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ARTICLE INFO ABSTRACT

Keywords: The structural, thermochemical, and thermophysical properties of the AnCl,, and NaCl-AnCl, (An = Th, U) melts
Molten salts were investigated using molecular dynamics (MD) simulations based on the Polarisable Ion Model (PIM). New
ThCl, force fields were proposed and used to compute key properties including density, thermal expansion, enthalpy of
ucl, mixing, heat capacity, as well as the local structure and chemical speciation in the molten (Na, An)Cl, (An = Th,

Molecular dynamics
CALPHAD

U) salts. Thermodynamic models were then developed based on the CALPHAD method, using both PIM-MD and
experimental data as input. Employing the modified quasichemical formalism in the quadruplet approximation
for the liquid solution, the models account for the chemical speciation in the melt as calculated by MD simulations,
and reproduce well phase equilibria in those systems. In particular, the models included monomeric and dimeric
species to represent the physical nature of the ionic melt, which shows progressive oligomerisation with increasing
AnCl, fraction. Our studies confirm that the melt becomes highly volatile at high AnCl, fractions, which is
discussed in light of the results obtained herein.
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1. Introduction

The Molten salt reactor (MSR) is a type of nuclear fission system
in which the primary coolant and fuel consist of molten fluorides or
chlorides. These reactors offer promising advancements in nuclear en-
ergy technology due to the use of a liquid fuel with high thermal
conductivity and low melting point, which enhances reactor efficiency
and operational flexibility [1]. Historically, there has been significant
research and interest in fluoride salts, which have been extensively stud-
ied [2]. However, there has been a notable surge in research endeavours
focused on chloride MSRs in recent years [3], particularly suited for a
fast spectrum reactor. Exploring their potential presents a significant
avenue for innovation and development in pursuing safe, efficient, and
sustainable energy solutions. Examples of chloride fuel salts that have
been investigated include NaCl-PuCl; [4], NaCl-UCl;-PuCl; [5], NaCl-
MgCl,-PuCl; [6], and the promising fuel salt mixture NaCl-ThCl,-PuCl;
[71.

The NaCl-ThCl,-PuCl; fuel salt is considered particularly promising
because of the possibility it offers for implementing thorium breeding in
molten salt fast reactors, while simultaneously enabling plutonium burn-
ing from current civilian and military stockpiles [7]. Thorium moreover
offers two major benefits in a nuclear fuel cycle: it is highly abun-
dant in the Earth’s crust [8], providing a potentially more sustainable
fuel source for nuclear energy production than uranium; and secondly,
thorium-based fuel cycles have the potential to generate less long-lived
transuranic waste, thus contributing to reduced environmental impact
and improved safety [9]. Thorium in nature is found as the isotope
232Th, which is fertile. 232Th will undergo successive neutron captures
and beta decays in a nuclear reactor, yielding fissile 233U. Thus, for a
thorium-based fuel cycle in chloride molten salt reactors, UCl, based
systems are equally important.

This study focuses on the thermochemical and thermophysical prop-
erties of AnCl; and NaCl-AnCl; (An = Th, U) systems, through a
combination of computational methods, with the aim of gaining an
enhanced understanding of the relationship between the salt proper-
ties and structural behaviour across a broad range of temperatures and
compositions. The density, thermal expansion, mixing enthalpy, heat ca-
pacity, and chemical speciation of pure AnCl, and NaCl-AnCl, (An = Th,
U) mixtures have been computed using Polarisable Ion Model-Molecular
Dynamics (PIM-MD) simulations, and compared to literature data when
available.

In addition, the gas-phase thermodynamic properties of pure UCl,
and ThCl, have been critically reassessed and reoptimised based on
a comprehensive review of the literature, allowing for a complete
description of solid, liquid, and vapour phases in NaCl-AnCl,.

It is important to mention that various force fields and computational
methods including Ab Initio Molecular Dynamics (AI-MD), Density
Functional Theory (DFT), and Machine Learning (ML) potentials for
molten salts are reported in the literature, often showing significant dis-
crepancies between different approaches [10,11]. This work examines
the impact of fine-tuning the PIM-MD interaction potentials using the re-
pulsion parameters, particularly in light of density data. One of the key
motivations for looking at this is the discrepancy noticed in the literature
with respect to the density of ThCl, and UCl, [12-15]. A particularly
perplexing observation is that Kuroda et al. [12] reported density of
pure ThCl, to be higher than that of UCl, (or molar volumes of pure
ThCl, to be lower than UCl,), which contradicts expectations consider-
ing the ionic radius contraction along the series of actinide elements, as
well as data from various sources.

Recent thermodynamic models of NaCl-ThCl, and NaCl-UCl, from
the literature have been reported based on the quasi-chemical formalism
in the quadruplet approximation [16,17]. Although widely applied to
molten salt systems [18], this formalism cannot account for the complex-
ity of the structure of the melt, which forms [AnCl,]”~ complexes, but
also dimers, trimers, and higher polymeric chains upon increasing AnCl,
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concentration. We propose here to go one step further in the modelling
of the salt systems, by incorporating the structural information derived
from the MD simulations, following the methodology recently applied
to similar systems [19-22].

2. Computational methods
2.1. Molecular dynamics

Molecular dynamics is a widespread computational tool that has
proven exceptionally powerful in modelling the properties of ionic lig-
uids. In this work, the Polarisable Ion Model (PIM-MD) was used, which
has been proven to be very robust in simulating specifically molten salts
[19,20]. The interatomic potentials in the PIM-MD approach include
four terms:

VTotal = VCoulombic + VRepulsion + VDispersian + VPalarisation (1)

This first term, Vo ompic (r;;) accounts for the Coulombic charge-charge
interactions between ions, where ¢; and g; are the charges of ions i and
ion j separated by a distance r; ; [23]

q;49;
VCoulombic(rij) = Z - (2)

i< Tij

The second term, Vg, 5i0n(7;;)> accounts for the short-range interaction
that occurs when the electron clouds of two neighbouring ions overlap.
This interaction has two adjustable parameters, A; j and g; J [23].

