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ABSTRACT:The structural, thermochemical, and thermophysical proper-
ties of the NaF� ThF4 fuel system were studied with experimental methods
and molecular dynamics (MD) simulations. Equilibrium MD (EMD)
simulations using the polarizable ion model were performed to calculate the
density, molar volume, thermal expansion, mixing enthalpy, heat capacity,
and distribution of [ThFn]

m� complexes in the (Na,Th)Fx melt over the full
concentration range at various temperatures. The phase equilibria in the
10� 50 mol % ThF4 and 85� 95 mol % ThF4 regions of the NaF� ThF4
phase diagram were measured using di� erential scanning calorimetry, as
were the mixing enthalpies at 1266 K of (NaF/ThF4) = (0.8:0.2), (0.7:0.3)
mixtures. Furthermore, the� -Na2ThF6 and NaTh2F9 compounds were
synthesized and subsequently analyzed with the use of X-ray di� raction.
The heat capacities of both compounds were measured in the temperature
ranges (2� 271 K) and (2� 294 K), respectively, by thermal relaxation
calorimetry. Finally, a CALPHAD model coupling the structural and thermodynamic data was developed using both EMD and
experimental data as input and a quasichemical formalism in the quadruplet approximation. Here, 7- and 8-coordinated Th4+ cations
were introduced on the cationic sublattice alongside a 13-coordinated dimeric species to reproduce the chemical speciation, as
calculated by EMD simulations and to provide a physical description of the melt.

1. INTRODUCTION

From a structural viewpoint, inorganic melts can generally be
classi� ed as molecular, ionic, metallic, and network-forming, as
well as having combined features from these categories.1 In the
case of molten salts, ionic, molecular, and network-forming
regimes may be observed depending on the temperature and
composition.2 The LiF� BeF2 system is a canonical example:
LiF is an ionic melt, while BeF2 is a fully connected network of
bridged tetrahedral units.3 In the process of adding BeF2 to LiF
melts, the corresponding changes in the short-range order
(SRO) manifest themselves in the excess thermodynamic
properties and also signi� cantly alter the transport properties.
For instance, the mechanism of electrical conductivity goes
from independently di� using ions to a mechanism where the
Li+ ions travel through channels in the network. At the same
time, the viscosity increases by several orders of magnitude.3

By and large, molten salts are thus a class of ionic liquids
displaying a wide range of thermal and electrical conductivities,
densities, viscosities, and melting points, among other
thermophysical properties. This rich chemistry makes them
ideally suited as solvents and reaction media for numerous
industrial uses.

In recent times, the applications investigated include
recovery of valuable metals from spent batteries,4 carburization

of steel,5 carbon capture and storage,6 and the production of
hydrogen7 and ammonia.8 Yet in a 21st century facing growing
energy demand in combination with the need to cut
greenhouse gas emissions, one of the most promising uses of
molten salts would be as fuels and coolants for a class of
advanced nuclear power systems called molten salt reactors
(MSRs).9 The current reference fuel mixtures for the European
molten salt fast reactor concept, LiF� ThF4�

233UF4 (77.5�
20� 2.5 mol %) and LiF� ThF4�

enrUF4� (Pu,MA)F3 (77.5�
6.6� 12.3� 3.6 mol %, MA = minor actinides),10 use7LiF as the
carrier salt. Interestingly, it was shown in a previous
thermodynamic assessment that the addition of NaF to the
LiF� ThF4� UF4 fuel matrix could lower the melting point of
the mixture,11 thereby limiting solidi� cation risks and allowing
for possible improvement of the overall thermodynamic
e� ciency of the reactor. Next to this, NaF is a signi� cantly
cheaper alternative compared to7LiF, which could be
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particularly appealing in a MSR concept operated in the fast
neutron spectrum.

