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Chapter 1

Introduction

1.1 Ion hydration

Water is the most abundant compound on the surface of earth and, being
the principal constituent of all living organism, it is the basis for life on our
planet. Consequently, knowledge of the structural and dynamic properties of
water is crucial in many problems of physics, chemistry and biology. Even
if water has an apparently simple molecular structure, it is a rather complex
fluid and shows many distinctive properties which are generally ascribed to
the hydrogen bond at molecular level. The structure of water is in fact well
described in terms of a dynamical network of hydrogen bonded clusters in
which tetrahedral cages play a dominant role. The fundamental dynamical
process occurring in water is the formation and breaking of hydrogen bonds
which generally take place in the sub-picosecond time scale [1].

The structure and dynamics of these hydrogen bonded clusters is modi-
fied by changes of temperature and pressure, as well as by the introduction
of solutes [2]. In particular, ions in solution strongly distort the structure of
surrounding water molecules, as the result of the change in the microscopic
balance of intermolecular forces, from that of water-water interactions in the
neat solvent to that of ion-water interactions in the resulting solution. Our
present understanding of the changes occurring to water in the presence of an
ion is based on the scheme introduced by Frank and Wen [3] and Gurney [4]
who considered three concentric solvent regions around the ions: the inner-
most region, the so called first hydration shell, in which the water molecules
are strongly oriented by the ion and tend to be carried by the ion as it moves
through the solution, the second hydration shell in which the water molecules
are only weakly oriented by the ion and finally, in the outermost region far
from the ion, the structure of water is generally the same as that of bulk
water. Figure 1.1 provides a schematic picture of the hydration spheres of a
metal cation having a first solvation shell of six water molecules. This is for
example the situation encountered in many 3d metal ions.

Ions have been classified as structure makers and structure breakers ac-
cording to their ability to induce structuring of water. Small ions with high
electric charge are generally structure makers, as the water molecules in the
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Figure 1.1: Structure of a generic hydrated metal cation in aqueous solution.

first solvation shell are strongly bound to the ion and it is appropriate to think
of a well defined ion-water complex. Larger ions instead are often structure
breakers as their main influence is the disruption of the hydrogen bond net-
work characteristic of bulk water. All ions are hydrated to varying extents in
water but the degree of hydration depends on a number of factor, such as the
ionic size and the charge density [1]. Cations are more strongly hydrated in
general than anions due to a combination of high positive charge density and
a particularly strong interaction with the negatively polarized oxygen atom of
water. However, a well defined first hydration shell of water molecules exists
also around halide ions, even if the interaction (via the hydrogen atoms) is
somewhat weaker [1].

The structural and dynamic properties of the hydration spheres of aqua
ions are fundamental to understanding the behaviour of ions in chemical and
biological systems and processes. Consequently, a large number of experimen-
tal techniques, primarily X-ray and neutron diffraction, have been applied to
obtain structural information on the ion-water interaction. For 3d metal tran-
sition elements the identification of the primary hydration geometry, usually
octahedral six-coordinated, has proved relatively straightforward [2]. For the
rest of ions, including anions, alkaline and earth-alkaline cations, information
on the hydration structure is not very conclusive, in principle as a result of
the higher disordered environments and a general lack of direct information
relating to static and dynamic properties of solvent molecules when they co-
ordinate ions [2].

During the last several years it has been shown that X-ray absorption spec-
troscopy (XAS) is particularly well suited for the investigation of the local
solvent structure of ions dissolved in water, due to its atomic selectivity and
its sensitivity to dilute solutions. From the analysis of the Extended X-Ray
Absorption Fine Structure (EXAFS) it is possible to obtain very accurate ion-




1.2 Lanthanoids aqua ions

water first shell distances. However, in the case of disordered systems, such
as ionic solutions, the uncertainty in the coordination numbers determined
by the EXAFS analysis is usually too large for a conclusive determination of
the geometry of hydration complexes. Conversely, a quantitative analysis of
the X-ray Absorption Near Edge Structure (XANES) region, which includes
the rising edge and about 200 eV above it, can provide accurate geometrical
information on the hydration clusters existing in water. Nevertheless, the
characterization of the structural and dynamical properties of ions and wa-
ter molecules in the hydration spheres is very difficult to be obtained from
experimental techniques only, and the combined use of experimental and the-
oretical methods is essential to obtain reliable information. Among computer
simulation techniques, Molecular Dynamics is a powerful tool in the analysis
of both static and dynamic properties of solvated ions in solution and has
been extensively used in the last decades for the study of aqueous solutions
2].

In this context, the aim of this work is to unveil the detailed structure
and dynamics in aqueous solutions of the lanthanoid(IIT) ions using a proce-
dure which combines XAS spectroscopy and Molecular Dynamic simulation
techniques.

1.2 Lanthanoids aqua ions

Recently, there has been growing interest in lanthanoids and their deriva-
tives because of the emergence of novel application fields. A part from the
well-known importance as contrast agents in magnetic resonance imaging
techniques for medical diagnosis, there is a plethora of additional applica-
tions ranging from catalysis and organic synthesis, to nuclear waste man-
agement and liquid-liquid extraction from aqueous solutions [5]. Despite its
importance, the fundamental understanding of the lanthanoid chemistry is
still at an early stage of knowledge, as compared to 3d-transition metals.
Lanthanoid cations belong to a chemical series whose hydration properties
are of particular interest for both fundamental and applicative reasons, and
questions about the change of structure of the first shell polyhedron across
the series are still at the center of recent research works.

Within the lanthanoid series of fifteen chemically similar elements, includ-
ing lanthanum, systematic changes occur of their chemical properties. At an
early stage they were divided into two subgroups, the light and the heavy lan-
thanoids [6]. However, the point of division varied depending on the chosen
property and was somewhat indefinite until Spedding and coworkers some
40 years ago introduced the concept of the so-called “gadolinium break”,
based on a proposed change in the coordination number of the hydrated lan-
thanoid(III) ions in aqueous solution in the middle of the lanthanoid series.
This proposal could be coupled to the electronic structure of these trivalent
ions and the effects expected of the half-filled 4f shell. The proposal of Sped-
ding and coworkers was based on changes in a number of physical chemical
properties, such as partial molar volume [7], heat capacity [8], molar entropy
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[8] and viscosity [9] around samarium, europium and gadolinium. The partial
molar volumes should decrease continuously if the hydrated lanthanoid(III)
ions have the same hydration structure taking the lanthanoid contraction
into account. However, there is a discontinuity and an increase in the partial
molar volumes from samarium to gadolinium, rationalized by a decrease in
the hydration number of the heavier lanthanoid(IIT) ions. The light hydrated
lanthanoid(IIT) ions in aqueous solution are shown to be nine-coordinated in
tricapped trigonal prismatic (TTP) configuration, while the heavy ones are
believed to have a square antiprismatic (SAP) configuration [10, 11, 12].

