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Henri Groulta,b, Marie Jardata,b∗, Frédéric Lantelmea,b, Natalie Malikovaa,b, Virginie
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Pierre Turq has made decisive contributions to the theory and to the multiscale simulation of
charged systems, such as molten salts, electrolyte solutions and colloidal suspensions, in the
bulk, at interfaces and under confinement. His research line focussed on dynamical properties
and was characterized by constant efforts to connect his theoretical work to both experiments
and practical applications. In this article, his colleagues and former students pay a tribute to
his past and current research interests by illustrating some recent developments accomplished
in his laboratory.

1. Introduction

Pierre Turq has made decisive contributions to the theory and to the multiscale
simulation of charged systems, such as molten salts, electrolyte solutions and col-
loidal suspensions, in the bulk, at interfaces and under confinement. His focus on
dynamical properties, reflected in particular by his pioneering works using Brow-
nian Dynamics for the simulation of electrolytes solutions, as well as his constant
efforts to connect his theoretical work to both experiments and practical appli-
cations, have shaped the research performed in the former Laboratoire Liquides
Ioniques et Interfaces Chargées (LI2C), which he created and directed before its
evolution to the Laboratoire Physicochimie des Electrolytes, Collöıdes et Sciences
Analytiques (PECSA) into the new Laboratoire Physicochimie et Electrochimie des
Collöıdes et Nanosystèmes Interfaciaux (PHENIX). In this article, his colleagues
and former students pay a tribute to his past and current research interests by
illustrating some recent developments accomplished in his laboratory.

The paper is organized as follows: Sections 2 and 3 first illustrate the latest
developments of analytical theories and mesoscopic simulations, respectively, for
the study of charged systems. Then, several applications are discussed: electrolyte
solutions and colloidal suspensions in Section 4, porous media in Section 5 and
finally molten salts in Section 6, .
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2. Analytical theories

P. Turq developed analytical theories and numerical simulations of charged systems
in parallel. With the considerable increase in performance of scientific computing in
the last decades, one can nowadays perform accurate simulations that were difficult
or impossible during the early stages of his career. At first glance, it may then
seem less useful to develop analytical models that are more approximate by nature.
However, although simulations allow in principle to compute macroscopic quantities
with fewer approximations than analytical theories, the results depend in practice
on a variety of parameters to describe the interactions within the system of interest.
In addition, the computational cost associated with such simulations may render
the systematic variation of the model parameters difficult – a step which is often
necessary for the comparison with experimental data. On the contrary, analytical
theories, which provide results at little cost, allow for such studies. Even today,
they remain the core of calculations of industrial or geochemical processes, which
require the description of large, inhomogeneous and time-dependent systems, with
time and length scales beyond the reach of particle-based or mesoscopic simulations.

Most analytical theories of charged species in solution considered only the de-
scription of static equilibrium properties (structure and thermodynamics). Under
the impulse of P. Turq, the analytical modeling work in his group has rather fo-
cused on the transport properties of these systems. The studies initially aimed at
two transport quantities among the best known experimentally, namely the self-
diffusion coefficient of ions and conductivity of binary electrolyte solutions, as well
as their dependance on concentration. For such systems, the description of the prop-
erties is done mainly in the context of continuous solvent models, wherein the ions
interact via potentials averaged over the solvent degrees of freedom (MacMillan-
Mayer level). The ions, seen as charged hard spheres in the so-called Primitive
Model of electrolytes, were initially described using the theories of Debye, Hückel
and Onsager, which apply only for concentrations lower than 10−2 mol.L−1. Using
the latest developments in statistical mechanics, in particular the work of L. Blum
(Mean Spherical Approximation, MSA), H. Friedman and W. Ebeling (transport at
the Smoluchowski level) and B. Bagchi (Mode Coupling Theory), P. Turq’s team
extended the description of transport properties to more concentrated solutions
and to colloidal suspensions, as well as to other phenomena, such as mutual diffu-
sion or acousto-phoresis [1]. One of the main contribution has been to include the
effect of hydrodynamic interactions between ions, accounting for their finite size,
and the coupling between long-range hydrodynamic and electrostatic interactions.

