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Avinguda dels Päısos Catalans, 26

43007 Tarragona (Spain)

Tel: 977 558675

Fax: 977 559621

FAIG CONSTAR que aquest treball titulat “Dynamics and structure of liquids
under special conditions: Water confined in giant polyoxometalates and CO2-
brine mixtures” que presenta Miquel A. Garcia Ratés per a l’obtenció del t́ıtol
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Javier Pérez-Pellitero and Fabrice Thalmann for accepting the arduous task of
being external reporters.

I am also indebted to the Ministerio de Ciencia e Innovación of the Spanish

ix

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



x Acknowledgments

Government for grant CTQ2008-06469/PPQ and the Programa d’ajuts de Re-
cerca Cooperativa URV/ICIQ 2007 for financial support.

Finally, my special gratitude goes to my parents for their unequivocal support.

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



List of Figures

1.1 Scheme of periodic boundary conditions in 2D. . . . . . . . . . . 12

1.2 Scheme of the leap frog algorithm. . . . . . . . . . . . . . . . . . 15

1.3 Modeling of stretching and bending through harmonic potentials. 32

1.4 Scheme of a torsion around a molecular axis and improper torsion. 33

1.5 Lennard-Jones potential, ULJ(r) with εij = 0.65 kJ/mol, and
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Introduction

Real substances, whatever is their phase, are made of molecules composed of
atoms. The whole understanding, for instance, of the behavior of a liquid,
both at the microscopic and macroscopic scales, is given by the understanding
of its microscopic details, as Statistical Mechanics postulates.1 In this sense,
several macroscopic physical properties can be obtained from experiments. Other
quantities, however, do not have an experimental setup counterpart, or their
measure is not allowed due to the extreme thermodynamic conditions associated.
For several industrial applications it is nevertheless important to predict which
will be the behavior of those substances under a wide range of thermodynamic
conditions. Hence, some parallel alternative to experiments is needed to predict
physico-chemical properties.

The increase of computer processing capacity in the last half-century has
made computers changing from simple computers with few processors to the
so-called supercomputers, involving hundreds of processors working ensemble.
This capacity of performing a massive number of calculations in short times
makes computers suitable for solving problems in the fields of physics, chemistry
or biology. The use of computers to calculate physico-chemical properties
in molecular systems is referred in the literature as molecular simulation or
molecular modeling techniques.2,3 These methods depend, at first, on the level of
accuracy used for the modeling of the molecules. The most accurate description
of molecules involves the treatment of electrons and nuclear cores separately.
However, to reduce the computational cost associated to a simulation, coarse-
grained models are also used. Here, atoms are the molecular units or even groups
of atoms are treated as single entities. When, electronic degrees of freedom
are explicitly taken into account, a part of the calculations involves solving
quantum mechanical equations. When coarse-grained models are used instead,

xix
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xx Introduction

an approximate treatment of such degrees of freedom can be done and the forces
acting on the atoms in the system derive from effective potential surfaces called
force fields.

A well-known computer simulation technique to calculate equilibrium and
dynamic properties for molecular systems is the so-called molecular dynamics
(MD) technique. This technique can be divided into ab initio MD methods,
where the electronic degrees of freedom are accounted for, and classical MD
simulations, where the dynamics of a molecular system as a whole is solved
by integrating the classical equations of motion.4 In this case, the interactions
between atoms are calculated from the force field. The obtained quantities
are the positions and velocities of all atoms in the system at different times.
Hence, this method simulates, in some sense, a real experiment. With these
molecular trajectories, microscopic and macroscopic properties are calculated
from Statistical Mechanics. Typical MD simulated space- and time scales are
those of systems at the nanoscale. As a consequence, MD simulations are clearly
appropriate to simulate liquid systems, as the structure and dynamics for those
systems are governed by phenomena at these scales.

One of the most studied molecules due to its role in biological and industrial
processes is water.5 The ability of water molecules to form hydrogen bonds (HB)
between each other in a cooperative way results, at the macroscopic level, in
the so-called anomalies of water, which become evident in many structural and
dynamic properties such as its volume, the thermal expansion coefficient, the
self-diffusivity, or the viscosity.6 Water is an excellent solvent for polar and ionic
species due to the asymmetry in its charge distribution, but a poor solvent at low
temperatures for nonpolar solvents. Due to this capacity of forming hydrogen
bonds, water presents a rich phase diagram. However, several regions such as the
supercooled region are difficult to understand through experiments due to ice
nucleation which can not be always prevented. Water also presents a different
structural and dynamic behavior when confined at the nanoscale as compared to
its bulk phase. Water confining structures range from graphite channels,7 carbon
nanotubes,8–10 or reverse micelles, among others.11–17 The different geometry
and internal surface potential of these structures forces water molecules to form
a different HB network than in the bulk phase. This fact permits the study of
water phases which experimentally are difficult to maintain but which, under
confinement, are more easily formed. As some of these confining structures have,
for instance, industrial applications, the study of confined water permits to assess
the suitability of these molecules for the confinement of other species.
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An example of confining molecules are the giant Mo132 polyoxometalates.18,19

These nanocapsules, which are synthesized in the laboratory, have an internal
available cavity for host molecules and 20 pores in their surface, which allow
molecules to transfer from inside to outside and vice versa. The size of the inter-
nal cavity depends on the choice of the internal ligands and also depends on the
presence of specific ions closing the pores. Recently, molecular dynamics simula-
tions of water confined inside Mo132(SO4) and Mo132(HCO2) polyoxomolybdates
have been performed, and the obtained results successfully reproduce the X-ray
data giving the positions of water oxygens inside the capsule.20 However, a
detailed analysis of the causes of the different structures in both capsules and
the associated dynamics were not done.

In chapter 2 we have studied precisely the structure and dynamics of water
confined inside a polyoxomolybdate molecular cluster Mo132(SO4) metal oxide
nanocapsule by means of MD simulations at ambient conditions. Concentric
layers of water molecules are observed from radial density profiles of water oxygens
inside the cavity. From hydrogen bonding, tetrahedral order parameter, and
orientational distribution results, we have suggested that the layered structures
should belong to the so-called buckyball family. This statement has lead to a
redefinition of the proposed structures in ref [20]. An innovative way to study the
main modes of motion of water layers and the transfer of water molecules between
them has been introduced in this chapter through the principal component
analysis of the fluctuation of the number of water molecules in the different
layers. The obtained results suggest that the layers oscillate with a given
frequency but that the transfer of water molecules between layers rarely occur.
We have also studied the relaxation of the HB network at each layer through
the power spectra of quantities such as the total dipole moment. In addition,
to better understand the dynamics of water molecules inside the Mo132(SO4)
capsule, we have calculated hydrogen-bond and orientational-time correlation
functions. The latter has been compared to theoretical and experimental data
for reverse micelles, and then, it has permitted to infer the grade of the slowering
in water dynamics as compared to water confined in other similar systems.

The effect of the ligand on the structure and dynamics of Mo132(ligand)
nanocapsules has been studied in chapter 3. For that purpose we have considered
the previous SO2−

4 sulfate ligand and also the HCO−2 formate ligand. As seen
from X-ray measurements in ref [20] of water confined in both structures, minor
changes in the structure of the internal ligands lead to different water HB
networks. Then, the understanding of the causes of these changes is one of the
main objectives of this work. We have studied the radial and spatial density
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profiles of water oxygens in both structures at ambient conditions. Although a
given water structure is observed inside the Mo132(HCO2) capsule, the larger
available volume in the cavity makes water not to form the well-defined buckyball
structures as observed inside the Mo132(SO4). However, a detailed structure of
how water organizes inside the Mo132 cavity when formates functionalize the
capsule at T = 298.15 K is given in this chapter. In order to understand the
suggested layered structures in ref [20] for water inside the Mo132(HCO2), an
MD simulation at T = 198 K has also been performed. We have shown that at
this low temperature water tends to form buckyball structures similar to those
observed inside the Mo132(SO4). We have compared the translational diffusion
of water molecules in both structures. A faster diffusion is observed for water
inside the Mo132(HCO2) as compared to that in the Mo132(SO4). This situation
is directly related to the global hydrogen bond network in the Mo132(HCO2)
capsule. Finally, we have also calculated orientational correlation functions for
water molecules when formates are the internal ligand and compared to similar
data for reverse micelles of similar size and to the same results obtained in the
previous chapter for water in the Mo132(SO4) capsule. These results can be
experimentally tested.

The comparison made in this chapter together with the results obtained
in the previous chapter provide a rather complete description of the structure
and dynamics of water inside Mo132(ligand) cavities. The choice of the selected
ligands results in a quite different dynamics and structure of water molecules at
ambient conditions. This study gives the keypoints which cause these differences
and provides experimentally measurable data to check the proposed scenario
in both capsules and also to check the validity of the models used for both the
Mo132(ligand) capsules and water molecules.

The behavior of liquids is not only affected under confinement at the nanoscale,
but also in the presence of ions and particular solvents at larger scales. Polar
substances as water organize differently around ions than in the bulk. A special
case of a molecule whose dynamics gets affected in ionic solutions is carbon
dioxide (CO2). This molecule has a quadrupole moment which interacts with
charged species and polar substances. Carbon dioxide has attracted many atten-
tion recently due to the need of reducing its emissions to the atmosphere which
contribute to the so-called greenhouse effect. The sequestration of CO2 in deep
saline aquifers has become a real option to reduce CO2 emissions. These deep
geological formations involve high pressures, temperatures and salinities.21,22

The knowledge of the mass diffusion coefficient of CO2 in brine at different
thermodynamic conditions is needed in order to simulate its behavior in these
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deep formations through reservoir simulation models. In this sense, molecular
dynamics simulations permits the calculation of the Maxwell-Stefan (MS) diffu-
sion coefficients. These quantities combined with the so-called thermodynamic
factor, which can be obtained either from equations of state or from Monte
Carlo simulations, permit the calculation of the mass diffusion coefficient or Fick
diffusion coefficient of CO2 in brine.23–25

In chapter 4 we calculate CO2 mass diffusion coefficients in brine at thermo-
dynamic conditions of deep saline aquifers using MD simulations. The potentials
for the different species have been taken from the literature.26–28 We have studied
the effect of the temperature, the CO2 concentration and the salinity on the
Maxwell-Stefan diffusion coefficient. Although an effect of the temperature can
be observed, no clear trends are observed by changing either CO2 concentration
or salinity. In addition, we have calculated self-diffusion coefficients of CO2

which show a much lower dispersion as compared to MS or Fick diffusion coef-
ficient of CO2 in brine. We have also calculated rotational relaxation times of
several vectors defined both in water and CO2 molecules. Here, a clear effect
of temperature and salt concentration is observed. Then, we have proposed
a correlation between CO2 self-diffusion coefficients and rotational relaxation
times in order to predict mutual diffusion coefficients. This is one of the most
important contributions made in this chapter as it provides an alternative way
to test the obtained diffusion coefficients using Maxwell-Stefan formalism. Fi-
nally, we have also calculated the electrical conductivity of the solution at the
same thermodynamic conditions. Here, not only the electrical conductivity is
a function of temperature, but it is also a clear function of salinity, increasing
when the salt concentration increases. We have not observed an effect with
CO2 concentration for this quantity. The simulated electrical conductivities
have been compared at some thermodynamic conditions with Fleury-Deschamps
correlation. Although qualitative agreement is observed between both simulation
and correlation results, a shift is observed between both results.

The present manuscript is organized as follows: In chapter 1 we first give
an overview of the fundamentals needed to describe the dynamics of a physical
system and we provide the link between microscopic and macroscopic observables.
This part can be skipped by readers who are active in computer simulation or
statistical mechanics. In this same chapter, we present the basics of molecular
dynamics and describe the different methodologies needed for each step. Al-
though expert readers may understand the physics behind each of the techniques
described in this chapter, the particular implementation of the corresponding
algorithms have some peculiarities when applied to molecular systems as those
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modeled in this thesis. Moreover, the discussion of such techniques is quite
fragmented in the literature. Hence, the author considers appropriate to discuss
this part in detail. Some measurable properties from molecular dynamics data
are also included in this chapter. Although particular cases of these properties
are defined in detail in the results chapters, we encourage the reading of this
part and, particularly, the principal component analysis technique. Finally, we
give an small overview of water molecule and polyoxometalates which can be
useful to those readers less familiar with the latter molecules.

In this manuscript, two rather different systems are studied; water confined
in giant polyoxometalates and CO2-brine mixtures. Hence, the part of this thesis
devoted to the results is divided into two blocks of chapters. On the one hand,
the first block involves chapters 2 and 3. Chapter 2 is devoted to the study of
the dynamics of encapsulated water inside Mo132(SO4) cavities. In chapter 3
we have studied the effect of the ligand on the structure and the dynamics of
encapsulated water inside Mo132 cavities. In order to help the reading of the
text, most of the calculated properties for this part are defined in the same
chapters. On the other hand, in chapter 4, we address the results for the second
system studied in this thesis; CO2-brine mixtures. In particular, the analysis of
the diffusivity and the ionic conductivity of CO2 in brine is provided. Finally,
although the conclusions of each of the studies are described at the end of the
corresponding chapters, we have listed the major conclusions in chapter 5.
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2 Chapter 1. Fundamentals

1.1 Classical mechanics

In a system of N particles whose velocities are far from the speed of light, the
dynamics of a particle i follows Newton’s equations of motion,29

d~ri
dt

= ~vi =
~pi
mi

(1.1)

d~pi
dt

=
N∑
j=1
j 6=i

~Fji + ~Fi
e

(1.2)

where ~ri and ~vi are the position coordinates of particle i and its velocity, respec-

tively, and ~pi its momentum. ~Fi
e

stands for an external force acting on particle
i, and ~Fij is the force exerted by particle j on particle i. For conservative forces,
~F derives from a potential V (r),

~F = −∇V (r) (1.3)

If both internal and external forces derive from a potential, labelled Vij for the
former, and V ei for the latter, then the total potential energy V is defined as,

V =
∑
i,j
i<j

Vij +
N∑
i=1

V ei (1.4)

The kinetic energy of a system of N particles is,

K =
1

2

N∑
i=1

mi~vi
2 (1.5)

Then, the total energy of the system is defined as,

E = K + V (1.6)

However, it is not always enough solving Newton’s equations of motion 1.1 and
1.2 as they stand. There can exist additional constraints. For example, the
distance between some particles can be fixed, or the particles can be forced to
move in a box. Constraints which can be written as follows,

f(~r1, . . . , ~rN , t) = 0 (1.7)
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1.1. Classical mechanics 3

are called holonomous constraints. When it is not possible to write the constraints
in this way, they are called non holonomous constraints. If there exist k equations
like eq 1.7, then, instead of dealing with 3N positions, is better to introduce 3N−k
new independent coordinates qj , called generalized coordinates. Generalized
coordinates do not have to be necessarily position coordinates, but they can be
angles, distances and other variables which are enough to completely describe
the dynamics of a constrained system. Real and generalized coordinates can be
transformed. If a new quantity L, called Lagrangian of the system, independent
of the chosen set of generalized coordinates, is introduced such that,29

L ≡ K − V (1.8)

then, it can be demonstrated that the dynamics of the given set of generalized
coordinates is described by the so-called Euler-Lagrange equations

d

dt

(
∂L

∂q̇j

)
− ∂L

∂qj
= 0 (1.9)

A conjugate momentum pj is related to L as follows,

pj =
∂L

∂q̇j
(1.10)

ṗj =
d

dt

(
∂L

∂q̇j

)
=
∂L

∂qj
(1.11)

An analogous way to derive the equations of motion for the pair (qj , pj) of
conjugate variables is done by defining a new quantity called Hamiltonian, H,
such that,29

H =
∑
j

q̇jpj − L(qj , q̇j , t) (1.12)

The Hamiltonian has always to be written in terms of q, and p. If the equations
defining the relationships between real and generalized coordinated do not depend
explicitly on time and if the forces derive from a potential which do not depend
on q̇j , the Hamiltonian gives directly the energy of the system as defined in eq
1.6. A set of canonic equations of hamilton are derived from H as follows,

q̇j =
∂H

∂pj
, ṗj = −∂H

∂qj
(1.13)
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When non holonomous constraints are present in the system, then, eq 1.9 can
be generalized to

d

dt

(
∂L

∂qj

)
− ∂L

∂qj
= Gj , j = 1, . . . , k (1.14)

where Gj are the generalized forces, also named constraining forces, and k is the
number of generalized coordinates. The effect of G is that of an external force
maintaining the constraints in the system. Eq. 1.14 is reasonably treated when
the non holonomous constraints are written as,

k∑
j=1

aljdqj + altdt = 0 (1.15)

Here alj and alt are coefficients which can be functions of q and time. The index
l indicates that there can be more than an equation like 1.15. We denote by
k′ the total number of these equations. The generalized forces, then, can be
written in terms of the coefficients alj and a set of Lagrangian multipliers λ as,

Gj =
k′∑
l=1

λlalj (1.16)

If holonomous constraints are present in the system, it is also possible to use the
concept of generalized force. In that case, if the constraint is given by a set of k
equations like eq 1.7, then it can be demonstrated that,29

alj =
∂f

∂qj
, alt =

∂f

∂t
(1.17)

With these quantities, it is possible to obtain the value of the Lagrangian
multipliers, λ, satisfying the holonomous constraints in the system from eqs 1.16
and 1.14.

1.2 Statistical mechanics

Statistical Mechanics aims at modeling and predicting the properties of materials
from the behavior of the atoms and molecules that comprise them. In this sub-
section, we give the basis of statistical mechanics and we show how macroscopical
measurable properties can be obtained from microscopical variables.
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1.2. Statistical mechanics 5

1.2.1 Basics

Let’s have a system composed of N particles confined in a volume V . The
total energy E of the system depends on the energy of the particles, and the
interaction between them. In a typical physical system, N is of the order of the
Avogadro number, NA ≈ 1023, and, hence, we can adopt the thermodynamic
limit, N →∞, and V →∞ with N/V finite. In this limit, the total energy of
the system can be regarded as a continuous variable. The specification of the
values of N,V,E defines a macrostate (N,V,E) of the system. However, there
are multiple ways in which the N particles can arrange to give a total energy E.
Each of these ways is called a microstate of the system. The number of possible
microstates compatible with a macrostate (N,V,E) is denoted by Ω(N,V,E).
A microstate is defined by specifying the set of positions ~rN and momenta ~pN of
all the particles in the system. This requires the specification of 3N position
coordinates and 3N momentum coordinates. This set of possible coordinates
Γ = (~rN , ~pN ) can be regarded as a point in a 6N -dimensional space called phase
space. A phase space point follows a trajectory given by eq 1.13.

The basic assumption of statistical mechanics is that, at equilibrium, a
system, for instance, with fixed N,V , and E, is equally likely to be found in any
of the Ω(N,V,E) microstates. If we release internal constraints of an isolated
system, the most probable final macrostate will be that with the largest number
of microstates. This state is known as the equilibrium state of the system. It
can be shown that the condition for equilibrium between the parts is that they
share the observable1

β =

(
∂ ln Ω(N,V,E)

∂E

)
N,V,E

(1.18)

where β = 1/kBT , and kB is Boltzmann’s constant, which in S.I. units has the
value 1.38066 · 10−23 J/K. If S is the thermodynamic entropy of the system, the
second law of thermodynamics states that the energy of a system with N,V
and E is at is maximum when the system is in thermal equilibrium. It can
be demonstrated that the entropy of our system follows from the fundamental
equation

S(N,V,E) = kB ln Ω(N,V,E) (1.19)

Notice that if the macrostate (N,V,E) has only one microstate, then S = 0.
Several thermodynamical variables can be then obtained by derivatives of the
entropy. However, one does not know a priori Ω(N,V,E). If we consider a system
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6 Chapter 1. Fundamentals

with fixed N,V , and E values, then, as time passes, the system will change
from one microstate to another. We can consider at a single instant of time,
several systems, being each of them a microstate of the macrostate characterizing
the original system. This collection is called ensemble. When N,V , and E are
constant, the resulting ensemble is known as microcanonical ensemble. In real
experiments, however it is hardly to control the total energy. It is much simpler
to control the temperature by coupling our system to a heat reservoir keeping
fixed the temperature. In this case, the macrostate of the system is defined
through N,V and T and the ensemble is referred to as a canonical ensemble.
Other ensembles are the isobaric-isothermal ensemble or NPT ensemble where
N,P and T are held constant, or the grand-canonical ensemble, in which our
system can exchange both energy and particles with a reservoir.

If we select a particular ensemble, then, at any time, its members will occupy
different points in the phase space associated to each of the microstates. Then,
it is meaningful to define a density function ρΓ(~rN , ~pN ; t) giving the number of
members of the ensemble in the volume element dΓ = d~rNd~pN around the point
Γ = (~rN , ~pN ) of the phase space. In fact,this function gives a measure of the
distribution of members of the ensemble over the possible microstates.

We can define an ensemble average 〈f〉 of a physical quantity f by using ρΓ

as follows,

〈f〉 =

∫
f(r, p)ρΓ(q, p; t)d~rNd~pN∫

ρΓ(q, p; t)d~rNd~pN
(1.20)

When a system is in thermal equilibrium ρΓ is independent of time. However,
one may have a large set of data measured at different times. In this case, if we
employ a sufficiently long interval of time, the system may be expected to pass
through almost all possible microstates and the averaging process depends only
upon the macrostate of the system. Hence, ensemble averages can be replaced
by time averages.

〈f〉eq = lim
t→∞

1

t

∫ ∞
0

f(t′)dt′ (1.21)

This statement is known as ergodic hypothesis. Although it is not the interest of
this section, ensemble averages are used in Monte Carlo methods, while time
averages are calculated in molecular dynamics methods as described in Section
1.3.

In this study, we work with NVT and NPT ensembles. In the following
subsections, we give the basics to compute properties from those ensembles.
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1.2. Statistical mechanics 7

1.2.2 Canonical ensemble

In the canonical ensemble, we have a system with constant volume V , and
number of particles N immersed in a very large heat reservoir at temperature
T . At equilibrium, our system reaches the temperature T , but its energy can
change due tot he contact with the bath. As we said before, for sufficient large
systems with a large number of particles, one may regard the total energy of
our system, E, as a continuous variable. In this case, one can define P (E)dE as
being the probability that a given system in the canonical ensemble has a energy
in the range (E,E + dE). This probability can be assumed to be proportional
to the number of microstates Ω(N,V,E), P (E)dE ∝ Ω(E), as the larger the
number of available microstates consistent with macrostate (N,V,E), the larger
the probability for the system to have an energy E. From this assumption, using
eq 1.18 and doing an expansion of ln Ω(N,V,E) we obtain that,1

P (E)dE ∝ exp(−βE)g(E)dE (1.22)

where exp(−βE) is the so-called Boltzmann factor, and g(E) is the density of
states around energy E. The normalized equation for the probability is then,

P (E)dE =
exp(−βE)g(E)dE∫∞

0
exp(−βE)g(E)dE

=
exp(−βE)g(E)dE

QN (V, T )
(1.23)

The denominator QN (V, T ) is the partition function. The integration in eq
1.23 is computed over energy states, however, we usually have positions and
momenta of a set of particles, and we may be interested in replacing those
sums by integrations over phase space. In this case, the function measuring
the probability of finding a microstate around phase space point (~rN , ~pN ) is the
density function ρΓ(~rN , ~pN ). Similarly to eq 1.22 we have that,

ρΓ ∝ exp{−βH(~rN~pN )} (1.24)

where H is the Hamiltonian of the system. Hence, the ensemble average of
a quantity f in the canonical ensemble, can be computed from the following
equation,

〈f〉 =

∫
f(~rN , ~pN ) exp(−βH(~rN , ~pN ))d~rNd~pN

N !h3QN (V, T )
(1.25)

where h is the Planck’s constant. As the Hamiltonian is a sum of a kinetic
term and a potential term, the partition function QN (V, T ) can be expressed as
the product of a kinetic term Qkin which is integrated over the momenta, and
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8 Chapter 1. Fundamentals

a potential Qpot term which depends only on the positions of atoms. For the
kinetic term we have that,1

Qkin =
1

N !Λ3N
(1.26)

where Λ stands for the de Broglie wavelength Λ = h/
√

2πmkBT . The factor
1/N !h3N is the classical approximation of the quantum mechanical partition
function, which includes the indiscernibility of the particles as well as the minimal
volume in phase space. The potential term also called configurational integral is
calculated from the particular form for the potential V (r) between particles,

Qpot =

∫
exp(−βV (~rN ))d~rN (1.27)

A thermodynamic quantity which can be obtained from the partition function is
the Helmholtz free energy A, given by

A(N,V, T ) = −kBT lnQN (V, T ) (1.28)

This quantity is very important as many thermodynamic quantities like the
internal energy U , the chemical potential µ, the pressure P or the entropy S of
a given system can be obtained from derivatives of eq 1.28.

In a computer simulation, there exist several methods to keep the system
at constant temperature. These methods are described in Section 1.3.3.1. We
can estimate the temperature of our system from the theorem of equipartition of
energy. From this theorem, we know that each quadratic term in the Hamiltonian
makes a contribution of 1

2kBT towards the internal energy of the system. The
kinetic energy depends quadratically on the velocities of the atoms in the system.
Then, its average is related to the temperature of the system through the
following equation,

〈1
2
mv2〉 =

1

2
kBT (1.29)

If we have a set of data measured at different times, the ensemble average has
to be replaced by a time average as known from the ergodic hypothesis, and the
temperature is estimated

T̄ =
N∑
i=1

miv
2
i

kBNd
(1.30)

where Nd is the number of degrees of freedom for a system of N particles. If the
number of particles goes to infinity, T̄ tends to the thermodynamic temperature
of the system.
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1.3. Molecular dynamics 9

1.2.3 Isothermal-isobaric ensemble

In the isothermal-isobaric ensemble, the temperature T of the system is main-
tained by coupling it with a heat reservoir, and the pressure P is held constant
by changing the volume V of the system. It can be shown that in this ensemble
the density function ρΓ is such that,

ρΓ ∝ exp{−β[H(~rN , ~pN ) + PV ]} (1.31)

The appropriate isothermal-isobaric partition function QN (P, T ) is given by

QN (P, T ) =
βP

h3NN !

∫ ∞
0

dV

∫ ∫
exp{−β[H(~rN , ~pN ) + PV ]}d~rNd~pN =

= βP

∫ ∞
0

exp(−βPV )QN (V, T )dV (1.32)

The factor βP is included to make QN (P, T ) dimensionless. The link between
macroscopic observables is made through the relation of the isobaric-isothermal
partition function with the Gibbs, free energy, G

G = −kBT lnQN (P, T ) (1.33)

The pressure can be computed numerically through the positions of the atoms
and the forces acting on them,

P =
1

3V

〈
N∑
i=1

mi~vi
2 +

∑
i>j

~rij ~Fij

〉
(1.34)

and, hence, it can be controlled, for instance, in a computer simulation at each
time. The numerical method used to along this study to hold the temperature
and the pressure constant is given in Section 1.3.3.2.

1.3 Molecular dynamics

Computer simulations of real systems involve a large variety of methods de-
pending on the time and length scales of the processes involved. As finite
computational resources are used when performing molecular simulations, there
is a competition between the desired level of accuracy in the representation
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10 Chapter 1. Fundamentals

of our system and the total CPU time required to obtain significative results.
For systems at the nanoscale, that is, involving time scales ≈ 10−15 − 10−9 s,
and length scales ≈ 0.1− 10 nm, there are two main techniques: Monte Carlo
methods (MC), and molecular dynamics techniques (MD).2 MC methods are
stochastic methods in which the configuration of a physical system is made to
evolve according to a stochastic process in which the transition probability is
such that the Markov chain leads to Π = exp(−βH)/Q as its unique probability
distribution.30 The main idea under MC methods is to start from a configuration
of the system and generate successive new configurations which are accepted or
rejected according to a particular criteria, which usually depends on the ratio of
the Boltzmann factors between old and new configurations. When equilibrium
has been reached, averages of some properties over different configurations are
calculated. Nevertheless, these averages do not correspond to time averages but
to ensemble averages. Hence, the dynamics of the system does not correspond
to real dynamics and dynamic quantities such as time correlations or transport
coefficients cannot be computed from a pure MC method. When we are inter-
ested in studying the structure and dynamics of a given system at the nanoscale,
it is better to use MD simulation techniques. Molecular dynamics (MD) is a
technique for the calculation of the motion of molecular systems at liquid, solid
or gaseous phase from the integration of classical equations of motion. From
a set of initial conditions for the set of phase space coordinates (~rN , ~pN ), and
from the knowledge of the interaction forces between atoms, given a phase space
point, its dynamics in time is straightforwardly obtained. As we have seen in
Section 1.2.1, given a set of long time trajectories for (~rN , ~pN ), equilibrium and
transport properties can be computed by averaging over the time-evolved phase
space coordinates. Hence, once the system to study is chosen at the desired
thermodynamic conditions, average properties are obtained in an MD simulation.

The basic structure of a MD program is as follows:

1. Input parameters are introduced and read by the MD program. These
include:

• Number of N atoms present, its type and number of molecules they
form.

• Parameters for the interactions between atoms and molecules.

• Thermodynamic conditions.

• Details for the simulation box where atoms are placed.

• Chosen algorithm to integrate the equations of motion in the chosen
ensemble and associated details.
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1.3. Molecular dynamics 11

2. Initial values for the positions and momenta for the N atoms are read.

3. Forces between particles are computed.

4. Equations of motion for the different degrees of freedom in the system
are integrated in time. Notice that steps 3 and 4 are computed until the
simulation ends in a loop structure.

5. Average properties are calculated from trajectories.

In this thesis, we have studied the structure and dynamics of systems at the
nanoscale, then, the use of these techniques is justified. Along the whole study,
the MD trajectories have been generated from DLPOLY v2.19 code, developed
at Daresbury Laboratory.31

The scheme presented above is quite simple and, in particular, steps 3 and
4 can differ substantially depending on the molecules present in the system,
the kind of interactions between them, or the ensemble in which the system is
simulated. Hence, in the following subsections, we explain in more detail the
most important features of an MD simulations, giving a special importance to
the used methods along this study.

1.3.1 Boundary conditions

Real experiments involve a large amount of atoms as only 1 mol of a substance
contains NA particles. In an MD simulation, however, the motion of atoms is
simulated in a box (simulation box ) which can adopt different geometries such
as cubic, hexagonal or dodecahedral. The number of atoms in the simulation
box ranges from 102 to 108 atoms. If the system to study is reduced to the
simulation box and the particles inside, then, we will have an undesired effect
arising from the boundaries of the box as an important number of particles will
interact with them. A solution is to apply periodic boundary conditions (PBC).
That is, replicas of the simulation box are placed along the three coordinate
axes. Hence, if a particle i is at position ~ri in a cubic cell, according to some
system of reference, replicas of atom i are placed at positions ~ri + ~nL, where
~n = (nx, ny, nz) is a vector whose components are integers and L is the box

side length. See that ~n = ~0 corresponds to the main cell. Nevertheless, for
such an infinite system, the calculation of properties such as the total energy,
or the total force acting on a given particle, involves computing an infinite sum
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12 Chapter 1. Fundamentals

Figure 1.1: Scheme of periodic boundary conditions in 2D. The simulation box,
or main cell, is shown in gray. For short range interactions, particles only interact
with the nearest image of the other atoms. For example, the blue atom located
at the left of the main cell only interacts with those atoms located inside the
blue dashed square.

over all particles in the main cell and all its replicas. As we will see in Section
1.3.4.3, the interaction between particles can be divided into short-ranged, and
long-ranged, depending on the distance at which these interactions vanish. For
short-ranged, the contribution to the energy coming from a particle i is mainly
due to the interaction with its neighbors at a distance closer to a cut-off rc. In
that case, the short-range energy of the N particles system, which is assumed to
be pairwise additive, is written as,

Ush =
∑
i<j

uc(rij) + ur>rc (1.35)

where uc is the truncated potential, and ur>rc is the contribution of those
particles located at r > rc. Different approaches can be used to truncate short
range interactions. In this study, we use the so-called minimum image convention
where each atom in the main cell interacts with the nearest image of every atom
excepts its own image. Then, rc has to be chosen rc < L/2. As molecules are
considered along this study, a fraction of a given molecule can cross a boundary
and appear on the other side of the box. In this case, for a given atom i, the
nearest image of an atom j is located at a position, ~rj′ given by

~rj′ = ~rj − L · nint

[
~rj − ~ri
L

]
(1.36)
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1.3. Molecular dynamics 13

where ~rj is the position of atom j in the main cell, and nint(x) refers to the
nearest integer of x.

For systems which are spatially correlated even at a long distance ξ, the choice
of a box side L < ξ leads to unphysical effects in some of the studied magnitudes.
In this sense, for strongly correlated systems or highly dense systems, a solution
is to perform different simulations changing the volume of the simulation box
to see if important changes are observed in the calculated properties, or to find
how they scale with the size of the system.32 For the systems to study along this
work, temperature is high enough to avoid any significant spatial correlation at
a distance larger than L, however, different system sizes have been chosen as to
avoid undesired finite size artifacts in our results.

1.3.2 Integrating the equations of motion

Once the forces acting on the particles in the system and, hence, their accel-
erations, have been derived, the equations of motion can be integrated. For
molecular systems, however, the nature of the bonds between atoms involves us-
ing slightly different approaches to obtain the correct dynamics for each molecule.
Molecules can be separated into three groups, depending on the nature of their
bonds:

1. Molecules whose bonds are entirely described by the potentials of Sec.
1.3.4.

2. Molecules with constraints, such as bond angles or bond lengths, in some
of the bonds or parts of the molecule.

3. Rigid molecules.

In the present study we have simulated systems where the three kind of molecules
are present. Then, in this section, we describe the methodology used to integrate
the equations of motion for each case.

