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Abstract Realistic modeling of ionic systems necessi-
tates taking explicitly account of many-body effects. In
molecular dynamics simulations, it is possible to introduce
explicitly these effects through the use of additional
degrees of freedom. Here, we present two models: The first
one only includes dipole polarization effect, while the
second also accounts for quadrupole polarization as well as
the effects of compression and deformation of an ion by its
immediate coordination environment. All the parameters
involved in these models are extracted from first-principles
density functional theory calculations. This step is rou-
tinely done through an extended force-matching procedure,
which has proven to be very successful for molten oxides
and molten fluorides. Recent developments based on the
use of localized orbitals can be used to complement the
force-matching procedure by allowing for the direct cal-
culations of several parameters such as the individual
polarizabilities.
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1 Introduction

Ionic liquids are a class of Coulombic liquids [1], which
encompasses several types of compounds. They are often
separated into just two categories, inorganic molten salts
and room-temperature ionic liquids, although this may be
too restrictive. For example, inorganic molten salts contain
various families based on monoatomic anions, such as
molten halides or molten oxides, but also other ones in
which molecular anions are involved such as carbonates
and nitrates. In the case of room-temperature ionic liquids,
organic ions are involved, which opens the way for an
almost infinite number of potential electrolytes exhibiting a
wide range of physical and chemical properties [2].

Ionic liquids play an important role in many fields of
chemistry and physics. Apart from the intrinsic interest for
such systems, they have been studied by computer simu-
lations in many contexts. For example, molten oxides are
the main components of magmatic melts [3-6], molten
fluorides and chlorides are investigated for their impor-
tance in many metallurgical processes [7-9] and for their
potential use in the nuclear industry [10, 11], and room-
temperature ionic liquids for their use in electrochemical
storage applications [12—14] or their solvation properties
[15-17].

In order to obtain the thermodynamic and transport
properties of interest for all these applications, it is nec-
essary to simulate large enough samples for a sufficiently
long time, which is out of reach of ab initio molecular
dynamics methods. This is done instead via classical sim-
ulations, in which interactions are described by an
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analytical force field derived from a model of the interac-
tions between closed-shell species. Such a model [18] must
account not only for the classical electrostatic interaction,
but also for three interactions arising from the quantum
nature of electrons. The exchange-repulsion or van der
Waals (VdW) repulsion is a consequence of the Pauli
principle, while the dispersion (VAW attraction) arises
from correlated fluctuations of the electrons. Lastly, the
induction term reflects the distortion of the electron density
in response to electric fields, which are dominated by
polarization effects but may also partially represent incip-
ient charge transfer associated with bond formation
between closed-shell species [19].

In this paper, we review some methodological advances
which have been proposed in order to include all these
effects, and particularly the many-body polarization ones,
in accurate models of ionic liquids. The critical physical
factor to appreciate is that the electronic densities of
anions, in particular, are strongly affected by their inter-
actions with their environment. For example, the oxide ion,
which as an isolated ion is unstable by 8 eV with respect to
autoionization [20], only exists in the condensed phase
because of the confining potential exerted on its electrons
by its neighbors [21, 22]. The confining potential com-
presses and stabilizes the oxide ion and allows us to treat its
interactions in the condensed phase as those of a closed-
shell species, like an inert-gas atom. However, a model that
is transferable from one material to another, or even
between different phases of the same material, must rec-
ognize that the confining potential, and hence the intrinsic
properties of the oxide ion will change between them.
Furthermore, in a dynamical context, fluctuations in the
environmental potential due to the thermal motion of the
neighbors mean that the ion’s electron density is also
fluctuating and this effect must be included in the inter-
action model. The effect is less severe for halide ions,
where the isolated ion is stable, but where the importance
of the environmental effect is indicated by the observation
that the polarizability of the fluoride ion in crystalline LiF
is 6.2 a.u. compared to 16 a.u. for the gas-phase ion [21,
22]. One would expect that for the large molecular anions
involved in room temperature systems, the effect would be
weaker still. Our considerations will be directed at the
inorganic molten salt systems for which the environmental
potential effects are pronounced, but with the compensat-
ing simplification that the complexities of molecular shape
are avoided. However, we note that similar methods have
recently been applied to develop polarizable models for
room temperature systems [23].

In the first part of the present paper, we provide the
expression for the interaction potential in the framework of
two models with different complexity: the aspherical ion
model, necessary for a transferable description of oxides,
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and the simpler polarizable ion model. We then show how
all the parameters involved in these models can be deter-
mined from first-principles density functional theory cal-
culations through an extended force-matching procedure.
In a third part, we show recent developments based on
the use of localized orbitals, which can complement the
force-matching procedure by allowing for the direct cal-
culations of several parameters such as the individual
polarizabilities.

2 Interaction potentials

The functional forms introduced below have been proposed
previously on the basis of separate examinations of each
contribution to the ionic interaction energy in a series of
well-directed electronic structure calculations on the con-
densed phase. [24-26] The potential is best described as the
sum of four different components: charge—charge, disper-
sion, overlap repulsion and polarization.

Vtotal — Vcharge + lespermon + Vrepulswn =+ Vpolanzatmn (1)

Two of these terms will attract more of our attention, the
repulsion and polarization terms. These contributions to the
overall energy depend on ionic properties like the ionic
radius, for the repulsion, or the ionic multipoles, for the
polarization. As the electronic density of the ions adapt to
the environment that acts on it through a confining
potential or local electric fields, these ionic quantities
change in a way so as to minimize the overall energy of the
system. The response to the environment of these
additional degrees of freedom such as ionic radius and
multipoles gives rise to many-body effects in the potential
energy of the system.

The first term corresponds to the electrostatic interaction
between two formal charges,

s = 508 @)
14

i<j

where ¢' is the charge of ion i. The use of formal charges
underpins the description of the other interactions as
characteristic of a closed-shell system [27] and the
expectation that the interaction parameters should be
transferable. The dispersion component includes dipole—
dipole and dipole—quadrupole terms

. . i/ i Cij ij ¢ ij Cij
ydispersion _ _Z<6j(rj)(rzj6)6 + J(r.;)ﬁ) (3)

i<j

where CZ (CY) is the dipole—dipole (dipole—quadrupole)
dispersion coefficient, and f/ are Tang-Toennies dispersion
damping functions, [28] describing the short-range
penetration correction to the asymptotic multipole
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expansion of dispersion [27], which take the following
form:

i n bZr’7 k
_ efb,lr’ Z ( i ) (4)

k=0

e =1

where the b” parameter sets the range of the damping
effect. The two other terms that include many-body effects
may differ depending on the systems of interest, as the
magnitude of the response to the environment varies from
one species to another. In the most complex functional
form, the so-called aspherical ion model (AIM), which has
been introduced to model oxide materials [3, 29, 30], the
overlap repulsion component is given by

V;e[;;\l;lsion _ Z (Aijefa’ffp’ff +Bijeib”p " Clie ,Furu)
ic0jeM
+ Z Alje_aijrij+ Z Al‘je_aiirii
ije0.i<j ijEM,i<j
F (D e )
icO
(&P 1)+ (e - 1) (5)
where
pl =1 b5 =5, _S(yﬁ) Ky (6)

and summation of repeated indices is implied. Sets O and M
are the sets of oxide anions and metallic cations,
respectively, so that the first three summations represent
cation—anion, anion—anion and cation—cation short-range
repulsions, respectively. In the cation-anion term, d¢' is a
variable that characterizes the deviation of the radius of the
oxide anion i from its default value, i.e. its “breathing”. {v,}
is a set of three variables, for each anion, describing the
Cartesian components of a dipolar distortion of the ion shape.
Similarly, {K;[;} is a set of five independent variables
describing the corresponding quadrupolar shape distortions.
|k [P=12 + Kiy + K2+ 2(K2 + K2 + Kiz), and the two
interaction tensors Sf(xl) = r7//Y and S&fﬁ) = 3rZr}§/(rij)2 — Oup
are also used in Eq. 6. The last summations include the self-
energy terms, that is the energy cost of deforming the charge
density of an ion. f8, { and 5 are effective force constants
determining how difficult it is for a particular ion to be
deformed in a spherical, dipolar or quadrupolar way.