X-ray diffraction [13] and neutron scattering [14, 11] have been extensively
used in the past to gain structural information on lanthanoid complexes both
in solid state and in solution. Recently, a thorough analysis of new EXAFS
data has shown that all of the lanthanoid(III) hydration complexes in aque-
ous solution retain a tricapped trigonal prism geometry, in which the bonding
of the capping water molecules varies along the series [15]. In particular,the
capping water molecules are equidistant for the largest lanthanoid(I1I) ions
(La-Nd). Starting at samarium, distortion from regular symmetry becomes
evident, with one of the capping water molecules more strongly bound to
the Ln(III) ion. For the smallest Ln(III) ions (Ho-Lu), one of the capping
water molecules is so strongly bound to the ion, as compared with the other
two capping water molecules, that the occupancy of these two sites starts to
decrease. As a result, the structure of the hydrated lutetium(IIT) ion can be
described as a distorted tricapped trigonal prism with six water molecules in
the prismatic positions having the same Lu-O bond length, and on average
2.2 water molecules in the capping positions with one Lu-O distance signifi-
cantly shorter than the others [15].

From a computational point of view, Molecular Dynamics (MD) simula-
tions, using classical, ab initio, or mixed quantum/classical interaction po-
tentials have been used to determine structural and dynamical properties of
lanthanoid (III) ions [5, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30].
Even if the determination of the coordination geometry of lanthanoid(I1I) ions
is quite straightforward for crystalline samples with high symmetry [31, 32, 33]
the characterization of structures in solutions and in solids where the lan-
thanoid(III) ions display water deficit is more elusive and very difficult to be
obtained from the standard experimental techniques [15].

1.3 Aim of this work

In this work a detailed investigation of the structure and dynamics of
lanthanoid (III) ions both in aqueous solution and in the solid state will be
carried out combining X-ray absorption spectroscopy and Molecular Dynam-
ics simulations. To this end we will apply a XANES fitting procedure, named
MXAN (Minuit XANes) [34], to the analysis of both the K-edge and Ls-
edge spectra of some Ln(II) ions in aqueous solution and to isostructural
solid aqualanthanoid(III) trifluoromethanesulfonates [Ln(H20),](CF3S03);.
Although the quantitative XANES analysis has been successfully applied to
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the study of several transition-metal ions in aqueous solution, allowing a
quantitative extraction of the relevant geometrical information about the ab-
sorbing site [35, 36, 37, 38, 39, 40] understanding and interpreting the X-ray
edge features of lanthanoids is still a methodological and theoretical chal-
lenge. In the past the lanthanoid Ls-edge X-ray absorption spectra have been
most frequently used because the energy range involved (from 5 to 10 keV) is
more accessible from standard synchrotron radiation sources. Moreover, the
K-edges of lanthanoids cover the energy range 39 (La) to 63 (Lu) keV and
because of the very short lifetime of the excited atomic state, the structural
oscillations can be strongly damped. Nevertheless, a recent investigation on
hydrated lanthanoid(III) ions both in aqueous solution and in solid trifluo-
romethanesulfonate salts has shown that the large widths of the core hole
states do not appreciably reduce the potential structural information of the
lanthanoid K-edge spectra [41]. In particular, because of the much wider k-
range available, and the absence of double electron transitions, more accurate
structural parameters are obtained from the analysis of K-edge than from the
Ls-edge EXAFS data.

We will start the study with a detailed description of the XANES anal-
ysis only for three ions, neodymium(III), gadolinium(III), and lutetium(III),
because they are representative of the structural changes relating to the first
hydration shell along the series. For these three ions we will investigate the
first coordination shell basing on a rigid model and then using the micro-
scopic description derived from MD simulations to show the the potential of
XANES spectroscopy in the structural investigation of poorly ordered sys-
tems. Subsequently we will extend the study on the coordination of other
lanthanoid(III) ions in aqueous solution using a combined approach of EX-
AFS, XANES and Molecular Dynamics simulations techniques in order to
give dynamics and structure information on the first hydration shell and on
the second hydration shell too.

This thesis is organized as follows. Chapter 2 and 3 describe the basic con-
cepts of X-ray absorption spectroscopy, the methods employed in the EXAFS
and XANES data analysis, with particular emphasis on their application to
the study of disordered systems, and the theoretical background of Molecular
Dynamics simulations. The theoretical and experimental methods employed
in the study of lanthanoids aqua ions are summarized in chapter 4. Chapter 5
describes the XANES results on the hydration properties of Nd(III), Gd(III),
Yb(III) and Lu(III) from a static point of view, while chapter 6 describes the
structural and dynamic properties of Nd(III), GA(III) and Yb(III) using a
combined XAFS and molecular dynamic approach. In chapter 7 is shown the
potentiality of a combined EXAFS and polarized molecular dynamic study
on all the lanthanoid series. Finally, chapter 8 summarizes and concludes this
thesis.
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Chapter 2

X-ray absorption spectroscopy

2.1 Introduction

X-ray absorption spectroscopy (XAS) measures the X-ray absorption co-
efficient, u(E), as a function of the X-ray energy of the incident photon,
E = hw (measured in eV). A XAS spectrum, in which the absorption coef-
ficient is plotted as a function of E, shows an overall decrease of the X-ray
absorption with increasing energy, with the exception of very sharp peaks at
certain energies (called edges) due to the transitions of core electrons to high
energy states (see Figure 2.1). The energies of these peaks correspond to the
ionization energies of the core electrons. Each absorption edge is related to
a specific atom present in the material and, more specifically, to a quantum-
mechanical transition that excites a particular atomic core electron to the
free or unoccupied continuum levels. The nomenclature for X-ray absorption
reflects the origin of the core electron (see Figure 2.2). K edge refers to the
transition that excites the innermost 1s electron, L; edge is due to the exci-
tation of the 2s electron, while L, and L3 edges are related to the excitations
of the 2p electrons with electronic states 2P, /2 and 2P, /2, respectively. The
transitions are always to unoccupied states with the photoelectron above the
Fermi energy, which leaves behind a core hole. The energies of the edges are
unique to the type of atom that absorbs in the X-ray and thus themselves are
signatures of the atomic species present in a material.

