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Abstract

The statistical-mechanical description of liquids represents a formidable problem in physic due to the absence of the
analytical theory of the liquid state. Atomistic simulations represent a unique source of information in this respect and
can be implemented in order address macroscopically measurable liquid properties, including its structure and dynamics,
based on the information of the interactions between its constituent molecules. A particularly intriguing challenge is
represented by the problem of studying liquids under geometric constraints like surfaces, or where the dimensionality is
strongly suppressed like for liquids in 2 dimensions. Experimental measurements cannot access to these regions due to
the resolution limitations. In this thesis the study of confined liquids is achieved by particle-based simulations at different
level of theory. In particular 3 study cases are considered: the first is the characterization of solid-liquid interfaces. The
problem of adsorbing surfaces is treated as a specific case of inorganic surfaces in contact with liquid water. TiO2, chosen
as reference material, is studied in its polymorphic structures in aqueous conditions. The surface reactivity and its influence
on the liquid structure is solved considering the quantum nature of the system. The mechanism of a solute adsorbing at
the interface, considering the interfacial liquid properties, is also addressed. New advanced analysis tools for determining
the structural and dynamical properties of water under a surface confinement and the thermodynamic associated to relative
adsorption processes are developed. We are confident that this study will represent a mile stone for a systematic study of
complex environments as bio-inorganic interfaces. As second case a liquid confined in a 2D surface is studied. Simple
liquids having spherically symmetric interaction are very powerful in order to understand the relevant degrees of freedom
that governs a certain physical process. Here we expand the definition of 2D hexatic phases to smectic systems in 3D.
Finally the self-assembly of a triply periodic mesophase having a Fddd space symmetry group is fully characterized for a
simple liquid. This phase can be thought as a geometrical reduction to a two-dimensional separation surface. The possibility
of generating such complex network with simple particles, like in colloids, opens the frontiers for the exploration of new
materials and applications.
Keywords: liquid, contraint, TiO2, surfaces, bio-inorganic, molecular dynamic, ab-initio, tight-binding, DFT,
metadynamic, free energy, nanoparticles, water, amino acids, adsorption, mesophases, hexatic, smectic, triply periodic
network, Fddd.
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To my lovely family...

There is no branch of mathematics, however abstract, which
may not some day be applied to phenomena of real world.
( Nikolai Ivanovich Lobachevsky )
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1 Introduction
Liquids are ubiquitous in nature, and understanding of the liquid state is of fundamental importance both conceptually and for applications. The description of
the liquid state in terms of statistical mechanics has been a formidable problem of
condensed-matter physics for decades, and it still remains an intriguing challenge
[1]. The theoretical descriptions of the the crystalline solids and the dilute gases
are based on the existence of simplifying ground-state analytically formulated
models for these phases. The behaviour of a real (non-perfect) gas can be formulated in terms of a perturbation to the ideal gas model. The properties of a real
crystalline solid can be presented in terms of perturbation expansion relative to
a simplified model where the molecular motions are viewed as small-amplitude
harmonic excursions relative to the regular periodic sites of the respective lattice.
The formidable problem with the analytical description of the liquid state is
that, in contrast to the other two states of matter, it does not have such an analytically formulated ground-state model that could be used as a basis for its
statistical-mechanical description, and the numerous attempts to invent such a
model failed. There is no statistical-mechanical theory of the liquid state that
would make it possible to calculate its macroscopically measurable properties,
including its structure and dynamics, based on the information on the interactions between its constituent molecules.
During the recent decades, the advent of fast digital computers resulted in the
development of new methods of modelling condensed matter systems, alternative to the analytical theoretical approach. In the method of Molecular Dynamics
(MD) system’s evolution in its phase space is monitored by numerically solving the equations of the classical (or quantum) mechanics, and the phase-space
distribution produced in this way is then used for calculating the macroscopic
properties [2]. It makes it possible to calculate the properties of liquids based
on the inter-particle interactions thereby bridging the microscopic particle-level
description and the macroscopically measurable properties.
In the absence of the analytical theory of the liquid state, using particle-based
computer simulations are indispensable as a unique source of information regarding the microscopic aspects of condensed-matter systems.
An important aspect of the particle-based simulations is that, besides microscopically interpreting the available macroscopic observations, they can be a
unique source of information regarding the parameter domains where the experimental methods cannot reach. It is of particular interest to simulate the behavior
of liquids in constrained geometries which the experimental measurements cannot access due to the resolution limitations. In this thesis, three cases of such
simulations are presented.
1

The first one, based on the first-principle calculations, investigates the behavior of water in a layer close to an adsorbing surface. Liquid-inorganic interfaces
are characterized by a complex environment where many atomistic effects contribute to generate a variegate morphology of local liquid structures. In order to
study this challenging systems ab-initio models, that take into account the electronic information, are needed at different levels of theory. An inorganic surface’s
constrain not only affects the local liquid structure but, through it, also the mechanism a solute adsorbs at the interface. Specific analysis tools have been developed
in this thesis to assess the dynamical, structural and reactivity properties specific
for a liquid-surface confinement.
The second studied case simulates the behaviour of a model liquid constrained
to a layer of single-particle thickness within a smectic liquid crystal phase. It
was possible to observe a hexatic phase theoretically predicted as an intermediate
phase in two-dimensional melting.
As a third example a simulation study of a liquid phase with constrained dimensionality presented in this Thesis addresses formation of triply periodic continuous morphologies which can be geometrically reduced to a two-dimensional
separation surface. The simulation demonstrates self-assembly of such a mesoscopicscale morphology in a simple liquid model.
In all these cases, the particle-based simulations provide new information
which cannot be obtained from the experimental measurements nor from an analytical theory. In the following chapters these results will be discussed in detail.

2
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Liquids: a statistical-mechanical
approach

It is a fact of every day experience that matter can be observed in three different
phases (solid, liquid and gaseous phases). Liquids, as a distinct phase, are only
observed in a relatively small part of the enormous range of temperatures and
pressures existing in the universe. Nevertheless, they are of vital importance for
Physics and Chemistry, for Technology, and for the life itself. The crystalline
solids are macroscopically rigid, and they are distinct from liquids and gases by
their symmetry. The crystals exhibit discreet space group symmetries observed as
sharp Bragg reflections in the diffraction experiments. These diffraction patterns
demonstrate the existence of global periodic order in the spatial arrangement of
the constituent atoms or molecules.
Liquids and gases are fluid; they will flow under a shear stress whatever
small. Furthermore, in diffraction experiments they give no sharp Bragg reflections but diffuse rings, showing that there is no long-range ordered arrangement
of molecules. Thus, there is a clear distinction between crystalline solids and fluids, though this distinction is somewhat blurred by the existence of glasses and
amorphous solids which are macroscopically rigid but lack of long-range periodic order. On the other hand, there is no such qualitative distinction between
liquids and gases. Van der Waals pointed out explicitly the continuity of liquid and gaseous states. At temperatures below the critical temperature two fluid
phases can coexist in equilibrium discriminated by the density: the denser phase
is called liquid, and the less dense phase is called gas. Above the critical temperature, coexistence of fluid phases is not observed. One can pass continuously
from low-temperature gas to low-temperature liquid by heating above the critical
temperature, compressing, and cooling. The difference between liquid and gas is
essentially a difference in density.
The aim of using statistical mechanics for the description of liquids is to interpret their macroscopically measured properties in terms of the spatial arrangement of the constituent molecules and their motions. In this way, it makes it possible to get insight into why particular phases are stable in particular ranges of
temperature and density. Furthermore, it is supposed to directly relate the structure, and dynamical properties of fluid phases to the size and geometry of the
molecules (atoms) and the nature of the forces between them. The latter in turn
can be determined based on the first-principle calculations involving the electronic properties, thereby providing full description of a liquid starting from the
first principles.
In contrast to the other two phases of matter, the statistical mechanical de3

Figure 2.1. Phase diagram of a prototype one-component system [3].

scription of the liquid state has been a formidable problem of condensed-matter
physics for decades, and it still remains an intriguing challenge [2]. The theoretical descriptions of the the crystalline solids and the dilute gases are based on
the existence of simplifying ground-state models for these phases which could be
treated analytically. A description of a real diluted gas is achieved by perturbing
the ideal gas model where the individual particles move entirely independently of
each other. The properties of real crystalline solids can also be presented in terms
of perturbation expansion relative to a simplified model where the molecular motions are viewed as small-amplitude excursions relative to the regular periodically
arranged sites of the respective lattice in a model assuming quadratic form of the
inter-particle interaction potential.
The liquid state doesn’t have an analytical description of the ground-state.
Despite the numerous attempts it doesn’t exist a successful model that can be used
to derive the macroscopically measurable properties of a liquid, like its structure
and dynamics, from a a pure theoretical statistical-mechanical approach.
In the absence of an analytical theory, particle based computer simulations
remain a unique source of information regarding the microscopic aspects of the
liquid state. This approach, alternative to the analytical theoretical description, is
based on numerically solving the equations of the classical (or quantum) mechanics for the motions of the constituent particles. This makes it possible to directly
follow the system’s evolution in its phase space, and the phase-space distribution
produced in this way is then used for calculating the macroscopic properties [2].
For that purpose, the traditional apparatus of the space-time correlation functions
of statistical mechanics is employed making it possible to directly link the microscopic details of a simulated liquid (masses of the constituent molecules, their
geometry and the interactions between them) with the measurable macroscopic
4

properties of interest: the equation of state, structure and the transport properties. In this way the dynamical simulation methods work as a substitute for the
unavailable liquid theory. Due to the rapid progress in the performance of the
computational facilities that took place during the recent decades, these simulations became quantitatively realistic in terms of both the system size and the
inter-particle interactions. The latter are commonly assessed based on the first
principle calculations.
The dynamical simulation of a system of particles produces information in
terms of the time-dependent particle positions and momenta. In order to interpret
this particle-level information in terms of macroscopically measurable properties,
space-time correlation functions have to be calculated. Consider an instantaneous
configuration of a system of N particles positioned at the space points ri at time t.
Assume that there is a quantity aj associated with the particle j (which is generally
speaking a vector). The microscopic distribution of this quantity at time t is:
ρa (r, t) =

N
X
j

aj δ [ r(t)j − r ]

(2.1)

