the
tail of the molecules (including the alkyl groups).

Figure 6.9: The two molecules of Chloro-methane used to probe the strength of the Cl· · ·Cl interactions. The Cl· · ·Cl
distance is systematically varied by step of 0.4Å between 2Å and 6Å.

culations have shown that these short contacts arise from the anisotropic charge
density of the chlorine atom, which is translated into an anisotropy of the VdW
dispersive forces [10]. Nevertheless, the crystal structure is the result of a balance
of many interactions; in crystals of PTM radicals, there are no such Cl· · ·Cl short
intermolecular contacts. Along the same line, the STM images of the supramolecular assemblies also suggest that in the monolayers there is no such a close packing
between the molecules which would correspond to short Cl· · ·Cl contacts in the
dimeric rows. However, in order to assess the possible relevance of such Cl· · ·Cl interactions, we performed calculations on model molecular clusters. Ab initio MP2
and CC methods have been used to study the interactions between two molecules of
Chloromethane (CH3 Cl) with their Chlorine atoms pointing to each other (Fig. 6.9).
This situation was used to mimic the interactions between Chlorine atoms in the
PTM molecules. The Cl· · ·Cl distance was varied by step of 0.4Å between 2Å and
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6Å and the energy profiles obtained are compared between the two ab initio methods and with those predicted by the MM3 and Dreiding force fields (Fig. 6.10a 6.10b). Both CC and MP2 energy profiles show a minimum for a Cl· · ·Cl distance
of about 3.8Å, close to the typical equilibrium VdW Cl· · ·Cl intermolecular distance of 3.56Å. The small deviation can be due to interactions between the other
atoms in the molecules. The Dreiding force field is in agreement with the ab initio
calculations, predicting an attractive interaction between the two chloromethane
molecules when they are about 4 - 5Å apart. In contrast, the MM3 energy profile
is basically only repulsive for Cl· · ·Cl short contacts. In principle, this difference
in the energy profile between MM3 and ab initio results could lead to in a wrong
description of the crystal structure at the MM3 level. In practice, the energy stabilization is only about 0.2 kcal/mol, i.e., a third of the thermal energy KB T at room
temperature, which is negligible since the self assembly takes place not in vacuum
but at the solvent/surface interface and not at 0K but at room temperature.
The strength of Cl· · ·Phenyl interactions has also been investigated systematically,
with the MM3 and Dreiding force fields for two interacting P hCl6 molecules oriented as in Fig. 6.11a. For the sake of clarity, we will refer to this geometry as
“T-Hollow”. The distance between the chlorine atom and the center of the phenyl
ring is varied in steps of 0.4Å between 2Å and 16Å and the energy profile obtained
is shown in Fig. 6.11b. The curves show that both force fields predict sizable attractive interactions between the molecules when they are separated by a distance in
the range of 3.2 - 6Å. Furthermore, the depth of the energy minimum in that range
is much higher than the thermal energy KB T at room temperature, so that this
kind of interaction is likely to play an important role in the assembly. However,
due to the shape of the interacting heads, it is unlikely to find a perfect “T-hollow”
geometry in the supramolecular structures. For this reason, we will also probe different orientations as shown in Fig. 6.12. The results obtained with the two force
fields are similar; here are shown the results for the MM3 force field only, for the
sake of clarity. These results shown are in Fig. 6.13 and Fig. 6.14. For all the orientations, the energy curves show those interactions are strongly attractive when the
molecules are 3.5Å to 5.5Å apart. These interactions are the only ones that make
molecules of PTM-1 attract to each other since, due to the propeller-like geometry
of the PTM heads, there are no π-π interactions in the system. Thus this interaction really plays an important role in the stability of the supramolecular structures
imaged by STM. Furthermore, those interactions not only act in the single dimeric
rows, but can also promote the formation of multilayer structures, as well as the
adsorption of the radicals on the graphite surface.
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Figure 6.10: (a) Energy curves of the Cl· · ·Cl interactions, calculated at HF, MP2 and CCSD(T) level. While the HF curve
is only repulsive, MP2 and CC calculations show an attractive interaction between Cl atoms at distances between 3.5Å and
5Å. (b) Energy curves of the Cl· · ·Cl interactions calculated with the Dreiding and MM3 forcefields. Both curves are similar
to those calculated at MP2 and CC level. In contrast to Dreiding, MP2 and CC calculations, the MM3 curve is repulsive
for Cl· · ·Cl distances shorter than 4Å. Nevertheless, the energy of the minimum in the other curves is much lower than the
thermal energy KB T at room temperature (0.6kcal/mol). This means that the Cl· · ·Cl interactions mainly are repulsive, and
govern the geometry of the PTM head rather than the interaction between different heads.
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Figure 6.11: (a) “T-Hollow” geometry. The chlorine of the upper molecule points towards the center of the ring of the lower
molecule. (b) Both Dreiding and MM3 force fields predict a sizable attractive interaction for the molecules in “T-Hollow”
configuration. This attractive interaction is not negligible, being about seven times the thermal energy at room temperature.

Figure 6.12: Scheme of the different molecular orientations investigated: in the “on-site” geometry,(A), a chlorine atom of
the upper molecule is pointing toward a sp2 carbon of the ring in the lower molecule. We probe also the geometry in which
the chlorine is pointing towards a chlorine atom of the lower molecule (“on-site Cl”, not shown here). In (B), the chlorine is
now pointing towards a chlorine atom in the lower molecule and the plane of the upper molecule is rotated of 90◦ . We refer
to this geometry as “on-site Cl 90◦ ”. In (C)-(D), the angle between the plane of the two molecules is varied. The starting
geometry for these orientations is the “T-Hollow” geometry (angle α=0).
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Figure 6.13: MM3 energy curves of the Cl· · ·Phenyl for the molecules oriented as in Fig. 6.12C-D with different values of
the angle α between the molecular planes. For comparison, the energy curve for the “on-site” geometry is reported.

