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Molten chloride salts are ionic liquids in which the anions and cations exhibit network formation. An
attractive salt system for use in molten salt reactors is NaCl-UCl3, an ionic liquid with complex non-
ideal thermodynamic behaviour due to the formation of short-range order. The relationship between
local structure and thermodynamic properties is investigated in this work, in which molecular dynamics
simulations using the Polarizable Ion Model (PIM) and thermodynamic modelling by means of the
CALPHAD method are combined. The system is simulated for a wide range of temperatures and compo-
sitions and various properties are derived derived from molecular dynamics data: density/molar volume,
thermal expansion, heat capacity and excess properties including excess molar volume, mixing enthalpy
and excess heat capacity. Generally, there is good agreement with previously published experimental
data. An in depth analysis of the local structure of the liquid is performed for multiple temperatures.
This analysis demonstrates the transition from a molecular liquid consisting of primarily Na+, Cl�,
UCl3�6 /UCl4�7 at low UCl3 content to a polymeric liquid at high UCl3 content, manifesting itself in the for-
mation of species like U2Cl

6�
12 , U3Cl

8�
17 , U4Cl

10�
22 etc. Exceeding 40% UCl3, the liquid consists of a three-

dimensional network of corner or edge-sharing uranium polyhedra. The output of the MD simulations
and experimental data are incorporated into a coupled structural-thermodynamic model for the NaCl-
UCl3 system based on the quasi-chemical formalism in the quadruplet approximation, that provides a
physical description of the melt and reproduces (in addition to the thermodynamic data) the chemical
speciation of uranium polymeric species predicted from the simulations.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Chloride salts have attracted an increasing interest in recent
years as fuel and coolant system for the next generation of nuclear
fission Molten Salt Reactors (MSRs), in particular for designs with a
fast spectrum. The NaCl-UCl3 system is to this date a reference for a
number of reactor concepts under development (e.g. Moltex
Energy, Elysium Industries, TerraPower) [1–3]. UCl3 serves as the
primary fissile material, while NaCl is an attractive carrier salt
due to its high solubility for actinides [4], availability and low cost.
During irradiation, the chemical composition of the fuel continu-
ously changes, however, as the fission process introduces new
reactive dissolved, precipitated or gaseous species, depending on
local thermodynamic equilibrium conditions. The MSR salt system
is thus a complex multi-component system, that shows complex
non-ideal thermodynamic behaviour at the high temperatures
used in the reactor [4]. An exhaustive assessment through models
and simulations codes of this dynamic and complex fuel physical
chemistry (during normal operation and accidental conditions) is
challenging, but also a stringent requirement for the safety analy-
sis. As a first step, a thorough knowledge of the base salt NaCl-UCl3
physico-chemical properties (i.e. heat capacity, melting tempera-
ture, density, viscosity, thermal conductivity etc.) is essential to
accurately model the thermal behaviour.

Molecular dynamic studies of NaCl-UCl3 have been performed
using the Polarizable Ion Model (PIM) by Li et al. [5], in which
the local structure, heat capacity, thermal conductivity and diffu-
sivity were determined in the 5–55% UCl3 composition range at
1100 K. A similar study was performed by Baty [6] for a small num-
ber of NaCl-UCl3 compositions, pure NaCl and UCl3 and some clo-
sely related compounds. This work expands both the
composition and temperature range of the simulations previously
done. In addition, the excess molar volume, thermal expansion,
mixing enthalpy and excess heat capacity are determined for the
first time, and are compared to experimental data where possible.

While the structures of liquid NaCl and UCl3 have been studied
in much detail [7,8], the relationship between the structural and
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thermodynamic excess properties of the (Na,U)Clx salt system is
relatively unexplored, despite the evident correlation. Molten chlo-
ride salts are ionic liquids in which the anions and cations exhibit
network formation, depending on composition and temperature
conditions. NaCl is a completely dissociated ionic melt, while
UCl3 can be qualified as a ‘‘polymeric” liquid, in which the coordi-
nation shells of uranium cations form corner, edge or face-sharing
polyhedra by which the entire melt is interconnected. A mixture of
the two end-members may go from a regime with molecular spe-
cies to one where network formation is observed. In this work, the
study of this network formation by means of molecular dynamics
is coupled to the thermodynamics of the system using the CAL-
PHAD method [9].