The magnitude and orientation of the spherical breath-
ing, dipolar and quadrupolar deformations will be deter-
mined by minimization of this energy, with respect to these
variables: they will therefore depend on the instantaneous
positions of neighboring ions and consequently change at
each timestep in a molecular dynamics run.

It was assumed throughout that these shape deforma-
tions do not affect significantly the anion—anion and

cation—cation repulsions, which have been represented by
simple exponentials as if the ions were effectively spherical
in their interactions with other ions of the same type. We
have also assumed that short-range cation distortion effects
can be neglected in the case of oxide materials.

The polarization part of the AIM potential includes both
dipolar and quadrupolar contributions

VR =3 (@1 gh(r") = a gy () T
qielx i o( q] i i J 2
+< Theb(r) + ~2=gp(r7) - M)Ti)

w0, Ok O
+< 35 ) Tt g T

"‘Z(kl |F‘ ‘2 kzlh /;,“/;"‘kl 01[30(1/}—’_1{ |.“ .“ | )
(7)

Ky = b Ky = g and K = % o,

B' and C' are the dipole, dipole-dipole—quadrupole and
= V,VpV,---
(rij )71 are the multipole interaction tensors [27], with the
superindex indicating the order of the operator. They are
computed using the Ewald summation technique [31, 32].
The instantaneous values of the dipole and quadrupole
moments are, again, obtained by minimization of this
expression. The charge—dipole and charge—quadrupole
cation—anion asymptotic terms are also corrected for

penetration effects [33] at short-range by using Tang-
Toennies damping functions [28]

where k| =

“17 6Cl

quadrupole polarizabilities of ion i. Tyg, .

B P ij ij k
=1—cle b Z_(bDr ) (8)
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with D and Q standing for the dipolar and quadrupolar
parts. It should be noted that the by, (by) parameters, which
determine the distance at which the overlap of the charge
densities begins to affect the induced multipoles, are the
same for both anions and cations, while the cp (cp)
parameters, which are set to unity in the case of the dis-
persion interaction (Eq. 4), measure the strength of the ion
response to this effect and therefore depend on the identity
of the ion. The necessity of larger-than-unity values was
indicated by ab initio calculations of the induced multi-
poles in distorted crystals. [26] The short-range induction
corrections are usually neglected in both anion—anion and
cation—cation interactions.
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The AIM potential can be seen to contain several
(seventeen per oxide anion) additional degrees of freedom
(induced dipoles and quadrupoles, and ion shape defor-
mations), which describe the state of the electron charge
density of the ions. When calculating the forces on the ions
in a molecular dynamics simulation, these electronic
degrees of freedom should have their adiabatic “Born-
Oppenheimer” values, which minimize the total potential
energy, for every atomic configuration. The value taken by
these extra degrees of freedom is then a complicated
functional of the atomic configurations so that, even if each
term in the total energy is written as a sum of individual or
pair components, the total system energy includes many-
body effects. We search for the ground-state configuration
of the electronic degrees of freedom at each time step,
using a conjugate gradients routine, i.e.

repulsion
Vam )
oc &My 7
(10)

avpolarization M
OVam =0, where {&}={), H{uvﬁ}
&My

where {&M} = {5UN,VLV,K2{[;}

o
(11)

The convergence criteria typically require the energy at
successive steps to differ only in the 8th significant figure
for polarization and in the 10th for repulsion. The
dynamics is thus similar to the so-called Born-Oppenhei-
mer ab initio molecular dynamics. Since the ions remained
fixed during the conjugate gradient process, many of the
terms required to evaluate the energy do not need to be
recalculated at each minimization step.

In the case of halide systems, we observed that a simpler
functional form was sufficient to describe accurately the
interactions: In that case, we have used the “polarizable ion
model” (PIM), where the repulsion term does not include
any ion shape deformation term anymore, which corre-
sponds to the simple exponential form:

Vi = 3 Ate (12)

i<j

In addition, good representations of the halides are found
with the polarization term only including the terms up to
the dipoles,

izati i ol (T i oIt () i Jo(2
Vi =3 | (@ g () ~ i g () T — T |
ij

#3510 7) (13)

With these simplifications, the potential now includes only
three additional degrees of freedom per ion, associated with
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the induced dipoles, which are calculated in a single
minimization procedure:

d Vpolarization
(—PIM i =0 (14)
O J

Such interaction potentials have been introduced by our
group in the case of molten chlorides [34, 35] and fluorides
[36-38]. They were also used by Trullas and co-worker to
study a series of silver and copper halides [39—43], and the
PIM model now is implemented in the CP2K code. [44]
Going back to the case of oxides, when attention is
restricted to a single phase or where similar materials are
being compared, it is often sufficient to neglect the full
complexity of the AIM model, and we have also
successfully used some PIM-type potentials in the case of
amorphous GeO, [45, 46] and of doped zirconia crystals
[47-50]. The potential developed for SiO, by Tangney and
Scandolo [51] on the basis of similar force-matching
methods to those we describe below is also worth noting.
Their model, which performs very nicely in reproducing
the properties of various phases of SiO, [52, 53], differs
from the PIM one due to the use of partial charges for the
ions, which hinders its transferability to other silicate
compounds.

3 Obtaining the parameters from force-matching
and multipole-matching

In their pioneering work, Tosi and Fumi developed a series
of force field parameters for alkali halides in the framework
of the Born model [54, 55]. These parameters were chosen
in order to reproduce solid-state data. Their potential has
then been used in many simulation works involving alkali
halides in the molten state [56-58]. This type of empirical
approach has long been the standard procedure for
parameterizing interaction potentials. A new source of data
for fitting these potentials was made possible by the
development of ab initio techniques. For example, the most
commonly used potential for SiO, is based on Hartree-
Fock calculations of a single H4SiOy4 cluster and on several
crystal properties [59]. Oeffner and Elliott used a similar
approach to develop an interaction potential for GeO, [60].

The introduction of the Car-Parrinello method [61]
opened the way to a new class of simulations, namely the
ab initio molecular dynamics (AIMD) [62]. In AIMD
simulations, may it be of the Car-Parrinello or of the Born-
Oppenheimer type, the introduction of an analytical inter-
action potential is avoided through the use of density
functional theory (DFT) calculations. This has an appealing
“hands-free” aspect, but unfortunately these methods
cannot yet access the time scales necessary to determine
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many material properties, in particular in ionic liquids for
which transport properties are of primary importance. Nev-
ertheless, AIMD simulations are now considered to be very
accurate, and they can be used as a reference for classical MD
simulations. The idea has therefore emerged to develop
interaction potentials yielding a trajectory that mimics the
one which would be obtained by AIMD. Since molecular
dynamics is based on an iterative integration of Newton’s
equation of motion, this can be done if the forces generated
by the interaction potential are the same as the DFT-calcu-
lated ones. This approach [63], which is now termed force-
matching or force-fitting, has been used (and extended) for a
decade to develop accurate force fields for ionic liquids in the
framework of the PIM and of the AIM. We will now focus on
practical details of these parameterizations.

DFT calculations on periodic systems are based on the
Kohn-Sham (KS) method to determine the ground-state
electronic wavefunction {¢°} of a given condensed phase
configuration containing N ions. This wavefunction is
obtained by minimization of the Kohn-Sham energy EX°.
The force acting on each atom i, with position ri, is then
extracted from:

KS
Flper = 2 U] (15)

The corresponding classical forces for the same
condensed phase configuration are easily obtained for a
given set of parameters from:

total

a,classical ori

where the interaction potential could either derive from the
PIM or the AIM, and the additional degrees of freedom
minimize the total energy for this configuration. The idea
behind force-fitting consists of finding the set of parameters,
which will minimize the error made in the classical
calculation with respect to the DFT one. If this error is
minimal, the interaction potential can be considered to be of
ab initio accuracy. An important concern when dealing with
ionic systems is that it is often required to perform studies
with varying conditions of temperature, pressure and
compositions. A prerequisite of the interaction potentials
therefore is to be transferable from one thermodynamic
point to another, which can be achieved by determining the
interaction potential parameters on a series of representative
condensed phase configurations instead of one. In practice,
this is done by minimizing the following expression:

- | Forr §
Z Z | lasmcal ( 17)

i=1 FDFT |

"ql\)

where N, is the number of configurations and N; is the
number of ions in configuration j. Another quantity that can

also be determined rather straightforwardly from both the
ab initio and the classical calculation is the stress tensor @'
It is therefore possible to extend the fitting dataset by
minimizing

2
1[3 | o-x/f DFT — x/f classical |
5= (18)
,zl: Zoc/} | O.oc/j’ ot |

In that case, relative weights then have to be assigned to
7 and y3 in the minimization procedure. Of course, all the
parameters of the interaction potential are involved in the
calculation of the force and of the stress tensor, so that they
can all be fitted at this stage. There is nevertheless a risk of
interplay between the various terms of the potential, so that
one term will do the work which should be attributed to the
other. This would contribute to a loss of transferability of
the potential.

