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ABSTRACT: Improvement of the industrial electrolytic process for
aluminum production necessitates a thorough understanding of the underlying
ionic structure of the electrolyte, which mainly comprises NaF and AlF3 at
around 965 °C. The chemical and physical properties of this melt strongly
depend on the aluminum speciation, which requires a multipronged approach
in order to clarify its properties. Here we parametrize a new polarizable ion
model (PIM) interatomic potential for the molten NaF−AlF3 system, which is
used to study the liquid properties up to 50 mol % of AlF3 at high
temperatures. The potential parameters are obtained by force fitting to density
functional theory (DFT) reference data. Molecular dynamics (MD)
simulations are combined with further DFT calculations to determine NMR
chemical shifts for 27Al, 23Na, and 19F. An excellent agreement is obtained with
experimental values. This enables the study of the dynamic properties of the
melts such as viscosity, electrical conductivity, and self-diffusion coefficient.

■ INTRODUCTION

Molten fluorides are investigated for their importance in many
metallurgical processes1−3 such as the Hall−Heŕoult process for
aluminum smelting.4−7 In the industrial process the alumina
(Al2O3) is dissolved in a mixture of NaF, AlF3, and some
additives at an operating temperature around 965 °C.4 Under
such high-temperature conditions, these liquids are corrosive
and air sensitive, making the experimental approaches difficult.
As a consequence, the knowledge of their physical properties,
such as viscosity, electrical conductivity, and the speciation, is
limited. The results obtained by different techniques may even
be in disagreement with each other.4 Different studies were
carried out in order to obtain the structure of NaF−AlF3
mixtures at high temperature. Raman8,9 and NMR5,7 spectros-
copies have succeeded in identifying and in quantifying the
anions present in the system, i.e., free F−, as well as different
aluminum-bearing fluorinated species, AlF6

3−, AlF5
2−, and

AlF4
−. However, the exact concentration of AlF5

2− anions
remains a controversial issue. For example, Dewing concluded
from his thermodynamic models based on activity data that
AlF5

2− should be a major entity,10 in contradiction with the
model of Solheim and Sterten.11 The existence of free fluoride
ions in cryolite melts has also been challenged by Khramov and
Shurov12 with a formal stoichiometric study. Finally, the
existence of bridged complexes in these melts (i.e., the presence
of Al−F−Al bonds) has been examined from some authors. Yet

it is difficult to make explicit predictions on the structure of
dimers in cryolitic melts. Both thermodynamic models from
Dewing10 and from Solheim and Sterten11 predicted the
existence of the complex Al2F7

−.
Nowadays molecular dynamics (MD) simulations are a

complementary approach for understanding the chemistry of
molten salts. Liska et al.13 used the Born−Mayer type pair
potential functions (PPFs) to study molten cryolite (Na3AlF6)
and concluded that the average coordination number of
aluminum is AlF6

−. However, these results do not agree with
experimental data that have shown that 6-fold coordinated
aluminum is present at low percentage only. Further MD
simulations using a polarizable ionic potential were performed
for the cryolite (Na3AlF6), chiolite (Na5Al3F14), and NaAlF4
compositions within the NaF−AlF3 binary system,14−16 in
which the speciation and the lifetime of fluoroaluminate species
were calculated. The 5-fold coordinated AlF5

2− ion was
concluded to be the main species in cryolite. The Raman
spectra were also calculated from the latter work, providing a
general good agreement with only a few differences between
the experimental and the calculated vibrational frequencies:
The absolute positions of the calculated Raman bands are about
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100 cm−1 higher, but the trend from Na3AlF6 to NaAlF4 is
nevertheless well reproduced. The observed differences were
attributed to the fact that the interaction potential had been
derived for the crystalline state, while the comparison was made
in the liquid state. Polarizable ion models were also used to
simulate the ionic motion in crystalline cryolite,17 the ionic
structure of the molten LiF−ZrF4 system,18 as well as the
thermal conductivity of molten cryolite.19 More recently, a
DFT-based MD study was aimed at simulating cryolite in
various states, ranging from the low-temperature solid (α) to
the high-temperature solid phase (β) and to the molten state.20