Two thermodynamic modelling assessments of the NaCl-UCl3
system have been reported to this date: by Yin et al. using a substi-
tutional solution model [10] and Beneš and Konings [11] using a
quasi-chemical model in the quadruplet approximation. However,
the aforementioned models do not account for the chemical speci-
ation in the melt, as proposed herein, where the structural proper-
ties obtained from MD are subsequently used as input to develop a
coupled structural-thermodynamic CALPHAD assessment of the
NaCl-UCl3 system, using a quasi-chemical type of formalism. The
model proposed can describe simultaneously the phase equilibria,
mixing enthalpy and speciation of the liquid, following the
methodology recently applied to the LiF-BeF2[12] and LiF-UF4 sys-
tems [13].
2. Brief literature review

Phase diagram studies of the NaCl-UCl3 system were performed
as early as 1943 by Kraus [14] using differential thermal analysis
(DTA), and more recently (2015) by Sooby et al. [15] using differen-
tial scanning calorimetry (DSC). Mixing enthalpy data were col-
lected in 2002 by Matsuura et al. [16] at 1113 K using an argon
filled calorimeter with the break-off ampoule technique. The afore-
mentioned thermodynamic model of this system by Beneš and
Konings [11] used the quasi-chemical formalism in the quadruplet
approximation. This model did not account for the mixing enthalpy
data of Matsuura et al. [16], however. The calculated mixing
enthalpy shows a minimum around �4.5 kJ�mol�1 at x(UCl3)
� 0:35, while the experimental data by Matsuura et al. [16] suggest
this minimum to be located around �7.5 kJ�mol�1 at x(UCl3)
� 0:50. The later model by Yin et al. [10] using the substitutional
solution model accounted for the experimental mixing enthalpy
data.

The structure of liquid NaCl was experimentally studied by
Edwards et al. [7] at 1148 K using neutron diffraction from which
the partial structure factors of Na-Na, Na-Cl and Cl-Cl were derived
and used to calculate radial distribution functions. The structure of
liquid UCl3 was experimentally measured by Okamoto et al. [8] at
1200 K using X-ray diffraction by taking the Fourier transform of
the reduced intensity function. The molecular dynamics simula-
tions of Li et al. [5] (in 5–55% UCl3 range at 1100 K using the polar-
izable ion model) revealed that the liquid mixture consists of
mainly 6- and 7-fold coordinated uranium monomers at low UCl3
fractions, after which network formation starts to take place and
the liquid becomes entirely ‘‘polymerized” above 40% UCl3.

Finally, the density of NaCl-UCl3 mixtures was determined by
Desyatnik et al. [17] using the maximum (argon) bubble pressure
method, over the full composition range for temperatures between
900 and 1300 K. The same authors also determined the dynamic
viscosity of NaCl-UCl3 by investigating the dampening of oscilla-
tions in a salt-filled crucible under similar measurement condi-
tions (composition, temperature range).
2

3. Methods

3.1. Molecular dynamics simulations: the polarizable ion model

The Polarizable Ion Model (PIM) used in this work has been very
successful in simulating molten salts for a variety of systems (LiF-
BeF2, La/Tb/YCl3, NaCl-UCl3) [12,18,5]. The PIM potential is defined
by four terms, namely a Coulombic charge-charge interaction Vqq,
repulsive interaction Vrep, dispersive interaction Vdisp, and a polar-
izable term Vpol which accounts for polarizability of the ions. The
detail of each term is given in the Supplementary Information.

The PIM parameters used in this work (listed in the Supplemen-
tary Information) were determined by Madden et al. [19,20] and
the U-Na dipole-dipole/quadrupole parameters were fine-tuned
by Li et al. [5].

The assessed compositions and temperatures are listed in
Table 1. The systems were equilibrated for 500 ps in the NpT
ensemble at 10�8 a.u. pressure (2.94 bar), from which the equilib-
rium volumes were taken and molar enthalpies were determined.
This was followed by 200 ps of equilibration in the NVT ensemble,
and finally a 500 ps production run for each temperature and com-
position. All ensembles had a time step of 0.5 fs. The relaxation
times of the Nosé-Hoover thermostat and barostat were set to
10 ps. Cut-offs for the real space part of the Ewald sum and
short-range potential were both set to less than half the length
of the cell, whereas the relaxation time for both the Nosé-Hoover
thermostat and barostat (for the NpT run) was set to 10 ps.