Accordingly, the NaF� ThF4 fuel system has been
investigated herein with experimental and computational
methods to substantiate the knowledge on its materials’
properties and the structural behavior of the melt over wide
ranges of temperature and composition. The density, molar
volume, thermal expansion, mixing enthalpy, heat capacity, and
chemical speciation of NaF� ThF4 mixtures have been
calculated with molecular dynamics (MD) simulations across
the entire composition space in the 1270 K <T < 2000 K
range. Furthermore, the standard entropies of� -Na2ThF6 and
NaTh2F9 have been determined using low-temperature heat
capacity measurements. The mixing enthalpy of (NaF/ThF4) =
(0.8:0.2), (0.7:0.3) compositions, as well as several thermal
events in the NaF� ThF4 phase diagram were determined using
di� erential scanning calorimetry (DSC). Finally, an advanced
structural thermodynamic model has been developed by using
MD and experimental results as input. A test of the general
applicability of the model outside the parameters used to
optimize it was made by calculating activities and comparing to
experimental results, with satisfactory agreement.

2. METHODS
2.1. Computational Methods. 2.1.1. MD Simulations.

The polarizable ion model (PIM) model2,12,13 was used for the
MD simulations. This model, based on a semiclassical
approach, has proven to be very suitable for simulating
� uoride salt systems.2,13� 16 The PIM potential energy function
is described by the sum of four interaction terms, including
charge� chargeVqq, repulsionVrep, dispersionVdisp, and
polarizationVpol contributions. Each term is explained in
Supporting Information, along with listing of the parameter
values. The code used to run the simulations was PIMAIM.12

In general, the simulation cell consisted of approximately
600 ions (seeSupporting Information). The temperatures
ranged from 1270 to 2000 K. All simulations were started with
aNpT run of 500 ps at 0 GPa. Depending on the properties to
be calculated, theNpT run was followed by aNVT
equilibration run of 200 ps and aNVT production run of
500 ps. The time steps in all ensembles were set to 0.5 fs. The
Nose�-Hoover thermostat and Martyna barostat relaxation
times were both set to 10 ps. The Ewald sum cuto� radius,
which sets a limit to the long-range electrostatic interactions
between ions, and the short-range potential cuto� radius were
both set to half of the length of the simulation cell.

2.1.2. Density Functional Theory.The energy curves
(E(V)) of Na2ThF6 and NaTh2F9 were calculated via DFT.
For that purpose, the Vienna ab initio simulation package
(VASP)17� 20 was used to perform plane-wave computations
with the projected augmented wave approach21,22 and the
generalized gradient approximation of Perdew, Burke, and
Ernzerhof.23,24 Convergence in the energy and cell volume was
tested and the results indicated a cuto� energy of 520 eV and 5
× 5 × 8 and 5× 5 × 5 � -centered k-points grid in the� rst
Brillouin zone for Na2ThF6 and NaTh2F9, respectively, with a
Gaussian smearing parameter of 0.02 eV to ensure that the
accuracy in the energy of the system was more than 0.01 meV.
The self-consistent� eld convergence criterion was 1× 10� 5 eV
per electronic iteration and 0.02 eV/Å for each ionic loop that
was updated by the conjugate gradient approach. To calculate
the energy of the equilibrium lattice, the atomic positions, cell
volume, and cell shape were given freedom to relax. To

calculate the energy curves, both cell volume and cell shape
were � xed and only the atoms were free to move. More
detailed information is found inSupporting Information.

2.2. Experimental Methods.2.2.1. Sample Preparation.
NaF was obtained from Alfa Aesar, with 99.99% purity and was
dried for 4 h at 673 K in a furnace under argon� ow. The post
X-ray di� raction (XRD) and DSC measurements showed no
secondary phases. ThF4 was obtained from JRC Karlsruhe. It
was synthesized by� uorination of ThO2.

25 No impurities were
detected by XRD, and DSC also showed a high purity based on
the melting point: (1381± 5) K versus 1383.0 K.26 Because of
their hygroscopic nature, all samples investigated in this work
were prepared under dry argon atmosphere in a glovebox,
where the oxygen and water contents were kept below 5 ppm.
The DSC and XRD measurements were also done under the
same protected atmosphere. The samples were sealed under an
argon atmosphere in the glovebox in speci� cally designed
tightly closed sample holders such that reactions with water or
oxygen from the environment were minimized and radioactive
contamination was prevented. The thermal relaxation calorim-
etry measurements were done under vacuum.