In the liquid, coordination numbers of 4, 5, and 6 were
observed. The authors also observed the formation of fluoride-
bridged complexes with compositions Al2F8

2− (6%), Al2F9
3−

(50%), Al2F10
4− (37%), and Al2F11

5− (7%).
Despite these various studies, we lack a precise knowledge of

the nature of the complexes, their lifetime, and their evolution
with the melt composition and the temperature. In particular,
quantitative agreement between the experimental and the
simulation data remains to be achieved. To this end, we
introduce in this work a new polarizable interaction potential
for NaF−AlF3 melts. All the parameters involved in the
potential are extracted from first-principles density functional
theory (DFT) calculations through an extended dipole-
matching and force-matching procedure.21−23 We validate it
on a large range of system compositions, by computing the
NMR chemical shifts of each nucleus at the DFT level,24,25

which are performed on configurations generated along the
simulations without further optimization. The chemical shift is
one of the most sensitive markers of the local structure. It is
sensitive to the first neighbors, i.e., to the coordination numbers
and the corresponding bond length. The calculated parameters
are compared with the in situ NMR experimental values. A
quantitative agreement is obtained, which allows us to describe
accurately the structure of the melts. We then interpret the
variations of a series of physical properties in light of the
presence of the various species and calculate the transport
properties of the melt.

■ METHODS
NMR Experiments. High-temperature NMR measurements

were performed on a laser heating NMR setup developed at
CEMHTI Orleans (France) using a Bruker AVANCE I NMR
spectrometer operating at 9.4 T. The CO2 lasers (λ = 10.6 μm,
250 W) heat directly the top and the bottom of the container
with the sample, allowing them to reach temperatures up to
1500 °C. The experimental setup has been described in detail
in previous publications.26−28 The samples were put in a boron
nitride crucible air tightly closed by a screw cap. Crucibles are
protected from oxidation during the experiments at high
temperature by a continuous argon flow. The spectra were
collected for several NaF−AlF3 compositions, ranging from 5 to
50 mol % of AlF3 where the chemical shifts of all nuclei (27Al,
23Na, 19F) are referenced to 1 M aqueous solutions of
Al(NO3)3, NaCl, and CFCl3, respectively.
In the liquid state, the rapid tumbling of species averages the

anisotropic (direction-dependent) shielding components to
zero. The chemical shift is therefore only described by the
isotropic chemical shift due to the rapid time-averaged
molecular motion. This causes a narrow signal, giving rise to
the isotropic chemical shifts for each species: δiso = [σref − σiso].
The isotropic tensor (σiso) representing the screening on the
core is equal to the average of the tensor’s diagonal elements:

σiso = (σxx + σyy + σzz)/3. Moreover, in molten fluorides, the
different species present in the system are in rapid exchange
compared to the NMR time scale, which results in a single
Lorentzian line instead of several narrow signals from each
chemical species. Its position (in ppm) is given by the average
over time of the chemical shifts of all configurations sampled by
the species during acquisition, weighted by their proportion,
such that δ = ∑iXAi

NδN(Ai) where, XAi

N is the atomic fraction of
nuclei N inside the species Ai and δN(Ai) is the corresponding
chemical shift.
For each experiment, the samples were heated at temper-

atures up to 1305 K. In each case, the spectra acquisition
started 5 min after reaching the desired temperature to ensure
that thermal equilibrium was reached. The NMR signals for 19F,
23Na, and 27Al were then recorded sequentially. The
experimental values reported in this work are in good
agreement with previous published data obtained by Lacassagne
et al.5 and Nuta et al.,7 where only the bottom part of the
crucible containing the samples was heated by a CO2 laser (λ =
10.6 μm, 120 W). In the present work a better temperature
homogeneity is expected to the dual heating of the sample from
the top and the bottom.
High-temperature NMR also provides an accurate measure-

ment of self-diffusion coefficients through the use of pulsed
field gradient NMR. An external linear magnetic field gradient
is applied along one sample axis, enabling us to track the
positions of the studied nuclei. Combined with the laser
heating, in situ self-diffusion coefficients were measured in the
melts up to 1305 K.26,29