1.3.2.1 Translational motion

Velocities and positions of the particles in time are obtained integrating Newton’s
equations of motion. There exist different algorithms for that purpose. One
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14 Chapter 1. Fundamentals

of the simplest and most widely used algorithms is the Verlet algorithm.2,3 To
derive Verlet algorithm, we start by doing Taylor expansions of the position ~r of
a particle around time t,

~r(t+ ∆t) = ~r(t) + ~v(t)∆t+
~a(t)

2
(∆t)2 +

1

3!

d3~r(t)

dt3
(∆t)3 +O(∆t)4 + . . . (1.37)

~r(t−∆t) = ~r(t)− ~v(t)∆t+
~a(t)

2
(∆t)2 − 1

3!

d3~r(t)

dt3
(∆t)3 +O(∆t)4 + . . . (1.38)

where ∆t is the chosen timestep. The position, of the particle at time t+ ∆t is
obtained then by summing eqs 1.37 and 1.38,

~r(t+ ∆t) = 2~r(t)− ~r(t−∆t) + ~a(t)(∆t)2 +O(∆t)4 (1.39)

where the terms of order (∆t)3 have cancelled out. See that no velocities are
needed to compute the new position of the particle at time t + ∆t. However,
it may be useful to have the velocities ~v of the particles in order to compute
the kinetic energy of the system. From the definition of the time derivative of a
function, the velocity of a particle at time t is given by

~v(t) =
~r(t+ ∆t)− ~r(t−∆t)

2∆t
+O(∆t)2 (1.40)

The Verlet algorithm is time-reversible as it can be see from eq 1.39. At the same
time, if we consider, at a fixed time, the set of phase space points compatible
with a given energy E, filling a hyper volume Ω, and let them evolve following
Verlet equation of motion, the volume after a given time t′ will still be Ω. This
area-preservation is an important property of this algorithm leading to little
energy drift for long time simulations. If no long time steps are chosen, Verlet
algorithm is simple, fast and gives good average system properties when the
time step is small. However, we need to store the positions of a particle at
three different time steps to compute velocities at time t. A modification of
this algorithm which solves this problem is the leap-frog algorithm.2,3 First, we
obtain the values for the velocities at t ±∆/2 from the definition of the time
derivative,

~v(t−∆t/2) =
~r(t)− ~r(t−∆t)

∆t
(1.41)

~v(t+ ∆t/2) =
~r(t+ ∆t)− ~r(t)

∆t
(1.42)
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1.3. Molecular dynamics 15

From the last equation, the positions at time t+ ∆t are

~r(t+ ∆t) = ~r(t) + ∆t~v(t+ ∆t/2) (1.43)

Subtracting eq 1.41 to eq 1.42 and combining with eq 1.39, the velocities of the
particles are written as follows,

~v(t+ ∆t/2) = ~v(t−∆t/2) + ~a(t)∆t (1.44)

Then, positions are calculated at times t−∆t, t, t+∆t, t+2∆t . . . , while velocities
are computed a half step behind. The kinetic energy of the system can also be
evaluated with the leap-frog algorithm from velocities at time t calculated as,

~v(t) =
~v(t+ ∆t/2)− ~v(t−∆t/2)

2∆t
(1.45)

Due to the symmetric form of the leap-frog algorithm, it is time reversible, and
also preserves phase space volume. Within this study we have used the leap-frog
algorithm to integrate the translational equations of motion both in the NVT
and NPT ensembles as we will see later.

As said above, single ions or molecules, whose bonds are described by stretch-
ing potentials (see Sec. 1.3.4.2), follow a dynamics calculated from the leap-frog
algorithm. In that case, there is no need to define rotational equations of motion
as in other systems.

Figure 1.2: Scheme of the leap frog algorithm.
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16 Chapter 1. Fundamentals

1.3.2.2 Constraints; shake algorithm

Stretching of chemical bonds in polyatomic molecules requires very small timesteps
for the integration of the equations of motion. This makes the total time for an
MD simulation much larger than in the case where only translational or/and
rotational degrees of freedom are considered. At the same time, the quantum
nature of some of these bonds makes the use of classical potentials inappropriate
to predict some of the properties. The adopted solution, if classical simulations
are performed, is to freeze these vibrational degrees of freedom constraining
some of the distances between the atoms in the molecules. In this subsection,
we introduce the procedure used along this study to include the constraints in
the integration of the equations of motion.

Let consider a system of N atoms subject to p constraints. The constraining,
in this case, is the distance between two given atoms i, and j,

Ck(ri, rj) = ~rij
2 − d2

ij = 0 , k = 1, . . . , p (1.46)

where dij are the rigid bond distances between atoms i and j. In an N particle
system subjected to a number of constraints, there exist two kind of forces
which act on each atom i. On the one hand, the force ~Fi derived from the
potential energy, and on the second hand, the constraining force ~Gi maintaining
the constraints, if they exist, to which atom i is subjected. The constraining
force can be written as (see eq 1.16, and eq 1.17),

~Gi = −
p∑
j=1

λj
∂Cj
∂~ri

(1.47)

where λj is a Lagrangian multiplier. Then, the equations of motion for each
atom i contain the contribution of the two kinds of forces,

mi
d2~ri
dt2

= ~Fi + ~Gi (1.48)

The most used method to consider the constraining forces in the equations of
motion is the shake method.33 Firstly, the method uses the Verlet algorithm to
obtain a provisional set of positions, ~ri

p for each atom i without considering the
constraining forces,

~ri
p(t+ ∆t) = 2~ri(t)− ~ri(t−∆t) +

~Fi
mi

∆t2 (1.49)
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1.3. Molecular dynamics 17

This provisional positions are corrected, then, to obtain the positions at ~ri(t+∆t).
To do this the whole expression for the resultant force acting on particle i has to
be included in the Verlet integrator equation for positions as follows,

~ri(t+ ∆t) = ~ri
p(t+ ∆t)− ∆t2

mi

p∑
j=1

λj
∂Cj(t)

∂~ri
(1.50)

From eq 1.46 it can be easily deduced that,

∂Ck(ri, rj)

∂~ri
= −2 ~rij ,

∂Ck(ri, rj)

∂ ~rj
= 2 ~rij (1.51)

If we put the values of these derivatives in eq 1.50, and combine the resulting
equation with eq 1.46, we would obtain the p eigenvalues. However, this process
would be computationally very expensive. However, for a pair of constrained
atoms i and j, it can be shown through eqs 1.46-1.51 that the Lagrangian
multiplier λ has the following expression,

λ =
( ~rij

p(t+ ∆t))2 − d2
ij

4(m−1
i +m−1

j )∆t2 ~rij
p(t+ ∆t) · ~rij(t)

(1.52)

Shake method uses this result to correct the positions of the different pairs of
atoms (i, j) in an iterative process until the distances ~rij converge to the desired
dij with a given tolerance δ. An scheme of the shake method is as follows,

1. For all possible constrained pairs (i−j), positions ~ri
p(t+∆t) and ~rj

p(t+∆t)
are calculated using Verlet algorithm through eq 1.49.

2. The corresponding eigenvalue λ for each pair is calculated through eq 1.52.

3. Positions ~ri(t + ∆t), and ~rj(t + ∆t) are corrected with the obtained
eigenvalue using eq 1.50.

4. If for all the pairs (i− j), | ~rij2− d2
ij | ≤ δ, then we go to point 5, otherwise,

if | ~rij2 − d2
ij | > δ for some pair (i− j) then we return to point 1.

5. Corrected positions are taken as new positions at t + ∆t. Velocities
~vi(t+ ∆t/2), and ~vi(t) are then calculated through the leap frog equations
of motion. New positions ~ri(t+ 2∆t) are calculated.

Tolerances δ are commonly chosen in the range [10−8, 10−4].
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18 Chapter 1. Fundamentals

1.3.2.3 Rigid body

The use of the shake algorithm to constraint bonds in molecules is recommended
when the number of constraints is small or when the molecule has a simple
geometry. For molecules such as planar rings, the number of constraints exceeds
the number of bonds in the molecule to obtain planarity. In that case, the process
of maintaining the constraints becomes very slow, and not always converging, as
usually, tolerances are chosen small. The alternative is to consider the molecule
as a rigid body. A rigid body can be defined as a collection of material points
where the distance of every pair of points remains constant during its dynamics.
To correctly describe the motion of a rigid body, it has to be separated into a
translation of its center of mass (CM), and a rotation around it.29 For a rigid
body, in our case, a molecule with Na atoms, the position of the center of mass
(CM) is given by,

~RCM =

∑Na
i=1 ~rimi∑Na
i=1mi

(1.53)

The CM moves with a translational velocity, ~VCM, defined by,

~VCM =

∑Na
i=1 ~vimi∑Na
i=1mi

(1.54)

Hence, if the resulting force acting on the CM, ~FCM, is the sum of the forces, ~Fi,
acting on each atom i of the molecule,

~FCM =

Na∑
i=1

~Fi (1.55)

then, the translational dynamics of a rigid body is obtained, in an MD simula-
tion, by integrating the associated equation of motion with the corresponding
algorithm, which in our case is the leapfrog algorithm as described in Section
1.3.2.1.

The orientation of a rigid body, can be described by the so-called Euler angles ; φ,
θ, and ψ.29 It is possible to transform a cartesian coordinate system to another
by three successive rotations according to the Euler angles in the appropriate
order. If we call ~rl, the position of an atoms in the rigid body, relative to its
CM, seen in a frame located in the body (local frame), and ~re the same position
relative to the CM of the rigid body, but in an external frame of reference,
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1.3. Molecular dynamics 19

then the effect of the three rotations by the Euler angles can be mathematically
treated as a rotation matrix A which acts on the local frame to give the position
in the external frame,

~re = A · ~rl (1.56)

The form of the matrix A (not shown), involves the product of many trigono-
metric functions which makes its calculation quite expensive. The same matrix
can be written in terms of quaternions ~q = (q0, q1, q2, q3). The four components
are function of the Euler angles,

q0 = cos
θ

2
cos

(
φ+ ψ

2

)
, q1 = sin

θ

2
cos

(
φ− ψ

2

)
(1.57)

q2 = sin
θ

2
sin

(
φ− ψ

2

)
, q3 = cos

θ

2
sin

(
φ+ ψ

2

)
(1.58)

satisfying that: q2
0 + q2

1 + q2
2 + q2

3 = 1. The rotation matrix, A, is then expressed
as,

A =

 q2
0 + q2

1 − q2
2 − q2

3 2(q1q2 − q0q3) 2(q1q3 + q0q2)
2(q1q2 + q0q3) q2

0 − q2
1 + q2

2 − q2
3 2(q2q3 − q0q1)

2(q1q3 − q0q2) 2(q2q3 + q0q1) q2
0 − q2

1 − q2
2 + q2

3

 (1.59)

If the rigid body rotates around the CM, then its angular momentum, ~L is

~L =

N∑
i=1

mi
~di × ~vi (1.60)

where ~di = ~ri − ~RCM,i. The components of ~L are related to the components of
the angular velocity ~ω by the elements of the moment of inertia matrix I,

~L = I · ~ω (1.61)

whose elements, Ijk, are function of the vectors ~di as

Ijk =

Na∑
i=1

mi(~di
2
δjk − di,jdi,k) (1.62)

where δjk is the Kronecker delta, and di,j is the jth component of ~d for particle
i.
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20 Chapter 1. Fundamentals

If a force ~fi is acting at the position of atom i in the rigid molecule, then the
resulting torque, ~τ around the CM is

τ =
d~L

dt
=

Na∑
i=1

~di × ~fi (1.63)

All the last quantities are given in an external frame of reference, even if they are
expressed relative to the CM of the rigid body. However, if the frame of reference
is chosen such that the 3x3 moment of inertia matrix is diagonal, then, ~L is
parallel to ω. That is, ~L = (Ixxωx, Iyyωy, Izzωz). This frame is called principal
frame. The transformation from the principal frame to the external frame can
be done through the quaternions. From now onwards, the subscript p indicates
a quantity expressed in the principal frame.

Eq. 1.63 can be rewritten in the principal frame in terms of the diagonal
elements of I to give the so-called Euler equations of motion for ~ωp. However,
an analogous equation can be obtained for the dynamics of the quaternions,34

q̇0

q̇1

q̇2

q̇3

 =
1

2


q0 −q1 −q2 −q3

q1 q0 −q3 q2

q2 q3 q0 −q1

q3 −q2 q1 q0




0
ωp,x
ωp,y
ωp,z

 = Q · ~ω (1.64)

Notice that if the dynamics of the quaternions is known, then, we know the
new orientation of every bond or vector in the rigid molecule by applying the
rotation matrix A. In this study, we have adopted the Fincham’s algorithm as it
implements the integration of the rotational motion for the leapfrog algorithm.35

The desired quantities are ~ωp(t+ ∆t/2), and ~q(t+ ∆t). First, a set of auxiliary
equations are derived to finally calculate these quantities. The auxiliary part of
the algorithm begins with the calculation of the angular moment, ~L(t) in the
external frame of reference,

~L(t) = ~L(t−∆t/2) +
∆t

2
~τ(t) (1.65)

The angular momentum in the principal frame is obtained through

~Lp(t) = A−1~L(t) (1.66)

and the angular velocity in the principal frame is obtained straightforward
through the diagonal elements of Ip

ωp,i(t) =
Lp,i
Iii

(1.67)
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1.3. Molecular dynamics 21

Quaternions at halftimestep are derived using eq 1.64,

~q(t+ ∆t/2) = ~q(t) +
∆t

2
Q(t) · ~ω(t) (1.68)

With ~q(t+∆t/2), we can now calculate A(t+∆t/2) using eq 1.59 and Q(t+∆t/2)
as seen in eq 1.64. The main set of equations to derive ~ωp(t+∆t/2), and ~q(t+∆t)
can now be stated. As for the auxiliary set of equations, the first quantity to be
computed is ~L but at halftimestep,

~L(t+ ∆t/2) = ~L(t−∆t/2) + ∆t~τ(t) (1.69)

This quantity is transformed to the local frame using the value of A(t+ ∆t/2)
computed from ~q(t+ ∆t/2),

~Lp(t+ ∆t/2) = A−1(t+ ∆t/2)~L(t+ ∆t/2) (1.70)

The angular velocity is then obtained as in eq 1.67,

ωp,i(t+ ∆t/2) =
Lp,i(t+ ∆t/2)

Iii
(1.71)

With this quantity and the values for Q(t+ ∆t/2) calculated from eq 1.68, the
new quaternions at t+ ∆t are obtained from eq 1.64,

~q(t+ ∆t) = ~q(t) + ∆tQ(t+ ∆t/2) · ~ω(t+ ∆t/2) (1.72)

1.3.3 Simulations in different ensembles

As most experiments are performed under conditions of constant temperature
or pressure, in this section we present the used algorithms along this study
to include such control in the equations of motion for our systems. First, the
method used to simulate systems in the canonical ensemble (NVT) is presented,
while in second term, we present the method to simulate the isobaric-isothermal
ensemble (NPT).

1.3.3.1 NVT simulations

Thermostating a system in an MD simulation can be achieved by several ap-
proaches. The most simple method is the so-called simple velocity scaling
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22 Chapter 1. Fundamentals

method.36 As seen from eq 1.30, the instantaneous temperature, T (t), of a
system of N particles is obtained from their velocities. Then, a simple way to
thermostat such a system to a temperature T0 is to rescale their velocities by
a factor λ =

√
T0/T (t). Then, after a short period to reach equilibrium, this

method maintains the kinetic energy of any particle strongly constant during the
simulation. However, even in the canonical ensemble, there exist fluctuations in
the kinetic energy per particle proportional to N−1, hence, the scaling method
does not generate a canonical ensemble. Other methods, as Andersen method
introduce stochastic processes to reach the desired temperature T0.37 In this
case, at some timesteps during the simulation, a particle is selected at random,
and its velocity is replaced by a new velocity sampled from a Maxwell-Boltzmann
velocity distribution. The frequency of the trial moves, ν, determines the degree
of coupling with the bath. Andersen method generates a canonical ensemble,
however, as in accepted trial moves velocities change their initial direction con-
siderably, the obtained dynamics is strongly biased with respect to the real
dynamics that a system in such conditions would follow. Hence, the dynamics of
the system depends too much on the frequency ν, and the use of such a method
is not recommended for the study of dynamical properties.

A third group of methods to keep the system at constant temperature are
the extended Lagrangian methods. These kind of methods introduce artificial
degrees of freedom in the Lagrangian of the system accounting for the bath. The
most rigorous method to simulate the canonical ensemble is the Nosé-Hoover
method, used along this study. Nosé modified the Lagrangian of an N particle
system,38 by considering explicitly the coupling of the system with a heat bath
through a parameter s with an associated effective mass Q > 0.

LN =
N∑
i=1

mi

2
s2~r2 − U(~rN ) +

Q

2
~s2 − g

β
ln s (1.73)

From Lagrange equations, the Hamiltonian of the system is obtained,

HN =
N∑
i=1

~p2
i

2mis2
+ U(~rN ) +

p2
s

2Q
+
g

β
ln s (1.74)

where ~pi, and ps account for the momenta of conjugate variables ~ri, and s. Nosé
defined a new momenta p′, and a scaled time t′ as

p′ =
p

s
(1.75)
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1.3. Molecular dynamics 23

t′ =

∫ t

0

dt

s
(1.76)

In that case, the associated equations of motion for ~r = ~r′, ~p′, s, and ps are,

d~ri
′

dt′
=

~pi
′

mi
(1.77)

d~pi
′

dt′
= F (r′N )− s′p′s

Q
~pi
′ (1.78)

ds′

dt′
=
s′2p′s
Q

(1.79)

dp′s
dt′

=
1

s

(
3N∑
i=1

~pi
2

mi
− g

β

)
− sp2

s

Q
(1.80)

Nosé equations are simple, time reversible and generate a canonical ensemble
when q = Nd. However, from eq 1.76, the new time step fluctuates in a simulation
and the sampling of a trajectory is performed at no constant time intervals.
Hoover simplified these equations by defining a friction term ξ defined as39

ξ =
s′p′s
Q

(1.81)

If we now call the prime variables, real variables, we can drop the primes and
consider them the real observables. With this change and introducing the ξ
variable, the following set of Nosé-Hoover equations is obtained:

d~ri
dt

= ~vi (1.82)

d~vi
dt

=
F (~rN )

mi
− ξ~vi (1.83)

dξ

dt
=
NdkB
Q

(Ti(t)− T0) (1.84)

Where we have replaced momenta ~pi by velocities ~vi (~pi = mi~vi). The instan-

taneous temperature, T (t) =
∑N
i=1

mi ~vi
2(t)

kBNd
, have also been included in eq 1.84,

and g has been replaced by Nd.
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24 Chapter 1. Fundamentals

From eq 1.84, we can see the effect of Q on the tendency of the system
to reach the bath temperature T0. On the one hand, for large Q values, the
coupling with the bath is very small and velocities are slightly changed at each
timestep. Then, the obtained ensemble is closer to an NVE than to an NVT. On
the other hand, when Q is small, the coupling with the bath is strong, and the
time needed to reach T0 is also very small. In simulations, however, it is more
frequent to use the so-called relaxation time τNH to control the coupling with
the bath. It can be written as a function of Q as follows,

τ2
NH =

Q

NdkBT0
(1.85)

Typical values for τNH range from . With all these considerations, the Hamilto-
nian of the system which is a conserved quantity during the simulation is given
by,

HNH =
N∑
i=1

mi~vi
2

2
+ U(~rN ) +

ξ2Q

2
+

Q

τ2
NH

∫ t

0

ξ(t′)dt′ (1.86)

Once known the Nosé-Hoover equations of motion, we must implement them
in the selected time integrator scheme for positions and velocities of the particles
in the system. When adopting the leap-frog scheme, firstly, the friction term ξ
is calculated at half timesteps from eq 1.84.

ξ(t+ ∆t/2) = ξ(t−∆t/2) + ∆t
NdkB
Q

(Ti(t)− T0) (1.87)

Similarly to eq 1.45 for the velocity, we obtain ξ(t),

ξ(t) =
1

2
[ξ(t−∆t/2) + ξ(t+ ∆t/2)] (1.88)

Equation 1.44 for the velocities at half timesteps is modified to include the effect
of the coupling with the bath as given in eq 1.83

~v(t+ ∆t/2) = ~v(t−∆t/2) + ∆t[~a(t)− ξ(t)~v(t)] (1.89)

~v(t) =
1

2
[~v(t−∆t/2) + ~v(t+ ∆t/2)] (1.90)

Finally, the new positions are calculated as in eq 1.43

~r(t+ ∆t) = ~r(t) + ∆t~v(t+ ∆t/2) (1.91)
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1.3. Molecular dynamics 25

Notice that in this set of equations, the value of ~v(t) is required both to compute
the instantaneous temperature Ti(t) in eq 1.87, and to compute ~v(t) from eqs
1.87-1.89. To solve this problem, an iteration of eqs 1.87-1.90 is performed to
obtain self consistency. First, through the standard Verlet algorithm, one obtains,
~r(t), ~v(t), T (t), and ~a(t), then, the iteration process begins. In that case, the
process is stopped after 4 iterations.

1.3.3.2 NPT simulations

To perform NPT MD simulations, the volume of the simulation box changes
with time in order to make the internal pressure of the system, Pint, equal to a
desired reference pressure P0. This is analogous to having a piston coupled with
our system which changes its volume at a given rate. Such an effect was included
by Andersen in an extended Lagrangian method.37 Firstly, the coordinates ~ri
are scaled by a factor V 1/3 as follows,

~ρi =
~ri

V 1/3
(1.92)

Andersen included the volume as a new degree of freedom in the Lagrangian of
an N particle system,

LA =
N∑
i=1

V 2/3mi~ρi
2

2
− U(V 1/3~ρN ) +

M

2
V ′2 − P0V (1.93)

where M accounts for the mass of a piston changing the volume V of the
simulation box. The term P0V is a potential derived from the external pressure
P0 acting on the piston. Notice that the piston does not only act on a side of
the simulation box, but it isotropically decreases or increases the volume of the
system. From eq 1.93, the Hamiltonian of the system (not shown here) can
be derived, and then the equations of motion for the unscaled coordinates and
velocities ~ri, and ~vi can be easily obtained from eqs 1.13. If we define a new
variable χ(t) as,

χ(t) =
1

3

d lnV (t)

dt
(1.94)

the resulting equation of motion are,

d~ri
dt

= ~vi + χ~ri (1.95)
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26 Chapter 1. Fundamentals

d~vi
dt

=
F (~rN )

mi
− χ~vi (1.96)

M
d2V

dt2
= −P0 +

1

3V
(
N∑
i=1

mi~vi
2 +

∑
i>j

~rij ~Fij) (1.97)

The equation accounting for the variation of V is given by eq 1.94. See that eq
1.97 is the Newton’s third law for V . Here, the first term in the right gives minus
the external pressure acting on the piston, while the positive term accounts for
the internal pressure exerted by the fluid. As a consequence, when an imbalance
exists between these two terms, the volume of the box fluctuates and only it
remains constant when the difference of both terms equals zero. Using the
Melchionna modification of the Hoover algorithm, the equations of motion of
Andersen can be coupled to a Nosé-Hoover thermostat,40

d~ri
dt

= ~vi + χ(~ri − ~RCM) (1.98)

d~vi
dt

=
F (~rN )

mi
− (ξ + χ)~vi (1.99)

dξ

dt
=
NdkB
Q

(T (t)− T0) +
1

Q
(Mχ2 − kBT0) (1.100)

dχ

dt
=

3

M
V (P (t)− P0)− ξχ (1.101)

where ~Rcm is the center of mass of the system in the simulation box. Analogously
to the Nosé-Hoover thermostat case, the effective massM is related to a relaxation
time τP controlling the pressure fluctuations,

τ2
P =

M

NdkBT0
(1.102)

In MD simulations, τP is usually chosen an order of magnitude larger than τNH.
If not only box size variation is desired but also shape variation, then, the last set
of equations has to be modified. However, the anisotropic version of Lagrangian
1.93 is mainly used when crystal structures are taken into account, as this is not
the case for our simulations, we use the isotropic version.
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1.3. Molecular dynamics 27

Once derived the equations of motion, they can be implemented easily. First,
the terms ξ and χ are calculated at half timesteps to then, be computed at time
t,

ξ(t+ ∆t/2) = ξ(t−∆t/2) +
∆tNdkB

Q
(T (t)−T0) +

∆t

Q
(Mχ(t)− kBT0) (1.103)

ξ(t) =
1

2
[ξ(t+ ∆t/2) + ξ(t−∆t/2)] (1.104)

χ(t+ ∆t/2) = χ(t−∆t/2) + ∆t[
3V (t)

W
(P (t)− P0)− χ(t)ξ(t)] (1.105)

χ(t) =
1

2
[χ(t+ ∆t/2) + χ(t−∆t/2)] (1.106)

Secondly, the leap-frog scheme is followed for velocities and positions,

~v(t+ ∆t/2) = ~v(t−∆t/2) + ∆t[~a(t)− (ξ(t) + χ(t))~v(t)] (1.107)

~v(t) =
1

2
[~v(t+ ∆t/2) + ~v(t−∆t/2)] (1.108)

~r(t+ ∆t) = ~r(t) + ∆t[~v(t+ ∆t/2) + χ(t+ ∆t/2)(~r(t+ ∆t/2)− ~RCM)] (1.109)

~r(t+ ∆t) =
1

2
[~r(t) + ~r(t+ ∆t)] (1.110)

As for the Nosé-Hoover thermostat, this set of equations has to be solved
iteratively to obtain estimates for T (t), P (t), ~v(t), and also for ~r(t+ ∆t/2) which
is used in eq 1.109. The initial values are obtained through a normal leap-frog
integration and then iterated 5 times to obtain self consistency. Finally, the
equation for the volume of the simulation box is obtained from eq 1.94,

V (t+ ∆t) = V (t) exp[3χ(t+ ∆t/2)] (1.111)

Simulations at NPT conditions are also very useful if one is interested in simulate
a system in the NVT ensemble. In that case, the initial box size is determined
from the equilibrium average volume obtained from a long NPT simulation of
the same system at the same temperature and number of particles. In this study,
we have used the NPT method described above for this purpose.
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28 Chapter 1. Fundamentals

1.3.4 Force field

The description of the interaction between atoms and molecules is probably the
most important step in MD simulations. In this case, forces are derived from
potentials and, hence, structure and dynamics for a given system are highly
dependent on their chosen form. Classical MD simulations, however, are based
on the integration of the Newton’s or Lagrange’s equations of motion for each
atom in the system, being the electronic degrees of freedom not treated explicitly.
Other MD simulation techniques, called ab initio methods, consider electronic
variables as active degrees of freedom. Nevertheless, even if electronic degrees of
freedom are not considered explicitly in a particular MD simulation, they have
an important paper in the interactions between atoms. Then, there is a need to
do some approximation in order to include them, at least, in an approximate way.
Such a way, is to split the Schrodinger equation describing the behavior of nuclei
and the electrons into two coupled equations, one for the nuclei and the other
for the electronic degrees of freedom. For classical MD simulations, a further
approximation is done, and nuclei move according to classical equations of motion
being the forces acting on each atom derived from an effective potential surface
called force field. The functional form of such potentials comes from quantum
mechanical computational methods, or from fits to experimental results.

In this section, we present first, the main approximations needed to include
the electronic degrees of freedom in the effective potential surface,4 and then, we
describe the different contributions in the resulting force field from intramolecular,
and intermolecular interactions.

1.3.4.1 Derivation

Let’s have a system with N nuclei and k electrons. The associated Hamiltonian
operator, H, is given by,

H = −~
2

N∑
i=1

1

Mi
∇2
~Ri︸ ︷︷ ︸

Kn

− ~
2me

k∑
i=1

∇2
~ri︸ ︷︷ ︸

Ke

+
e2

4πε0

k∑
i=1

N∑
j=1

Zj

|~ri − ~Rk|︸ ︷︷ ︸
Uen

+

+
e2

4πε0

k∑
i<j

1

|~ri − ~rj |︸ ︷︷ ︸
Uee

+
e2

4πε0

N∑
i<j

ZiZj

| ~Ri − ~Rj |︸ ︷︷ ︸
Unn

(1.112)
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1.3. Molecular dynamics 29

where e and me stand for the charge and the mass of an electron, respectively,
Z is the atomic number, Mi is the mass of a nuclei i, and ~ is the reduced
Planck Constant ~ = h/2π. Notice that the positions and masses for nuclei,
are given in capital letters to differentiate from electron positions and masses.
Different contributions to the Hamiltonian operator from electrons and nuclei
have been indicated below eq 1.112 with subscript e for the electrons, and n
for the nuclei. In this sense, the Hamiltonian can be decomposed into the
operator for the kinetic energy of the nuclei, Kn, and a Hamiltonian operator
He accounting for the kinetic energy of the electrons and the potential energies,
He = Ke + Uen + Uee + Unn.

From quantum mechanics, the state of such a system is characterized by the
wave function ψ being the solution of the Schrödinger equation,

i~
∂ψ(~R,~r, t)

∂t
= Hψ(~R,~r, t) (1.113)

As we are interested in performing classical MD simulations, a first step is to
separate ψ into a product of a normalized nuclear wave function χ(~R, t), and a
normalized electronic wave function φ(~r, t),

ψ(~R,~r, t) ≈ χ(~R, t)φ(~r, t) exp

[
i

~

∫ t

t0

Ee(t
′)dt′

]
(1.114)

where the phase factor Ee is given by Ee =
∫
d~rd~Rφ∗(~r, t)χ∗(~R, t)Heφ(~r, t)χ(~R, t).

Inserting eq 1.113 into eq 1.114, and doing some extra calculations,4 separated
Schrödinger equations are obtained for χ, and φ. However, it is not our objective
to show all the steps needed to derive classical equations of motion from the
Schrödinger as they can be found in the literature, we just want to present those
more important. If nuclei are, then, approximated as classical point particles,
one obtains Newton’s equations of motion for the positions of the nuclei,

Mi
d2 ~Ri(t)

dt
= −∇ ~Ri

∫
φ∗Heφd~r = −∇ ~Ri

UEe (~R(t)) (1.115)

This equation means that nuclei move according to classical mechanics in an
effective potential UEe due to the electrons but which is only function of nuclei
coordinates and time. For the electrons, we have a time-dependent wave equation,

i~
∂φ(~R,~r, t)

∂t
= Heφ(~R,~r, t) (1.116)
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30 Chapter 1. Fundamentals

Then, nuclei move like classical particles, while electrons move in a self-consistent
way, being treated as quantum objects. Approaches derived from such a couple
of equations are often called Ehrenfest molecular dynamics. These equations,
however, involve electronic excited sates, and transition between these states are
allowed. An approximation comes from expanding φ in a basis φj of electronic
states such that,

φ(~R,~r, t) =

∞∑
j=0

cj(t)φj(~r, ~R) (1.117)

where cj(t) are complex coefficients. In this case, if the difference in energy
between the ground state φ0 and the first excited state is larger than kBT for
a given system, electronic transitions will be unlikely, and the total electronic
wave function φ can be restricted only to its ground state φ0. The nuclei, then,
move according to eq 1.115 under a potential energy surface given by,

UEe (~R) =

∫
φ∗0(~R,~r)He(~R,~r)φ0(~R,~r)d~r (1.118)

whose value is obtained from the time-independent electronic Schrödinger equa-
tion,

He(~R,~r)φ0(~R,~r) = UEe (~R)φ0(~R,~r) (1.119)

In ab initio molecular dynamics methods, electronic Schrödinger equation is
solved approximately to determine the effective potential energy of the nuclei.
Then, forces acting on the nuclei are derived straightforwardly. In classical
molecular dynamics, however, UEe is approximated by a truncated expansion of

many-body contributions, named U(~R), being the electronic degrees of freedom
replaced by interaction potentials {Un}. The potential energy surface, or force
field, used in a simulation, then, has the following functional form,

U(~R) =

k∑
i=1

U1( ~Ri) +

k∑
i<j

U2( ~Ri, ~Rj) +

k∑
i<j<l

U3( ~Ri, ~Rj , ~Rl) + . . . . . . (1.120)

Interactions in a classical MD simulation, can be divided on intramolecular,
or bonded interactions, involving atoms belonging to a same molecule, and
intermolecular interactions, or non bonded interactions, between unlike atoms
belonging to different molecules. Although for intramolecular interactions there
can exist three- and four-body terms, the main part of intra and inter molecular
interactions are modelled as two-body potential functions depending on the
distance between atoms. As said in the beginning of this section, the parameters
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1.3. Molecular dynamics 31

describing each kind of interaction are obtained either from quantum mechanics
calculations, or from fits to experimental results. With these considerations
the computational cost needed to compute forces acting on atoms is reduced
considerably. In the following subsections we describe used functional forms for
intramolecular and intermolecular interactions along this thesis.

1.3.4.2 Intramolecular interactions

Typically, intramolecular potentials contain different terms accounting for:

• Stretching

The distance between two atoms covalently bonded, generally, varies.
Although there exist an optimal distance, in terms of energy, called equilib-
rium bond length r0, the interaction of the atoms with other atoms, makes
the distance to vary and if the energy is high enough, the bond can break.
The most used classical potential to model this stretch between sites i and
j belonging to the same molecule is a harmonic potential,

Ustretch(rij) =
1

2
Kij(rij − r0)2 (1.121)

where Kij is the force constant for the bond between atoms i and j. See
that this potential does not account for bond breaking. Other potentials as
the Morse potentials account for this fact.41 However, if the displacements
occur only around r0, then, the harmonic potential is a good choice.

• Bending

If we have a chain-like molecule consisting on three atoms i, j, and k,
then, the molecule can be characterized by the so-called valence angle θijk.
This angle varies around the equilibrium angle θ0 for which the energy is
minimal. Bending is modelled also with a harmonic potential,

U(θijk) =
1

2
Kb(θijk − θ0)2 (1.122)

where Kb is the bending force constant for the angle θijk.

• Torsion

For molecules with four atoms i, j, k, and l, the dihedral angle φijkl between
the plane formed by i− j − k and the plane defined by j − k − l can not
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32 Chapter 1. Fundamentals

Figure 1.3: Modeling of stretching (left) and bending (right) through harmonic
potentials.

coincide (see Figure 1.4a). In fact, torsion is more likely to occur in a
molecule than stretching or bending due to the high amount of energy
associated to these last structural changes. Torsion can be modelled with
a harmonic potential, however, a more adopted form for the contribution
to the energy due to torsion is a cosine potential,

Utors(φijkl) = A[1 + cos(mφijkl − δ)] (1.123)

where A is a torsional force constant, m deals for the periodicity of the
cosine function, and δ is an angle. An example of molecule where this
functional form Utors works is the ethane molecule.

• Improper torsion

When having a particular geometry in a molecule of three atoms i, j, and
k around a third atom l, the dihedral angle φijkl between the plane formed
by i− l− j and the vector ~rlk can change (see Figure 1.4b). This improper
torsion occurs in simulations when dealing with stretching, bending and
torsion intramolecular potentials. However, we may be interested in main-
taining planarity for a given set of atoms or to choose a given chirality
for a molecule to match its experimentally observed structure. The force
restraining the atoms to a particular geometry is derived from the improper
torsion potential Utors given by

Uimpr(φijkl) =
K

2
(φijkl − φ0)2 (1.124)

where Kimpr is the associated force constant, and φ0 is the angle where
the potential passes through its minimum.
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1.3. Molecular dynamics 33

Figure 1.4: Scheme of a torsion around a molecular axis (a) and improper torsion
(b).