VRepu/sion(rij) = z Aije—a”r” (3)

i<j

The third term, Vi persion(ri;), accounts for electron fluctuations [23],
leading to the formation of momentary electric fields. These fields, in
turn, influence neighbouring atoms and molecules, prompting them to
adapt the spatial configuration of their electrons.

C” C']
VDisper:ian(rij) Z (f - + f /J) ) (4)

i<j r’J ( U)

Here the strength of the dispersion interaction is characterised by two
variables, Céj for dipole-dipole dispersion and C;j for dipole-quadrupole
[23]. To correct for the short-range energy penetration effects of both the
dipole-dipole and dipole-quadrupole interactions, Tang-Toennies func-
tion f and fy U are introduced [24]. This is described in Eq. (5) where

b;; determmes the range of the damping effects:

Gony
f=1-2"% '/Z o )

k=0

The final term in Eq. (1), Vpyarisarion(ri;)> T€fers to the dynamic response
of a molecule’s electronic charge distribution to its local environment,
including the presence of nearby molecules, external electric fields, and
other perturbations. Polarisation effects become significant when simu-
lating systems involving polar or charged molecules, interactions with
electric fields, and situations where the electron cloud rearrangements
play a significant role. This is especially important for simulating molten
salts.

= Y ENe g u)

i<j

P 1 @
VPo/arlSanon(rt/ gg(r‘quﬂ:,)Tti) 'u ”ﬂT +Z 2ai (6)

In this equation 7" is the charge-dipole interaction tensor, T;z)
is the dipole-dipole interaction tensor, «; the polarisability of ion i
and its induced dipole y;. As for Vp;gpersi0n(;;), @ Tang-Toennies func-
tion is introduced to correct for the short-range energy penetration of
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Table 1
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Overview of interaction potential parameters. The values are given in atomic units, lengths in Bohr radii (1 Bohr = 0.052918 nm) and energy

in Hartree (1 E; = 4.3597-10°18 J).

Ion Pair Al a'l C("’ C;’ b’é’ bé’ n b cli Ref.
Nat-Na* 5.0 1.0 11.7 51.8 1.7 1.7 4 - - [30]
Nat*-Cl- 67.5 1.726 47.4 187.3 1.7 1.7 4 1.76 1 [30]
Cl--CI- 275.1 1.797 140 280 1.7 1.7 4 - - [30]
U*-Na+ 1 5 0.001 0.001 1.9 1.9 4 10 0.001 [22]
u*-Cl- 304 1.85 95 925 1.9 1.9 4 1.258 1 This Work
UH-U* 1 5 100 1000 1.9 1.9 4 - - [31]
Th*-Cl~ 210 1.75 95 925 1.9 1.9 4 1.258 1 This Work
Th*+-Th** 1 5 100 1000 1.9 1.9 4 - - [31]
Th**-Na* 1 5 0.001 0.001 1.9 1.9 4 10 0.001 [22]

both the dipole-dipole and dipole-charge effects [24]. This is described
in Eq. (7):

4 i

. i (bir;;

&l = 1 - ety 3 ol
k=0

@)

k!

The force field describing the interactions within the system, based
on the Polarisable Ion Model (PIM) formalism, is, in principle, deter-
mined ab initio by reproducing the forces and dipoles obtained from
DFT calculations on relatively small simulation cells, typically contain-
ing around one hundred atoms, following the consensus established
by Salanne et al. [25,26]. However, as with all analytical force fields,
PIM has inherent limitations in accurately capturing the equilibrium
properties of materials, including their energetic, structural, and ther-
modynamic characteristics. In this work, we adopted a hybrid approach
that integrates ab initio data with experimental constraints by incorpo-
rating the known experimental data. Among the interaction parameters,
only those corresponding to the Th*+-Cl~ and U**-Cl~ pairs required
explicit determination, since the remaining parameters describing the
other interactions were transferred directly from previously optimised
halide systems (see Tables 1,2 for references). Starting from the ini-
tial ab initio-derived parameters [27,28], these values were further
refined by applying the Lorentz-Berthelot mixing rules to adjust the
dispersion term parameters, thereby improving agreement with ex-
perimental data while retaining consistency with the underlying ab
initio reference data. This hybrid approach ensures that the final force
field is both physically grounded and transferable across the studied
systems.

The simulations were realised in the NPT and NVT ensembles using
a Nosé-Hoover thermostat [29]. The NPT simulations, comprising 10°
steps of 0.5 fs each, were conducted over a total time of 0.5 ns, dur-
ing which the equilibrium volumes were extracted and molar enthalpies
were determined. The NVT simulations used the same duration for each
timestep but had a total runtime of 200 ps for equilibration, followed by
500 ps or 2 ns for the actual computations. The simulation temperature
ranged from 873 to 1100 K. The compositions evaluated for the NaCl-
ThCl, and NaCl-UCl, systems at various temperatures are documented
in the Supplementary Information.

Table 2
Atomic polarisabilities for molten salt ions, all of the values are
given in atomic units.

Ton Polarisability Ref.

Th*+ 7.696 Dewan et al. [23]

Ut 5.8537 Dewan et al. [31]
Na* 0.9 Ishii et al. [30]
Cl- 20 Ishii et al. [30]

2.2. Thermodynamic modelling

The thermodynamic modelling assessment was performed based on
the CALPHAD (CALculation of Phase Diagram) method [32], using the
FactSage software (version 8.2) [33]. Experimental data and results from
MD simulations were used to optimise the excess parameters of the Gibbs
energy functions for the phases present in this system.