Consequently, we generalize the force-fitting to require
that the induced multipoles on our ions in the model
reproduce the ab initio ones and determine the parameters
in ypolarization g0 thig requirement. In DFT calculations, it
is possible to calculate the multipole moments of the
individual ions thanks to the maximally localized Wannier
function (MLWF) formalism [64]. The MLWFs provide a
picture of the electron distribution around atoms which is
easily interpreted from a chemical point of view. They are

determined by unitary transformations of the KS
eigenvectors
N
|¢:1V> = ZUmﬂ’(rb?n> (19)
m=1

where the sum runs over all the occupied KS states
{®u}uepiny» and the unitary matrix U is determined by

iterative minimization of the Wannier function spread €2,
which is defined as

QZ log |sn 5 Sno = < | it

n=1

¢y)  (20)

when periodic boundary conditions are applied, where «
refers to the coordinates axes, x, y, and z.

A complete theory of electric polarization in crystalline
dielectrics has been developed in recent years [65-67],
which validates the calculation of the dipole moments of
single ions or molecules from the center of charge of the
subset of MLWF which are localized in their vicinity [68—
70]. The MLWEF centers are computed according to [68]

! In the case of a classical calculation involving additional degrees of
freedom, the correct expression for the stress tensor (as well as for the
heat current) is obtained by exploiting the Hellmann—-Feynman
theorem and ignoring any explicit derivatives of the additional
degrees of freedom with respect to the ion positions.
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r’o= —%S(log Sny) (21)
and the induced dipole moment of a given ion i is defined,
in atomic units, as

W=-23 (22)

nei

where r) is measured with respect to the position of the
ion. In ionic systems, the attribution of a Wannier center to
a given ion can be done unambiguously. Several routes
have also been proposed to determine the induced
quadrupole moments. Aguado et al. have exploited the
fact that the MLWFs are well localized inside the periodic
cell and evaluate the components of the quadrupole on an
ion i from the real-space integral of the charge densities of
the MLWFs on that ion:

Oy =-2Y" / dr | ¢y (r) |* (3riirf —
nei
yi

cut

(")*6s)/2 (23)

Here, the integral runs over the space within a sphere of
radius r,,, around i, and ' is the distance from r to the
nucleus position r’ calculated with a minimum image
convention [29]. This method is implemented in the
CASTEP code. Another method consists in determining
the second moment of each Wannier function:

") I2>

5 (gl il gy) P
In —
872 | < :lv ’efl“fr,
(24)

<r0€r/3>n =

ou) Pl (nle 7

The quadrupole moment of an ion is then given by [71]

lx[)’ - 722<3r;r;} - r/25“ﬁ>n (25)

nei

where (r)ry), is measured again with respect to the
position of the ion. The advantage of this method, which is
implemented in the CPMD code, is that there is no need to
define a cut-off radius around i (apart from the attribution
of the Wannier center to the ion). Sagui et al. have
extended this approach for the calculation of higher
multipole moments [72]. The generalization of the force-
fitting procedure to multipoles requires the minimization of
the functions:

N, N; . .

2 _ i i - | -ui)FT — nui:lassical |2
Ap = i 2 (26)

NC j=1 N] i=1 | HpFT |

18 1 LY | 0pmrr — O ctassicar I
}’2 o 727 off of},DFT ofs,classical (27)
L0 . i

¢ =1 N/ i=1 Zaﬁ ‘ Olotﬁ,DFT |2

This fitting procedure has now been applied to an
important variety of ionic systems. Here, we will describe
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the parameterization of the oxide and fluoride series, for
which the AIM and PIM frameworks were chosen
respectively.

An important issue that remains is how to include the
dispersion terms (CZ and CY¥ coefficients) in the fitting
procedure. It is well known that the dispersion interactions
cannot be represented accurately by a local or a semilocal
exchange-correlation functional, such as that provided by
the commonly used LDA and GGA functionals [73]. We
have therefore decided not to include the dispersion
parameters in the fitting procedure, but rather to fix them to
some given values. The choice of these values is discussed
in the next section. Now the second important question is
whether it is appropriate or not to include these dispersion
effects when calculating the classical forces during the
fitting procedure. Here, our choice depends on the nature of
the functional used for the DFT calculations. It is well
known that the LDA functional leads to overbinding effects
(although those are not due to dispersion), while GGA
functionals like PBE [74] or BLYP [75, 76] lead to un-
derbinding effects. We have therefore chosen to include the
dispersion effects in the calculation of the classical forces
when using the LDA functional only (the effect is included,
but the corresponding parameters are kept fixed so that they
are not fitted during the procedure).

In the case of oxide systems, our objective was to
develop a potential suitable for simulation of Earth mate-
rials under crustal to lower mantle conditions of tempera-
ture and pressure [3]. The most abundant species are those
of the so-called CMAS system, i.e. the cations
Ca’**, Mg>", AI** and Si**. In this work, the LDA func-
tional has been used for the DFT calculations: A detailed
comparison between GGA- and LDA-based potentials was
undertaken for Al,Os; this study showed that the descrip-
tion of the melt was much better for the latter [77]. The
AIM functional form was used for the classical interaction
potential. We can therefore summarize the fitting proce-
dure this way:

1. Generation of a series of typical condensed phase
configurations
2. DFT calculations on each of these configurations:

(a) Determination of the ground-state wavefunctions,
which give access to the ab initio forces and
stress tensor components

(b) Wannier localization, from which the ab initio
induced dipoles and quadrupoles components are
calculated

3. Determination of the dispersion coefficients (see next
section)

4. Minimization of yp and y, with respect to the
parameters of the polarization term (VPOrization)
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Fig. 1 The quality of the fits of the x-component of the forces on the
ions to those obtained from the ab initio calculations is shown for a
series of 19 configurations (including high- and low-pressure poly-
morphs of Al,O3, MgO, SiO,, MgAl,04, MgSiO;, CaO, CaAl,Si,Og
and two Al,O3 melts)

5. Minimization of yr and ys with respect to the
parameters of the repulsion term (V"PUsiom)2

The quality of the fits of the x-component of the forces
on the ions to those obtained from the ab initio calculations
is shown for a series of 19 configurations of approxi-
mately 100 atoms (including high- and low-pressure
polymorphs of Al,O3, MgO, SiO,, MgAl,O4, MgSiO;,
CaO, CaAl,Si,0Og and two Al,O3 melts) on Fig. 1, and the
parameters obtained for the CMAS system with this pro-
cedure are summarized in Table 1.

The potential reproduces well lattice parameters and
elastic constants of various oxides and silicates of the CMAS
system. Typically, the lattice constants from the simulations
are up to a few percent lower than the experimental values,
which is consistent with the use of LDA for the DFT refer-
ence calculations. The model also provides reasonable pre-
dictions for the thermal expansion and the volume
compression of major phases of the Earth’s mantle in a wide
pressure range [3]. Liquid-state densities of oxide and sili-
cate melts are usually within the error bars of the experi-
mental data. The model performs somewhat less well for
open network-forming structures close to the pure SiO;
composition.