Polarizable Ion Model. The general form of the
interatomic potential used for the study of molten fluorides is
derived from the Born model30 which separates the interactions
between the various species into pairwise additive interactions.
For each ion pair, the model is composed of four separate
elements, Vtotal = Vcharge + Vrepulsion + Vdispersion + Vpolarization, that
represent (i) the Coulombic interactions between the charges
(which are the formal valence charges), (ii) the overlap
repulsion between the electronic clouds around each ion, (iii)
the dispersion component which includes dipole−dipole and
dipole−quadrupole dispersion terms, and (iv) the dipole
polarization effects. The polarization contribution is specific
to this model. It represents the response of the electronic cloud
of a given ion to the local electric field due to the other ions.
This polarization effect plays an important role in the formation
of highly coordinated multivalent ions in molten fluorides as
well as in the dynamic properties such as the diffusion of ionic
species.31 A detailed description of the analytical expressions
used in this work is presented in the Supporting Information.

Potential Parametrization. The potential parametrization
calculations were performed on nine high-temperature ionic
configurations to cover a wide range of compositions going
from 5 to 50 mol % of AlF3. The use of several configurations
during the potential parametrization allows a better and
importantly more robust description of the binary system.
For each of them, reference DFT calculations were made in
order to obtain the forces and dipoles of each atom and the
stress tensor of the cell. Each simulation cell contained
approximately 200 ions. The DFT calculations were carried
out by using a generalized gradient approximation (GGA) with
a Perdew, Burke, and Ernzerhof (PBE) exchange-correlation
functional32 as implemented in the Vienna ab-initio simulation
package (VASP).33−36 In previous works, the dispersion
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parameters were not included in the fitting procedure, but they
were fixed to some given values. The novelty is that, in the
present study, dispersion interactions are explicitly calculated
through the use of the DFT-D3 correction37 which gives a
better representation of the interaction. The plane-wave cutoff
energy (Ecut) was fixed to 800 eV after several tests on the
convergence of the total energy of the system. For fluorine, a
core radius of 1.52 Å was used with 2s and 2p valence orbitals,
and for aluminum the core radius was 1.9 Å with 3s and 3p of
valence orbitals, and for sodium 1.5 Å with 2s, 2p, and 3s. The
dipoles were extracted using the maximally localized Wannier
function (MLWF) formalism.38−40 As to the forces acting on
each ion and the stress tensors, they are determined directly
from each DFT calculation using the Hellmann−Feynman
theorem.
Then the polarizable ion model (PIM) is parametrized by

simultaneously minimizing the following objective function
using a nongradient simplex and MIGRAD method41 as
implemented in the package MINUIT: χ2 = φχForces

2 + δχDipoles
2 +

γχStress
2 , where φ, δ, and γ are the weight of each component,

and in our study, φ = δ = 1 and γ = 0.1. In practice, this is done
by minimizing the following eqs 1−3

∑ ∑χ =
| − |

| |= =N N
F F

F
1 1
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where Nc is the number of configurations, Nj the number of
ions in configuration j, Fi the force of ion i, σαβ

i the stress tensor,
and μi the dipole.
Figure 1 provides a visual representation of the matching

between the x-component of the forces (top panel) and dipoles

(medium panel) and the xx-component of the stress tensor
(bottom panel) obtained from DFT (line) and PIM (square).
The nine configurations used to parametrize the potential are
shown, which corresponds to 1812 forces and 1606 induced
dipole components (the Al ions being nonpolarizable) for each

axis (x, y, and z) and 9 sets of stress with 6 components each
(xx, xy, xz, yy, yz, and zz). The resulting parameters are
reported in Table 1.