6.6

Modeling the molecular assemblies

We have seen that the MM3 force field is able to describe accurately the geometry of the molecules and the various interactions acting between themselves and
between molecules and the surface. For this reason, we will model the PTM radicals self-assembly with the MM3 force field.
So far we have discussed the nature and the strength of the most important headto-head interactions acting in the assembly. It is also worth to mention the role of
the three long alkyl groups, which is threefold: (i) to promote or increase the physisorption of the molecule on the substrate, (ii) to align molecules in well-ordered
structures and (iii) to drive the growth of the supramolecular structure along specific directions according to the symmetry of the graphite.
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Figure 6.14: MM3 energy curves of the Cl· · ·Phenyl for the molecules oriented as in Fig. 6.12A-B and, for comparison, as in
the “T-Hollow” geometry.

The first step in modeling the adsorbate consists in identifying the most stable orientations and conformations for a single molecule on the surface. To simplify the
model we neglect the long alkyl groups, replacing them with methyl groups. Since
simulations are conducted in dry conditions and because of the strong interactions
between the head and the π-system of graphite, this approximation will not affect
the stability of the molecule on surface. Due the propeller-like conformation of the
PTM heads, the molecules can be adsorbed on the surface mainly in the two different conformations shown in Fig. 6.15. In Fig. 6.15 left, the molecule has all three
phenyl units interacting with the surface while, in Fig. 6.15 right, one phenyl ring
is pointing away from the surface toward the liquid phase. For the sake of clarity,
we will refer to the first conformation as 1 and to the second as 2. Both conformers
1 and 2 are stable on the surface and the rest of the molecule has enough degrees
of freedom to adopt a conformation that maximizes its adsorption. The main differences between the two conformations 1 and 2 are: (i) the height of the molecule
on the surface (considering the adsorption distance to be the same in both the orientations) and (ii) the area occupied on the surface, which can result in a different
packing density. Regarding the height of the molecule above the surface, the difference between the two orientations is about 3 - 4Å, from 8 - 9Å for 1 to 11 - 13Å for 2.
The adsorption energy for the molecule oriented as in PTM-1 and 2 is basically the
same (∼10kcal/mol) so three possible assemblies can form: the first, composed only
by molecules 1, the second of only molecules 2 and the third where both PTM-1
and PTM-2 are present in the supramolecular structures. Experimental STM 3-
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Figure 6.15: Representation of the two possible adsorption geometries for the PTM heads on surface. (A) all the three
phenyl rings are adsorbed on surface, while in (B) only two rings are adsorbed. We will refer to this two geometries as 1 and
2, respectively.

dimensional profiles, like that in Fig. 6.16, can help to discriminate between those
possible assemblies. In this 3-dimensional image, the height of the supramolecular
structures is reported. Even though the absolute value of the height is not reliable, the relative height between different areas of the same image has physical
meaning. If the assembly was a mixture of 1 and 2, the dimeric rows in Fig. 6.16
would have different heights, while it appears to be the same in all the image. This
indicates that the dimeric rows are formed either by 1 only or by 2 only, so we have
modeled these two structures, which we will referred to as 11- and 22-assembly
for the structures formed only by 1 or 2, respectively.
Fig. 6.17a shows the optimized structure of six 11-dimers forming a small segment
of a dimeric row. Here the periodicity is applied to the surface and the green arrow
indicates the direction of the STM scan. Fig. 6.18 shows the optimized structure
in the case of a segment of eight 22-dimers. Again the periodicity is applied to the
surface and the STM scan directions is indicated, as before, by the green arrow on
the picture. The deformation in the assembly (visible at the edges of the dimeric
row) is due to the fact that at the dimeric row no periodicity is applied. To remove
the effects on the deformation on the statistics of the structural parameters, such
as intermolecular distances in the dimeric rows and inter-dimeric rows distances,
we consider only the most regular part of the structure, which is not affected by
the non-periodicity. All the statistics and the energies are calculated on the central
part of the two assemblies, i.e., the four central dimers (see for example the part delimitated by the red rectangle in Fig. 6.18). We have then compared the structure
of the core of the two assemblies with that obtained by the STM images: as shown
in Tab. 6.2 both the assemblies are compatible with those imaged, and therefore
there is not a clear indication of which one is the assembly that is more likely to
form on surface. Since the structure of both the assemblies is compatible with the
experimental one, we have tried to discriminate between the two assemblies from
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Figure 6.16: 3-Dimensional STM profile of PTM-1 monolayer. The scan direction is indicated by the white arrow in the
picture. 30x30nm.

Figure 6.17: Model of a non-periodic dimeric row segment composed by eight 11-dimers. The direction of the STM scan is
indicated by the green arrow, while the red arrow indicates the axes of the segment.

Table 6.2: Comparison between Experimental and theoretical values of some meaningful structural parameters in the
dimeric rows: a distance between two rows, b distance between two adjacent molecules in the same row.