Applications of the potential include the investigation
of structural and physical properties of solid and liquid
oxides relevant in geological or technological context. A
number of studies were concerned with the stability and
mechanisms of phase transitions in magnesium silicates
(see [80] for a summary). The atomic structure and

2 Note that all the ¥; values could be minimized together but the use
of a two-step procedure permits to avoid some cancelation of errors in
the parameterization.

dynamics of magnesium and calcium aluminate liquids
was studied in combination with neutron and X-ray
scattering experiments using aerodynamic levitation
techniques [81-84]. An example of comparison between
simulated [78] and experimental [79] total structure
factors of liquid MgAl,O4 is shown on Fig. 2. The
almost quantitative agreement between measured and
computed static and dynamic structure factors underlines
the high accuracy and transferability of the potential,
which was optimized using mostly solid-state configura-
tions. The structural studies illustrate that molecular
simulations are essential to interpret the diffraction data
of multicomponent liquids since even two different
experiments (neutron and X-ray diffraction) do not allow
the unambiguous determination of some of the anion—
cation nearest neighbor distances and cation coordination
numbers [84]. Besides the structural model, the simula-
tions provide insight into the relation between melt
structure and physical properties, such as the viscosity or
the self-diffusivities [77, 78]. The latter are important
parameters, e.g., to understand the evolution of the early
Earth, which may have been covered by a magma ocean
composed of silicate liquid. Recent simulations of
Mg,SiO4 liquids using the CMAS potential give new
constraints on the thermodynamic and rheological prop-
erties of the melt in the relevant range of pressure and
temperature [85, 86]. A number of ongoing projects
make use of the CMAS potential to study solid—solid and
solid-liquid interfaces, the structure of complex silicate
melts in conjunction with X-ray absorption spectroscopy
or with the interpretation of trace element partioning data
between solid and liquid silicates.

In the case of fluoride systems, we are mainly interested
in determining physico-chemical properties of melts
including many different components. We have therefore
built a transferable PIM interaction potential, which
includes  Li*, Na™, K, Rb", Cs*, Be?", Ca**, Sr*™,
Y3*, La’" and Zr** ions. In this work, the PBE functional
has been used for the DFT calculations (unlike the case of
oxide materials, no test has been made using the LDA). We
can therefore summarize the fitting procedure this way:

1. Generation of a series of typical condensed phase
configurations
2. DFT calculations on each of these configurations:

(a) Determination of the ground-state wavefunctions,
which give access to the ab initio forces
components

(b) Wannier localization, from which the ab initio
induced dipoles components are calculated

3. Minimization of yp with respect to the parameters of
the polarization term (VPelrization)

@ Springer



Page 8 of 16

Theor Chem Acc (2012) 131:1143

Table 1 Parameters in the repulsive and polarization parts of the potential for the CMAS system

Ton pair 0 -0~ Ca*t—0* Mg?t—0%" APt —0* Si*t—0?~
AY 1,068.0 40.168 41.439 18.149 43277
a’ 2.6658 1.5029 1.6588 1.4101 1.5418
BY 5,0532 59,375 51,319 43,962
bY 3.5070 39114 3.8406 3.9812
cv 6,283.5 6,283.5 6,283.5 6,283.5
bl 4.2435 4.2435 4.2435 4.2435
b = bl 2.0261 2.2148 2.2886 2.1250
ch 3.9994 2.8280 2.3836 1.5933
b} 1.5297 1.9300 2.1318 1.9566
ch 1.6301 13317 1.2508 1.0592
cl 44372 2.1793 2.1793 2.1793 2.1793
ci 853.29 25.305 25.305 25.305 25.305
bY = bi 1.4385 2.2057 2.2057 2.2057 2.2057
D 0.49566 B 1.2325

¢ 0.89219 7 43646

o 8.7671 C 11.5124

All values are in atomic units. The dipole—dipole—quadrupole polarizability was set to 0

neutron

05

0 . 1 . 1 . 1 .
0 5 10 15 20

q/,&_1

Fig. 2 Total static structure factors of MgAl,O4 at T = 2,500 K from
MD simulation [78] (lines) compared to experimental neutron and
x-ray diffraction data (circles) at T = 2,423 K. [79] The neutron
structure factors are offset by a value of 0.5

4. Minimization of y with respect to the parameters of
the repulsion term (V™PUIsiom)

5. Determination of the dispersion coefficients (see next
section)

Small differences are observed with the oxide materials
situation: Due to the smaller number of parameters involved
in the fitting procedure and the absence of quadrupole
polarization effects in the PIM, only yp and yr had to be
minimized in this case. In addition, the dispersion coeffi-
cients can be determined after the fitting step because the

@ Springer

dispersion term is set to O when fitting the repulsion (due to
the use of a GGA functional in the DFT calculations). Since
we are mainly interested in systems which are in the liquid
state, this procedure was in fact performed twice: Firstly,
with a series of crystalline configurations, which led to a first
set of parameters. And secondly with a series of liquid-state
configurations of approximately 100 atoms generated from
molecular dynamics simulations with the parameters of the
first step. The quality of the fits of the x-component of the
forces on the ions to those obtained from the ab initio cal-
culations is shown for a series of 25 configurations (pure LiF,
NaF, KF, CaF,, SrF,, YF3, LaF; and ZrF,, LiF-YF; and
LiF-LaF; mixtures) on Fig. 3, and the parameters obtained
for the fluoride system with this procedure are summarized in
Tables 2 and 3.

A first test of the potential is provided by a simple
comparison of the parameters within a series of chemical
species. For example, in Fig. 4, we compare the repulsive
term of the potential for various M""—F~ ion pairs.
Firstly, in the case of the alkaline cations, we observe that
the repulsion wall is pushed toward longer distances in a
way which is coherent with the increase in the ionic radius
of the cation in this series. More interesting is the second
test, which compares the period five elements
Rb", Sr**, Y and Zr**. All these ions have the same
number of electrons and their ionic radius therefore do not
differ a lot. The repulsion walls are very close one from
each other and they become shorter-ranged when the cat-
ionic charge is increased, which is in agreement with
chemical intuition.
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Fig. 3 The quality of the fits of the x-component of the forces on the
ions to those obtained from the ab initio calculations is shown for a
series of 25 configurations (pure LiF, NaF, KF, CaF,, SrF;,
YF;, LaF; and ZrF,4, LiF-YF; and LiF-LaF; mixtures)

Table 2 Fitted polarizabilities for the various ions in molten
fluorides

Ion type Polarizability (o)
F~ 7.9
Li* 0
Na* 1.0
K* 5.0
Rb* 8.4
Cs* 14.8
Ca** 3.1
Sr** 5.1
Y3t 3.8
La’* 7.5
Zrtt 2.9

All values are in atomic units

The interest in molten fluorides is mainly due to their
involvement in numerous current (aluminum production)
and proposed (molten salt reactors) technologies. They are
often dangerous and corrosive materials, which are liquid at
high temperatures, so that performing systematic experi-
mental studies is difficult. The development of accurate
models that are able to predict the physical properties over a
wide range of conditions is therefore very valuable. Among
all the molten fluorides, an enormous amount of experi-
mental work has been done on LiF-BeF, mixtures and it is by
far the best-characterized fluoride melt [88, 89]. For this
reason, it was the ideal testing ground for evaluating our
interaction potential development approach and we focused
first on this system [37]. We could show that our model
performed very well in reproducing the polymeric fluoro-
beryllate speciation and the vibrational properties in these

melts [87]. Calculated dynamic properties (electrical con-
ductivity, viscosity) also agree quantitatively with the
experimental data: [90] To illustrate this, we show a com-
parison of the calculated [87] and experimental [88] vis-
cosities of LiF-BeF, mixtures with varying compositions at
T = 873 K on Fig. 5. The interfacial properties were also
tested by calculating the surface tension from a simulation of
the liquid—vapor interface. [91] In a second step, a series of
simulation studies was carried out for other molten fluoride
systems. This allowed us to predict heat-transport properties
of LiF-NaF-KF and NaF-ZrF, mixtures [38] in order to
evaluate their suitability to serve as primary coolant in the
advanced high-temperature reactor concept [92]. Our sim-
ulations were also used to interpret EXAFS and NMR
experimental data on fluorozirconate melts [93] and to cal-
culate electrical conductivities [94], diffusion coefficients
[95] and internal mobilities [96].