Other terms can be added to the intramolecular force field as for example
coupling between the different degrees of freedom, for example, stretching-
bending, torsion-bending, . . .

1.3.4.3 Intermolecular interactions

The most important contribution to forces between molecules can be explained
from electrostatic interactions between its consituents. Intermolecular forces are
divided into short-ranged or long-ranged. As these forces are usually modelled as
a power law, u(r) ∝ r−α, their range is strictly related to the exponent α. Then,
an interaction is considered short-ranged if α > 3, and long-ranged if α ≤ 3.
Long-ranged interactions involve ionic interactions (Coulombic) which decay as
u(r) ∝ r−1, ion-dipole interactions with u(r) ∝ r−2, and even fixed dipole/dipole
interactions which lead to u(r) ∝ r−3. Short-ranged interactions involve, for
example, dipole/ induced dipole interactions which decay as u(r) ∝ r−6.

As short and long ranged interactions are not treated, computationally,
in the same manner, we may introduce the adopted potential functions and
methodologies to compute them by separate.
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34 Chapter 1. Fundamentals

1.3.4.3.1 Short-ranged forces

For a pair of atoms or molecules, even if their both net charges sum zero,
there exist attractive forces so-called Van der Waals forces or dispersion forces,
and also repulsive forces. On the one hand, for intermediate distances between
such atoms, the redistribution of their charge densities, involves the creation
of fluctuating instantaneous dipoles which make the interaction attractive. In
that case, the interaction energy between two dipoles which can orient freely is
u(r) ∝ r−6, which is short-ranged.6 On the other hand, for small distances, the
overlap between the wavefunctions provokes a repulsion proportional to exp(−r)
as known from Pauli’s exclusion principle. Nevertheless, if the repulsion part of
the potential is chosen proportional to r−12, then, the computational demand to
calculate such an interaction is reduced as it can be computed from the square
of r−6. These attractive and repulsive interactions can be modelled in the form
of a short-ranged potential. Although there exist several formulations for such a
potential, the most used model is the Lennard Jones (LJ) potential defined as,

ULJ(rij) = 4εij

(
σ12
ij

r12
ij

−
σ6
ij

r6
ij

)
(1.125)

where rij is the distance between atoms i and j, ε is the depth of the well, and
σ corresponds to the distance at which the interatomic potential is zero. The
position of the minimum rm is related to σ by rm = 21/6σ. These parameters
can be obtained experimentally from fits to pure substances, and, then, be used
as a reference for simulations.42 See that LJ potential differs from square well
potentials as particles which high energies can penetrate the hard core of other
atoms. For mixtures containing different kind of molecules, crossed LJ terms,
σab and εab, between unlike atoms a, and b, belonging to different molecules,
or to distant sites of a same molecule, are calculated from Lorentz-Berthelot
(LB) combining rules. Lorentz rule assumes an arithmetic mean for σab, while
Berthelot rule assumes a geometric mean for εab,

σab =
σaa + σbb

2
(1.126)

εab =
√
εaaεbb (1.127)

Other more sophisticated combining rules have also been derived to compute
unlike-pair interactions. This is the case of the Kong43 or the Waldman and
Hagler rules44 which, for example, give better results than the LB rules for
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1.3. Molecular dynamics 35

simulations of binary mixtures of rare gases.45 However, for simulations of the
kind of systems studied along this thesis, and also for similar ones where the
progress made is restricted to the last decade, the LB rules have been widely
used in the literature. Then, their adoptance, is preferable, in front of other
combining rules where no simulation results are available to infer whether a
combining rule is better than the other. Hence, in the present study, we have
used the LB combining rules.

Figure 1.5: Lennard-Jones potential, ULJ(r) with εij = 0.65 kJ/mol, and σij =
3.166 Å.

In MD simulations, the LJ potential is truncated at r = rc, and then, we
need to correct the total potential energy to account for the contribution of those
pairs of atoms separated by a distance larger than rc. If we consider two kind of
atoms a and b, the contribution to the total potential energy due to the tail of
the LJ potential, U tail

LJ , is calculated through the following equation,

U tail
LJ =

NaNb
2V

∫ ∞
rc

4πr2gab(r)ULJ(r)dr (1.128)

where Na and Nb are the number of atoms of type a and b respectively. For
r > rc we assume that gab(r) = 1. Solving the integral, we obtain the numerical
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36 Chapter 1. Fundamentals

expression for eq 1.128,

U tail
LJ =

8πNaNb
V

Na∑
i=1

Nb∑
j=1

εijσ
6
ij

3

(
σ6
ij

3r6
c − 1

)
(1.129)

The pressure also depends on the potential energy through the second term in
eq 1.34. Then, it also needs to be corrected for the same reason than the total
potential energy. In this case, the LJ tail contribution to the pressure, P tail, is
given by,

P tail = −1

2

NaNb
3V

∫ ∞
rc

4πr3 ∂ULJ(r)

∂r
dr (1.130)

which results in the following numerical equation once the integral is solved

P tail =
16πNaNb

V

Na∑
i=1

Nb∑
j=1

εijσ
6
ij

3r3
c

(
1− 2

3

σ6
ij

r6
c

)
(1.131)

1.3.4.3.2 Long-ranged forces

Let’s have a system consisting on a set of N ions with charges q1, q2, . . . , qN at
positions ~r1, ~r2, . . . , ~rN , in a volume V = L3. As we are interested in performing
an MD simulation, periodic boundary conditions are applied. Then, the elec-
trostatic contribution, Uel, to the total energy of the system, is given by the
interaction of the particles inside the simulation box with the others, as well as,
with its images in replica cells,

Uel =
1

2

N∑
i=1

qiφ(ri) (1.132)

where φ(ri) is the electrostatic potential at position ri:

φ(ri) =
′∑
~n

N∑
j=1

qj
|~rij + ~nL|

(1.133)

The prime means that when ~n = (0, 0, 0), the sum over j does not include
the i = j case, otherwise, the ion would interact with itself. This sum is only
conditionally convergent, which means that it depends on the order in which
the sum is performed. Then, eq 1.132 is not useful to compute the electrostatic
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1.3. Molecular dynamics 37

energy for a system with periodic boundary conditions. A widely used method
to overcome this problem is the Ewald method, also known as Ewald summation
method.46

In the Ewald method, we assume that every ion at position ~ri is surrounded
by a gaussian charge distribution with a total charge −qi cancelling the charge
qi of the ion. This set of charge distributions are called screening charges, as for
sufficiently long distances, they screen the electrostatic potential due to point
charge i. To compensate the effect of the included screening charges, a set of
compensating gaussian charge distributions, with a total charge equal to that of
each ion i, are placed at ~ri (see Figure 1.6). The parameter 1/(

√
2α) controls

the width of the gaussian distributions whose expression is given by,

ρGauss = ±qi
(
α2

π

) 3
2

exp(−α2r2) (1.134)

The idea of Ewald method is, then, to split eq 1.132 into two different contribu-
tions; first, a real space sum accounting for the electrostatic energy due to the
point charges, and to its screening charge distributions, and secondly, a Fourier
space sum accounting for the effect of the compensating charge distributions.
Obviously self interactions are excluded in the calculations. The power of Ewald
method is that it replaces the infinite sum given by eqs 1.132 and 1.133 by con-
verging real space, and Fourier space sums. In this section, we are not interested
in deriving the final expressions step by step as the procedure is available in the
literature,2 however, we give below the main ideas to compute the respective
contributions.

First of all, we begin with the calculation of the contribution to the elec-
trostatic potential at a position r arising from the set of compensating charge
distributions. As these distributions are located at the ion positions and at its
replica images, the resulting gaussian distribution is given by

ρc(r) =
N∑
j=1

∑
~n

qj

(
α2

π

) 3
2

exp[−α2|~r − (~rj + ~nL)|2] (1.135)

The electrostatic potential at a point r due to this charge distribution is computed
by solving Poisson equation, which in SI units is given by:

−∇2φc(r) =
ρc(r)

ε0
(1.136)

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



38 Chapter 1. Fundamentals

This equation can be rewritten in the Fourier space (reciprocal space) giving,

k2φc(k) =
φc(k)

ε0
(1.137)

where k is the modulus of the reciprocal lattice vector ~k, which, for a cubic cell
has the components ~k = (2π/L)(l1, l2, l3), with l1, l2, and l3 integers.

Figure 1.6: The sum for point charges (left) in eq 1.133 is splitted into two sums;
a real space sum including the effect of the point and the screening charges (right
top), and a second sum in the Fourier space accounting for the compensating
charges (right bottom).

Solving the Poisson equation, the obtained electrostatic potential φc(r) is

φc(r) =
1

ε0V

∑
~k 6=0

N∑
j=1

qj
k2

exp[−i~k(~r − ~rj)] exp(−k2/4α2) (1.138)

The contribution to the electrostatic energy, Uc, at ri is,

Uc =
1

2

N∑
i

qiφc(ri) =
1

2ε0V

∑
~k 6=0

N∑
i,j=1

qiqj
k2

exp[−i~k(~ri − ~rj)] exp(−k2/4α2)

(1.139)
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1.3. Molecular dynamics 39

However, as we have included the effect of the compensating charge at ri with
the point charge i, we must correct for this self-interaction, and subtract it from
eq 1.139. If we compute the electrostatic potential φs(r) due to a distribution
charge of the form given in eq 1.134, it yields

φs(r) =
1

4πε0

qi
r

erf(αr) (1.140)

where erf(r) is the error function. Hence, at r = 0, which accounts for the center
of the gaussian compensating charge, the contribution to the electrostatic energy
due to φs is

Us =
1

2

N∑
i=1

qiφs(0) =
1

4πε0

α√
π

N∑
i=1

q2
i (1.141)

Finally, we must account for the electrostatic energy due to the point charges,
and the screening gaussian distributions. It can be demonstrated that the, for
an ion i, the electrostatic potential, φp(r), due to its point charge qi and the
screening distribution is

φp(r) =
1

4πε0

qi
r

erfc(αr) (1.142)

where erfc(x) = 1− erf(x). The corresponding contribution, Up to the electro-
static energy due to φp is

Up =
1

8πε0

N∑
i6=j

qiqj
erfc(αrij)

rij
(1.143)

Note that this expression should have included a summation over all periodic
images of the point charges and their screening charge distributions. However,
we assume the minimum image convention, which restricts the sum to the
simulation box and nearest neighbors. With all the contributions calculated,
the total electrostatic energy of our system, Uelec, is the sum of Uc, and Up
subtracting the self interaction term, Us,

Uelec = Uc + Up − Us =

=
1

2ε0V

∑
~k 6=0

N∑
i,j=1

qiqj
k2

exp[−i~k(~ri − ~rj)] exp(−k2/4α2)

+
1

8πε0

N∑
i6=j

qiqj
erfc(αrij)

rij
− 1

4πε0

α√
π

N∑
i=1

q2
i (1.144)
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40 Chapter 1. Fundamentals

Equation 1.144 has been obtained for a system of N ions, however, in a MD
simulation, we deal not only with point charges but with molecules. In this case,
we have also to exclude non desired intramolecular interactions which, if using
eq 1.144 directly, we would take into account. In that case, firstly, the term Up
has to be corrected, and the sum in eq 1.143 has to be restricted to N −M
interactions, where M is the number of non-desired intramolecular interactions.
Secondly, the term Uc, as written in eq 1.139, considers the interaction of
compensating charges of atoms in a given molecule with the other atoms of the
same molecule. The self interaction of an atom with its compensating charge
in the main cell was corrected with Us, however, we have to correct for the
interaction of compensating charges of the atoms different that a given one, but
that are in the same molecule. As we know the electrostatic potential due to a
compensating charge at a given distance r (see eq 1.140), we can include this
effect in equation 1.144. With these considerations, the final expression for the
total electrostatic energy, Uelec of our system yields

Uelec =
1

2ε0V

∑
~k 6=0

N∑
i,j=1

qiqj
k2

exp[−i~k(~ri − ~rj)] exp(−k2/4α2)

+
1

8πε0

N−M∑
m6=j

qmqj
erfc(αrmj)

rmj

− 1

4πε0

α√
π

N∑
i=1

q2
i −

1

4πε0

∑
molecules

N∗∑
l<m

qlqm
rlm

erf(αrlm) (1.145)

where N∗ is the number of excluded interactions in a molecule. See that for the
first term in eq 1.145, we have to restrict the sum to a set of lattice vectors ~k,
such that ~kx ∈ [−kmax

x , kmax
x ], ~ky ∈ [−kmax

y , kmax
y ], and ~kz ∈ [−kmax

z , kmax
z ]. In

an MD simulation, the parameters controlling the convergence of the Ewald sum,
are: the parameter α giving the width of the the screening and compensating
charge distributions, the lower and upper bounds for the components of the
lattice vector ~k, and the cut-off rcut selected for our simulation. The choice of
these parameters depend on the size of the system. Even for large systems, a
choice of | ± kmax

x,y,z| = 5 is sufficient for a good convergence of the sum Fourier
space sum in eq 1.145. For the α parameter, on the one hand, an small value
makes the sum in the second term of eq 1.145 to converge rapidly, on the other
hand, a large value for α makes the Fourier space sum to converge fast. Then,
the optimal choice for α is that which minimizes the time needed to compute the
real space and Fourier space sums in the equation for Uelec.47 For our simulations,
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for example, a typical value for α is 0.210 Å−1.

1.3.4.4 All atom vs united-atom

When we want to simulate a system with polyatomic molecules, different ap-
proaches can be adopted to represent the LJ force centers. On the one hand, a
force center can be assigned to all atoms. The corresponding models are called
All Atom (AA) models.48 These potentials give a good account of molecular
geometry and structure. However, for large systems, they involve long computer
times due to the large number of force centers considered. On the other hand,
different atoms of a given molecule can be treated as a unique force center.
This approach results in the so-called United Atom (UA) models, widely used
for the modeling of hydrocarbons. Here, the influence of hydrogen atoms is
considered through the parametrization of the potential parameters, being the
force center placed in the carbon atom or the corresponding major atom.49–51

In this study, all the performed simulations involve a number of water molecules
which ranges from a few hundreds to thousands of molecules. As we will see in
Sec. 1.6.1.3, water models properly reproducing their structural and dynamical
properties treat all atoms individually. As several water structural and dynamical
properties are computed along this study, we have adopted, then, AA models
for water. For the rest of species, the number of molecules in the simulation
box is orders of magnitude lower than that of water molecules. Then treating
all atoms individually does not have an important effect in the computational
resources needed to perform the simulations. As a consequence, for the results
shown along this thesis, we have adopted only AA models.

1.4 Measurable properties

1.4.1 Radial distribution function

The arrangement of atoms around one another in a particular direction, ~r, can
be studied by means of the radial distribution function, g(~r), defined as,42,52

ρg(~r) =

〈
1

N

N∑
i

N∑
j 6=i

δ[~r − ~rij ]

〉
(1.146)
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42 Chapter 1. Fundamentals

for a translationally invariant system. Here, N is the number of atoms in the
system, ρ = N/V is the number density, and δ accounts for the Dirac delta. For
homogeneous and isotropic systems, however, we can replace ~r by simply the
distance r between atoms, as there is not a privileged orientation. In that case,
ρg(r) gives directly the average local density ρ(r) at a distance r around an atom,
and, hence, g(r) indicates how the local density ρ(r) around an atom deviates
from ρ = N/V . The behavior of g(r) presents different features depending on
the phase of the system. For crystalline solids, where atoms occupy well-defined
positions in a lattice, g(r) has narrow peaks at those positions corresponding to
the neighbors of each atom. For liquids, however, short range order prevails over
long range order and oscillations are only observed some molecular diameters
far from an atom. In this case, no deep valleys are observed between oscillations
as happens in crystals, due to the larger mobility of the atoms in liquid phase.
It is interesting to look at the value of g(r) for small and long distances. For
the first situation, if the interatomic distance approaches zero, the probability of
finding an atom around one another is also zero, for long distances, as structural
ordering is lost, the local density ρ(r) approaches its average value ρ, and g(r)
tends to the unity. Finally, in a low density system, where atoms rarely see each
other, g(r) also vanishes for short distances, and only presents a maximum at
a distance equal to the minimum of LJ potential. For r > σ, g(r) tends to the
unity very fast. Then, for dilute gases, g(r) can be modelled as,

g(r) = exp(−βU(r)) (1.147)

where U(r) is the pair potential between atoms.

The systems studied along this thesis, however, include molecules containing
different kind of atoms. As we have seen in Sec. 1.3.4.3, non bonded interactions
between molecules are described by pairwise potentials, hence, the use of site-site
distribution functions is also adequate to study the structure of the system. The
average local density of an atom β around an atom α, belonging to molecules j
and i respectively, is obtained from the site-site pair correlation function gαβ(r)
defined as,

ρβgαβ(~r) =

〈
1

N

N∑
i=1

N∑
j 6=1

δ(~r − (~riα − ~rjβ))

〉
(1.148)

where ρβ = Nβ/V . Unless we are interested in the study of the arrangement of
a given atom in a particular direction around another kind of atom, the most
adopted solution is to replace ~r by r in eq 1.148. To compute gαβ(r) numerically,
we count the number of atoms β which lie in a spherical shell of radius r and
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width ∆r around atom α, Nβ(r, k), at time step k. The result is then divided
by the volume of the shell, V (r,∆r) = 4πr2∆r, and ρb to give gαβ(r):

gαβ(r) =

∑M
k=1Nβ(r, k)

MNαρβV (r,∆r)
(1.149)

where M is the number of samples taken to perform the equilibrium average.

Figure 1.7: Comparison of reported experimental gOO(r) from X-ray scatter-
ing,53,54 and from neutron diffraction scattering (NDS).56

Site-site pair correlation functions can be computed not also numerically, but
also in a wide variety of experimental studies which involve techniques such as
X-ray scattering,53–55 or neutron diffraction techniques.56. In Figure 1.7 we show
the oxygen-oxygen radial distribution function, gOO(r), calculated with different
techniques. This property, hence, is of special interest in the study of liquids in
front of others which do not have an experimentally studied counterpart.

1.4.2 Time correlation functions

A good way to characterize the dynamics for a given quantity is to follow its
state with time. However, we may also be interested in see how different is the
dynamics for a system compared to others, or to see how the value of a quantity
influences others with time. A solution is to use time correlation functions.
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44 Chapter 1. Fundamentals

Given two time-dependent quantities, A(t) and B(t), time correlation function,
CAB(t), measures how the value of A at a given time is related to the value of
B after a time t. Time correlation functions are defined as,42

CAB(t) = 〈A(t0)B(t0 + t)〉 (1.150)

where angular brackets stand for equilibrium average, and t0 is the time origin.
As CAB(t) is an equilibrium property, it is invariant under translations of the
time origin, and hence, independent on it. Making use of the ergodic hypothesis,
eq 1.150 can be rewritten as,

CAB(t) = lim
T→∞

1

T

∫ T

0

A(t0)B(t0 + t)dt0 (1.151)

where T is, in our case, the length of the simulation run or time period to
perform the average. When A, and B are the same quantity, C(t) is called
autocorrelation function, otherwise, it is called cross-correlation function.

It is of interest to see the limiting values of CAB(t) at t = 0, and t = ∞.
In the first case, there is no temporal separation between the value of the two
dynamic quantities, and CAB(0) becomes a static correlation function,

CAB(0) = 〈A(t0)B(t0)〉 = 〈AB〉 (1.152)

For the autocorrelation function case, CAA(0) = 〈A2〉 ≥ 0. For long time
separations, A, and B become uncorrelated, and CAB(t) reduces to,

lim
t→∞

CAB(t) = 〈A〉〈B〉 (1.153)

However, having time correlation functions, CAB(t), which do not decay to zero
when A and B become uncorrelated is not very useful if we are interested in
comparing them for different conditions. A solution is to shift the value for
the quantities under study by their mean average, that is subtracting 〈A〉 and
〈B〉 from A and B. If we call δA, and δB these fluctuations, then, CδAδB(t) is
written as,

CδAδB(t) = 〈[A(t)− 〈A〉][B(t)− 〈B〉]〉 = CAB(t)− 〈A〉〈B〉 (1.154)

When t → ∞, CδAδB becomes zero. See that when A and B are the same
quantity, CδAδA(0) = σ2

A.

This shift of the correlation function should only be done when correlations
do not decay to zero at long times or if we are specially interested in studying
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the decay of the fluctuations for a given quantity. Some definitions of time
correlation functions, however, are such that their long time limit is zero (see
Section 2.2.2). In this thesis, we have computed several time correlation functions
which in some cases can be compared directly to experimental data. In all cases,
an explanation of how they are calculated is given in the corresponding section
in the results chapter.

As we have seen, for long time separations, the influence of the initial value
of a quantity on itself or on another quantity is negligible. This loss of memory
means that a characteristic decay time for that correlation can be defined. This
time is called correlation time τc and gives a measure of the time scale for C(t)
to decay to zero. As autocorrelation functions are highly used in the study of
the dynamics of several properties, we constraint the definition of τc to those
cases. Hence, τc is given by

τc =
1

δA2

∫ ∞
0

〈δA(0)δA(t)〉dt (1.155)

The use of fluctuations inside the integral is mandatory if we want it to converge.
When time correlation functions are defined such that they decay to zero for long
times, then, correlation times are not necessarily calculated from fluctuations
but from the correlation function directly. If a quantity is correlated even for
long times, τc can be larger than the simulation time. In this case, there is no
sense in calculating any correlation time.

Correlation functions can be used to compute the decay of the correlations
for several quantities. A distinction can be established for correlation functions
depending on the individual or collective behavior of the quantities involved.
Examples of collective correlation functions are those related to the calculation
of thermal transport coefficients such as shear viscosity, η, thermal conductivity,
λT , or diffusion coefficients and also electrical properties such as electrical
conductivity σe, all of them often calculated in MD simulations. Such quantities
are calculated with the so-called Green-Kubo (GK) relations, which relate
transport coefficients with integrals over time-correlation functions.2,42 Diffusion
involves a main chapter in this thesis, and the main fundamentals to its study in
multicomponent mixtures are given in chapter 4 where examples of GK relations
are given for the calculation of diffusion coefficients and electrical conductivities.
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46 Chapter 1. Fundamentals

1.5 Data analysis: Principal Component Analy-
sis (PCA)

High-dimensional data sets consisting of a large number of variables involve lots
of calculations in order to infer the degree of correlation between them. For

a system with m variables, one would have to compute m(m−1)
2 correlations.

Then, if m is not small there is a need of taking into account another approach.
One solution to this problem is to transform the original variables into a lower
dimensional new set providing that the new ones account for most of the variation
present in the original set and that they are uncorrelated between each other.
This is the main idea behind principal component analysis (PCA).57

Let ~x be a vector of m random variables. If we have N observations for each
variable, taken at discrete times ti (i = 1, . . . N) then, the jth component of ~x
corresponding to the ith observation is denoted by xj(ti), where j = 1 . . .m. The
objective of PCA is to obtain a number p of linear functions of the m random
variables called principal components (PCs) denoted as yj (j = 1, . . . , p) where
p ≤ m. Each PC is uncorrelated with the others, representing the first PC, the
direction of maximum variance of the m variables, and so on until the last PC
which accounts for the direction of less variance in the system. Then, one can
define a vector ~y where each component or PC is,

yj = ~aj
′~x = aj1x1 + aj2x2 + · · ·+ ajmxm =

m∑
k=1

ajkxk (1.156)

where ~aj
′ denotes transpose of vector ~aj . The power of such a method is that if

the first m∗ PCs account for most of the variance present in the data given by
~x, then the dimension of the vector to study is reduced from m to m∗.

The next step is how to obtain the different PCs from a data set given by ~x
and how to measure the degree of variance of the original data represented by
each PC. A measure of the degree of correlation between two variables xj and
xk is given by the covariance Sjk, defined as,

Sjk =
1

N − 1

N∑
i=1

(xj(ti)− x̄j)(xk(ti)− x̄k) (1.157)

where x̄j =
∑N
i=1 xj(ti). One can consider all the covariances between all the m

random variables of the vector ~x and define the so-called (m×m) covariance
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1.6. Molecules 47

matrix S whose (j, k)th element is that given in eq 1.157. See that the diagonal
terms (j = k) are directly the variances of the m random variables, Sjj =

var(xj) = 1
N−1

∑N
i=1(xj(ti)− x̄j)2. It can be shown that the m eigenvectors of

S are directly the PCs.57 Given an eigenvector ~aj (j = 1, . . .m), if ~aj
′ ~aj = 1, the

corresponding eigenvalue λj of ~aj gives the variance of the jth PC, var(yj) = λj .
Then, the idea is to order the eigenvectors by the magnitude of its eigenvalue
and take the first ones as they retain most of the variation present in the data.
The fraction of the total variance represented by ~aj , named as fj is

fi =
λj∑m
k=1 λk

(1.158)

A common criteria is to consider only the first m∗ eigenvectors providing that∑m∗
j=1 λj∑m
k=1 λk

≥ 0.9, which corresponds to the set of PCs that gather the 90% of the

variance present in the data set given by ~x.

As only a vector ~x of m random variables is needed to perform PCA, this
technique has been widely used in different areas of knowledge for its simplicity
and the power of its results.

1.6 Molecules

1.6.1 Water

Water is the most abundant liquid on Earth with seventy percent of the surface
of the planet covered by oceans. Water also plays a key role in the most
part of biological processes and without it, life would not exist as we know
it. In fact, most of the living species contain a large percentage of water. Its
peculiar properties make water an excellent solvent for many biomolecules. Many
biological processes such as protein folding and synthesis, catalysis of biochemical
reactions, or molecular transport, are driven by water and take place either
in water or in aqueous environments. Hence, water has a fundamental utility
not only in pure or medical sciences, but also in technological and industrial
processes such as oil recovery, mining or corrosion inhibition. But what does
make water so special?
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48 Chapter 1. Fundamentals

1.6.1.1 Structure and hydrogen bonding

A water molecule is composed of one oxygen atom and two hydrogen atoms.5

The electronic configuration of an oxygen atom is 1s22s22p4 while for each
hydrogen atom it is 1s. Then, to form a water molecule, four of the 6 electrons of
oxygen corresponding to 2s and 2p shells arrange in two sp3 hybridized orbitals
also called electron lone pairs. The other two electrons combine with the two
hydrogen electrons forming two other sp3 orbitals. Hence, oxygen shares a pair
of electrons with each of the two hydrogens resulting in two covalent bonds. The
lone pairs tend to minimize the electronic repulsion between each other, and
also with the covalent bonds. As a result, the two hydrogen atoms and the
lone pairs of electrons are arranged in near-tetrahedral symmetry around the
oxygen atom with an HOH angle approximately equal to 104.5o. Although a
water molecule has no net charge, electrons spend more time orbiting the oxygen
than the hydrogens. This results in an asymmetrical distribution of charge
with the oxygen more negatively charged and the hydrogens more positively
charged. Water has, then, a permanent dipole moment described as a partial
negative charge on the oxygen and a partial positive charge near the hydrogens.
For a water molecule in the vacuum it is equal to 1.855 Debyes. Due to this

Figure 1.8: Structure of a water molecule in ball representation showing the
charge distribution around its atoms (a),58 and hydrogen bonded water dimer
(b).

asymmetry of charge, hydrogens attract other atoms negatively charged. In
such scenario, the hydrogen atom lies between the oxygen belonging to the same
water molecule and the other atom acting then as a bridge between them. This
kind of interaction is known as hydrogen bond interaction.59 In a water molecule,
hydrogens donate hydrogen bonds while each lone pair of electrons on the oxygen

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



1.6. Molecules 49

atom accepts hydrogen bonds from other water molecules. Hence, hydrogen
bonding introduces an important orientation dependence into the intermolecular
interactions of water molecules. Tetrahedral hydrogen bonding arrangement is
common in ice, however liquid water also has tetrahedral symmetry as seen, for
instance, from the oxygen-oxygen pair correlation functions. In this case, the first
peak has a width lower than for other liquids indicating a more ordered structure
for the first neighbor shell. An explanation of this degree of structure even in the
liquid phase is the so-called hydrogen bond cooperativity.6,60 This means, that
the strength of an HB depends on the neighboring HBs. When a water molecule
named A accepts an HB via its oxygen, the electron density shifts towards the
molecule which is donating the HB, named B. Hence, the two hydrogens of
molecule A become more positively charged and can donate easily an HB to
other water molecules. This cooperativity explains the existence of clusters
of several water molecules in bulk water or the polygonal cages which water
molecules form when solvating solutes.61–64 In fact, due to its polar behavior,
water can solvate a wide range of polar, hydrogen bonding molecules and ions.
In this case, the structure of water around charged molecules is driven by the
electrostatic interaction between them. If ion-water interactions are dominant in
front of water-water and ion-ion interactions, then there is a high solubility of
ions in water (see Figure 1.9).

Figure 1.9: Solvation of a Na+ cation in water in ball representation. Water
oxygen atoms orient towards the positive charged sodium due to their partial
negative charge.

When non polar solutes as oils are mixed with water, the process of solvation
becomes quite different. We can write the change of molar free energy ∆G
of transferring a nonpolar solute from its liquid phase into water, in terms of
molar enthalpic and entropic components ∆G = ∆h− T∆S, where ∆h is the
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50 Chapter 1. Fundamentals

molar enthaply and ∆S the molar entropy. In cold water, for a wide range
of temperatures and nonpolar solutes, the change in free energy is positive,
indicating an aversion of oil for water. In fact, when a nonpolar solute is mixed
with water, water molecules orient around the solute to avoid wasting hydrogen
bonds. This results in a very ordered first-shell of water molecules which have
better HB, on average, that in tetrahedral pure water. As the entropy is a
measure of the order in the system, it is reduced when the nonpolar solute is
mixed with water and, then, ∆S < 0. On the other hand, the interaction of the
solute with water has a more favorable enthalpy ∆h ≈ 0, which gives a positive
change in free energy. This aversion is also known as hydrophobic solvation and
shows that the structures of water around nonpolar solutes in cold water is driven
by the maximization of water-water hydrogen bonds.65 When more than one
nonpolar solute are mixed with water, they associate to reduce their net surface
area of contact with water. That is, if the solutes are solvent separated, more
water molecules are ordered around them, but when they get in contact, the
solute-solvent surface area is reduced and the change in entropy becomes more
positive. This entropy-driven attraction is called hydrophobic interaction.65,66

However, beyond the critical point, water becomes supercritical, and it exists as
small but liquid-like HB clusters dispersed with a gas-like phase, the dielectric
constant of water is extremely reduced due to the reduced hydrogen bonding
network and then it becomes an excellent solvent for nonpolar solutes but a
poor solvent for electrolytes. In this study all the MD simulations have been
performed around room temperature or at temperatures lower than the range in
which water becomes supercritical, then, the structure of water around solutes
has to be driven by the explained processes.

1.6.1.2 Anomalous properties

As compared to other liquids, water presents many unusual properties mainly
derived from its ability to form HBs with other water molecules. This cohesive
nature of water results, for example, in high boiling, melting and critical tem-
peratures.66 As a given energy is required to remove a molecule from the HB
network, water has a relatively large heat capacity for its size. Water also has a
high dielectric constant and surface tension. Another subtle property of water is
that pH changes through the liquid faster than predicted by the self-diffusion
coefficient for hydrogen atoms. This process can be also explained in terms of
the HB network as it is suggested that H+ ions are transported rapidly from
one water that donates the hydrogen to a next one and like this successively.6,67
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1.6. Molecules 51

Similar peculiarities in water are observed in wide range of temperatures and
pressures. However, is at low temperatures where the behavior of several struc-
tural and dynamical properties present the so-called anomalies of water. For high
temperatures, heating water results in a volume increase and a less dense liquid,
due to the greater thermal motions as observed in most substances. However,
upon melting, the volume of water decreases when increasing the temperature
giving a dense liquid. The explanation also comes from the arrangement of
water molecules in HBs. That is, in ice the kinetic energy is lower, and the HB
tetrahedral network of water molecules is open. When heating, the resulting
distorted tetrahedra are denser than for ice giving a decrease in volume. This
anomaly affecting volume and density is manifested in the fact that ice floats in
water. The most interesting aspect is that the decrease in density when cooling
occurs below 3.984 oC (see Figure 1.10a). Below this temperature, cooling water
results in a lighter liquid. This temperature is called the temperature of maxi-
mum density (TMD). This anomaly is manifested in some response functions as
the thermal expansion coefficient, αT = (1/V )(∂V/∂T )|P , which is positive for
T >TMD and negative for T < TMD, as opposed for typical liquids where it is
always positive.68

Figure 1.10: (a) Density of water, ρ, versus temperature T , at P = 1 atm.
Maximum density is observed at T =TMD. (b) Heat capacity of water, Cp,
versus temperature T also at P = 1 atm. This function has a minimum at
T = 308 K. Source: NIST data base.69

The slope of the P (T ) liquid-solid coexistence line also reflects the volume
anomaly of water, giving a negative slope compared to the positive value for
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52 Chapter 1. Fundamentals

simple liquids. Then, applying pressure to ice melts it, resulting in a denser phase.
Other response functions as the isothermal compressibility, κT = (1/V )(∂V/∂p)T ,
show an anomalous behavior.68 Above 319 K increasing the temperature involves
looser systems and hence more compressible. This is observed in most liquid
systems. For cold water, the process of heating involves having a denser, less
compressible system and a lower κT , which at 319 K (not at TMD) has a
minimum. The heat capacity also has a similar form as a function of T but with
the minimum located at T = 308 K (see Figure 1.10b).66

Figure 1.11: Viscosity of water versus pressure P at T = 283.15 K. Source: NIST
data base.69

Not only structural properties present anomalies for water, several dynamic
properties have a peculiar behavior as a function of thermodynamic variables.
An example is the self-diffusion coefficient which for most liquids decreases upon
pressuring. For water, instead, diffusivity increases with pressure for a large
region in the (P, T ) plane which includes the region of density anomaly.70–72 In
this case, when pressure is increased more HBs are broken, and then more water
molecules diffuse from their neighbors. In the low pressure regime, viscosity also
has an anomalous behavior as it decreases with an increase of temperature (see
Figure 1.11).