The general space correlation function of the quantity aj can be expressed as:
* N N
+
XX
2
ga (r) = (V /N )
aj ak δ(r − rj − rk )
(2.2)
k6=j

j

Here, V is the system’s volume, and the angular brackets denote the averaging
over an ensemble of configurations. For an isotropic liquid we are only interested
in the correlations of the local density fluctuations which are spherically averaged. These are expressed by the radial distribution function which quantifies the
probability density of the quantity in question at the distance r from the tagged
particle.
+
* N N
XX
2
ga (r) = (V /N )
aj ak δ(r − |rj − rk |)
(2.3)
k6=j

j

These can be produced by the simulation within an interval of time where the
system is assumed to remain in the state of ergodic equilibrium.
In the simplest case, when we consider the correlations of the local fluctuations in the number density, it is assumed that aj = 1. Then the microscopic
distribution of the number density, and its radial distribution function will be,
respectively:
ρ(r) =

N
X
δ [ r(t)j − r ]

(2.4)

j

* N
+
X
g(r) = (V /N )
δ ( r − |rj − rk |)
2

(2.5)

k6=j

The macroscopic isotropy of liquids implies that the structural correlations
must be limited in space. It has to be noted that the correlation length is, in
general, dependent on the local quantity being considered.
5

The liquid structure is macroscopically measured by diffraction experiments.
The quantity measured in these experiments is the scattered intensity of either
X-rays or the neutrons. In terms of the particle configuration the diffraction measurements can be expressed by the structure factor defined as
S(Q) = hρ(Q)ρ(−Q)i

(2.6)

where ρ(Q) is the Q-component of the spatial Fourier-transform of the instantaneous number density distribution of a system of N particles ρ(r) defined by the
Eq. 2.4. It is expressed as:
N
1 X
ρ(Q, t) = √
exp[−iQrk ]
N k=1

(2.7)

rk being the position of particle k, and the angular brackets denote the averaging
over the ensemble of configurations produced within the simulation time interval.
In the case of systems with long-range order, the structure factor conveys full
information about the spatial correlations in the number density which allows
to identify its symmetry group. Liquids are macroscopically isotropic, and the
structure factor of a liquid is spherically symmetric. The diffraction intensity
pattern of a liquid in the reciprocal space shows only radial variation. Therefore,
in order to describe an isotropic liquid structure, the three-dimensional S(Q)
can be mapped onto a one-dimensional function by averaging over the spatial
angles. A spherically-averaged static structure factor can be calculated from the
spherically invariant radial distribution function g(r) as follows:
Z ∞
sin(Qr) 2
r dr
(2.8)
[g(r) − 1]
S(Q) = 1 + 4πρ
Qr
0
The most fundamental feature of the liquid state, and in fact, its defining property discriminating it from the crystalline solids, is its fluidity. It essentially
means that all the correlations in a liquid are limited in space and time. Their
relaxation can be observed as the time evolution of the respective correlation
functions. The most elementary correlation relaxation process in a liquid is dissipation of the single-particle distribution which is a delta function at the initial
time point when a particle is positioned at rj (0). The distribution of its positions
rj (t), produced after the time t as a result of multiple collisions with other particles, is described by its second moment, the mean squared particle displacement
(MSD) h[ri (t) − ri (0)]2 i. If the consecutive particle steps are uncorrelated, its
time evolution is linear described by Einstein’s law:
h[ri (t) − ri (0)]2 i = 2nDt

(2.9)

Here D is the diffusion coefficient, n is the dimensionality of the space in
which the diffusion process takes place. It has to be noted that the linear time
behaviour of the MSD is a necessary condition for the system’s equilibrium state.
A linear dependency in time is indeed a signature of a random walk (Einstein
Brownian motion ), thus the system is uncorrelated to the initial condition.

6

The temperature dependence of the diffusion rate in an equilibrium liquid
state is known to be described by Arrhenius law [1]:
D = D0 exp (−A/kB T )

(2.10)

Here A is the activation free energy characteristic of the diffusion mechanism
involved and kB is Boltzmann’s constant. The pre-factor D0 is assumed to be
dependent on the collision frequency between the diffusing particles.
Recently, an alternative description was suggested for the liquid diffusion [4]
relating D to the thermodynamic entropy:
D = D0 exp (s)

(2.11)

Here, s is the excess entropy, per particle, and the scaling factor D0 quantifies
the time scale in terms of collision frequency and the spatial scale in terms of the
effective particle diameter.
The dissipation of the liquid structure in terms of the pair correlations as expressed by the radial distribution functions, Eq. 2.5, can be conveniently measured by monitoring the decay in time of their reciprocal-space counterpart, the
structure factor. The latter process is described by the intermediate scattering
function, F (Q, t), defined as:
F (Q, t) = hρ(Q, 0)ρ(−Q, t)i

(2.12)

where the angular brackets denote averaging over all possible directions of Q
and over the ensemble. It is obvious that F (Q, 0) = S(Q). This function can be
measured by the inelastic neutron scattering.
It has to be mentioned that the two fundamental relaxation processes in liquids, the single-particle diffusion and the structural relaxation dynamics are inherently coupled. A diffusive motion of a particle can only occur as a result of
the local structural relaxation event, a rearrangement of the cage of the particle’s
nearest neighbours. This kinetic mechanism is described by the mode-coupling
theory [5]
Some physicists working with condensed matter say that bulk was created by
God whereas layers and surfaces were made by Devil. This refers to the difficulty of the theoretical description of the low-dimensional phases. The statistical mechanical framework introduced above refers to the uniform bulk fluids in
three dimensions (3D). However, liquids can exist in thermodynamic equilibrium
while demonstrating anisotropy in one or more of their spatial dimensions. Such
an anisotropy can be induced by external conditions e.g. through the interaction
with force fields or by contact with confining surfaces. Alternatively, it can occur without external influence as a result of a particular shape of the constituent
molecules or be induced by a particular kind of interaction between them; this
happens e.g. in smectic liquid crystals and other lamellar structures.
There is a growing interest in the liquids demonstrating geometric constraints.
This interest is both conceptual and motivated by the potential scope of their technological applications. The lack of theoretical description makes the information
obtained from the particle-based simulations of these phases highly valuable.

7
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Figure 2.2. Illustration of the 3 cases of confined-liquids. (a) Amino acid adsorbing on hydrated
T iO2 surface (Papers III and IV), b) hexatic layer in a smectic phase (paper VI). The color gradient
is a measurement of the hexagonal order as explained in the 5th chapter , c) unit cell of a triply
periodic structure with Fddd symmetry group (paper VII)

One technologically important case of externally induced liquid anisotropy is
the anomalous behaviour of water in the proximity of an adsorbing inorganic surface (Fig.2.2 (a)). The reactivity properties at the interfaces induce strong stratification of the water with significant gradient of the structural and dynamical
properties along the axis perpendicular to the surface. The liquid modification in
proximity of the surface significantly affects the interactions of binding solutes,
that are completely mediated by the perturbed water molecules. Accurate first
principle computations in combination with advanced sampling techniques are
necessary to assess the relevant macroscopic quantities. Due to the lack of experimental data able to detect the phenomena occurring at the solid-liquid interface,
particle based simulation remain the most powerful tool to discern the physic
characterizing this environment. The relevance for nano-technology applications
and a detail description of the behaviour of water and biological molecules interacting with nano-structured Titanium oxide will be the focus of the first part of
this thesis.
Phase behaviour of 2D liquid layers has recently become in the focus of research activity because of the finding by Kosterlitz and Thouless of a new phase
of matter, called hexatic phase, which emerges in the melting of a 2D liquid (the
2016 Nobel prize) [6, 7]. A simulation of the hexatic phase in a layer of a smectic
liquid crystal performed by the author will be discussed below (Fig.2.2 (b)).
Another technologically important example of a liquid phase demonstrating
geometric constraints addressed in this study is microphase separation. It was
theoretically predicted by Lebowitz and Penrose more than 50 years ago that
some liquids in spinodal domain avoid macroscopic separation of phases forming instead some mesoscopic-scale patterns [8]. Triply periodic continuous morphologies formed by microphase separation are found in the melts of block copolymers. These structures are both elegant and very interesting technologically.
Their geometry can be reduced to the two-dimensional continuous triply periodic minimal surface which confines the separated morphologies (Fig.2.2 (c)).
A fundamentally important problem in understanding the origin, and the forma8

tion mechanism of these mesophases is the complexity reduction: this concerns
both the geometry of constituent particles and the number of components. This
problem is addressed in the computer simulations being reported in this Thesis.

9
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3 Particle-based simulation methods
3.1

Classical Molecular dynamics

Molecular dynamic is a numerical technique to explore the phase space of a systems of particles. Starting from an initial configuration of particles their positions and velocities evolve accordingly the classical Newtonian equations of motions (EOM). The trajectories so generated can be used to derive thermodynamic,
structural and dynamical properties of the studied system [2]. Assuming as valid
the ergodicity principle, for which one can identically take averages in time and
in phase space configuration, macroscopic quantities can be calculated once an
equilibrium state is reached, that is when the system loses its correlation with its
starting configuration and its thermodynamic properties do not change in time.
The EOM for a system composed of N particles of mass M can be written as:
~¨i = F~i
Mi R

(3.1)

~ i is the position of the i particle and F~i is the force acting on the
Where R
particle. All the physic is included in the definition of the force that is derived by
the inter particle potential as:
F~i = −∇R~i V (~r)

(3.2)

where V (~r) contains all the energetic contributions describing the attraction/repulsion of the systems’ constituents. The potential in classical MD is normally described as a pair function between the different particles in the system.
The pair potential is a function of the relative particles’ position and orientation
and three body terms are often ignored. The standard integration method for Eq.
3.1 is called velocity Verlet:
~
~ i (t + ∆t) = R
~ i (t) + ∆tV~i (t) + ∆t2 Fi (t)
R
2Mi
~i (t) + F~i (t + ∆t)
F
V~i (t + ∆t) = V~i (t) + ∆t
2Mi

(3.3)
(3.4)

This integrator guarantees the conservation of the total energy when the time
step is adequate to maintain the system numerical stability. Time scale is attributed to fastest motion in the system, like the stretching of an X-H couple (≈
10 fs) or the electrons frequency ≈ 0.1 fs. For this reason the time step in Eq. 3.3
is chosen to be 10-20 smaller the characteristic time scale. Periodic boundaries
11

are usually applied in order to simulate liquid bulk or crystal structures. In liquids
it is important to take a simulation box size large enough to contain entirely the
characteristic correlation length arising from Eq. 2.5. In general a system should
be large enough to avoid self interaction with its periodic first-neighbour images
(Fig.3.1).