2.2.1. Gibbs energies of pure compounds

The Gibbs energy of pure compounds is expressed as:

T T C,,

Cp(TdT=T / 22 ar

’ T
298.15

(8

G(T) = AfH2(298.15)—S2(298.15)T+/
298.15

where A, H2(298.15) is the standard enthalpy of formation and
50(298.15) the standard entropy at 298.15 K and standard pressure. Com
is the heat capacity expressed as:

Cp(T) = a+bT +cT? +dT™? 9

Selected thermodynamic functions for the end-members NaCl, ThCl, and
UCl, are listed in Table 3. In this study, the thermodynamic functions for
NaCl(cr,l) were sourced from the IVTAN database [34], except for the
heat capacity of the liquid phase, which was recently updated by van
Oudenaren et al. [20]. As for ThCl,, the thermodynamic functions were
adopted based on the guidelines provided by Rand et al. [35] and Capelli
and Konings [36]. In line with the recent work by Dumaire et al. [7],
the decision was made to neglect the low-temperature phase a-ThCl,
in the thermodynamic modelling assessment since its existence and sta-
bility are still a source of controversy. The heat capacity of ThCl,(1)
(184.0 J-K~!-mol!) was directly obtained from the output of the PIM-
MD simulations. This differs from the value used in the recent work of
Dumaire et al. [7] which follows the estimated values by Capelli and
Konings [36]. For UCly, the functions used are from the critical review
and reassessment conducted in 2023 by Yingling et al. [17] except for
the heat capacity of UCl,(1) (177.0 J-K~!-mol!) which was again directly
obtained from the output of the PIM-MD simulations. For the interme-
diate stable in the pseudobinary system NaCl-ThCly, i.e., Na,ThClg, the
Neumann-Kopp approximation [37] was used for the heat capacity. For
the intermediate in the pseudobinary system NaCl-UCly, i.e., Na,UCl,
the heat capacity values are the same as in the assessment conducted in
2023 by Yingling et al., while the enthalpy of formation and standard
entropy have been reoptimised [17].

2.2.2. Liquid solution

The excess Gibbs energy terms of the liquid solution are represented
in this work using the quasi-chemical formalism in the quadruplet ap-
proximation, as proposed by Pelton et al. [40]. This method has demon-
strated its strengths for modelling molten chloride and fluoride salt
systems [16,18]. Fig. 1 provides an example of a quadruplet, enabling
the representation of short-range ordering. The excess Gibbs energy pa-
rameters optimised here are associated with the second-nearest neighbor



N.T.H. ter Veer, W.K. de Vries, C.T.C. Heyning et al.

Table 3
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Thermodynamic functions used in the CALPHAD model in this work. The heat capacity is expressed as the following polynomial: C,,,(T) = a + bT + cT? + dT2.
Optimised values in this work from MD data and values determined as part of the CALPHAD assessment are marked in bold. Liquid thorium and uranium chloride

are modelled as a [An}*"!Clg()—An"" /Cl, ()] mixture with g5, ., Cl,() = 38°

@ + 150,000 J-mol .

el
Compound A H? (298) 52 (298) C,.(D U K''mol!) = a + bT + cT? + dT? Temperature Source
(J-mol™) (J’K~"-mol?) a b c d range (K)
NaCl(cr) —411.260 72.15 47.72158 0.0057 1.21466-1075 —882.996 298.15-1074 [20]
NaCl(l) —390.853 83.30 68 - - - 298.15-2500 [20]
NaCl(g) —181.420 229.794 37.364 0.00071 - —163,206.1 298.15-3000 [38]
Na,Cly(g) —566.100 325.432 83.13295 3.8671-10°¢ - —402,023.30251 298.15-6000 [39]
ThCly(cr) —1186.300 183.499 120.293 0.0232672 - —615,050 298.15-6000 [71
ThCl,(I) —1162.064 176.93 184 - - - 298.15-2500 [71[this work]
Th,Clg(l) —2,324,128 353.868 368 - - - 298.15-2500 [this work]
ThCl,(g) —950.000 403.40 107.721 2.993.10~* —6.023-10°8 —573,880 298.15-6000 [36]1[this work]
Na,ThClg(cr) —2046.000 329.0 215.73616 0.0346672 2.42932:10° —616,815.992 298.15-703 [71[this work]
UCly(cr) —1018.800 197.2 116.362 0.03108 - — 340,400 298.15-6000 [36]
ucl, —998.606 200.77 177 - - - 298.15-2500 [36]1[this work]
U,Clg(1) —1997.2127 401.53 354 - - - 298.15-2500 [this work]
UCly(g) —815.400 410.90 110.634 3.2375-1073 —3.12-107 —715,600 298.15-6000 [36][this work]
Na,UClg(cr) —1877.0 343 208.2 0.06372 - — 34,040 298.15-2500 [17][this work]
Table 4
@ @ Cation—cation coordination numbers of the liquid solution.
i A B 4 zB z¢l
. IFNN
SN AB/Cl, AB/Cl, AB/Cl,
b Na* Na* 6 6 6
Anzlz” An;?” 6 6 1.5
An%IXII A"zlxu 6 6 0.75
. . . PR . . + +
Fig. 1. Illustration of the hypothesised quadruplet unit in molten salt, highlight- A"[K: 1 A"E[ern 6 6 1
ing the first-nearest neighbours (FNN) and second-nearest neighbours (SNN). N a+ A"Qin 3 6 2
FNN are of opposite charges, while SNN possess equal charges. Na "aix1) 2 6 1.09
(SNN) exchange reaction: ANaU[VI]/Cly = =T75000+3 - T'+ (=5000 + 7 - T) xnaviv 1y/c1,
2
+@- T)ZNaU[VI]/Clz 13)
(A-X-A+B-X-X)—>2A-X—-B)Agyp/x (10)
. . ANaU,[X1]/Cl, = —42000 + 7 - T + 30000 ¥y ot7, 1 X 11/C1
where A and B denote the cations and X represents the anions. atalX1l/cty
Moreover, to account for the formation of molecular species and +(=10000 + 10 - T) yy,1x ninvayci, 14)

formation of network structures in the salts investigated herein, we in-
troduce monomeric as well as dimeric species on the cationic sublattice,
as done in our previous works [19-22]. We refer the reader to the lat-
ter articles for a detailed description of the mathematical formalism
adopted.

As shown in section 3 in this work, at low concentrations of AnCl,,
most An** ions exist as monomers with predominantly 6-fold coordina-
tion, forming [AnCl6]2‘ complexes. At higher concentrations of ThCl,
and UCly, the formation of dimers, trimers, and eventually polymers is
observed. One dimer for each system was selected (Th2C1?1‘ and U, Cl?l‘),
which represents all species of higher nuclearity in the model, following
the recommendations in [41]. The selection of these specific complex
ions was based on the PIM-MD results in Section 3. For NaCl-ThCl, sys-
tem, this is moreover in line with research conducted by Photiadis et al.
[42]. The cation—cation coordination numbers in this study were de-
termined based on the stoichiometry of the coordinated complexes and
dimers, as done in our previous works.