A continuous line of research in his group has been the comparison of analyt-
ical theories with both experimental data on the thermodynamic and transport
properties and numerical simulations performed in the group at the same level of
description of the system, in particular with Brownian Dynamics (for a review,
see [2]). While the former comparison allows to determine the parameters associ-
ated with a given experimental system (e.g. hydrated ionic radii), the latter allows
to assess the validity of analytical theories for a given description of that system.
One of the successes achieved in recent years is the ability to describe the properties
of electrolyte mixtures, such as their conductivity, only from the knowledge of the
parameters for the simple binary electrolytes [3]. The group has also extended this
analytical approach to various complex systems (see following sections), including
e.g. micellar systems [4, 5] clay powders [6, 7], or humic and fulvic acids which are
ionized in aqueous solutions [8, 9]. This latter application is illustrated in Figure 1.

Recent developments also include the improvement of the continuous solvent
models underlying these analytical theories. While the ions are generally treated
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Figure 1. Electrical conductivity of humic acid solutions at pH=8 and 298.15 K as a function of concen-
tration: experimental data (circles), MSA-transport calculations (solid line); ideal conductivity (dashed
line) and Onsager limiting law (dotted line). Reprinted from [8] with permission from Elsevier.

as charged hard spheres, using in addition linearized theories to determine their
static and dynamic properties, such a description fails to account for interactions at
short distance, in particular when the electric charge of these ions is large, or when
the dielectric constant of the solvent is low. Other kinds of interactions (specific
or chemical) may also play an important role at short distance. In collaboration
with L. Blum, P. Turq’s group extended the MSA theory, applied in this context
only to charged hard spheres, by also taking into account short range attractive
potentials. This extension was then successfully applied to the properties of actinide
or lanthanide aqueous solutions, also in the presence of concentrated nitric acid [10–
14], and to bulky ions in solution, as a first step toward the description of ionic
liquids as alternative media for synthesis, separation or liquid-liquid extraction [15].

Finally, these short-range interactions can be extracted from all-atom molecu-
lar simulations, in the framework of a multi-scale coarse-graining strategy. More
precisely, the effective potential between two ions in solution, averaged over the
solvent degrees of freedom, can be computed directly from molecular simulations,
or more efficiently using a variational approach based on analytical theories for the
free energy of the ionic solutions [16–18]. Taking into account the specific short-
range interactions derived from molecular simulations improves the description of
thermodynamic properties. The application to transport with analytical theories
and mesoscopic simulations remains to be investigated.

3. Simulation at the mesoscopic scale

The second class of theoretical tools for the description of transport in charged
systems in which P. Turq and his collaborators were involved, is computer sim-
ulation. In particular, P. Turq’s team largely contributed over the years to the
development of simulation schemes able to investigate the dynamics of ions and
charged nanoparticles in solution, as well as the dynamics of charged species under
confinement.

Algorithms based on continuous solvent models that account for the Brownian
fluctuations induced by the solvent were introduced in the 1970’s. In a pioneering
work done in collaboration with F. Lantelme and H.-L. Friedman [19], P. Turq
proposed an algorithm based on a generalized Langevin equation, firstly applied to
compute the self-diffusion coefficients of ions in aqueous solutions. Another famous
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algorithm for Brownian Dynamics (BD) simulation was proposed by Ermak [20]
which was based on an overdamped Langevin equation. Nevertheless, both these
algorithms neglect the momentum transport through the solvent which leads to
long range hydrodynamic interactions (HIs) between solutes. Shortly thereafter,
Ermak and McCammon thus proposed to add a simple representation of HIs to
the overdamped Langevin equation using an approximate mobility matrix instead
of the scalar friction coefficient [21]. Brownian dynamics simulations with HIs fol-
lowing the Ermak and McCammon algorithm became extremely popular to study
the kinetics of biological reactions but were seldom applied to the case of ionic
solutions [22]. Indeed, from the computational point of view, BD simulations have
two weaknesses: (i) Computing the stochastic displacement requires at each sim-
ulation step the evaluation of the square root of the mobility tensor, which is a
time consuming operation, (ii) For systems where steep short-range repulsions or
deep minima exist, such as systems with electrostatic interactions, extremely small
time steps must be used to avoid unphysical displacements due to the stochastic
contribution.

