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We developed a systematic polarizable force field for molten trivalent rare-earth chlorides, from lanthanum
to europium, based on first-principle calculations. The proposed model was employed to investigate the local
structure and physico-chemical properties of pure molten salts and their mixtures with sodium chloride. We
computed densities, heat capacities, surface tensions, viscosities and diffusion coefficients and disclosed their
evolution along the lanthanide series, filling the gaps for poorly studied elements, such as promethium and
europium. The analysis of the local arrangement of chloride anions around lanthanide cations revealed broad
coordination number distributions with a typical [from six to nine]-fold environment, the maximum of which
shifts towards lower values with the increase of atomic number as well as upon dilution of the salt in sodium
chloride. The neighbouring lanthanide-chloride complexes were found to be connected by sharing a corner or
an edge of the corresponding polyhedra.

I. INTRODUCTION

Nowadays, molten salts are considered to be a promis-
ing fuel for the nuclear reactors of the fourth generation,
such as molten chloride fast reactors (MCFRs).1,2 Pri-
marily composed of fissile and fertile actinide chlorides
mixed with alkali and alkaline earth metal salts, they
serve as a good alternative to traditional metal-oxide sys-
tems because of their liquid state and nearly atmospheric
operating pressures, which notably reduces the risk of
accidents.3,4

In such fuels, many rare-earth elements are accumu-
lated as fission products during the operation of the re-
actor and can be further separated using electrolysis.5,6
Moreover, some of them are commonly used as analogues
to actinides (La for U and Ce for Pu) when investigating
experimentally the physico-chemical properties of such
fuels and the nuclear recycling treatment.7–10 Therefore,
it is crucial to fully understand the behaviour of lan-
thanide salts in such melts, in particular, the features
of the local arrangement and their impact on the sys-
tem properties. The structural information such as coor-
dination numbers is commonly used in analytical mod-
els to develop thermodynamic databases11,12 for multi-
component molten salt systems.

An important question, widely discussed in the liter-
ature, is how rare-earth ions are coordinated in differ-
ent environments. For example, high coordination num-
bers are known for lanthanide solvated by aqueous and
non-aqueous solvents. Using classical molecular dynam-
ics (MD) simulations, Spezia et al.13,14 demonstrated 8–
9-fold geometries for [M(H2O)n]

3+ complexes, with M3+

ranging from La3+ to Lu3+. The coordination numbers as
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well as the most probable cation-water distance decreased
along the series, which was explained by the change in the
ionic radii. These observations were confirmed by X-ray
absorption spectroscopy (XAS) techniques and Density
Functional Theory (DFT) calculations.15 Similar coordi-
nation numbers were also reported for solutions of MCl3
in DMSO.16,17

Nevertheless, the discussion on lanthanide coordina-
tion in pure molten salt is more ambiguous. Based on
Raman spectra, some earlier works18,19 claimed a soli-
tary octahedral coordination of the La3+ cation. Cur-
rently, the scientific community8,20 tends to believe that
La3+ cation can adopt a variety of LaCl (n–3)–

n coordina-
tions, with n reaching 6–9, as was proposed by Madden
and co-workers based on polarisable MD simulations.21,22
Considering the LaCl3 salt, these authors demonstrated
that the presence of complexes with n > 6 does not lead
to any new features in the computed Raman spectra com-
pared to [LaCl6]

3–, yielding a good agreement between
simulated and measured data. The broad coordination
number distribution was confirmed by several experimen-
tal techniques, including X-ray absorption fine structure
(XAFS),23,24 and x-ray diffraction,25 coupled with MD
simulations.