The cation—cation coordination numbers selected for the models are
listed in Table 4.

The optimised excess Gibbs energy parameters for the (Na,An)Cl,
liquid solution (An = Th, U) are presented in Eqgs. (11)-(14).

ANGTh[V 11/Cly = =77000 = 5000 ¢ narny 11/c1, (11)

ANGThy[XT1/Cly = 38000 = 10 - T + 33000 ¢ a1 11/cly
— 16000 x74,(x )N a/cl, 12)

3. Results & discussion
3.1. Study of UCl, and ThCl, melts by molecular dynamics simulations

3.1.1. Density and molar volume

The simulated densities and molar volumes of ThCl, and UCl, using
our optimised force field parameters are depicted in Figs. 2 and 3 in
the temperature range 870-1100 K, and are compared to the previously
reported experimental data.

The density of liquid UCl, was investigated in the literature using hy-
drostatic weighing by Bogacz et al. [13], a quartz pycnometer by Kuroda
etal. [12], and the maximum bubble pressure method by Desyatnik et al.
[15]. The three independent experimental studies on UCl, density are
in rather good agreement with each other, and our calculated density
reproduces well the measured values.

In Fig. 2, it is evident that the simulated density of ThCl, markedly
diverges from experimental values, recent AI-MD computational results
by Wang et al. [43] and recent PIM-MD simulations by Pireddu et al.
[28]. However, an inconsistency was noticed in the literature: the ex-
perimental density of liquid ThCl,, as reported by Kuroda et al. [12],
surpasses that of the published data on UCl, (the reported molar vol-
ume of liquid ThCl, is lower than that of UCl,, respectively). Such a
discrepancy is puzzling, given that ThCl, and UCl, are isostructural com-
pounds in the solid state, and expected to have a similar local structure
in the liquid state. Following the decrease in ionic radius along the ac-
tinide series, one would expect the density of UCl, to be higher than
that of ThCl, (thus the molar volume of UCl, to be lower than that of
ThCly).
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A UCI, Exp. (Kuroda et al.)
O UCI, Exp. (Desyatnik et al.)
or ——UCl, Exp. (Bogacz et al.)
3.6 [} A ThCl, Exp. (Kuroda et al.) i
: o O ThCI, AI-MD (Wang et al.)
o & ThCl, PIM-MD (Pireddu et al.)
A B - UCl, PIM-MD (This Work)
& 344 AN '~ M = ThCl, PIM-MD (This Work)
§ ' A
: N N
2 . e AgAA
232 BN 2 ? .
[2] °~
c RN
o .
[a] N 1
3.0 s B
N, -
.
“m
2.8+ B
T T T T
800 900 1000 1100 1200
T(K)

Fig. 2. Simulated density of liquid UCl, and ThCl, compared to experimental
values determined by Desyatnik et al. [15] and Kuroda et al. [12,14], a linear fit
to experimental data from Bogacz et al. [13], PIM-MD data from Pireddu et al.
[28] and AI-MD data from Wang et al. [43].

160 T T T T T T T T T
O UCI, Exp. (Desyatnik et al.)
A UCl, Exp. (Kuroda et al.)
—— UClI, Exp. (Bogacz et al.)
A ThCl, Exp.(Kuroda et al.)
< ThCl, PIM-MD (Pireddu et al.)
140 O ThCl, Al-MD (Wang et al.) N
ThF, Exp. (Cahill et al.)
ThF, Exp. (Cantoretal et al.)
a O UF, Exp. (Desyatnik et al.)

% O UF, Exp. (Cahill etal.)
4 — B - UCI, PIM-MD (This Work)

120 — B -ThCl, PIM-MD (This Work)

Molar Volume (cm3-mol™)
.

A\
AV
A\

40

T T T T T
800 1000 1200 1400 1600
Temperature (K)

Fig. 3. Simulated molar volume of liquid UCl, and ThCl, compared to exper-
imental values determined by Desyatnik et al. [15] and Kuroda et al. [12,14],
a linear fit to experimental data from Bogacz et al. [13], PIM-MD data from
Pireddu et al. [28] and AI-MD data from Wang et al. [43]. The errors in the data
from this study correspond to the two standard deviations of the calculated MD
values.

A comparable trend has been confirmed for the lanthanide chlorides
by Goloviznina et al. [44], who reported a systematic increase in density
along the lanthanide series in their PIM-MD simulations. In the equiv-
alent fluoride salts, the densities and molar volumes respect this trend:
UF, has a higher density than ThF, as reported by Kirshenbaum et al.
[45]. It is conjectured here that although the absolute density values
reported by Kuroda et al. [12] might be inaccurate, and need confirma-
tion, their relative variations with temperature remain reliable as they
show a similar slope to the uranium data. In fact, the thermal expansion
coefficient of liquid ThCly, as reported by Kuroda et al. [12], closely
matches the values reported for liquid UCl, by the three aforementioned
sources. This is also the case for liquid actinide fluorides, where the ther-
mal expansion coefficients of UF, and ThF, are highly comparable. An
explanation for the higher-than-expected density values as reported by
Kuroda et al. [12] could be the presence of impurities. These impurities
would need to have a higher density than pure ThCl, and be relatively
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Table 5
Comparison of heat capacity calculated in this work with literature data.
Compound Cp (J-K'-mol ™) Method Source
ThCl, 184 + 8 PIM-MD This Work
167.4 £ 10 Estimated Rand et al. [46]
188 +5 PIM-MD Pireddu et al. [28]
168.3 + 17 AI-MD Wang et al. [43]
ucl, 177 £ 8 PIM-MD This Work
168 Review Capelli and Konings [36]
163 +5 Experimental Popov et al. [48]

inert. Potential candidates include ThO,, ThOCl, and thorium metal.
Additionally, the high volatility of pure ThCl, and UCl, poses experi-
mental challenges in obtaining accurate density measurements, which
might explain the observed discrepancy.