3.2. Thermodynamic modelling

The thermodynamic modelling assessment of the NaCl-UCl3
system was carried out using the CALPHAD (CALculation of Phase
Diagram) method, based on the least-squares minimisation of the
total Gibbs energy of the system [9] using the Factsage software
(Version 7.0) [21]. Both the experimental phase diagram and mix-
ing enthalpy data reported in the literature, and the output of the
MD simulations were used to optimise the excess parameters of
the Gibbs energy functions of the phases involved in this system.

3.2.1. Stoichiometric compounds
The Gibbs energy function of a pure condensed phase is defined

as:

GðTÞ ¼ Df H
o
mð298Þ � Somð298KÞT þ

Z T

298
Cp;mðTÞdT � T

Z T

298

� Cp;m

T
dT ð1Þ

where Df H
o
mð298Þ is the standard enthalpy of formation, Somð298KÞ is

the standard absolute entropy, both evaluated at a standard tem-
perature of 298.15 K (noted 298 K throughout this work for simplic-
ity), and Cp;m is the isobaric heat capacity, expressed with a
polynomial function:

Cp;mðTÞ ¼ aþ bT þ cT2 þ dT�2 ð2Þ
The NaCl-UCl3 is a simple eutectic system. The thermodynamic

properties of the end-members, listed in Table 2 were taken from
the IVTAN tables for NaCl(cr,l) [22], and the recent review of
Capelli and Konings for UCl3(cr,l) [23]. The heat capacity of
UCl3(l) is reported equal to 129.7 J�K�1�mol�1 in the latter review.
In this work, we have taken the heat capacity value obtained from
the MD simulations, i.e. 151.1 J�K�1�mol�1, in better agreement
with the evolution observed for the (Na,U)Clx liquid solution (see
Section 4.1.4). The choice of the heat capacity data for NaCl(l)
requires a bit more discussion. The data selected in the IVTAN
tables by Glushko et al. [22], i.e. (67.9� 1.0) kJ�mol�1 is the average



Table 1
Simulated ensembles in MD simulations of the NaCl-UCl3 system. xðUCl3Þ is the molar fraction of UCl3.

xðUCl3Þ NCl� NU3þ NNaþ Ntotal T/K

0 320 0 320 640 1100/1200/1300/1400
0.049 334 15 289 638 1100/1200/1400
0.10 348 29 261 638 1100/1200/1400
0.148 360 41 237 638 1100/1200/1400
0.199 372 53 213 638 1100/1200/1400
0.251 383 64 191 638 1100/1200/1400
0.302 393 74 171 638 1100/1200/1400
0.352 402 83 153 638 1100/1200/1400
0.399 410 91 137 638 1100/1200/1400
0.45 418 99 121 638 1100/1200/1400
0.498 425 106 107 638 1100/1200/1300/1400
0.595 438 119 81 638 1100/1200/1300/1400
0.697 450 131 57 638 1100/1200/1300/1400
0.802 461 142 35 638 1100/1200/1300/1400
0.899 470 151 17 638 1100/1200/1300/1400
1 480 160 0 640 1100/1200/1300/1400

Table 2
Thermodynamic data for end-members used in this work for the thermodynamic assessment: DfH

o
m(298 K)/(kJ � mol�1), Som(298 K)/(J�K�1�mol�1), and heat capacity coefficients

Cp;m(T/K)/(J�K�1�mol�1), where Cp;m(T/K) = a + b�T + c�T2 + d�T�2. Optimized data are shown in bold.

Compound DfH
o
m(298 K)/ Som(298 K)/ Cp;m(T/K)/(J�K�1�mol�1)= a + b�T + c�T2 + d�T�2 T/K Reference

(kJ�mol�1) (J�K�1�mol�1) a b c d

NaCl(cr) �411.260 72.15 47.72158 0.0057 1.21466� 10�5 �882.996 298.15–1074 [22]
NaCl(l) �383.060 98.407 47.72158 0.0057 1.21466� 10�5 �882.996 298.15–1074 [22]