Molecular Dynamics Simulations. The classical MD
simulations are performed with the PIM code.42−44 In a first
step, the isothermal−isobaric (NPT) canonical ensemble was
used. The temperature and the average internal pressure are
held at 1305 K and 0 GPa, respectively, by coupling the
simulation cell (which has cubic shape) to Nose−́Hoover
thermostat chains and a barostat.45,46 The relaxation time that
sets the strength of the coupling of the system to the
thermostats or to the barostat was fixed to 20 ps. The aim of
this equilibration period, whose duration is typically 100 ps, is
to allow the system to reach equilibrium prior to data
collection. The time step for integrating the equations of
motion was fixed to 1 fs.
The production phase is carried out in the canonical

ensemble (NVT). The parameters of the cubic cells
(compositions, number of atoms, and volumes) used for
simulations are provided in Table 2. The cell length is fixed to

the stable average value of the NPT run, and an example of the
variation of the density with time is shown in Figure 2, for the
configuration of 67 mol % NaF−33 mol % AlF3 at 1305 K. At
equilibrium, the density is 1.97 ± 0.08 g/cm3, which
corresponds to a cell length of 15.25 Å. The production
simulations were run from 1 to 5 ns, i.e., for a sufficiently long
time to allow the convergence of the transport properties
(viscosity, self-diffusion, and ionic conductivity...).

NMR DFT Computational Details. The isotropic chemical
shifts δiso of the three nuclei (19F, 27Al, 23Na) in the molten

Figure 1. x-component of the forces and dipoles and xx-component of
the stress tensor obtained by DFT calculations (line) and with the
fitted PIM potential (□) for a set of nine ionic configurations (values
are in atomic units).

Table 1. Pair Potential Parameters (All of the Parameters
Are Given in Atomic Units (au))a

ion pair Bij αij Cij
6 Cij

8

F− - F− 392.57 2.48 3.11 104.93
F− - Al3+ 37.97 1.88 1.89 100.43
F− - Na+ 52.4 1.97 9.43 132.55
Al3+ - Al3+ 7.57 6.50 60.0 400.00
Al3+ - Na+ 0.23 6.37 29.98 400.00
Na+ - Na+ 0.37 1.38 3.79 399.88

aThe dipole polarizabilities of fluoride and sodium ions were set to
8.158 au and 0.887 au, respectively. For aluminum the polarizability
was set to zero.

Table 2. Molecular Dynamics Simulations Conditions

no. mol % AlF3 NF
− NNa

+ NAl
3+ volume (Å3)

1 5 115 100 5 3426
2 10 124 94 10 3450
3 15 138 90 16 3405
4 20 148 85 21 3536
5 25 120 60 20 3543
6 28 122 56 22 3609
7 29 120 54 22 3726
8 31 124 52 24 4182
9 33 125 50 25 4025
10 37 126 45 27 2989
11 39 128 44 28 3954
12 45 131 38 31 4035
13 50 132 33 33 4215
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NaF−AlF3 system have been conducted with the NMR-
CASTEP code24,25 which is based on the density functional
theory (DFT) plane-wave pseudopotential framework to
compute the isotropic shielding tensor σiso representing the
screening that receives the core. By convention, the isotropic
chemical shifts are related to the shielding by a reference
shielding σref from a crystalline compound known, according to
the following relationship: δiso = σref − σiso.
Calculations of the chemical shifts are particularly sensitive to

dynamics as the shifts are nonlinear and anharmonic effects are
significant. Since the measurement time of an NMR experiment
takes a few milliseconds, it is therefore essential to account for
the motion in the calculations especially in the case of liquids.
To overcome this problem, the dynamics has been accounted
for by averaging over an ensemble of configurations generated
by classical MD at a given temperature to track the ionic
trajectories on long time scales and relatively large systems.47