From what has been said, it is clear that XAS, being an atomic probe,
places few constraints on the samples that can be studied. All atoms have
core level electrons, and XAS spectra can be measured for essentially every
element on the periodic table. Moreover, crystallinity is not required for XAS
measurements (even if it is also possible to measure XAS spectra of crystalline
samples), making it one of the few structural probes available for noncrys-
talline and highly disordered materials, including solutions, amorphous solids
and fluid samples in general. In many cases, XAS measurements can be made
on elements of minority and even trace abundance, giving a unique and direct
measurement of chemical and physical state of dilute species in a variety of
systems. XAS spectra are recorded using the properties of synchrotron radi-
ation, which provides tunable X-ray beams with high brilliance. In this way

7



2 X-ray absorption spectroscopy

Ly Lo
L

K

Absorption Coefficient

Incident Photon Energy

Figure 2.1: Typical XAS spectrum showing the K, L;, Lo and L3 absorption edges.
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Figure 2.2: Schematic representation of the transitions that take place at the various
absorption edges.
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it is possible to obtain spectra with a very high signal /noise ratio.

A typical XAS spectrum is shown in Figure 2.1. When the energy of the
incident photon, FE| is greater than the ionization potential, Fj, of a given
electron, this electron is emitted by the photoabsorber atom with a kinetic
energy equal to the difference £ — Ej and undergoes a scattering process on
the nearest atoms. This phenomenon produces a series of wiggles or oscil-
latory structures above the edge that modulate the absorption, typically by
a few percent of the overall absorption cross section. These features contain
detailed structural information on the atoms around the photoabsorber, such
as interatomic distances and coordination numbers. However, it is impor-
tant to stress that the information on bond angles and distances that can
be obtained from a XAS spectrum is limited in a range of 4-5 A from the
photoabsorber atom [42]. The short-range character of XAS is due to the
limited mean free path of the photoelectron and to the excited state lifetime
(core hole lifetime). In fact the high-energy excited photoelectron state is not
long lived, but must decay as a function of time and distance and thus cannot
probe long-range effects. This decay is due primarily to inelastic losses (i.e.
“extrinsic losses”) as the photoelectron traverses the sample, either by inter-
acting with and exciting other electrons, or by creating collective excitations
(plasmon production). In addition, the intrinsic lifetime of the core-hole state
(“intrinsic losses”) has to be clearly considered [42]. The net effect is that
XAS can only measure the local atomic structure over a range limited by the
net lifetime of the excited photoelectron. In this sense, XAS is very differ-
ent from other techniques such as X-ray diffraction or neutron diffraction, in
which also long-range interactions provide a detectable contribution to the
experimental spectrum.

A XAS spectrum is conventionally divided into two regions: the X-ray
Absorption Near Edge Structure (XANES) up to about 50 eV beyond the ab-
sorption edge, and the Extended X-ray Absorption Fine Structure (EXAFS)
at higher energies. The border between XANES and EXAFS regions is shown
in Figure 2.3. The division of a XAS spectrum is only formal and it is due
to the different theoretical treatment and approximations used to calculate
the absorption cross section in the two regions. In both cases, a full quantum
description of the X-ray absorption phenomenon is not possible, and, as a
consequence, approximate models have to be employed. In these models the
emitted electron is treated as a quasi-particle (photoelectron) that moves in
an effective potential which takes into account both the interaction with the
other electrons of the photoabsorber atom and the potential generated by the
surrounding atoms. However, as the energy of the photoelectron increases,
further approximations can be made to obtain a simpler data analysis proto-
col. For this reason, historically the first quantitative analyses were made on
the high energy part of the absorption spectrum (EXAFS) while the XANES
spectra have been analyzed for many years only on a qualitative way.

XAS phenomenon was discovered around 1930 but only 40 years later be-
came a structural investigation technique, following the incoming of better
X-ray sources in the experiments and the development of theories able to
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Figure 2.3: Division of the absorption spectrum between XANES and EXAFS regions.

provide a quantitative interpretation of experimental data. The first works
were published by Sayers et al. in 1971 and 1975 [43, 44]; in these works a
semi-empiric parameterization of the EXAFS signal is proposed for the first
time. Later, the work of different groups lead to the development of theories
able to explain the many physical phenomena involved in radiation absorp-
tion, confirming the validity of Sayers’ approach.

Some years ago a unifying scheme of interpretation of the X-ray absorp-
tion spectra, based on the Multiple Scattering (MS) theory and valid for
the whole energy range, has been developed [45]. An important result of
this MS approach, which is based on the Green’s function formalism, is that
the expression for the absorption cross section (o(£)) can be factored in an
atomic term (o} (E)) depending only on atomic electronic properties, and in
a structure factor (x'(F)) containing all the structural information on the
environment:

o(E) o og(E)X'(E) (2.1)
The expression for x!(E) obtained within the MS theory is given by [46]:

1 _
Y(E) = AT DR > Im[(I+ T,G) T, 1, (2.2)
Lm

where [ is the unit matrix, GG is the matrix describing the spherical wave
propagation of the photoelectron from one site to another around the pho-
toabsorber, T is the diagonal matrix describing the scattering process of the
photoelectron by the atoms located at the various sites around the photoab-
sorber and 47 is the phase shift of the photoabsorbing atom (located at site
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0) for angular momentum [. Therefore, the fundamental problem in XAS
calculations is the inversion of the matrix reported in equation 2.2. In the
high energy region, this problem can be overcome by expanding the matrix
inverse in a series in which each term corresponds to the contribution of a
scattering path, or in other words, the matrix inverse can be written as a sum
over all of the multiple scattering paths [46]. This is possible because in the
high energy regime the series is convergent. Conversely, in the XANES region
the series does not converge, and the structure factor has to be calculated by
the exact matrix inversion. This is one of the most fundamental differences
between the theoretical approaches used in the EXAFS and XANES regions
of the spectrum. The physical reason of this difference is that in the XANES
regime the electron kinetic energy is small and the scattering on the neigh-
bouring atoms tends to be strong, while the effect of the scatterers becomes
smaller at higher energies and the photoelectron is only weakly scattered.