Parameter
a
b

Exp. (nm)
2.2 ± 0.2
0.8 ± 0.1

11-assembly (nm)
2.1 ± 0.2
0.78 ± 0.03

22-assembly (nm)
2.3 ± 0.2
0.79 ± 0.02
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Figure 6.18: Model of a non-periodic dimeric row segment composed by eight 11-dimers, illustrating the effect of the nonperiodicity on the structure of the segment. Only the core, delimitated by the red rectangle, is regular, while at the edges,
the segment is deformed.

the energetic point of view, by calculating the internal and the adsorption energy.
As said above, the internal energy is obtained by evaluating the energy of the four
dimers at the centre of the dimeric rows. All the other energy contributions have
been suppressed. The adsorption energy, instead, consists only in the energetic
contributions of the intermolecular interactions between the four dimers and the
surface. As shown by the results reported in Tab. 6.3, it is difficult to discriminate
between the two assemblies by looking at their energetics. These energy differTable 6.3: Internal and adsorption energies for the sub 11- and 22-assemblies defined by the square in Fig. 6.17.

Assembly
11
22

Internal Energy (Kcal/mol)
-339.8
-324.4

Adsorption Energy (Kcal/mol)
-78.1
-79.6

ences are not large enough to provide a clear-cut evidence of which assembly is
more likely to be formed on surface. This is mainly due to the approximations
introduced into the model, where, for instance, important interactions like those
between the molecules and the solvent, have been neglected. More complex models
could help to clarify the evaluations based on the energetics of the system, but with
the price of a much more expensive calculations.
Before moving towards a more complex model, we realized that the morphology of
the two assemblies predicted by the model could be different enough to be clearly
detected with STM. For this purpose, we compare the shape of the modeled aggregates with the STM 3-dimensional profile shown in Fig. 6.16. Fig. 6.19a shows

6.6 – Modeling the molecular assemblies

99

Figure 6.19: (a) 2-dimensional profile of the 3D STM profile shown in Fig. 6.16. The graph clearly shows that the to rows
forming the surpramolecular structure are well separated.(b) Side view (along the main axes of the modeled segment) of
the 11-assembly. Due to the molecular arrangement of the PTM heads, the structure has a really smooth profile and no gap
is visible between the two molecular rows. (c) Side view of the 22-assembly: here a valley is clearly visible along the main
axes of the segment, where the central part is lower than the sides. This is consistent with the profile in (a).

the 2-dimensional section of the 3-dimensional profile along the scan direction
and clearly shows that the height corresponding to the central dark area in the
dimeric rows drops by about 5Å. This means that the two interacting rows in the
supramolecular structures are well separated in the sense that molecules are not
interdigitated. We can then look at the shape of the analogue cross section of the
assembly in the two models in their Van der Waals representation (Fig. 6.19b-c).
The main result is that the profile of the 11-assembly appears to be very smooth,
without gap or height differences. This is because the molecules in adjacent rows
tend to interdigitate. In contrast, the profile of the 22-assembly shows a valley,
where the central part is lower than the sides, which is consistent with the experimental profile in Fig.6.19a.
Furthermore, the two PTM heads forming the dimer, which correspond to the highest points in the STM 3-dimensional profile, are separated in the model by about
1.9 - 2.2Å. This separation is in really good agreement with that extracted from the
experimental data (x axes in Fig.6.19a). These results indicate that the assembly
imaged by STM corresponds to the 22-assembly, in which molecules are adsorbed
with one phenyl ring pointing into the solvent phase. Furthermore, considering the
strength of the Cl. . .Phenyl interactions, it is reasonable to imagine to have strong
molecular-solvent interactions that can help to stabilize this assembly on surface.
Finally, we model the 22-assembly including the long alkyl groups. The results
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Figure 6.20: Side view of the 22-assembly where all the alkyl groups are present. The valley at the center of the structure
is clearly visible, consistent with the STM profile shown in Fig. 6.19a. We can observe two regular parallel layers of alkyl
groups: in the bottom layer, two of the three alkyl groups born by each molecule are adsorbed on the surface, while the third
one is in the upper layer.

show two major features: (i) the separation between the two stacks forming the
dimeric rows is more pronounced, since the molecules are better aligned in the
structure and (ii) the alkyl groups tend to align parallel to each other and, in average, only two alkyl groups per molecule can be accomodated adsorbed on the
surface, while the third one is probably solvated. In dry conditions (Fig. 6.20) we
observe the formation of two layers of alkyl groups, since there is no solvent to
solvate the third alkyl group in the upper layer.

6.7

Conclusion

In conclusion, self-assembly is a promising tool for constructing functional molecular architectures with an unpaired spin in the repetitive unit. In this chapter we
have determined the organization of a novel organic radical derivative that hierarchically self-assembles giving rise to 3-dimensional nanostructures sustained by
intermolecular interactions of different nature, such as Cl· · ·Phenyl, π · · · π, van
der Waals and CH-π between alkyl groups and graphite. The long alkyl groups
have two main effects: (i) they help to align the molecules to obtain a well-ordered
spin-contained self-assembled monolayer and (ii) they act as diamagnetic barriers
between two neighbouring rows of radical molecules.
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Chapter 7
Modeling the Self-assembly of a
Diarylethene compound on
graphite
7.1