The computations of NMR parameters were performed on
evenly spaced snapshots extracted from the MD simulations in
the NVT ensemble without further optimization. In the
following, we sample configurations every 100 ps. This spacing
ensures that the configurations are uncorrelated.48 To limit the
NMR computation time, we chose to work with small cubic
cells containing approximately 200 atoms rather than on large
systems while increasing the number of extracted snapshots
(10−15 according to the studied system), a procedure which
assumes that the system is ergodic. For each snapshot, the
individual chemical shielding tensor is calculated for all the
nuclei of the system. The isotropic shielding values are then
averaged to give a mean value for each atomic configuration.
This value is averaged afterward with the other values calculated
for all the configurations to find the mean value and its standard
deviation.
The calculations of chemical shielding tensors have been

done using the gauge including projector-augmented wave49

(GIPAW) method implemented in CASTEP. The PBE
functional32 was again used for the exchange-correlation energy,
and the core−valence interactions were described by ultrasoft
pseudopotentials (USPPs).50 The USPPs were generated
during “the on the fly” generator (OTFG_USPP) included in
CASTEP that allows us to choose some parameters which
govern the pseudopotential generation (Table 3) and instead to
choose a file from the CASTEP database.

The wave functions were expanded on a plane-wave basis set
with a cutoff energy of 610 eV defined after completing
convergence tests on the energy of the system (note that the
cutoff used for the force fitting was larger to ensure
convergence of the forces and of the stress tensor, which is
not necessary here). The Brillouin zone was sampled using a
Monkhorst−Pack grid51 spacing of 0.05 Å−1 corresponding to a
k-point mesh of 1 × 1 × 1. This grid is sufficient to obtain
converged isotropic chemical shielding within 1 ppm or less.
In order to assign the NMR resonances from GIPAW

computations, the definition of calibration curve relating
isotropic chemical shift and shielding is necessary. In practice
for a type of given nucleus, the link between the calculated δiso
and the computed σiso is obtained by a linear regression
between measured isotropic chemical shifts and calculated
isotropic chemical shielding for a series of solid compounds by
keeping the same pseudopotentials and functional. These
references have been chosen to cover a large domain of
chemical shifts for each type of nuclei, which, provided the
electronic structure is correct, ensure that computed chemical
shifts can be directly compared to experimental values. In the
case of 19F, we used the relationship reported by Sadoc et al.52

As for 27Al and 23Na this relationship was established in our
laboratory, resulting in the following: δiso = −1.076σiso + 590.8
and δiso = −0.840 σiso + 467.9 for 27Al and 23Na, respectively.

■ RESULTS AND DISCUSSION
The quality of the interaction potential used for MD simulation
of the NaF−AlF3 system can be assessed by comparing the
simulated physical quantities to experimental data. In the
following section, we provide quantitative comparisons of the
density, the chemical shift, the conductivity, the viscosity, and
self-diffusion coefficients. The variations of these properties
with composition are rationalized from the speciation of the
melts.

Density. The calculated and experimental53 densities are in
good agreement at 1305 K for the whole range of NaF−AlF3
compositions, as demonstrated in Figure 3. This ensures that
the simulations are performed at the correct thermodynamic
state. It is worth noting that the density undergoes nontrivial
variations, with a maximum occurring at the cryolite
composition, which is probably due to structural changes in
the melt.

Chemical Shifts. The calculated chemical shifts for the
three nuclei at the NaF−AlF3 [85−15 mol %] composition and
1305 K are reported in Figure 4. The converged values of the
calculated chemical shift are δ19F = (−206.8 ± 0.8) ppm, δ23Na
= (−1.9 ± 0.9) ppm, and δ27Al = (11.7 ± 2.1) ppm. More
significant variation is found for 27Al, and this is directly related
to the small number of Al atoms in every snapshot.
The influence of the number of snapshots extracted for NMR

calculation was tested, for two different compositions (50 mol
% and 25 mol % of AlF3). Only a small difference was observed
(±0.5 ppm for 27Al, ±0.6 ppm for 19F, and ±0.2 ppm for 23Na)
when using either 12 or 22 snapshots. These results prove that
beyond 10 snapshots the averaged chemical shift converges for

Figure 2. Variation of the density during the NPT simulation for the
[67−33 mol %] of NaF−AlF3 composition at 1305 K. The red line is
the averaged density with its standard deviation.