In this framework, several data analysis programs have been developed
to analyze the experimental data. In these codes two fundamental approx-
imations are generally used. The first one is the so called muffin-tin ap-
proximation, in which the potential generated by the atoms surrounding the
photoabsorber is spherically averaged inside muffin-tin spheres around each
atom, and averaged to a constant in the interstitial region (delimited by a
convenient outer sphere enclosing the cluster used in the calculations). The
second approximation concerns the choice of the effective optical potential in
which the photoelectron moves. The most used approximation is the complex
Hedin-Lundqvist energy dependent potential whose imaginary part accounts
for extrinsic losses [47]. While this approach is a good approximation in
the EXAFS region, in the low-energy regime the complex part of the Hedin-
Lundqvist potential introduces an excessive loss in the transition amplitude
of the primary channel and thus other approximations are exploited, as we
shall see in section 2.3.

In the remainder of this chapter a brief introduction to the techniques
used in the EXAFS and XANES data analysis will be given, with particular
emphasis on their application to the study of disordered systems.

2.2 EXAFS analysis

The fundamental quantities used in the analysis of EXAFS spectra are
defined as follows:

e u(FE) is the atomic absorption coefficient, defined as the attenuation of
the X-ray beam per distance unit, which is proportional to the absorp-

tion cross section.

e 1o(E) is the absorption coefficient of the isolated atom.

[2me :
o k= % = ;; (E — Ejy) is the photoelectron wave number.
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Figure 2.4: Relation between u(F), po(E) and x(E).

o x(k) = % is the normalized oscillating part of the spectrum, which
is obtained by eliminating the absorption of the isolated atom from the
signal and normalizing it to unity.

The relation between these quantities is shown in figure 2.4. x (k) contains all
the structural information on the system in an analogous way to the structure
factor S(¢) in diffraction techniques.

Sayers et al. developed a quantitative parameterization of x(k) which has
become the standard for current EXAFS analysis and it is given by [43]:

2 — 2 _252k?
=55 ZN k:R2 sin(2kR; + 20.(k) + ¢i(k))e *®e (2.3)

where S is a phase reduction factor, the index i is related to the N; equiva-
lent scattering atoms at distance R; from the photoabsorber, 0.(k) and ¢;(k)
are the phase displacements due to the photoabsorber atom and to the scat-
terers, respectively. o; is the average square fluctuation of the bond distances
(or Debye-Waller factor) and contains the structural disorder, and f; is the
diffusion amplitude. The substantial validity of this expression is due to the
above mentioned fact that in the high energy range the contributions of the
different scattering paths can be factorized and for the special case in which
only two-body paths are accounted for, the functional form of equation 2.3 is
recovered.

The Debye-Waller factor in equation 2.3 accounts for the fact that, due
to the thermal vibrations, the atomic positions oscillate and thus R; is only
the average value of a distance distribution. For low enough temperatures,
i.e. in the harmonic approximation limit, this distribution is well approx-

12
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imated by a Gaussian function of width proportional to the Debye-Waller
factor (this is the origin of the e 20 term in equation 2.3). The analysis
of crystalline samples is usually made describing the coordination around the
photoabsorber atom using these Gaussian shells. On the other hand, at ele-
vated temperatures or in disordered systems, such as aqueous ionic solutions,
the distribution functions become broad and asymmetric towards the large
distances, the harmonic approximation is no longer valid and the appropriate
description of these systems can be performed in terms of radial distribution
functions (g(r)). When an asymmetric distribution is present the first peak of
the radial distribution functions can be modeled using a set of Gamma func-
tions. These functions are described by an average distance R, a coordination
number (N.), a standard deviation o, and an asymmetry factor (skewness)
b= Zp%. Their general expression is given by:

r—R

_ P
f(T)—NCJF(p) {p+ b

VI

(r—1) r 1
]p o[t (2.4)

where I'(p) is the Euler Gamma function associated to the parameter p.
The EXAFS spectroscopy is particularly suited to the study of the lo-
cal environment around a photoabsorber atom, such as an ion in aqueous
solution, since the EXAFS signal depends only on the distribution functions
related to photoabsorber atom; this is one of its main advantages over diffrac-
tion techniques where the structure factor S(g) is the superimposition of the
N(N +1)/2 different distribution functions associated to the N atoms of the
systems, and it is very difficult to isolate single contributions. Therefore, in
systems like ionic solutions the greater contribution to the structure factor is
from bulk water and diffraction techniques can be employed only in rather
concentrated solutions (1-2 M), while EXAFS can be used at very low con-
centrations. Moreover, EXAFS provides values of bond distances with very
high accuracy, typically of the order of 0.01 A, about one order of magni-
tude greater than the majority of diffraction techniques. On the other hand,
EXAFS can only give short range (up to 4-5 A) information, as it has been
already discussed in the previous section, and, in the case of disordered sys-
tems, the fitting parameters are often correlated and the EXAFS data anal-
ysis can lead to ambiguous result. A strategy to help in the extraction of the
structural details contained in the EXAFS spectra of disordered systems is to
include independent information derived from computer simulations. In par-
ticular, in recent years it has been shown that EXAFS data analysis of ions
and molecules in solution can derive strong benefit by using the radial distri-
bution functions calculated from Molecular Dynamics simulations as starting
models. In this case the theoretical signal x(k), associated for example to the
ion-oxygen distribution in an aqueous ionic solution, is expressed as a function
of the ion-oxygen g(r) calculated from the Molecular Dynamics trajectories:

x(k) = /000 dramr®pg(r) Ak, r) sin(2kr + ¢(k, 7)) (2.5)

13
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where A(k,r) and ¢(k,r) are amplitude and phase functions and p is the den-
sity of scattering atoms. With such a procedure, it is possible to analyze the
EXAFS data using a realistic structural model and including the contribution
of the second hydration shell.

The theoretical signal is then compared with the experimental one by
minimizing the following function:

RA{\}) = Z [Ceap(Ei) — Qmoa(Eis A1 ... A\p)] (2.6)

=1 O-i2

where N is the number of experimental points E;, {\;} is the set of p parame-
ters that are optimized and ¢? is the variance associated to each experimental
datum o, (E;). On the basis of the final value of R;({\}) and of the agree-
ment between the experimental and theoretical spectra, the correctness of the
starting g(r) can be evaluated. Therefore, this combined EXAFS-Molecular
Dynamics approach on the one hand allows one to verify the reliability of the
Molecular Dynamics simulations by comparing the theoretical results with
the experimental data, on the other hand provides a useful starting model in
the EXAFS analysis of disordered systems. The structural parameters of the
starting model can be fitted in order to obtain the better possible agreement
with the experimental data, and an accurate description of the first coordi-
nation shell can thus be obtained.