To enhance the efficiency of BD simulations, many efforts have been devoted to
the computation of the square root of the mobility matrix, and several approxi-
mations have been proposed [23–25]. Another strategy is to increase the time step
while keeping trajectories as close as possible to the ones that would be obtained
in the zero time step limit. In 1999, such an efficient scheme was proposed by the
team of P. Turq [26]: At each time step, the probability of the solutes displace-
ments are computed thanks to a smart Monte Carlo algorithm [27]. This method
was shown to provide reliable estimates of the self-diffusion coefficients of ions and
of the electrical conductivity for simple electrolyte solutions [26, 28, 29] and micel-
lar solutions [4, 30, 31] described by the primitive model of electrolytes. Moreover,
it was shown that HIs enhance the self-diffusion coefficient of solutes, in agreement
with mode-coupling results [32].

The group also extended the BD scheme in order to study the dynamic prop-
erties of charged nanoparticles in solution: The different length and time scales
associated with nanoparticles and small ions make this task a real challenge. In
particular, the simulation must be long enough to ensure a sufficient displacement
of the slowest particle. To achieve this goal, a multiscale strategy based on BD was
introduced. Within this new procedure, two BD simulations are performed: (1)
The first one investigates the time scales of the counterions and coions with only
one nanoparticle in the simulation box but explicit microions, (2) The second one
investigates the longer time scale of the nanoparticles, with numerous nanoparti-
cles in the simulation box but implicit microions. This is illustrated on Figure 2.
This allowed us to calculate for a model system each transport coefficient (self-
and mutual diffusion coefficients, electrical conductivity, electrophoretic mobility)
with a high accuracy and a short computational time [33, 34].

Nevertheless, the treatment of HIs in BD suffers from other limitations: Pairwise
approximations of the diffusion tensor exist for bulk solutions but scarcely for
systems under confinement, and even in the bulk such approximations are valid
only for dilute systems (typically with volume fractions smaller than 10% [36]). An
appealing coarse-grained simulation method which allows one to overcome both
these difficulties has been proposed by Malevanets and Kapral in 1999 [37]. In
this Stochastic Rotation Dynamics (SRD) algorithm, also named Multiple Particle
Collision Dynamics [38], the fluid is represented by point particles that only interact
through the so-called collision steps where momentum exchanges occur. Between
collision steps, fluid particles undergo ballistic motion. As this algorithm conserves
momentum and energy, it generates the correct Navier-Stokes hydrodynamics. In
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Figure 2. Principle of a two-scale Brownian Dynamics simulation of nanoparticle suspensions: Simulations
with explicit micro-ions first provide the Potential of Mean Force between two nanoparticles and the self-
diffusion coefficient of a single nanoparticle, which are then used in simulations where the effect of micro-ions
is accounted for implicitely. Reproduced from [35] with permission from The Royal Society of Chemistry.

order to describe solutions and suspensions, a fluid bath described via SRD can be
coupled to an explicit molecular dynamics of interacting solute particles.

The group recently applied this simulation method to the description of the
transport properties of suspensions of charged solutes, performing in particular a
thorough comparison of two ways of coupling solutes to the solvent with SRD from
the literature to BD with and without explicit HIs. This study showed that one of
the coupling scheme, whereby the solutes interact through direct forces with the
solvent, generating slip boundary conditions, provides results similar to those of
BD with HIs for the diffusion coefficients and for the electrical conductivity. The
other coupling scheme, in which solutes participate in the collisional step, predicts
diffusion coefficients close to those obtained by BD simulations without HIs but ac-
counts for part of the influence of hydrodynamics on the electrical conductivity [39].
Our comparative study also showed that, from the point of view of numerical effi-
ciency, BD, because it is based on an overdamped equation of motion and assumes
that the solvent is a continuous medium, is much more efficient than SRD-based
simulations to compute trajectories over time scales larger than the diffusion time
scale. Of course, outside the range of application of BD (i.e. for concentrated sys-
tems and systems under flow or under confinement), resort to SRD-based or other
algorithms is mandatory.

The description of the transport of charged species through complex porous me-
dia requires an even coarser description and the group also participated in the
development of another mesoscopic simulation method, which couples a hydro-
dynamic description to a free energy functional accounting for the interactions
between solvent and charged solutes. This method, called Lattice Boltzmann Elec-
trokinetics (LBE) is implemented in a hybrid lattice-based algorithm [40]. The team
proposed recently to extend this scheme in order to account for the osmotic contri-
bution to the transport of ions and solvent in charged porous media [41]. Moreover,
LBE calculations were validated against approximate analytic expressions of all the
transfer coefficients which couple the solvent and ionic fluxes through a charged
pore under the effect of pressure, electrostatic potential, and concentration gra-
dients at the Poisson-Nernst-Planck and Navier-Stokes levels of description [41].
Current developments include the use of these transfer coefficients as input for
coarser descriptions of transport on larger scales in the framework of the pore net-
work model, wherein the void space of the porous medium is represented by an
idealized geometry of pores joined by channels.