4 Beyond force-matching: direct calculation
of parameters

Although the fitting procedure presented in the previous
section has proven to be very successful, in particular in the
context of the development of transferable potentials, it can
sometimes be enhanced through the direct calculation of
some of the parameters involved in the models. Among all
the parameters, the dipolar polarizability o has an evident
physical meaning since it measures the relative tendency of
the electron cloud of the ion to be distorted from its normal
shape by an electric field. Although one could think that the
polarizability of a molecule or an ion is an intrinsic prop-
erty, which remains unchanged from the gas phase to any
condensed phase, this is not the case due to the effect of the
confining environmental potential in the latter [21, 22].

Again, in order to determine the condensed phase po-
larizabilities from a direct DFT calculation, the MLWF
formalism provides a very convenient route [97]. When a
small external electric field £ is applied to the system, the
linear response may be characterized by an additional field-
induced dipole moment du’ on each individual ion. It is
convenient to think of the applied field as an optical field,
in order to distinguish its effect from that of the static
fields, which are caused by the permanent charge distri-
butions of the molecules, and to think of 5,ui as the net-
induced dipole which is oscillating at the optical frequency.
For an electronically insulating material, the induced
dipole can be written in terms of the total (optical fre-
quency) electric field which acts on it,

5ﬂi:di'

E+> 1Y 5,/] (28)

J#
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Table 3 Fitted parameters for the repulsion and polarization terms for molten fluorides

Ion pair A a’ b} = bl s oA

F —F 282.3 2.444 - 0.0 0.0
F —Li* 18.8 1.974 1.834 1.335

F —Na® 44.9 1.927 1.831 25 0.022
F —-K* 138.8 2.043 1.745 2.5 —0.31
F —Rb" 151.0 1.961 1.822 35 —0.44
F —Cs* 151.1 1.874 1.930 3.4 0.49
F —Ca®* 73.0 1.859 1.732 1.5 —0.31
F—Sr?t 82.5 1.778 1.554 1.331 —0.33
F-Y** 87.4 1.832 1.847 1.966 —0.89
F—La** 161.6 1.867 1.614 1.348 —-0.47
F—zr** 62.6 1.74 1.882 1.886 -1.0
Mt —Mmt 1.0 5.0 - 0.0 0.0
Nt—N* 5000.0 3.0 - 0.0 0.0

bl = b§ = 1.9 for all the pairs. M™" stands for any cation between Li*, Na*, K* Ca’*, Sr®*, Y3*, La’* or Zr**, while N* is Rb* or Cs*. All

values are in atomic units

(u.a.)

repulsion

v

Vrepulsion (u'a')

r(A)

Fig. 4 Comparison of the repulsion terms obtained for various
cation—fluoride pairs. Top Alkaline cations Li*, Na™, K*, Rb* and
Cs™; bottom period 5 elements Rb™, Sr**, Y3* and Zr*+
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Fig. 5 Comparison of the calculated [87] and experimental [88]
viscosities of LiF-BeF, mixtures with varying compositions at
T=2873K

where the sum runs over all polarizable ions j# i in the
system. In this equation, we have introduced the dipole
polarizability tensor & of ion i, for a particular condensed
phase configuration. Also included is the dipole—dipole

interaction tensor, T<2), whose components are defined by

T;IZS,) =V, V [;ﬁ; in practice, for a periodic system, it will be

computed using the Ewald summation technique [31, 32].
The first term on the right-hand side of the equation rep-
resents the direct contribution of the external electric field
to the induced dipole; the second-term is the contribution
of the reradiated electric fields due to the dipoles, which are
induced in all the other ions (j# i) in the sample. In
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principle, higher-order induced multipoles also contribute
to this expansion, but we will ignore them. In a uniform
external field, the directly induced higher-order multipoles
on spherical atoms and ions vanish, and even for mole-
cules, their effect is expected to be much smaller than that
of the dipoles.

In DFT calculations on periodic systems, the coupling
between the external electric field and the electronic system
is expressed through the macroscopic polarization of the
periodically replicated cell [98, 99] and is defined using the
Berry phase approach of Resta [100]. It is then possible to
determine the new partial dipole moment for each species
in the presence of a field, via another localization step. The
field-induced dipoles are calculated from the difference
between the total molecular dipoles in the presence and
absence of the field.

Equation 28 can be inverted to determine the individual
electronic polarizabilities for that particular condensed
phase configuration. Consider the application of fields e,
along each Cartesian direction o = x, y, z, and denote by

{64} the corresponding values of the induced dipole

moments. The total field fi’(“) at each position 7 can be
obtained from

Fi) =gl 4 Z T?) . gy (29)
J#
which is conveniently evaluated from the electric field

given by a dipolar Ewald sum. Finally, the polarizability
tensor of ion i is given by

o = (F)Y ' Ir (30)

where F' and IT' are second-rank three-dimensional tensors
defined as

Table 4 Calculated ionic polarizabilities in the liquid phase

System Ion type Polarizability (o)
LiF F~ 7.8
Li* 0.3
NaF F~ 9.6
Na® 1.1
KF F~ 10.7
K* 5.5
CsF F~ 11.8
Cs™ 16.3
NaCl ClI™ 25.1
Na* 1.2
KCl1 Cl™ 27.0
K* 5.5

All values are in atomic units

Fiﬁ =i (31)
My = o) (32)

The results obtained for a series of molten fluorides and
chlorides are summarized in Table 4. Important
environmental effects occur when the nature of the liquid
is changed. In the fluoride melts, for example, the
polarizability of the fluoride anion shifts a lot, passing
from 7.8 a.u. in molten LiF (which is very close to the
value obtained from the force-fitting procedure, this is also
the case for the cation polarizabilities) to 11.8 a.u. in CsF.
This is due to differences in the confining potential, which
affects the electron density around a given anion, and
originates from both Coulombic interactions and the
exclusion of electrons from the region occupied by the
electron density of the first-neighbor shell of cations [21,
22, 101]. When passing from one cation to another (for
example in the series Li" — Na* — K+ — Cs™), two
effects are then competing: On the one hand, the anion—
cation distance increases, which results in a diminution of
the confining potential, but on the other hand, the volume
occupied by the cation electron density also increases, with
an opposite effect on the confining potential. Here, the
observed increase in polarizability with the size of the
cation tends to show that the first effect is the most
important. Indeed, the value obtained for CsF is
approaching the free F~ anion polarizability, which is 16
a.u. These effects have also been observed in similar
calculations performed on solid oxides [97] and protic
solvents [102, 103]. They have indirectly been used for
building quantitative Lewis acidity scales in inorganic
materials [104, 105]. Such a result means that in order to
build a completely transferable interaction potential, the
model should allow the variation in the polarizability in
response to the fluctuations of the environments. First steps
have been made in that direction in the case of MgO only
[30, 106].

Since the centers of the MLWFs allow one to derive
atomic dipoles in the condensed phase and hence atomic
polarizabilities, it is tempting to exploit further these
localized orbitals, which are often interpreted in terms of
non-bonding orbitals or lone pairs, to derive the remaining
terms of the force field. A systematic procedure has been
introduced recently for this purpose, in which a series of
approximations leads to the attractive and repulsive van der
Waals interactions from the knowledge of the geometric
properties of the MLWF [107].