68 1074–2500 This work
UCl3(cr) �863.700 163.9 106.967 �0.02086 3.639� 10�5 �129900 298.15–1115 [23]
UCl3(l)

a �846.616 152.919 151.1 298.15–2500 [23], This work
U2Cl6(l)a �1693.232 305.838 302.2 298.15–2500 This work

a Liquid uranium chloride is modelled as a {U2Cl6(l)-U
VICl2(l)-U

VIICl2(l)} mixture with goUVICl2ðlÞ = 1/2 goU2Cl6ðlÞ + 150000 and goU2Cl6ðlÞ = 1/2 goU2Cl6ðlÞ + 150000 (see Supplementary
Information).
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value from three studies reported in 1935 (68.1 kJ�mol�1, 1123–
1268 K) [24], 1906 (66.6 kJ�mol�1, 1112–1205 K) [25], and 1977
(69 kJ�mol�1) [26]. Glushko et al. rejected, however, the data of
Dawson et al. [27] collected in 1963, that are the data retained in
the JANAF review [28]. Glushko et al. argue that the data measured
between 1078 and 1279 K yield a heat capacity value between 73
and 87 kJ�mol�1. We have re-analysed the data of Dawson et al.
[27] in this work, and have obtained 68.4 kJ�mol�1. It is thus not
clear where the discrepancy pointed out in the analysis of Glushko
et al. comes from. For the present thermodynamic model, we rec-
ommend to select the average value from the four studies, includ-
ing that of Dawson et al., which yields (68.0 ± 1.0) kJ�mol�1. NaCl
(cr) melts at (1074 ± 1) K with an enthalpy of fusion equal to
(28.2 ± 0.2) kJ�mol�1 [22], while UCl3(cr) melts at (1115 ± 2) K with
an associated enthalpy of fusion equal to (49.0 ± 2.0) kJ�mol�1 [23].
3.2.2. Liquid solution
The excess Gibbs energy terms of the liquid solution are mod-

elled in this work using the modified quasi-chemical model pro-
posed by Pelton et al. [29] in the quadruplet approximation.
Moreover, a coupled structural-thermodynamic description of the
melt is made following the principles described by Smith et al.
[12] to reflect the fact that mixtures rich in UCl3 (>40% UCl3 frac-
tion) are found to be ‘‘polymeric”, meaning that the melt entirely
consists of species with a nucleation of more than 4. A detailed
description of the quasi-chemical formalism and the implementa-
tion of the structural-thermodynamic model is described in the
Supplementary Information.

In this work, the liquid solution is modelled to consist of chlo-
rine anions Cl�, sodium cations Na+, and U3þ

VI , U
3þ
VII and U6þ

2 cations,
which are uranium monomers with coordinations [VI] and [VII]

(i.e. UCl3�6 and UCl4�7 ), respectively, and a dimer species with coor-
3

dination [XII]. The U6þ
2 cations thus correspond to the U2Cl

6�
12 spe-

cies. The choice of these species is based on the wish to use a
physical representation of the melt, while keeping a reasonable
number of excess Gibbs energy parameters to be optimised. The

U2Cl
6�
12 species is assumed to represent the largest polymeric unit

in the thermodynamic model. This means that UCl3 is modelled
as a connected network made entirely of dimers.

The optimised Gibbs energies values, also listed in the Supple-
mentary Information, were obtained by fitting simultaneously
the parameters of the thermodynamic model to the MD speciation
data, experimental mixing enthalpy data [16] and experimental
phase diagram data [15,14].

4. Results and discussion

4.1. Structural, thermophysical and thermochemical properties from
MD simulations

4.1.1. Density and molar volume
The density and the molar volume of binary mixtures of NaCl-

UCl3 were calculated based on the average dimensions of the
NpT ensemble simulation cells (500 ps equilibration time, 0 GPa
pressure). The results are shown in Fig. 1a, in which they are com-
pared to the reported equation by Li et al. [5] at identical condi-
tions, and to the reported experimental density results by
Desyatnik et al. [17] (Note: the data by Desyatnik et al. at the
UCl3 composition were extrapolated beyond the prescribed tem-
perature range). The agreement is very good near the end-
members, but there is a slight discrepancy near xðUCl3Þ = 0.5 molar
fraction. However, the difference does not exceed 6% which is
acceptable and comparable to other MD studies [5,12,30,31]. The
density results of Desyatnik et al. [17] and van Artsdalen and Yaffe



Fig. 1. Evolution of the (a) density and (b) molar volume of the (Na,U)Clx melt at T = 1100 K as function of molar fraction of UCl3. The molecular dynamics results of this work
are compared to experimental data by Desyatnik et al. [17] and simulations by Li et al. [5]. Errors on the data from this work are standard deviations of the calculated MD
values; the error on the data of Desyatnik is 1% as taken from the corresponding paper [17].