It is important to stress that besides the radial (two-body) distribution
functions, also information on three-body, four-body ... distribution functions
can be obtained from the EXAFS analysis, that are calculated by means of the
MS theory as implemented in the GNXAS software package [48]. Obviously,
this is possible only when MS processes provide a detectable contribution to
the EXAFS experimental spectrum.

2.3 XANES analysis

The XANES region of the spectrum is extremely sensitive to the geomet-
ric environment of the absorbing atom and, in principle, an almost complete
recovery of the three-dimensional structure can be achieved from it. The pos-
sibility to gain structural information from the XANES spectra is extremely
important for dilute and biological systems where the low signal-to-noise ratio
of the experimental data hampers a reliable analysis of the EXAFS region.
Moreover, in the study of disordered systems coordination numbers cannot
be accurately determined from the EXAFS data due to their large correla-
tion with the Debye-Waller factors, and for these systems the analysis of the
XANES region can thus be essential to address some of the shortcomings of
EXAFS. However, the analysis of the low-energy part is much more difficult
to be performed due to the theoretical approximation in the treatment of
the potential [49] and requires the use of heavy time-consuming algorithms
[50] to calculate the absorption cross section in the framework of the full MS
approach. For this reason, this technique has been for a long time used as a
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2.3 XANES analysis

qualitative method used as a help for standard EXAFS studies [51] and only
some years ago some methods have been proposed in the literature which
performs a quantitative analysis of XANES [52]. In particular a new software
procedure, named MXAN, has been developed [34]. This method is based
on the comparison between the XANES experimental spectrum and several
theoretical calculations performed by varying selected structural parameters
associated with a given starting model. Starting from a putative geometrical
configuration around the photoabsorber atom, the MXAN package is able to
reach the best-fit conditions in a reasonable time, by minimizing a residual
function R, in the space of the structural and non-structural parameters

defined as: )
S wi [y =y e

D i Wi

where n is the number of independent parameters, m is the number of ex-
perimental points, y" and y;*® are the theoretical and experimental values
of the cross section, ¢; is the error on each experimental point and w; the
statistical weights. The X-ray absorption cross section is calculated using
the full MS scheme within the muffin-tin approximation for the shape of the
potential. The exchange and correlation part of the potential are determined
on the basis of the local density approximation of the self-energy of the pho-
toelectron using an appropriate complex optical potential. The real part of
the self-energy is calculated either by the Hedin-Lundqvist energy-dependent
potential or by the X, approximation. However, to avoid over-damping at
low energies due to the complex part of the Hedin-Lundqvist potential, the
MXAN method can account for all inelastic processes by convolution with a

broadening Lorentzian function having an energy-dependent width 'yt (E) of
the form [34]:

Rsyg=n

(2.7)

Fiot(E) =Te 4+ Tgp(E) (2.8)

The constant part I'. accounts for both the experimental resolution and the
core-hole lifetime, while the energy dependent term I'y,(E) represents all
the intrinsic and extrinsic inelastic processes. The I'yg,(E) is zero below an
energy onset F (which, in extended systems, correspond to the plasmon ex-
citation energy), and starts increasing from a given value A, following the
universal form of the mean free path in solids [53].

The MXAN procedure has been successfully applied to the study of several
systems, both in the solid and liquid state, allowing a quantitative extraction
of the relevant geometrical information about the absorbing site [54, 35, 56].
However, in the case of ionic solutions the XANES spectra have been usually
computed reducing the system to a single structure since the contribution
from molecules and arrangements instantaneously distorted cannot be calcu-
lated using the analysis standard methods. A promising strategy to overcome
this problem is to analyze the XANES spectra using the microscopic dynam-
ical description of the system derived from Molecular Dynamics simulations.
In this framework, we have developed a computational procedure which uses
MXAN and Molecular Dynamics simulations to generate a configurational av-
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2 X-ray absorption spectroscopy

eraged XANES spectrum and we have applied it to the study of ionic aqueous
solutions.
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Chapter 3

Molecular Dynamics
Simulations

Molecular Dynamics, strictly speaking, is the simultaneous motion of
atomic nuclei and electrons forming molecular entities. A complete descrip-
tion of such a system requires in principle solving the full time-dependent
Schrodinger equation including both electronic and nuclear degrees of free-
dom. This is however a too much expensive computational task which is in
practice unfeasible for systems consisting of more than three atoms. In or-
der to study the dynamics of the vast majority of chemical systems several
approximations have therefore to be introduced. First of all, it is assumed in
Molecular Dynamics with the Born-Oppenheimer approximation that the mo-
tion of electrons and nuclei is separable, and the electron cloud adjusts instan-
taneously to changes in the nuclear configuration. As a consequence, nuclear
motion evolves on a PES, associated with the electronic quantum state which
is obtained by solving the time-independent electronic Schrodinger equation
for a series of fixed nuclear geometries. In practice, most Molecular Dynamics
simulations are performed on the ground state PES.

Moreover, in addition to making the Born-Oppenheimer approximation,
Molecular Dynamics treats the atomic nuclei as classical particles whose tra-
jectories are computed using the laws of classical mechanics. This is a very
good approximation for molecular systems as long as the properties studied
are not related to the motion of light atoms (like the hydrogen atoms, which
show quantum mechanical behaviour in certain situations such as tunneling
phenomena) or vibrations with frequency v such that hv > kgT.

The potential functions which describe the intermolecular and intramolec-
ular interactions between classical nuclei can be treated at various levels of
approximation. In classical Molecular Dynamics the interaction potential is
expressed as a simple sum of pair potentials. On the other hand, ab ini-
tio Molecular Dynamics computes interactions at a much more fundamental
level using electronic structure methods. In the mixed Quantum Mechani-
cal and Molecular Mechanics (QM/MM) methods instead the “important”
part of the system, for instance where a chemical reaction is taking place, is
treated with electronic structure calculations whereas the rest of the system
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3 Molecular Dynamics Simulations

is described by a classical force field. In this chapter an introduction to the
classical Molecular Dynamics is given, followed by a brief description of the
polarization in molecular simulation.