As was shown before, classical MD simulations play
an indispensable role in interpreting the experimental
results and identifying structure-property relationships.
The presence of explicit polarisation effects is essential
to provide a reliable description of molten halide salts,
which contain highly polarising and polarisable ions.26
The most rigorous approach proposed in the literature
is the polarisable ion model (PIM) by Madden and co-
workers,27,28 which is already available for families of
monovalent29 and bivalent30 cations. Studies of the triva-
lent cations, typically considered as mixtures with alkali
halide melt, are mainly focused on La3+, Sc3+, Y3+ and
U3+,31,32 with only a few isolated publications going fur-
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ther to Ce3+,33 Nd3+,34 Sm3+.35 In a recent work, ab-
initio MD simulations were also used to simulate the
properties of a series of lanthanides in the LiCl-KCl eu-
tectic melt.36,37 However, the literature lacks a system-
atic investigation of the trivalent lanthanide cations by
means of classical MD simulations, first of all, because of
the absence of a general polarisable model, and this gap
we aim to fill in.

In the present work, we will propose a transferable po-
larisable force field for trivalent cations for the first half of
the lanthanide series, from La3+ to Eu3+, combined with
chloride anion, developed on first-principle calculations.
We will reveal the systematic trends in the evolution of
local arrangement and transport properties in pure melts
along the series, shedding light on the coordination en-
vironment and diffusivity trends. The discussion will be
then extended to the MCl3/NaCl mixtures with low (1%
by molar fraction) lanthanide salt content in order to
mimic more realistic experimental conditions for nuclear
applications.

II. METHODS

A. Force field development

In the PIM model,27,28 the total potential energy con-
sists of the Coulomb, polarization and Born-Mayer po-
tentials,

ϕtot = ϕCoul + ϕpol + ϕBM. (1)

The Born-Mayer potential accounts for repulsion and dis-
persion terms,

ϕBM = Bij exp(−αijrij)−

−
∑
i

∑
j>i

(
Cij

6

r6ij
f ij
6 (rij) +

Cij
8

r8ij
f ij
8 (rij)

)
, (2)

with rij the distance between two ions labeled i and j,
αij , Bij , Cij

6 , and Cij
8 constant coefficients depending

on the respective species of atoms i and j. The polari-
sation energy includes charge-dipole, dipole-dipole, and
self-interaction contributions,

ϕpol =
∑
i

∑
j>i

(
qirij · µj

r3ij
f ij
4 (rij)+

µi · qjrji
r3ij

f ji
4 (rij)

)
+

+
∑
i

∑
j>i

(
µi · µj

r3ij
+

3(µi · rji)(rij · µj)

r5ij

)
+

+
∑
i

|µi|2

2αi
, (3)

with qi and µi the charge and dipole moment associ-
ated to an ion i, respectively. In both equation 2 and 3,

f ij
n (rij) refers to Tang-Toennies damping functions, ap-

plied to the dispersive and charge-dipole interactions,38
given by:

f ij
n (rij) = 1− cijn exp(−bijn rij)

n∑
k=0

(bijn rij)
k

k!
. (4)

Table I. Atomic polarisabilities for molten salt ions. The val-
ues for Na+ and Cl– species were taken from reference 29.

Ion Polarisability

La3+ 8.445
Ce3+ 7.874
Pr3+ 7.790
Nd3+ 6.619
Pm3+ 6.276
Sm3+ 6.130
Eu3+ 5.828
Na+ 0.900
Cl– 20.000

All the values are
given in atomic
units.

Table II. Born-Mayer potential parameters. The Tang-
Toennies damping parameters for dispersion interactions were
equal bij6 = 1.5 and bij8 = 1.0 for ion pairs involving M3+ ions,
and bij6 = bij8 = 1.7 for the opposite case. The values for Na+

and Cl– interactions were taken from reference 29.