Figure 3.1. Schematic representation of periodic boundary conditions in MD

Molecular dynamic explores the phase space in a defined statistical ensemble. The canonical ensemble where the volume, the number of particles of the
temperature are kept fixed (NVT), is used here to reproduce realistic macroscopic
quantities. An important factor in setting up a MD simulation is fixing the system size and its relevant degrees of freedom (DOF). The higher is the number of
DOF the smaller is the number of particles that is possible to simulate. According
this principle normally 2 different philosophies can be followed. It is possible to
study and extract specific physical quantities from a system from which the important DOF are well known, or it is possible to coarse grain (CG) a system up
to the simplest level (like identical spherically interacting particles) in order to
understand which are the important DOF for a certain phenomena. In this work
I will explore both these cases: first I will show the importance of including a
fully quantum description in order to catch the reactivity on an adsorbing surface
and second I will characterize the phase transition of complex liquids using CG
models.

3.2

Ab-initio Molecular dynamics

When the potential described in Eq. 3.2 is not known a priori or its description
includes non classical terms, it is necessary to derive the forces from first princi12

ples.
3.2.1

Many Body Quantum System

For a system of many atoms or molecules, the full wave function and Hamiltonian
can be written as follow:
N nuclei

z
}|
{
~ 1, R
~ 2, · · · R
~ N , ~r1 , ~r2 , · · · ~r )
Ψ = Ψ(R
|
{z M̃}

(3.5)

M̃ electrons

~ 1, R
~ 2, · · · , R
~ N , ~r1 , ~r2 , · · · , ~r ) =
H(R
M̃
~ 1, R
~ 2, · · · R
~N)
Hnuclei (R

+ He−e (~r1 , ~r2 , · · · ~rM̃ )
~ 1, R
~ 2, · · · R
~ N , ~r1 , ~r2 , · · · ~r ) (3.6)
+ He−nuclei (R
M̃

where N is the total number of nuclei, M̃ is the total number of electrons and
~ , ~r are their respective positions.
R
Specifying every single right term in the equation 3.6 we have:
~ 1, R
~ 2, · · · R
~N) = −
Hnuclei (R

He−e (~r1 , ~r2 , · · · ~rM̃ ) = −

N
N
N
X
h̄2 2
e2 X X Zi Zj
∇R~i +
~i − R
~ j|
2M
8π0 i=1 j6=i |R
i=1

M̃ M̃
M̃
X
1
e2 X X
h̄2 2
∇r~i +
2m
8π
|~
r
−
~rj |
e
0 i=1
i
i=1
j6=i

~ 1, R
~ 2, · · · R
~ N , ~r1 , ~r2 , · · · ~r ) = −
He−nuclei (R
M̃

N M̃
e2 X X
Zi
~ i|
4π0 i=1 j=1 |~rj − R

(3.7)

(3.8)

(3.9)

where Zi are the atomic numbers of the nuclei.
3.2.2

Born - Oppenheimer adiabatic approximation

We can consider that electrons and nuclei have different specific mass and consecutively have different velocities. Due to this, their relative dynamics change
depending on the inertia that each particle experiences. More specifically we have
that
mp
⇒ mp >> me
(3.10)
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where me and mp are the electron and nuclei mass respectively. So there are
two different time scales in the system: one faster for electrons dynamics, which
can relax rapidly to their ground state, and one slower for the nuclear motion. This
is always valid whenever the energy of the first electronic excited state is much
me ≈
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larger than kT, which is often the case. The basic idea of the Born-Oppenheimer
approximation is to split the nuclear and electronic motion, solving separately
Schrödinger equation composed by electronics variables coordinates, and another
one composed just by nuclear variables coordinates, as they can be considered
independent one with respect to the other. In this sense we can write a Schrödinger
equation for the electronic part only as follow :

M
2
X
h̄
~ ;··· ;R
~ , ~r , · · · ~rM ) Ψ(R
~ 1; · · · ; R
~ N , ~r1 , · · · ~rM ) =
−
∇2 + V (R
| 1 {z N} 1
2me ~ri
i=1


parameters

~ 1; · · · ; R
~ N , ~r1 , · · · ~rM )Ψ(R
~ 1; · · · ; R
~ N , ~r1 , · · · ~rM ) (3.11)
E(R
~ i are parameters instead than variables.
where this time R
This approximation could be satisfactory until the nuclear vibrations have
time scales much lower than electronics ones.
3.2.3

Density functional theory (DFT)

Eq. 3.11 still requires the solution for 3N variables. Further the evaluation of
the He−e contribution remains unfeasible even using large computers facilities.
Hohenberg and Kohn [9] demonstrated that the total energy of the system can
be written as a functional form of the electronic density, that is a simple scalar
function in the 3D real space. The total energy can be rearranged as:
Z
E [ρ] = EN −e [ρ] + T [ρ] + Ee−e [ρ] =

ρ(~r)VN −e (~r)d~r + FHK [ρ]

FHK [ρ] = T [ρ] + Ee−e

(3.12)

where the functional FHK [ρ] is a universal functional for all the electronic
system and it represents the holy grail of the density functional theory. If it were
known, we would have solved the Schrödinger equation exactly! FHK [ρ] contains the functional for the kinetic energy T [ρ] and that for the electron-electron
interaction, Ee−e [ρ]. The explicit form of both these functional lies completely
in the dark. The ground state energy of a system can be written as
Z


E0 = min F [ρ] + ρ(~r)VN −e d~r
(3.13)
ρ→N

where the universal functional F [ρ] contains the contributions of the kinetic
energy, the classical Coulomb interaction and the non-classical portion:
F [ρ] = T [ρ] + J [ρ] + Encl [ρ]

(3.14)

Among these, only J [ρ] (the classical Coulomb interaction) is known. The
main problem is to find the expressions for T [ρ] and Encl [ρ].
Kohn and Sham [10] proposed in 1965 the approach described below. They
suggested to calculate the exact kinetic energy of a non-interacting reference system with the same density as the real interacting one
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N

1X
hΨi |∇2 |Ψi i
2 i

(3.15)

|Ψi (~r, s)|2 = ρ(~r)

(3.16)

TS = −
ρS (~r) =

N X
X
i

s

where Ψi are the orbitals of the non-interacting system. Of course, TS is not
equal to the true kinetic energy of the system. Kohn and Sham accounted for that
by introducing the following separation of the functional F [ρ]:
F [ρ] = TS [ρ] + J [ρ] + EXC [ρ]

(3.17)

where EXC , the so-called exchange-correlation energy, is defined as:
EXC [ρ] = (T [ρ] − TS [ρ]) + (Ee−e [ρ] − J [ρ])

(3.18)

The exchange and correlation energy EXC is the functional that contains everything that is unknown. Now the question is: how can we uniquely determine
the orbitals in our non-interacting reference system? In other words, how can we
define a potential VS such that it provides us with a Slater determinant which is
characterized by the same density as our real system? To solve this problem, we
write down the expression for the energy of the interacting system in terms of the
separation described in 3.17 :
E [ρ] = TS [ρ] + J [ρ] + EXC [ρ] + EN −e [ρ]

(3.19)

ZZ
Z
ρ(~r1 )ρ(~r2 )
1
d~r1 d~r2 + EXC [ρ] + VN −e ρ(~r)d~r
E [ρ] = TS [ρ] +
2 N
r12
N
N
N ZZ
1X
1 XX
1
=−
hΨi |∇2 |Ψi i +
|Ψi (~r1 )|2 |Ψj (~r2 )|2 d~r1 d~r2 + EXC [ρ] −
2 i
2 i j
r12
N Z X
M
X
ZA
−
|Ψi (~r1 )|2 d~r1
r
12
i
A
(3.20)
The only term for which no explicit form can be given is EXC . We now apply
the variational principle and ask: what condition must the orbitals {Ψi } fulfill in
order to minimize this energy expression under the usual constraint hΨi |Ψj i =
δij . The resulting equations are the Kohn-Sham equations:
"Z
#!
M
X
ρ(~r2 )
1 2
ZA
− ∇+
d~r2 +VXC (~r1 )−
Ψi =
2
r12
r12
A
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!
1 2
− ∇ +VS (~r1 ) Ψi = i Ψi
2
(3.21)

Z
VS (~r1 ) =

M

X ZA
ρ(~r2 )
+ VXC (~r1 ) −
r12
r12
A

(3.22)

Once we found VS according to Hohenberg-Kohn theorem we have the ρ(~r) of
the real system , that we can use to calculate the E0 of the real interacting system
with 3.19.
The exchange-correlation potential, VXC is defined as the functional derivative of EXC with respect to ρ, i.e. VXC = δEδρXC .
Once we know the various contributions in 3.21 and 3.22 we have a grip on
the potential VS which we need to insert into the one-particle equations, which
in turn determines the orbitals and hence the ground state density and the ground
state energy employing 3.20. Notice that VS depends on the density, and therefore
the Kohn-Sham equations have to be solved iteratively.
3.2.4

Born-Oppenheimer MD vs. Car-Parrinello MD

Eq. 3.22 can be used to calculate the electronic wave functions Ψi and the total
energy for the ground state. In order to use this information to generate a MD
simulation, it is necessary to evaluate the forces acting on the the system. In
the Born - Oppenheimer (BO) approximation only the forces on the nuclei are
considered and they are easily calculated by taking the derivative of the total
energy with respect to the ions positions Ri .
∂E
d2 Ri
=−
dt2
∂Ri
The total energy is a function of Ri :
Mi

T [Ri ] = hΨ|H|Ψi = E[Ψik (Ri ), Ri ]

(3.23)

(3.24)

where E[Ψik (Ri ), Ri ] is the Kohn-Sham energy functional :
E = Ekin + EXC + EH + Eps

(3.25)

being Ekin the kinetic energy, EXC the exchange-correlation energy, EH the
Hartree energy and Eps the pseudo potential energy contributions. The HellmannFeynman[11] theorem states that as Ψ is an eigenstate of H, the contribution to
FI coming from the implicit dependence of FI to Ri in Ψik (Ri ) is null, so that
have to be taken in account just the explicit dependence of FI to Ri . In principle,
there should be an additional contribution to FI from the dependence on Ri of
the basis set used to describe the wave functions. This term is called the Pulay
force, but when a plane wave basis is used, this term is zero. When other basis
sets are used which depend on the ionic positions, e.g., localized orbitals on the
atoms, the Pulay force must be calculated explicitly.
Car and Parrinello [11] proposed and alternative protocol to compute the
forces required for generating the dynamic. They proposed to assign a small mass
to the electrons and to propagate the electronic wave functions generated by the
ground state accordingly to the Newtonian-like equations. In this way the force
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gain an extra term constituting by the derivative of the total energy with respect
to Ψi :
d2 Ψi
δE
(3.26)
=−
dt2
δΨi
Eq. 3.23 is coupled with Eq. 3.26. In CPMD the total energy must not be
recomputed every MD step as for BOMD (which saves computational time), but
a careful evaluation of the parameter µ is required. This also implies that the time
step for integrating the equations of motion is about 20 times smaller compared
with BOMD. While BOMD always provides an exact dynamic at the Fermi surface CPMD oscillates around it, in contrast CPMD conserves the ensemble-total
energy of the system while BOMD depends on the accuracy of the convergence
(Fig. 3.2).
Diagonalizing a matrix arising from a big system composed of many variables, as it is usual for electronic problems, requires a high usage of computational
resources. CPMD only needs to compute the total energy in the very beginning of
the calculation. This makes CPMD very attractive compared with BOMD. Nevertheless recent developments in algorithms managed to compute the ground state
of a system by smart transformation of the secular matrix. In this way the self
consistency at each step in BOMD is obtained in few iterations making BOMD a
perfect competitor of CPMD.
µ

Figure 3.2. Fermi surface explored by BO and CP molecular dynamic.