Introduction

In the previous chapters we have presented two examples of self-assembled
monolayers at the solvent/HOPG interface that can have interesting applications.
In the first one, Tetrathiafulvalene derivatives were assembled forming regular
and parallel non-covalent columnar stacks on the surface. Interestingly, calculations have shown that those aggregates may be suitable for charge transport acting
as molecular wires. The second example was the self assembly of PTM stable radicals, that form prevalently multi-layers structures, while monolayers are observed
on surface by deposition from a very diluted solution. Calculations have shown that
the radical remains localized on the molecule so that the assembly could be suitable for interesting magnetic applications. In both cases, force field calculations
have been used to explore the morphology of the self-assembly to provide, together
with the experimental results from STM, a full understanding of the monolayer
structure and the intermolecular interactions governing the supramolecular aggregates. In this chapter we will focus on the self-assembly of diarylethene molecules,
which differs from the assemblies presented before because it is composed of chiral domains. Chirality, i.e., the mirror image relationship between objects, is an
important and interesting property in many scientific fields: biology [1], chemical
industry [2], material science [3], physics [4], . . .
In this part of the work, we will show that helical chirality emerges from achiral
solutions of flexible diarylethene derivatives, such as molecule DAE-1 in Fig. 7.1,
because of atropoisomerism (i.e., a type of stereoisomerism that may arise in systems where free rotation about a single covalent bond is impeded sufficiently so
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Figure 7.1: Molecular structure of the diarylethene derivative DAE-1. The compound has been synthesized in Feringa’s
group at the University or Groeningen, NL.

Figure 7.2: Schematic representation of the interconversion between the close and open forms of diarylethenes when
irradiated by light. Visible light adsorption switches from the closed to the open form, while UV light make the molecules
go back to the closed form. The open form is generally colorless, while the closed form is colored.

as to allow different stereoisomers to be isolated) at the surface [5]. Diarylethene
derivatives are an interesting class of molecules for molecular optical switching
since they undergo reversible structural transitions by irradiation of light from a
closed to an open form, as schematized in Fig. 7.2. Typically, the open-ring isomers
are colorless compounds, whereas the closed-ring isomers have colors dependent
on their chemical structure, due to the extended conjugation along the molecular
backbone. The closed form has a conjugated path from one end of the molecule to
the other, whereas the open form has not. This allows for the electronic communication between functional groups attached to the far ends of the diarylethene to be
switched on and off using UV and visible light [6, 7]. Therefore many diarylethenes
have photochromic behavior both in solution and in solid state. Moreover, the two
isomers differ from one another not only in their absorption spectra but also in
various physical and chemical properties, such as their refractive indices, dielectric
constants, and oxidation-reduction potentials. These properties can be readily controlled by reversible isomerization between the open- and closed-ring states using
photoirradiation, and thus such compounds have been suggested for use in optical
data storage and 3D optical data storage in particular [6]. As shown in Fig 7.1 the
compound DAE-1 under study here is in the open-ring form; thus the preparation,
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Figure 7.3: Schematic representation of (a) parallel and (b) antiparallel orientation of DAE-1.

Figure 7.4: P and M isomers of DAE-1. When deposited on a surface, the molecular conformation is locked (atropoimerism)
and the two isomers can be distinguished since they have opposite helicity.

deposition and the STM investigation have been performed in dark conditions, in
order to prevent the isomerization to the closed-ring form.
In solution, diarylethenes such as DAE-1 are free to adopt a number of energetically similar conformations. In their preferred conformations, the two methyl
groups attached to the thiophene rings at the center of the molecule are oriented
either in the same direction (parallel orientation) or in roughly opposite directions
(antiparallel), as schematically shown in Fig. 7.3. In the antiparallel orientation,
the overall conformation of the molecule is helical and, depending on the sign of the
helix, the conformers are called P or M isomers [8, 9]. The two isomers are shown
in Fig. 7.4 and the colors are used to better identify the helix: considering the plane
defined by the 5-membered ring to which the bithiophene units are attached, the
red part of the helix is pointing in front of the plane, while the blue part is pointing behind it. However, in solution at room temperature (RT), the interconversion
between P and M helices is so fast that these forms cannot be distinguished. Since
the molecules are not intrinsically chiral and since their helix conformation is not
locked and fast P-M interconvertion occurs at RT, a solution of DAE-1 is not chiral.
The situation becomes different when a drop of solution is applied to the graphite
surface: once molecules of DAE-1 are adsorbed on the surface, their conformation
is locked and the P and M isomers can be distinguished. It is important to note
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Figure 7.5: Enantiomorphic domains (λ and ρ) formed by diarylethene based dimers ( 52.5 x 27.3 nm2 ). All the STM images
have been obtained in De Feyter’s group at the KULeuven University, Leuven, Belgium.