However, the anomalous properties of water do not only appear in the vicinity
of the freezing point. Water, for example, can be supercooled to 233.65 K at 1
atm remaining liquid if ice nucleation is prevented. Glassy water, also known as
amorphous ice, can exist for temperatures below the glass transition temperature
Tg ≈ 136 K. Two main kinds of amorphous ice called low-density ice (LDA) and
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high-density amorphous ice (HDA) are known for water,73–75 this phenomenon
is called polyamorphism.76 In this supercooled region, the anomalies of water
get more enhanced. For instance, the response functions cited above, that is
αT , κT , and Cp diverge as the temperature approaches 228 K. Such divergence
often indicates a phase transition. The microscopic origins of this behavior,
are not easy to infer from experiments since below the homogeneous nucleation
temperature, TH ≈ 235 K, bulk water crystallizes. In fact, the region of the
phase diagram located between TH and the so-called crystallization temperature
TX ≈ 120 K is a kind of no-man’s land, where experiments on the liquid phase
cannot be performed. Hence, many theoretical and numerical analyses have
tried to explain water’s anomalous behavior in the supercooled region.77–81

In this case, different interpretations, consistent with experiments, have been
given to such behavior. In the singularity free (SF) scenario, response functions
do not diverge at low temperature.82 The large increase is due to the local
density fluctuations consequence of the low T-anticorrelation between volume
and entropy. The existence of a second critical point in the supercooled region,
has, instead, been suggested to exist around a pressure Pc ≈ 100 MPa and
temperature Tc ≈ 220 K.83 This second critical point is then the end point
of a first-order phase transition line separating two kinds of liquid phases: a
low-density liquid (LDL), with local tetrahedral order, and a high density liquid
(HDL), with a disordered structure. The two amorphous forms of ice cited above,
would correspond to two forms of ice corresponding to the HDL and LDL liquids.
Other scenarios, as the stability limit (SL)84 or the critical-point free (CPF)85,
have been proposed in the literature in order to explain the behavior of water in
the supercooled region.86

1.6.1.3 Water in MD simulations

Several water models aiming at reproducing structural and experimental proper-
ties of water, through molecular simulation techniques, have been used since 40
years ago. Water models can be classified into three groups: rigid models, where
the water geometry is kept fixed; flexible molecules, which permit vibration
of intramolecular bond distances and angles; and polarizable models, which
explicitly include polarization effects. Despite the existence of O-H bond, and
H-O-H angle vibration in real water, including vibrational degrees of freedom
in an MD simulation involves considerably reducing the integration timestep
with the associated computational cost. At the same time, mixing classical MD
simulations with molecular flexibility can lead to the introduction of undesired

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



54 Chapter 1. Fundamentals

artifacts and do not necessarily improve the obtained results. The most adopted
solution is to use rigid models. Rigid water models involve a particular geometry
of the molecule, a set of point charges associated to the atoms or to specific
sites in the molecule and a set of LJ parameters (σ, ε) for such sites. These
parameters are usually optimized to reproduce the experimental density and
heat of vaporization at room temperature. Despite the fact that rigid models
omit flexibility, polarization and quantum mechanical effects, they reproduce
structural, thermodynamic and dynamical properties of bulk water very well
with the advantage of computational economy. The first simulation of liquid
water used the Ben Naim-Stillinger (BNS) rigid model.87,88 This was a five
interaction site model accounting for the hydrogens, the oxygen, and the lone
electron pairs with four point charges. Several models appeared then as the ST2
model,89 the SPC (simple point charge) model family, or the TIPnP (transferable
intermolecular potential with n sites) model family.

The SPC water model consists on a tetrahedral model with an OH distance
of 1Å, an HOH angle of 109.47o, and point charges, qH = +0.41, and qO =
−2qH = −0.82, located at the hydrogens and oxygens respectively. A single LJ
interaction site is located at the oxygen. Although SPC model behaves quite well
for several purposes, it does not reproduce correctly many dynamical properties
such as diffusivity or viscosity of bulk water, where values of 4.2 · 10−9 m2/s,
and 0.49 cP are obtained for the self-diffusion constant and viscosity compared
to the values of 2.3 · 10−9, and 0.85 cP from experiments at T = 300K.90–92

At room temperature, for instance, it underestimates the static dielectric, ε(0),
constant and the system density. The radial distribution function can also be
improved. In water, there is a considerable average polarization, which leads
to a cooperativity in the formation of HBs between molecules, Such effect is
neglected in the SPC model. A solution, is to include a positive self-energy Epol

accounting for the energy cost of distorting a molecule to its polarized state. As
polarizability can not be explicitly accounted when using rigid water models,
an average value has to be taken for Epol. The extended simple point charge
model (SPC/E) corrects for this fact by adding a self-polarization correction to
the electrostatic energy of 5.22 kJ/mol.26 In this case, the scheme of the model
is similar to the SPC, but the values of the point charges are slightly changed to
qH = +0.4238, and qO = −0.8476. The value for the system density gets now
close to the experimental value for bulk water. An important improvement of the
SPC/E model is that the values for the diffusion constant and viscosity gets close
to the values from experiments. Also the static dielectric constant approaches the
experimental value. There is quantitative agreement in the obtained values for
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1.6. Molecules 55

the site site radial distribution functions. However, the height of the first peak in
the oxygen-oxygen radial distribution function, gO−O(r) is higher than observed
in NDS experiments. The position of the second peak is slightly shifted to the left
with respect to the experimental value. Nevertheless, this last point is improved
with respect to the SPC model and many other models, and it must be said
that all rigid water models underestimate the position of the second peak in the
gO−O(r). Several extensions of the SPC model have been developed in the last
decade. Rigid extensions are the SPC/A, SPC/L models which despite improving
the value for some quantities such as the heat capacity Cp fail at reproducing
correctly diffusivity and viscosity values.90 Flexible versions of the SPC model
are the SPC-F1, SPC-F2, UB1-SPC, SPC/F and the SPC/G models.93–96 As in
the present study we are interested not only in computing structural properties,
but also dynamical properties of systems containing water, such as diffusion
coefficients, we have chosen the SPC/E model as it has been widely used in the
literature for that purpose. Although SPC/E shows a good performance when

Figure 1.12: Geometry of the SPC/E (left) and the TIP4P (right) water models.
In both cases, only one LJ interaction site is located on the oxygen. In the
SPC/E model, the negative partial charge is located on the oxygen, while in the
TIP4P model it is located on the dummy atom M .

describing liquid water, it does not provide an accurate description of the low-T
region of the phase diagram of water.97 A model which is remarkably good at
qualitatively describing water’s phase diagram is the TIP4P model.98 The main
difference between TIP4P and the described SPC water models, is that although
the positive point charges are still located in the hydrogens, a negative point
charge is located 0.15 Å away from the oxygen along the H-O-H bisector. The
values for the rest of parameters are given in Table 1.1. Despite the fact that
TIP4P is a nontetrahedral model, it exhibits all the tetrahedral arrangements
of the ice phases of water. For instance, ices I, II, III, V, VI, VII, and VIII are
found to be stable phases when using TIP4P model, while ice IV and ice IX are
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56 Chapter 1. Fundamentals

clearly metastable phases (as in real water). For SCP/E, instead, only ices II,
VI, VII, VIII are stable solid phases, while ices IV and IX are metastable. A
major defect of the SPC/E water model is that it predicts that ices III and V
are metastable.

Table 1.1: Parameters for the SPC/E and TIP4P water models.

model σO εO qO qH qM l1 l2 θHOH

(Å) ( kJ
mol

) (e) (e) (e) (Å) (Å) (o)

SPC/E 3.16600 0.6502 -0.8476 +0.4238 - 1.0000 - 109.47

TIP4P 3.15365 0.6480 0 +0.5200 -1.04 0.9572 0.15 104.52

The thermodynamic conditions chosen in all MD simulations performed along
this study, are not proper of the region where water becomes solid-like, hence,
the SPC/E water model is still recommended. However, as in a part of the thesis
we deal with confined systems containing water we have also performed some
MD simulations using the TIP4P water model in order to see whether the choice
of the potential can lead to different water structure.

1.6.2 Polyoxometalates

1.6.2.1 Basic principles

Polyoxometalates (POMs) are inorganic metal oxygen cluster anions. In 1826,
Berzelius was the first to describe a POM, and since then marked attention has
been shown to them. POMs are formed by the arrangement of MOn units where
M stands for the metallic center, also known as addenda atom, and n is the
coordination number. An important number of early transition elements such as
molybdenum, vanadium or tungsten have the ability to form a large variety of
POMs.18 For instance, Mo(VI), W(VI) or V(V) are POM formers par excellence.
The formation of MOn units depends both on the appropriate relationship of
coulombic factors such as ionic radius and charge, and the accessibility of empty
d orbitals for metal-oxygen bonding. When only MOn units are present in
the POM structure, the cluster anions are called isopolyoxoanions, ([MmOy]q−),
where q− is the charge of the POM. An example of such structure is the Lindqvist
anion. Other elements called heteroatoms (X) can be incorporated to the POM
giving place to heteropolyoxoanions ([XxMmOy]q−). A large number of elements
from all parts of the periodic table, except the noble gas elements, are known to
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1.6. Molecules 57

be heteroatoms. The presence of different heteroatoms gives place to clusters
displaying varying stochiometries and diverse structural cores. Examples of
heteropolyoxoanions are the Keggin anion or the Wells-Dawson anion.

POMs can be formed by different types of MOn polyhedra arranged between
them. The most common is the octahedral MO6 unit and the square pyra-
mid MO5.99–101 Other basic units are the MO4 tetrahedra,102 and the MoO7

pentagonal bipyramid (see Figure 1.13). In such units, the metal atoms are
displaced, as a result of MO π-bonding, towards one of the polyhedral vertices.
A wide number of POMs are viewed as arrangements of edge-and vertex sharing
MO6 octahedra, each with one or two unshared vertices also called terminal
oxygens. Polyanion structures containing three or more terminal oxo groups are
not observed.99

Figure 1.13: Examples of MOn POM building blocks in ball-and-stick represen-
tation. (a) MO4 tetrahedra, (b) MO5 square pyramid, (c) MO6 octahedra and
(d) MO7 pentagonal bipyramid (M blue, O red).

1.6.2.2 Giant polyoxometalates

Building blocks containing molybdenum atoms are responsible of giant POMs
with sizes on the order of the nanometer. An example is the giant wheel
[M154(NO)14O434(OH)14(H2O)70]28−, {Mo154}, structurally generated by linking
140 MoO6 octahedra and 14 MoO6(NO) pentagonal bipyramids, with a radius of
about 3.7 nm (Figure 1.14).103 More interesting are spherical POMs. In this case,
a central MoO7 pentagonal bipyramid shares edges with five MoO6 octahedra
forming a pentagonal {(Mo)Mo5}≡[(Mo)Mo5O21]6− group. Each of these build-
ing groups are linked between each other with MoO6 octahedra sharing corners
with atoms of the pentagon. Extended structures (pentagon)12(linker)30, also
called keplerate-type structures, with icosahedral rotational symmetry, Ih, define
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58 Chapter 1. Fundamentals

Figure 1.14: The structure of the Mo154 wheel, half in polyhedral representation
with different building units (Mo8 blue, Mo2 red, Mo1 yellow), and half in
ball-and-stick representation (Mo blue, O red).

a wide range of spherical shaped POMs. In 1998, the first spherical nanostruc-
tured keplerate cluster {Mo132}≡[{MoV2 O4(CH3COO)}30{(Mo)Mo5O21(H2O)6}12]42−

was synthesized.104 In this case, the {(Mo)Mo5O21} groups define the vertices
of an icosahedron which are connected by 30 [Mo2O4]2+ linkers. Experimen-
tally, it is possible to synthesize POMs with 12 {(Mo)MO5} groups but with
a different type of linkers as [Mo2O4]2+ or Fe3+, and ligands as CH3COO−,
SO2−

4 , or HCO−2 . In particular, spherical POMs with [Mo2O4]2+ linkers and
tuneable ligands, L, [{(Mo)Mo5O21(H2O)6}12{Mo2O4(L)}30]72− have attracted
much attention in recent times due to the large available space in its interior
which can host molecular species confined inside (Figure 1.15). Such POM
nanocapsules have 20 [Mo9O9] pores (Figure 1.15 c). Changing the size and
charge of the internal ligands, and/or adding specific ions capable of closing
the pores, modifies the total charge of the POM internal surface and also the
available space for guest molecules. Then, the effect of the confinement on host
molecules can be studied, not only from experiments (X-ray), but from molecular
simulations. The analysis of POMs in aqueous solution, also permits to study
the transport of the confined molecules through the pores.105

POMs have remarkable catalytic, magnetic, redox, and photophysical prop-
erties, being, then, important as reagents in analytical procedures, as industrial
catalysts, and also for potential clinical applications. Hence, POM synthesis
has become increasingly interesting due to the possibility of tuning the cluster
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1.6. Molecules 59

Figure 1.15: Structure of the Mo132 spherical POM nanocapsule without internal
ligands (a). Representation of a {(Mo)Mo5} building group (b), and structure
of a Mo9O9 pore of the POM surface (c).

properties and high progress is expected in next years.
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62 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

2.1 Introduction

Encapsulation of molecules at the nanometric scale offers the possibility of ex-
ploring the behavior of liquids and solutions under special conditions that are not
encountered in bulk systems. The enormous physicochemical and biological im-
pact of water and water solutions under confinement is of special interest.106–110

The anomalous behavior of water has been the subject of extensive studies since
long ago, often relating its peculiar behavior to the existence of two forms of
structural order in bulk water111,112. That would lead to a liquid-liquid phase
transition between a high density water (HDW) and a low density water (LDW)
if its hypothetical critical point were not buried under the liquid-solid phase
transition line113–115. In the same spirit but with a different perspective, a
structural order parameter has been conjectured for liquid water to describe the
anomalous behavior of transport coefficients near the freezing point for liquid
water at 1 bar116–118. However, a clear description of these order parameters in
terms of microscopic variables is still lacking.

Studies of water confined in different structures range from graphite channels7,
carbon nanotubes8–10, silica pores119,120, and mica surfaces121, among others. In
recent times, water confined in reverse micelles, RMs,11–13 has attracted intense
investigations both theoretically14–17 as well as experimentally.122–125 Metal
oxide based nanocapsules20 have been shown to constitute a suitable alternative
to study the behavior of confinement systems, particularly water and cations of
different complexity. These studies show that water under confinement displays
some general trends that differ from bulk water. For example, water-confining
surface interaction and the geometry of the container are the key factors inducing
modifications in both short- and long-range order of water that affects both
the structure and the dynamics of the processes taking place. Computational
studies of water inside nanopores show that water molecules organize in layers
depending on the geometry of the confinement. The properties of water molecules
in contact with the confining surface (outer layers) are different from those at
a further distance from the surface (inner layers). For hydrophilic surfaces,
water molecules in the outermost layer have slower dynamics and the structures
displayed are strongly influenced by the surface, as a consequence of the strong
hydrogen bonds (HB) established between the water and the hydrophilic sites of
the latter. This effect forces particular orientations for water molecules near the
surface that induce distortions with respect to the natural structure in bulk water.
The most remarkable of these effects is that confinement destroys the three-
dimensional hydrogen bond network of bulk water to produce an arrangement
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2.1. Introduction 63

of the particles forming layered structures, which can be connected between
them in an irregular way, through hydrogen bonds. Some authors119,126,127

separate water molecules in confined systems into bound water, which refers to
those in contact with the surface, and free water, for the rest. The same has
been conjectured from results obtained in RMs.14,124,128,129 The mean number
of hydrogen bonds per water molecule also reflects that distinction.119,120,130

Reorientational dynamics, diffusivity, and dielectric properties of water under
confinement have also been studied. Molecular dynamics (MD) simulations of
water inside graphite channels7 show an increase of 4 ps in the mean time of
reorientation of bound water, as compared to that of bulk water (τbulk = 4.9
ps), when the separation between graphite plates is 3.1 nm. When the plate
separation is 1.2 nm, the increase rises up to 11 ps. Mart́ı and co-workers,7 have
also shown that the self-diffusion coefficient decreases, as well as the dielectric
constant increases, by a factor between 1.5 and 3 when comparing the behavior
of bound and free water for the channel widths studied.

In this chapter, we present MD simulations of water confined in a poly-
oxomolybdate Mo132(SO4) metal oxide nanocapsule, as far as structural and
dynamic properties are concerned. Due to the fact that AOT RMs of comparable
size have been extensively studied, our analysis permits one to analyze the effects
the characteristics of the container have on the observed properties.

AOT RMs are ternary systems formed by sodium bis(2-ethylhexyl) sulfosuc-
cinate (AOT surfactant), a nonpolar solvent, and water in appropriate ratios.
The size of the micelle is given by the parameter w0, defined as the ratio between
the total water to the total surfactant concentrations.131 This system gives
nearly spherical micelles with a rather soft container, negatively charged, and the
corresponding number of cations (Na+, K+) dissolved in the aqueous phase. RMs
with wo = 4 and 5 contain, respectively, 140 and 300 water molecules. The giant
molybdenum polyoxometalate Mo132(SO4) studied in this chapter is a structure
constructed from building blocks consisting of assemblies of one pentagonal
MoO7 unit with five MoO6 (referred to as (Mo)Mo6 moieties) connected by
MoO6 linkers.18 This rather rigid structure has 20 gates that can be blocked by
functionalizing the inner cavity with the appropriate number of SO2−

4 anions.
The total charge of the system is -72 which is compensated by the appropriate
number of counterions outside. This system can host up to 172 water molecules,
which makes it equivalent to w0 = 4 RM. Giant polyoxometalates (POMs)18,19

of different sizes have attracted some attention in recent years. By tuning the
overall charge and the geometry of the internal POM’s surface, the structure
of the ensemble of encapsulated molecules varies. In a recent paper,20 we have
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64 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

Figure 2.1: (a) Coarse-grained representation of an AOT reverse micelle. The
anionic surfactants are represented by a sulfonate headgroup (in red) and a
hydrophobic tail. Sodium Na+ cations are also shown (in black). (b) Chemical
structure of the AOT molecule.

studied the [{(Mo)Mo5}12{Mo2−(L)}30]n− (L=SO2−
4 and HCO−2 ; n = 72 and 42)

porous nanocapsules, which are referred to as Mo132(SO4) and Mo132(HCO2),
respectively. X-ray data for Mo132(SO4) at T = 188 K show that the confined
water can be described as forming three clearly defined concentric layers (100
molecules) plus an additional water layer bound to some Mo atoms of the cavity.
When, instead, formate functionalizes the system (Mo132(HCO2)), the same
number of water molecules is trapped in the cavity, but surprisingly, they orga-
nize in four plus one distinct loose layers.20 The layered structure has also been
observed by us using molecular dynamics simulations in both cases which, in
addition, show that structural changes occur as the temperature increases.

Centering our attention on the Mo132(SO4) capsule, X-ray measurements
indicate that the outer water layer is very rigid due to the strong interaction of
water with the metal atoms of the 12 (Mo)Mo5 moieties. These wall structures
form 12 {(H2O)(H2O)5} pentagons that force a certain geometrical organization
of the neighboring water layer. As in other confining systems, due to the HB
interactions, the structure of the inner layers of water still retains part of this
superimposed geometry, although it is progressively lost as the geometrical center
of the capsule is approached. The ability of water molecules to form hydrogen
bonds suggests that the observed layered structures must be the result of the
competition between the energy of formation of the HB network and the con-
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2.2. Fundamentals 65

straints due to the confinement. Hence, the physically HB connected structures
appear as layered structures that are related to those of buckminsterfullerene
(buckyball water clusters).132,133

Our simulations, therefore, address a detailed analysis of the dynamics of
water molecules in such a strongly structured system which has no counterpart
in the RMs neither in the Mo132(HCO2) where only the distinction between
bound and unbound water can clearly be made. Our interest is centered on the
evaluation of the dynamics of the water layers, the time scales related to a water
molecule in a given layer, as well as the permeability of the layers to the transfer
of water molecules across them, as a function of the position of the layer. We find
that different spectra of these correlation functions behave as power laws ν−α

at low frequency. Simulations of bulk water also show an analogous power law
behavior, when the power spectrum of the fluctuations in the electrostatic energy
is calculated. Such a flickering noise has been conjectured as being originated
by the relaxation of the HB network, following processes similar to self-organized
criticality (SOC).134 However, we relate this behavior to the combined effect of
the HB network and the hindrance of diffusion due to the confinement. This
effect would make it so that two water molecules, initially hydrogen bonded,
remain long time correlated due to their relative spatial location, thus allowing
the occurrence of many breaking and reforming HBs. However, it must play a
relevant role, specially at long time, the occurrence of occasional HB between
different layers and the related processes of exchange of molecules between these
layers.

Aiming at a possible comparison with experimental data obtained for this
system, we have evaluated correlation functions relevant for infrared spectroscopy
that has been widely used for similar analyses in RM systems.

The chapter is organized as follows: In section II, the methods used to
compute the different properties of our system are presented. Section III is
devoted to the technical details of the simulations and the routines used to
compute the properties. Subsequently, in section IV we present the main results
and finally, address the conclusions in section V.

2.2 Fundamentals

In this section, we describe the tools that we employ in the analysis of the
structural and dynamical properties of confined water into Mo132(SO4). In the
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66 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

first part, we describe the layering of water in the cavity and introduce a new
interpretation of the structure presented in ref [20] as well as the appropriate
notation for the subsequent discussion. We have emphasized the analysis of the
collective properties of the layers. Furthermore, we introduce other quantities of
interest that have been reported in the literature for confined water, particularly
in reverse micelles. Therefore, in the first place, we define the hydrogen bond
and the appropriate correlation function that describes its dynamics. Second, we
introduce the infrared absorption spectrum, aiming at analyzing the expected
behavior of the system if experimentally studied with this technique. Furthermore,
we also focus our attention on the orientation of water molecules in the cavity and
its corresponding dynamic behavior, which can also be experimentally accessible.
Finally, we also describe the tetrahedral order parameter to be used later.

2.2.1 Water Layer Analysis

The experimental X-ray measurements of ref [135] indicate that at T=188 K
water forms well-defined polyhedra inside the Mo132(SO4) cavity. From these
data, a first layer formed by 12 isolated pentagons, with six water molecules
each, corresponds to the water molecules coordinated to the (Mo)Mo5 moieties.
Next, a {H2O}60 rhombicosidodecahedron (see Figure 2.2a) which is followed by
a third layer of 20 molecules whose structure is dodecahedral {H2O}20. Finally,
another dodecahedron {H2O}20 forms the more internal layer. These structures
have been constructed only on the basis of the distance to the center of the
cavity, and this construction only reflects their geometrical shapes. However, the
physically relevant structures should be made out of molecules connected by HB
among themselves. According to this hypothesis, we suggest that the observed
physical structures should have the following properties: (a) each water molecule
is related by hydrogen bonds to three neighboring molecules belonging to the
same layer, (b) for the former to be true, the distances between the molecules
should be short enough for the HB bond to exist, and (c) the pentagons are
oriented such that they lie under the pentagonal structures originated in the
outermost layer. This last condition implies that the 12 pentagons belonging to
the different structures cannot be formed at any position but at fixed locations
imposed by the rather immobile 12 pentagons bound to the inner wall of the
POM. Therefore, the second and third layers of ref [20] can be reinterpreted as
being a unique structure similar to a distorted {H2O}80 buckyball. According to
Euler’s theorem,136 if nw is the number of water molecules in the structure and
h is the number of hexagons, it must be satisfied that nw = (12× 5 +h× 6)/3, if
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the number of vertices per molecule is three. Then, the {H2O}80 layer contains
30 hexagons, in addition to the 12 pentagons, to give the observed 80 water
molecules (see Figure 2.2b). From this point of view, the third {H2O}20 layer also
corresponds to a buckyball structure with h = 0 and, hence, only 12 pentagons.
Therefore, except for the layer directly in contact with the wall, all physical
structures can be described as forms of such buckyball geometry, with different
numbers of water molecules, interconnected through HB.

Figure 2.2: Comparison between the geometric structures suggested in ref [135]
(a) and the physical buckyball-like structure {H2O}80 (b) connected through
HB.

At higher temperatures (T = 298 K), however, the stability of these physical
layers will depend on the free energy of the system. It is then expected that
simulations performed at higher temperature would display a different water
distribution with imprint of a higher randomness due to the increase of the
thermal energy per particle. Indeed, in the previous study,20 we observed from
MD simulations analogous buckyball structures from the spatial distribution
function (SDF). In Figure 2.3, we plot the radial distribution function g(r) (see
ref [42]), giving the local normalized density of water molecules with respect to
bulk water for the Mo132(SO4), both under ambient conditions.137 In this figure,
four peaks are observed. Peak ε corresponds to the outermost layer, where water
molecules are strongly bound to the metal atoms of the POM’s wall. Peaks
δA and δB are the structure corresponding to the layer {H2O}80 that we have
described above. Here, however, the average number of molecules is estimated
to be around 72. The splitting of the δ peak into two is due to different position
of the vertices forming the pentagons, δB, and two of the vertices forming the
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68 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

hexagons, δA, according to Figure 2.2b. The water molecules detected in peak γ
correspond to the {H2O}20. Finally, at 298 K, an additional peak β is observed
very close to the center of the cavity with an average number of about four
molecules.

Figure 2.3: Radial distribution function g(r). Confinement involves the formation
of four layers as observed from the four peaks. Notice that this g(r) does not
tend to 1 in the range of distances of the figure due to the presence of the
capsule’s wall.

In ref [20], we also plotted the SDF, giving the regions with a larger probability
of presence of the oxygen of a water molecule, showing the structure of about
72 molecules in which the original {H2O}80 has transformed into. Effectively,
the increase of the temperature has made it so that some water molecules have
migrated from the external water layers into the center of the cavity. Then,
the δ layer would, in principle, tend to form a buckyball structure with the 12
pentagons and 26 hexagons. However, the strong constraint imposed by the
positions of the pentagons of the layer ε in contact with the confining surface
onto the layer δ make the corresponding buckyball structure impossible with 72
molecules. Therefore, the δ layer has a frustrated geometry that would induce
frequent transitions between the different frustrated structures that are possible
under the mentioned conditions. However, the {H2O}20 in γ seems to be much
more stable, since the position and number of molecules are not significantly
changed with the increase of the temperature.
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After the analysis of the structure, we center our attention on the overall
dynamics of the water layers found in this POM at T = 298 K. To that purpose,
we divide the cavity into 10 concentric shells that roughly correspond to the
peaks and the almost empty regions between these peaks. By practical purposes,
the shells do not have a uniform width and are defined by a set of distances Ri
corresponding to the external radius of the ith layer. If d is the distance between
the center of the POM and the oxygen of a given water molecule, then it belongs
to shell i if Ri−1 < d < Ri for i = 1, . . . , 10 with R0 = 0. The radii Ri defining
the shell structure are given in Table 2.1. According to this division of the POM’s

Table 2.1: Radii Ri of Concentrical Shells Dividing the Interior of the POM.

layer 1 2 3 4 5 6 7 8 9 10

Ri (Å) 1.40 2.60 3.73 5.01 6.07 6.91 7.80 9.56 10.54 12.1

cavity into shells, the water layers are inside shells i = 2, 4, 6, 7,and 9 which
correspond to the peaks β, γ, δA, δB, and ε, respectively. Notice that we have
considered peaks δA and δB in shells 6 and 7 due to the fact that the analysis of
the dynamics between these two shells gives some information about the motion
of the water molecules inside the same layer. In turn, shells i = 1, 3, 5, 8, and 10
correspond to the valleys between the peaks, i.e., to the empty space between
the layers.

Let ni(t) be the number of water molecules in the shell i at time t and n̄i,
the equilibrium average of this quantity. Then,

∆ni(t) = ni(t)− n̄i (2.1)

corresponds to the fluctuation in the occupation number of molecules within the
shell with respect to its average.

Our first analysis corresponds to the evaluation of the equal-time correlation
between the fluctuations in the number of molecules between pairs of layers, that
is,

Sij ≡ 〈∆ni(t) ·∆nj(t)〉 (i, j = 1, . . . , 10) (2.2)

where Sij is the ij element of the covariance matrix S and angular brackets stand
for an equilibrium average. The principal component analysis57 of S indicates
the preferred modes of variation of the occupation number of the shells. From
the 10 × 10 S matrix, one obtains 10 eigenvectors ~ai and the corresponding
eigenvalues λi. The main idea is to order the eigenvectors by the magnitude of
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70 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

its eigenvalue and take the first ones, as they retain most of the variation present
in system. In this study, we consider the first n∗ eigenvectors provided that

(
∑n∗

i=1 λi)/(
∑10
j=1 λj) ≥ 0.9, which corresponds to the set of normal modes that

gather the 90% of the fluctuation in the occupation number in this shell structure.
With this analysis, we can identify the dominant modes of the dynamics of the
system.

The time evolution of the fluctuations in the occupation number is studied
by means of the time correlation function Cij(t), defined as

Cij(t) = 〈∆ni(0) ·∆nj(t)〉 (i, j = 1, . . . , 10) (2.3)

where angular brackets stand for equilibrium average. The Fourier transform of
Cij(t) is of particular interest, namely, Cij(ν), defined as

Cij(ν) ≡
∫ ∞
−∞

dtCij(t)e
−2πiνt (2.4)

The power spectrum of Cij(ν) is by definition

Pij(ν) = |Cij(ν)|2 (2.5)

The behavior of the power spectrum, Pij(ν), permits to analyze the nature of the
events that cause the relaxation in the distortions of a given layer. The behavior
of Pij(ν) at low frequency reflects the complex dynamics of the hydrogen bonding
network in this confined system.

2.2.2 Hydrogen Bonds

Hydrogen bonding between water molecules is analyzed to see how the confine-
ment affects the HB network compared to bulk water. However, the definition of
a hydrogen bond depends on the criterion used to discriminate a bonded from a
nonbonded state, while the electrostatic potential responsible for that strong and
very directional attraction is continuous. Therefore, the analysis of hydrogen
bonding is always qualitative due to the fact that different criteria can lead to
different results. In this work, we have used the geometrical criterion widely
present in the literature.138 In this case, two water molecules are hydrogen
bonded when the following conditions are satisfied at the same time:

(a) The distance rOO between the oxygens of both molecules is lower than
RcOO.
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2.2. Fundamentals 71

(b) The distance rOH between the oxygen which accepts the HB and the
hydrogen which donates the HB is lower than RcOH.

(c) The bond angle φ between the intramolecular O-H direction of the donor
and the O-O direction is less than φc.

The distances RcOO = 3.6 Å and RcOH = 2.4 Å are taken as the first minimum
positions of the radial distribution functions gOO(r) and gOH(r) of bulk water
at ambient conditions. The adopted angular cutoff is φc = 30o.

The dynamics of the HB network is studied from the relaxation of the HB
correlation function CHB(t), defined as139

CHB(t) = 〈ηij(0)ηij(t)〉 (2.6)

where ηij(t) = 1 if oxygens i and j form a HB at time t and ηij(t) = 0 otherwise.
Only ij pairs hydrogen bonded at t = 0 are included in the statistics. We can
furthermore analyze the inter- and intralayer hydrogen bonding by restricting
the average to ij pairs initially belonging to different layers or to the same layer,
respectively.

2.2.3 Infrared Spectroscopy

Aiming at comparing the behavior of our system to the analogous reverse micelles
and to the experimental data reported for the latter,124 we introduce here the
predicted infrared absorption spectrum of a virtual OD stretch of HOD, where
D stands for deuterium, that in the experiment would replace a water hydrogen.
As in ref [16], it is expected that the changing mass of the deuterium does not
significantly affect the dynamics that we have calculated for H2O molecules.
From MD simulations, using the linear response formalism in conjunction with
the mixed quantum/classical approximation, the absorption line shape I(ω) is
given by140

I(ω) ∼ Re

∫ ∞
0

dteiωt〈~µ10(0) · ~µ10(t)e−i
∫ t
0
dτω10(τ)〉e−t/2T10 (2.7)

where ~µ10(t) is the transition dipole moment for the OD stretch fundamental at
time t, ω10(t) is the fluctuating transition frequency, and T10 is the vibrational
lifetime. We use the values given in ref [16] which are T10 = 1.8 ps,141 and the
transition dipole moment ~µ10 is given by

~µ10 = ~µ
′
x10û (2.8)
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72 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

Table 2.2: Empirical Relationship between the Local Electrostatic Field and the
Parameters of eq 2.7. ω10 is given in (cm−1), µ

′
is normalized by its gas-phase

value µ
′

g, and x10 is given in Å. In these expressions, E stands for the local
electric field on the position of the hydrogen (virtual D) atom, and is given in
au.142

ω10 = 2762.6− 3640.8E − 56641E2

x10 = 0.0880− 1.105× 10−5ω10

µ
′
/µ
′

g = 0.71116 + 75.591E

where ~µ
′

is the dipole derivative, x10 is the matrix element of the OD stretch
coordinate between the ground and first excited vibrational states, and û stands
for the unit vector along the OD bond. The values of the parameters in eq 2.7
depend on the local electric field on the position of the hydrogen atom and are
described in Table 2.2.

2.2.4 Local Orientation of Water Molecules

To study the orientation of water molecules at each layer, we compute the
probability distribution function of the relative angle θαn of a given vector ~α,
defined on the molecule, with respect to a normal vector ~n pointing outward
from the center of the cavity, i.e.,

Pi(cos θαn) = 〈δ(cos θαn − cos θαn(k))〉 (2.9)

where θαn(k) is that angle for a given molecule k in the ith layer. In this work,
we have considered α as being each of the three vectors, namely, ~rµ, defined as
the vector pointing along the water dipole moment, but in the opposite sense,
~rOH, and ~rHH, as the vectors along the O-H and H-H directions, respectively
(see Figure 2.4). Numerically, the probability distribution is calculated via a
histogram as follows

Pi(cos θαn) ∆ ' 1

M

∑
M

(
1

Ni
ni(cos θαn)

)
(2.10)

where M is the number of samples taken to perform the equilibrium average from
the simulation, ni(cos θαn) is the number of molecules in the ith layer satisfying
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Figure 2.4: Vectors defined along selected molecular directions. 2α = 109.47o

for the SPC/E water molecule.

that cos θαn−∆/2 ≤ cos θαn(k) ≤ cos θαn+∆/2, where ∆ is the bin size to construct
the histogram and Ni is the total number of molecules in the layer. The cosines

of the angle θαn(k) are calculated from cos θαn(k) = ~n(k)·~rα(k)
|~n(k)||~rα(k)| .