3.2.5

Tight Binding (TB)

Molecular dynamic simulations in the DFT framework are still limited by the system size and the accessible physical time scales. The implementation of DFT algorithms in large cluster allows to simulate systems composed of 500-5000 atoms
for time scales in the order of picoseconds. A further approximation that is possible to introduce consists in parametrazing the atomic interactions decomposing
the total Hamiltonian in contribution of many body interactions of increasing order:
Hj (~r) =

X
X
P2
+ Uj (~r) +
Ui (~r) +
Us (~r) + ....
2mj
i6=j
s6=i6=j
17

(3.27)

Introducing an orthonormal molecular basis set, the Lödwin Orbitals Ψα,j ,
one can write the matrix elements of the Hamiltonian as:
hΨα0 ,j 0 | Uj (~r) | Ψα,j i = atomic orbital energyαj
*

+

Ψα0 ,j 0 |

X
i6=j

Ui (~r) | Ψα,j

*
Ψα0 ,j 0 |

(3.28)

= 2 body interactions

(3.29)

+
X
s6=i6=j

Us (~r)) | Ψα,j

= 3 body interactions

(3.30)

Slater and Koster [12] introduced this parametrization discarding the 3 body
contributions and considering the interactions of atoms only with their first neighbours. In this way a MD simulation can be boosted by a factor of 1000 if the
overlap integrals properly describe the principal energetic features of the system.
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4 Solid-Liquid interfaces: T iO2 nanostructures
Inorganic materials like metals and oxides constitute a standard confinement for
liquids whose structural and dynamical properties are affected only in the very
proximity of the exposed inorganic surfaces [13]. The liquid-solid interactions
usually extend up to a few nanometers from the interface harnessing the experimental accessibility to this small region. In this respect atomistic simulation
are essential to probe this nanoscale length in order to correctly characterize all
the relevant physical interfacial phenomena. Inorganic surfaces are very complicated to described by classical mechanic due to their reactivity properties. Undercoordinated atoms exposed at the interface are active sites for reaction processes
like surface cleavage, water splitting, molecules adsorption/deprotonation. These
effects are intrinsically related to the electron correlations that characterize metals
and semiconductors and they influence the interfacial liquid state. A fully atomic
description that includes the quantum nature of the matter is necessary to address
the relevant physical properties in this field. Titanium dioxide is a very fascinating material that has been widely studied for its bio-compatibility[14, 15]. Many
application that span biosensing [16, 17] and smart surfaces [18] are based on
T iO2 engineering. The photo catalytic properties of titanium dioxide attracted a
great interest in the scientific community. The applications of T iO2 –water interfaces in the field of energy production was largely investigated and exploit in
solar cells enhancement [19] , self cleaning applications [20] and hydrogen gas
production [21].
Particularly in the field of nano-toxicology understating the adsorption process at the solid-liquid interface is the key for anticipating possible interactions
with biological systems[22, 23]. In general inorganic nano-materials get coated
by a corona of proteins when embedded in a physiological living system[16].
This corona will further interact with cells and bio-membranes perturbing their
normal functions. Although macroscopic T iO2 is well known for its capability
of not creating rejection mechanism when inserted in a living system, the reasons
why this occurs and how to control it remains ambiguous.
T iO2 nanoparticles, due to their small size, are particularly interesting for
their biomedical applications [24]. They may reach inaccessible parts of the body
(e.g. by crossing the blood–brain barrier) and may be suitable for use in targeted
drug delivery [25, 26, 27].
T iO2 is a high hydrophilic material and its surfaces are covered with strong
adsorbed water molecules that mediate the interaction with other adsorbents. Understating the liquid properties in proximity of T iO2 nano-structures is the first
19

Anatase

Rutile
Brookite

Figure 4.1. T iO2 crystal phases and their unit cells [28].

step for increasing our understating of the molecule adhesion mechanism at the
interfaces.
Characterizing wetting and water reactivity on nanosized T iO2 on the atomic
scale is therefore crucial to understand nanotoxicity, to control photocatalyticity
[29], and for using interfacial water to modulate the adsorption of biomolecules
such as proteins, lipids and sugars to metal oxide nanoparticles [30].
The structural and dynamical properties of water in contact with T iO2 strictly
depends on the type of nanoparticle and its exposed facets. The T iO2 reactivity
is a function of the crystallographic planes that compose a nano-particle surface
and the defects present on them. For this reason it is important to evaluate which
are the T iO2 phases that form a nano-structure and which facets are the most
abundant. Rutile and Anatase are the most common T iO2 phases, the latter being
predominant for particles size smaller than 10 nm [31] (Fig. 4.1 ). Brookite is
the third possible T iO2 phase present in nature but its stability is still debated. In
Fig. 4.2 the lowest energy surfaces for the 3 phases are reconstructed accordingly
with the Wulff scheme [32, 33]. It is evident as the even on a pristine crystal the
edges of two or more different facets create under-coordinate atoms species like
T in and oxygen bridges Obr , that are natural reaction sites for water molecules
and biomolecules.

Figure 4.2. T iO2 Wulffs constructions with their relative crystallographic planes [32, 33].

In the following a systematic investigation about how the water molecules are
affected by the interaction with the different T iO2 phases and surfaces is reported.
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We conclude this study investigating the influence of the confined water on the
adsorption behaviour of relevant biological molecules such amino acids.

4.1

Simulations details

In the following sections different ab-initio simulations of water interacting with
T iO2 will be presented. CP2K [34] software was used to run all the MD simulations, while Quantum Espresso [35] was used in the structural relaxations for the
anatase (001) surface. The exchange and correlation functional was adopted as
the general gradient approximation (GGA) which implements a gradient formulation of the electron density, ρ(~r), in order to account for the non-homogeneity
of the true electron density:
Z
GGA
EXC
[ρα ] = f (ρα , ∇α )d~r
(4.1)
The PBE [36] functionals were used for static relaxation while the BeckeLee-Yang-Par (BLYB) [37, 38] functionals were implemented for the dynamic
simulations of water, as it was shown to give good properties[39, 40]. Long range
dispersion as implemented in the Grimme [41] formulation were adopted for all
the calculation, as it well established that they are essential in order to reproduce
reliable physical properties for water and T iO2 surfaces [42] .
Quantum Espresso (QE) simulations adopted electron ultrasoft pseudopotentials [43] for the core electron interactions while in CP2K the norm-conserving
pseudopotentials of Goedecker, Teter, and Hutter are implemented [44]. A fully
plane waves formulation is used in QE to define the basis set, for which is sufficient to define a cut off in energy in order to fix the number of plane waves needed
in the simulation (60 Ry in our calculations). CP2K uses a Gaussian basis set to
describe the valence electron, while the electron density required to calculate the
non local coulmbic contribution to the total energy is expanded in plane waves.
Gaussian basis set with polarization functions (DZVP) [45] and a cut off in electron density of 400 Ry were set for our simulations. In order to reproduce the
proper T iO2 bulk lattice parameters, from which extrapolate the different pristine
surfaces, the brillouin zone was sampled with 444 (bulk) k-points grid according
the Monkhorst-Pack scheme grids [46]. The bare Γ point was used instead in
MD runs and for the anatase (001) surface calculations. This is a normal choice
considering that the simulated box volume in MD and in (001) surface are large
and thus the reciprocal volume becomes pretty small. Moreover the liquid system
is a disordered system and it is not convenient to take any information about the
periodic images.
The temperature in MD simulations was controlled by the velocity rescaling
thermostat of Bussi et al. [47] with a time constant of 0.1 ps.
Ab-initio MD simulations (within the DFT framework) requires large clusters
of CPUs to be run. In order to give to reader the sensibility of the magnitude of
the time needed to simulate, for instance, a trajectory of 50 ps on a systems of
about 600 atoms, it is possible to estimate that around 500000 computational
hours are required. The investigation of the adsorption free energy of aminoacids adhering on T iO2 surfaces (explained in Sec. 4.5) implemented 8 parallel
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simulations, each of them run for 50 ps. This implies that about 4 millions of
computational hours were used for each amino acid.

4.2

Hydrated T iO2 nanoparticles
Anatase

Rutile

Brookite

Figure 4.3. Snapshots of the BO-MD trajectories for the 3 simulated nanoparticles of different
T iO2 phases. The water molecules adsorb and react on the under-coordinated Ti atoms (Paper
I).