that this “surface-induced” chirality appears because DAE-1 is not symmetric. If
the same groups are attached to both extremities of the molecule, then P and M
are equivalent also on surface, and there is not atropoisomerism.
Scanning tunneling microscopy has been used to study the assembly of DAE-1 at
the solvent/HOPG interface in dark conditions; STM images reveal that a wellordered monolayer is formed over a few hundreds of nanometers. Fig. 7.5 left,
shows an STM image in which two different domains of the monolayer are present.
Zooming into the domains suggests that those domains are formed by molecules arranged in dimers, as shown in Fig. 7.5, right. Interestingly, the two domains shown
in Fig. 7.5 are not equivalent because the sigmoidal-shaped dimers that constitute
them are mirror images. Those dimers can be formed by molecules having the
same or opposite chirality: the first case corresponds to chiral dimers (indicated
as PP or MM, from the kind of molecule that compose the dimer); the second case
corresponds to prochiral dimers (indicated as PM or MP).
Despite the high resolution of the STM and all the information provided by the
experimental images, the experiment is not able to discriminate the nature of the
dimers, i.e., whether the domains that are mirror images are formed by chiral or
prochiral dimers. In this chapter, we will show how modeling can be used to access
the information on the nature of the dimers, i.e., to determine which kind of dimer
is formed and why.
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Besides the formation of locally chiral monolayers, it is remarkable that DAE-1
forms dimers on the surface. Surface-induced molecular dimers arranged in rows
have been observed on HOPG, on Au(111) and MoS2 [10, 11].
Modeling the dimers. Dimer formation, as observed experimentally, suggests
that an energetically favorable interaction occurs between either prochiral (PM/MP)
or chiral (PP and MM) pairs of adsorbed molecules. For the sake of clarity, we will
propose the scheme in Fig. 7.6, above. To represent the molecules on the surface:
the triangle represents the molecular head, while the line represents the C18 H37
alkyl chain. The triangle is divided in two parts to account for the sign of the
molecular helix: the blue part is the half of the molecular head that is directly
adsorbed on surface, i.e. the lower part of the helix, while the red part represents
the part of the helix pointing away from the surface. With these notations, we can
schematically represent all the possible dimers that can be formed on the surface,
as shown in Fig. 7.6. Here four possible dimers have been found for both the chiral and prochiral types. STM images, like the one shown in Fig. 7.5, left, suggest
that in the dimer the molecules have the central 5-membered ring pointing in opposite directions, as well as the alkyl chains, which are sometimes imaged between
the bright spots. Looking at Fig. 7.6, the only two dimers compatible with the
experiment are the chiral dimer 7.6b and the prochiral dimer 7.6f. In order to understand the stereochemistry of the dimeric building blocks, molecular mechanics
and molecular dynamics calculations have been performed to study the energetics
of PP and PM dimers of DAE-1 on the HOPG surface. We use the MM3 force field
for the MM and MD calculations; the system is composed of a HOPG surface made
of two frozen square slabs of graphite and periodic boundary conditions have been
applied to the system. Our goal is to compare the results of molecular dynamics
simulations for an isolated chiral PP dimer and an isolated prochiral PM dimer. At
first this is done in “dry” conditions, where the solvent is implicitly taken into account by its dielectric constant. In a second stage (in “wet” conditions) the solvent
is explicitly taken into account into the model by introducing the solvent molecules
(phenyloctane). All the simulations have been performed at room temperature in
the canonical (NVT) ensemble.
The dimers used in the models are systems b and f of Fig. 7.6. The starting geometry for the dimer consists of a molecular arrangement in which the alkyl chains are
pointing to opposite direction and the molecular helices are facing each other, separated by a distance small enough to let them interact. Due to the molecular shape
and the relative orientation of the molecules within the dimers, molecular recogni-
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Figure 7.6: Above: Schematic representation of the two isomers of DAE-1. The triangular shapes represent the conjugated
part of the molecules, while the alkyl chains are represented by the black lines. The triangular shapes are divided in two
parts, to account for the sign of the helix: in red the part that is not directly adsorbed on the surface, in blue the part that
is adsorbed. Below: all the possible dimers that can be formed combining the two isomers in different relative orientations.
Those dimers are grouped in chiral and prochiral dimers.
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tion processes are involved in the stability of the dimer. With the term “molecular
recognition”, we refer to the specific non-covalent interaction between two or more
molecules, such as hydrogen bonding, metal coordination, hydrophobic forces, van
der Waals forces, π-π interactions, and/or electrostatic effects [12, 13]. Molecular
recognition is extremely sensitive to the geometry of the molecules and the MM3
geometry of the isolated molecules is in agreement with that obtained with DFT
calculations at the B3LYP 6-31g** level. It is worth to mention that the geometry
for the the isolated molecule is different from that of the adsorbed molecule, which
cannot be studied with DFT calculations, since the system is too big to be handled
because it would include the surface. Furthermore, DFT methods do not give a
good representation of the intermolecular interactions. Since the MM3 force field
is one of the most accurate in describing the intermolecular interactions between
organic molecules, we are confident that the adsorption geometry of the molecule
will be reasonably accurate, so that the modeled molecular recognition process will
give meaningful results to compare with the experiment.
Molecular dynamics simulations at RT in “dry” conditions show the dissociation
of the prochiral dimer 20ps after the initial equilibration of the system, while the
chiral dimer remains stable for hundreds of picoseconds. This clearly suggests a
difference in stability between the two dimers. This trend is confirmed by other
simulations conducted at higher and lower temperatures, and also in wet conditions, i.e., with explicit solvent molecules included in the model. The solvent is
introduced into the model by adding two layers of solvent molecules on top of the
surface. The results of the “wet” molecular dynamics confirm the results obtained
in the dry case, suggesting that the role of the solvent is mainly to slow down the
kinetics of dissociation for the dimers (by a “cage effect”) rather than stabilizing
one dimer over the other one.
Regarding the molecular structure of the dimers, MM and MD calculations reveal
that, consistent with the STM images of the dimers, the cores of the molecules are
not cofacial, but shifted one respect to the other, as shown in Fig 7.7a. In Fig 7.7b
are schematized the molecular helices for the two dimers: with “-” we indicate the
part of the helix adsorbed on the surface and with “+” the part not adsorbed. The
arrows indicate then the sign of the helix. In the case of the prochiral PM dimer,
the two arrows are pointing in the same direction while for the chiral PP dimer the
arrows are pointing to opposite directions, and this can be translated in a better
shape complementarity and thus into a better molecular locking. To evaluate how
important the molecular locking is in stabilizing the dimer, we have calculated the
molecular binding energy in the dimers along the MD trajectory. This energy is
the only diarylethene-diarylethene intermolecular contribution to the non-bonded
energy of the system. With the Tinker molecular code, this is done simply by inactivating all the atoms in the model but those of the diarylethenes molecules. Then
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Figure 7.7: (a) PP dimer as resulting from MD calculations. (b) represents the arrangement of the molecular helices in the
PP and PM dimers. The arrows point from the part of the helix directly adsorbed on the surface to that that is not adsorbed.