The central idea of this approach consists of assigning a
localized electronic density considered as frozen around
each nucleus, reconstructed from the associated MLWFs.
The exponential decay of MLWFs in electronic insulators
[108] suggests modeling them as Slater orbitals determined
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Fig. 6 Electronic density around CI™ ions in molten KCI from DFT
(scattered plot), compared to the analytic ansatz (Eq. 33), which
involves only the spread and distance to nucleus of the MLWFs

Table S Properties of the Wannier orbitals: average spread S" and
distance d' to the nucleus

System Ton type (8% (d")
KF F~ 1.35 0.555
K" 1.36 0.685
NaF F~ 1.32 0.560
Nat 0.85 0.410
KCl Cl™ 1.92 0.869
K™ 1.36 0.680
NaCl Cl™ 1.90 0.877
Na™t 0.86 0.414

All values are in atomic units

solely by their spread S; and center located at r} deter-
mined from the localization procedure [109]. These two
properties can be obtained for each type of MLWF from
averages over liquid configurations. Each MLWF contrib-

3
. ) K leer]
utes to an electronic density py, :nkg—ke slrri] with
T

n; = 2 the number of electrons in the orbital and x;, = %ﬁ

In order to obtain orientationally averaged interaction
potentials, one further proceeds to an orientational average
of the density around each nucleus i (see Fig. 6), assuming
an isotropic distribution of the Ny MLWFs centers with the
result:
pi(l‘) — L’Cke_’ckr>
—8nr re

[(1 + ker = ) sinh(kgr<) — wpr< cosh(rer< )] (33)

where 7. =max(|r—r}|,d) and r. = min(|r —r}|,
dy), with di = |r} —rf| the distance of the kth MLWF
center to the nucleus. The spread and distance to nucleus of
Wannier orbitals for molten NaF, NaCl, KF and KCI are
summarized in Table 5.
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Figure 6 also compares the electronic density around Cl
nuclei with the spherically averaged result given by Eq. 33.
The agreement with the mean density is very good even at
short distances, the scattering of the measured electronic
densities being mainly due to thermal fluctuations not
reproduced by the rigid density approximation. Exponen-
tial decay of the molecular density is also apparent over
more than two decades and valid in the important region
where the electronic densities of neighboring ions overlap.
For one of the considered species (K in molten KF and
KCl), the electronic density around the nucleus, derived
from the MLWFs, is better described at large distances by a
nucleus-centered Slater orbital (spread 1.30 a.u. in KF, 1.34
a.u. in KCl) than by Eq. 33. Equation 33 provides a more
accurate description near the nucleus, but not further away.

Once the localized density around each nucleus in
condensed phase is known, the repulsive van der Waals
interaction, which contains a kinetic and an exchange-
correlation part, can be derived using two approximations:
the above-mentioned frozen density ansatz and the use of a
kinetic energy functional. The repulsion energy V©PUSon jg
computed at the DFT level from the superposition of the
rigid electronic clouds around each atom [110, 111] and the
resulting energy surface parametrized as a function of
atomic coordinates. For each interatomic separation r, we
compute
Ve )~ 7(p, Vo + [ ealpa Volpdr (4)
where p, = p' + p/ is the superposition of frozen atomic
densities which have their centers separated by a distance
r, T and ¢, are the kinetic energy and exchange corre-
lation functionals, respectively. Any form can be used for
the kinetic energy functional 7 and the exchange-correla-
tion energy density €., provided that the latter is the one
used in the starting DFT calculations. However, the
resulting VP8 depends on their choice. The LLP
kinetic energy functional [112] is generally the most
accurate [111, 113]. Note that improvements of the func-
tionals would automatically transfer to the resulting force
fields. The resulting V"P"'*'° generally decays as Ae” " in
the region corresponding to the first-neighbor shell, thus
justifying the analytical form of the repulsion term in the
PIM and the AIM and providing the associated parameters.

As a first example, we applied this strategy to the case of
NaF and NaCl melts, starting from DFT calculations with
the PBE functional and using the LLP kinetic functional to
compute the kinetic energy in Eq. 34. The relevance of this
approach can be appreciated on Fig. 7, which reports the
mean-square relative error on the forces % defined in the
previous section as a function of the Na*-Cl~ /F~ repulsion
parameters Ae” ", all other parameters of the force field
remaining fixed. The sets obtained by this method stand
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Fig. 7 Mean-square relative error x,zv on the atomic forces compared
to DFT (PBE functional) in the NaCl and NaF melts, as a function of
the Na™-Cl~ /F~ repulsion parameters Ae~“". The set obtained by our
method (x ) stands well within the /12: < 1.0 isosurface in both cases

well within the narrow windows y# < 1.0, thus justifying
a posteriori the frozen density approximation for these
systems. The corresponding 7 are 0.241 and 0.363 for NaF
and NaCl, respectively. In the latter, less favorable case,
the error is not much larger than the value obtained with a
force field of the same form (PIM) but with all parameters
numerically fitted by force-matching (37 = 0.118), and
significantly smaller than the one obtained with the popular
Tosi-Fumi potential (X% = 1.250) [114].

Finally, we now turn to the problem of the dispersion
interaction. As mentioned previously dispersion forces, are
not easily captured at the DFT level. While the use of non-
local functionals seems to be a promising approach [115],
their computational cost has so far limited their use in
AIMD simulations, for which empirical corrections such as
the one developed by Grimme [116] are preferred. A
promising alternative based on a simpler non-local van der
Waals density functional has recently been proposed [117].
In the work concerning the oxide and fluoride series, we
have used CZ and C¥ values obtained from a limited set of
ab initio (coupled-cluster or Mgller-Plesset) values on in-
crystal ions [118] and mixing rules to scale values from one
material to another. It is also possible to derive systemat-
ically approximate parameters for the dispersion term
defined in Eq. 3. Silvestrelli showed that MLWF provide
again a convenient framework to tackle the dispersion
effects and introduced the computation a posteriori of the
—CH1r8, interaction between Wannier centers [109], where
C¢ depends only on the spread of the MLWFs:

ki 3

6 " 3073/2

d dr’ ka(r)le(r/)
/ ) NN G)

Ir| <re | <r

(35)

where the cut-off radius for each orbital depends on its
spread as

re = [1.475 — 0.866 In S]S. (36)

These coefficients are obtained from the MLWFs using the
expression proposed by Andersson et al. [119] for the long-
range interaction between two separated fragments. One
can then obtain the dispersion interaction between a pair
of atoms as the averaged sum over pairs of MLWFs (for
k, | from different sites) [107]. Assuming an isotropic
distribution of centers around the nuclei i, j at fixed
distance d,;, we obtain to 2"¢ leading order: V¥SPersion —
— 3 26.8CU1(r7)" where the dispersion coefficients are:

=3 (37)
keilej
Ci= > 5d;+d)cg (38)

kei,lej

We recall that the distances d;; result from the orbital
localization procedure and are not adjustable parameters.
This approach thus provides two of the parameters entering
in Eq. 3, leaving only the ones in the damping functions to
be determined independently.

All the developments introduced in this section can be
used in a procedure which can be summarized this way:

1. Generation of a series of typical condensed phase
configurations
2. DFT calculations on each of these configurations:

(a) Determination of the ground-state wavefunctions,
which give access to the ab initio forces
components

(b) Wannier localization, from which the MLWFs
spreads and positions are extracted and the
ab initio induced dipoles components are
calculated

3. Reconstruction of the electronic density around each
ion (following Eq. 33)

4. Calculation of the VP term parameters for each
ion pair (following Eq.34)

5. DFT calculations on each of these configurations under
an applied electric field £ (one calculation for each
direction), from which new sets of ab initio induced
dipoles components are calculated

6. Calculation of the individual polarizabilities for each
ion (following Eq. 30)

7. Minimization of y and yp with respect to the damping
parameters of the polarization term (VPO2riztion) gy

8. Determination of the dispersion coefficients for each
ion pair (following Egs. 35 and 38)

This procedure, which leaves fewer parameters to be
fitted than a straightforward application of force-fitting, has
up to now been tested and validated in the simple case of
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Table 6 Parameters of the PIM interaction potentials obtained for NaCl, NaF, KCI and KF from the alternative procedure

System Ton pair AY a’ Cg ci bl c A
KF F—F~ 144.0 1.954 32.7 100.6 - - -
F—K* 163.3 2.052 343 133.1 2.052 6.4 —-1.2
KF—K" 109.5 2.004 36.0 168.7 - - -
NaF F—F 162.9 2.012 29.4 92.1 - - -
F~—Na* 301.5 2.456 5.6 13.4 2.456 9.5 —-0.4
Na*—Na*t 599.0 3.176 1.3 22 - - -
KCl1 ClI™-CI” 187.9 1.601 333.0 2516.2 - - -
Cl-—K* 90.2 1.636 102.4 623.6 1.636 3.8 0.4
KF—K* 244.8 2.183 359 166.3 - - -
NaCl Cl™—-CI™ 205.9 1.626 298.4 2294.1 - - -
Cl-—Na* 94.6 1.770 14.2 66.5 1.770 35 0.8
Na*t—Na*t 546.4 3.1 1.3 2.3 - - -
For all the ion pairs, we have taken bl = b = d". All values are in atomic units

NaCl, NaF, KCI and KF [107]. The parameters are sum-
marized in Table 6 (the polarizabilities are given in
Table 4). The dynamic (diffusion coefficients, viscosity,
thermal and electrical conductivity) and static (density)
properties of these molten salts were tested against exper-
imental data: An excellent agreement was obtained,
showing again the predictive character of such first-prin-
ciples-based approaches.