2.2.2.� -Na2ThF6 and NaTh2F9 Synthesis.NaF and ThF4
were mixed in the appropriate stoichiometric ratios and were
placed inside a nickel liner closed by a nickel lid. A stainless
steel crucible enclosed the nickel assembly and was sealed with
a stainless steel screw bolt. The crucible was subsequently
annealed in a tubular furnace (Borel, Switzerland) up to 1423
K (above the melting point of pure ThF4), with a 250 K/h
heating ramp. A plateau of 1 h was maintained, after which the
sample was slowly cooled down to room temperature with a 25
K/h cooling ramp. An argon� ow was applied throughout the
routine to prevent reactions with oxygen or water.

2.2.3. X-ray Di� raction. An X’pert Pro (PANAlytical)
di� ractometer mounted in the Bragg� Bretano con� guration,
with a copper anode (45 kV, 40 mA), was used for the XRD
measurements. The intensities of the scattered X-rays were
measured with an X’Celerator real-time multistrip detector.
The angle range was set to 10° � 2� � 120° with an
integration time of around 8 h and a step size of 0.008°. The
purity of the synthesized compounds was checked by Le Bail
re� nement27 of the XRD pattern using the FullProf software
suite.28

2.2.4. Thermal Relaxation Measurements Using a
Physical Property Measurement System.The heat capacity
of the synthesized� -Na2ThF6 and NaTh2F9 materials was
measured with a physical property measurement system
(PPMS) (Quantum Design) instrument. This technique is
based on the thermal relaxation method, which is described
and evaluated in great detail by Lashley et al.29 The samples
were pelletized and were subsequently enclosed with a
STYCAST encapsulant to prevent radioactive contamination
and degradation of the hygroscopic samples. The masses of the
pellets with STYCAST were 13.2 mg (10.3 mg without) for� -
Na2ThF6 and 12.7 mg (10.9 mg without) for NaTh2F9. The
contributions of the grease, platform, heater, wires, and
temperature sensor were measured in a separate run prior to
the measurement of the heat capacity of the actual sample (the
addenda curve). The addenda and STYCAST heat capacity
contributions were then subtracted from the measured values
of the sample run. The heat capacity was measured between 2
and 271 K for� -Na2ThF6 and between 2 and 294 K for
NaTh2F9. No magnetic� eld was applied during the experi-
ments. Based on the experience with the PPMS instrument and
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the encapsulation of similar materials in STYCAST,30,31 the
uncertainty of the measurements was estimated to be 3% for
temperatures lower than 100 K and 1% between (100 and 300
K). Treatment of the data was done as outlined in section and
described at length in refs32� 34.

2.2.5. Phase Equilibrium Measurements by DSC.The
transition temperatures were measured using a Setaram
multidetector high-temperature calorimeter (MHTC-96 type)
operating in the DSC mode, equipped with S-type
thermocouples, capable of measuring up to 1673 K.

NaF� ThF4 mixtures were placed in a nickel liner. A
stainless-steel crucible encapsulated the liner, and a nickel lid
was pressed into the liner by screwing a stainless steel bolt onto
the crucible such that the sample was hermetically sealed from
the environment, as in ref35 (seeSupporting Information
also). The transition temperatures were measured for the
compositions (NaF/ThF4) = (0.9:0.1), (0.8:0.2), (0.7:0.3),
(0.6:0.4), (0.5:0.5), (0.15:0.85), (0.1:0.9), and (0.05:0.95).
For every experiment, four heating cycles were applied, in
which the sample was annealed approximately 90 K above the
melting points of the end members during the� rst cycle and
above the liquidus line for the subsequent cycles, as seen in the
reported phase diagrams.11,36 Subsequently, the recorded
temperatures assigned to a particular event were averaged
over the successive cycles, excluding the� rst one. The
measured temperatures were corrected with a temperature
calibration equation, derived by measuring the melting points
of di� erent high-purity metallic standards (In, Pb, Sn, Al, Ag,
and Au) following the procedure described in refs37 and38.
The uncertainty on the measured temperatures is estimated to
be 5 K for pure compounds and 10 K for mixtures. The onset
temperature obtained by tangential analysis of the heat� ow
was selected for transitions and congruent melting temper-
atures. The extremum of the heat� ow peak was selected for
the liquidus events, as recommended by Boettinger et al.39