Table 3
Molar volume of (Na,U)Clx melt as
function of fraction UCl3 for different
temperatures.

T(K) Vm [cm3�mol�1]

1100 37.743 + 0.359 x(UCl3)
1200 39.166 + 0.356 x(UCl3)
1300 40.261 + 0.361 x(UCl3)
1400 42.201 + 0.355 x(UCl3)
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for pure NaCl [32] over the full range of reported temperatures are
compared to the results of this work in Fig. 2. Overall, the agree-
ment is similar to the one just described at T = 1100 K. The temper-
ature dependencies of the calculated density data at various
compositions are comparable (i.e. similar slopes on the linear
equations).

The evolution of the molar volume over all simulated composi-
tions and temperatures is shown in Fig. A.1 in the Appendix. Linear
equations fitted to the data points are listed in Table 3.

The excess molar volume calculated at 1100 K is shown in Fig. 3,
where it is compared to the data obtained with the experimental
results of Desyatnik et al. [17]. The behaviour observed from the
experimental data, i.e. positive deviation in an almost parabolic
fashion, is not reproduced in the MD simulations. Instead, the
molar volume shows a subtle S-shape, with a nearly ideal beha-
viour up to xðUCl3Þ = 0.25 molar fraction, and a negative deviation
above the latter composition. This behaviour coincides with the
network formation of the liquid, which is described in Section 4.1.3,
and causes the liquid to ‘‘contract”. A negative deviation in the
excess molar volume was also observed for the LiF-BeF2 system
[12], where extensive polymerization occurs.

4.1.2. Thermal expansion
Based on the calculated molar volumes, the thermal expansion

of the liquid was also derived from the relation:
Fig. 2. Density of (Na,U)Clx melt as function of temperature at various molar
fractions in UCl3. Molecular dynamics results of this work (red) compared to the
experimental data by Desyatnik et al. [17] (black; the grey regions around the black
lines indicate the reported 1% experimental uncertainty) and van Artsdalen and
Yaffe [32] (green). Errors on the data from this work are standard deviations of the
calculated MD values; the error on the data of Desyatnik is 1% as taken from the
corresponding paper [17].

Fig. 3. Excess molar volume of the (Na,U)Clx melt at T = 1100 K as function of molar
fraction UCl3, compared to the values calculated from the experimental density data
by Desyatnik et al. [17]. Errors on the data from this work are standard deviations of
the calculated MD values; the error on the data of Desyatnik is 1% as taken from the
corresponding paper [17].

4

b ¼ 1
Vm

@Vm

@T

� �
p

ð3Þ

The results are shown in Fig. 4. The evolution is quasi-linear and
the fitting equations are listed in Table 4. The thermal expansion
shows a positive temperature dependence as expected, and
decreases with increasing UCl3 content: the stronger U-Cl bonds
and increasing chloride bridging at high UCl3 concentrations result
in a decreased expansion compared to NaCl-rich salts.
4.1.3. Local structure
The calculated radial distribution functions (RDFs) of NaCl are

compared to those derived from experimental neutron diffraction
measurements by Edwards et al. [7] in Fig. 5a. The agreement on
the intensity and radial distances is generally very good, although



Fig. 4. Thermal expansion of the (Na,U)Clx melt at various temperatures and
compositions as derived from the MD simulations.

Table 4
Thermal expansion of the (Na,U)Clx melt as
function of temperature for different fractions
in UCl3.

x(UCl3) b (K�1)

0 1.378 � 10�7T + 1.991 � 10�4

0.049 1.247 � 10�7T + 1.965 � 10�4

0.10 1.129 � 10�7T + 1.944 � 10�4

0.148 1.050 � 10�7T + 1.921 � 10�4

0.199 8.342 � 10�8T + 1.842 � 10�4

0.251 8.408 � 10�8T + 1.846 � 10�4

0.302 8.318 � 10�8T + 1.840 � 10�4

0.352 6.863 � 10�8T + 1.756 � 10�4

0.399 8.287 � 10�8T + 1.835 � 10�4

0.498 8.027 � 10�8T + 1.827 � 10�4

0.595 5.894 � 10�8T + 1.691 � 10�4

0.697 4.483 � 10�8T + 1.556 � 10�4

0.802 3.838 � 10�8T + 1.465 � 10�4

0.899 3.500 � 10�8T + 1.433 � 10�4

1 2.931 � 10�8T + 1.345 � 10�4
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the MD data seem to miss some of the features of the experimental
curves.