Table 3. Pseudopotential Parameters for NMR Calculations

atom core radius (Å) valence orbitals number of electrons

fluoride 0.74 2s and 2p 7
aluminum 1.06 3s and 3p 3
sodium 0.69 2s, 2p, and 3s 9
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such systems. The NMR parameter calculations give access to
information that is not available experimentally, due to the
rapid exchange of the different species at high temperature,
such as the “static” distributions of instantaneous chemical
shifts, shown as a black solid line in Figure 4. For instance, the
19F distribution calculated for the composition with 15 mol %
AlF3 (Figure 4) shows two very distinct contributions: one
centered at ca. −230 ppm which may be assigned to free F−

ions and another one at ca. −190 ppm assigned to F atoms
bonded to (at least one) Al atom. This separation indicates
that, even in the high-temperature melt, the instantaneous local
electronic structures around these two types of F atoms are
profoundly different. Furthermore, the 27Al distribution, when
sufficiently smoothed by averaging over an appropriate number
of snapshots, reveals a separation between the (albeit partially
overlapping) contributions from six-, five-, and (in other
compositions, not shown) four-coordinated Al atoms, centered
at −5 ± 10 ppm, 22 ± 2 ppm, and 40 ± 5 ppm, respectively.
The chemical shifts computed using the coupled MD/DFT

approach are compared with experimental data on Figure 5.

The uncertainty of the calculated chemical shift was estimated
to be ±3 ppm for 27Al and ±2 ppm for 19F and 23Na; it is
comparable with the uncertainty in NMR experimental
measurements: 2 ppm for 19F, ±3 ppm for 27Al, and ±1 ppm
for 23Na. A good agreement between the calculated and
experimental shift values is observed, which indicates that the
polarizable ion model used in these simulations is able to
reproduce accurately the local structure around each nucleus in
the NaF−AlF3 molten salt.
The variation of the 23Na and 27Al chemical shifts with the

AlF3 concentration is monotonous, which shows that the
changes of their local environment follow a simple trend. This
contrasts with 19F, for which the chemical shift shows a
maximum. At 0 mol % of AlF3 the free fluoride is the single
anionic species with a 19F chemical shift around −230 ppm, and
as AlF3 is added the fluorine chemical shift increases because of
the decrease of free fluoride contribution. A plateau is then
reached in the region corresponding to concentrations of 25−
35 mol %, followed by a decrease of the chemical shift. As for
the density, this behavior is likely to arise from the formation of
particular local environments for the fluoride anions.

Coordination Number. In order to interpret the variations
of the density and of the 19F chemical shift with composition,
we thus analyze various structural quantities. First the radial
distribution functions (RDFs), noted g(r), provide information
about the local ionic arrangement around a selected atom.
Selected partial RDFs for 31 mol % AlF3 are given in Figure 6.
The Al−F RDF has a first peak that is very intense and narrow,
which is characteristic of a strong covalent interaction leading
to the formation of well-defined coordination complexes
(AlFx

3−x). In addition, it shows a well-defined minimum with
a very low value of g(r). This indicates that the F− ions have to
cross a large barrier to exit from the first sphere of solvation of
the aluminum ions.54 In contrast, the first peak of the Na−F
RDF is much less intense and wider, revealing a loosely bound
first coordination sphere of anions around the Na+ cations. The
corresponding first neighbor distances are 1.54 Å for the pair
Al−F and 1.77 Å for Na−F.

Figure 3. Evolution of calculated (black filled square) and
experimental53 (gray filled circle) density as a function of mol %
AlF3 at 1305 K.