5



December 16, 2013 Molecular Physics article

4. Electrolytes solutions and colloidal suspensions

All the theoretical developments introduced by P. Turq, whose current outcomes
have been described above (see Sections 2 and 3), were always very close to the
experimental determination of the properties under scrutiny. Here follow three
notable examples of recent research on topics inspired by P. Turq: electrolytes,
micellar systems and colloidal dispersions.

4.1. Electrolytes

Since the beginning of his scientific career, one of P. Turq’s main interest has been
the dynamics of small charged systems, namely electrolyte solutions, for which his
contribution is substantial. Even if this subject might now appear rather outdated,
some properties remain to be unveiled as Werner Kunz, one of P. Turq’s former
post-doctoral students, admits in his recent book on specific ion effects [42]:

It is still a fact that over the last decades, it was easier to fly to the moon than to
describe the free energy of even the simplest salt solutions beyond a concentration of
0.1 mol.L−1 or so.

The use of both analytical theories and mesoscopic simulations made it possible
to investigate the dynamic properties of concentrated electrolyte solutions, mainly
self-diffusion coefficients [32] and electrical conductivity [3, 26, 28, 29], since ex-
perimental data are rather easily found in the literature or can be determined e.g.
by PFG-NMR or radiotracer techniques [43–45]. For more complex ions, such as
larger hydrophobic ones, the great complementarity between the theoretical meth-
ods described above and neutron scattering allowed us to understand not only the
structure of these solutions [46, 47] but also their dynamics with the help of quasi-
elastic scattering experiments [48]. The theoretical approaches initiated by P. Turq
also allowed to shed some light on the electro-acoustic phenomenon in electrolyte
solutions [1].

4.2. Micelles

One of the first contributions of P. Turq on micellar systems was to assess the
influence of the micelle-monomer exchange on the diffusion coefficient [49, 50]. If
the normal mode approach used then still remains insightful [35], other analytical
theories (mainly MSA-Transport) have been successfully used to assess the charge
and the radius of micellar aggregates from conductivity measurements, taking into
account the interactions between all charged species in solution [4]. This method
has also proven successful to determine the extent of premicellization, that is the
formation of small surfactant aggregates before the critical micellar concentration
(cmc): The shorter the chain of the surfactant, the larger the pre-micellization [5].

The mesoscopic simulations initiated by P. Turq have also been efficiently used
on micellar systems to understand their dynamics or to derive effective charges [31].
More recently, a very efficient scheme described in Section 3 was developed using
a two-scale BD strategy, taking into account the direct and hydrodynamics inter-
actions between all solutes in solution. The associated reduction in computational
cost compared to BD with explicit micro-ions made it possible to include it in a fit-
ting procedure, opening the way to the efficient and accurate determination of the
hydrodynamic radius of micelles in solution from PFG-NMR measurements [35]
(see Figure 3). The parameters derived from this method are more robust than
if they were obtained from analytical formulæ, since the simulations avoid most
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approximations included in the analytical treatments.

Figure 3. NMR self-diffusion coefficient of Tetradecyl-Trimethyl-Ammonium Bromide (TTA) as a function
of its concentration, in presence of sodium bromide, for a fixed total bromide concentration cBr=10 mM.
Lines are theoretical predictions for different micelle radii amic and critical micellar concentrations CMC.
Reproduced from [35] with permission from The Royal Society of Chemistry.

4.3. Colloids

If the main application of the theoretical tools initiated by P. Turq has been de-
voted to charged systems, with particular focus on electrolyte solutions, they have
recently been extended to other features of colloidal suspensions. One example is
the dispersion of magnetic nanoparticles, often called ferrofluids. For these systems,
the use of BD (see Section 3) made it possible to understand how the structure
of these dispersions is modified under the influence of an external magnetic field,
as probed by Small-Angle Neutron-Scattering (SANS) [51]. Our study confirmed
that the strong electrostatic repulsion needed to ensure the colloidal stability of
the dispersion is predominant, but that this repulsion is modulated by the applied
field.