The RDFs of UCl3 are compared to those derived from experi-
mental measurements by Okamoto et al. [8] in Fig. 5b. There is a
near perfect overlap between the MD curve and the experimental
Fig. 5. (a) Radial distribution functions of NaCl: molecular dynamics simulation results a
[7]. (b) Radial distribution functions of UCl3: molecular dynamics simulation results at T

5

one. The only difference is a slight shift of the radial distances of
the maxima of the U-U and U-Cl curves, meaning that the location
of the first coordination shell is slightly overestimated in the sim-
ulations. The evolution of the RDFs as a function of composition in
NaCl-UCl3 mixtures is shown in Fig. 6. The shape of the distribu-
tions changes significantly with UCl3 fraction. Firstly in the U-Cl
RDF, the intensity of the first coordination shell decreases, while
the second coordination shell moves to lower radial distances.
The reason for this behaviour is the formation of molecular species
responsible for the shortening of the mean U-Cl distance. In the U-
U RDF, the largest peak is initially located around 8.1 Å for low
UCl3 contents, corresponding to a melt consisting primarily of
monomers. As the UCl3 fraction increases, the intensity of the sec-
ond coordination shell decreases, while the first coordination shell
simultaneously becomes sharper. This is again the result of the
network formation in the liquid. A more in depth analysis of the
effects on coordination and chemical speciation is discussed next.

The chemical speciation of the liquid is determined from the
calculated radial distribution functions. The first local minimum
of the U-Cl RDFs is taken to be a bond cut-off distance. The chlorine
anions that are located at a shorter distance than this bond cut-off
distance are considered to be part of the first coordination shell of
uranium. Moreover, if a chlorine anion is simultaneously part of
the coordination shell of two uranium cations, and the correspond-
ing U-U distance is less than two U-Cl distances, a U-Cl-U linkage is
identified. The results of this analysis, i.e. the coordination environ-
ment and chemical speciation of (Na,U)Clx melts as function of
composition at T = 1100 and 1400 K are shown in Figs. 7 and 8,
respectively.

At low UCl3 content (below 10% UCl3), the melt is largely disso-
ciated. However, a significant fraction of uranium cations also
forms dimers, reaching a fraction around 25% at a UCl3 concentra-
tion of 10%. Above 10% UCl3, rapid network formation (polymerisa-
tion) sets in, and at 40% UCl3 concentration the melt is fully
‘‘polymerised”. The coordination of the monomers starts out
almost evenly distributed between 6- and 7-fold coordination at
low UCl3 content, with a small portion of 8-fold coordinated ura-
nium ions. The results at 1100 K are in good agreement with those
by Li et al. [5], while the results at T = 1400 K are reported for the

first time. It is worth noting that the formation of UCl2�5 complexes,
as suggested by Desyatnik et al. [17] in relation with the positive
deviation from ideal behaviour of the molar volumes and the
obtained viscosity data, is not corroborated by the present results.

The concentration of UCl2�5 species is found to be marginal instead.
With increasing temperature, the 6-fold coordination becomes
(even) more prevalent than 7-fold and 8-fold coordinations as
shown in Fig. 7. The temperature seems to have a limited effect
t T = 1100 K compared to experimentally derived values (1148 K) by Edwards et al.
= 1200 K compared to experimentally derived values (1200 K) by Okamoto et al. [8].



Fig. 6. Evolution of the U-Cl, U-U and Cl-Cl radial distribution functions in (Na,U)Clx melts as function of composition at T = 1100 K.

Fig. 7. Evolution of the fraction of UCl3�6 , UCl4�7 , UCl5�8 , UCl6�9 species as function of
composition at T = 1100 and 1400 K.

Fig. 8. Fraction of U atoms involved in monomers, dimers, trimers, tetramers and
‘‘polymers” as function of composition at T = 1100 and 1400 K; the designation
‘‘polymer” corresponds to a cluster with U nuclearity greater than 4.
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on the mechanisms of network formation, however, as seen in
Fig. 8. The network formation sets in only at a slightly lower rate
with increasing temperature. This behaviour is nevertheless to be
expected, since by increasing the temperature the density of the
6

liquid decreases, which increases the distance between uranium
ions. The U-U, U-Cl and Cl-Cl RDFs calculated at 15% UCl3 concen-
tration, shown in the Appendix (Fig. B.1), reflect this: increasing
temperature decreases the height of the U-U coordination shells
and increases their radial distance.
4.1.4. Thermodynamic properties
Heat capacity and mixing enthalpy of the (Na,U)Clx melt were

derived from the MD simulations, based on the calculated enthal-
pies, i.e. from the (average) potential energy of the production runs
in the NpT ensemble.