Figure 4. Variation of chemical shift calculation between snapshots for
the NaF−AlF3 [85−15 mol %] composition at 1305 K. Blue x
symbols: The chemical shift for each individual nucleus of the
snapshot. Black line: distribution of the chemical shift of the three
studied nuclei (19F, 27Al, and 23Na) for each snapshot. Red filled
square symbols: average of the isotropic chemical shift and its standard
deviation for each snapshot.

Figure 5. Comparison between the calculated (full markers) and
experimental (empty markers)5−7 chemical shifts depending on the
molar fraction of AlF3 at 1305 K.
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As shown in Table 4, the position of the Al−F RDF first
maximum decreases with the amount of AlF3, from 1.80 Å for

25 mol % AlF3 to 1.74 Å for 40 mol % AlF3 indicating a
decrease of the Al−F bond length. The coordination numbers
are obtained using the first minimum of the RDF as the radius
of the shell to count the number of anions around a given
cation. Furthermore, as already described in previous works,5,7

it is also possible to extract the anionic fractions of these melts
from the evolution of the 19F and 27Al experimental chemical
shifts, using eqs 4 and 5 with the chemical shift of each species
(AlFx

3−x and F−).
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The average coordination numbers around aluminum
obtained from calculations and NMR experiments are plotted
in Figure 7. A very good agreement is observed, with a decrease
of the Al coordination from 6 to 4 when the concentration of
AlF3 increases.
In Figure 8 the proportion of each species, as extracted from

the MD calculations, is compared with NMR experimental data.
Apart from a deviation of 10−15% between the two approaches
for 6-fold coordinated aluminum, a good agreement is noted for
the different species along the whole range of AlF3
compositions. It appears that AlF4

− entities start to form at
25 mol %, and it rapidly becomes the dominant fluoroaluminate
species. This species has a similar radius as the 5-fold and 6-fold
coordinated ones but a lower mass. We can therefore deduce
that its formation is at the origin of the variation of the density
shown on Figure 3.
However, concerning the chemical shift, it would be

necessary to analyze the local structure around fluoride ions.
Indeed, they can either be free, singly bonded to an aluminum
ion, or bridging between two complexes when they participate

to two bonds (which correspond to Al2Fm
6−m entities). The

corresponding fractions are provided on Figure 9. Bridging
fluorides appear for a concentration of AlF3 larger than 25 mol
%, with a corresponding fluoride fraction going up to 10%. It is
therefore clear that their formation is favored by the presence of
4-fold coordinated aluminum ions. On Figure 9, we also
reproduce the variation of the 19F chemical shift. Its decrease

Figure 6. Partial pair radial distribution functions obtained by MD for
[69−31 mol %] of NaF−AlF3 at 1305 K.

Table 4. RDF Analysis for Al−F Pairs at Different
Compositions at 1305 K

AlF3
(mol %)

position of the first maximum
(Å)

position of the first minimum
(Å)

40 1.74 2.18
33 1.77 2.22
25 1.80 2.26

Figure 7. Average aluminum coordination numbers from NMR
experiments (∗), MD calculations (□), and DFT-based MD
simulation from Bucko and Simko20 (●).

Figure 8. Anionic fractions extracted from NMR experiment (lines) at
1273 K and MD simulations (markers) at 1305 K.

Figure 9. Percentage of one-fold F−Al (black solid square) and 2-fold
Al−F−Al (blue solid triange) coordinated fluoride ions compared with
the NMR chemical shift of 19F (green solid circle) for varying
concentrations of AlF3, for a temperature of 1305 K.
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for concentrations larger than 35 mol % is correlated with the
formation of bridging fluorides.
Transport Properties. Electrical conductivity is a very

important property for industrial applications of molten salts. In
MD simulations, it is calculated by taking into account the
correlations of the displacements between the different species,
according to the formula

∑σ δ= | |
→∞

e
k TV t

q r tlim
1
6

( ( ) )
t i

i i

2

B

2

(6)

where e is the elementary charge; qi is the formal charge of the
atom i; and δri(t) is the displacement of ion i in time t. The
calculated electrical conductivities are compared with the
experimental impedance measurements based on the work of
Edwards et al.53,55 and another study where it was measured by
the continuously varying cell constant (CVCC) technique56 on
Figure 10. A good agreement is obtained across the whole
composition range: both approaches predict a decrease with the
AlF3 fraction.