Ion pair Bij αij Cij
6 Cij

8

Cl– Cl– 275.100 1.797 40.000 280.000
Na+ Na+ 0.000 5.000 11.700 51.800
La3+ La3+ 0.000 3.000 47.700 100.000
Ce3+ Ce3+ 0.000 3.000 44.470 93.229
Pr3+ Pr3+ 0.000 3.000 44.000 92.243
Nd3+ Nd3+ 0.000 3.000 37.386 78.378
Pm3+ Pm3+ 0.000 3.000 35.449 74.317
Sm3+ Sm3+ 0.000 3.000 34.624 72.587
Eu3+ Eu3+ 0.000 3.000 32.916 69.006
Cl– Na+ 67.500 1.726 47.400 187.300
Cl– La3+ 392.395 1.800 81.719 167.332
Cl– Ce3+ 363.903 1.800 78.904 161.568
Cl– Pr3+ 345.661 1.800 78.485 160.711
Cl– Nd3+ 328.953 1.800 72.347 148.141
Cl– Pm3+ 311.280 1.800 70.448 144.252
Cl– Sm3+ 297.938 1.800 69.623 142.564
Cl– Eu3+ 283.520 1.800 67.884 139.002
Na+ La3+ 0.000 5.000 23.624 71.972
Na+ Ce3+ 0.000 5.000 22.810 69.493
Na+ Pr3+ 0.000 5.000 22.689 69.124
Na+ Nd3+ 0.000 5.000 20.914 63.718
Na+ Pm3+ 0.000 5.000 20.365 62.045
Na+ Sm3+ 0.000 5.000 20.127 61.319
Na+ Eu3+ 0.000 5.000 19.624 59.787

All the values are given in atomic units.
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The atomic polarisabilities αi (Table I, Figure 1a) and
repulsion parameter Bij (Table II, Figure 1b) were ob-
tained through a fitting procedure, during which the de-
viations in forces and dipole moments (χ2

F and χ2
µ, re-

spectively) between classical MD and DFT data were
minimized for a series of given liquid configurations. Four
independent liquid configurations containing 62 MCl3
units in a box with L ≈ 21 Å were generated by a clas-
sical MD run using a LaCl3 force field from our previous
study.31

The target function was defined as

χ2
X =

1

N

N∑ |XDFT
i −XPIM

i |2

|XDFT
i |2

(5)

where X stands for either atomic force (F ) or dipole
moment (µ).

The DFT computations were performed with the
CP2K39 software using the Quickstep algorithm.40 Wave
functions were constructed using a basis set of double
and triple-ζ quality with DZVP (for cations) and TZV2P
(for anions) polarization functions. A 800Ry plane wave
density cutoff was used. All atoms were described using
Goedecker–Teter–Hutter (GTH)-type pseudopotentials
with Perdew–Burke–Ernzerhof (PBE)41 as an exchange-
correlation functional. Induced dipoles were calculated
via the maximally localized Wannier transformation42,43

of the ground-state electronic structure using the CP2K
package.

After fitting atomic polarisabilities and repulsion pa-
rameters, the dispersion parameters were empirically ad-
justed. Thus, the individual Cii

6,8 values for lanthanide
metal cations were computed starting from those of La3+

(taken from our previous study31) and scaled by the
atomic polarisability ratio as:

Cii
6,8(M

3+) = Cii
6,8(La3+)

α(M3+)

α(La3+)
. (6)

The mixed Cij
6,8 dispersion coefficients for the interaction

of lanthanide metal ions with chloride anions or sodium
cations were then evaluated using the geometric mixing
rule,

Cij
6,8(M

3+...Cl–) =
√
Cii

6,8(M
3+) · Cjj

6,8(Cl–) (7)

The resulting dispersion coefficients are provided in Ta-
ble II.

The Tang-Toennies damping parameters applied to the
charge-dipole interaction were kept constant along the
lanthanide series, and the values are given in Table III.

Our force field parameters successfully capture the con-
traction effect, as well as the decrease of ionic radii with
the increase in atomic number, known for lanthanide
series, and which impacts their physical and chemical
properties.44,45 Due to a rather diffuse character, the 4f
orbitals are unable to properly shield the valence 5s and

Table III. Tang-Toennies damping parameters for charge-
dipole interactions, where the first atom has a partial charge,
and the second an induced dipole. The values for Na+ and
Cl– pairs were taken from reference 29.