The heat capacity was determined by fitting a linear equation to
the enthalpy data obtained over the four different temperatures
simulated (1100, 1200, 1300, 1400 K) using weighted linear regres-
sion analysis which accounted for the uncertainty in the deter-
mined enthalpy values.

Cp;m ¼ @Hm

@T

� �
p

ð4Þ

The result is shown in Fig. 9a and is compared to other MD studies
by Baty [6] and Li et al. [5], experimental data selected by Chase
et al. (JANAF) [28], and an estimation by Beneš and Konings [11]
for pure UCl3. There is good agreement with both the MD data fit
proposed by Li et al. [5] and the UCl3 estimation by Beneš and Kon-
ings [11]. A rather large difference is observed between the UCl3
data point obtained in this work and that of Baty [6], but since Baty
did not report the associated uncertainty it is difficult to assess this
discrepancy. The excess heat capacity is shown in Fig. 9b. It is
slightly negative up to 60% UCl3, after which a large negative devi-
ation occurs, with a maximum deviation of about 7 J�K�1�mol�1

slightly above x(UCl3) = 0.8. This behaviour is also observed in other
molten salt systems, notably the NaF-ThF4 system, albeit at differ-
ent component ratios [33]. This phenomena was explained by the
disruption of the highly connected network of the pure ThF4 end-
member upon addition of Na+ cations, resulting in a reduced heat
capacity. The negative excess heat capacity was moreover related
to the calculated negative excess thermal expansion, as both prop-
erties are linked to the vibrational contribution to the free energy,
which is in this case lower than for an ideal mixture. A similar inter-
pretation also stands for the NaCl-UCl3 system.



Fig. 9. (a) Calculated heat capacity of (Na,U)Clx melt as function of UCl3 fraction. Other values reported in the literature are added for comparison [5,6,11,28]. (b) Excess heat
capacity of (Na,U)Clx melt as function of UCl3 fraction with a polynomial fitted through the data points. Errors on this work (and the values themselves) were calculated using
weighted linear regression on the mean and standard deviation of the (molar) enthalpy MD data.
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The calculated mixing enthalpy (Eq. 5) at T = 1100 K is shown in
Fig. 10, and compared to the experimental data by Matsuura et al.
[16]. The calculated mixing enthalpy at other temperatures are
shown in the Appendix (Fig. C.1).

DmixH
o
mðTÞ ¼ Ho

mðTÞ � xðUCl3ÞHo
mðUCl3; TÞ � ð1

� xðUCl3ÞÞHo
mðNaCl; TÞ ð5Þ

A significant discrepancy is observed between the simulated and
experimental results. The shape of the mixing enthalpy curve is
identical, but the magnitude is around twice as large in the simula-
tions. This might be an indication that the potential parameters (U-
Cl, U-U, U-Na) could be further fine-tuned to better represent the
thermodynamics of the liquid. (Absolute) overestimation of the
mixing enthalpy in molecular dynamics data has been observed in
similar molten salt systems, e.g. LiF-BeF2 [12], LiF-UF4 [13] and
NaF-ThF4 [33].
4.2. Coupled structural-thermodynamic model

The molecular dynamics speciation data are finally combined
with the experimental phase equilibria [14,15] and mixing
enthalpy [16] data for the development of a coupled structural-
thermodynamic model using the methodology described in Sec-
tion 3.2.2 and in the Supplementary Information. The calculated
phase diagram is in good agreement with the phase diagram equi-
librium data by Kraus et al. [14] and Sooby et al. [15] (see Fig. 11).
Fig. 10. Enthalpies of mixing calculated at T = 1100 K, and comparison to the
experimental data by Matsuura et al. [16]. The uncertainty on the mixing enthalpy
was calculated using the law of propagation of uncertainty. The uncertainty on the
experimental data by Matsuura et al. was reported to be 6%.
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The eutectic equilibrum is calculated to be at a composition of x
(UCl3) = 0.349 and T = 792 K, which is in good agreement with
Kraus who reports an eutectic composition around x(UCl3) = 0.33
and T = (793 ± 5) K, and with Sooby et al. [15] who reports x
(UCl3) = (0.34 ± 0.02) and T = (796 K ± 2) K.