3.1.2. Heat capacity

The heat capacities of the pure compounds AnCl, were calculated
from the simulations using linear fits on the internal energy-temperature
graphs. Although the heat capacity of liquid ThCl, has not yet been ex-
perimentally determined, AI-MD data from Wang et al. and estimations
from Rand et al. [46] are available, as listed in Table 5. The heat capac-
ity calculated from our PIM-MD simulations aligns well with the selected
literature data within the reported uncertainties. This is encouraging, as
AI-MD methods have also proven to match experimental data for other
actinide halides [47].

For UCl, we calculate that the heat capacity is remarkably similar to
that of liquid ThCl,. These results fall within each other’s error margins,
indicating no statistically significant difference between the two. Both
values are higher than the earlier reported experimental value by Popov
et al. [48], based on a direct heating method with a continuously mea-
sured heat input in a quartz calorimeter vessel coated on the outside with
silver foil. However, given that the experimental data are derived from a
single source and considering the challenges associated with measuring
the heat capacity of liquid UCl, due to its high volatility, this discrep-
ancy is considered to be within an acceptable margin. It is also important
to note that partial vaporisation of the melt during measurement could
result in a lower observed heat capacity. This near-equivalence in heat
capacity of liquid ThCl, and UCl, is consistent with trends observed for
analogous systems: Tosolin et al. [49] have shown that UF, and ThF,
exhibit nearly identical heat capacities, and similar behaviour has been
reported by Goloviznina et al. [44] for lanthanide trichlorides, where
PIM-MD simulations revealed minimal variation across the series. In
addition, Pireddu et al. [28] reported comparable findings for actinide
trichlorides using the same simulation method. These converging lines of
evidence suggest that this thermodynamic similarity is a general feature
of f-block halides, and supports the expectation that actinide tetrachlo-
rides such as UCl, and ThCl, should likewise display closely matching
heat capacities.

3.1.3. Local structure

The Radial Distribution Function (RDF) and average Coordination
Number (CN) were calculated for the simulations at 1000 K. Fig. 4 il-
lustrates the pairwise radial distribution functions (An-Cl, An-An, and
CI-CD) in molten ThCl, and UCl,. As anticipated, these RDFs exhibit
many similarities to those of ThF, and UF, as determined by Ocadiz-
Flores et al. [50]. The RDF analysis reveals that, despite the presence
of long-range order in the molten state, there is a distinct structure of
interlocking anionic and cationic coordination shells. Specifically, there
are two An-Cl (An = Th, U) shells visible for each RDF, centred at 2.53
A and 5.42 A for Th-Cl, respectively, and 2.48 A and 5.33 A calculated
at a 1000 K, for U-CI respectively, before stabilising around the aver-
age value of g(r) = 1. Furthermore, similar to ThF, and UF,, the first
An-An shell exhibits a shoulder which is also observed by Wang et al.
[43] using AIMD. Another notable similarity to fluorides is that ThCl,
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Fig. 4. Pairwise radial distribution functions of molten ThCl, and UCl, calcu-
lated with PIM-MD at T = 1000 K.

and UCl4 are isostructural not only in their crystalline forms, but also
in the melt. The only distinction is a slight contraction in the An-Cl
bond length (rAnCl). An analogous trend has been reported for ThF,
and UF, by Ocadiz-Flores et al. [50], and for the lanthanide trichlorides
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Fig. 5. Distribution of coordination numbers for ThCl, and UCl, from differ-
ent studies. Results from the present PIM-MD simulations are shown for ThCl,
(black) and UCl, (red) at T= 1000 K. These are compared with AI-MD data for
UCl, from Li et al. [51] (cyan), PIM-MD data for ThCl, from Pireddu et al. [28]
(green), and AI-MD results for ThCl, from Wang et al. [43] (magenta). The pre-
dominance of six-fold coordination is evident across most data sets, with notable
deviations in Wang et al.’s AI-MD results and Pireddu et al.’s PIM-MD results,
where higher coordination numbers are favored.

by Goloviznina et al. [44], where the most probable Ln3*-Cl~ distance
decreases systematically from 2.78 A for La3* to 2.65 A for Eu3* as a
direct consequence of the ionic radius contraction across the lanthanide
series. Coincidentally, Goloviznina et al. [44] reported an average con-
traction of 0.025 A per increase in atomic number, which matches well
with the 0.05 A reduction we observe between Th-Cl (2.53 1’0\) and U-
Cl (2.48 f\). This systematic contraction is consistent with the actinide
ionic radius trend and provides a structural basis for the differences in
density observed between ThCl, and UCl,.

The calculated average coordination of the Th** cation at 1000 K is
6.0. Here, the 6-fold coordinated complex [ThClG]z‘ dominates with a
fraction around 0.82, while the 5- and 7-fold coordinated [ThCl;]~ and
[ThCl, 13~ exist in equilibrium, representing fractions of 0.10 and 0.07,
respectively. The remaining 0.01 fraction comprises minor amounts of
4-, 5-, 8-, and 9-coordinated species. This aligns well with the exper-
imental data reported by Photiadis et al. [42], who observed a similar
distribution using Raman spectroscopy. However, it contradicts the find-
ings of Wang et al. [43], who calculated using AI-MD that the 7-fold
coordinated complex is dominant in pure liquid ThCl, at 1100 K, with
an average coordination of 6.90. The exact reason for this discrepancy
is difficult to determine. One possible explanation is a link between the
higher coordination number and increased density. While higher coordi-
nation might be expected to contribute to an increased density through
more efficient packing, it is just one of several factors that must be
considered in the local structure of the liquid, and the 3-dimensional
network structure of oligomeric chains must also play a key role.
Thus, the relationship between coordination number and density is cer-
tainly complex, and should vary depending on the specific properties of
the melt.