Ion bij4 cij4

M3+ · · ·Cl– 1.250 1.000
Na+ · · ·Cl– 1.760 3.000
Cl– · · ·M3+ 1.250 −1.000
Cl– · · ·Na+ 1.760 0.697

All the values are given in
atomic units.
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Figure 1. Fitted atomic polarisabilities of metal M3+ ions (a)
and Bij Born-Mayer repulsion parameter for the M3+ · · ·Cl–

interactions (b).

6s orbitals resulting in their closer location to the nu-
cleus. Even though we do not have an explicit represen-
tation of the electrons, the compression of the electronic
cloud is reflected in smaller atomic polarisability values as
illustrated by Figure 1a. In addition to this, we capture
the diminishing of the ionic radii itself, as a decrease of
the prefactor Bij in Born-Mayer repulsion potential for
the M3+ · · ·Cl– interactions along the series, shown in
Figure 1b.

B. Simulation details

Molecular dynamics simulations were performed using
the MetalWalls software.46,47 The 3D periodic simula-
tion boxes of pure lanthanide chlorides consisted of 500
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MCl3 units, corresponding to a total number of 2000
ions, and were prepared using the PACKMOL48 utility.
The systems were equilibrated for 0.5 ns in the NPT en-
semble at 1100K, 1150K, 1200K and 1300K and 1 bar
with a timestep of 1 fs. Then, production runs were per-
formed for 2.0 ns in the NPT ensemble and for 5.0 ns in
the NVT ensemble at 1100K, except for the LaCl3, for
which 1150K was used instead because of its higher melt-
ing point. A Nosé–Hoover-chain thermostat was used for
temperature control. A cut-off of 10.6Å was considered
for nonbonded interactions, and a tail correction was ap-
plied for energy and pressure for bulk simulations. Long-
range electrostatic interactions were computed using the
Ewald summation method with a tolerance of 10−7.

The simulation boxes containing MCl3/NaCl mixtures
consisted of 7 MCl3 units and 693 ion pairs of NaCl
(1414 atoms in total), which corresponded to composi-
tion to 1% of MCl3 content (by molar fraction). The
systems were equilibrated for 0.5 ns in the NPT ensem-
ble at 1100K and 1 bar, followed by production runs of
5.0 ns in the NVT ensemble. All other simulation param-
eters were kept unchanged. Three independent trajecto-
ries were considered for transport property analysis.

Radial distribution functions and coordination num-
bers were computed using the TRAVIS software,49,50 and
self-written tools.

Viscosities of pure lanthanide salts were evaluated us-
ing Green-Kubo approach from the stress tensor auto-
correlation functions (ACFs),

η =
V

kBT

∫ ∞

0

⟨sij(t)sij(0)⟩dt, ij = xy, xz, yz. (8)

Nevertheless, the ACF suffers from poor convergence,
leading to large uncertainties during integration. In order
to overcome this issue, we applied the cepstral approach
by Baroni et al.,51 available in the SporTran utility.52 Ac-
cording to this method, the logarithm of the ACF power
spectrum in the low-frequency domain (defined by a cut-
off Nyqvist frequency of 15THz) is fitted by a series of
cepstral coefficients. This allows for the elimination of
noise effects and provides a reliable estimation of dynam-
ics properties from rather short simulation trajectories.

Diffusion coefficients were evaluated from mean-
squared displacements using the Einstein’s relation,

D = lim
x→∞

1

6

d

dt

〈
(r(t)− r(0))

2
〉

(9)

and the Yeh-Hummer correction53,54 was applied to ac-
count for finite-size effects,

D0 = D +
2.8373kBT

6πηL
, (10)

The calculated viscosities were used to evaluate the cor-
recting term for the pure lanthanide chlorides. In the
case of MCl3/NaCl mixtures, due to low MCl3 content,
the viscosity value was considered as that of pure NaCl,
available in the literature.55

3.1

3.2

3.3

3.4

3.5

La Ce Pr Nd Pm Sm Eu

1150 K 1100 K

Exp
Calc

ρ
 
/ g

 
cm

-3

Figure 2. Calculated and experimental44,55 densities of
molten MCl3 salts. The values are computed at 1100K for
the Ce Eu systems and at 1150K for the La system.