each molecule is set to be a group and the inter-groups energy is calculated. This
inter-group calculation is nothing else than the intermolecular interaction within
the dimer. The same results can be achieved removing the surface and the solvent
molecules, when present, from the model and calculating the intermolecular energy of the remaining system. We have chosen the first way, which is faster since
the result is obtained by just adding the right keywords to the code, instead of modifying the model. Fig. 7.8 shows the evolution of the binding energy for the PP and
PM dimers during the first 50ps of the MD trajectory at RT in dry conditions. As
mentioned above, the PM dimer dissociates after 20ps, while the PP dimer is stable. The complete dissociation of the PM dimer corresponds here to the situation
of non interacting molecules, i.e., the binding energy goes to zero. When this energy is negative, the molecules are interacting in an attractive way and the dimer
is formed. Fluctuations in the energy correspond to slightly different molecular
orientations during the dynamics. Table 7.1 shows the average binding energy and
the standard deviation for the PP and PM dimers, calculated along the meaningful
50ps of the trajectory. This kind of energy evaluation is possible thanks to the fact
that in force field calculations the total energy of the system is broken down into
the different contributions, so it is possible to extract the contributions arising from
specific interactions. Here the intermolecular binding energy within the dimers is
extracted from the total energy of the system, where the molecules are adsorbed on
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Figure 7.8: Molecule-molecule binding energy for the two types of dimers (chiral PP and prochiral PM) on HOPG at room
temperature. The binding energy along the MD trajectory for the PP dimer is shown by the red line, and by the blue line
for the PM dimer.

graphite. This means that the effect on the molecular geometry of their interaction
with the surface is taken into account. The binding energy can be further broken
down into electrostatic and van der Waals contributions. The analysis reveals that
the main energy difference between the two dimers comes from the van der Waals
interactions acting between the two helices. Combining this result with the molecular geometry of the dimer, we propose that the difference in stability between the
PP and PM systems is due to a better locking between the conjugated molecular
heads, with a better complementarity of the helices.

Table 7.1: Average Molecule-Molecule Binding Energy and Standard Deviation for the two dimers on graphite, based on
the MD simulations shown in Fig. 7.8.

dimer
PM
PP

binding energy (kcal/mol)
-1.85
-9.27

STD (kcal/mol)
2.21
1.45
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Figure 7.9: Molecular packing of PP dimers on surface. The long and short vectors of the unit cell are indicated.

From the dimers to the domains. The modeling of isolated dimers on the surface suggests that the chiral dimers are those most likely to form, since they are
more stable than the prochiral ones. In order to validate the model with respect to
the experiment, we have built a monolayer of chiral PP dimers and compared its
structure with that of the monolayer imaged with STM. The starting point for the
model is an arrangement of 6x6 dimers, with the alkyl groups fully adsorbed on
surface and interdigitated, as suggested by the STM images. Dimers are aligned
in rows, according to the STM images. This monolayer is not periodic, so to leave
the system enough degrees of freedom to adopt structures other than the initial
one. After a MD 400ps long at room temperature in dry conditions, the monolayer is made relax with MM calculations and Fig. 7.9 shows the central part of
this optimized assembly; the unit cell vectors a (short) and b (long) are indicated
in the picture by the solid lines in the lower part of the assembly. The structure
has been extracted from the central part of the original monolayer of 6x6 dimers,
to avoid edge effects. Table 7.2 compares the experimental size of the unit cell to
that obtained by modeling. The agreement is quite good, even though the model
predicts a vector a a bit longer than the experimental one. As can be seen also in
Fig. 7.10, this good agreement translates into an almost perfect superposition of
the proposed molecular packing onto the high-resolution STM image.
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Table 7.2: Comparison of the modeling and experimental cell parameters.

vector
a
b

experiment (nm)
1.58 ± 0.08
2.94 ± 0.09

model (nm)
1.72 ± 0.09
3.0 ± 0.05

Figure 7.10: High resolution image and proposed packing model obtained by the force field calculations: 9.55 x 6.30 nm2 ,
35pA, 311mV. Images obtained at KUL University, Leuven (Belgium).
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Conclusion