5 Conclusion

In conclusion, we have described in this paper two models
of different complexity, which can be used to describe the
interactions in ionic liquids. The first one, the polarizable
ion model, includes only one many-body effect, namely the
dipole polarization of the ions. This model was recently
implemented in the CP2K code [44]. The second one, the
aspherical ion model, not only extends the inclusion of
polarization effects up to the quadrupole level, but also
includes deformations of the anion in a spherical, dipolar or
quadrupolar way for the calculation of the short-range
repulsion. Depending on the system of interest and the
quantities that have to be determined, one has to choose the
most appropriate model.

These interaction potentials include several parameters
that have to be determined for each ion type / ion pair.
Since the final objective is to predict physico-chemical
properties of the materials of interest, no experimental
information should be included in the parameterization
stage. Here, we have summarized the procedure, which was
used for developing PIM potentials for molten fluorides
and AIM potentials for molten oxides and consists in
performing an extended force-fitting using ab initio density
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functional theory results as reference data. In the last part,
we show how the use of MLWFs can provide alternative
ways for calculating some of the parameters.

Here, we have focused on inorganic molten salts. It is
worth noticing that an increasing number of studies on
room-temperature ionic liquids have involved models
similar in spirit to the PIM (they mainly differ due to the
choice of Lennard-Jones form to represent the van der
Waals interactions) [120-124]. For the moment, the
force-matching procedure was not used in these works,
but we have recently extended it to the case of the
1-ethyl-3-methylimidazolium tetrachloroaluminate ionic
liquid [23].

Acknowledgments S.J. was supported by the German Science
Foundation (DFG) under grant no. JA 1469/4-1. M.S., B.R., R.V. and
C.S. acknowledge the support for the French Agence Nationale de la
Recherche (ANR), under grant SYSCOMM (ANR-09-SYSC-012)
“Multiscale Simulation of Ions at Solid-Liquid Interfaces”, and for
PACEN (Programme sur 1’Aval du Cycle Nucléaire) through PCR
ANSF and GNR PARIS programs. We would like to thank Sami Tazi,
Toon Verstraelen and Teodoro Laino for their help in implementing
the PIM in the CP2K code.

References

1. Hansen JP, McDonald I (1986) Theory of simple liquids, 2nd
edn. Academic Press, London

2. Hallett JP, Welton T (2011) Chem Rev 111(5):3508

3. Jahn S, Madden PA (2007) Phys Earth Planet Inter 162:129

4. Guillot B, Sator N (2007) Geochim Cosmochim Acta
71(5):1249

5. Guillot B, Sator N (2007) Geochim Cosmochim Acta
71(18):4538

6. Vuilleumier R, Sator N, Guillot B (2009) Geochim Cosmochim
Acta 73(20):6313
7. Chen GZ, Fray DJ, Farthing TW (2000) Nature 407(6802):361



Theor Chem Acc (2012) 131:1143

Page 15 of 16

10.
11.

12.
13.
14.

15.
16.

17.

18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.
29.

30.
31.
32.
33.

34.
35.
36.
37.

38.

39.
40.

41

43.

44,
45.

46.

47.

48.

49.

. Ghallali HE, Groult H, Barhoun A, Draoui K, Krulic D, Lant-

elme F (2009) Electrochim Acta 54:3152

. Groult H, Barhoun A, Briot E, Lantelme F, Julien CM (2011) J

Fluorine Chem 132(12):1122

Salanne M, Simon C, Turq P (2006) J Phys Chem B 110(8):3504
Salanne M, Simon C, Turq P, Madden PA (2008) J Phys Chem
B 112(4):1177

Siqueira LJA, Ribeiro MCC (2007) J Phys Chem B 111:11776
Borodin O (2009) J Phys Chem B 113(33):11463

Vatamanu J, Borodin O, Smith GD (2011) J Phys Chem B
115(12):3073

Maginn EJ (2007) Acc Chem Res 40:1200

Zhao W, Leroy F, Heggen B, Zahn S, Kirchner B, Balasubra-
manian S, Muller-Plathe F (2009) J Am Chem Soc 131(43):
15825

Kohagen M, Brehm M, Thar J, Zhao W, Miiller-Plathe F, Kir-
chner B (2011) J Phys Chem B 115(4):693

Stone AJ (2008) Science 321(5890):787

Ribeiro MCC (2000) Phys Rev B 61(5):3297

Harding JH, Pyper NC (1995) Phil Mag Lett 71:113

Fowler PW, Madden PA (1984) Phys Rev B 29(2):1035
Fowler PW, Madden PA (1985) Phys Rev B 31(8):5443
Salanne M, Siqueira LJA, Seitsonen AP, Madden PA, Kirchner
B (2012) Faraday Discuss 154:171

Wilson M, Madden PA, Pyper NC, Harding JH (1996) J Chem
Phys 104:8068

Rowley AJ, Jemmer P, Wilson M, Madden PA (1998) J Chem
Phys 108:10209

Jemmer P, Wilson M, Madden PA, Fowler PW (1999) J Chem
Phys 111(5):2038

Stone AJ (1996) Theory of intermolecular forces. Oxford Uni-
versity Press, Oxford

Tang K, Toennies J (1984) J Chem Phys 80(8):3726

Aguado A, Bernasconi L, Jahn S, Madden PA (2003) Faraday
Discuss 124:171

Aguado A, Madden PA (2004) Phys Rev B 70:245103
Aguado A, Madden PA (2003) J Chem Phys 119(14):7471
Laino T, Hutter J (2008) J Chem Phys 129(7):074102

Wang B, Truhlar DG (2010) J Chem Theory Comput 6(11):
3330

Wilson M, Madden PA (1993) J Phys Condens Matter 5:6833
Wilson M, Madden PA (1994) Phys Rev Lett 72(19):3033

Foy L, Madden P (2006) J Phys Chem B 110(31):15302
Heaton RJ, Brookes R, Madden PA, Salanne M, Simon C, Turq
P (2006) J Phys Chem B 110(23):11454

Salanne M, Simon C, Turq P, Madden PA (2009) J Fluorine
Chem 130(1):38

Bitrian V, Trullas J (2006) J Phys Chem B 110(14):7490
Bitrian V, Trullas J, Silbert J (2007) J Chem Phys 126(2):
021105

. Bitrian V, Trullas J (2008) J Phys Chem B 112(6):1718
42.

Alcaraz O, Bitrian V, Trullas J (2011) J Chem Phys 134(1):
014505

Bitrian V, Alcaraz O, Trullas J (2011) J Chem Phys 134(4):
044501

CP2K developers group. http://cp2k.berlios.de

Marrocchelli D, Salanne M, Madden PA, Simon C, Turq P
(2009) Mol Phys 107(4-6):443

Marrocchelli D, Salanne M, Madden PA (2010) J Phys Condens
Matter 22(15):152102

Norberg ST, Ahmed I, Hull S, Marrocchelli D, Madden PA
(2009) J Phys Condens Matter 21(21):215401

Marrocchelli D, Madden PA, Norberg ST, Hull S (2009) J Phys
Condens Matter 21(40):405403

Norberg ST, Hull S, Ahmed I, Eriksson SG, Marrocchelli D,
Madden PA, Li P, Irvine JTS (2011) Chem Mater 23(6):1356

50.

51.
52.

53.

54.
55.
56.

57.
58.
59.

60.
61.
62.
63.