To compute the surface tension of neat lanthanide chlo-
rides, separate simulation boxes were prepared starting
from the equilibrated bulk configurations. For this, the
system was extended by L in −z and +z directions to cre-
ate two liquid-vacuum interfaces, resulting in a L×L×3L
box, where L is the box side length of the previously
equilibrated cubic cell. Then, it was equilibrated for
1.0 ns in the NVT ensemble, followed by a 5.0 ns produc-
tion run. The 3D periodicity with a slab correction was
applied.56 The surface tension was computed using the
Irving-Kirkwood method57,58 from pressure tensor com-
ponents pxx, pyy and pzz as

γ =
Lz

2

(
⟨(pxx + pyy)/2⟩ − ⟨pzz⟩

)
(11)

The resulting trajectory was divided into 5 equal sub-
trajectories of 1.0 ns each, from which the average surface
tension value and the standard deviation were evaluated.

C. Validation

Although the dispersion coefficients generally do not
impact the structure of molten salts, they have an impor-
tant effect on the densities of the melts.28 Therefore, to
validate our approach of deriving them from atomic po-
larisability ratios, we primarily compared the computed
densities with the experimental values.44,55 As shown
in Figure 2, the contraction effect notably impacts the
densities of lanthanide chloride melts. The values in-
crease from 3.15–3.25 gmol−1 for lanthanum and cerium
chlorides up to 3.40–3.45 gmol−1 for samarium and eu-
ropium. We observe a good agreement between two sets
of data for LaCl3 − NdCl3 and SmCl3, with the relative
error not exceeding ± 1.8%. Such small deviations then
allow a reliable prediction of densities also for PmCl3 and
EuCl3, not available in the literature due to zero natural
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M3+ · · ·Cl– (a,d), M3+ · · ·M3+ (b,e), and Cl– · · ·Cl– (c,f) interactions in neat MCl3 (a-c) and 1% MCl3/NaCl (d-f) systems.
The insets show the zoom of the first maximum of the corresponding RDFs.

abundance of Pm metal59 and thermal decomposition of
EuCl3 during melting.60

In addition to this, we estimated heat capacity and
surface tension values. The heat capacity does not
vary much along the series, remaining about 138.4 ±
1.4 Jmol−1 K−1, as illustrated by Figure S1. The exper-
imental values are rather scattered, being in the range of
126–180 Jmol−1 K−1.61,62 The surface tension of a neat
salt is approximately 100mNm−1 at 1100–1150K (Fig-
ure S2), while the experimental values vary from 87 to
120 mNm−1.63–66 Both property values are consistent
with the previously reported data, demonstrating rela-
tively small uncertainties, being less scattered and more
systematic.

III. RESULTS

A. Local structure

The local structure of lanthanide chlorides can be char-
acterised by a set of radial distribution functions (RDFs)
for M3+ · · ·Cl–, M3+ · · ·M3+ and Cl– · · ·Cl– interactions.
As given in Figure 3a, the most probable M3+ · · ·Cl– dis-
tance shifts from 2.78Å for La3+ to 2.65Å for Eu3+, and
intensities increase along the series. The obtained sep-

arations agree well with the earlier x-ray and neutron
diffraction studies.8,67 The second peak is observed at
6.02Å for La3+, decreasing to 5.85Å for Eu3+. Both
trends are direct consequences of the lanthanide ionic ra-
dius contractions.