3.1 Classical Molecular Dynamics

In the classical Molecular Dynamics simulations the time evolution of a
system composed by M particles (generally atoms) is obtained by solving the
Newton’s equation of motion step-by-step [59]:

MR,=F, a=1,2,....M (3.1)

where M, and R, are the mass and the position of particle a and F, is the
force acting on particle a given by:

v
IR,

F.,= (3.2)
V is a potential energy function which depends on the complete set of 3M
particle coordinates. In classical Molecular Dynamics the complex potential
energy function is represented by a sum of simple functions, called force fields.
In these force fields, the interactions are usually divided into bonded and non-
bonded [60]:

V= ‘/bcmded + Vnon—bonded (33)

Bonded interactions are written as a sum of various terms:

%onded - ‘/bonds + Vangles + V;lihedrals + ‘/impr—dihedr (34)

Vionds describes the stretching between the atoms in the system covalently

bonded: ]
%onds = Z Ekb”(bw - bgj)Q (35)

bonds
where the covalent bond between atoms 7 and j is represented by a harmonic
potential with force constant ky;;, instantaneous distance b;; and equilibrium
distance b?j. For some systems that require an anharmonic bond stretching
potential, other functional forms can be used such as the Morse potential [61].
Vangles describes the bond angle vibrations:

1
Vangles = Z ékjgijk (ezﬂc - H?Jk)2 (36)

angles

where the bending of the bond angle between a triplets of atoms ¢, 7 and £ is
modeled by a harmonic potential with force constant ky,;, , instantaneous an-
gle 0,5 and equilibrium angle Q%R. Viinedrals mimics the vibrations of dihedral
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3.1 Classical Molecular Dynamics

angle (four-body) interactions and is generally modeled as:

1
Viinedrals = Z 57%1-]-“[1 + cos(noijm — )] (3.7)

dihedrals

where ¢;;1; is the angle between the ¢jk and jkl planes. Vi, —dinedr T€presents
a special type of dihedral interaction (called improper dihedral) which is used
to force atoms to remain in a plane or to prevent transitions to a configuration
of opposite chirality (a mirror image) and, in harmonic approximation, is
given by:

V;mpr—dihedr = Z %k&jkz (£ijkl - gz(')jkl)2 (38>

impr—dihedr

where ke, ,,, &im and &y, are the force constant, instantaneous and equilib-
rium improper dihedral angle, respectively.

As far as the non-bonded interactions are concerned, atoms are repre-
sented by charged point particles interacting with each other by parameter-
ized model potentials. One of the most used functional form of V.., _ponded is
given as:

(12) (6)
I qg; Ci Gy
Vnon—bonded = Z (47T€0 ETRZ']'> + Z ( lelf - RZ6] ) (39)

pairs(ij) pairs(ij)

where the first term describes the Coulomb interactions between all of the
atomic partial charges of the system (¢; and g; are the partial charges of
particles ¢ and j placed at a distance R;;), while the second term represents
the van der Waals interactions by means of a Lennard-Jones potential which
is the most commonly used form.

Aspects and details of the Molecular Dynamics simulation techniques will
not be discussed here for the sake of brevity. However, it is noteworthy to
summarize just a few points:

e The Newton’s equations of motion 3.1 are integrated numerically step-
by-step. Many algorithms have been designed to do this which are
generally based on a Taylor expansion of the particle positions around
the positions at a certain time instant. Among these methods, the most
commonly used are the Verlet [62] and the leap-frog [63] algorithms.
These two methods have the important property to be time-reversible,
like the Newtonian equations of motion [64].

e Periodic boundary conditions [60] are applied in Molecular Dynamics
simulations in order to minimize edge effects which may produce arti-
facts in a finite system. The atoms of the system to be simulated are
put into a space-filling box, which is surrounded by translated copies
of itself. There are thus no boundaries of the system. However, this
imposed artificial periodicity by itself may cause errors, especially when
considering properties which are influenced by long-range correlations.
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3 Molecular Dynamics Simulations

e Long range non-bonded interactions are generally not calculated beyond
a certain cutoff distance around each particle, in order to reduce the
computational cost of the simulations. However, as far as the Coulomb
interactions are concerned, the use of a simple cutoff can introduce
serious artifacts and, for this reason, several techniques have been de-
veloped for handling long range interactions, the most popular of them
being the Ewald summation [65] and the Particle Mesh Ewald methods
(66, 67].

e Constraints are often used in Molecular Dynamics simulations, i.e. bonds
are treated as being constrained to have fixed length. This is very useful
when bonds have very high vibration frequencies and should be treated
in a quantum mechanical way rather than in the classical approxima-
tion. Moreover, they allow to increase the integration time step and
thus to perform longer simulations. The most commonly used con-
straints methods are the LINCS [68] and SHAKE [69] algorithms.

e When solving the Newton’s equations of motion 3.1 the energy is a con-
stant of motion and the simulation is performed in an NVE ensemble.
However, it is often more convenient to carry out simulations in other
ensembles, such as NVT or NPT. To this end, several approaches have
been developed which control the temperature and the pressure of a
system. As far as the temperature control is concerned, widely used
techniques are the Berendsen [70] and Nosé-Hoover [71, 72] methods,
while for the pressure control the Parrinello-Rahman scheme [73, 74] is
extensively employed.

3.2 Accounting for polarization in molecular
simulation

Polarization plays an important role in the energetics of molecular sys-
tems. Most computer simulation studies do not treat electronic polarizability
explicitly, but only implicitly using effective charges, dielectric permittivities
or continuum electrostatics methods. Yet, the introduction of explicit po-
larizability into molecular models and force fields is unavoidable when more
accurate simulation results are to be obtained. If the polarization is not taken
into account, the electrostatic energy V... corresponds to a pure Coulomb in-

teraction: .
. qiq;
‘/elec - 5 Z (Z) (310)
pairs(ij)
Various ways to account for polarizability in molecular simulation exist and
one strategy consists in assigning isotropic polarizabilities and induced dipoles

at each atomic site.In this framework the energy V.. is composed of a charge-
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3.2 Accounting for polarization in molecular simulation

charge interaction, charge-dipole and dipole-dipole energy:

1 g1 1 o

Vetee = ) Z [qr:]j] "’ﬁ(—q@'Pﬂ‘iji) T+ pi- Ty 'Pj} +§ sz"ai ' ps
pairs(ij) R i

(3.11)

where, following Thole’s induced dipole model [57] each atomic site ¢ car-

ries one permanent charge ¢; and one induced dipole p; associated with an

isotropic atomic polarizability tensor @;, rj=r; - rj:

— 1 - riiTy
Ty = — (1 — 32 3.12
- (-t (3.12)
and 1
52 Pi @ ' p (3.13)

is the polarization energy.
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Chapter 4

Methods employed in the study
of lanthanoids aqua ions

4.1 X-ray absorption spectroscopy

4.1.1 X-ray absorption measurements

Aqueous solutions of the lanthanoid(IIT) ions (Ln(III)) were made by
dissolving a weighed amount of hydrated trifluoromethanesulfonates salts
[Ln(H20),](CF3503)3 (in which Ln=Nd, Gd, Yb and Lu) in freshly dis-
tilled water. The concentration of the samples was 0.2 M and the solu-
tions were acidified to about pH=1 by adding trifluoromethanesulforic acid
to avoid hydl"OlySiS. Solid [Nd(HQO)g](CFgSOg)g, [Gd(HQO)g](CFgSOg)g,
[Yb(H20)s7](CF3S03)3 and [Lu(H20)s2](CF3S03)3 were diluted with boron
nitride to give an absorption change over the edge of about one logarithmic
unit. The K-edge spectra were collected at ESRF, on the bending magnet
X-ray absorption spectroscopy beamline BM29 [75] in transmission geometry.
The storage ring was operating in 16-bunch mode with a typical current of
80 mA after refill. The aqueous solutions were kept in cells with Kapton film
windows and Teflon spacers ranging from 2 to 3 cm depending on the sample.
The Ls-edge measurements were performed at the wiggler beamline 4-1 at
the Stanford Synchrotron Radiation Laboratory (SSRL), Stanford, U.S.A.,
which was operated at 3.0 GeV and a maximum current of 100 mA. In this
case simultaneous data collection was performed both in transmission and
fluorescence mode. The stations at ESRF and SSRL were equipped with a
Si[511] and Si[111] double-crystal monochromator, respectively. Higher order
harmonics were reduced by detuning the second monochromator crystal to
reflect, at the end of the scans, 80% of maximum intensity at the K-edge
energies and 30-50% of maximum intensity at the Ls-edges, with the lower
value at lower energy. Internal energy calibration was made when possible
with a foil of the corresponding lanthanoid metal.
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4 Methods employed in the study of lanthanoids aqua ions

4.1.2 XANES data analysis

The quantitative XANES data analysis of the crystalline samples and the
aqueous solution with a static model has been performed by means of the
MXAN procedure which is described in section 2.3.

The K-edge XANES spectra of lanthanoid(III) ions are strongly affected
by the short core-hole lifetime of the excited photoelectron (the core-hole
widths at the K-edges are '=17.3, 22.3, 31.9 and 33.7 eV for Nd, Gd, Yb
and Lu respectively [76]). As a consequence the edge resonance is strongly
damped and the intensity of the main transition peaks becomes very small.
Recently, core-hole width deconvolution methods have been developed [77]
and applied to the analysis of the XANES spectra at the Hg L3 and Cd K-
edges [78, 36, 79]. This treatment largely facilitates the detection of spectral
features and the comparison with theoretical calculations. Even if in prin-
ciple the deconvolution procedure could introduce small distortions in the
experimental data, the advantage of this approach is to avoid the use of the
phenomenological broadening function in the calculation of the theoretical
spectrum to mimic electronic damping. In the present case the Nd, Gd, Yb
and Lu K-edge raw experimental data have been deconvolved of the whole tab-
ulated core hole width and a Gaussian filter with full width at half-maximum
of about 7.4, 8.0, 12.4 and 14 eV has been used, for Nd, Gd, Yb, and Lu re-
spectively. The MXAN fitting procedure has been applied to lanthanoid(I1I)
ions in hydrated trifluoromethanesulfonate crystals including either the first
shell water molecules only or the first plus the second coordination shells. The
hydrogen atoms were always included in the analyses. The cluster size and
the L,,42 value (i.e., the maximum l-value of the spherical harmonic expansion
of the scattering path operators) were chosen on the basis of a convergence
criterion.

The XANES spectra of Ln(III) ions in aqueous solution have been ana-
lyzed starting from the microscopic description of the system derived from
MD simulations. In the first step the XANES spectra associated with the
MD trajectories have been calculated using only the real part of the HL po-
tential. In this way the theoretical spectra do not account for any intrinsic
and extrinsic inelastic process. In the second step a minimization in the non-
structural parameter space has been carried out to perform a comparison with
the experimental data. In particular, the inelastic processes are accounted for
by convolution with the broadening Lorentzian function defined by equation
2.8. In the case of the K-edge XANES deconvolved spectra the constant part
I'., which accounts for the core-hole lifetime, has not been included in our
calculations as it has been removed from the experimental data. For the Ls-
edge spectra fixed I'. values of 4.60, 3.65, and 4.01 eV have been used for Yb,
Nd, and Gd, respectively. In all cases the experimental resolution has been
taken into account by convolution with a Gaussian function whose widths
I'.yp are reported in Table 6.2. For each ion two MD trajectories have
been extracted from the total simulation, the former containing the first shell
nonahydrated cluster only, the latter containing both the first and the second
hydration shells. In particular, we have considered all the water molecules
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4.1 X-ray absorption spectroscopy

separated from the ion by a distance shorter than 6.0 A. From each trajectory
we extracted 500 snapshots saved every 10 ps. Each snapshot has been used
to generate the XANES spectrum associated with the corresponding instan-
taneous geometry, and the averaged theoretical spectrum has been obtained
by summing all the spectra and dividing by the total number of MD snap-
shots used. The total sampling length that is necessary to have a statistically
significant average has been determined performing, for each averaged theo-
retical spectrum, a statistical treatment of the data. In particular we have
calculated a residual function defined by the equation 2.7. A residual value
of 10~* was chosen to establish the number of spectra which are necessary to
have a statistically significant average. The results of this analysis are shown
in Figure 4.1 for the Ls-edge of Yb(III) in water as an example. In this figure
the RMS function is plotted against the number of averaged spectra for the
first only and first plus second hydration shells. As evident from the plots a
lower number of spectra is necessary in the former case, but in all cases 500
configurations are enough to reach convergence.