We have shown that chiral domains are formed by achiral diarylethenes at the
liquid/solid interface because of surface-induced atropoisomerism. On the HOPG
surface, these molecules with a locked helicity form dimers that arrange in enantiomophic extended domains. Due to the locked helicity, dimers can be formed by
molecules with the same or opposite helicity, leading to either chiral or prochiral
dimers, respectively. STM images are not able to distinguish between the two kinds
of dimers, thus molecular mechanics and molecular dynamics calculations have
been performed in order to investigate the nature of the dimers. MM/MD results
show that on the surface chiral dimers are much more stable than the prochiral
dimers, due to a better shape complementarity and are likely to be the building
blocks of the large chiral domains. This work is another example of how a close
interplay between experiment and modeling is needed in order to improve the understanding on how molecules interact and self-assemble.
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Chapter 8
Conclusions and Perspectives
In this thesis we have presented an approach to model interesting molecular
self-assemblies on graphite surface. In particular, we focused on the modeling
of self-assembly of (i) TTF, (ii) PTM radicals and (iii) diarylethene derivatives.
Those systems present interesting features: the TTF molecules used are promising
for molecular electronics applications, since they self-assemble in supramolecular
stacks that can work as molecular wires. PTM radicals are interesting for magnetic applications, like storage devices, since the radical is preserved even after
their self-assembly on surface. Finally, achiral diarylethene molecules (in the openform) self-assemble in chiral domains, due to surface-induced atropoisomerism.
A number of theoretical techniques have been used to study such complex systems, in particular we have combined quantum chemical (QC) calculations, such as
Hartree-Fock (HF) and density functional theory (DFT) methods, to force field simulations, in particular molecular mechanics (MM) and molecular dynamics (MD).
Due to the high complexity of the systems studied, experimental information are
particularly useful and we strongly collaborated with experimental groups. In particular, scanning tunneling microscopy (STM) and scanning tunneling spectroscopy
(STS) are the most useful and versatile techniques to investigate the morphology
of the molecular self-assembly. All the systems presented here were investigated
by STM at room temperature at the solvent/graphite interface, and the resulting
images of the assemblies have been used to build a reasonable starting point for
the modeling. The interactions between experiment and modeling, gave us a better understanding of the morphology of the self-assemblies (structure, type and
strength of the several and competitive intermolecular interactions, etc.) and of
their properties.
The results obtained following this approach can be summarized as following.
Self-assembled monolayers of di-amide TTF derivatives at the solvent/HOPG graphite
interface have been investigated extensively both experimentally, by STM and STS
measurements, and theoretically, by force field and quantum chemical calculations.
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The columnar stacks revealed by STM images, together with force field models
and electron transmission calculations, have shown that molecules are physisorbed
edge-on on surface. In order to model the stacks to investigate the role of the different and competitive interactions that are acting in the system, force field models
have been build up using as starting points the informations coming from the previous STM. Molecular mechanics and molecular dynamics calculations shown that
the force field model is able not only to reproduce the experimental structure of
the aggregated with a great deal of accuracy, but also to give more informations
about the morphology of the aggregates (e.g. the tilt angle of the TTF core with
respect to the surface, the non-interdigitations of the alkyl groups, etc.). The role
of the important H-bonding patterns have been clarified by suppressing those interactions in the modeling replacing the amide groups with ethyl groups. We have
shown that without hydrogen bonds the stacks are not stable enough to form aggregates edge-on, and they will adsorb flat on surface. This is in agreement with the
results for similar TTF compounds that cannot form H-bonds reported that have
been reported in the literature. It is clear that the stability of the columnar stack is
promoted by the formations of H-bonding patterns that link the molecules together
to form the columnar stacks imaged with the STM. With this kind of computational
approach, theory can help chemists to design and to functionalize molecules in order to promote the formation of desired supramolecular architectures which can
have interesting properties.
With the molecules adsorbed edge-on on surface, each highly ordered columnar
stack of interacting molecules is characterized by a delocalized π-system which extends over the whole the structure, forming a sort of channel that can be suitable
for charge transport. We probe the capability of the stacks to transport charges
with quantum chemical DFT calculations and we have shown that molecules within
the stack are strongly coupled and the high values of transfer integral and the
relative conduction and valence bandwidths, suggest that those self-assembled
supramolecular structures may act as molecular wires.
The last aspect investigated is the crossing of stacks, experimentally observed in
multilayers domains. In particular we focus on the transmission properties at the
crossing and the study of their dependency from the interstack distance. Molecular
mechanics and molecular dynamics calculations of two stacks of TTF-1 crossing at
30◦ , have been used to determine the interstack distance. This distance ranges
in the system from 3.5Å to 5.5Å. We then perform transmission calculations at
the crossing considering a dimer extracted from the force field model. Varying the
distance of the molecules in the dimer from 5.5Å to 4.5Å, the results shown that
there is a strong correlation between interstack distance and electron transmission at the crossing. In particular, from no transmission when the molecules are
5.5Åapart, the transmission increases by seven orders of magnitude when moving
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the molecules closer by 1Å. This is quite consistent with the presence of a high
tunneling current, measured in STM. Force field calculations have suggested that
the key factor to vary the interstack distance at the crossing is the orientation of
the methyl groups attached to the TTF core. This means we can control the transmission at the crossing just playing with the size of the bulky groups.
Self-assembly of PTM radicals is a promising tool for constructing functional molecular architectures with an unpaired spin in the repetitive unit. We have determined the organization of a novel organic radical derivative that hierarchically
self-assembles giving rise to 3-dimensional nanostructures sustained by intermolecular interactions of different nature, such as Cl· · ·Phenyl, π . . . π, van der Waals and
CH-π between alkyl groups and graphite. The long alkyl groups have two main effects: (i) they help to align the molecules to obtain a well-ordered spin-contained
self-assembled monolayer and (ii) they act as diamagnetic barriers between two
neighboring rows of radical molecules.
Finally, we have shown that chiral domains are formed by achiral diarylethenes
at the liquid/solid interface because of surface-induced atropoisomerism. On the
HOPG surface, these molecules with a locked helicity form dimers that arrange
in enantiomorphic extended domains. Due to the locked helicity, dimers can be
formed by molecules with the same or opposite helicity, leading to either chiral or
prochiral dimers, respectively. STM images are not able to distinguish between
the two kinds of dimers, thus molecular mechanics and molecular dynamics calculations have been performed in order to investigate the nature of the dimers.
MM/MD results show that on the surface chiral dimers are much more stable than
the prochiral dimers, due to a better shape complementarity and are likely to be
the building blocks of the large chiral domains. This work is another example of
how a close interplay between experiment and modeling is needed in order to improve the understanding on how molecules interact and self-assemble.