The size of the first chloride coordination shell around
a lanthanide ion decreases from 4.02Å for La3+ to 3.72Å
for Eu3+, and the average number of anions drops from
7.64 to 6.79. As can be seen from Figure 4a, this is
primarily caused by a notable decrease of the CN = 8
fraction from 38% to 14% and a corresponding increase
of CN = 6 fraction from 10% to 33% along the se-
ries. The contribution of CN = 7, which is the dominant
for Ce3+ − Sm3+ ions, remains constant, being approx-
imately 40–43%. The only exception is the La3+ ion,
for which this contribution is about 33%, being smaller
by several percents than that of CN = 8. These dis-
crepancies between La3+ and the rest of the series might
be related to a different simulation temperature used for
LaCl3 since lanthanide coordination numbers are known
to be sensitive to the temperature.20

The obtained results agree well with the works of Mad-
den and co-workers21,22 who based on MD simulations
reported a broad La3+ · · ·Cl– coordination number dis-
tribution, from 6 to 9, with the predominance of 7 and 8
contributions.23,24 Average coordination numbers greater
than six were also obtained experimentally for molten
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CeCl3,68 NdCl3,69 EuCl3.70
The variation of the position of the first M3+ · · ·M3+

peak is less pronounced, shifting from 4.78Å for La3+ to
4.68Å for Eu3+, with a small decrease of intensity (Fig-
ure 3b). Two neighbouring metal cations share one or
two chloride anions, connecting two MCl (n–3)–

n polyhe-
dra through a corner or an edge (Figure 5a). Rarely, in
about 5–13% cases, three chloride anions are shared, so
that neighbouring polyhedra share a face. Such a con-
nection between neighbouring polyhedra explains high
M3+ · · ·Cl– coordination numbers in molten salt melts.32
As shown in angular distribution function (ADF) in Fig-
ure 5b, the most probable M3+ · · ·Cl– · · ·M3+ angle is
about 103◦ with a notable shoulder at about 130–140◦.
These are peaks corresponding to the M3+ · · ·M3+ pairs
sharing two and one chloride anions, respectively, as
shown in the ADF decomposition in Figure S3. The
intensity of the dominant ADF peak slightly decreases
along the series, while more pronounced changes can be
noticed for the shoulder. These observations correlate
with the change in the probability of sharing two or one
anions, as illustrated by Figure 5a. The position of the
peak and the shoulder, however, remain close to constant,
explaining why almost no change is observed for the first
M3+ · · ·M3+ RDF maxima (Figure 3b). But the differ-
ence in the corner/edge-sharing ratio can be noticed as
a change in the intensity of this RDF peak, as discussed
in the literature.32,71

Similarly to M3+ · · ·Cl– case, the radius of first M3+ · ·

·M3+ coordination shell also decreases by roughly 0.3Å,
from 6.28Å for La3+ to 5.95Å for Eu3+, while the average
coordination number reduces from 7.65 to 6.50. While
there are about 7–9 La3+ ions around a single La3+, there
are just 6–8 cation around a Eu3+ as illustrated by Fig-
ure 4b. The coordination number distributions are much
broader than for those of M3+ · · ·Cl–, with the maximum
probability for a given value not exceeding 30%.

The second M3+ · · ·M3+ peak drastically changes
along the series, dropping from 8.35Å for La3+ to 7.88Å
for Eu3+. It is linked to the different packing of the melts
and do not correspond to a particular structural feature.
Such a change in peak position results from the reorgan-
isation of the connecting pattern between polyhedra, so
that the almost equal (≈40%) probability of sharing one
or two chloride anions by La3+ ions transforms into the
prevailing of one anion sharing for Eu3+ ions (53% for
one Cl– vs 34% for two Cl– as given in Figure 5a).

The most probable distance for the Cl– · · ·Cl– pair is
observed at about 3.4Å, with the identical shape of the
peak, as shown in Figure 3c. Since there are no changes
in the shape and position of the first peak, the size of the
first coordination shell also remains constant, of about
4.8Å. The coordination number does not vary either,
fluctuating between 10.5–10.7. The second and third
peaks, however, are different along the series, varying
from 5.48Å and 6.95Å for La3+ to 5.28Å and 6.85Å for
Eu3+, respectively, being a result of the lanthanide ionic
radii contraction effect and the network reorganisation.
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Obviously, in neat molten lanthanide chloride salts,
all metal ions are connected by chloride anions form-
ing one large network.21 In real industrial mixtures,
such as spent nuclear fuels during their reprocessing, the
lanthanide concentrations rarely exceed few percents.72
Therefore, to explore the behaviour of lanthanide ions di-
luted in another molten salt, we then considered 1mol%
MCl3/NaCl systems.