Experimentally, the orientation of the particles can be determined not only from
the sample magnetization but also, since the nanoparticles display an anisotropy of
optical index, from the birefringence of the suspension. Using BD, we could eval-
uate not only the stationary properties for a constant external field, but also the
response of the system to a pulse of magnetic field, thanks to a non-equilibrium
simulation [52], that can be directly compared to the equivalent experimental de-
termination [53]. From these simulations, is appears that the relaxation process
markedly slows down with increasing volume fraction, whereas hydrodynamic in-
teractions have a small but systematic effect of lengthening the relaxation times.
The dynamical process are mainly driven by the strong dipolar interaction caused
by the initial alignement of the magnetic dipoles during the pulse.

5. Porous materials

A final example of systems involving charged interfaces for which P. Turq’s impulse
has fostered many developments is that of porous materials. Their study is a natural
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extension of that of colloidal suspensions, as the porous solid can be seen, from
the point of view of the charged fluid embedded in the pores, as their concave
counterpart, in a regime of very high solid to liquid ratio. The properties of the
pore fluid differ from that in the bulk due to both the presence of interfaces with
the solid walls and, in particular as far as dynamical processes are concerned,
the geometric effects of confinement. Here follow examples of porous materials
investigated in P. Turq’s laboratory in the contexts of Energy and environmental
applications.

5.1. Ionomer membranes

An example of P. Turq’s early interest in charged porous materials is that of
ionomer membranes such as Nafion. Ionomers are appealing systems because they
are intermediate between polyelectrolytes and non charged polymers. The moder-
ate amount of charges they carry, ca. 1-2 meq/g, induces a complex organization
inside the membrane with hydrophobic and hydrophilic domains. The latter pro-
vide a network where water and ions can move. The pioneering approach of Turqs
team was to combine on the one hand several experimental techniques (quasi-elastic
neutron scattering, NMR and radiotracer) in order to provide a multiscale insight
into the transport inside the membrane [43, 45] and on the other hand to combine
the advanced theoretical tools (MSA-transport theory) and experiments in order
to interpret conductivity and dielectric spectroscopy experiments [54].

5.2. Clays

The most studied porous materials in his group are clay minerals, in the context
of the geological disposal of nuclear waste. These lamellar aluminosilicates display
a variety of pores covering several orders of magnitude in size. On the molecu-
lar scale, interlayer pores between the charged mineral layers contain counterions
and may swell due to the hydration of the latter. Larger pores between stacks of
clay layers (called particles), with sizes in the range of hundreds of nanometers,
contain fluids with properties closer to the bulk ones, even though the charged
solid/fluid interfaces play an important role due to the long range of electrostatic
and hydrodynamic interactions.

P. Turq’s group investigated the interlayer structure and dynamics using a combi-
nation of molecular simulation (molecular dynamics and Monte Carlo) and exper-
imental tools. In particular, water diffusion coefficients in the interlayer nanopores
of natural and synthetic clays could be measured on time scales comparable to
molecular simulations using QENS experiments (time-of-flight and spin echo). The
diffusion of water is slowed down when confined between clay layers separated
by distances lower than 20 Å [55, 56]. Conversely, the comparison with experi-
ments demonstrated the shortcomings of the force fields used in molecular simula-
tions [57, 58]. Understanding the dynamics of interlayer cations on the molecular
scale allowed to propose a simple diffusion/adsorption scheme [59], which was then
used to model some relaxation processes for the interpretation of dielectric spec-
troscopy experiments [5, 6, 60]. The group further studied the dynamics and ther-
modynamics of water and ion exchange between the smallest (interlayer) and larger
(interparticle) pores by combining of molecular simulations with microcalorimetry
experiments [61, 62]. Future NMR relaxometry experiments analyzed in the light
of molecular simulations should provides new insight into dynamical processes over
a wide range of time scales.