In this thesis we have shown how theory and experiment can be combined together to achieve a complete description of morphology and properties of molecular
self-assembly at the surface. In the future, we would like to extend and refine
this approach to include the study of the mechanism that leads to the formation of
self-assemblies of particular interest for technological applications (molecular electronics, chiral resolution at surface, etc.). To do this, the main difficulty to overcome
is represented by the complexity of the systems under investigation, since we have
to deal with a large number of molecules (solvent molecules, adsorbate molecules,
surfaces) and with many degrees of freedom. Besides the size of the system, also
the time scale is important in order to simulate the self-assembly processes. For
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this purpose, a full atomistic approach appears to be not adequate, since simulations cannot be longer than hundreds of picosends or few nanoseconds due to the
high computer time required, the storage of huge amount of data, etc. A solution
could come from the use of mesoscale techniques, such as Coarse Graining (CG).
In CG models, molecules are, in general, represented by an ensamble of few rigid
spheres (beads) interacting via modified force-field potentials. This approach allow
to reduce the complexity of the system by removing all the non-meaningful degrees of freedom and interactions. With those simplifications, it would be possible
to model larger systems and run longer MD simulations, addressing the time scale
of “slow” processes such as self-assembly.
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Appendix A
Common aspects
Modeling softwares. Ab initio calculations have been performed with the Gaussian3.0 package [1] and with the DMOL DFT code as implemented in the Accelrys
package Materials Studio 4.0. The DFT ADF code has been used for calculating
the transfer integrals in the electronic characterization of the stacks formed in the
tetrathiafulvalene self-assemblies 5. Transmission spectra have been calculated
using the ATK package [2, 3, 4, 5]. Molecular mechanics and dynamics calculation have been performed using the freeware molecular modeling package TINKER
4.2 [6] using its own implementation of the MM3 [7] force field. For the visualization of the molecular system, we have mainly used the molecular visualizer VMD.
Statistical analysis has been performed with a home-made code written in python.
The role of the alkyl groups in the assembly. In all the systems studied, the
molecules are by the presence of long alkyl groups. The main role of the alkyl
groups is to increase the molecular affinity with the HOPG graphite substrate and
to promote the molecular physisorption via CH-π interactions. Those interactions
take place between the hydrogen atoms in the CH2 unit and the graphite π-system
and their strength can be quantified to be about 0.8 kcal/mol per CH2 unit adsorbed on graphite. The alkyl groups play another important role in the assembly
of organic molecules on graphite: since they tend to align along the main axes of
graphite they orient the whole molecules on the substrate, guiding the assembly
along specific directions.
In Fig. A.1 the three main axis of the graphite are shown; fully extended zig-zag
(trans) alkyl groups are commensurable with the graphite lattice along the main
axis directions.
Periodic boundary condition and self-assembly. We have already introduced
the use of periodic boundary conditions 4.3 to simulate bulk materials avoiding
edge effects. To model self-assembly in monolayers, in principle we should apply
2-dimensional PBC. Unfortunately, only 3-dimensional PBC (cubic PBC) are imple-
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Figure A.1: The three main axes of the graphite surface.

mented in the molecular modeling package used. Therefore, to avoid interactions
between the surface and its image along the third dimension, which are unphysical for the real system, a slab of 50 Å of vacuum is introduced in the model on
top of the surface. The thickness of this slab is not important as far as it is much
larger than the cutoff chosen (12-15Å in our case). Another important issue is the
fact that for self-assembly of organic molecules on graphite, usually the periodicity
for the surface does not match with that for the self-assembled monolayer. In our
approach it is not possible to apply different PBC to different parts of the model, so
PBC are applied to the surface. As a consequence and in order to model the right
orientation of the monolayer on the surface, it cannot be periodic. On one hand,
the absence of periodicity implies edge effects, which could lead to some deformation of the organic layer at the border. Therefore only the inner part of the layer
maintains a reliable geometry and can be used to collect statistical data. On the
other hand, if periodicity is applied to the system, the layer may assemble on top
of the surface in a configuration which is not the most stable one. Usually we start
by determining the geometry of a non periodic layer on the surface; in this way
molecules have enough degrees of freedom to arrange in the optimal structure. At
this stage we can also turn on and off some types of intermolecular interactions
and observe the effect on the supramolecular architecture. Once we have a reliable
structure, the core of the assembly is reoriented on the surface in order to match
with the periodicity of the substrate and periodic simulations are carried out.
Dry Vs Wet conditions: modeling the solvent. To simplify the modeling of
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such complex systems, we assume that once the supramolecular structures are
formed at the solid/liquid interface, they remain stable also in dry conditions, when
the solvent is evaporated. Since we are not investigating the process of formation
of the assembly, but rather its stability and properties, the solvent is not explicitly
taken into account in the model. This reduces a lot the complexity of the model
and yet the accuracy in reproducing the geometry of the assembly is high and the
results are in good agreement with the experiment. It is worth to mention that the
solvent is not completely neglected being introduced in the model as a continuum
medium via its dielectric constant.
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D. Sánchez-Portal. J. Phys. Condens. Matter., 14:2745, 2002.
[5] J. Taylor, H. Guo, and J. Wang. Phys. Rev. B, 63:245407, 2001.
[6] http://dasher.wustl.edu/tinker/.
[7] B. Y. Ma, J. H. Lii, and N. L. Allinger. J. Comput. Chem., 21 (10):813–825, 2000.