For UCl, the calculated average coordination at 1000 K is 6.0, nearly
identical to that of ThCly. It is observed that the 6-fold coordinated
[UClg]*~ dominates with a fraction of 0.86, alongside minor contribu-
tions from the 7-fold coordinated [UC17]3‘, which constitutes a fraction
of 0.07, and the 5-fold coordinated [UC15]" at 0.06. Additionally, the
remaining fraction, approximately 0.01, comprises minor amounts of 4-,
8- and 9-coordinated species. Although there are no experimental data
to compare to, it is possible to compare to an AIMD study performed
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Fig. 7. Molar volume evolution of the (Na,Th)Cl, melt at temperatures T = 950, 1000 K (Left) and T = 1050, 1100 K (Right), analysed as a function of the molar
fraction of ThCl,. The calculated data are compared to experimental data from Kuroda et al. [12] and AIMD data from Wang et al. [43].

by Bo Li et al. [51]. The results of that work show that the average co-
ordination of UCl, at 1200 K is 6.03, in very good agreement with the
present study.

We see that ThCl, and UCl, exhibit remarkably similar coordination
numbers, both centred around six-fold coordination. This trend is con-
sistent with observations in other f-block halide systems. For instance, a
comparable coordination behaviour was reported in lanthanide trichlo-
rides by Goloviznina et al. [44], and in actinide trichlorides by Pireddu
et al. [28]. Fig. 5

3.2. Study of NaCl-AnCl, melts by molecular dynamics

3.2.1. Density and molar volume

To enhance comparability with the simulations performed on the
binary systems NaCl-UCl, and NaCl-ThCl,, the limited number of experi-
mental data points from the literature [12,15,52] were extended beyond
their original temperature range. In the following figures, data from the
literature extrapolated outside of the measured temperature range are
indicated by a symbol with a cross (i.e., [X]), whereas regular data points
within the measured temperature range are represented without a cross

(i.e., [D.

The densities and molar volumes of the binary mixtures were calcu-
lated based on the average dimensions of NpT ensemble simulation cells
across different temperatures and compositions, as illustrated in Fig. 6.
The data show that as temperature increases, the density decreases,
resulting in an increase in molar volume due to thermal expansion.
Notably, beyond 1150 K for NaCl-ThCl, and 1050 K for NaCl-UCl,,
respectively, the density starts to decline at higher concentrations of
AnCly, which we attribute to the partial vaporisation of the melt. This
is further supported by the CALPHAD calculated activities of AnCl,(g)
at various temperatures and compositions. Fig. 6 highlights that signif-
icant vaporisation of the melt occurs at elevated temperatures. This is
not unexpected given the low boiling points for ThCl, [53] and UCl,
[54] at 1205 K and 1064 K, respectively. Therefore, when discussing
the results, appropriate temperature ranges are used, where the vapour
pressure above the melt remains low.

Fig. 7 compares the calculated MD molar volume in the (Na,Th)CI,
melt to data from literature. As previously discussed, it is suggested here
that although the absolute density values reported by Kuroda et al. [12]
may be questionable, their relative variations with temperature remain
reliable. This is reflected in Fig. 7, where the simulated molar volumes
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Fig. 9. Mixing enthalpies of the (Na,An)Cl, (An= Th,U) melt as calculated by
MD at T = 1000 K, compared to the AIMD data by Wang et al. [43] at T =
1100 K in the NaCl-ThCl, system. Furthermore, experimental and MD results at
1266 and 1270 K respectively on the NaF-ThF, by Schreuder et al. are included.

diverge more noticeably at higher fractions of ThCl,, and consistently
register higher molar volumes than the experimental data. However, the
overall trend is well-represented across all temperatures.

Fig. 8 compares the calculated MD molar volumes in the (Na,U)Cl,
melt to experimental data from Desyatnik et al. [52] and Bogacz et al.
[13]. It can be observed that the calculated MD molar volumes are
in excellent agreement with the experimental data across the observed
temperature ranges.

3.2.2. Heat capacity and enthalpy of mixing

The mixing enthalpies for NaCl-ThCl, and NaCl-UCly, calculated
from the MD simulations, are shown in Fig. 9. As anticipated from
analogous fluoride systems [22], both NaCl-ThCl, and NaCl-UCl, ex-
hibit negative values for the enthalpies of mixing. It is also observed
that NaCl-UCl, exhibits a more negative enthalpy of mixing compared
to NaCl-ThCl,. Interestingly, the compositions of the minima in both
curves coincide with the onset of polymerisation, a topic discussed in
more detail later when the local structure is analysed.

Although no experimental data are available for direct comparison
with these systems, previous work by Andersson et al. [47] on NaCl-
UCl; has demonstrated that AI-MD simulations are highly effective in
describing the mixing enthalpies of alkali actinide binary chloride mix-
tures. Consequently, the research by Wang et al. on NaCl-ThCl, serves
as a valuable reference for comparison with our calculated mixing en-
thalpies [43]. Additionally, it is noteworthy that, similar to the trend
seen in NaCl-UCl; and NaF-ThF,, the magnitude of the enthalpy of
mixing for both NaCl-UCl, and NaCl-ThCl, is significantly more neg-
ative than observed in experimental or AIMD data. The composition of
maximum short-range ordering (SRO) for NaCl-UCl, and NaCl-ThCl, is
calculated to be at X(AnCl,) values of 0.39 and 0.37, respectively.

Fig. 10 presents the calculated heat capacities for the NaCl-ThCl,
and NaCl-UCl, systems, plotted together across the entire composition
range. As anticipated, the calculated heat capacity for pure NaCl aligns
well with experimental data, as the potentials from Ishii et al. [30] were
used. Although no direct experimental data exist for these specific mixed
systems, the calculated NaCl-ThCl, data show good agreement with the
AIMD results reported by Wang et al. [43].

Across the entire composition range, the NaCl-ThCl, system con-
sistently exhibits a slightly higher heat capacity when compared to
NaCl-UCly, however, when considering the error margins, this difference
is negligible. When examining the excess heat capacity in Fig. 10, both
melts demonstrate strong negative excess heat capacities of similar mag-
nitude, with a distinct minimum around the composition of maximum
SRO.

Other results obtained using the PIM method for similar systems,
such as those by Schreuder et al. [22] for NaF-ThF, and Van Oudenaren
et al. [20] for NaCl-UCl3, show a similarly negative excess heat capacity,
aligning closely with the results of the current study. This consistency
across PIM studies strengthens the reliability of these findings.