0
= 001
0

0,0001

0 150 300 450

0 150 300 450
number of spectra

Figure 4.1: Residual function RMS of the Ls-edge XANES averaged spectra for Yb(IIT)
as a function of MD snapshots including the first only (upper panel) and first plus second
hydration shells (lower panel).
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4.1.3 EXAFS data analysis

In the standard EXAFS analysis of disordered systems only two-body
distributions are usually included, and the x(k) signal is represented by the
equation 2.5. As already mentioned in section 2.2, x(k) theoretical signals
can be calculated by introducing in equation 2.5 the model radial distribution
functions obtained from Molecular Dynamics simulations. In all the aqueous
solutions studied, both the M-O and M-H g(r)’s obtained from the simulations
have been used to calculate the single scattering first shell x(k) theoretical
signal, as the ion-hydrogen interactions have been found to provide a de-
tectable contribution to the EXAFS spectra of several metal ions in aqueous
solutions [80, 81]. Comparison of the total theoretical and experimental x (k)
signals allows the reliability of the g(r)’s, and consequently of the theoreti-
cal scheme used in the simulations, to be checked. In this case, i.e. when
a direct comparison between the signal obtained from Molecular Dynamics
simulations and the experimental one is performed, the structural parameters
are kept fixed during the minimization, while two nonstructural parameters
are optimized: S2, which is a many-body amplitude reduction factor due to
intrinsic losses, and Ej, which aligns the experimental and theoretical energy
scales. On the other hand, the theoretical x(k) signal can also be refined
against the experimental data in order to obtain the better possible agree-
ment between the two spectra. In this latter case, the fitting is performed
by using a least-squares minimization procedure in which structural and non-
structural parameters are allowed to float [82]. Since a correct description of
the first coordination sphere of hydrated metal complexes has to account for
the asymmetry in the distribution of the ion-solvent distances, the M-O and
M-H g(r)’s associated with the first coordination shells were modeled with
[-like distribution functions which depend on four parameters, namely the
coordination number N,, the average distance R, a standard deviation o, and
the skewness (see section 2.2).

The EXAFS theoretical signals have been calculated by means of the
GNXAS code which uses an advanced theoretical scheme based on the multiple-
scattering formalism [48]. Phase shifts, A(k,r) and ¢(k,r), have been calcu-
lated starting from a configuration extracted from the Molecular Dynam-
ics simulation, by using muffin-tin potentials and advanced models for the
exchange-correlation self-energy (Hedin-Lundqvist) [47]. Inelastic losses of
the photoelectron in the final state have been accounted for intrinsically by
complex potential. The imaginary part also includes a constant factor ac-
counting for the core-hole width.

4.2 MD simulations

MD simulations of Nd(III), Gd(III), and Yb(III) ions in aqueous solu-
tion have been performed using the ab initio effective two-body potentials
developed by Floris et al. [5], obtained by fitting the parameters of a suit-
able analytical function on an ab initio potential energy surface. The SPC/E
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water intramolecular potential was used in the fitting procedure [83]. Three
uncharged massless interaction sites were added to the water molecule: two of
these (L; and Ly) are symmetrically located on the axis going through the O
atom, perpendicular to the water molecular plane; the third virtual site (Ls)
is on the Cy axis on the opposite side with respect to the hydrogen atoms. A
thorough description of the procedure used to obtain the ab initio potential
energy function can be found in ref [5]. The potential functions have the
following analytical form:

UMz(T) = UCoul + AzT]T/;lZ + BZ’I"]TJGZ + CZT]T/[Sl + Di’f‘JT/IIiQ + Fie—GiT’Mi (41)

where Ug,,y is the Coulomb interaction computed with atomic charges as in
the SPC/E model [83], M stands for one of three lanthanoid ions and i is an
interaction site on water, that is, the water oxygen and hydrogen atoms and
the three dummy atoms and 7r;; is the ion-interaction site distance. A4;,..., G;
are the potential function parameters obtained by the fitting procedure (see
Table 2 of ref [5]). The simulated systems were composed by one Ln(III) ion
and 809 water molecules (for a total of 4855 atoms and virtual interaction
sites) in a cubic box, using periodic boundary conditions. The box side was
always 29.054 A. All simulations were performed in a NVT ensemble at 300 K
using the Berendsen method [84] with a coupling constant of 0.01 ps. A time
step of 1 fs was used, saving a configuration every 25 time steps. Calculations
were carried out using the GROMACS package version 3.2.1 [85] modified
to include the effective pair potentials. Short-range interactions have been
truncated at 9 A and the Particle Mesh Ewald [66, 67] method was employed
to treat long-range electrostatic effects while an homogeneous background
charge has been used to compensate for the presence of the Ln(III) ion [86].
MD simulations of 5 ns were used to sample each of the three systems, after
an equilibration phase of 1 ns.

4.3 Polarised MD simulations

MD simulations of lanthanoids ions in aqueous solution, taking into ac-
count the polarization, have been performed using the procedure developed
by M. Duvail et al. described in references [58]. The total potential energy
of the system is modeled as a sum of different terms:

‘/tot = Vvelec + VOL;]O + VLn—O (42)

where V.. is the electrostatic energy term defined by equation 3.10 and Vp_o
is the 12-6 Lennard-Jones potential describing the O-O interaction. Because
of the explicit polarization introduced in the model, the original TIP3P water
[87] was modified into the TIP3P /P water model [16], i.e., the charges on O
and H were rescaled to reproduce correctly the dipole moment of liquid water.
Vin_o account for the nonelectrostatic Ln-O interaction potential. The po-
tential is composed by a long range attractive part with a 1/r® behavior and a
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short range repulsive part modeled via an exponential function, dealing with
the well-known Buckingham exponential-6 potential (Buck6):

V. Bueks — A exp(—Bijri) — Cy (4.3)

ij ij ijTij o :

The Ln-O Buck6 parameters are estimated from extrapolating the original
La-O Buck6 parameters obtained by fitting the Mgller-Plesset perturbation
(MP2) potential energy curve [16], while for all the other lanthanoid ions the
Buck6 parameters were extrapolated using the Shannon ionic radii [88].
Simulations of the hydrated Ln(III) ions have been carried out in the micro-
canonical NVE ensemble with a own developed classical molecular dynamics
CLMD code MDVRY [89] using a Car-Parrinello-like scheme to obtain atomic
induced dipoles [90].
CCLMD simulations were performed for one Ln(III) and 216 rigid water
molecules in a cubic box at room temperature. As previously reported [16]
test simulations with a 1000 water molecules box provide the same results and
thus was used this relatively small box to simulate many systems with also
different sets of parameters for each system. Simulations were done on a 2.4
GHz AMD Opteron CPU and each simulation takes about 10 h/ns. Periodic
boundary conditions were applied to the simulation box. Long-rang