64.
65.
. Vanderbilt D, King-Smith R (1993) Phys Rev B 48(7):4442
67.
68.
69.
70.

71.
72.

73.
74.

75.
76.
71.

78.
79.

80.
81.
82.
83.

84.

85.
86.
87.
88.

89.
90.

91.

92.

Marrocchelli D, Madden PA, Norberg ST, Hull S (2011) Chem
Mater 23(6):1365

Tangney P, Scandolo S (2002) J Chem Phys 117(19):8898
Liang Y, Miranda C, Scandolo S (2006) J Chem Phys
125:194524

Giacomazzi L, Carrez P, Scandolo S, Cordier P (2011) Phys Rev
B 83:014110

Fumi FG, Tosi MP (1964) J Phys Chem Solids 25:31

Tosi MP, Fumi FG (1964) J Phys Chem Solids 25:45
Lantelme F, Turq P, Quentrec B, Lewis JWE (1974) Mol Phys
28(6):1537

Lantelme F, Turq P (1982) J Chem Phys 77(6):3177

Anwar J, Frenkel D, Noro MG (2003) J Chem Phys 118(2):728
van Beest BWH, Kramer GJ, van Santen RA (1990) Phys Rev
Lett 64(16):1955

Oeffner R, Elliott S (1998) Phys Rev B 58(22):14791

Car R, Parrinello M (1985) Phys Rev Lett 55(22):2471
Editorial (2010) Nat Mater 9:687

Laio A, Bernard S, Chiarotti GL, Scandolo S, Tosatti E (2000)
Science 287:1027

Marzari N, Vanderbilt D (1997) Phys Rev B 56(20):12847
King-Smith R, Vanderbilt D (1993) Phys Rev B 47(3):1651

Souza I, Wilkens T, Martin RM (2000) Phys Rev B 62(3):1666
Silvestrelli PL, Parrinello M (1999) Phys Rev Lett 82(16):3308
Bernasconi L, Wilson M, Madden PA (2001) Comput Mater Sci
22(1-2):94

Bernasconi L, Madden PA, Wilson M (2002) Phys Chem
Commun 5(1):1

Silvestrelli PL, Parrinello M (1999) J Chem Phys 111(8):3572
Sagui C, Pomorski P, Darden T, Roland C (2004) J Chem Phys
120(9):4530

Hult E, Rydberg H, Lundqvist B (1999) Phys Rev B 59(7):4708
Perdew JP, Burke K, Ernzerhof M (1996) Phys Rev Lett
77:3865

Becke A (1988) Phys Rev A 38(6):3098

Lee C, Yang W, Parr RG (1988) Phys Rev B 37(2):785

Jahn S, Madden PA, Wilson M (2006) Phys Rev B 74:024112
Jahn S (2008) Am Mineral 93:1486

Hennet L, Pozdnyakova I, Cristiglio V, Cuello GJ, Jahn S,
Krishnan S, Saboungi ML, Price DL (2007) J Phys Condens
Matter 19:455210

Jahn S (2010) Acta Cryst A 66:535

Krishnan S, Hennet L, Jahn S, Key TA, Saboungi ML, Madden
PA, Price DL (2005) Chem Mater 17:2662

Jahn S, Madden PA (2007) J Non Cryst Solids 353(32-40):3500
Pozdnyakova I, Hennet L, Brun JF, Zanghi D, Brassamin S,
Cristiglio V, Price DL, Albergamo F, Bytchkov A, Jahn S,
Saboungi ML (2007) J Chem Phys 126:114505

Drewitt JWE, Jahn S, Cristiglio V, Bytchkov A, Leydier M,
Brassamin S, Fischer HE, Hennet L (2011) J Phys Condens
Matter 23:155101

Adjaoud O, Steinle-Neumann G, Jahn S (2008) Chem Geol
256(3-4):184

Adjaoud O, Steinle-Neumann G, Jahn S (2011) Earth Planet Sci
Lett 312(3-4):463

Salanne M, Simon C, Turq P, Heaton RJ, Madden PA (2006) J
Phys Chem B 110(23):11461

Cantor S, Ward WT, Moynihan CT (1969) J Chem Phys
50(7):2874

Vaslow F, Narten AH (1973) J Chem Phys 59(9):4949
Salanne M, Simon C, Turq P, Madden PA (2007) J Phys Chem
B 111(18):4678

Salanne M, Simon C, Turq P, Madden PA (2007) C R Chim
10:1131

Forsberg C (2005) Prog Nucl Energy 47(1-4):32

@ Springer


http://cp2k.berlios.de

Page 16 of 16

Theor Chem Acc (2012) 131:1143

93.

94.

95.

96.

97.

98.
99.
100.
101.

102.
103.

104.
105.
106.
107.

Pauvert O, Zanghi D, Salanne M, Simon C, Rakhmatullin A,
Matsuura H, Okamoto Y, Vivet F, Bessada C (2010) J Phys
Chem B 114(19):6472

Salanne M, Simon C, Groult H, Lantelme F, Goto T, Barhoun A
(2009) J Fluorine Chem 130(1):61

Sarou-Kanian V, Rollet A-L, Salanne M, Simon C, Bessada C,
Madden PA (2009) Phys Chem Chem Phys 11:11501

Merlet C, Madden PA, Salanne M (2010) Phys Chem Chem
Phys 12:14109

Heaton RJ, Madden PA, Clark SJ, Jahn S (2006) J Chem Phys
125:144104

Umari P, Pasquarello A (2002) Phys Rev Lett 89(15):157602
Umari P, Pasquarello A (2005) Int J Quant Chem 101:666
Resta R (1998) Phys Rev Lett 80:1800

Jemmer P, Fowler PW, Wilson M, Madden PA (1998) J Phys
Chem A 102(43):8377

Buin A, Iftimie R (2009) J Chem Phys 131(23):234507
Salanne M, Simon C, Madden PA (2011) Phys Chem Chem
Phys 13:6305

Duffy JA, Ingram MD (1971) J Am Chem Soc 93(24):6448
Angell CA (2009) J Solid State Electrochem 13:981

Aguado A, Madden PA (2005) Phys Rev Lett 94(6):068501
Rotenberg B, Salanne M, Simon C, Vuilleumier R (2010) Phys
Rev Lett 104(13):138301

@ Springer

108.

109.
110.
111.
112.
113.
114.

115.
116.
117.
118.
119.
120.
121.
122.
123.

124.

Brouder C, Panati G, Calandra M, Mourougane C, Marzari N
(2007) Phys Rev Lett 98(046402)

Silvestrelli PL (2008) Phys Rev Lett 100(5):053002

Gordon R, Kim Y (1972) J Chem Phys 56(6):3122

Barker D, Sprik M (2003) Mol Phys 101(8):1183

Lee H, Lee C, Parr RG (1991) Phys Rev A 44(1):768

Tran F, Wesolowski T (2002) Int J Quant Chem 89:441

Ohtori N, Salanne M, Madden PA (2009) J Chem Phys
130(10):104507

Zhu W, Toulouse J, Savin A, Angyén JG (2010) J Chem Phys
132(24):244108

Grimme S (2004) J Comput Chem 25(12):1463

Vydrov OA, Van Voorhis T (2010) Phys Rev A 81:062708
Fowler PW, Knowles PJ, Pyper NC (1985) Mol Phys 56(1):83
Andersson Y, Langreth DC, Lundqvist BI (1996) Phys Rev Lett
76(1):102

Yan T, Burnham CJ, Del Pépolo MG, Voth GA (2004) J Phys
Chem B 108(32):11877

Chang TM, Dang LX (2009) J Phys Chem A 113(10):2127
Yan T, Wang Y, Knox C (2010) J Phys Chem B 114:6905
Bedrov D, Borodin O, Li Z, Smith G (2010) J Phys Chem B
114:4984

Schroder C, Steinhauser O (2010) J Chem Phys 133:154511



	Including many-body effects in models for ionic liquids
	Abstract
	Introduction
	Interaction potentials
	Obtaining the parameters from force-matching and multipole-matching
	Beyond force-matching: direct calculation of parameters
	Conclusion
	Acknowledgments
	References