Although experiments [48] and theoretical calculations [49, 50] describe the
adsorption and dissociation process of water molecules on T iO2 surfaces much
less is known about the irregular surfaces of wet nanoparticles, where the higher
frequency of surface defects, like oxygen vacancies [51] and facets junctions [52,
53], may lead to higher reactivity [54, 55].
In order to discern the role of the different phases and facets on water we firstly
studied the reactivity properties of an adsorbing water mono-layer on nanoparticles for the three different T iO2 phases. We performed extended MD simulation
at increasing water coverage on the T iO2 nanoparticles.
The goal was to address the reactivity hierarchy of these phases and to compare the adsorption enthalpies with the available literature data in order to validate
the model we used.
In Fig. 4.3 a representation of 3 different phases interacting with adsorbing
water molecules is shown. The T iO2 -water reactivity is determined by the defects
at the edges that create low coordinated Ti atoms. Ti atoms are 6-fold coordinated
with oxygens in T iO2 bulk, while their coordination drop to 3,4 and 5 when exposed at the surface. The lower is the coordination higher is the reactivity with
water. Water oxygens are adsorbed on the surface Ti atoms in order to reconstruct
the natural coordination in the T iO2 bulk.
An interesting observation is that the reactivity is a function of the water coverage. In Fig. 4.4 the fraction of dissociated waters on the anatase, rutile and
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Figure 4.4. Fraction of dissociated waters on the anatase, rutile and brukite nano particles plotted
against the water coverage. Different colors indicate the O − H coordination number (Paper I).

brookite nano particles is plotted against the water coverage. The water dissociation is defined as the coordination number between water oxygens and hydrogens
that can be 3 for OH3+ group, 2 for molecular water , 1 for OH groups or 0 for
protrusions. While anatase and rutile show a maximum in reactivity around 0.02–
0.04 coverage, the brookite phase has monotone decreasing activity. We expect
that this effect contributes significantly to the water behaviour at the interface
with the different T iO2 phases when fully hydration is present.
In order to check if the properties of adsorbing molecules were well represented by our MD simulations we measured the adsorption enthalpy defined as:
∆H =

Hwet (n) − Hdry
− Hgas
nH2 O

(4.2)

where Hwet (n) is the enthalpy of the T iO2 ∗nH2 O cluster and Hdry = Hwet (n =
0) is the enthalpy of the T iO2 NP alone. Hgas is the enthalpy of a gas water
molecule, computed with the same parameters as those employed in the cluster simulations (we use the terms enthalpy and energy interchangeably since the
pressure–volume contribution can be neglected).
In Fig. 4.5 the ∆H against the water coverage are reported and compared with
the available experimental data. We observed that the trend is well reproduced for
anatase and rutile. Classical molecular dynamic were unable to predict the same
behaviour in the low coverage region, indicating that a full electronic description
of the system is essential to catch the relevant physical properties. The differences
in absolute enthalpy values can be attributed to the small size of the nano-particles
used in our simulations. The nanoparticle size we used have a diameter of about
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Figure 4.5. Adsorption enthalpies trends for water adsorbing on T iO2 NPs as a function of the
water coverage (Paper I).

of 1.5 nm, characterized by a large surface/volume ratio. The larger is this values
higher is the formation of surface defects at the edges, thus and higher enthalpic
value for the water adsorption.

4.3

The facet dependence: T iO2 (001) surface case

Anatase is of particular interest in nanotechnology because it is the stable phase of
T iO2 for particles with size smaller than 14 nanometers [31]. Although the most
relevant surface, according the Wulff construction [32], is the (101), the surface
(001) was attracting interest for its ability of being reactive upon hydration [56].
Indeed, during the last years, the anatase (001) surface of T iO2 has received major
attention because of its high photocatalytic reactivity and the fact that procedures
of synthesis have been devised to obtain stable T iO2 particles with minority facets
[57]. More precisely anatase (001) splits naturally a water molecule, breaking one
T i4 −Obr bond in order to reconstruct a (101) surface which is more energetically
stable (Fig. 4.6).
Despite this enhanced reactivity mechanism of this surface the experimental
results are rather controversial and do not confirm such predictions[49, 58]. Selloni and Lazzeri provide a model for which the anatase (001) shows a (1 × 4)
reconstruction, the so-called ADM model [59] (Fig.4.7), but the reactivity at the
ridge sites contradict the experiment evidence of the inertness of the T iO2 (001)
surface in water.
The question is whether this spontaneous reactivity is kept in an aqueous environment and which is the hydration path that stabilizes this surface. The pristine
(001) surface indeed, being highly reactive, is unstable and can easily undergo
to a reconstruction process like the one proposed by Selloni et al. [59] (Fig 4.8
b) in their ADM model. We investigated the possible hydration patterns that
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Figure 4.6. Water splitting on the anatase (001) surface.

would make the anatase (001) a stable inert surface. By sequentially adding water molecules on the reactive sites we establish which waters configuration minimized at the same time the tensile stress and the surface energy, that provides the
driving forces that triggers the surface reactivity.

Figure 4.7. Antase (001) stress driven reconstruction. (a) the 2x4 reconstructed model for the
reactive anatase (001) surface. (b) The ADM model. (bottom) Tensile stress relief upon water
hydration. When the 4x4 pattern of water molecules is formed no further reactions are observed
and the water adsorption remain molecular. (Paper II)

The surface energy in wet conditions can be calculated as:
Ea
(4.3)
A
where γgs is the surface energy in the dry ground state, A is the surface area
γwet = γgs + nH2 O
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Figure 4.8. WIR model stability:(left) Snapshot of the BOMD simulation of the fully hydrated
reconstructed anatase (001) surface. (right up) The surface energy and the adsorption energy per
water molecule are plotted against the water coverage. The minimum in both case is reached
when the 4x4 pattern is completed (right bottom). (Paper II)

and Ea is the Adsorption energy per water molecule defined as:
Ea =

Ewet − Edry − nH2 O EH2 O
nH2 O

(4.4)

The high tensile stress present on a dry pristine surface triggers the cleaving
mechanism with an consequent relaxation of the surface energy (Fig. 4.7 b)
We found out that a 2x4 reconstruction (Fig.4.7) achieves the maximum relaxation of the tensile stress and the consequent minimization of the surface energy.
The final surface geometry of this new water induced reconstruction model (WIR)
resembles very well the ADM model. We notice that the surface energy of the
WIR model is always lower than the ADM model thus it can be used as as valid
alternative for representing the inert state of the anatase (001) surface. Indeed
further adsorption of water molecules on the reconstructed surfaces do not show
further reactivity and their adsorption energy values are in agreement with the
ones reported for the anatase (101). We finally checked if under fully hydration
the system would keep this optimal conformation by running ab-initio MD on the
reconstructed (001) surface. The structural properties were fully maintained. An
interesting observation is the role of the dispersion forces at full hydration, that
decrease the adsorption energy per water molecule, but increase the total surface
energy.
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4.4

Fully hydrated T iO2 surfaces
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Figure 4.9. Schematic representation of the (110),(100) and (001) rutile surfaces (up left). The
orange and green circles represent the water adsorption on the T i5 and Obr respectively. (left
bottom) the dipole angle distributions and (right) the water density profiles along the direction
perpendicular to the surfaces (Paper III).

Finally we studied the full hydration condition of the most common T iO2
surfaces for Rutile and Anatase. We have simulated 6 different surfaces and analyzed how the reactivity, structural and dynamical properties of liquid water get
affected by this confinement. In this section only the results for rutile surfaces
will be reported for the sake of simplicity. In Fig. 4.9 the density profile of water
oxygen atoms and the water dipole orientation are reported against the variables
s, that represents the distance from the outermost Ti atoms. The T iO2 surfaces
create a layered structure that persists several Ångström in the bulk liquid water.
The first layer of adsorbed waters show peaks that are in the same density range of
the oxygens in the T iO2 bulk, indicating that water at the interface is essentially
resembling the underlying inorganic structure. The first 2 water layers not only
display a significant constrain in the transnational motion but the rotation is also
strongly suppressed as shown by the strong preferential orientation of the water
dipoles (Fig.4.9).
In order to demonstrate the differential mobility of the stratified water we implemented an advanced analysis to calculate the water self diffusion as a function
of distance from the T iO2 surfaces. Eq. 2.9 in the previous chapter is valid only
for isotropic conditions. When an anisotropic external potential is applied to the
system , like for instance a rigid surface, the diffusion coefficient must be calculated separating the contribution parallel and orthogonal to the external field. In
this respect we adopted the solution of the Smoluchowski equation [60] for the
lateral diffusion orthogonal to the surface.
The standard MSD must be corrected by the probability of the molecules to
remain in a certain layer at time t. Defining si (t) = zi (t) − z0 as the the surface
separation distance of the water molecules from the outermost Ti atoms, the new
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diffusion coefficient can be rewritten as:
1
MSDα (s, t)
lim
,
2 t→∞ tP (s, t)
where the mean square displacement at s and time t is
*P
+
N
2
i=1 (αi (t) − αi (0)) I (s, si (t), si (0))
MSDα (s, t) =
,
PN
i=1 I (s, si (0), si (0))
Dα (s) =

(4.5)
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Figure 4.10. Sketch of the method used for sampling the lateral diffusion along the direction
perpendicular to the surface. The window with thickness ∆ is continuously moving from the
T iO2 surface to the water bulk.

and the survival probability is defined as P (t, s) = hNs (t)/Ns (0)i, the ratio
between the number of molecules in layer s at time t compared to that at the
initial time. The indicator function I is used to keep track of which molecules
remain in each layer. In order to implement this formulation in our Ab-initio
MD (AIMD) calculations, where numerical errors rising from fluctuations of the
small number of water molecules in each layer are large, and in order to have a
continuum value of the diffusion coefficient as function of s, we expanded this
definition introducing a moving window function on which calculating MSDα .
The function plotted in Fig. 4.10 puts exponentially decreasing weights on
molecules that diffuse out of the ∆ layer. The approximation works well as long
as molecules do not spend a lot of time in an external high-diffusion regime before
returning to the layer.
In Fig. 4.11 the results for 3 different rutile surfaces are reported. It is evident
that the diffusion coefficient reflect the density profile reported in Fig. 4.9. The
water molecules at the interface are immobilized while water molecules belonging to the second and third layer have a gradual increase of the lateral diffusion.
The fact that the water bulk diffusion value is not reached in our simulation boxes
is an indication of finite size effects and periodicity that enhance the water structure along the direction perpendicular to the adsorbing surface. Nevertheless we
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Figure 4.11. Lateral diffusion coefficient calculated according Eq. 4.6 The straight horizontal
black line represent the bulk water diffusion. The dashed areas are indicative of the error estimation (Paper III).

can deduce that the hydration layer is strongly dependent on the underlying inorganic surface. Our calculation confirm the experimental observation that were
hypothesizing a model with 3 zones of increasing mobility[54, 61]. Here we mark
the inner two water layers as the “hard” part of the hydration layer where waters
have constrained positions and orientations in space, while the outer layers constitute the “soft” part of the hydration layer, where they have restricted positions
in space but are free to rotate.
Rutile (110)

Figure 4.12. Water splitting on the (110) rutile surface. The formation of an hydronium group
catalyze the reaction (Paper III).