2.2.6. Enthalpy of Mixing Measurements by DSC.Mixing
enthalpy experiments were performed with the same type of
crucibles as used in the DSC measurements. The technique
and determination of the detector sensitivity are described in
great detail in ref40 (seeSupporting Informationas well). A
pellet of NaF was placed below a ThF4 pellet. A small nickel
liner separated the end-member compounds such that eutectic

melting or solid-phase reactions were prevented until melting
of NaF, which initiated the mixing event. Au reference material
(>99.99% purity) was measured at the same time as the
sample, which allowed us to determine the detector sensitivity
and subsequently the total enthalpy involved in the mixing
event � measHm

o (Tfus,NaF). The enthalpy of mixing is then
calculated by subtracting the fusion enthalpies of the end
members from the measured heat

H T H T

x H T

x H T

( ) ( )

(KF, )

(ThF , )

mix
o

fus,NaF meas
o

fus,NaF

NaF fus
o

fus,NaF

ThF fus
o

4 fus,NaF4

� = �

Š �

Š � (1)

The samples were heated beyond the melting point of ThF4
to check if any material remained unreacted.

Note that it is assumed that the fusion enthalpy of ThF4 is
temperature-independent and is thus the same at the melting
temperature of NaF. This is a reasonable approximation
according to the work of Capelli et al.40 The fusion enthalpies
used were 36.4 kJ mol� 1 for ThF4

10 and 33.3 kJ mol� 1 for
NaF.41 The uncertainties in the mixing enthalpy
� mixHm

o (Tfus,NaF) were determined from the standard un-
certainty of the calibration process. The setup was the same as
the one used to measure mixing enthalpies in the KF� ThF4
system, with which the fusion enthalpies of LiF, NaF, KF, and
ThF4 were measured within experimental error.42

2.3. CALPHAD Modeling.2.3.1. Pure Compounds.The
optimization of the NaF� ThF4 thermodynamic model was
carried out using the FactSage software43 (Version 7.2). To
assess a phase diagram, the identity of the phases present in the
system of interest must be known, as well as their respective
Gibbs energy functions. In this work, the Neumann� Kopp
rule44 was used to approximate the heat capacities of
intermediate compounds in the absence of experimental data,
with the exception of� -Na2ThF6 and NaTh2F9. For each of
these two phases, a polynomial� t bridging the measured low-
temperature heat capacity data (� 2 to � 298 K, section) and
behavior at high temperatures (500 K to melting point) as
predicted by the Quasi-Harmonic Approximation (QHA) was
used. The thermodynamic data for all compounds in this study
are listed inTable 1. The data for solid and liquid NaF and

Table 1. Thermodynamic Data for End Members and Intermediate Compounds Used in This Work for the Phase Diagram
Assessment:� fHm

o (298 K)/(kJ·mol� 1), Sm
o (298 K)/(J·K� 1·mol� 1), and Heat Capacity Coe� cientsCp,m (T/K)/(J ·K� 1·mol� 1),

whereCp,m (T/K) = a + b·T + c·T2 + d·T� 2a

Cp,m (T/K)/(J ·K� 1·mol� 1) = a + b·T + c·T� 2

compound � fHm
o (298 K)/(kJ·mol� 1) Sm

o (298 K)/(J·K� 1·mol� 1) a b c refs

NaF(cr) � 576.650 51.21 47.63 1.479× 10� 2 � 464,300 45
NaF(l) � 557.730 52.755 72.989 45
ThF4(cr) � 2097.900 142.05 111.46 2.6900× 10� 2 � 780,000 26,46