2.2.5 Rotational Dynamics

The orientational dynamics of water inside Mo132(SO4) has been studied by
means of reorientational correlation functions Cl,α(t) defined as

Cl,α(t) = 〈Pl(~uα(t) · ~uα(0))〉 (2.11)

where Pl is the lth Legendre polynomial and ~uα is a unit vector along the
molecular direction given by ~α.42 Here, only C2,OH(t) is considered, as its value
can be compared to rotational anisotropy decay measured by polarization-resolved
pump-probe experiments.16,124
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74 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

2.2.6 Tetrahedral parameter

To analyze the degree of tetrahedral order around a given molecule it is customary
to introduce the so-called orientational parameter q, defined as,144

q = 1− 3

8

3∑
j=1

4∑
k=j+1

(
cosψjk +

1

3

)2

(2.12)

where ψjk is the angle formed by the directions joining the oxygen of the central
molecule to two of the oxygens, j and k say, out of the four nearest neighbors.
Then, the mean value of q, 〈q〉, equals 1 for a perfect tetrahedral arrangement and
0 for a random distribution of molecules (ideal gas). Notice that this structural
order parameter is defined independently of any particular reference system
attached to the molecule due to the fact that it was conceived to also give
a measure for the existence of this kind of tetrahedral structures in isotropic
molecules144 like those described by Lennard-Jones potentials. The measure
of q in the water layers inside the POM gives us an excellent measure of the
distortion of the hydrogen bonding network inside the cavity as compared to
that of bulk water under the same thermodynamic conditions.

2.3 Computational Details

MD simulations of water inside the Mo132(SO4) capsule, at a temperature of
298 K and a pressure of 1 atm, have been carried out. Simulations have been
performed using the DLPOLY v2.19 code, developed at Daresbury Laboratory.31

Both water and POM have been modeled as rigid molecules. Lennard-Jones
potentials are used to describe the dispersion forces in addition to Coulombic
contributions due to partial charges at specific locations. For water molecules, we
have considered the SPC/E model.26 The main properties that we are aiming at
calculating depend on the collective properties of the system, and therefore, it is
not expected that fine details of the potential, like vibrational motion, flexibility,
and polarizability, strongly influence our results. Then, the use of rigid models
for water permits an enormous computational economy. However, to check the
independence of the results with regard to the model used, we have performed
a series of simulations with the TIP4P model98 to verify that, effectively, the
results that we present do not depend on the details of the model used. As far
as the POM is concerned, the LJ parameters are those given in ref [20] which
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2.4. Results 75

are based on the criteria given in ref [145] and have been used by us and other
authors to model rather complex polyoxometalate systems as well.146–149 For
the crossed LJ interactions, we have used the Lorentz-Berthelot mixing rules:
σij = 1

2 (σii + σjj), εij =
√
εiiεjj . Partial charges of the POM used in this paper

have been determined by using the Qeq method150 and are reported in ref [20].
In the simulation, the capacities of DLPOLY have been exploited by considering
that electrostatic interactions are accounted for by using the Ewald summation
technique,2 with a convergence parameter of 0.210 and considering a maximum
of 6 wave vectors in each direction. The Verlet leapfrog algorithm3 was used
to integrate the equations of motion with a time step of 1 fs and a cutoff of
18.5 Å. In order to optimize the CPU usage, we have used a Verlet neighbor
list2 with cutoff radius of 19.5 Å. The rigid body rotational motion is handled
under the leapfrog scheme with Fincham’s implicit quaternion algorithm,35 with
a tolerance of 10−4. All simulations have been performed with cubic periodic
boundary conditions. The volume of the box is equal to 70× 70× 70 Å3. The
number of water molecules inside the POM is 172. No external solvent has been
considered. Both equilibration and production runs have been performed in
the NVT ensemble, using Nosé-Hoover thermostat39 to keep the temperature
fixed with a relaxation time τT equal to 1 fs. The run lengths are 250 ps for
equilibration runs and 5 ns for production runs. Positions and velocities are
stored each 10 time steps.

DLPOLY output files are analyzed with a post-treatment constructed to
determine the correlation functions and averages required for our analysis. To
compute the g(r), the cavity of the POM is divided into concentrical shells of
width 0.011 Å. For the diagonalization of the covariance matrix 〈∆ni(t)∆nj(t)〉,
we use the GNU Octave 3.0.0 program. For the HB analysis, we have also
performed a MD simulation of bulk water at T = 298 K to compare the obtained
results with those calculated for water inside the POM. Probability distributions
P (cos θαn) are computed by dividing the interval of possible values of cos θαn ,
[−1, 1], into 200 shells of width 0.01.

2.4 Results

2.4.1 Local Water Structure

We have calculated the statistics of the hydrogen bonding in each shell, to
compare the structure of confined water to that of bulk water. In 2.5a, we

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



76 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

show the average number of hydrogen bonds per molecule, 〈NHB〉, for each shell.
Furthermore, in Figure 2.5b-d, we indicate the histograms of the number of HB
per molecule in the different shells, also in comparison with the corresponding
histogram of bulk water at the same thermodynamic conditions.

Figure 2.5: (a) Mean number of HB per water molecule 〈NHB〉 in the different
layers. The dotted line corresponds to the value for bulk water at the same
thermodynamic conditions. (b-d) Histograms of the number of molecules forming
n HB in layer 4 (b), 6 (c), and 9 (d) as compared to bulk water.

We observe that the histogram as well as 〈NHB〉 in the inner shells does
not significantly differ from what we observe in bulk water, despite the layered
structure displayed by the system. In particular, for shell 4, the more significant
trend is a slight reduction of the average number of particles with four HB in
favor of particles with three HB. The less frequent cases of particles with two
and five HB remain statistically the same as in bulk water. For shell 6, the main
trend seems to be an increase of the number of HB by displacing particles with
4 HB into 5 as well as from 2 into 3. For shell 7 (not shown), we see, however,
an opposite tendency. In any case, as far as the number of HB is concerned, no
strong significant variation with respect to bulk water is observed in the cavity.
This fact, moreover, also indicates that the layers are significantly connected
through HB bridges. Finally, in Figure 2.5d, we observe a strong reduction of
〈NHB〉, even shifting the histogram one position to the left to account for the
bonding formed by the water molecule and the metal moieties of the POM wall.
Therefore, we can conclude that the geometry of the inner surface of the POM

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



2.4. Results 77

hinders for that layer the formation of structures that would maximize 〈NHB〉.
This kind of behavior has been observed in other systems.119,130

An analogous analysis is done through the tetrahedral order parameter q.
For this variable, the effect of the confinement is more noticeable (see 2.6). For
shells 2, 4, and 6, its value is significantly lower than that observed in bulk
water, while 〈NHB〉 did not reflect a significant difference. This result together
with the previous analysis suggests that the layered structure of this confined
water is reached by deforming the HB network more than breaking a significant
number of HB. The increase of the value of q in shell 7 is difficult to explain; in
addition, it also agrees with a larger 〈NHB〉 which we think is attributed to the
combination of the stronger binding of the outer water layer with the appropriate
geometric conditions to form stable tetrahedral structures. For the ninth shell,
an explanation for the decrease of the tetrahedral order goes along the same
lines as we have sketched for 〈NHB〉.

Figure 2.6: Mean tetrahedral parameter 〈q〉 for the different layers. The dotted
line corresponds to that calculated for bulk water under the same thermodynamic
conditions.

The dynamics of the hydrogen bonds also reveals interesting features. In
Figure 2.7a, the results for CHB(t) (cf. eq 2.6) restricted to HB between water
molecules of the same layer are reported in comparison with the results for bulk
water. Unlike the static properties analyzed above, the correlation functions
significantly deviate from the bulk values. In particular, we observe, at long
time, the general trend that the more internal the layer, the closer to the bulk
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78 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

value is found. Furthermore, inside the POM, the correlations are maintained for
significantly longer times than in the bulk. This can be understood by recalling
that the definition of the correlation function accounts for the breaking and
reforming of HBs between a given pair of water molecules. Therefore, since
confinement forces the particles to keep their relative positions much longer
than in bulk systems, due to the hindrances of the particle diffusion, it is then
expected that the correlation lasts longer due to the later fact. This explains
why for the outer, more immobile, layer 9, the correlation at 50 ps is larger than
that of layer 6-7, and that the value for layer 4 is closer to the bulk. At short
times, less than 5 ps, the sharp decay of the correlation of layers 9 and 4 can be
associated with the more frequent breakage and reforming of HBs than in the
bulk, due to the geometrical constraint of the water molecules to form the layer.
In agreement with the tetrahedral order parameter given in Figure 2.6, the less
constrained layer is the 7th, which corresponds to the slowest decay of CHB(t)
at short times.

Figure 2.7: HB correlation functions CHB(t) for intralayer HB (a) and interlayer
HB (b).

The decay of the correlation of the HBs connecting different neighboring
layers is displayed in Figure 2.7b. The general trend of these correlation functions
is the same as that for the intralayer case, for both long and short times as well.
However, the more important conclusion to be drawn is that the HB bridges
between layers are less correlated than the HBs keeping the structure of the layer
together. Therefore, we can conclude that (i) the layers in this system are rather
stable structures kept by a bidimensional HB network involving three HBs and
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(ii) the remaining HB donor/acceptor for every water molecule establishes bridges
between layers, whose correlation dies out slightly faster than the former. Finally,
these correlations, in essence, measure the persistence of the water network in
the system. With the time window analyzed, we can not define a correlation
time which would require simulations long enough for the correlation functions
to die out. In our case, these times are longer than the overall simulation length.

Figure 2.8: Line shapes of the OD stretch for water encapsulated in Mo132(SO4)
(black), w0 = 4 RM (red), and bulk water (dashed) as obtained from simulation
data and eq 2.7.

Finally, for completeness, we have computed the predicted line shape for
the OD stretch as described in eq 2.7. In Figure 2.8, we compare our predicted
spectrum to the bulk value and the simulated result for w0 = 4 RM, the latter
given in ref [16]. On one hand, our predicted curve for bulk water perfectly agrees
with the same curve given in ref [16] and the experiments,124 indicating the
consistency of our results. On the other hand, our results for the confined water
in the Mo132(SO4) are surprisingly shifted to the red instead of the shift to the
blue seen in RMs of similar size. This fact is due, in our case, to the unbalanced
72 negative charges that displace the position of the peak to the red, since the
local electric field is larger than in a neutral system. Therefore, our result cannot
be compared to the analogous w0 = 4 RM results. Instead, it will be interesting
comparing the shift of the I(ω) line shape peak when different polyoxometalates
are used, and then to compare whether the effect of the confinement shifts the
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80 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

peak in an analogous way as in RMs. Much work has to be done before sensible
predictions of the line shape, taking into account the experimental setup of a
system with water encapsulated in a POM, can be done.

2.4.2 Covariance Matrix

The analysis of the covariance matrix S is done for the 10 shells defined in Table
2.1. The results of the diagonalization of the matrix give the principal modes
of fluctuation of the occupation number in each shell. In Table 2.3, we present
the four eigenvectors ~ai selected by the criterion that together they describe
more than 90% of the fluctuation observed. The associated eigenvalues, λi, and
the fractions of the total variance of ∆n in the direction of the eigenvector ~ai,
namely fi, are also presented in Table 2.4.

Table 2.3: eigenvectors ~ai resulting from the diagonalization of S. Main compo-
nents of each vector are shown in boldface.

Eigenvector
a1j a2j a3j a4jComponent j

1 0.000 0.021 0.017 -0.036
2 0.003 -0.091 -0.079 0.195
3 -0.033 0.273 0.164 -0.558
4 0.062 -0.543 -0.287 0.415
5 -0.188 0.646 0.098 0.450
6 0.663 -0.181 0.295 -0.242
7 -0.650 -0.285 -0.164 -0.390
8 0.277 0.283 -0.621 -0.065
9 -0.144 -0.142 0.611 0.244
10 0.010 0.009 -0.033 -0.016

According to Table 2.3, the first eigenvector ~a1 shows that the main fluctuation
mode occurs by the transfer of water molecules between the peak δA and the
peak δB lying in shells 6 and 7, respectively. This fact is seen by the opposite sign
but similar value of the two largest components of ~a1, that is a16 and a17, which
means that an increase of ∆n7 is mainly due to a decrease of ∆n6 and vice versa.
In this particular case, we recall that layer 6 and 7 are part of the same structure
that is organized in two different levels, and which show a certain degree of
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2.4. Results 81

Table 2.4: Eigenvalues λ associated to eigenvectors ~ai, and fraction of the total
variance of ∆n in the direction of ~ai; fi.

eigenvector λ f
~a1 13.81 0.40
~a2 9.81 0.286
~a3 5.28 0.154
~a4 2.46 0.072

frustration, due to the fact that its natural conformation contains 80 molecules,
instead of 72, according to section 2.2.1. Therefore, the fact that this layer is
frustrated indicates that frequent transitions between equivalent structures may
often occur. The analysis of the components of the second eigenvector suggests
that this mode of fluctuation is dominated by deformation of the structure of
layer 4 that partially enters the region defined as shell 5. As we will see in
section 2.4.3, such a mode of motion corresponds to fast deformation of the
structure more than to the creation of long-lived HB or metastable states between
neighboring layers. The analysis of the components of the third eigenvector
reveals similar conclusions involving valley layer 8 and peak layer 9. Finally,
the last eigenvector, ~a4 has a much smaller f4, indicating that this mode of
motion is much less important than the previously analyzed one. It is interesting,
however, to observe that it describes a somehow more collective motion involving
correlated simultaneous fluctuations increasing the number of molecules in shells
4 and 5 from shells 3, 6, and 7.

Switches of water molecules as well as bridges between layers seem to be rare
events as compared to the frequency of the overall deformation of the structure
forming the layer. To discern the validity of this statement, we computed the
distance d(t) of a tagged molecule to the center of the cavity. In Figure 2.9a,
we record the position of a water molecule, initially located in layer 9, next to
the inner side of the cavity. As we know, this is a rather stable layer due to
the strong interaction of water molecules with the surface moieties of the POM.
However, we see short-lived excursions of the molecule into the eighth valley
shell and even to the seventh peak layer. In all cases, these fluctuations are very
short-lived in the time window that we have explored. Figure 2.9b is much more
illustrative, since, together with the same kind of short-lived fluctuations, we
observe events in which a water molecule of the seventh layer occupies the sixth
layer for a significant period of time to later return into the original layer. For the
pair 6-7, we recall that they form a single HB-connected structure. Nevertheless,
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in this figure, we also observe excursions in which a water of the sixth layer
penetrates shell 4 for a period of about hundreds of picoseconds, to return back
to the original layer. This fact, together with the previous analysis, indicates
that the exchange of water molecules between layers is difficult due to the stable
structure that they form but HB bridges between layers can occur and last quite
a long time. We believe that these kinds of rare but long-lived events are those
described by ~a4, implying that the transient HB bridges formed shall deform
adjacent layers 4, 6, and 7 in the way described by this eigenvector. Therefore,
we can infer (see also section 2.4.4) that the layers deform at a given point due to
the formation of a HB bond between the layers without a significant distortion
of the local structure as to accommodate a new molecule, giving the eventual
return of the molecule to the original layer. We have observed, however, that, for
a molecule to exchange its layer, a switch has to simultaneously occur; otherwise,
the molecule is rejected back to its original layer.

Figure 2.9: Distance d(t) from the center of the POM of two water molecules (a
and b). Radii Ri for each layer are also shown (dashed line).

2.4.3 Dynamic Correlation Functions

The dynamic correlation functions Cij(t), defined in eq 2.3, have been calculated
for i = j, namely, the autocorrelation function of the ith layer, as well as
for j = i + 1, or the cross-correlation function between a peak layer and the
neighboring valley layer. In Figure 2.10, we plot the autocorrelation functions
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Cii(t) for shells i = 4, 6, 7, and 9, where we observe that, after a fast decrease of
the correlation for short times, all curves present an oscillation around 0.5 ps.
This behavior is indicative of a natural mode of vibration of the overall layers.
In the second place, the value of Cii(0) corresponds to our interpretation of the
eigenmode of the covariance matrix S, indicating that, for example, the more
relevant motion is the fluctuation between layers 6 and 7; then, between layers 4
and 5, and so on. In the third place, after the oscillation, the behavior of Cii(t)
looks like a power law decay that we will discuss later on when analyzing the
power spectrum.

Figure 2.10: Autocorrelation function Cii(t) for shells i = 4, 6, 7, and 9.

The cross-correlation functions Cij(t) shown in Figure 2.11a reflect the
same physical behavior that we have just discussed. The negative value of the
correlation is in support of the statement that the measured dynamic behavior
of the system is related to excursions of water molecules between peak and
valley shells, that is between layers and the interstitial space between them. The
cross-correlation function between shells 4 and 6, namely, C46(t), corresponding
to cross-correlations between different structures, is shown in Figure 2.11b.
The magnitude of this correlation is smaller than the autocorrelation functions,
although it is still significant. First of all, it is positive at short times, due to
the fact that the fluctuations of the structures affect each other. Nevertheless,
it is very significant the negative value of the correlation occurring at a time
of about 30 ps, that again can be related to the mode of motion described by
~a4, that is, that HB bridges are established between the structures deforming
them in a correlated way, for a significantly long time. Finally, another aspect
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84 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

that reinforces the interpretation that we make of the long-time behavior of the
system is given by the presence of a long-time tail of the correlation functions,
that lasts up to about 100 ps before they practically vanish.

Figure 2.11: (a) Cross-correlation functions Cij(t). (b) Cross-correlation function
C46(t) compared to autocorrelation function C44(t).

Power spectra, Pij = |Cij(ν)|2, defined in (eq 2.5), have also been calculated.
The obtained spectra are presented in Figure 2.12 in log-log plot. All figures
display a similar tendency, which can be summarized as follows. The curves
present two distinct regions separated by a small bump at a frequency of
about ν ≈ 2 ps−1, which corresponds to a period of 0.5 ps. This is the time
corresponding to the position of the observed oscillation at short times in Cij(t).
With regard to our previous discussion, the more interesting region is that at
frequencies smaller than 1 ps−1, corresponding to the long-time behavior of
the power spectra. In that region, we see that the power spectrum of Cii(ν)
approaches a power law of the form Pii(ν) ∼ ν−αi . The obtained exponents αi,
for each shell i are given in 2.5. With these exponents being smaller than 2, this
behavior corresponds to the so-called flickering noise or pink noise. The exponent
αi is approximately 0.75, for all layers, except for layer 2, taking into account the
fact that the error bars strongly increase toward the inner, less populated, layers.
The value of the exponent is very close to that reported in ref [134], obtained
for the power spectrum of the potential energy fluctuations observed in bulk
water under ambient conditions. Notice that a pure Brownian relaxation (e.g.,
diffusion at long times, 〈ρ(ν)ρ(0)〉 = 〈ρ2(0)〉/(−iν +Dk2) where k is the wave
vector and D, the diffusion coefficient of a Brownian particle) shows a plateau

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



2.4. Results 85

for the density-density correlation function for ν � Dk2. Hence, pink noise is
usually regarded as the collective effect of processes with a cascade of different
characteristic relaxation times. Although several explanations of the presence of
pink noise in the dynamic properties of water have been conjectured,134 the fact
is that no clear explanation, neither prediction of the value of the exponent, has
been given to date. Nevertheless, with regard to the characteristic time range
where this phenomenon occurs, everything seems to indicate that it must be
related to the processes regarding HB bridging between layers but also inside
frustrated layers and, therefore, to the overall rearrangement of the HB network
forming structures with similar free energies. The region ν > 2 ps−1 reflects the
short-time dynamics of the water molecules that has already been described.

Figure 2.12: Power spectrum Pii(ν). The local maximum is observed at ν = 2
ps−1.

Table 2.5: Obtained Fitted Exponents αi for ν < 1 ps−1.

shell 2 4 6 7 9
α 0.60 0.76 0.72 0.80 0.77

To end this section, we have included the results for the correlation function
of the total dipole moment of the layer

~Mi(t) =
∑
k∈i

~µk(t) (2.13)
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where ~µk(t) stands for the actual dipole moment of particle k in layer i. The cor-

relation function CMii (t) ≡ 〈 ~Mi(0) · ~Mi(t)〉 can be related to infrared spectroscopy
measurements.15 This magnitude is vectorial, as compared to the scalar ∆n, and
therefore, its behavior reveals different aspects of the dynamics of the system.
In 2.13 we show the power spectrum, PMii (ν), for the four layers. As compared
to Figure 2.12, the correlation function for the total dipole moment shows an
analogous behavior, although the dispersion of the values is significantly lower
than in the case of Pii(ν). In Table 2.6, we indicate the exponent, αMi , of the
curves, fitted in the range [0.02,2] ps−1, where the long time collective behavior
is expected. With respect to Pii(t), the exponents of PMii (t) are significantly
larger and very closer to −1. However, the ordering of the exponents for every
layer exactly coincides with that of Pii(t) (see Table 2.6). It is therefore clear
that each layer has its characteristic way of relaxation that leaves its footprint
on the observables.

Figure 2.13: Power spectrum PMii (ν).

Table 2.6: Obtained Fitted Exponents αMi for ν < 2 ps−1.

shell 4 6 7 9
αM 0.94 0.87 0.97 0.95
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2.4.4 Orientational Distributions

To obtain further insight into the possible causes of the long-time behavior of
the correlation functions calculated so far, we have studied the distributions
of angles θOH

n , θHH
n , and θµn for the layers 4, 6, 7, and 9. The distributions of

P(cos θαn) are shown in 2.14. We recall that α stands for OH, HH, and µ, the
angles θαn being defined in section 2.2.4. At the end of this section, we analyze
the dynamics of the orientation of the water molecules through C2,OH(t), which
in addition can be compared to experimental data.

In the first place, we analyze the orientations of the water molecules in
layer 7. In Figure 2.14a we see two peaks at cos θOH

n = 1 (θOH
n = 0) and

at cos θOH
n ≈ −0.31 (θOH

n ≈ 108.1o) which agree with having one OH bond
parallel to the radial vector from the center of the POM, ~n (θOH

n = 0), and
the other forming the corresponding angle imposed by the water geometry
(θOH
n = 109.47o). This result indicates that layer 7 is bound through HB to

layer 9 which in turn is strongly bound to the inner surface of the POM (see
Figure 2.15). This configuration can also be identified in Figure 2.14b, where
two symmetric peaks are located at approximately cos θHH

n = ±0.815, and also
by the peak at cos θµn = 0.584, in Figure 2.14c. Moreover, Figure 2.14b reveals
the presence of a peak around 0, indicating a significant population of molecules
that lie rather flat on the plane perpendicular to the radial vector. However,
Figure 2.14c suggests through the peak at -0.54 that these molecules are slightly
tilted approaching their hydrogens toward the sixth layer. We recall that layers 7
and 6 are part of the same structure; therefore, the latter water molecules make
the connection between the pentagonal structure of layer 7 and the structure
forming layer 6 (see Figures 2.2 and Figure 2.15).

Repeating the same analysis for layer 6, we see in Figure 2.14a two peaks
at cos θOH

n = −1 and at cos θOH
n ≈ 0.31. This result agrees with one of the

OH bonds antiparallel to ~n and the other forming the angles imposed by the
geometry of the water molecule. Again, we observe the phenomenon of layers
connected through bridges of HB, as in this case, where layer 6 is bridged with
layer 4. The absence of a peak in cos θOH

n = 1 also indicates that no bridges
are formed between layer 6 and layer 9. This interpretation agrees with the
peaks at cosHH

n = ±0.815 in Figure 2.14b and the weak increase of P(cos θµn)
around cos θµn ≈ 0.5 at Figure 2.14c. Similarly, as in the case of layer 7, the
central peak at cosHH

n = 0 in 2.14b suggests that for many particles this vector
lies perpendicular to the normal. The plateau region between cosµn ≈ −0.5 and
cosµn ≈ 0.5 in Figure 2.14c suggests that the connection between layers 7 and 6
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88 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

is mostly due to the tilt of water molecules from layer 7 toward those of layer
6, since the later molecules are wandering between cosµn ≈ −0.5 and cosµn ≈ 0.5,
which does not significantly correspond to similar tilt in molecules of layer 6. In
general, layer 6 is less structured than layer 7 due to the lower height of peaks
and depth of valleys in the figures analyzed.

With regard to layer 4, we see that the larger mobility of those molecules is
reflected in the absence of significant peaks, as seen from Figure 2.14. However,
Figure 2.14a reveals a certain tendency to form HB bridges between this layer
and layer 6 according to the peaks analogous to those of layer 7. Finally, the
orientation of layer 9 is strongly influenced by the presence of the surface moieties.
The more interesting feature of these rather immobile water molecules is a certain
tendency to form bridges with layer 7, which is the reason why layer 7 is so
much structured.

Figure 2.14: Orientational distributions P (cos θOH
n ) (a), P (cos θHH

n ) (b), and
P (cos θµn) (c) for different occupied layers.

The analysis of the orientational distributions indicates that the layers are
not independent structures but that they are strongly connected through HB
(see Figure 2.15). This fact explains why shells that we have identified as valleys
are rather populated by hydrogen atoms that connect the layers. At the same
time, the internal structure of the layer makes it very unlikely that the number
of water molecules in the structure is changed. This contrasts with the relative
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facility with which HB rearrange inside the layer as well as among different
layers. These two combined effects make it so that the transfer of water molecules
between layers is a process that involves an almost simultaneous switch of two
molecules from two neighboring layers after the bridging HB have prepared the
scenario for this switch to occur. One of these events has been captured in 2.16
in which we see how the two tagged molecules exchange their positions in a
transition that takes very short times.

Figure 2.15: Example of an instantaneous conformation of the water molecules
forming a pentagon in the layers close to the inner wall. (a) Water molecules
in a pentagon in layer 7 (red oxygens, white hydrogens). Notice the tilt of the
molecules that connect layers 6 and 7 as well as the hydrogen atoms bridging
to layer 9. (b) The same pentagon of layer 7 is represented together with the
solvation waters of layer 9. We have also plotted the sulfate molecules (yellow for
sulfur) and the group MoO6 (green for molybdenum). The structure of MoO6 is
responsible for the preferred pentagonal distribution of the sulfate groups, and
strongly conditions the position and orientation of the water forming layer 9 as
described in the text.

Our simulations with the TIP4P model are quantitatively the same for these
orientational distribution functions as for the results obtained with the SPC/E
model, used along the paper. The difference in the height of the peaks for the
two water models in the radial distribution function, for example, is less than
5%, indicating that the results are fairly independent of the subtle details of the
water models.
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90 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

Figure 2.16: Distance d(t) for two tagged water molecules (a). The red track
shows at least three switches between layers. The zoomed figure (b) captures
the switch between the red and black tagged molecules.

As far as the relaxation of the dynamics of the orientation is concerned,
C2,OH(t) measures the decay of the correlation of one OH vector for a molecule
with respect to its orientation at t = 0. In Figure 2.17, we compare this decay
in our system, with 172 water molecules, to the simulated results for a reverse
micelle, wo = 4, with 140 water molecules,16 and the experimental data for
a reverse micelle wo = 5, with about 300 molecules.124 We observe a slightly
faster decay in the simulations of the wo = 4 RM than our results with a similar
number of water molecules enclosed. The difference between these two decays
might be due to the fact that the POM capsule is rigid in our simulation while
some degree of motion is allowed for the AOT surfactants in the simulations of
ref [16]. It remains open the question why this correlation function for a larger
RM has a slower decay, although the trends are quite similar.

In Figure 2.18, we compare our simulation results specific of individual
layers with corresponding analyses for the wo = 4 RM.16 Our curves follow an
analogous pattern as in Figure 2.7, which indicates that the hindered diffusion
of the molecules permits the breaking and reformation of HBs that keep the
orientation of the molecule strongly correlated to its initial value. Even we
observe here that layer 6-7 with larger tetrahedral order keeps the orientational
correlation above the more bound layer 9, although the trend at 5 ps suggests
that, as for the HBs, they will cross over at longer times. It is interesting to
notice that the results for the solvation layer of the wo = 4 RM are analogous to
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2.4. Results 91

Figure 2.17: Comparison of calculated reorientational correlation function
C2,OH(t), for the Mo132(SO4) capsule, with simulated results for a RM, wo = 4,
and experimental data for a RM, wo = 5.

Figure 2.18: Reorientational correlation functions, C2,OH(t), for water inside the
Mo132(SO4) capsule at different layers compared to simulated results for inner
and interfacial water in RM, wo = 4.
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92 Chapter 2. Dynamics of Encapsulated Water inside Mo132(SO4) Cavities

that of layer 9 while the data for the inner molecules of the former RM follow a
similar trend as that for the core water molecules of our POM.

2.5 Conclusions

In this chapter we have analyzed the structure and dynamics of water molecules
confined inside a Mo132(SO4) cavity and compared to water confined in RMs.16,124

We have stressed the fact that the three-dimensional HB network existing in
bulk water is organized in layers to fulfill the constraint created by the inner side
of the cavity. We have argued that these layered structures are created by the
ability of the water molecules of creating three HB inside the layer. Therefore,
each molecule inside one of these structures can still create a HB that will
necessarily be with molecules of neighboring layers. We have thus suggested that
these layered structures should belong to the buckyball family. Nevertheless,
the position of the pentagons influenced by the metal moieties of the inner wall
of the POM forces that the stable structures cannot have an arbitrary even
number of hexagons. Furthermore, the difference between the experimentally
observed structure and the simulation results at room temperature has been
interpreted as caused by the increase of the free energy of the layer with the
temperature which turns into the formation of a small drop in the center of the
cavity and a decrease of the population of the more external layers. The analysis
of HB statistics, the tetrahedral order parameter, as well as the orientational
distribution functions all agree with that view. Our results are analogous to the
observations made in the w0 = 4 RMs.

The analysis of the dynamics of this peculiar system indicates that the main
modes of motion are correlated fluctuations of the overall structures at short
times. We have observed that the transfer of molecules among layers is rare and
involves the switch of two water molecules. No metastable states involving the
transient presence of one water molecule in the layer have been observed. Thus,
only switches seem to be the mechanism by which water molecules diffuse inside
the cavity. Correlation functions have permitted one also to observe the effects
of the reorganization of the HB network, especially HB bridges between the
structures. The long time tail in the correlations as well as the power law decay
at low frequency of the power spectrum suggests, although it is not demonstrated,
that the system evolves through an energy landscape with many minima with a
certain energy distribution that would make the decay a process crossing multiple
waiting times.
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POMs as compared to RMs are more rigid structures that offer the possibility
of enlarging the scope of the investigations done in water in confined environments.
The particular system studied here has the peculiarity of forming several distinct
layers of water that has no counterpart neither in RMs14 nor in POMs where
the SO4 ligand is replaced by HCO2.20 It is important to mention the particular
structure formed by layers 6 and 7, which has different features as compared to
layers 4 and 9 corresponding to bound layer and more bulky water, respectively.
Notice, for example, the slower decay of the occupation number as well as
the total dipole moment and the higher tetrahedral parameter, which is larger
than the bulk. Therefore, we believe that the commensurability of the natural
structures of water with the geometry of the cavity has to play a relevant role
that we have not explored yet.

The analysis of water inside small cavities may help in elucidating the exact
mechanisms that produce the values of the exponents of this long time behavior.
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Chapter 3. The effect of the ligand on the structure and the dynamics of

encapsulated water inside Mo132 cavities

3.1 Introduction

The particular HB structures that water forms in a confining environment, such as
in polyoxomolybdates, strongly depend on the details of the confining surface. As
commented in section 2.1, the replacement of SO2−

4 ligands by HCO−2 ligands on
Mo132(ligand) nanocapsules leads to different polyhedral-shaped water structures
inside, as observed from X-ray data at T = 188 K.20 Water molecules confined
inside the Mo132(HCO2) capsule are arranged in four concentric layers with radii
of 4.02-4.08 Å, 6.62-6.72 Å, 7.66-7.78 Å, and 8.52-8.79 Å , which have primarily
been interpreted as a {H2O}20 dodecahedron, a {H2O}20/2 dodecahedron, a
{H2O}60 distorted rhombicosidodecahedron, and a {H2O}20/2 dodecahedron
(see Figure 3.1) in ref [20]. An external water layer is also bound to the atoms
of the POM internal surface. Although the three inner layers are located at
similar positions as those of the water oxygens in the Mo132(SO4) nanocapsule,
for the {H2O}20 and {H2O}80 layers, the new layer at 8.52-8.79 Å suggests a
quite different scenario.

Figure 3.1: Structure of the water layers (water oxygens are at the vertices of the
different polyhedra) inside Mo132(HCO2) cavity (left figure), and distributions of
water oxygens from the center of this capsule (right figure) as suggested in ref. [20]
from experimental X-ray measurements at T = 188 K. From these data, a first
{H2O20} (blue) central dodecahedron is shown, then a {H2O20/2} dodecahedron
(green) which is followed by a distorted rhomicosidodecahedron {H2O60} (yellow),
and finally another {H2O20/2} dodecahedron (red), not observed inside the

Mo132(SO4) capsule is formed between 8.52 Å, and 8.79 Å.

Molecular dynamics simulations of water inside Mo132(HCO2) capsule, aiming
at reproducing the experimental shells through the radial distribution function
g(r), show that only at low temperature (T = 198 K) the four inner peaks are
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reproduced.20 However, when the temperature is increased to T = 298 K, the
second and the third peaks at about 6.9 Å and 7.9 Å merge into a single peak.
This effect has not been observed for the Mo132(SO4) capsule where, even at
ambient conditions, the structure of the water layers reflects the experimental X-
ray peaks. The main differences between both nanocapsules are, on the one hand,
the larger available volume inside the Mo132(HCO2) for water molecules due to
the smaller size of the formate ligands, compared to the sulfate ligands, and, on
the other hand, the positive charge of the terminal hydrogen of the HCO2 ligands
and its lower vdw repulsion, as compared to the negatively charged oxygens
of the SO4 ligands. These differences suggest that, although the Mo132(HCO2)
capsule is more rigid than an AOT RM of similar size, the dynamic behavior of
water in its interior will be closer to that of a RM than when the Mo132(SO4) is
considered.

In this chapter we study the effect of the HCO2 ligand on the structure and
dynamics of water encapsulated inside a Mo132 capsule at ambient conditions.
The results for some of the properties are compared to our simulated results
for water inside Mo132(SO4) and to simulated results for bulk water. We are
interested in understanding the causes of the difference in water structure
observed in the X-ray measurements between both capsules, and how they affect
the dynamics of water molecules at different regions inside the Mo132(HCO2)
capsule. Our results are also compared to experimental data and simulated
results for water inside AOT RMs of similar size for orientational relaxation of
the OH vector. The last comparison permits us to know whether the dynamics
of water inside the Mo132(HCO2) is close to that observed inside RMs and to
provide measurable data to be experimentally tested.