The behaviour of the first fluid layers in interparticle pores deviates from that of
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Figure 4. Multiscale simulations used to deal with the wide range of length and timescales over which
relevant processes occur in clays: From ab initio simulations to investigate the reactivity of surface sites to
highly coarse-grained models described in Section 3, including many studies on the molecular scale using
classical molecular simulations. Each level of description can be calibrated on a finer one, in the framework
of a bottom-up approach.

the bulk liquid. This was shown by the analysis on the molecular scale the structure
and dynamics of water and adsorbed ions [63], including in the presence of CO2 for
applications to the sequestration of this greenhouse gas in saline aquifers [64]. The
wettability of clay minerals depends on delicate balance of interactions with the
surface [65] and has an important influence on the hydrodynamic behaviour (stick
or slip) of the surface [66, 67], as also observed e.g.in silica nanopores [68]. Such
a molecular scale understanding of the mineral/water interface also provided the
basis of improved mesoscopic models with an implicit solvent [67, 69, 70], which
can be used for the simulation on larger scales, as illustrated in Figure 4. Such
simulations will greatly benefit from the recent developments of imaging techniques,
which should provide realistic descriptions of these complex materials, and of the
modelling tools described in Section 3.

5.3. Nanoporous carbons

A last recent example of studies on porous media is that of ionic liquids confined in
nanoporous carbon electrodes, with applications to electric energy storage in super-
capacitors. In collaboration with the experimental group of P. Simon (Université
Paul Sabatier, Toulouse, France), the team investigated using molecular simulation
the microscopic processes at the origin of the large capacitance observed with car-
bide derived carbons (CDCs) electrodes. This study demonstrated how the charging
mechanism in these materials differs from that at a planar graphite electrode [71]
and that highly confined ions store charge more efficiently in the nanopores [72].

6. Molten salts

A final class of systems investigated by P. Turq and in which his group is still
active is that of molten salts, which are high temperature liquids consisting only of
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ionic species. They do not contain any neutral molecule and are often considered
as “solvent-free” electrolytes. They can be used in many contexts, ranging from
metal production [73] to solar [74] and Generation IV nuclear power plants [75, 76].
Understanding the transport properties of molten salts is therefore of particular
importance. Nevertheless, due to their high melting points and their corrosive be-
haviour, the study of molten salts often requires the development of original ex-
perimental setups. In addition, due to their large charge density, simple liquid
theories often do not apply. To overcome these difficulties, in collaboration with
F. Lantelme, P. Turq performed a series of pioneering molecular dynamics studies
on the properties of molten chlorides [77–80]. This allowed them to determine in
particular the isotope substitution [78] and mixing [79] effects on the self-diffusion
coefficients. Experimental and theoretical works in the group also contributed to a
better understanding of molten KF-2HF mixtures, with application to fluorine pro-
duction [81]. More recently, P. Turq started a fruitful collaboration with the group
of P. Madden in order to study molten fluorides, in the context of the Molten Salt
Fast Reactor project [82].

For being predictive, the molecular dynamics simulations, which use polarizable
interaction potentials [83], need first to be validated on the largest possible amount
of experimental data. In molten fluorides, many transport properties remain un-
known, so that a strategy based on systematic measurements of the electrical con-
ductivity was set up [84]. This property was chosen because of its collective nature.
If the self-diffusion coefficients are also known [85], it allows to determine the im-
portance of the cross-correlations between the ionic species. It therefore provides
an excellent test of the interaction potentials used in the simulations. Experimen-
tally, the electrical conductivity is obtained by an electrochemical method, i.e. by
impedance measurements at the open circuit potential. In simulations, it can either
be determined from the electric current auto-correlation function (using a Green-
Kubo relation) or from the mean-squared displacements of the ions (taking into
account all the cross-correlations).

Mixtures of LiF-NaF-ZrF4 and LiF-YF3 with varying compositions were inves-
tigated [84–86]. In all cases, a very good agreement between experiments and sim-
ulations was obtained. The first implication is that the latter, which were also
validated on structural properties [82] could then be used to determine other prop-
erties, such as the viscosity, the heat capacity, the thermal conductivity, etc. All
these properties are important for the design of a nuclear reactor. But the knowl-
edge of the electrical conductivity of a molten salt is also useful for understanding
its particular physical chemistry. A first hint on the impact of the structure on
the transport properties can be obtained by comparing the calculated/measured
electrical conductivity with the Nernst-Einstein approximation,

κNE =
e2

kBT

∑
i

ρiz
2
iDi, (1)

in which kB is the Boltzmann constant, T the temperature, e the elementary
charge; ρi, zi and Di are respectively the number density, the algebraic charge
and the self-diffusion coefficient of ionic species i. This relation neglects the ionic
correlations. In the special case of molten salts it is therefore expected to be a
very poor approximation. Surprisingly, it provides an estimate of the correct or-
der of magnitude [84]. In the LiF-NaF eutectic, the agreement is very good. In
fact, this is due to the presence of strong cancellation effects between the various
cross-terms, so this agreement does not mean that the Nernst-Einstein is valid in
molten salts. As soon as YF3 or ZrF4 are present in the molten salt, the deviation
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of the real conductivity from the Nernst-Einstein one becomes more evident. This
is due to the formation of particular coordination shells of fluoride anions around
the multivalent Y3+ and Zr4+ cations, as illustrated in Fig. 5.