Finally extended MD simulations provided interesting observations of new
reactive pathways of water splitting on the rutile surfaces. We include here the
most relevant case on which a water is split by the mediation of a third adsorbed
water molecule (Fig. 4.12). The formation of an OH3+ acts as catalyst for the
reaction promoting the splitting mechanism of water at the interface.

4.5 Adsorption at the solid-liquid interface
Once we have characterized the main features of water under the T iO2 surface
confinement, we studied how this could contribute to modify the adsorption behaviour of molecules adhering to the interface. We have shown so far that having
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a fully ab-initio description of the liquid-solid interface is fundamental to catch
all the rich variety of phenomena occurring on the reactive surface sites. This is
even more important when biological molecules that usually contain charged and
polar atomic groups interact with such complex environment. We focused our
study on the adsorption mechanism of single amino acids on the anatase (101),
that is the most abundant and stable surface for small T iO2 nanoparticles.
without bias

with bias

B

B

A

A

Figure 4.13. Schematic representation of the metadynamics method. Sequential gaussians functions are added along the collective variable. When the bias potential fill the free energy depth
the system is able to move to another point in the free energy landscape.

Adsorption processes are principally described by the measurement of the
binding free energy. The free energy can be simply calculated as kT lnP [62],
where P is the probability of the bounded state. Unfortunately in MD the occurrence of a spontaneous adsorption/desorption state is a rare event, and unfeasible
long computational runs would be needed to sample the phase space. Enhanced
sampling techniques, like metadynamics, are normally adopted to sample rare
events in molecular dynamic. In Fig. 4.13 a schematic example of how a metadynamic scheme works is sketched. The basic idea goes through the definition of
one or more collective variables (CVs) that are representative for the rare event we
want to sample. Once a proper CV is identified it is introduced in the Lagrangian
as an external variable. Sequential functions, like guassians, are added on the
CV so that the free energy can be obtain as the reverse history of the accumulated
bias functions inserted in the simulation time:
Z
1
− V(z)
e kB T dz
(4.7)
F(z) =
Z
where Z is the partition function and z is the CV, function of the microscopic
variables of the system. In principle Eq. 4.7 has not an upper bound and the continuing insertion of bias functions results in over-exploration of the phase space
in regions that are out of the physical interest. In order to limit the sampling of
the free energy landscape a time dependent function of the potential V(z) was
introduced [63, 64]:
V̇(z) = ω0 e

−
− V(z(t),t)
k T
B

e

(z−z(t))2 )
σ 2 (t)

(4.8)

In this expression the gaussian heights and widths are adjusted according the
time history of the accumulated bias potential. A smooth free energy profile can
30

be achieved in this way that converges in the long time limit.
F(z) = lim (V (z, t) + n(z, t) + const.)

(4.9)

t→∞

where V (z, t) is the accumulated bias potential and n(z, t) is the accumulated
histogram of the collective variable, a correction term needed when the Gaussians’ widths are adjusted dynamically [64]. We refer to this method as adaptive
well-tempered metadynamics (AWTMetaD).
In the context of Classical MD (CMD) these techniques have been implemented to study the adsorption of amino acids on different T iO2 surfaces [65,
66, 67], but the reported results do not provide a unified picture of the adsorption mechanism. The force fields used in these simulation lack of any information about the possibility to have local polarization or deprotonation on the surface. Moreover the water-T iO2 parameters produce either an over-structured water geometry at the interface, that completely hinders a direct adsorption of the
biomolecules[62] , or a very soft water layers that are easily substitute by any
adsorbing molecule[65, 66, 67].
Adopting metadynamic techniques with first principle calculation is very challenging due to the huge computational load they required. In order to overcome
this problem we developed a new protocol to properly sample the free energy
landscape by ab-initio metadynamics for time scales that are accessible for such
level of theory.
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Figure 4.14. Multi-walker meta-dynamics: (left) the two adsorption modes (LI and LII ) found
on anatase (101) at SSD = 2.5 Åand 3.3 Å. At SSD= 4 Åthe freely layer diffusive begins. (centre)
The surface separation distance (SSD) for the eight walkers used in the free energy calculations
of Lysine with enhanced sampling. The collective variable is adequately sampled in as little as
50 ps; the multiwalker approach thus gives a boost of at least a factor of 50 compared to standard
sampling. (right) The cumulative SSD distribution from all walkers at different times shows no
significant difference between 50 and 200 ps (Paper IV).

Indeed it is possible to calculate the free energy by integrating the mean force
acting of the CV. Cuendet et al. used a clever trick to improve the convergence
of the PMF in metadynamics with the help of the force estimator [68]. If the
collective variable is sampled in all its relevant regions then the average force in
each point of the CV’s path converge much faster than the accumulated bias in
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Eq. 4.9
PMFTI (z) = −

Z

z

rc

hF (z 0 )i dz 0 + const ,

(4.10)

where z spans the SSD-values from rc (the onset of the solid surface) to 1
nm, where the potential wall is set. We will refer to this method as MetaDF
(metadynamics with force integration) in the remainder of this text.
The final binding free energy can be obtained as [62] :
 Z rc +δ

−F(z)
1
kB T
∆Fads = −kB T ln
e
dz ,
(4.11)
δ rc
where z spans the SSD values from rc (minimum value) and rc + δ (SSD in
the bulk), and δ is the length sampled by the collective variable.
Further we implemented a multi-walker scheme [69] that allow to simultaneously explore the CV in different regions speeding up the sampling.
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Figure 4.15. Potentials of mean force (PMFs) for Lysine on anatase (101) calculated with (a)
MetaDF and (b) AWTMetaD along the SSD variable (c). The PMF converges to an error of
3 kJ/mol within 70 ps with MetaDF but fails to converge after 300 ps with AWTMetaD (d).
Reported times are per walker, and we used eight walkers per calculation (Paper IV).

We tested this new protocol in the context of ab-initio simulation using a
Tight-Binding approach. In the following I discuss the results obtained from a
Lysine molecule adsorbing at the anatase (101) surface. Charged amino acids as
Lysine are considered to be the leading molecules governing the adhesion processes of bigger macromolecules, like peptides and proteins [70, 54, 71]. They
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represent a computational challenge due to the fact that they can change their protonation state or create strong locally polarized interactions at the interface. In
order to avoid self interactions with periodic images the standard analogue form
of the Lysine is adopted, where the backbone is substituted with a CH3 group.
We defined a principle CV to be the separation distance from the outermost Ti
atoms and the Lysine active group N H3+ . This choice allow to directly assess
the principal adsorbtion modes [66]. In Fig. 4.14 the walkers dynamics along
the CV is reported. We insert an upper bond limit for the CV through a potential
wall at 1 nm from the anatase surface in order to enhance the sampling in the
relevant interacting region. Different walkers are able to explore both the bound
and the free diffusive state, indicating an equilibrium dynamic. Nevertheless in
order to reach converge the histogram of the of the CV should be flat in the long
time limit, while in this case a marked peak is visible after 300 ps of simulation
per walker.
Two distinct adsorption modes corresponding to mono and bi -dentate adsorption of the N H3+ on the Obr atoms could be isolated. In Fig. 4.15 the PMFs
sampling these bounded state are reported for the 2 different MetaD techniques
described above. It is evident from the time variation of the PMF profiles that
MetaDF tends to a fast convergence compared with standard AWTMetaD. The
MetaDF does not depend on the bias potential and its convergence is a pure function of the force fluctuation and the optimal choice of the CV path. Statistically
the average forces are collected 50 times more with respect the gaussian functions
during the simulation run. The standard MetaD is instead limited by the walker
diffusion, that need to explore several time the phase space spanned by the CV in
order to converge.
The binding free energy is calculated to be 47 kJ/mol, a values that is 3–
10 time higher than any other measurement reported for classical MD. This is a
strong indication that important polarization and/or charge transfer effects play a
central role in determining the energetic of the adsorption.
4.5.1

DFT vs. TB

In order to assess our conjectures about the relevance of the electronic correlations at the interface we tested our new protocol in the DFT framework for Glycine
amino acid adsorbing on anatase (101). We compared the calculation for the same
system simulated with TB in order to check if all the energetic contributions could
match with 2 different levels of theory.
In Fig. 4.16 free energy profile is reported for the collective variable represented by the distance from the surface and the N H3+ group. The binding free
energy is calculated to be 37 kJ/mol with DFT and 18 kJ/mol with TB. The adsorption occurs via the N H3+ group that binds to an Obr oxygen. Glycine is simulated in its complete form (not as analogue) thus a direct comparison with experimental data is possible. Anyway the available experimental data report a much
lower value for the free energy of this amino acid, that are measured in a solution with PH 7 where the anatase surface is considered to be negatively charged
and thus creates a stronger interaction than the neutral case studied in this work.
CMD simulations report a similar adsorption value but for a direct interaction of
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Figure 4.16. (up) Potentials of mean force (PMFs) for Glycine on anatase (101) calculated with
MetaDF by Tight-Binding and DFT methods along the SSD variable (right). The free energy
difference is proportional to the dispersion energy missing in the TB approach. (bottom) Potential
energy along the SSD variable with DFT. The total energy is parted is different contributions: the
dispersion and the charge-transfer energy contribute to half of the adsorption energy (Paper V).

the COO− group [72]. In order to classify the energetic contributions to the adsorption, single relaxation calculations were performed, displacing the Glycine
from the equilibrium state to the bulk solution. The potential energy is reported
in Fig. 4.16 and it shows an adsorption enthalpy of 44 kJ/mol. A decomposition
of the energy terms shows that about 20 kJ/mol arise from the dispersion corrections, that is exactly the energy difference missing in the free energy calculated by
TB. Another interesting quantity is the contribution deriving from charge transfer [73], that is about 23 kJ/mol at the equilibrium configuration. This analysis
clarifies the importance of electronic effects in the adsorption process that cannot
be discarded as in the classical MD simulations.
Using the Eq. 4.11 we can evaluate the binding adsorption enthalpy to be 30
kJ/mol. The entropy contribution can be then evaluated as:
∆Htot − ∆Gtot (x0 )
kJ
= −0.033
(4.12)
T
molK
The contribution of the entropy is much lower than the enthalpy, that makes the
adsorption of Gly an enthalpic process. Although the Gly reduces its accessible
configuration of phase space once in contact with the anatase (101) surface, the
ads
∆Stot
=
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structured water layer on the same surface is strongly perturbed and adsorbed
water molecules are released in the bulk. This 2 processes counter each other
balancing the net variation of the entropy.
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Figure 4.17. Electron density difference according to Eq. 4.13 On the left panel the positive
and negative charge differences are represented in orange and blues respectively. It is evident as
a polarization of the full Gly molecule and the first layer of anatase (101) occurs in the adsorb
state. On the right panel the integrated charge along the direction z perpendicular to the surface
is plotted. The resulting dipole moment Dz is calculated to be 0.24 Debye.