3.2 Fundamentals

In the present study, we have calculated several of the properties already defined
in the previous chapter. In the first part of the results section, which accounts
for structural properties, we calculate the radial distribution function as done
in Section 2.2.1. To give a measure of the spatial distribution of water oxygens
inside both the Mo132(SO4), and the Mo132(HCO2) plots, we have also calculated
the spatial distribution function, SDF. In this case, the simulation box is divided
into cubes of equal volume called voxels, and the number of water oxygens in
each cube is counted and, then, divided by the total number of water oxygens
and timesteps used for the calculation. The same measure for the Mo132(SO4)
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encapsulated water inside Mo132 cavities

capsule system was already calculated in ref [20]. However, we recalculate it
with from simulated data to compare the results with those calculated for the
Mo132(HCO2) capsule. We have also calculated the statistics of the hydrogen
bonding at different distances from the center of the Mo132(HCO2) capsule using
the geometrical criterion given in Section 2.2.2. For the dynamics of water, we
have studied the reorientation of the OH vector through the correlation function
C2,OH(t) as defined in Section 2.2.5.

Translational diffusion has been studied by means of the mean-squared
displacement, MSD, defined as,

MSD(t) = 〈|~rCM(t)− ~rCM(0)|2〉 (3.1)

where ~rCM is the position of the center of mass of a water molecule. The MSD
is directly related to the self-diffusion coefficient Dself , giving the diffusion of a
labelled species among identical solvent molecules, by the following equation2

Dself =
1

6
lim
t→∞

∂〈|~rCM(t)− ~rCM(0)|2〉
∂t

(3.2)

As water molecules are confined inside the Mo132 cavities, they can not travel
distances larger than the diameter of the accessible sphere inside the POM.
Then, strictly speaking, a diffusion coefficient can not be obtained from eq 3.2
at t→∞, and we use directly the MSD for finite times, to obtain an estimate
of the diffusivity inside the POMs.

3.3 Computational details

MD simulations of water inside the Mo132(HCO2) capsule, at a temperature
of 298 K, and a pressure of 1 atm, have been carried out. To prevent water
molecules to diffuse outside the POM, guanidinium counterions have been placed
in the pores in order to close them. Simulations have been performed using the
DLPOLY v2.19 code, developed at Daresbury Laboratory.31 Both, water and
POM, have been modeled as rigid molecules. Lennard-Jones potentials are used
to describe the dispersion forces in addition to Coulombic contributions due to
partial charges at specific locations. For water molecules we have considered
the SPC/E model,26 as done in the previous chapter where good agreement
was found between structural simulated results and X-ray experiments. As far
as the POM is concerned, we have used the LJ parameters given in ref [20],
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which are based on the criteria given in ref [145], and that have been used by
ourselves and other authors to model rather complex polyoxometalates systems
as well.146–149 For the LJ interactions between unlike atoms i and j, we have used
the Lorentz-Berthelot mixing rules: σij = 1

2 (σii + σjj), εij =
√
εiiεjj . Partial

charges of the POM used in this paper have been determined by using the
Qeq method150 and are reported in ref [20]. Long range interactions have been
treated using the Ewald summation technique,2 with a convergence parameter
of 0.210 and considering a maximum of 6 wave vectors in each direction. The
Verlet leap-frog algorithm3 was used to integrate the equations of motion with a
time step of 1 fs and a cut-off of 18.5 Å. In order to optimize the CPU usage, we
have used a Verlet neighbor list2 with cut-off radius of 19.5 Å. The rigid body
rotational motion is handled under the leapfrog scheme with Fincham’s implicit
quaternion algorithm,35 with a tolerance of 10−4. All simulations have been
performed with cubic periodic boundary conditions. The volume of the box is
equal to 70× 70× 70 Å3. The number of water molecules inside the POM is 172
as for the previous study with the Mo132(SO4) POM. No external solvent has
been considered. Both, equilibration and production runs, have been performed
in the NVT ensemble, using Nosé-Hoover thermostat39 to keep the temperature
fixed with a relaxation time τT equal to 1 fs. The run lengths are 250 ps for
equilibration runs and 5 ns for production runs. Positions and velocities are
stored each 10 time steps.

DLPOLY output files are analyzed with a post-treatment constructed to de-
termine the correlation functions and averages required for our analysis. To
compute the g(r), the cavity of the POM is divided into concentrical shells of
width 0.011 Å. The SDF has been calculated by dividing the simulation box
into voxels with a volume equal to 0.263 Å3. The results for water confined
inside the Mo132(SO4) capsule have been taken from the previous chapter. For
the g(r) analysis, we have also performed a MD simulation of water inside the
Mo132(HCO2) capsule at T = 198 K. For the HB analysis we have performed a
MD simulation of bulk water at T = 298 K to compare the obtained results with
those calculated for water inside the POM. Probability distributions P (cos θαn)
are computed by dividing the interval of possible values that cos θαn , [−1, 1],
into 200 shells of width 0.01 as in the previous chapter.
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3.4 Results

3.4.1 Local water structure

We have calculated the radial distribution function, g(r), to study the structure
of the water molecules inside the Mo132(HCO2) nanocapsule and to compare with
our previous results for the Mo132(SO4) POM under the same thermodynamic
conditions. In Figure 3.2, we plot g(r), for both systems, where different peaks
are observed. For clarity, we use the subscripts S and F to label these peaks for
the Mo132(SO4) and the Mo132(HCO2) capsules, respectively. The first peak for
the Mo132(HCO2) POM, named βF , occupies approximately the same position
as the analogous peak for the Mo132(SO4) POM, γS , but with a lower number
of water molecules. Peak γF , located at about 6.88 Å, matches the minimum
between peaks δAS and δBS. Then, a third peak, δF , is observed at about 8.77
Å from the center of the POM. Finally, a last peak εF is located close to the
POM’s wall, where water molecules interact with the MoO5 pentagons.

Figure 3.2: Radial distribution function g(r) for the oxygen atoms of water
molecules inside both Mo132(SO4) and Mo132(HCO2) POMs. Different subscripts
are used to label the peaks for each POM.

The presence of peak δF in the g(r) was not observed for the Mo132(SO4)
POM. The explanation mainly comes from the increase of the accessible volume
that water molecules have when sulfate ligands are replaced by formate ligands.
The tetrahedral symmetry of SO4 ligands prevents water oxygens to approach
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those distances located between 8 and 9 Å from the center of the POM due to
the vdw repulsion at short distances, and the electrostatic repulsion between
oxygens. Hence, in Mo132(SO4) capsule, water molecules are located either under
molybdenum pentagons or in the pentagons of layer δBS. However, when formates
are inside the POM, the presence of water oxygens at peak δF is favorable in
terms of energy due to their interaction with the carbon and hydrogen atoms
of the HCO2 ligand, and to the lower vdw repulsion of the latter. At the same
time, the charge of the POM surface is reduced from -72 to -42 and the water
molecules in the outermost layer have a less rigid nature. It is interesting to
notice that g(r) takes a value close to the unity between peaks, when formates
are inside the POM, suggesting more mobile water structures as compared to
those inside the Mo132(SO4) cavity. The comparison of the cumulative number
of water molecules, N(r), inside the POM for both ligands also shows this trend
(see Figure 3.3). The quasi-buckyball structure described in Mo132(SO4), makes
N(r) to increase in stair-like manner. However, for the Mo132(HCO2) case, N(r)
smoothly increases suggesting that the peaks do not correspond to the same
kind of structures as described in the previous chapter.

Figure 3.3: Cumulative number of oxygen atoms N(r) in the Mo132(SO4) and
the Mo132(HCO2) capsules.

To elucidate whether water molecules located at peaks γF and δF form a
given linked structure, we plot the spatial distribution function, SDF for the
water oxygen atoms. In Figure 3.4a we show the SDF for the Mo132(HCO2)
POM, as compared to the SDF calculated for the Mo132(SO4) POM (Figure
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3.4b), with different colors corresponding to different probability of presence
for water oxygens. Although water is less structured inside Mo132(HCO2) as
observed from the g(r), the SDF reveals well defined high probability regions,
having the SDF a well defined structure with definite symmetry. The twelve
centered-pentagons of the outermost layer observed in the SDF when having
SO2−

4 as the ligand, are also present in this SDF, corresponding to the peak εF
in the g(r) plot. However, in this case, the twelve centered-pentagons are not
isolated but connected to triangular located at the position of peak δF in the
g(r). Each triangular node is shared between three centered-pentagons, and it is
also connected to peak γF located closer to the center of the POM. The position
of the triangular nodes lies under the surface pores closed by guanidinium ions,
while the SDF regions belonging to peak γF lie under the hydrogen atom of the
formate ligand. The surface area of each triangular node is too small to contain
more than one water molecule at the same time. The peak δF should correspond
then to the {H2O20/2} dodecahedron suggested in ref [20]. Notice, however, that
the oxygens located at the triangular nodes are not hydrogen bonded between
them, but with water molecules located at peaks εF and γF .

Figure 3.4: Isosurfaces of the spatial distribution function (SDF) for water oxygen
atoms inside Mo132(HCO2) capsule (a), and inside Mo132(SO4) capsule (b). Red
color indicates the regions with larger probability of finding a water oxygen,
while blue color accounts for lower probability regions. For the Mo132(HCO2)
capsule we label the regions corresponding to the outer peaks for clarity.

Inner structures are not distinguishable from the SDF plot. Although peaks
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γF , and δF can be described from the SDF plot, this global HB connected
structure can not physically exist instantaneously as a structure connected by 3
HBs, since a total of 9 nodes connect peak δF with peaks εF , and γF , which is
not compatible with the available number of HBs that a single water molecule
can share with others. At the same time, as seen in Figure 3.3, the number of
water molecules belonging to peak εF is about 48 instead of 72, which involves
water migration from the outermost layer to inner regions. In fact, the SDF
gives the regions where water molecules are located during the simulation with a
given probability. Then, although the outermost water layer is the same as when
sulfate ligands are located inside the POM, the well-defined paths connecting
peaks δF and εF suggest a quite different situation in terms of the dynamics of
the system.

Despite the fact that the SDF permits us to explain the nature of the peaks δF
and γF , only peak δF is compatible with the {H2O20/2} dodecahedron observed
in Figure 3.1 (in red) at T = 188 K. The suggested {H2O60} rhombicosido-
decahedron is not observed neither in the g(r) plot nor in the SDF plot at
T = 298 K, indicating that this structure may only exist at lower temperatures.
It is important to notice that the {H2O60} rhombicosidodecahedron and the
{H2O20/2} dodecahedron do not satisfy the conditions for a hydrogen bonded
physical structure of this kind to exist, as explained in section 2.2.1. Then, to
close this section, we have performed an MD simulation at T = 198 K aiming
at reproducing the g(r) calculated in ref [20], and to infer the real physical
structures formed by the water molecules. In Figure 3.5a, we plot the g(r)
for water inside the Mo132(HCO2) at T = 198 K. As indicated in ref [20], a
new bump is observed at about 7.8 Å, which matches that observed in X-ray
measurements. The small distance between peak δF and the new bump should
involve water molecules at these positions to be hydrogen bonded.

From simulations at T = 298 K, we have identified the 20 atoms corresponding
to the nodes of the {H2O20/2} to be located under the surface pores of the
Mo132(HCO2) capsule. At the same time, from X-ray data, we observe that the
12 pentagons corresponding to the nodes of the {H2O60} rhombicosidodecahedron
lie under the external twelve centered pentagons of the outermost water shell.
Hence, as done for the water molecules inside the Mo132(SO4) capsule, the most
likely hydrogen bonded structure between the {H2O60} structure and the most
external {H2O20/2} structure would be a {H2O80} distorted buckyball as shown

in Figure 3.5c. However, water molecules located at about 6.7 Å should also
be hydrogen-bonded with those at 7.7 Å. In this case, if the positions for the
water oxygen atoms at these distances from the center of the capsule, obtained
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from X-ray data, are connected, then, the most likely physical structure is
another {H2O80} buckyball (see Figure 3.5b). This structure, however, can not
simultaneously exist with the most external suggested {H2O80} buckyball shown
in Figure 3.5c, since the total number of water molecules belonging to these
structures would exceed the approximately 80 molecules located between 6.5 Å
and 9 Å from the center of the POM, as seen in Figure 3.3. Then, the most
likely hydrogen-bonded structure for water molecules at these positions should
be a mixture of the {H2O80} structures shown in Figure 3.5. That would lead
to an under-occupation of the water layers as suggested in ref [20].

Figure 3.5: Radial distribution function g(r) for water oxygen atoms inside
the Mo132(HCO2) capsule at T = 198 K (a), and suggested {H2O80} hydrogen
bonded physical structures (b-c). For clarity, in the g(r) plot, we indicate which
peaks contribute to the particular nodes in these structures.

The described hydrogen-bonded structure, however, is only possible at very
low temperatures, where the potential interactions between molecules prevail over
molecular agitation. When, the temperature is increased, the larger available
volume under the surface pores for water molecules at peak δF makes this
structure to break. At these conditions, the strong constraint imposed by the
confining surface is reduced in the Mo132(HCO2) capsule compared to that in
the Mo132(SO4), and then, the 12 hydrogen bonded pentagons of the {H2O80}
buckyballs shown in Figure 3.5 also break. Hence, the overall hydrogen bonded
network transforms in that observed in the SDF in Figure 3.4.
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3.4.2 Orientational distributions

To obtain further insight on the structure of the water molecules at different
distance from the center of the Mo132(HCO2) capsule at ambient conditions,
we have calculated the distributions of angles P (cos θαn) for the water molecules
located at different distances from the center of the POM. Here, α stands either
for O-H, H-H, or µ directions, as defined in Section 2.4.4. Due to the absence of
empty valleys between the peaks observed in Figure 3.2 for the Mo132(HCO2),
it has no much sense to divide the cavity into several layers, as done for the
Mo132(SO4) capsule in Section 2.2.1. However, as particular structures are seen
in the SDF plot (Figure 3.4a), we define four shells accounting for the four peaks
observed in the g(r). The internal and external radius of the four shells are
shown in Table 3.1.

Table 3.1: Internal and external radius of concentrical shells accounting for the
peaks observed in the g(r) of water inside the Mo132(HCO2) POM.

Peak Internal radius (Å) External radius (Å)
βF 3.73 5.00
γF 6.07 7.46
δF 8.13 9.21
εF 9.21 10.54

We begin with the analysis of the orientations of the water molecules belonging
to peak δF . In Figure 3.6a, a high probability plateau region located between
cos θOH

n ≈ −0.74 (θOH
n ≈ 137.7o) and cos θOH

n ≈ 0.65 (θOH
n ≈ 49.5o) is observed.

This agrees with a wide range of possible orientations of the water molecules.
However, two protuberances are observed at cos θOH

n ≈ −0.74 (θOH
n ≈ 137.7o),

and at cos θOH
n ≈ 0.12 (θOH

n ≈ 83.1o). These two situations are not compatible
with having one OH bond parallel or antiparallel to the radial vector from the
center of the POM, as low probability is observed for either cos θOH

n = −1 or
cos θOH

n = 1. They both agree with having one OH bond nearly parallel to
the POM surface and the other slightly tilted towards peak εF (θOH

n ≈ 83.1o)
or towards peak γF (θOH

n ≈ 137.7o). These two main orientations can also be
observed from Figure 3.6b which shows a quite uniform orientational distribution
for cos θHH

n but with two protuberances at cos θHH
n ≈ −0.34 (θHH

n ≈ 109.87o),
and at cos θHH

n ≈ 0.34 (θHH
n ≈ 70.12o). Figure 3.6c for this layer, indicates

that it is more likely to find the water molecules slightly tilted towards inner
layers, as seen from the position of the peak at cos θµn ≈ −0.19 (θµn ≈ 101o). The
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Figure 3.6: Orientational distributions P(cos θOH
n ) (a), P(cos θHH

n ) (b), and
P(cos θµn) (c) for the different peaks observed in the g(r) plot for the Mo132(HCO2)
POM.

large width of this peak also agrees with the tilt towards peak εF observed in
P (cos θOH

n ), and P (cos θHH
n ). With regard to peak εF , Figure 3.6a shows a plateau

of high probability between cos θOH
n ≈ −0.1 (θOH

n ≈ 95.7o) and cos θOH
n ≈ 0.36

(θOH
n ≈ 68.9o). The first angle, θOH

n ≈ 95.7o, agrees with the situation observed in
the SDF, that is, the connection between water molecules at peak εF with those
located at peak δF . In this case, the other OH bond remains perpendicular to
the radial vector. The second angle, θOH

n ≈ 68.9o corresponds to water molecules
with an OH bond tilted towards the POMs confining surface and the other
perpendicular to the radial vector, ~n. The intermediate angles of the plateau
indicates a significant population of water molecules lying rather flat on the
plane perpendicular to the radial vector as seen also from the values cos θHH

n ≈ 0,
and cos θµn ≈ 0 in Figure 3.6b and Figure 3.6c. With regard to more internal
layers, the angle distributions are rather flat suggesting that water molecules can
take several orientations. The analysis of the orientational distributions, reveals
quite different results from the case of water inside the Mo132(SO4) capsule. In
that case, very well-defined peaks were found for the probability distributions
of water molecules located at the different rigid layers, and regions of very low
probability were also found, suggesting that several orientations were not allowed.
For the Mo132(HCO2) POM, however, even if some orientations are more likely,
at least, for the external shells, the large ensemble of possible orientations
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observed in Figure 3.6 suggests that the molecules have a larger freedom to
change its orientation and then a faster dynamics of the system is expected,
as compared to the Mo132(SO4) capsule. The very low value that P (cos θOH

n )
takes at cos θOH

n = ±1 indicates that water oxygens belonging to peak δF in g(r)
should be located under the pores closed by the guanidinium atoms. In fact,
it is the only region which permits the water molecules of peaks εF and δF to
be hydrogen bonded between them. If water molecules located at peak δF had
large values for P (cos θOH

n ) at cos θOH
n = 1, that would imply too small distances

between water molecules and both electrostatic and vdw repulsion would make
the molecules at peak δF to move away. Then, the presence of oxygen atoms at
this distance from the center of the POM is driven by the available volume and
by the interaction with the hydrogen and carbon atoms of the formate ligand.
This situation is totally different than for the Mo132(SO4) capsule where the
water hydrogen atoms occupied the region located at a distances between 8 and
9 Å from the center of the POM. Water molecules located at inner regions inside
the Mo132(HCO2) capsule, do not have constraints neither due to the POMs
surface nor to the positions of the ligands, and, then, their orientations with
respect to the radial vector, ~n are nearly uniformly distributed.

3.4.3 Hydrogen bonding and tetrahedral order

We have calculated the mean number of hydrogen bonds 〈NHB〉 as a function of
the distance, d, to the center of the POM (see Figure 3.7) at ambient conditions.
A part from the value of 〈NHB〉 at the regions defined in Figure 3.1, we have
also calculated its value at about 2 Å and 7.8 Å. Similarly to the case of water
inside the Mo132(SO4) capsule, the value for 〈NHB〉 is approximately the same
as that of bulk water for d < 8Å. For water molecules located between 8 and
9 Å from the center of the Mo132(HCO2) capsule, 〈NHB〉 is reduced due to the
interaction of the water oxygens with the formate ligands. However, these water
molecules are still able to form near 3 HBs with other water molecules. Water
molecules in the outermost layer are bound to the atoms of the POMs internal
wall, and hence their capability of sharing HBs with other water molecules is
reduced with respect to water molecules at other locations. These situations
are also observed in Figure 3.8 where we plot the histograms of the number of
HB per molecule inside the Mo132(HCO2) capsule for different peaks compared
to the same quantity for bulk water. The histograms for water molecules located
at peaks βF and γF match that of bulk water. For peak δF , we observe a shift
of the histogram to the left due to the fact that water molecules in this region
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Figure 3.7: Mean number of HB per water molecule 〈NHB〉 for water inside both
Mo132(SO4) and Mo132(HCO2) POMs, at different distances from the center of
the capsules.

Figure 3.8: Histograms of the number of water molecules inside the Mo132(HCO2)
capsule forming n HB in peak βF (a), γF (b), δF (c) and εF (d) as compared to
bulk water.
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share HBs with the HCO2 ligands. Finally, Figure 3.8d shows a reduction of the
number of water molecules forming 3 HBs. Although the qualitative behavior is
the same as that observed in Figure 2.5d for the Mo132(SO4), an increase of the
number of water molecules forming 2, 3, and 4 HBs is observed. This increase is
due to the new HBs that water molecules in contact to the POMs wall can form
with the water molecules located at peak δF .

Finally, to better understand the structure of water molecules inside the
Mo132(HCO2), and to close this section, in Figure 3.9 we show the results for
the tetrahedral parameter q, compared to those obtained for the Mo132(SO4)
POM as a function to the center of the POM. The results for distances d < 8Å

Figure 3.9: Mean tetrahedral parameter 〈q〉 for water inside both Mo132(SO4)
and Mo132(HCO2) POMs, at different distances from the center of the capsules.

do not significantly differ from what we observe in bulk water. It is interesting to
notice the different value for q between both POMs at a distance around 7.5 Å.
Tetrahedral order of water molecules at distances larger than 8 Å is reduced due
to the same causes than the reduction of 〈NHB〉 for the same distances. However,
a slight increase of q for water molecules in contact to the POMs wall is seen
when formate ligands are inside the capsule instead of sulfate ligands. This
increase, also observed in 〈NHB〉, reflects the less rigid nature of water molecules
in the outermost shell as compared to the situation in the Mo132(SO4) POM.
This is a result of the reduced volume of formate ligands as compared to sulfate
ligands which permits the water molecules to change its orientation to maximize
〈NHB〉 and the tetrahedral parameter q.
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3.4.4 Translational diffusion

To see if water diffuses differently in both the Mo132(HCO2) and Mo132(SO4)
POMs at the same thermodynamic conditions, we have calculated the MSD as
seen in Figure 3.10. As expected from the previous section results, the diffusion is
much larger when formates are located inside the POM, being the MSD between
4-5 times larger than when sulfates are considered. This increase, which can
be observed in the edges connecting the different water structures in the SDF,
indicates that water is not structured inside the Mo132(HCO2) POM in layers.
In this case, although several high probability regions at distances closer to the
POMs wall are observed, water molecules can diffuse between them through the
edges connecting the structures. When sulfates are instead placed inside the
Mo132 capsule, diffusion between external layers occurs only via a simultaneous
switch of two water molecules. These switches occur in the nanosecond time
scale and as a large percentage of water molecules occupy external layers, the
MSD increases slower than for the Mo132(HCO2) nanocapsule.

Figure 3.10: Mean-squared displacement of water molecules inside the
Mo132(SO4) and the Mo132(HCO2) POMs.

The difference in water translational diffusion between both nanocapsules
is also reflected in Figure 3.11 (a-b), where we plot the distance d(t) of two
tagged water molecules to the center of the Mo132(HCO2) POM. In both cases,
we observe several excursions of water molecules located at peaks βF and γF , to
peak εF . This situation is totally different from that observed for Mo132(SO4)
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where few switches are observed in a nanosecond timescale between peak εS
and peak δBS (see Section 2.4.4). Although we only plot the distance d(t) for
two tagged molecules, we shall say that the same behavior is observed for all
the water molecules inside the Mo132(HCO2) capsule whatever it is its initial
position. However, due to the negative charge of the POM, water molecules
spend more time in peak εF than in other regions. Water molecules also occupy
peak δF for periods of about hundreds of picoseconds. This fact suggests that
peak δF is not a transient position for water molecules and, hence, the observed
triangular nodes are quite stable regions due to the interaction with the HCO2

ligand and the available volume. The scenario observed in Figure 3.11 indicates
that the particular water molecules occupying the peaks change rapidly with time
due to the translational diffusion that occurs inside the Mo132(HCO2) capsule.
As water molecules diffuse very fast inside the Mo132(HCO2) capsule compared

Figure 3.11: Distance d(t) from the center of the Mo132(HCO2) POM for two
tagged water molecules (a), and (b).

to the Mo132(SO4), we have not calculated dynamic quantities such as the HB
correlation function intra and inter layer. The analysis of the covariance matrix
and the associated correlation functions calculated in Sections 2.4.2 and 2.4.3 for
water inside the Mo132(SO4) POM have also not been calculated as they strongly
depend on the criteria for the selection of the limits of each shell dividing the
interior of the Mo132(HCO2) capsule.
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3.4.5 Reorientational dynamics

We have also studied the relaxation of the dynamics of the orientation of the OH
vector for a water molecule through the decay of the C2,OH(t) correlation function.
As this function can be compared to rotational anisotropy decay measurements,
we compare our simulation results for both Mo132 POMs and bulk water, to
simulation results for a reverse micelle, w0 = 4, with 140 water molecules, and
to the experimental data for a reverse micelle w0 = 5, with about 300 molecules,
as shown in Figure 3.12. In the first place, we shall remark the faster decay
of C2,OH(t) for water molecules inside the Mo132(HCO2) POM as compared to
that inside the Mo132(SO4) POM. This result is compatible with the higher
translational diffusion observed for water in Figure 3.10 for the Mo132(HCO2)
POM which indicates a less constrained environment for water molecules which
have more freedom to rotate than in the Mo132(SO4) POM. Although in our

Figure 3.12: Comparison of calculated reorientational correlation function,
C2,OH(t), for the Mo132(SO4) and Mo132(HCO2) POMs with simulated data for
a RM, w0 = 4, and experimental data for a RM, w0 = 5. Bulk water results for
the same property are also shown.

simulations the POM capsule is rigid, the larger mobility of water molecules
when formate ligands are inside, leads to a orientational dynamics of water
molecules similar to that observed in RMs of similar size, as shown in Figure
3.12 for the simulated results for the w0 = 4 RM. Finally, as observed in ref
[16], experimental anisotropy decay for RMs decays slower than simulated data,
although it has the same qualitative behavior. For the kind of POM nanocapsules
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we study, which were firstly synthesized in the last decade, no experimental data
is available, at least, to our knowledge, to compare to, for this property. In this
sense, it would be important to perform such experiments in order to test if the
chosen force field is good enough to reproduce the dynamics of confined water
inside Mo132 POMs.

3.5 Conclusions

In this chapter, we have studied the effect of the ligand on the structure and
dynamics of water inside Mo132 cavities at ambient conditions. For that purpose,
we have considered sulfate (SO2−

4 ) and formate (HCO−2 ) ligands.

The results for the radial and spatial distribution functions show that water
molecules do not form the buckyball-like structures present inside the Mo132(SO4)
capsule. The presence of the HCO2 ligand inside the POM leads water molecules
to occupy a new region located under the POM surface pores at a distance
from the center of the cavity about 8.5 Å. This behavior is not observed when
sulfate ligands are considered. We attribute this fact to the lower volume and
lower vdw repulsion of HCO2 ligands compared to SO4 ligands, and to the
electrostatic attraction between water oxygens and the hydrogen and carbon
atoms of the formate ligand. The analysis of the SDF and the orientational
probability distributions reveal that water molecules at this region are hydrogen
bonded to the water molecules at the 12 centered pentagons of the outermost
water layer and are also hydrogen bonded to those molecules located under the
formate ligands. The analysis of the HB statistics and the tetrahedral parameter
also agree with that view. We have observed, however, that at low temperature
(T = 198 K), water molecules inside the Mo132(HCO2) tend to form buckyball
structures with 12 pentagons and a variable number of hexagons, as observed
inside the Mo132(SO4) for low and high temperatures.

We have also studied the translational diffusion of water molecules inside
both POMs. The analysis of the mean-squared displacement together with the
variation of the position of water molecules with time shows that water diffuses
much faster inside the Mo132(HCO2) capsule. In this case, the presence of water
molecules at about 8.5 Å from the center of the POM permits water molecules
to diffuse from the outermost layer to inner regions. This behavior is observed
for all water molecules suggesting that the HB network inside the Mo132HCO2)
reorganizes quite fast, contrarily to that observed in the Mo132(SO4) capsule.
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Finally, we have studied the dynamics of orientation of water molecules
through the decay of the C2,OH(t) correlation function. The result for this
quantity in the Mo132(HCO2) capsule is close to that simulated in the RMs of
similar size in ref [16], suggesting a similar orientational dynamics between both
systems. Water molecules inside the Mo132(SO4) have less freedom to change
their orientation due to the more constrained environment inside this capsule.

In the present chapter we have shown that minor changes in the structure
of the ligand inside Mo132 cavities leads to rather different water structures
with different dynamical behavior. We have suggested the main causes of such
differences. The different structures have been yet experimentally studied in ref.
[20] at low temperature, however, there does not exist a direct comparison in
terms of the dynamics in both systems at ambient conditions. In this sense, this
study provides simulated data for the reorientation dynamics in both systems
which can be directly compared to pump-probe anisotropy decay experiments.
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4.1 Introduction

The emission of greenhouse gases to the atmosphere due to strong industrial
human activity is in general recognized to be the main cause of the increase
of the global mean temperature on Earth in the 20th century.151 After water
vapor, CO2 is the gas which contributes more to the greenhouse effect. The
burning of fossil fuels like coal, oil and natural gas as well as tropical lands
deforestation have contributed to an accumulation of CO2 in the atmosphere.152

As a consequence, the atmospheric concentration of CO2 has increased from 280
ppm in 1880 to 367 ppm in 1999.151 One of the important aspects related to CO2

is the capacity of the natural reservoirs (biosphere and oceans) to reabsorb an
important percentage of the CO2 emitted to the atmosphere (approx. 30%).151

However, while the residence time for the CO2 in the biosphere is on the order
of a decade, the residence time for the CO2 in the deep oceans is on the order of
a millennium. Then, among the economically and technically feasible options
to reduce CO2 emissions, the sequestration of CO2 either in the deep ocean or
in the geological media has become increasingly realistic. Candidate geological
media include saline aquifers, oil/gas reservoirs and coal formations.153–155 Since
the last decade, some CO2 storage projects are in operation in different regions
all over the world.156–158

Pressure and temperature in a geological formation depend on its depth.
The mean temperature gradient in a geological formation varies between 25 and
30oC/km although in some cases reaches 60oC/km.21 The surface temperature
ranges between 5 and 20oC and the pressure ranges from 10 bar on the surface
to 500 bar in the deepest aquifers.21 Most of the proposed reservoirs to store
the CO2 are deeper than 500 meters. By taking a look at the phase diagram of
CO2, we see that it becomes supercritical at T > 31.1oC and P > 73.8 bars.69

Then, if we consider a mean temperature gradient of 30oC/km to 60oC/km, CO2

will be supercritical at a depth close to 800 meters. In terms of salinity, the
main part of the geological formations have a high salinity, greater than 100
g/l, with typically chloride as the dominant anion and sodium as the dominant
cation.22,159 Only reservoirs with high salinity can be considered for CO2 storage
as the rest are restricted for irrigation or human supply. However, the knowledge
of these deep formations and the processes which affect CO2 diffusion, as well
as the effect of the CO2 on the other properties of the CO2-brine mixture, still
remain poorly understood. This is why simulation models can be used to predict
and understand the behavior of these systems under reservoir conditions by
considering the geochemical, hydrological, and mechanical processes that take
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place in reservoirs.

Reservoir simulation models are used to study the impact of CO2 injection
both in oceans and in geological formations. For the diffusion of CO2 into deep
oceans, the models more often used are box type models.160,161 The quantity of
CO2 dissolved in the ocean is calculated by considering the amount of CO2 present
in the atmosphere and taking into account the acid-base equilibrium of CO2 in
water. Oceans are modeled as the sum of two parts: the superficial ocean which
exchanges CO2 in an active way with the atmosphere and the deep ocean in which
CO2 diffuses. For the geological sequestration of CO2 reactive transport models
are used to describe the evolution of CO2 in space and time scales.162 Reactive
transport modeling integrates the geochemical, hydrological, and mechanical
processes that characterize dynamic geological systems. These processes, which
include chemical reactions, fluid flow, heat transfer, and mechanical stress and
strain, are interdependent and must be modeled simultaneously to simulate the
true behavior of geologic systems. Reservoir simulation methods require some
experimental data such as solubility of CO2 in brine mixtures and its diffusion
coefficient at different thermodynamic and salinity conditions.

Determination of solubility of dissolved gases in brine is possible experi-
mentally. However, the measurement of diffusion coefficients of such mixtures
is extremely difficult since it requires the implementation of very complex ex-
perimental protocols. Moreover, the influence of possible impurities makes
experiments very difficult. As an alternative, different theoretical approaches
have been used to describe mass transport in multicomponent systems. These
approaches, which include hydrodynamic theory, kinetic theory or the so-called
Maxwell-Stefan (MS) equations, are, in general, of limited application. However,
some authors have shown that MS relations, combined with the use of molecular
simulation techniques, can provide mass transport parameters, including diffu-
sion coefficients or electrical conductivities for systems containing an arbitrary
number of species.23,24,27 Therefore, Molecular dynamics simulations (MD) are
a good complement to experiments to determine physical properties in complex
systems. In this respect, Zabala et al. have succeeded in modeling mass diffusion
coefficients of CO2-hydrocarbon mixtures at reservoir conditions by means of
molecular dynamics simulations.163 In that reference, the obtained quantities
are Maxwell-Stefan mutual diffusion coefficients. With the calculation of the
so-called thermodynamic factor one obtains the corresponding Fick diffusion
coefficients.

Another way to analyze the dynamic behavior of CO2 in brine is to explore the
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reorientional relaxation time of the different species in the system. Orientation
relaxation dynamics of water molecules in CO2-brine mixtures would give us
indirect information about the hydrogen bond pattern and how it is affected
by increasing salt concentration, temperature, and CO2 concentration. In this
context, by defining relevant vectors in water and CO2 molecules, we can study
whether rotations around some of this axis are affected by the different conditions.

The aim of this chapter is to calculate CO2 mass diffusion coefficients, self
diffusion, as well as rotational relaxation times, in brine mixtures under the ther-
modynamic conditions of water reservoirs, using molecular dynamics simulations.
The intermolecular potentials for the different species in the mixture have been
taken from the literature. To the best of our knowledge, a prediction of this kind
has not been done, neither experimentally nor using MD simulations, yet. Hence,
our results are the first estimation of mass-diffusion and rotational relaxation
times of CO2 in deep saline aquifers. Finally, we calculate in addition the
electrical conductivities of CO2-brine mixtures under the same thermodynamic
conditions, and compare them to an experimental correlation available in the
literature for the case where its use is prescribed.