3.2.3. Local structure and speciation

Fig. 11 displays the radial distribution functions, g(r), for selected
ion—ion pairs in molten NaCl-ThCl, and NaCl-UCl, mixtures across a
range of compositions. The RDFs are shown for An**-Cl~, An**-An**,
and Cl™-Cl~ correlations. A color gradient shows the mole fraction of
AnCly, ranging from 0 (pure NaCl) to 1 (pure AnCl,). These plots re-
veal the compositional evolution of both short- and intermediate-range
structural order. Notably, the first peak in the An-Cl RDF, correspond-
ing to the primary solvation shell, exhibits a clear decrease in intensity
with increasing AnCly, content. This likely reflects increased competition
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Fig. 11. RDFs of An-Cl pair, An-An pair, and CI-Cl pair in the binary NaCl-AnCl, mixtures with different AnCl, fraction at 1000 K.

among An** cations for Cl~ anions, which weakens individual An**-
Cl~ interactions as the number of coordinating cations rises. Similar
behaviour has been reported in other molten salt mixtures, including
the AIMD studies of NaCl-ThCl, by Wang et al. [43], and the NaCl-UCl,
and NaCl-UCl; systems examined by Li et al. [51].

Additionally, a distinct double feature in the An**-Cl~ RDF, promi-
nent at high AnCl, fractions, gradually diminishes and largely vanishes
around x(AnCl,) = 0.3-0.4. This transition coincides with the disappear-
ance of a corresponding double feature in the An**-An** RDF, suggesting
a shared structural origin. We attribute this behaviour to the onset of
polymerisation within the melt: at higher AnCl, content, polynuclear
complexes form that exhibit multiple characteristic An**-Cl~ and An*+-
An** distances, manifesting as split RDF features. As NaCl becomes the
dominant component, these polymeric structures dissolve, leading to a

more uniform coordination environment and the collapse of the double
features.

Fig. 12 depicts the distribution of complex anions at 1000 K for the
NaCl-ThCl, and NaCl-UCl, systems, respectively. At low AnCl, concen-
trations, the melt is almost entirely comprised of six-coordinated com-
plexes, forming stable [AnCl 1%~ species. However, as the AnCl, fraction
increases, five- and seven-coordinated complexes begin to emerge in
nearly equal proportions in both systems. As a result, the average co-
ordination number remains effectively constant near 6, as shown in the
supplementary information. This behaviour aligns closely with the find-
ings of Li et al. [51] for the NaCl-UCl, system, but deviates from the
trend reported by Wang et al. [43] in their study of NaCl-ThCl,, where
a stronger deviation in coordination number was observed. The consis-
tency between UCl, and ThCl, coordination trends in our simulations
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suggests that the coordination environments in NaCl-AnCl, mixtures
evolve in a structurally analogous manner.

Fig. 13 displays the calculated speciation at T = 1000 K for both
NaCl-AnCl, systems. This figure reveals that the UCl, and ThCl, based
salts exhibit onset of polymerisation at a similar composition, likely due
to the similar chemical bonding properties of U** and Th*+ valence shell
electrons, as also reflected by the similar coordination numbers. For
NaCl-UCl,, the onset of polymerisation is in agreement with the AIMD
results reported by Li et al. [51], reinforcing the validity of these find-
ings. Finally, it is interesting to point out, that below X(AnCl,) = 0.4,
in the composition range where monomers remain dominant along with
dimers and trimers, the prevalent coordination of monomeric species in
the thorium and uranium melt is (VI), as shown in Fig. 12, while (V) and
(VII) coordinated monomers reach equivalent, but small fractions. This
information was used to build the thermodynamic models as described
hereafter.

3.3. Thermodynamic modelling

3.3.1. NaCl-ThCl,

Using the coordination and speciation data derived from MD sim-
ulations at 1000 K, along with calorimetric data from the literature,
including studies by Tanii et al. [55], Vokhmyakov et al. [56], and
Oyamada [57], the CALPHAD model for the NaCl-ThCl, binary system,
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as shown in Fig. 14, was developed. In this model, all monomers were
represented by a single complex anion, the 6-coordinated [ThClg]>~,
which was selected due to its predominance across the entire compo-
sition range, as shown in Fig. 12. To represent the polymer chains, a
single 11-coordinated dimer, [Th,Cl;;1%~, was selected, following the
argumentation outlined in our recent review [41]. Notably, we did not
include trimers in the model to avoid having to optimise too many de-
grees of freedom. Trimers are included in the modelling of the LiF-BeF,
system [19], to reflect its much higher viscosity [41].

It can be seen in Fig. 14 that the model represents well the ther-
modynamic phase diagram events described in literature. The eutectic
equilibria are calculated to be at compositions of {X(ThCl,) = 0.26, T
= 646 K } and {X(ThCl,) = 0.46, T = 646 K}, respectively, which is in
good agreement with previous work by Ocadiz-Flores et al. [16].

The comparison between the mixing enthalpy from the CALPHAD
model and the literature data shows that, while the overall trend is
well captured, the magnitude of the mixing enthalpy is significantly
larger in the CALPHAD model than in the AIMD results from Wang
et al. [43] as can be seen in Fig. 9. However, the uncertainty asso-
ciated with the AIMD results remains unknown. Fig. 15 demonstrates
that the speciation and onset of polymerisation in the CALPHAD model
are in excellent agreement with the MD simulation results calculated
at 1000 K.
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Fig. 14. NaCl-ThCl, phase diagram, as calculated in this work using the coupled
structural thermodynamic model compared to available experimental data. The
phase equilibria data were obtained by Tanii et al. [[ ], Vokhmyakov et al. [[]]
and Oyamada [c].
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Fig. 15. Chemical speciation at 1000 K of the NaCl-ThCl, system as calculated
by MD and with the CALPHAD model. Here all the monomers present in the
MD calculations correspond to the 6-coordinated monomers [ThClg]?~, and all
the polymers present in the MD calculations correspond to the 11-coordinated
dimers [Th,Cl;; 1.