The relevant contribution of the net charge transfer in the adsorption mechanism leaded us to further investigate the localization of the charge displacement
due to the interaction of the adsorbate. In Fig. 4.17 the electron density difference
(∆ρ ) according the following formula is shown:
∆ρ = ρtot − ρsup+water − ρgly − ρwater−gly

(4.13)

where the different electron charge density contributions are calculated as
ρtot for the full system, ρsup+water for a configuration of the full system from
which Gly has been removed and ρgly the isolated Gly molecule. ρwater−gly is the
density difference between the bare frozen configuration of the Gly surrounded
by water ( where the surface has been removed ) and the isolated Gly itself. The
adsortpion of Gly on anatase (101) induces a general polarization both of the
surface and the amino group
R of molecule itself. In Fig. 4.17 is also reported the
charge variation ρ(z) = ρ(x, y, z)dxdy along
R the direction perpendicular to
the surface from which the total dipole Dz = zρ(z)dz is evaluated to be 0.24
Debye. The polarization is induced by the interaction of the 2 Obr atoms, that
gains positive charge, with the N H3 group, gain negative charge.
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5 Mesophases

Figure 5.1. a) Schematic phase diagram for block co-polymer systems. b) Schematic phase diagram for SALR interacting systems. [74]

A very intriguing field where liquids under geometrical constraints play a
determinant role is represented by mesophases. The mesophases posses the standard periodicity of crystals but at the molecular scale. At the atomic scale they
are characterized by having the microscopic degrees of freedom of liquids confined in a 2D structure. Formation of microscopic-scale patterns in simple liquids preempting van der Waals macroscopic liquid-gas separation was predicted
by Lebowitz and Penrose in 1966 [8]. This microphase separation was observed
in liquid block copolymers [75] where chemically distinct components are found
to form a reach variety of morphologies that span lamellar, perforated lamellar,
hexagonal columnar, inverse hexagonal columnar and triply periodic continuous
networks which are both mathematically elegant and remarkably useful [76] (Fig.
5.1 a). A question of both conceptual significance and practical importance is
whether these networks can self-assemble in one-component simple liquids. [74]
Colloidal particles can be spherically shaped or their interaction can be tuned
in order to create isotropic interactions according the DLVO theory [78]. Achieving this complexity reduction in terms of the particle geometry and the number
of components would be of great value. Short attraction-long range and pair potentials (SALR Fig. 5.2) have been widely investigated as possible candidates to
manifest mesophase transitions [79]. Such transitions was predicted by Landau
theories but has never been observed [80] (Fig. 5.1 b).
The attempts to produce these morphologies in colloids by tuning the interparticle potentials have been so far unsuccessful[81]. Moreover, density-functional
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V2
V1

Figure 5.2. The SALR pair potentials used in this work in reduced units. The description of the
columnar phase was reported in previous publications [77].

theory for the liquid state (where the density here refers to the fluid particles) predicted that these systems, due to the complexity of their free-energy landscape,
would possibly be unable to reach the minimum representing a complex morphology such a triply periodic network [82]. This problem is addressed in the present
study. We report molecular dynamics simulations of one-component systems of
particles with spherically symmetric interaction which self-assemble into periodic meosophases. In Fig. 5.3 the phase diagrams arising from two designed
pair potentials in Fig 5.2 are reported. In the range of the simulated densities and
temperatures we clearly obtain a phase transition from the isotropic state into the
classical characteristic morphologies of mesogens. In particular beside the studied hexagonal columnar phase[77], a lamellar phase having hexatic internal symmetry and a triply periodic network exhibiting the Fddd space symmetry group
will be discussed.

5.1

Simulations details

The MD simulations were done using the software GROMACS and run on a
single graphical card. NVT ensembles were prepared adjusting the volume of
the cubic simulation boxes to the desired number density. The temperature was
controlled by a velocity rescaling algorithm. The computational time required for
the equilibration of a point in the phase space (Fig. 5.3) was of about 2 millions
steps.

38

3.4
ISO

Temperature

3.2
3
2.8

LAM

2.6
2.4

Fddd

2.2

COL

2
1.8

Temperature

1.2

0.38

0.39

0.4

0.41

Number density

ISO

1.1
LAM

1
Fddd

0.9
COL

GLASS

0.8
0.385

0.39

0.395

0.4

Number density

0.405

0.41

Figure 5.3. Phase diagrams obtained with pair potential in Fig. 5.2. Each point is obtain by
quenching the system from the isotropic liquid state to the desired temperature.

The SALR potential for two particles separated by the distance r shown in
Fig. 5.2 is described by the functional form:
V (r) = a1 (r−m − d)H(r, b1 , c1 ) + a2 H(r, b2 , c2 )


b
r<c
exp r−c
H(r, b, c) =
0
r≥c

V1
V2

m
12
12

a1
113
113

b1
2.8
2.8

c1
1.75
1.75

a2
2.57
2.57

b2
0.3
0.3

c2
4.0
3.1

d
1.4
1.4

Table 5.1. Values of the parameters for the pair potentials.

where the parameter c2 regulate the long range repulsion.
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(5.1)

The potential shown in Fig. 5.2 is plotted in reduced units. The physical units
of energy and length can be reduced by rescaling them on the first minimum of
the pair potential. Consequentially also the units of pressure, temperature, and
time can be rescaled in a a-dimensional way. In particular if r0 and 0 are the
length and energy at potential minimum the reduced units can be taken as:
Er
Lr
Tr
Pr

E
0
= rL0
= Tk0B
P r3
= 00

=

(5.2)
(5.3)
(5.4)
(5.5)

Colloidal systems possessing a characteristic diameter of about 5 nm and
with 0 in the order of 0.01 eV would result having phase diagram similar to
those shown in Fig 5.3, with corresponding real units in the range of 0–200 K and
pressures ranging to 1–3 atm. The SALR potentials can be easily fitted, at least
in the short-range attraction region, by small lyotropic or thermotropic molecules
from ab-initio calculations.

5.2 Hexatic smectic phase
The theories by Kosterlitz (2016 Nobel Prize Winner in Physics), Thouless, Halperin,
Nelson and Young (KTHNY) [6, 7, 83, 84, 85] for two dimensions predicted a new
phase, called hexatic. An hexatic phase is a 2D liquid characterized by quasi-long
range bond orientational order (BOO) and short-range (exponentially decaying)
positional correlations (typical of standard fluids). This particular condition can
be attributed to a particular dislocation in the hexagonal lattice that create a defect that propagates to the whole system. In Fig. 5.4 a schematic example of such
defect is reported.
The classical order parameter used to define a hexatic phase is:
Ψ(rj ) =

Nk
1 X
ei6φjk
Nk k=1

(5.6)

where φjk , also called φ6 (Fig. 5.5)), is the angle formed by the bond linking
particle j with its nearest neighbour k relative to an arbitrary axis, and Nk is the
number of the nearest neighbours. This parameter is 1 if the nearest neighbours
of a certain particle resemble perfectly the hexagonal lattice, and it is -1 if they
have a deviation of 30 degrees from the 6 fold symmetry.
Accordingly it is possible to define and angular correlation function as specific
case of Eq. 2.2 as:
P
h N
k6=j Ψ(rj )Ψ(rk )δ(r − |rj − rk |)i
(5.7)
g6 (r) =
P
h N
k6=j δ(r − |rj − rk |)i
If g6 has an algebraic decay then it defines and hexatic phase, whether it is
normally exponential in standard fluids.
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Figure 5.4. Representation of the dislocation that characterizes the hexatic phase [86]

Figure 5.5. φ6 schematic representation[86] .

Hexatic phase has been observed in systems of spherical colloidal particles
[87, 88] but it has never been found in three dimensions for smectic lamellar
phases. Block co-polymers exhibit an "hexatic smectic" behaviour [89, 90] but
they demonstrate a true long-range BOO, that is having a constant value of g6
for macroscopic scales. This is probably due to the strong inter-layer interaction
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that correlate the orientational order. The standard method to identify a hexatic
structure experimentally is by measuring the diffraction pattern.
A classical diffraction patter of smectic hexatic phases is shown in Fig. 5.6 [91].
It is characterized by having a 6 fold symmetry, indicating the long range BOO correlation. The peaks are blurred due to the
decay in positional order ( in crystal they
would be delta functions ). The open question is if a real hexatic phase, according
the definition of the 2D phase, can exist
in three dimension. According the phase
diagram i Fig. 5.3 we obtained a smectic
phase formed by molecular dynamics simulation. We studied the isotropic-lamellar
phase transition of the system obtained Figure 5.6. Experimental diffraction pattern
of a hexatic phase [91].
with the potential V1 at density 0.41.
We identified two first order transitions for the system, the first one being
the isotropic-hexatic-smectic phase and
the second one being the classical
smectic B crystal phase. (Fig. 5.7)
The first observation is that the hexatic
phase has the same diffusion mechanism of the 3D fluid but in the two dimensions (Fig. 5.7: insert). The 2D
constraint thus imposes a new internal
geometry of the fluid that is characterized by having the property of an hexatic phase identified by the the structure factor S(Q) and the order parameter Ψ(rj ) ( Fig. 5.8 ) Our analysis in a
single layer demonstrate that S(Q) exhibits the typical features of the experimental hexatic-smectic phases, with
the g6 correlation function decaying
algebraically (instead than being constant) in agreement with the KTHNY
theory. We extended the analysis to
Figure 5.7. Phase diagram as function of
pressure-temperature and energy-temperature. the full structure studying the average
The squares represent the cooling steps while φ6 distribution (Fig. 5.9). The bond
the triangles the heating process. Two first or- orientational correlation persist along
der phase transitions are clearly visible identi- the different layers even if the intensity
fied from the hysteresis at T=1.25 ant T=1.0.
decrease with respect a single layer,
The insert shows the Arrhenius plot for the diffusion coefficient. The isotropic and hexatic phase meaning that the layers are coupled.
Finally we notice that the interlayer
maintain the liquid behaviour (Paper VI).
distance is in agreement with the long
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repulsion in the potential 5.2 while the 6 fold peaks in the structure factor have
a radius matching the interparticle distance described by the first minimum in
the potential V1 . The long range repulsion can be thought as the average interactions arising from the anisotrpic molecule element like the molecule length if
thermotropic mesogens, while the short attraction can be evaluated as the packing
distance in the smectic phase.
a)