The shape of the M3+ · · ·Cl– RDFs in the MCl3/NaCl
systems appear to be quite similar to those in neat MCl3
as can be seen from the comparison of Figures 3a and
3d. The intensity of the first peak is notably higher,
being a signature of a so-called dilution effect, while its
position shifts towards smaller values. For the mixtures,
the coordination numbers are smaller than for the neat
salts, ranging from 6.73 for La3+ to 6.22 for Eu3+. A
decrease of the coordination numbers with a decrease
of the concentration was earlier demonstrated by Mad-
den et al.,21,24 who suggested that the average number
of Cl– anions around a La3+ cation approaches 6–6.5 in
diluted alkali chloride melts, which also results in a small
(< 0.1 Å) diminution of the most probable M3+ · · ·Cl–

distance. From the coordination number distributions,
shown in Figure 4c, we can see that the dominant values
are 7 and 6 for La3+, and their ratio drastically decreases

along the series, so that a Eu3+ is coordinated by 6 an-
ions in about 73% of the cases. This trend is consistent
with what we observed in neat MCl3 salts, where the co-
ordination number diminishes with the increase of atomic
number.

The M3+ · · ·M3+ RDF reveals a fingerprint of possi-
ble lanthanide metal ion association in the NaCl melt
(Figure 3e). The first low-intense peak, corresponding
to two metal ions sharing chloride anions, is observed at
about 4.9–5.1Å, slightly at a larger distance than neat
MCl3 salt. The intensities for La3+ and Ce3+ are higher
than for the other cations, indicating that these species
have a slightly higher tendency to cluster compared to
other species in the series. Nevertheless, for all the lan-
thanide ions this clustering probability remains low, since
95–98% of metal ions remain isolated as shown in Fig-
ure 4d. The second M3+ · · ·M3+ peak emerges at about
8.0Å and is shifted towards lower separation along the
series. However, the origin of this peak is different from
the pure salt, corresponding to two lanthanide cations
separated by a sodium ion. The role of Na+ cation as
a spacer, which disrupts lanthanide network, was sug-
gested by Emmerson et al.20,73 based on x-ray diffrac-
tion experiments and classical MD simulations. In their
works, the authors demonstrated that the prepeak in the
LaCl3 − NaCl scattering spectrum at about 1Å−1, the
origin of which was under discussion for a long time,74,75
should be attributed to the alternation between the mul-
tivalent cations and the spacer salt.

Finally, since the concentration of the lanthanide salt is
small, the Cl– · · ·Cl– RDF in Figure 3f shows no influence
of the lanthanide salt type, being almost identical to that
of neat NaCl.

B. Transport properties

Among several dynamic properties considered in this
manuscript, viscosity is the one difficult to compute. Es-
timated using the Green-Kubo approach, the ACF inte-
grals suffer from convergence issues, even though a re-
cently reported Cepstral analysis method51 was used to
eliminate long-time noise. Presented in Figure 6, the
computed values deviate not more than for 25% from
the reported ones by Potapov et al.76 Still, the simula-
tions are unable to capture the experimental trend ob-
served along the series. Here, we should underline that
the experimental values are also not straightforward to
obtain because of the challenging high-temperature mea-
surements, difficult preparation procedures and possible
presence of impurities. Thus, Potapov et al.76 directly
measured the values for LaCl3 − NdCl3 and SmCl3, and
estimated for PmCl3 and EuCl3. We also provide a com-
parison with other data, available in the literature,65,77,78
but extrapolated to our simulation temperatures.