The viscosity of a system is calculated from the time integral
of the autocorrelation function of the anisotropic elements of
the stress tensor by the Green−Kubo formula

∫η σ σ τ τ= | |αβ αβ

∞
t

k TV
( )

1
(0) ( ) d

B 0 (7)

where σαβ is one of the five components of the stress tensor.
Calculated viscosity for low mol % of AlF3 is in agreement with
the experimental results, and then we obtained higher values, by
about a factor of 2, between 25 and 50 mol %, as shown on
Figure 11. The difference may be attributed to the relatively
small size of the simulation cell.
Finally, self-diffusion coefficients of each species are extracted

from MD simulations, from the long-time slope of mean
squared displacement

δ= | |α
→∞

D
t

r tlim
1
6

( ( ) )
t

i
2

(8)

The correction proposed by Yeh and Hummer57 was
introduced to correct for the effect of periodic boundary
conditions. The self-diffusion coefficients of fluoride, sodium,
and aluminum ions along the 1305 K isotherm are displayed in

Figure 12. The measure of self-diffusion coefficients was
obtained earlier by Gobet et al. using in situ high-temperature

pulsed field gradient NMR combined with laser heating.58 As
sodium ions are free (i.e., they do not participate in stable
structural entities), their diffusion coefficients are higher than
those of Al and F. In the case of fluoride ions we can see that
the value decreases with the amount of AlF3 and tends to
converge toward one of the aluminum ions. This is consistent
with the structural analysis, which showed a decrease of the
proportion of free fluoride in the melt and an increase of the
involvement of fluoride in AlFx

3−x complexes. No particular
variation of the diffusion of the species is observed upon the
formation of bridging fluorides, but their relative concentration
may be too small to yield a visible impact.

■ CONCLUSION
The aim of this work was to build an interatomic potential able
to describe the NaF−AlF3 system at high temperature. For this
purpose, we applied the method proposed by Madden et al.,
which is based on DFT calculations: no experimental results are
used for the potential parametrization. Parametrization results

Figure 10. Electrical conductivity of molten NaF−AlF3 mixtures as a
function of the mol % of AlF3 at 1305 K. Squares are molecular
dynamics results; empty circles are experimental data from ref 56; and
red circles are experimental data.53−55

Figure 11. Viscosity of molten NaF−AlF3 mixtures as a function of
AlF3 mol % at 1305 K. Squares are molecular dynamics results, and
circles are experimental data.53−55 As a guideline, the viscosity of water
at 20 °C is shown with a star on the abscissa.

Figure 12. Self-diffusion coefficients of sodium (squares), aluminum
(circles), and fluor (triangles) ions in NaF−AlF3 at 1305 K as a
function of the mol % AlF3. Full symbols indicate molecular dynamics,
and open symbols indicate NMR experimental data.58
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from a fit between forces and dipoles of each atoms and stress
of each configuration calculated by DFT and molecular
dynamics. The ab initio derived polarizable interaction potential
reproduces well the structure of the molten mixtures of the
binary NaF−AlF3 at 1305 K in a wide range of compositions
(0−50 mol %). The dynamic properties, such as the self-
diffusion coefficients and the electrical conductivity, were also
computed and compared with experimental results. The anionic
structure was calculated for the first time for a wide range of
compositions of NaF−AlF3 in agreement with experimental
results. To our knowledge this is the first time that a model
capable of reproducing the physicochemical behavior of the
NaF−AlF3 over such a broad composition range and with this
level of accuracy is reported. Future work will be devoted to the
inclusion of alumina Al2O3 in such melts, in order to
understand how the presence of oxide ions impacts the
structure and the physical properties of the melts.
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