4.2 Theoretical Methods

4.2.1 Diffusion

Diffusive mass transfer in mixtures can be described by Fick’s law. Fick’s law is
a phenomenological law that relates the molar diffusion flux of a solute species
(referred to as 2, the index 1 is reserved to the solvent, from now on) with the
gradient of concentration for the solute species. In a binary mixture it reads:

J2 = −ctD∇x2 (4.1)

where J2 is the solute molar diffusive flux, ct is the mixture molar density, x2

is the mole fraction of the solute, and D is the binary Fick diffusion coefficient
of the mixture. This phenomenological law expresses the underlying linear
relationship between the dissipative flux J2 (more specifically the molar velocity
v2 = J2/c2, where c2 is the mole concentration of species 2) and the conjugated
thermodynamic force − c2

RT∇P,Tµ2 where the subscripts T and P stand for
constant temperature and pressure and µ2 is the chemical potential of species
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2.164 In the multicomponent system one writes in general

Ji = −ct
n∑
j=1
i6=j

[D]ij∇xj (4.2)

By construction,
∑n
i=1 Ji = 0 and

∑n
i=1 xi = 1, with n being the total number

of species. Moreover, [D]ij is the ij-element of the (n− 1)× (n− 1) matrix of
diffusion coefficients. Eq 4.2 also expresses the coupling between the diffusive flux
of one species with all gradients of composition. Therefore, in a binary solution
D22 stands for the Fick diffusion coefficient of the solute 2 in the mixture with
solvent 1. From a practical point of view, the diffusion coefficients are strongly
dependent functions of the thermodynamic state for non-ideal mixtures. On
the other hand, the Maxwell-Stefan theory that we will use along the paper
considers that the thermodynamic force acting on species i is instantaneously
balanced by a mechanical friction with the rest of the species present in the
system, the latter defined as dij = (xjJi − xiJj)/ctDMS

ij . Then, equalling dij to
the conjugated thermodynamic force we obtain the following equation:

−
∑
j 6=1

dij −
xi
RT
∇T,Pµi = 0 (4.3)

The coefficients DMS
ij are referred to as the Maxwell-Stefan coefficients, which

satisfy DMS
ij = DMS

ji due to the Onsager symmetry relations.25 One of these
equations is redundant due to the fact that

∑
i,j 6=i dij = 0, by construction, and∑

i
xi
RT∇T,Pµi = 0 due to the Gibbs-Duhem equation. In the Maxwell-Stefan

theory (MS), then the equivalent to eq 4.2 takes the form

Ji = −ct
n∑
j=2

[B−1]ij(xj∇T,Pµj) (4.4)

where the elements of the matrix [B] are defined in terms of the phenomenological
MS diffusion coefficients as follows:

Bii =
xi
DMS
i1

+
n∑
k=1
k 6=i

xk
DMS
ik

(4.5)

Bij = −xi

(
1

DMS
ij

− 1

DMS
i1

)
i, j = 2, . . . , n (4.6)
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Then, the relationship between the Fick diffusion coefficients and the MS coeffi-
cients is given through a matrix of thermodynamic factors [Q] defined as:23,25

[Q]ij = δij + xi

(
∂ lnϕi
∂xj

)
(4.7)

where ϕi is the fugacity coefficient of species i, and δij stands for the Kronecker
symbol. Therefore, it is assumed that

[D] = [B]−1[Q] (4.8)

In this work, we straightforwardly determine the elements of the matrix [B]−1

through molecular dynamics simulation. However, once known [B]−1, one can
obtain the matrix of Maxwell-Stefan coefficients [DMS] from eqs 4.5 and 4.6.
Equivalently, the matrix of Fick diffusion coefficients can also be obtained from
eq 4.8 by calculating the thermodynamic matrix [Q] from appropriate models
for the fugactiy coefficient ϕi using, for instance, equations of state (EOS) or
thermodynamic activity coefficient models. In general, for non-ideal mixtures,
in one hand, [Q] is a strong function of mixture composition while DMS

12 is
generally weakly composition dependent. On the other hand, for the case of
thermodynamic ideal liquid mixtures, ϕi = 1 and, consequently, [Q] tends to the
identity matrix [1]. In this last situation, in a binary mixture, the Fick diffusivity
is equal to the MS diffusivity. In the multicomponent case, one has in this limit
[D] = [B]−1. Of course, this is also the case in a dilute solution.

From molecular dynamics simulations, MS diffusion coefficients can be cal-
culated from the elements Λij of an n-dimensional symmetric matrix of the
so-called Onsager coefficients [Λ]. These coefficients are evaluated from the
correlations in the system, according to either generalized Einstein’s relations24

Λij =
1

6N
lim

∆t→∞

1

∆t

〈
(

Ni∑
k=1

~ri,k(t+ ∆t)−
Ni∑
k=1

~ri,k(t)) · (
Nj∑
m=1

~rj,m(t+ ∆t)

Nj∑
m=1

~rj,m(t))

〉
(4.9)

or the equivalent Green-Kubo expressions.

Λij =
1

3N

∫ ∞
0

〈 Ni∑
k=1

~Vi,k(0) ·
Nj∑
m=1

~Vj,m(t)

〉 (4.10)

Notice that the variables of the correlation in both eqs 4.9 and 4.10 are the
baricenters of the mass distribution of each species. These expressions need not
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to be confused with expressions for the self-diffusion coefficients. The elements
Λij satisfy the mass balance constraint given by∑

i

MiΛij = 0 (4.11)

Here, ~ri,k(t) is the center-of-mass position vector of molecule k, belonging to

species i, ~Vj.m(t) is the center-of-mass velocity vector of molecule m, belonging
to species j, Mi is the molecular mass of species i, N is the total number of
molecules, and Ni is the number of molecules of the ith species. The Onsager
coefficients are related to the elements of an (n− 1)-dimensional matrix [∆] by24

∆ij = (1− xi)
(

Λij
xj
− Λi1

x1

)
− xi

n∑
k=1
k 6=i

(
Λkj
xj
− Λk1

x1

)
(4.12)

The matrix inverse of [∆] is precisely the [B] matrix and, hence,

[B]−1 = [∆] (4.13)

For the case of binary mixtures (n = 2), the matrices [∆] and [B] are scalars,
and so is [Q]. Using eq 4.5 and remembering that

∑n
i=1 xi = 1, the MS diffusion

coefficient DMS
12 is obtained,

B11 =
1

∆11
=

x1

DMS
12

+
x2

DMS
12

=
1

DMS
12

(4.14)

DMS
12 = Λ11 = x2

(
Λ11

x1
− Λ12

x2

)
−x1

(
Λ21

x1
− Λ22

x2

)
=
x2Λ11

x1
+
x1Λ22

x2
−Λ12−Λ21

(4.15)
The equations for ternary mixtures (n = 3) and quaternary mixtures (n = 4)
are presented in the Supporting Information section.

For the purpose of this chapter, it is interesting to consider that the system is
diluted. In particular, that the mole fraction of the solvent (water) x1 is of order
1 and one order of magnitude larger than that of the ionic species in the brine
xi, i = 3, 4, . . . , n, which, in turn, are one order of magnitude larger than the
mole fraction of the dissolved CO2, x2. Furthermore, from the definition of eq
4.9 we observe that Λij ∝ xixj . In addition, if i 6= j the variable rapidly changes
sign, giving a smaller contribution than the i = j case. Hence, if we denote by ε
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the order of magnitude of the small quantities (the mole fractions of the solutes
as well as the contributions of the off-diagonal elements), then Λij ∝ ε2 for i = j,
and Λij ∝ ε3 for i 6= j. We will consider that the dependent diffusive flow is
that of the solvent (species 1). Notice, that the particular case of Λ11 could be
conceived as the larger term, according to the previous arguments. However, in
view of eq 4.11, this contribution is at least of the order of ∆i1 ∝ ε3 with i 6= 1.
Therefore, due to the considerations just made, the off-diagonal elements of the
Onsager matrix of coefficients are much smaller than the diagonal ones. The
matrix [∆] under these approximation takes the form

∆ij ≈ (1− xi)
(

Λii
xi

)
δij +

(
Λij
xj

)
(1− δij) +O(ε3) (4.16)

Therefore, from eq 4.4 and 4.16, up to the leading order for diagonal and
off-diagonal terms, the diffusive fluxes can be written as (i 6= 1)

Ji = −ct
n∑
j=2

[
(1− xi)

(
Λii
xi

)
δij +

(
Λij
xj

)
(1− δij)

]
xj∇P,Tµj (4.17)

Under this approximation, the Fick diffusion coefficients are given from eq 4.8
by

Dij
∼=

n∑
k=2

[
(1− xi)

(
Λii
xi

)
δik +

(
Λik
xk

)
(1− δik)

]
Qkj (4.18)

The leading order reads

Dij
∼=
(

Λii
xi

)
Qij (4.19)

Notice that Dij 6= Dji for the Fick’s diffusion coefficients, according to the
notation used along this work. This expression cannot be further approximated
without an explicit knowledge of the elements of the matrix of thermodynamic
factors, although in most cases will be dominated by the diagonal elements. To
obtain the MS diffusivities, requires a little bit more of algebra. Effectively,
according to our hypothesis, the matrix [∆] is dominated by the diagonal terms.
Therefore, we can invert (left inverse) this matrix using the off-diagonal terms
as a perturbation. The inverse matrix is an approximation of the [B] matrix,
which, up to first order, reads

Bij ≈
xi
Λii

δij −
xiΛij
ΛiiΛjj

(1− δij) +O(ε) (4.20)
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On the other hand, eqs 4.5 and 4.6 can also be approximated with regard to the
concentrations. Eq 4.5 can be approximated as

Bii ≈
x1

DMS
i1

+O(ε) (4.21)

From this expression and from eq 4.19 we finally find that

DMS
i1
∼=
x1

xi
Λii ∼=

Λii
xi

(4.22)

This equation indicates that the element that has a larger influence in the motion
of a solute i is the friction with the more abundant solvent, as we may have
guessed. From eq 4.6, we can obtain the terms DMS

ij , for j 6= 1. However, to
preserve the symmetry of the matrix of Maxwell-Stefan coefficients, we derive
the expression from the sum of the two elements that contain DMS

ij , namely,
Bij and Bji. Then, using eq 4.22 and the off-diagonal elements in eq 4.20, one
obtains the approximate expression

DMS
ij ≈

(xi + xj)ΛiiΛij

(xi + xj)Λij +
x2
i

x1
Λjj +

x2
j

x1
Λii

i, j = 2, . . . , n; i 6= j (4.23)

The evaluation of the MS coefficients under dilute solution conditions is subject
of a large uncertainty if obtained through the Onsager elements Λij . Therefore,
large error bars are expected due to the lack of representative elements in the
averaging procedure (based on the motion of the baricenter of the species) and
the oscillatory nature of the integrand, for the off-diagonal terms.

Finally, to increase the accuracy of the measure, we introduce here a formal
simplification of the problem through the consideration of the brine as an effective
solvent, as if it were a single species. In this approximation, it is implicitly
considered that the relative composition of the constituents of the brine is not
affected by the diffusion of the solute (CO2, in our case). In this case, the
evaluation of the Onsager matrix reduces to a 2× 2 matrix, whose elements are
calculated summing over all the species of the brine except CO2 in eqs 4.9 or
4.10. One can verify that

Λ2b =
n∑
i6=2

Λ2i
∼= Λ21

Λbb =
n∑
i6=2
j 6=2

Λij ∼= Λ11 (4.24)

UNIVERSITAT ROVIRA I VIRGILI 
DYNAMICS AND STRUCTURE OF LIQUIDS UNDER SPECIAL CONDITIONS: WATER CONFINED IN GIANT 
POLYOXOMETALATES AND CO2-BRINE MIXTURES 
Miquel Alexandre García Ratés 
DL: T. 1457-2011  



124
Chapter 4. Molecular modeling of diffusion coefficient and ionic conductivity of

CO2 in aqueous ionic solutions

where the subscript b stands for brine. The element Λ22 remains the same. There-
fore, we have verified that in the dilute limit, this approximation is consistent
with the more formal treatment.

As far as the diffusion coefficients are concerned, this approximation reduces
the problem to the diffusion of CO2 in the brine and, therefore, to one single
Fick’s and MS diffusion coefficients. Nevertheless, we have calculated the four
elements of the CO2-brine Onsager matrix for completeness.

In addition to the calculation of the Onsager coefficients Λij , related to the
diffusive processes, properties related to other irreversible processes can be also
obtained using the corresponding Einstein and GK formulations. An interesting
quantity to obtain through MD simulations is the electrical conductivity κ, for
which experimental data are available in the literature to compare with the
simulation results.27 The Einstein and GK expressions for κ are the following
(eqs 4.25,4.26):

κ =
1

6kBTV
lim
t→∞

d

dt

〈 N∑
i=1

qi~ri(t)−
N∑
j=1

qj~rj(0)

2〉
(4.25)

κ =
1

3kBTV

∫ ∞
0

〈(
N∑
i=1

qi~Vi(t)

)
·

 N∑
j=1

qj ~Vj(0)

〉 (4.26)

4.2.2 Reorientational dynamics

The rotational dynamics of water and CO2 molecules in brine can be analyzed
through temperature-dependent reorientational relaxation times. For water,
the H-H and O-H relaxation can be obtained from 1H-1H and 17O-1H dipole
relaxation NMR experiments. The correlation function of the dipole moment of
water is experimentally obtained from optical measurements (Raman scattering,
fluorescence depolarization and Kerr experiments).165 For CO2, O=C=O relax-
ation can be determined by 13C, and 17O NMR longitudinal relaxation times
in conjunction with microwave spectroscopy at a wide range of pressures and
temperatures.166–168 Depolarized Rayleigh scattering measurements have also
been applied by Versmold to study the molecular reorientation of CO2.169

We have also computed the reorientation correlation time of several unit
vectors, ~e, depending on the geometry of the molecule. In the case of water, three
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vectors are defined i.e., that joining the two hydrogen atoms (H-H), the dipole
moment (µ), and a vector perpendicular (⊥) to the plane of the molecule. For
CO2, only the vector aligned to the C=O bond is considered. The orientational
autocorrelation functions can be defined as,

Cli(t) = 〈Pl(~ei(t) · ~ei(0))〉 (4.27)

where Pl is a Legendre polynomial with l = 1, 2 for the first and second order,
respectively. These functions are commonly fitted to Kohlrausch-William-Watts
exponential functions,170,171

Cli,KWW(t) = exp[(−t/αli)β
l
i ] (4.28)

for which the relaxation time can be obtained through,

τ li =

∫ ∞
0

Cli,KWW(t)dt =
αli
βli

Γ

(
1

βli

)
(4.29)

4.2.3 Soreide & Whitson thermodynamic model for elec-
trolyte solutions

The thermodynamic factor Q has been estimated through the Soreide & Whitson
equation of state (EOS) model.172 CO2 fugacity coefficient (lnϕ1) at a given
composition is obtained at the bubble pressure as calculated by the EOS at the
same pressure and temperature. To numerically compute the derivative in eq 4.7
we slightly vary the mole fraction by an increment of ∆x1 = 10−5 to the actual
mole fraction.

4.3 Computational Methods

Molecular dynamics simulations were performed using the DLPOLY v2.19 code.
The different properties computed have been obtained by post-treatment of
trajectories generated with this code. Both water and carbon dioxide were
treated as rigid molecules using pair potentials composed of Lennard-Jones (LJ)
and Coulombic terms. The SPC/E model26 was used for water-water interactions
as it correctly reproduces transport, thermodynamic, and structural properties
of water better than other available models in the literature,173 but also because
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it has been widely used for modeling aqueous ionic solutions.27,174–177 Carbon
dioxide was treated as a rigid molecule with a quadrupole charge using the EPM2
intermolecular potential.28 Na/Cl atoms were also described by LJ interaction
centers plus point charges to describe the electrostatic interactions with the rest
of the molecules in the system. For the ions, we have used the optimized potential
of Wheeler and Newman,27 since it better reproduces the density ionic-aqueous
solutions than the intermolecular model derived by Dang.178 The LJ parameters
for the different species are shown in Table 4.1 (for water molecules are given in
Table 1.1).

Table 4.1: Intermolecular potential for the EPM228 model of CO2, Na+ and
Cl−.

CO2

Bond distance (Å) dC−O 1.149
Atom (group) C O
M (g/mol) 12.0107 15.9994
ε (kJ/mol) 0.2339 0.6693
σ (Å) 2.757 3.033
q(e) 0.6512 -0.3256

Ions
Atom (group) Na+ Cl−

M (g/mol) 22.9898 35.4530
ε (kJ/mol) 0.45980 0.45064
σ (Å) 2.350 4.420
q(e) 1.0 -1.0

The long-ranged electrostatic interactions were treated by the Ewald sum-
mation technique with a tolerance of 10−6 in the electrostatic energy. Crossed
LJ interactions between the different force field centers were computed using
the Lorentz-Berthelot mixing rules. The Verlet leapfrog algorithm has been
used to integrate the equations of motion with a time step of 2 fs and a cut-off
distance of 12.5 Å for all cases. A Verlet list with a second cut-off radius of
13.5 Å was used to improve CPU time. The rotational part of the equations
of motion was integrated using the Fincham implicit quaternion algorithm35

with a quaternion tolerance of 10−8. All the MD simulations were carried out in
cubic boxes with periodic boundary conditions. The number of water molecules
for all the simulations was in the range of 3000-3200. The number of ions used
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in our simulations was determined by the molality concentration of the solution,
and the number of molecules of CO2 was determined by the saturation con-
centration at the desired temperature, pressure, and molality, according to the
experimental values.179 To determine the density of the mixture and, therefore,
the box-size for the different systems, NPT simulations using the Nosé-Hoover
thermostat-barostat were carried out before production runs. The relaxation
times, τT and τP , controlling temperature and pressure fluctuations, are 0.1 and
1.0 ps, respectively. For equilibration and production runs, NVT-Nosé-Hoover
ensemble was used with τT equal to 0.1 ps. For all the systems, the positions
and the velocities for each atom on each molecule were stored every 20 time
steps. To obtain the density of the mixture, NPT runs of 25 · 104 time steps
were carried out. Equilibration runs were also done with 25 · 104 time steps
while production runs were done with 75 · 104. Statistical uncertainties of the
diffusion coefficient were estimated by using several runs starting from different
independent initial conditions. We found values that are strongly dependent
on the system’s composition and on the nature of the coefficient (10-15 % for
self-diffusion coefficients and 10-50 % for mutual diffusion).

Production trajectories were analyzed with the post-treatment code in order
to compute MS diffusion coefficients trough eqs 4.5-4.6 and 4.9-4.13. Electrical
conductivity is calculated through eqs 4.25 and 4.26, and rotational dynamics,
through eqs 4.27 and 4.29. In order to validate the accuracy of the selected force
fields, several simulations were done before considering the case of CO2 in brine.
Firstly, MS diffusivity of NaCl ions in water was determined at different molal
concentrations and compared to both, simulation and experimental values.27

Secondly, binary MS diffusion coefficient of CO2 in water were computed and
compared to the available experimental data in the literature, at atmospheric
pressure and for several temperatures.180–183 Due to the low solubility of CO2 in
water or in brine, all simulations were performed with the mole fraction of CO2

greater or equal to 10−3. This implies that one has, at least, 10 molecules of CO2

on each simulation box, which is a small number. One important consequence
of the low solubility of this gas in water at ambient conditions is the lack of
statistical significance of the data, which is translated into large error bars in
the evaluation of the terms ΛCO2−CO2 and ΛH2O−CO2 , defined in eqs 4.9 and
4.10, even for quite long simulation runs (1.5 ns). This fact makes it difficult
the comparison of simulation results with experiments at pressures close to the
ambient. Additional calculations were done for MS diffusivity of CO2 in water
at different temperatures and pressures up to 1000 bar. In this region, the CO2

mole fractions are of the order of 10−2. The selected thermodynamic conditions
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of the different systems studied are summarized in Table 4.2, 4.3, and 4.4.

As a first approximation, for the CO2 dissolved in pure water, especially at
ambient conditions, we have that the thermodynamic factor is approximately
equal to 1, since the mole fraction of CO2 is very small in all the systems analyzed.
Consequently, the binary Fick diffusion coefficient can directly be approximated
by the MS diffusivity and thus compared to the available experimental data for
this property at ambient pressure. Otherwise, one can use the equation 4.19 valid
in the dilute limit. Unfortunately, experimental data for diffusion coefficients at
pressures higher than the atmospheric pressure are lacking. Instead, as we are not
far from infinite dilution of CO2 in water, we can use a widely known correlation
to estimate the diffusivity in non-electrolyte solutions to later compare our
simulation results at higher pressures. The correlation used is the Wilke-Chang
equation,184

D0
AB = 7.4 · 10−8 (φMB)1/2T

ηBV 0.6
A

(4.30)

where D0
AB is the mutual diffusion coefficient of the solute A at very low

concentration in the solvent B, MB is the molecular mass of solvent B, T is
the temperature, ηB is the viscosity of the solvent, VA is the molar volume
of the solute at its boiling point, and φ is a dimensionless parameter referred
to as association factor. If the solvent is water, the recommended value for φ
is 2.26.185 The molar volume VA can be estimated using the Tyn and Calus
method:186

VA = 0.285V 1.048
C (4.31)

where VC is the critical molar volume.

Simulated electrical conductivity for CO2-brine mixtures at some thermody-
namic conditions were compared to a correlation from Fleury and Deschamps.187

Fleury and Deschamps proposed the following relationship describing the effect
of dissolved CO2 on electrical conductivity κ of aqueous NaCl solutions.

κS(xCO2 , T ) = κS(0, T0)(1− 6xCO2)

(
T + 19.5

T0 + 19.5

)
(4.32)

where κS(0, T0) is the electrical conductivity of aqueous NaCl solution at a
reference temperature T0 when xCO2

is equal to zero. This equation is valid if
the temperature ranges between 35oC and 100oC.

Finally, to the best of our knowledge, there is no experimental data to
compare to for reorientational dynamics of CO2 dissolved neither in water nor
in brine.
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4.4 Results and discussion

4.4.1 Validation of the intermolecular potentials

4.4.1.1 Calculation of MS diffusion coefficients of the ions and the
electrical conductivity of brine

To test the accuracy of the Na/Cl and water intermolecular potentials, we
performed NPT MD simulations for aqueous NaCl solutions at different salt
concentrations to compute solution densities, MS diffusion coefficients and
electrical conductivity. The MD simulation results were compared to simulation
results of Wheeler and Newman27 and experimental data based on Chapman’s
fits of a compilation of experiments.188 First of all, and before adopting a set of
LJ parameters for ions, NPT MD simulations at T = 298.15 K and P = 1.01325
bar were performed in order to obtain solution densities. The first set of LJ
parameters were those of Dang178 and the second were the LJ parameters
provided by Wheeler and Newman.27 Three salt concentrations were chosen: 1,
2.5, 4 molal.

Figure 4.1 gives the simulated and experimental electrolyte solution densities
as a function of molal concentration. We can observe that all force fields accu-
rately reproduce the experimental solution densities for low salt concentrations
within the error bars. At high salt concentrations (4m), however, simulations
using the Wheeler and Newman (WN) parameters reproduce better the experi-
mental solution density than the Dang’s model. Hence, we decided to choose
the WN potential to simulate Na+ and Cl− ions.

MS diffusion coefficients were calculated using the Einstein and GK formu-
lations yielding the adequate Onsager’s matrices Λij , defined in eq 4.9. As
shown in Figure 4.2, for the cases Na-H2O and Cl-H2O, the obtained diffusion
coefficients compare well with the earlier simulation results given by Wheeler
and Newman,27 although the latter are in semi quantitative agreement with
experimental data. Only DMS

Na+−H2O
for a concentration of 4 molal, presents a

significant deviation with respect to the experimental data larger than the 25%.
As discussed in section 4.2.1, DMS

Na+−H2O
and DMS

Cl−−H2O
are the more relevant

coefficients for the system since are related to the friction of the ion with the
surrounding solvent. For completeness, we also estimate DMS

Na+−Cl−
despite the

small value and the large uncertainty of the data. Thus, we cannot be conclusive
with the opposite trend observed for this magnitude with respect to the salt
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Figure 4.1: Simulated and experimental solution densities as a function of
salt concentration. Dark circles and empty triangles correspond to solution
densities calculated using Dang178 and Wheeler and Newman27 potentials for
ions, respectively. Experimental data from ref [188].

concentration as compared to the experimental data. We have also verified that
the mass balance constraint (eq 4.11) was satisfied (the computed value is of the
order of 10−4, which is acceptable considering the large fluctuations observed in
the calculations of the elements of the Onsager matrix [Λ]). Full comparison of
the obtained MS diffusion coefficients either using GK or Einstein formulations
with experimental data and Wheeler and Newman simulations is given in the
Table A.1 of the Appendix.

The last property calculated for our validation test was the electrical con-
ductivity κ. Our simulation results are shown in Table 4.2 and in Figure 4.3.
Simulations under predict the experimental conductivity mainly for high salt con-
centrations. This trend was also observed by Wheeler and Newman.27 Electrical
conductivity is a property that is precisely very sensitive to ion-ion interactions.
Together with the previous results on the MS diffusion coefficients, the values
obtained for the electrical conductivity confirm that it is likely that the chosen
potentials for water and ions imply either too strong ion-ion interactions or too
weak H2O-ions interactions. The polarizability of water and ions at high ion
concentration, disregarded in the models used along this work, can be the origin
of the observed discrepancies, although this analysis lies outside the scope of the
present work.
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Figure 4.2: Simulated and experimental MS diffusion coefficients for Na-Cl-water
systems as a function of salt concentration. Lines correspond to experimental
data, empty symbols correspond to the simulated MS diffusion coefficients
obtained by Wheeler and Newman,27 while full symbols correspond to our
calculation using GK formulation. Circles and dotted line correspond to Na-Cl
results, squares and solid line correspond to water-Na results while triangles and
dashed line correspond to water-Cl results.

Table 4.2: Comparison of the simulation results for the electrical conductivity
for Na-Cl-water systems at different salt concentrations and 298.15 K with the
experimental data and simulation results of Wheeler and Newman.

conc. (m) Nions κ exp. κ calc. κ calc. Wheeler
(S/cm) GK / Einst.(S/cm) & New. (S/cm)

/dev. exp. /dev. exp.
1 54 0.076 0.085/0.082 0.073

11.8%/7.9% 4.0%
2.5 135 0.159 0.137/0.117 0.104

13.8%/26.4% 34.6%
4 216 0.212 0.159/0.158 0.119

25.0%/25.5% 43.9%
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Figure 4.3: Simulated and experimental electrical conductivities for Na-Cl-water
systems as a function of salt concentration. Dark squares correspond to the
simulation results of Wheeler and Newman,27 while grey circles and empty
triangles correspond to our calculation using Einstein and GK formulations
respectively.

4.4.1.2 Calculation of MS diffusion coefficients for CO2-water mix-
tures

We have computed the MS diffusion coefficient of CO2 in water at different
thermodynamic conditions in order to explore the accuracy of the EPM2 potential
for CO2 with regard to this property. In a first step, we performed NVT MD
simulations with a simulation pressure P = 1.013 bar (atmospheric pressure) and
T = 283.15, 298.15 K. Experimental data at atmospheric pressure are available
in the literature.189,190 The number of molecules of CO2 to be introduced in
the simulation box was determined from experimental data on the saturation
concentration at the desired temperature and pressure. As the CO2 mole fraction
is very small under the conditions of interest, three MD simulations, taking
different initial conditions, were performed in order to average the obtained MS
diffusion coefficient and to reduce the statistical uncertainty. As we are at low
pressure and small solute mole fraction, the binary Fick diffusion coefficient for
CO2 can be well approximated by the corresponding MS coefficient, since the
thermodynamic factor Q is almost 1 under these thermodynamic conditions
(it is calculated as 0.991 at 283.15 K and 0.994 at 298.15 K). Diamond et.
al. have recently estimated using a large collection of experimental data that
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this assumption is correct if the mole fraction of CO2 is below 2%.191 Hence,
as it follows from eq 4.8 and eq 4.19, D22

∼= Λ22/x2
∼= DMS

21 . This equation
indicates that, on the one hand, in dilute solution the Fick diffusion coefficient
is approximately given by the self-correlation function of the solute and, on the
other, that the friction (represented by the inverse of the MS coefficient) is that
of the solute with the solvent.

The thermodynamic conditions and simulation results are shown in Table
4.3. Despite the statistical uncertainty due to the small CO2 mole fraction,
we can consider that our simulation results are in rather good agreement with
the experimental data. For the case of 298.15 K, we obtained, however, a non
negligible deviation of 25% from the experimental value which is an acceptable
result considering the small number of CO2 molecules and the length of the
simulation; 1.5 ns.

Table 4.3: Comparison of the simulation results for the MS diffusion coefficient
for CO2-water systems at P = 1.013 bar and different temperatures with the
experimental data in the literature.189,190 The simulation data is obtained
through NVT simulations after NPT simulations at P = 1.013 bar have been
used to determine the actual density.

T(K) NCO2 Nw ρavg D22 exp. D22 calc.

(g/cm3) (10−9 m2/s) GK / Einst.

(10−9 m2/s) dev. exp.

283.15 3 3175 1.005 1.46 1.83/1.82
24.7%/25.3%

298.15 2 3250 0.998 1.98 1.98/2.04
0%/3.0%

Uncertainty could be reduced by increasing the size of the system keeping the
density constant, but our system already lied on the limit of a reasonable use of
the computational resources (20 molecules of CO2 correspond to 32500 molecules
of water). However, due to the fact that the system is diluted and that we expect
the solute-solute interactions to be small, one can increase the number of CO2

molecules by increasing the pressure of the system up to 1000 bar (yielding a
ratio of about 100 CO2 molecules to 3000 water molecules), without significantly
affecting the dynamic results. Due to the lack of experimental data to compare to,
we have used the well known Wilke Chang correlation184 to obtain an estimate
of the diffusion coefficients at the selected temperatures and pressures (see eq
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4.30). The Wilke-Chang correlation gives, however, the diffusion coefficient at
infinite dilution. In our simulations, the CO2 mole fractions are always less than
or equal to 10−2, and therefore we are under the conditions of validity of the
Wilke-Chang correlation. Thermodynamic conditions, and simulation results as
compared to Wilke-Chang predictions are shown in Table 4.4. For the estimate
of the latter, viscosities of water at the different thermodynamic pressures and
the molar volume of CO2 at its boiling point were obtained from the NIST data
base.

Table 4.4: Comparison of the simulation results for the MS diffusion coefficient
for CO2-Water systems at P > 1.013 bar and different temperatures with the
Wilke-Chang correlation.184

T(K)/ NCO2 ρavg D22 WCh DMS
12 calc. Q22 D22 calc.

P(bar) (gr (10−9m2/s) GK/Einst. GK/Einst.

/cm3) (10−9m2/s) (10−9m2/s)

/dev.exp
303.15/100 73 1.014 2.19 2.55/2.80 0.768 1.96/2.15

16.4%/27.8%

303.15/1000 120 1.060 2.16 1.90/1.87 0.644 1.22/1.20

12.0%/13.4%

333.15/100 55 0.990 4.09 3.40/3.30 0.815 2.77/2.69

16.9%/19.3%

333.15/1000 103 1.037 3.90 2.85/2.76 0.679 1.93/1.87

26.9%/29.2%

In general, we observe that the MS as well as Fick diffusivities increase when
increasing the temperature and decrease when increasing the pressure. This
was the intuitively expected trend, also followed by the diffusion coefficients
obtained from Wilke-Chang correlation. However, the correlation data show that
there is not a strong dependence of the diffusion coefficient with pressure, due to
the fact that the density is the most important factor at constant temperature.
At very high pressure the local structure of water is furthermore altered and
thus it affects the diffusivities, although this factor seems to have only a weak
effect in the range of pressure studied. On the other hand, in our simulations
there is a reduction of about 15-30% of the MS coefficient when the pressure
is increased from 100 bar to 1000 bar. This fact can be the consequence of
an overestimation of the CO2-H2O interactions. In fact, Lisal et al. have
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noticed that the CO2 solubility in water obtained with EPM2 and SPC/E
model overestimates the experimental values.192 These authors attribute this
behavior to a too strong CO2-H2O interaction. Anyway, in the comparison of
the Wilke-Chang diffusivities with the simulated MS diffusivities, the average
deviation is in average about the 17%. However, the estimated values for the
Fick diffusion coefficients from our simulations are in larger disagreement with
the Wilke-Chang correlation, except for the initial value, at 303.15 K and 100
bar. The fact that the Wilke-Chang does not contain any dependence in activity
coefficients suggests that these values should better follow the trends of the MS
diffusivities than Fick’s diffusivities, as we observe.

4.4.2 Study of CO2-brine mixtures

Once the accuracy of chosen potentials for different species were checked, we can
proceed to the simulation of the CO2-brine mixtures. We have performed MD
simulations at thermodynamic conditions representative of deep saline aquifers.
Temperature ranges from 333.15 K to 453.15 K and pressure from 50 to 500 bar.
Three Na/Cl molal concentrations were chosen; 1,2, and 4 m. The number of
CO2 molecules at each thermodynamic condition is given in Tables A.3-A.11 of
the Appendix, and ranges from about 10 molecules at lower pressure to 100 at
the higher pressures. The corresponding CO2 mole fractions range from 10−3

to 3 · 10−2. It is important to bear in mind that, according to experiments,
the CO2 mole fraction increases by increasing the pressure and by decreasing
salt concentration. As a result, for the lowest pressure and the higher salt
concentration cases, larger error bars are expected for thermophysical properties
in comparison with cases with larger xCO2

.

4.4.2.1 Calculation of solution densities of CO2-brine mixtures

In order to obtain solution densities of the mixtures for the different P and
T thermodynamic conditions, NPT MD simulations were performed. Figure
4.4 gives the simulated densities of the mixture CO2+brine as a function of
pressure for all considered temperatures and salt concentrations. Simulation
results show that solution densities increase by increasing the pressure and salt
concentration and decrease by increasing temperature. These are all expected
trends. Only a few studies measuring solution densities of CO2+brine systems
can be found in the literature. For instance, Li et al.22 measured densities for
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binary systems of CO2+Weyburn formation brine at a temperature of 332.15 K
and pressures similar to those of our study. Weyburn formation brine contains
more dissolved species than present in our simulations, like calcium, magnesium
or potassium. In this case, sodium and chloride ions are the major ionic species,
with molal concentrations of 1.27 m and 1.48 m, respectively, with a measured
solution density, at 333.15 K and 101.4 bar, equal to 1.0555 g/cm3. Simulation
results at a similar temperature and pressure (333.15 K and 100 bar) and salt
concentrations (1 m and 2 m) yield 1.0232 g/cm3 and 1.0538 g/cm3, respectively.
If we considered Na/Cl salt concentrations similar to those present in Weyburn
formation brine, we would expect a CO2-brine solution density around 1.039
g/cm3. However, as we said before, Weyburn formation brine contains also
species with larger molecular masses than Na+ and Cl−. Hence, a larger solution
density than in our simulation is expected when comparing with experimental
data.22

Figure 4.4: Simulated solution densities for CO2-brine systems at a) T = 333.15
K, b) T = 393.15 K and c) T = 453.15 K as a function of pressure and for
different salt concentrations.