The mixing enthalpies calculated from the model are compared
to the experimental data by Matsuura et al. [16] in Fig. 12. There is
good agreement in both the shape and magnitude of the data.

The distribution of the uranium species [UVI Cl6]3�, [UVII Cl7]4�

and [U2Cl12]6� are finally calculated at T = 1100 and 1400 K based
on the molar fractions of the quadruplets according to the follow-
ing relations:

½UVICl6�3� ¼ XNaUVI þ XUVIUVI þ XUVIUVII=2þ XUVIU2=2X
k

X
l>k

Xkl=Cl2 � XNaNa

ð6Þ
½UVIICl7�4� ¼ XNaUVII þ XUVIIUVII þ XUVIUVII=2þ XUVIIU2=2X
k

X
l>k

Xkl=Cl2 � XNaNa

ð7Þ
½U2Cl12�6� ¼ XNaU2 þ XU2U2 þ XUVIU2=2þ XUVIIU2=2X
k

X
l>k

Xkl=Cl2 � XNaNa

ð8Þ

in which k and l are elements of the cation set {Na+,U3þ
VI , U

3þ
VII , U

6þ
2 },

and Xkl represents the mole fraction of the (k-Cl-l) quadruplet (see
Supplementary Information for more detail on the quasi-chemical
formalism).
Fig. 11. Calculated phase diagram of the NaCl-UCl3 system and comparison with
the experimental data by Sooby et al. [15] (�) and Kraus [14] (�).



Fig. 12. Calculated enthalpy of mixing for the (Na,U)Clx melt at T = 1113 K, and
comparison with the experimental data by Matsuura et al. [16].
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As discussed in Section 3.2.2, the MD speciation is simplified by

assuming the dimer species (U2Cl
6�
12 ) includes all polymeric species

with a nuclearity higher than 2 so as to keep the number of fitting
parameters from growing too large. The results at T = 1100 K and
1400 K are shown in Figs. 13a and b, and compared to the results
from MD simulations, with good agreement. The model captures
the increasing contribution of 6-fold coordinated monomers with
increasing temperature, which is the result of the decreasing
density.
Fig. A.1. Molar volume of (Na,U)Clx melt at T = 1100, 1200, 1300, 1400 K as function
of molar fraction UCl3. The dotted lines are a linear fit of the data points.
5. Conclusions

Using molecular dynamics simulations with the polarizable ion
model, several thermo-physical properties of the NaCl-UCl3 salt
system have been determined, namely density/molar volume,
thermal expansion, heat capacity, and excess properties including
excess molar volume, mixing enthalpy and excess heat capacity.
The information on the thermal expansion, heat capacity, and mix-
ing enthalpy has been determined over the full compositional
range for the first time. While there is good agreement with the
available experimental data in most cases, some notable differ-
ences are observed in the excess properties. In particular, the cal-
culated mixing enthalpy shows a similar shape but has a
magnitude twice as large as the experimental data. These devia-
tions might indicate that fine-tuning of the PIM parameters are
necessary in order to produce more accurate results. Nevertheless
the PIM does give useful insights into the structure of the liquid
which has successfully been determined over a large temperature
range for the first time. Moreover, a coupled structural-
thermodynamic model has been developed with potential applica-
bility to calculations related to MSR chemistry and pyroprocessing
Fig. 13. Distribution of UCl3�6 , UCl4�7 and U2Cl
6�
12 species calculated at (a) T = 1100 K and

simulations.
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schemes, that reproduces the distribution of UCl3�6 , UCl4�7 and

U2Cl
6�
12 species in the melt in addition to the phase equilibrium

and mixing enthalpy data.
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Appendix A. Molar volumes

A.1
Appendix B. Radial distribution functions

B.1
(b) T = 1400 K using the thermodynamic model compared to the results from MD



Fig. B.1. Evolution of the U-U, U-Cl and Cl-Cl radial distribution functions at 15%
UCl3 content as a function of temperature.

Fig. C.1. The mixing enthalpy of NaCl-UCl3 as function of UCl3 molar fraction at T =
1100, 1200, 1300 and 1400 K.
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Appendix C. Mixing enthalpy

C.1

Appendix D. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.molliq.2021.
117470.
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