3.3.2. NaCl-UC,

The CALPHAD model for the NaCl-UCl, binary system, shown in
Fig. 16, was developed using coordination and speciation data derived
from MD simulations at 1000 K, in combination with calorimetric phase
diagram data reported in the literature, including studies by Bogacz et al.
[58], Kuroda et al. [59], and Thoma [60], as well as melting data for
Na,UClg.

Given the close similarity in ionic radii between U** and Th*t,
and the comparable bonding environments observed in the MD simu-
lations, the modelling approach for NaCl-UCl, was aligned with that
of NaCl-ThCl,. As such, all monomers were represented by a single
6-coordinated complex anion, [UClg]?>~, which is dominant up to ap-
proximately 30 mol% UCl,, beyond which polymeric species take over.
A single 11-coordinated dimer, [U,Cl;;13~, consistent with the struc-
tural model developed for Th**, was used to represent the polymeric
fraction as it was among the most prevalent polymeric species observed
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Fig. 16. The NaCl-UCl, phase diagram, as calculated in this work using the

coupled structural thermodynamic model compared to available experimental
data. The thermodynamic events were obtained by Bogacz et al. [M], Kuroda
et al. [¢] and Thoma [V].
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Fig. 17. Chemical speciation at 1000 K of the NaCl-UCl, system as calculated
by MD and with the CALPHAD model. Here all the monomers present in the
MD calculations correspond to the 6-coordinated monomers [UCl]?", and all
the polymers present in the MD calculations correspond to the 11-coordinated
dimers [U,Cl;;1*~. compared to AI-MD data by Li et al. [51].

in PIM-MD. As shown in Fig. 16, the model predicts two eutectic equi-
libria, at compositions of X(UCl4) = 0.28 and X(UCl,) = 0.48, with
corresponding temperatures of 696 K and 636 K, respectively. Recent
experimental studies performed in our group on the Na,UClg compound
suggest it melts congruently [61]. Consequently, the thermodynamic
functions of Na,UClg were reassessed accordingly (see Table 3), based
on formation enthalpies reported by Martynova et al. [62] and adjusted
within experimental uncertainty to ensure internal consistency.

Fig. 9 compares the mixing enthalpy predicted by the CALPHAD
model with AIMD results from Wang et al. [43]. As with NaCl-ThCl,, the
overall trend is reproduced, but the magnitude of the mixing enthalpy
remains significantly larger in the CALPHAD model. The speciation and
onset of polymerisation predicted by the CALPHAD model align well
with the MD simulations at 1000 K (Fig. 17).
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Fig. 18. Vapour pressure of ThCl, as a function of inverse temperature. Data
are shown from evaporation temperature measurements [63-65] and transpi-
ration [53], alongside the reoptimised model developed in this work.
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Fig. 19. Vapour pressure of UCl, as a function of inverse temperature.
Experimental data from tube flow [66], transpiration [54,67,68], and boil-
ing/static pressure methods [66] are shown together with the present reopti-
mised model.

3.3.3. Reoptimisation of thermodynamic functions for gaseous ThCl,(g)
and UCl,(g)

As mentioned already, ThCl, and UCl, show rather high vapour pres-
sure. Some inconsistencies among literature vapour pressure datasets
were noticed, and a critical re-evaluation of the gas-phase thermody-
namic functions of ThCl, and UCl, was therefore performed, to improve
the reliability of the CALPHAD models. Starting from the evaluations
of Capelli and Konings [36], we reoptimised those functions by fitting
to selected vapour pressure data for ThCl, obtained by the evaporation
temperature method [63-65] and transpiration method [53], and for
UCl, from tube flow [66], transpiration [54,67,68], and boiling/static
pressure measurements [66]. The resulting expressions reproduce the
vapour pressure behaviour across the solid and liquid regimes with
improved fidelity, as shown in Figs. 18 and 19.

3.3.4. Vapour pressures across the binary salt mixtures
While vapour pressure data have not been, to the best of our knowl-
edge, reported in the literature above (NaCl-UCl,) melts, Smirnov et al.
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Fig. 20. Total gas-phase activity (In(bar)) for the NaCl-ThCl, system at vari-
ous mole fractions of ThCl,. Experimental data from Smirnov et al. [69] are
compared to CALPHAD model predictions (This Work) across six compositions.

[69] reported data for (NaCl-ThCl,) salt mixtures. Fig. 20 shows the cal-
culated vapour pressure over the NaCl-ThCl, melt at 973 K compared
to the measurements reported by Smirnov [69]. The model underesti-
mates the vapour pressure significantly in the range of 20-40 mol%
ThCly. Interestingly, this is the region where Smirnov attributes the
dominant gas-phase species to NaThCl5(g), a gaseous species not cur-
rently included in the thermodynamic model. At higher ThCl, fractions
(above 50 mol%), the agreement improves, suggesting the current model
well captures the vaporisation behaviour when ThCl,(g) becomes the
primary species.

4, Conclusion

New force field parameters are reported in this work for the ThCl,
and UCl, molten salts, based on the Polarisable Ion Model. The struc-
tural, thermodynamic, and thermo-physical properties of the latter salts
and their mixtures with NaCl were then scrutinised in the temperature
range 900 to 1100 K. The output of the MD simulations was moreover
used together with phase equilibria data in the literature to develop
thermodynamic models of the NaCl-ThCl, and NaCl-UCl, systems that
also reproduce the local structure and chemical speciation taking place
within the melt. Our studies have highlighted the need to collect key
thermophysical data that would help to confirm and improve the quality
of PIM simulations on those systems. In particular, we note that uncer-
tainties in the reported densities of ThCl, and UCl, remain unresolved,
and highly recommend their remeasurement using modern techniques.
Experimental investigation of the local structure of molten AnCl, (An =
Th, U), for example via in situ EXAFS or neutron diffraction, is essential
to validate the An-Cl distances and coordination environments predicted
by the here presented molecular dynamics simulations.

For the NaCl-AnCl, binary systems, calorimetric measurements of
the mixing enthalpy, confirmation of the herein presented eutectic com-
positions, and investigation of gaseous species such as NaAnCls would
also be highly beneficial to refine thermodynamic models.
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