Indeed, our simulations showed that Y3+ and Zr4+ cations favor high coordi-
nation numbers, ranging from 6 to 9 (the distribution of coordination numbers
vary with the composition of the molten salt). Therefore, when their concentration
increases, larger Y-F and Zr-F cross-correlations occur in the melt, thus lower-
ing both the absolute value of the electrical conductivity and its deviation from
Nernst-Einstein equation. In parallel, an increase of the viscosity and a decrease
of all the diffusion coefficients is also obtained. The lifetime of the Y-F and Zr-F
bonds were evaluated by calculating the cage-out correlation functions, which mea-
sure the probability for one anion to leave the coordination shell of the cation at a
given time. This analysis shows that the coordination shell of the zirconium ion is
much longer lived, which explains that the slowdown of the transport properties is
stronger in this melt than in the yttrium-based one.

Figure 5. Snapshot extracted from a simulation of the LiF-YF3 mixture at x(YF3)=0.15. Large blue
spheres: Y3+, medium green spheres: F− and small pink spheres: Li+. Bonds are drawn for Y-F pairs

separated by less than 2.3 Å illustrating the formation of a complex network of bonded species.

7. Conclusion and perspectives

Under the impulse of Pierre Turq, his former students and colleagues have come to
appreciate the value of combining theoretical and experimental approaches, as well
as the great source of information provided by dynamical properties. We would
like to acknowledge his support and guidance and we wish him a happy seventieth
birthday.
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[51] G. Mériguet, M. Jardat and P. Turq, J. Chem. Phys. 121 (12), 6078 (2004).
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[72] C. Merlet, C. Péan, B. Rotenberg, P.A. Madden, B. Daffos, P.L. Taberna, P. Simon and M.

Salanne, Nat. Commun. 4 (2013).
[73] G.Z. Chen, D.J. Fray and T.W. Farthing, Nature 407 (6802), 361 (2000).
[74] E. Cartlidge, Science 334, 922 (2011).
[75] L.C. Dewan, C. Simon, P.A. Madden, L.W. Hobbs and M. Salanne, J. Nucl. Mater. 434, 322

(2013).
[76] E. Sooby, A. Baty, O. Benes, P. McIntyre, N. Pogue, M. Salanne and A. Sattarov, J. Nucl.

Mater. 440, 298 (2013).
[77] F. Lantelme, P. Turq, B. Quentrec and J.W.E. Lewis, Mol. Phys. 28, 1537 (1974).
[78] F. Lantelme and P. Turq, J. Chem. Phys. 67, 3869 (1977).
[79] F. Lantelme and P. Turq, J. Chem. Phys. 77, 3177 (1982).
[80] F. Lantelme and P. Turq, J. Chem. Phys. 81, 5046 (1984).
[81] H. Groult, S. Simon, A. Mantoux, F. Lantelme and P. Turq, in Fluorinated Materials for

Energy Conversion”,, edited by T. Nakajima and H. Groult (, , 2005), pp. 1–29.
[82] M. Salanne, C. Simon, P. Turq, R.J. Heaton and P.A. Madden, J. Phys. Chem. B 110, 11461

13



December 16, 2013 Molecular Physics article

(2006).
[83] M. Salanne and P.A. Madden, Mol. Phys. 109, 2299 (2011).
[84] M. Salanne, C. Simon, H. Groult, F. Lantelme, T. Goto and A. Barhoun, J. Fluorine Chem.

130, 61 (2009).
[85] M. Levesque, V. Sarou-Kanian, M. Salanne, M. Gobet, H. Groult, C. Bessada and A.L.

Rollet, J. Chem. Phys. 138, 184503 (2013).
[86] A.L. Rollet, M. Salanne and H. Groult, J. Fluorine Chem. 134, 44 (2012).

14