Correlation
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Figure 5.8. a) Diffraction patter of an hexatic layer. The blurred 6 fold symmetry is characteristic
of the hexatic phase. b) positional (dotted) and g6 (full) correlation functions. The algebraic
decay of g6 is in agreement with the 2D theory of the hexatic transition (Paper VI).
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Figure 5.9. (Left) Particle representation of the simulated hexatic system. b) Bond angle distribution in one layer at T=1.0 (black) and T=1.05 (blue) and for the full system a T=1.0 (red) (Paper
VI)

These observations are particularly challenging to achieve experimentally due
to the impossibility to analyze a single layer embedded in a 3D structure. This is
the first hexatic smectic phase produced in a 3D simulation, and the first KTHNYpredicted 2D hexatic phase found in a 3D system, which expands the theory’s
application scope like in colloidal system [92, 93]
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5.3

Triply periodic mesophases

Triply periodic continuous networks (TPCN) appear in block co-polymer and
liquid crystal phases [74]. The most common TPCN have a cubic symmetry and
they are known as gyroid. Nature exhibit a huge variety of these mesophase and
their application can be found in optics and scaffold engineering [76].

Figure 5.10. (left) Arrhenius plot of the diffusion in the Fddd phase. The liquid behaviour is kept
in the low symmetry Fddd state. (right) Particles representation of the Fddd structure. This is the
first observation of real space TPCN possessing this symmetry (Paper VII).

The possibility of the self-assembly of these networks in simple systems of
identical particles with spherically symmetric interaction is of great interest. Although predicted by Landau theories [74, 82], such a transition has never been
observed and the extensive efforts aimed at producing these networks in colloidal
systems failed as only disordered clusters and gels were observed[81].
Particle-based computer simulations were able to reproduce gyroid structure for particles resembling the natural shape of liquid crystal formers like thermotropic and lyotropic molecules[94, 95]. Nevertheless in simple systems such
transitions have so far never been observed. A new class of TPCN was found to
have a Fddd orhtorombic symmetry in block co-polymers by Bailey et coauthors[96]
opening questions about which could be the symmetry breaking factors that promote such symmetry over the more entropycally favoured cubic one.
Epps [96] conjectured that this particular morphology could arise from an
energetic compromise between enthalpic contribution of the single molecular
constituents and an entropic contribution given from the packaging frustration
directly related to the anisotropic shape of the molecules. A more general justification can be instead understood in terms of weak segregation theory [97]. The
Landau expansion of the free energy in terms of composition modes demonstrates
spinodal instability for the modes corresponding
to the lattice parameters obeying
p
the relation: (a : b : c) = (1 : 2 : 2 (3)) [80].
Here we show a self-assembly of a triply periodic continuous morphology
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Figure 5.11. Diffraction patterns for the two simulated systems.The reflections perfectly resemble
the Fddd space group. (Paper VII)

with Fddd space-group symmetry in two simple one-component liquids simulated
by molecular dynamics.
In Fig. 5.10 the particle-based network is displayed. As for the hexatic phase
the diffusion coefficient resembles the isotropic phase. In this case the fluid can
be thought to be trapped along a labyrinth, squeezed by two surfaces that confine it in a 2D structure. The fluid behaviour in TPCN represents a big challenge
experimentally and it was only hypothesized [96], as the standard diffraction techniques can only determine a disordered internal structure and not its fluidity. The
3D diffraction pattern for the 2 Fddd phases are plotted in Fig. 5.11. The 3D
S(Q) is necessary in order to establish uniquely the Fddd symmetry due to the
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fact that in a simple structure factor the main reflections can coincide according
the weak segregation theory. Here the reflections coincide exactly with an Fddd
pattern. Due to the fluid nature of this phase the high order reflections are difficult to be identified experimentally. This is also the reason why an exact surface
reconstruction of this phase is not yet achieved, and models are needed to fill the
lack of experimental information. [96] The
p lattice parameters for the system II
agree with the (a : b : c) = (1 : 2 : 2 (3)) relation quite closely, whereas
for the system I the ratio c/a = 2 deviates from the one predicted by the theory.
This can possibly account for the difference in their phase behavior: System II
demonstrated direct thermoreversible transformation between the isotropic liquid
phase and the F ddd phase whereas for System I these two phases are separated
by a domain of lamellar phase.

B

A

C

E

D

Figure 5.12. (A,B) Fddd surfaces for the 2 potentials in Fig. 5.2 and (C,D) the relative unit cells.
(E) the ball and sticks representation of the unit cell validating the 10,3c loop topology (Paper
VII).

In Fig. 5.12 A-B we provide a clear surface model in real space of the Fddd
mesophase. It was possible to obtained it by reverse transforming the detailed
S(Q) provided by our simulations. By extraxcting the unit cells for the 2 differents systems (Fig. 5.12 C-D) we validate the ball and stick model proposed
by Epps [96] (Fig. 5.12 E) which describes the Fddd mesophase as a topology
identified by 10,3 connected loops.
This is the first observation of such a transition in a simple system, indicating
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that triply periodic networks can be produced in colloidal systems with appropriately tuned interparticle interactions and that the fluid constituents shape doen’t
matter to obtain such network.
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6 Conclusions
The lack of an analytical model able to predict fluids properties make necessary to
adopt numerical simulations based on their intrinsic particle nature. This is particularly true when fluids are confined by geometrical restraints or external potentials. In this work an effort was made in order give to reader a general understanding about how molecular dynamic simulations can be used for answering fundamental questions in Physic and Chemistry. This goal was achieved by exploring
and linking together two apparently very unrelated fields like bio-inorganic interfaces described by first principles and microphase separations in simple fluids
described by spherically symmetric interactions. It has been stressed the importance of choosing the right degrees of freedom of a system in order to study its
relevant properties. In particular it has been emphasized that for reactive systems
like the ones generated in solid-liquid interfaces the quantum mechanical nature
of the system cannot be discarded. A full characterization of water interacting
with inorganic nano-structures of T iO2 was provided. Moreover important analysis tools and protocols have been developed in order to systematically study the
thermodynamic properties of adsorbents in confined liquids. On the other side
we shed light on which are the relevant degrees of freedom that permit the selfassembly of an isotropic fluid to a 2D geometry like 2D and 3D mesophases. We
elucidated which are the properties of the fluids in these conditions and which
potential applications can derive from it.

6.1

Further developments

This study is aimed to improve the understating of complex environment like
solid-liquid interfaces and to predict fundamental phenomena characterizing the
soft matter. The techniques and analysis tools developed in the discussed works
will represent a milestone for further studies that will extend the investigation on
nano-bio interfaces. Direct comparison with experimental data for determining
thermodynamic quantities will be addressed in incoming studies. The methodology so far described can be easily expanded to the study of other classes of
inorganic material interacting with biological matter. The proposed model for
kinetically sampling microphase separation can be further used to discover new
mesophases and to describe their structural and dynamical properties.
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7 Sammanfattning
Atomistiska simuleringar av strukturella och dynamiska
egenskaper hos geometriskt begränsade vätskor
Avsaknaden av analytisk teori för det flytande tillståndet gör att den statistisktmekaniska beskrivningen av vätskor representerar ett formidabelt problem inom
fysik. Därför representerar atomistiska datorsimuleringar en unik informationskälla som kan användas för att erhålla makroskopiska, experimentellt mätbara
egenskaper hos vätskor. Baserat på informationen om interaktioner mellan molekyler
kan fundamentala egenskaper som vätskans struktur och dynamik beskrivas. En
särskilt spännande utmaning är representerat av problemet med att studera vätskor under geometriska begränsningar såsom ytor, eller där dimensionen är starkt
undertryckt som för vätskor i två dimensioner. Experimentella mätningar är svåra
att genomföra i dessa regioner på grund av begränsningar i upplösning. I denna
avhandling genomförs studier av geometriskt begränsade vätskor genom datorsimuleringar genomförda med modeller på olika nivåer av teori. I synnerhet beaktas tre fall: det första är karakteriseringen av fast-vätskegränssnitt. Problemet
med adsorberande ytor behandlas som ett specifikt fall av oorganiska ytor i kontakt med flytande vatten. Speciellt, används T iO2 , som referensmaterial och studeras i dess polymorfa strukturer under hög nivå av hydratisering. Ytreaktiviteten
och dess påverkan på vätskestrukturen studeras med hänsyn till systemets kvantkemiska natur. Mekanismen för en lösningsmolekyl som adsorberar vid gränssnittet, med hänsyn till gräns-snittets flytande egenskaper, studeras också. Nya
avancerade analysverktyg utvecklas för bestämning av strukturella, dynamiska,
samt termodynamiska egenskaper hos vatten vid ytbegränsningar associerade
med adsorptionsprocesser. Vi hoppas att denna studie kommer att representera
en milstolpe för en systematisk studie av komplexa kemiska system, såsom bioorganiska gränssnitt. Som ett andra fall beskrivs en vätska som är innesluten i en
2D-yta. Enkla vätskor med sfäriskt symmetrisk interaktion är mycket kraftfulla
modeller för att förstå de relevanta frihetsgraderna som styr en viss fysikalisk
process. Här utvidgar vi definitionen av 2D hexatiska faser till smektiska system i 3D. Slutligen, studeras en ”self-assambly” process av ett trippeltperiodiskt
mesofas (flytande kristall) med en Fddd-rymdsymmetrigrupp för en isotrop vätska. Denna fas kan betraktas som en geometrisk reduktion till en tvådimensionell
separationsyta. Möjligheten att skapa sådana komplexa nätverk med enkla partiklar, som i kolloider, öppnar gränser för utforskning av nya material och applikationer.
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