Diffusion coefficients are much easier to estimate, but,
unfortunately, no experimental data are available for
comparison for pure MCl3. The simulated results, given
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in Figure 7a, show that the values are about [1.0−2.2]×
10−9 m2 s−1 and the M3+ cations move 1.6 − 1.8 times
slower than the Cl– anions. This trend is different from
the molten alkali metal chlorides, in which cation diffu-
sivities are higher than those of the anion.29 In our series,
the obtained values are the largest for molten LaCl3 be-

cause of the higher temperature considered. At constant
temperature, the diffusivities slightly decrease from Ce
to Nd / Pm and then remain constant up to Eu.

In MCl3/NaCl systems, lanthanide ions move 2–3
times faster than in neat salt since they no longer form
the cation-anion network but behave as isolated ions.
The order of magnitude agrees well with the experimen-
tal data in NaCl, such as D(Eu3+) = 2.2×10−9 m2 s−1.79
The exact trend on how diffusivities change along the se-
ries is difficult to identify due to the low concentration
and consequently poor statistics. Chloride diffusion coef-
ficients are also notably larger, of about 6.7×10−9 m2 s−1,
reaching a value close to that in neat NaCl.80 Sodium
cation appears to be the fastest species in the solution,
with a diffusivity of about 8.6× 10−9 m2 s−1.

IV. CONCLUSIONS

In conclusion, we developed a general transferable po-
larisable model for molten lanthanide chlorides and their
mixture with sodium chloride, based on a force field fit-
ting procedure and empirical adjustment of dispersion
coefficients. Successfully validated, the proposed model
provides valuable insight into the local structure and
transport properties in the rare-earth series, in partic-
ular, giving access to those of poorly studied PmCl3 salt.

Structure analysis showed that the contraction of the
ionic radius moderately impacts the M3+ · · ·Cl– interac-
tions in the neat MCl3 melts so that both the most prob-
able cation-anion separation and the average value of the
first shell coordination number decrease along the series.
Broad coordination number distributions confirmed a va-
riety of possible metal-chloride complexes, which range
from [MCl6]

3– to [MCl9]
6–. Such a large number of chlo-

ride anions around a single metal ion is only possible
when they are shared between neighbouring cations. The
MCl (n–3)–

n polyhedra are therefore connected through a
corner or an edge, and the corner-sharing becomes dom-
inant with an increase in atomic number from La to Eu.

With the decrease of MCl3 concentration (to 1% by
molar fraction) in molten NaCl, the average M3+ · · ·Cl–

coordination number diminish, and the most probable
complexes are [MCl6]

3– to [MCl7]
4–. The ratio between

complexes strongly depends on the lanthanide ion, being
close to one in the case of La3+, and increasing to 4.5
for Eu3+. The M3+ cations behave as isolated ions, with
a low probability of creating pairs or clusters with short
M3+ · · ·M3+ distances.

By analysing the transport properties, we demon-
strated that the lanthanide cations move slower than the
chloride anion in neat molten salt. This behaviour is dif-
ferent to what was observed in neat alkali chloride melts,
and is related to the increased strength of the cation-
anion interaction. In the series, the ionic diffusivities
decrease from Ce to Nd / Pm and then do not vary up
to Eu. When diluted in NaCl, the M3+ diffusion coeffi-
cients increase by a factor of 2–3, since they are no longer
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involved in the lanthanide-chloride network.
The development of this new model bring valuable in-

sight into the structure, chemistry and transport prop-
erties of lanthanide chloride salts. This is of particular
relevance for the simulation and experiments performed
within the nuclear context, such as the simulation of the
processes associated to the extraction of lanthanides dur-
ing the reprocessing of spent chloride salts, or the use of
lanthanide-based salts as simulants while developing and
operating experimental facilities.
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Figure S1. Calculated and experimental1,2 heat capacities of molten MCl3 salts. The computed

values were derived from the 1100/1150− 1300 K temperature range.
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Figure S2. Calculated and experimental3–6 surface tensions of molten MCl3 salts. The values are

computed at 1100K for the Ce Eu systems and at 1150K for the La system.
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Figure S3. Normalised La3+ · · ·Cl– · · · La3+ angle distribution functions for pairs of lanthanum

cations sharing 1, 2 or 3 chloride anions in molten LaCl3 salt.
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