4.4.2.2 MS diffusion coefficient of CO2 in brine

Ms diffusion coefficients at selected thermodynamic conditions were obtained
using both Einstein and GK formulations. Once the NVT MD simulations were
performed, trajectories were post-treated obtaining the different MS diffusivities.
To reduce the uncertainty of the results, two simulations were carried out at each
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thermodynamic condition and final MS diffusivities were obtained by averaging
the two values obtained after post-treatment. As indicated in 4.2.1, the MS
diffusion coefficient of CO2 in such brine is obtained from the computation of
Λ22, according to eqs 4.9 (conversely, 4.10) and 4.22. In the following we analyze
the more relevant trends.

a. Temperature dependence of MS diffusion coefficients

MS diffusivity of CO2 in brine was obtained as a function of temperature
for different pressures and salt concentrations. Simulation results at 100 bar
and 200 bar using Einstein relations are shown in Figure 4.5. Data are listed
in Tables A.3-A.11 of the Appendix. For all pressures, MS diffusivities increase
with temperature, which was the expected trend. However, from the simulation
results, we cannot conclude that MS diffusivities have a clear dependence on salt
concentration. However, Figure 4.5 may suggest that DMS

2b at c = 1 m is larger
than for c = 2 and 4 m, nevertheless, this trend was not observed for pressures
equal to 50 and 500 bar (results not shown). Due to the low concentration of
solutes, as well as the non-charged and quadrupolar nature of CO2 interaction
with the ions, it is expected a weak dependence of the MS diffusion coefficient
with ion concentration at the studied conditions. Furthermore, our results are
affected by large error bars due to the fluctuations of the simulated variable. In
some cases, we observe a relative dispersion of our data on the DMS

2b as much as
25%. This situation occurs especially at low pressures and at high temperatures.

In fact, one has to take into account that we set the number of CO2 molecules
for each thermodynamic condition from solubility experimental data. Then,
if we fix the salt concentration and the pressure, the evolution of DMS

2b with
temperature involves calculations with different number of CO2 molecules for
each temperature However, since the system is very dilute for the CO2 and the
difference between CO2 mole fractions along the simulations are small in all
conditions, we do not expect any influence of the CO2 concentration on DMS

2b .

The calculation of the thermodynamic factor Q for all studied conditions
shows values that are greater than 0.78, as can be seen in Figure 4.6, which
means that the CO2 behaves almost ideally from a thermodynamic point of
view and, therefore, the Fick diffusion coefficient D22 is very close to the MS
diffusion coefficient although slightly smaller (results given in Tables A.3-A.11
of the Appendix). Consequently, from now on, we will only discuss the behavior
of the MS diffusion coefficient.
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Figure 4.5: Simulated MS diffusion coefficients of CO2 in brine as a function
of temperature at a) P = 100 bar and b) P = 200 bar and for different
salt concentrations. Results were obtained using Einstein formulation (eq 4.9,
together with eq 4.22.

Figure 4.6: Variation of the thermodynamic factor Q of CO2 in brine in function
of the temperature, pressure and salt concentration. Full symbols correspond to
T = 333.15 K, grey symbols to T = 393.15 K, and empty symbols to T = 453.15
K. Circles correspond to c = 1 m, squares to c = 2 m, and triangles to c = 4 m.
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b. Dependence of MS diffusion coefficients with pressure, CO2, and
salt concentration

In Figure 4.7 we observe that the DMS
2b does not significantly depend upon

the pressure under the conditions studied. Notice that this statement can be
done due to the fact that the solution is dilute and no interactions between solute
molecules is expected. Thus, although the number of CO2 molecules changes,
the whole variation of DMS

2b with the pressure would be caused by the structural
changes at the local scale induced by change of pressure.

Figure 4.7: Simulated MS diffusion coefficients of CO2 in brine as a function of
CO2 concentration at a) T = 333.15 K and b T = 393.15 K and for different salt
concentrations. Results were obtained using Einstein formulation.

Again, due to the high dilution for both CO2 and NaCl, it is expected a weak
effect of the salt concentration on the CO2 diffusivity.

4.4.2.3 Electrical conductivity of CO2-brine mixtures

Together with the inherent interest of the electrical conductivity of these CO2-
brine mixtures, the evaluation of this quantity is affected by lower error bars than
DMS

2b and, therefore, it constitutes a good test of the accuracy of the simulations
as well as of the predictive behavior of the potential used for the CO2. We hence
proceed to the analysis of this property.
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Figure 4.8a gives the simulated electrical conductivity as a function of temper-
ature at P = 100 bar for different salt concentration using Einstein formulation.
As observed for DMS

2b , the electrical conductivity increases with increasing tem-
perature. This effect has been observed for all pressures. Such a behavior is
expected in view of the decrease of the viscosity of the solution (mostly water)
with increasing temperature. Thus the mobility of the charge carriers increases
inversely proportional.

Figure 4.8: Simulated electrical conductivity for CO2-brine mixtures as a function
of temperature at P = 100 bar for different salt concentrations (Fig. 4.8a), and
simulated electrical conductivity for CO2-brine mixtures as a function of salt
concentration at T = 393.15 K (Fig. 4.8b) for different pressures. Results were
obtained using Einstein formulation.

As expected due to the increase of the charge carriers in the solution, the
electrical conductivity increases by increasing salt concentration, as shown in
Figure 4.8b. This trend can be clearly observed for all pressures, even for P = 50
bar, where a large dispersion in the values of the MS diffusivities was obtained.
No pressure-dependence for electrical conductivity is observed from simulation
results inside the range of certainty. The effect is weak in the high dilution limit of
the dissolved CO2. Effectively, the decrease of the conductivity with the pressure
should be proportional to the decrease of the mole fractions of the conducting
species due to the increase of the dissolved gas in the system. This effect would
dominate over any other effect on the structure of a rather incompressible fluid
due to the pressure in the range of pressures studied. Simulated electrical
conductivities at T = 333.15 K and at salt concentration equal to 1 m and 2
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m can be compared to the values using Fleury-Deschamps correlation (see eq
4.32), which reflects such a decrease of the conductivity with the increase of the
pressure.

The comparison between electrical conductivity as a function of xCO2
obtained

with our simulations and the Fleury-Deschamps correlation can be observed
in Figure 4.9. Simulation results shown in Figure 4.9 have a mean deviation
of 18% with respect to the data obtained with the aforementioned correlation,
which systematically gives larger values of the conductivity as compared to the
simulations. The underestimation of the simulation results could arise from
subtle details of the intermolecular potentials, probably from the fact that the
SPC/E model might not be able to correctly describe the water-ions dynamic
behavior, particularly at high salt concentrations. Despite the large error bars,
the simulation results are systematically lower than the correlation.

Figure 4.9: Comparison between simulation and correlation data for electrical
conductivity as a function of CO2 concentration at T = 333.15 K and c = 1
m (Fig. 4.9a) and c = 2 m (Fig. 4.9b). Simulation data was obtained using
Einstein formulation and correlation data from eq 4.32.

4.4.2.4 Rotational relaxation time of CO2 and water in brine

The last property analyzed was the relaxation dynamics of water and CO2

molecules from the dynamic behavior of several vectors defined in section 4.2.1.
The variation of the relaxation times τ1,2

H−H, τ
1,2
µ , and τ1,2

⊥ , as defined in eq 4.29,
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with the temperature at different salt concentrations at 100 bar can be observed
in Figure 4.10, and the data are listed in the Appendix, Tables A.14-A.16. We
have chosen a fixed pressure to perform our calculations since neither DMS

2b

nor any of the rotational relaxation times for CO2 seem to be a function of
pressure, according to our results of the previous section. We can notice that
τ1
µ > τ1

H−H > τ1
⊥, and τ2

H−H > τ2
µ > τ2

⊥ for all conditions investigated. The same
ordering is observed in liquid water at standard conditions.90,193 We also observe
that all relaxation times increase when temperature decrease or salt concentration
increases.176,194 In fact, when temperature is kept constant, all relaxation times
are almost linear functions of salt concentration (figure not shown). From Figure
4.10 we have extracted, by means of an Arrhenius fitting (τ = A exp(∆E/kBT )),
the activation energy (∆E) for the three different relaxation times. On one
hand, ∆EH−H(≈ 14.7 kJ/mol) and ∆E⊥(≈ 13.8 kJ/mol) are weakly affected
by ion concentration. On the other hand, ∆Eµ clearly increases with salt
concentration(≈ 13 to 15 kJ/mol). This fact is expected since τµ reflects the
relaxation time of the dipole moment of water molecules, which are strongly
perturbed by the increment of ion concentration.

Figure 4.10: Variation of relaxation times of the different vectors defined for
water molecules as a function of temperature and salt concentrations at 100 bar
and at c = 1 m (Fig 4.10a), c = 2 m (Fig 4.10b), and c = 4 m (Fig 4.10c). Only
results for the Legendre polynomial of grade 1 are shown.

Finally, the relaxation time of the bond vector for CO2 at different temper-
atures and salt concentrations can be seen in Figure 4.11. We can observe an
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increase of the relaxation time with the decrease of the temperature. Like in
water molecules, τC=O also increases with the salt concentration reflecting the
overall slowing down of the dynamics of the system.

Figure 4.11: Variation of the relaxation time for the C=O bond vector as a
function of temperature and salt concentration at 100 bar. Results from the
Legendre polynomial of grade 1 (left, Fig 4.11a) and 2 (right, Fig 4.11b).

4.4.2.5 Prediction of the Maxwell-Stefan mutual diffusion coefficients
of CO2 in brine from rotational relaxation times and self-
diffusivity data

We have seen so far that the main problem in computing the MS diffusion
coefficient of CO2 in water (either experimentally or by computer simulation)
is its low solubility. The small number of molecules makes that the baricenter
of the CO2 strongly fluctuates in the derivation of the appropriate Onsager
coefficient, according to eq 4.9. In this section, we will propose an alternative
way to estimate DMS

2b in brine from the measurement of the rotational relaxation
time and, ultimately, from state variables of easy access.

Together with the direct determination of the diffusion coefficient, one can
estimate DMS

2b by using several correlations such as that of Darken

DMS
2b = x2D

self
b + xbD

self
2
∼= xbD

self
2 (4.33)
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where Dself
i stands for the self-diffusion coefficients of species i.195 The second

is valid in the limit of high dilution of CO2. One also has the Cadwell and
Babb approximation for DMS

2b , which relies on a linear combination of the
diffusion coefficient of species i evaluated at infinite dilution, namely D∞i (DMS

2b =
x2D

∞
b + xbD

∞
2 ).196 It is known that the Darken’s relation gives a reasonable

prediction of the mutual diffusion coefficient, particularly when one component
is close to the infinite dilution, which is the case of CO2 in brine. This is in
agreement with what we have derived in our analysis of section 4.2.1. In this
sense, the Cadwell and Babb relation neglects the fact that the MS diffusion
coefficient is usually non ideal in water solutions at low solute concentrations25

and, therefore, its use for estimation purposes is not suitable. On the one hand,
to the best of our knowledge, there is no other correlation or approach that can
be used to estimate of the MS diffusion coefficient of CO2 in brine.

However, the use of the Darken relation translates the problem of the estimate
of the diffusion coefficient to the estimate of the self-diffusion coefficient. Exper-
imentally, self-diffusion coefficient (Dself

i ) and rotational relaxation times can
be measured by Proton magnetic resonance (1H-MR) for water and Spin-lattice
NMR for 13CO2. However, we have not been able to find any data on these
properties to straightforwardly make the estimate using the Darken relation
and to compare to our simulation results. Hence, in this section we propose an
alternative route using the information on the rotational relaxation times, or the
calculated self-diffusion coefficients (given in Tables A.3-A.11 of the Appendix)
in order to predict DMS

2b at different thermodynamic conditions.

To derive this correlation, firstly we recall that the rate of rotational relaxation
is commonly explained by using the viscosity-dependence and the orientational
correlation time, τR, which is given by the well-known Debye-Stokes-Einstein
(DSE) relation197

τR =
CRηvs
kBT

(4.34)

where vs is the specific volume of the solute molecule, CR is a constant equal to 3
in the DSE theory but left in general as a fitting constant, and η is the viscosity
of the solvent. From eq 4.34 we can see that τR/η is a constant for a particular
solute-solvent pair. It was suggested that the rotation of a probe molecule in a
viscous liquid should be coupled to the structural relaxation of the surrounding
solvent,197 thus, in this sense, it is analogous to the self-diffusion. Starting from
the Stokes-Einstein (SE) relation it is known that the translational diffusion of
one solute molecule (Dself

i ) may also be expressed in terms of solvent viscosity
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(η) and the radius of the molecule (R), according to

Dself
i =

kBT

CT ηR
(4.35)

Here, CT is another constant. A direct relation can be then expressed between
eqs 4.34 and 4.35, as follows,

τRD
self
i =

CRvS
CTR

(4.36)

which depend only on constants and geometric dimensions of the molecule. In
ref [197] the author found a microscopic expression for the constant in eq 4.36
relating them to dynamic structure factors obtained from mode coupling theory.
Notice that this equation does not depend on the solvent viscosity and that it
can be generalized to different dissolved gas molecules with the only condition
of low concentration (infinite dilution). We should mention, however, that such
an approximation is only valid on relatively dense systems (liquids), where the
relaxation dynamics of the dissolved molecule is governed by the friction with
the surrounding medium. We thus use 4.36 to determine CR and CT for CO2

dissolved in brine using our simulation results of Dself
CO2

and τC=O. The advantage
of this procedure is that the self-diffusion coefficient of CO2 shows less statistical
fluctuation than the MS diffusion coefficient since the independent molecules all
contribute to the statistics instead of only the baricenter (see Tables A.3-A.11
in the Appendix). We have also assumed that CO2 has no other relaxation
time than τC=O. Then, from the more precise evaluation of the self-diffusion
coefficient as well as the rotational relaxation time, the unknown constants can
be fitted, according to a linear function of the density

τ lC=OD
self
CO2

RCO2

vCO2

=
CR
CT

= (a1(l) + a2(l)ρ) (4.37)

where l is the order of the associated Legendre polynomial (i.e., l = 1, 2), a1 and
a2 are constants and ρ is the system density (in g/cm3). Here we have used the
fact that the product τ lC=OD

self
CO2

depends only on the system density198,199 and
structural properties of the molecules, which of course remain constant. In the
determination of the coefficients of eq 4.37 we have used vS = 29.1936 · 10−30 m3

and RCO2
= 1.9101 · 10−10 m, which are the molar volume and hydrodynamic

radius of the EPM2 model of CO2 respectively. Details of the fitting procedure
of eq 4.37 and estimation of vS and RCO2

are available in the Appendix. In
order to estimate Dself

CO2
with eq 4.37 we need to express the variation of the
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rotational relaxation of CO2 in function of temperature and salt concentration
(c in molal). This was done by an Arrhenius fitting of the τC=O data shown in
Figure 4.11. We obtain for a salinity of 1 m< c < 4 m and T < 453.15 K,

A(l, c) = a3(l)ca4(l) (4.38)

and
∆E(l, c) = a5(l) ln(c) + a6(l) (4.39)

again, ai (i = 3, 4, 5, and 6) are constants which depend on the associated
Legendre polynomial. Parameters ai are shown in Table 4.5.

Table 4.5: Coefficients ai obtained for equations 4.37, 4.38, and 4.39.

Coefficient l Value units
a1 1 18.444 dimensionless

2 8.8153 dimensionless
a2 1 -14.042 cm3/g

2 -6.9448 cm3/g
a3 1 0.0749 s−1

2 0.0365 s−1

a4 1 -0.1877 dimensionless
2 -0.1284 dimensionless

a5 1 1.061 kJ/mol
2 0.804 kJ/mol

a6 1 8.378 kJ/mol
2 7.942 kJ/mol

Eq 4.37, together with eqs 4.38 and 4.39 permit to find an estimate of the
self-diffusion coefficient of CO2 in brine in terms of the rotational relaxation
time and state variables. We have finally used the predictions of eq 4.37 for
the self-diffusion coefficient into eq 4.33, and compared the results with the
mutual diffusion coefficient of CO2 in brine obtained from simulations, at all
temperatures and salt concentrations in Figure 4.12. We observe a general
good agreement between the values simulated and predicted, with an absolute
deviation of about 15.4% for the MS diffusion of CO2. Recently, Yeh et al.
proposed a correlation to correct the results for the self-diffusion coefficient for
the finite size effect unavoidable in common molecular dynamics simulations.200

We did not correct our simulation results for this effect however, since we have
used a quite large number of particles (at least 3000 water molecules). We
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estimate that our reported values for self-diffusion may be under predicted by a
maximum 6.5%. Therefore, the general good agreement of the correlation may
suggest that the direct evaluation of the MS diffusion coefficients at high dilution
strongly deviates from what is expected, in view of our previous analysis.

Figure 4.12: Comparison of the MS diffusion coefficient, DMS
2b , obtained with

the correlation of eq 4.33 (with l = 1, full symbols, l = 2 empty symbols) with
the simulation results for the MS diffusion coefficient using Einstein formulation.
The points that deviate from the line DMS

2b (sim.)=DMS
2b (corr.) are the simulations

at high temperatures and c = 4 m. These simulations are precisely affected
by a large dispersion of the data, and, therefore, the disagreement may not be
significative.

4.5 Conclusions

We have computed MS as well as Fick diffusion coefficients of CO2 in brine
at thermodynamic conditions representative of deep saline aquifers using MD
simulations. To achieve his goal, Einstein and GK formulations have been used.

To test the accuracy of the chosen intermolecular potentials for the different
species, validation tests were performed for NaCl-water and CO2-water systems.
For aqueous ionic solutions, WN Lennard-Jones parameters for ion-ion inter-
actions were chosen as they reproduce better electrolytic solution densities for
high salt concentrations than Dang set of LJ parameters. Simulation results for
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MS diffusion coefficients of ions in water agree with experimental data (mean
deviation ≈ 10%) and with WN simulation results. Simulated MS diffusivities of
Na+ in Cl− did not have the correct trend with salt concentration. The calcu-
lated electrical conductivity of aqueous NaCl was also compared to experimental
data. Although for low salt concentrations our results are in agreement with
experiments, electrical conductivity is under predicted for 4 m salt concentra-
tions. Simulated MS diffusion coefficients of CO2 in water were computed at
P = Patm and P > Patm. Results were compared with experiments and with
values obtained using Wilke-Chang correlation. For P = Patm, simulation results
at T = 298.15 K agree with experiments, while results at T = 283.15 K have
a deviation of 25% from experiments. This observed deviation was due to the
low number of CO2 molecules present in the system (2 and 3, respectively).
For P > Patm a mean deviation of 18% was obtained between our simulation
results and Wilke-Chang correlation results. It was an expected result as the
Wilke-Chang correlation gives the mutual diffusion coefficient at infinite dilution.

The next step was the calculation of CO2 MS diffusion coefficient in brine.
The influence of temperature, CO2 concentration and salinity was analyzed. MS
diffusivities increase with temperature. For all fixed pressures, no effect of CO2

pressure was observed. The evaluated MS diffusion coefficient show a small
dependence with the salinity. Electrical conductivity of CO2-brine mixtures
was also computed for all thermodynamic conditions using Einstein and GK
formulations. As observed for MS diffusivities, electrical conductivities are
clearly functions of salinity, increasing when the salt concentration increases. No
CO2 concentration dependence for electrical conductivity was clearly observed.
Finally, simulated electrical conductivities at T = 333.15 K and c = 1 m and 2
m were compared with values obtained using Fleury-Deschamps correlation. A
shift is observed between simulation and correlation values.

MS diffusivity dependence with CO2 concentration is a known difficult trend
to determine not only by molecular simulation but also experimentally. We
have proposed a correlation to estimate the diffusion coefficient based on the
variation of the product τ lC=OD

self
CO2

, as a function of the system density. In
this case, we were able to correlate our simulation results to predict the self
diffusion coefficient and MS diffusion coefficient with about 10% to 15% of
absolute deviation. However, both experimental and simulated Fick diffusion
coefficients of even simple mixtures present large fluctuations with the quantity
of CO2 dissolved. In the literature, Zabala et al.163 compared simulated Fick
binary diffusion coefficients of CO2 dissolved in nC10 as a function of xCO2

at
saturation with experimental data.201 Large average deviations with respect to
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the experimental data were also observed. Even experimental data presented
large fluctuations. Hence, if we take into account that our system contains ions,
it is not surprising to see dispersed values at plotting MS diffusion coefficients
as a function of CO2 concentration as we have obtained from MD simulations.

Although at low temperature DMS
2b decrease when increasing salt concentra-

tion, this trend is not observed for higher temperatures. However, computed self
diffusion coefficients decrease when increasing salt concentration at all tempera-
tures and pressures. Hence, as CO2 is present in the mixture at low dilution,
DMS

2b should follow the same trend.
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This thesis is divided into two well-defined parts. On the one hand, I
undertake the study of the structure and dynamics of water confined inside
Mo132(SO4) and Mo132(HCO2) polyoxometalates, and, on the other hand, the
study of the diffusion of CO2 in aqueous ionic solutions. Both analyses have
been performed using classical molecular dynamics simulations with suitable
models for the potential fields of the molecules. Here we give the most important
conclusions of each part.

In the first chapter, we have studied the structure and dynamics of water
confined inside a Mo132(SO4) polyoxomolybdate molecular cluster at ambient
conditions. The obtained radial density profiles of water oxygens indicate that
the three-dimensional hydrogen bond network present in bulk water is distorted
inside the cavity where water organizes instead in concentric layered structures.
Hydrogen bonding, tetrahedral order and orientational distribution analyses
indicate that water molecules form three hydrogen bonds with other molecules
to stabilize the layered structure, while the remaining hydrogen bond bridges
neighboring layers. We thus have proposed, based on the previous argument,
that these layered structures should belong to the buckyball family, that is,
structures with 12 pentagons, imposed by the external cast induced by the
geometry of the cavity, and a variable number of hexagons. The analysis of the
dynamics of water indicates that the main modes of motion at short times are
correlated fluctuations of the entire system with a characteristic frequency. The
transfer of water molecules between layers are events that rarely occur during
the simulation. We have observed that the jump of a given particle from one
layer to another necessarily involves the simultaneous switch of in fact two water
molecules at neighboring layers. At long times, the system shows a power law
decay (pink noise) in the fluctuations in the number of water molecules in shells
containing the structures and the total dipole moment as well. Finally, some of
the dynamic results, have been compared to experimental data and theoretical
analyses done in reverse micelles of similar size. A slower decay of the dynamics
of water inside Mo132(SO4) is observed, for instance, from rotational correlation
functions, which can be tested experimentally, indicating the more rigid nature
of water inside these nanocapsules as compared to reverse micelles.

The effect of the ligand on the structural and dynamical properties of en-
capsulated water inside Mo132(ligand) has been studied by replacing the sulfate
ligands (SO2−

4 ) by formate ligands (HCO−2 ). Radial and spatial distribution
function analyses at ambient conditions show that water oxygen atoms occupy a
new position next to the outermost water layer not observed when sulfates were
inside the capsule. Then, the well-defined buckyball structures observed in the
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Mo132(SO4) POM are not formed in this case, although a given structure for
water molecules still remains due to the constraints imposed by the confining
surface. The analysis of the HB statistics and the tetrahedral parameter also
agree with that view. However, when the temperature is decreased to 198 K, we
observe that water molecules tend to form buckyball structures which agree with
X-ray measurements at these conditions. We attribute the different scenario
observed, at both temperatures, with respect to the simulation results for the
Mo132(SO4), to the lower volume and lower van der Waals repulsion of HCO−2
ligands as compared to SO2−

4 ligands, as well as to the electrostatic attraction
between the negatively charged water oxygen atoms and the positive hydrogen
and carbon atoms of the formate ligand, which lead water molecules to occupy
a new position under the pores inside the Mo132(HCO2) capsule. The less
structured spatial distribution function at T = 298 K for the Mo132(HCO2) has
as a consequence that water molecules diffuse much faster in the latter than
inside the Mo132(SO4) capsule. This behavior is observed from the analysis
of the mean-squared displacement and the variation of the position of water
oxygen atoms with time. In this case, the transfer of water molecules between
different regions inside the Mo132(HCO2) capsule is observed for all confined
water molecules. The effect of the less constrained environment present when
formates are the chosen ligand, has also been studied by means of rotational
correlation functions and compared to that of reverse micelles of similar size. The
obtained results indicate that water molecules have more freedom to rotate than
inside the Mo132(SO4) capsule. At the same time the reorientational dynamics
of water inside the Mo132(HCO2) become then similar to that observed for the
more mobile water molecules inside reverse micelles of similar size.

Finally, the comparative analyses between the two sulfate and formate
capsules reveal a strong sensitivity of the structure to the details of the inner
side of the cavity that can suggest a coupling between the constraints due to the
confinement and the two suggested forms of water, high density and low density
water, even at ambient conditions.

The last chapter of the thesis is devoted to the calculation of mass diffusion
coefficients of CO2 in brine at thermodynamic conditions representative of deep
saline aquifers. We have studied the influence of temperature, CO2 concentration
and salinity on the MS diffusion coefficient. We observe an increase of the
Maxwell-Stefan diffusion coefficient with the temperature, but no clear depen-
dence is identified with the salinity or CO2 mole fraction. In this case, we noticed
an important dispersion on the values of the obtained quantities leading to the
calculation of the diffusion coefficient which impairs any conclusive statement
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about the effect of the gas concentration on the mobility of the CO2 molecules.
Rotational relaxation times for water and CO2 increase by decreasing the tem-
perature or increasing the salt concentration. We have proposed a correlation
for the self-diffusion coefficient in terms of the rotational relaxation time, which
can ultimately be used to estimate mutual diffusion coefficient of CO2 in brine.
Electrical conductivity of the CO2-brine mixtures has also been calculated under
different thermodynamic conditions. Electrical conductivity tends to increase
with the temperature and salt concentration. However, we do not observe any
influence of this property with the CO2 concentration. The simulated electrical
conductivities at 333.15 K and 1 and 2 molal have been compared with the
Fleury-Deschamps correlation, with a good qualitative agreement. In general,
the simulation results follow the same temperature variation of this property
as the estimate from the Fleury-Deschamps correlation, but a slight shift is
identified at low salinity. Our results give a first evaluation of CO2-brine mass
diffusion coefficient, rotational relaxation times, and electrical conductivity under
the thermodynamic conditions typically encountered in deep saline aquifers, with
the subsequent interest for industrial applications.
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Appendix A

A.1 Calculation of the molar volume and hydro-
dynamic radius of CO2

The specific volume of the CO2 molecule, vCO2 model for the EPM2 model is
the sum of the colored volumes of Figure A.1. Knowing that the volume of a
spherical cap of height h for a sphere of radius R is V = π

3h
2(3R − h), and

following the nomenclature explained in Figure A.1, the specific volume vCO2
is

computed as follows,

vCO2
= V1 + V2 + V3 (A.1)

If we analyze each term for separated we have that,

• V1 is the volume of a sphere of radius RO : V1 = 4π
3 R

3
O.

• V2 is the volume of a sphere of radius RO minus twice the volume of a
spherical cap of height h′ for a sphere of radius RO :

V2 =
4π

3
R3

O − 2
[π

3
h′2(3RO − h′)

]
(A.2)

• V3 is the volume of an sphere of radius RC minus the overlap of this sphere
with the other two of radius RO; that is twice the volume of a spherical
cap of height hc for a sphere of radius RC, twice the volume of a spherical
cap of height hO for a sphere of radius RO and we have to subtract at the
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156 Appendix A. Appendix

end the overlapping of the two spheres of radius RO:

V3 =
4π

3
R3

C

[
2
(π

3
h2
c(3RC − hc)

)
+ 2

(π
3
h2
O(3RO − hcO)

)]
−4π

3
R3

C

[
2
(π

3
h′2(3RO − h′)

)]
(A.3)

Figure A.1: Atomic geometry of the EPM2 model of CO2. RC = σC/2 and
RO = σO/2 and dC=O is the bond length between O and C atoms. Note that in
this model RO > dC=O, so there is overlapping between the two oxygens. The
intersection of carbon and oxygen spheres occurs at abcisses ±x∗. We call V1

the volume of the gray sphere, V2 the pink volume and V3 the blue volume.

If we sum the three terms we obtain the specific volume vCO2 :

vCO2
=

4π

3
(R3

C + 2R3
O)− 2

(π
3
h2
c(3RC − hc)

)
− 2

(π
3
h2
O(3RO − hO)

)
(A.4)

Using the following relations,

hc = RC− x∗ (A.5)

hO = RO − (dC=O − x∗) (A.6)
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h′ = RO − dC=O (A.7)

x∗ =
(d2

C=O +R2
C −R2

O)

2dC
(A.8)

where x∗ has been calculated from the intersection of one of the spheres of radius
RO with the sphere of radius RC, and rearranging the terms, the equation A.4
becomes,

vCO2
=

4π

3
(R3

C + 2R3
O)− 2[

π

12dC=O
(RO +RC − dC=O)2(d2

C=O +

+2dC=ORC − 3R2
C + 2dC=ORO + 6RORC − 3R2

O)] (A.9)

Using the LJ parameters of the EPM2 model (RC = σC/2 = 1.3785 Å and
RO = σO/2 = 1.5165 Å) we obtain a value of 29.1936 Å3.

The hydrodynamic radius of CO2 is estimated as the radius of a sphere
having the same volume as vCO2

,

RCO2
=

3

√
3

4π
vCO2

(A.10)

we have obtained a value of 1.9101 Å.
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158 Appendix A. Appendix

A.2 Correlation between self-diffusion coefficient
and the rotational relaxation time

We can use the values of Dself
CO2

and τ lC=O obtained in our simulation results for
CO2 dissolved in brine to evaluate the equation 4.37. The resulting fitting can
be observed in Figure A.2.

Figure A.2: Variation of the coefficient CR/CT in function of the density for
l = 1 (circles) and l = 2 (squares) at 100 bar. Lines are fitting to the simulation
data.
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A.3 Simulation data for aqueous NaCl solutions

Table A.1: Results for MS diffusivities for aqueous NaCl, T = 298.15 K, P =
1.013 bar.

c(m) DNa−Cl Dw−Na Dw−Cl DNa Dw Dw dev. dev. dev.

Einst. Einst. exp. −Cl −Na −Cl DNa/Cl Dw/Na Dw/Cl

/GK /GK /GK exp. exp. exp. Eins. Eins. Eins.

/GK(%) /GK(%) /GK(%)

1 0.140 1.086 1.796 0.126 1.179 2.000 11.11 7.88 10.20

/0.155 /0.996 /2.040 /23.02 /15.52 /2.00

2.5 0.202 0.850 1.542 0.232 0.947 1.705 12.93 10.24 9.56

/0.129 /0.977 /1.650 /44.40 /3.20 /3.20

4 0.051 0.409 1.564 0.295 0.758 1.411 82.71 46.04 10.84

0.051 0.450 1.500 /82.71 /39.50 /6.30

Table A.2: Results for electrical conductivity of aqueous NaCl, T = 298.15 K,
P = 1.013 bar.

c(m) κ Eins. κ GK κ exp. dev. κ dev. κ dev. κ

(S/cm) (S/cm) (S/cm) Eins.-exp (%) GK-exp (%) WN-exp (%)

1 0.085 0.082 0.076 11.84 7.89 3.69
2.5 0.137 0.117 0.159 13.84 26.42 34.50
4 0.159 0.158 0.212 25.00 25.47 44.10
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160 Appendix A. Appendix

A.4 Simulation data for CO2-brine mixtures

In this subsection, we provide the simulation results for the diffusion of CO2 in
brine, as well as the calculated electrical conductivities of that mixture at the
selected thermodynamic conditions.
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A.5 Comparison of CO2-brine conductivities with
Fleury-Deschamps correlation

Table A.12: Comparison between simulation and correlation data for electrical
conductivity of CO2/brine mixtures, c = 1 m, T = 333.15 K.

xCO2
κ Eins./GK (S/cm) κ corr. (S/cm) dev (sim-corr)

Eins./GK (%)
0.094 0.071/0.090 0.128 44.53/29.69
0.0145 0.095/0.099 0.124 23.39/20.16
0.0174 0.103/0.097 0.122 15.57/20.49
0.0215 0.095/0.106 0.118 19.49/10.17

Table A.13: Comparison between simulation and correlation data for electrical
conductivity of CO2/brine mixtures, c = 2 m, T = 333.15 K.

xCO2
κ Eins./GK (S/cm) κ corr. (S/cm) dev (sim-corr)

Eins./GK (%)
0.0076 0.182/0.161 0.237 23.21/32.07
0.0117 0.192/0.193 0.231 16.88/16.45
0.0142 0.138/0.157 0.227 39.21/30.84
0.0176 0.191/0.220 0.222 13.96/0.90
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A.6. Simulation data for water and CO2 rotational relaxation times 171

A.6 Simulation data for water and CO2 rota-
tional relaxation times

Table A.14: Results for rotational relaxation times, c = 1 m, P = 100 bar

T (K) τµ1 τµ2 τHH
1 τHH

2 τ⊥1 τ⊥2 τC=O
1 τC=O

2

(ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)

333.15 3.361 0.984 2.544 1.184 1.665 0.705 1.550 0.658

393.15 1.620 0.455 1.146 0.530 0.780 0.322 0.950 0.400

453.15 0.965 0.268 0.650 0.302 0.452 0.192 0.700 0.310

Table A.15: Results for rotational relaxation times, c = 2 m, P = 100 bar

T (K) τµ1 τµ2 τHH
1 τHH

2 τ⊥1 τ⊥2 τC=O
1 τC=O

2

(ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)

333.15 3.980 1.130 2.740 1.340 1.814 0.797 1.800 0.720

393.15 1.830 0.520 1.230 0.590 0.845 0.363 1.050 0.435

453.15 1.086 0.302 0.700 0.337 0.486 0.215 0.750 0.320

Table A.16: Results for rotational relaxation times, c = 4 m, P = 100 bar

T (K) τµ1 τµ2 τHH
1 τHH

2 τ⊥1 τ⊥2 τC=O
1 τC=O

2

(ps) (ps) (ps) (ps) (ps) (ps) (ps) (ps)

333.15 5.180 1.487 3.175 1.730 2.134 1.018 2.000 0.808

393.15 2.214 0.620 1.401 0.718 0.976 0.437 1.195 0.490

453.15 1.290 0.353 0.785 0.390 0.550 0.250 0.780 0.340
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