ThF4(l)
b � 2100.360 106.61 168.0 26,46

Na4ThF8(cr) � 4360.695 436.4 301.98 8.6060× 10� 2 � 2,637,200 this work
Na7Th2F15(cr) � 8272.950 675.6 556.33 1.5733× 10� 1 � 4,810,100 this work
Na2ThF6(cr) � 3276.100 257.3 207.5043 4.5076×10� 2 � 1,824,833 this work
Na3Th2F11(cr) � 5899.800 525.0 365.81 9.8170× 10� 2 � 2,952,900 this work
Na7Th6F31(cr) � 16689.725 1300.0 1002.17 2.6493× 10� 1 � 7,930,100 this work
NaThF5(cr) � 2696.500 194.2 159.09 4.1690× 10� 2 � 1,244,300 this work
NaTh2F9(cr) � 4808.106 333.7 287.165 2.7885×10� 2 � 2,574,616 this work

aOptimized data are shown in bold.bThF4(l) is modeled as a [ThVIIF4(l) � ThVIIIF4(l) � Th2[XIII] F8(l)] mixture withg
Th F
0

VII,VIII 4[ ]
(l) = g1

2 Th F (l)
0

2 XIII 8[ ]
+

150,000 J·mol� 1.
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ThF4 were taken from NIST-JANAF45 and the work by
Tosolin et al.46 and Konings and van der Meer,26 respectively.
The standard enthalpies of formation and standard entropies of
all the intermediate compounds were optimized to closely
match phase equilibria data and thermodynamic data reported
herein (mixing enthalpies, standard entropies of� -Na2ThF6
and NaTh2F9).

2.3.2. Liquid Solution.The excess Gibbs energy terms of
the (Na,Th)Fx liquid solution have been modeled in the
present work using a modi� ed quasi-chemical model similar to
the one recently optimized for the LiF� BeF2 system.47 A
detailed description is given inSupporting Information. As will
be examined in the following sections, (Na,Th)Fx is not a
solution in which cations and anions are completely
dissociated. Rather, the solution is formed by discrete
coordination complexes of F� ligands around Th4+. At low
ThF4 concentrations, most Th4+ are present as monomers,
primarily with coordination numbers 7 and 8: [ThF7]

3� and
[ThF8]

4� . Hence, in this work, two distinct Th4+ cations were
taken into account: Th[VII]

4+ and Th[VIII]
4+ . At higher ThF4

concentrations, the number density of the monomers
increases, leading to dimers [Th2Fx]

8� x, trimers [Th3Fy]
12� y,

and longer chains or“polymers” of thorium cations linked
together by bridging� uorides (seeFigure 5). There are many
chain lengths possible, not all of which can be taken into
account if the number of� tting parameters is to be kept from
becoming too large. Hence, dimers and all species of higher
nuclearity were included in the model as dimers in which the
overall coordination sphere around the two Th atoms is made
of 13 � uorine atoms (the most abundant according to MD
simulations), with the corresponding cation Th2[XIII]

8+ . Given
that pure ThF4(l) is a network of mostly corner-sharing
coordination polyhedra ,48,49 it was modeled as a solution of
dimers. Such a choice is a simpli� cation, yet one which already
re� ects a main structural characteristic of the network:� uoride
bridging. A detailed description of the complete model as well
as the optimized parameters are provided inSupporting
Information.

2.3.3. Solid Solution.A solid solution appears in the system
in the ThF4-rich side of the phase diagram according to Thoma
et al.,50 although earlier work by Emelyanov and Evstyukhin51

did not � nd evidence of the solid solution. The DSC data in
this work do not give conclusive evidence on the matter. The
solid solution phase was thus not retained in this work.

3. RESULTS AND DISCUSSION
3.1. Structural Investigations of the (Na,Th)Fx Melt

via MD. 3.1.1. Density and Molar Volume.The densities�
and molar volumesVm (Figure 1a) of the (Na,Th)Fx melt were
calculated with MD from the mean volume of the cubic
simulation cells after theNpT run at 1270, 1433, 1500, 1600,
and 2000 K over the full concentration range. The results at
1270 K are compared to the experimental data obtained by
Desyatnik et al.52 (for the mixtures) and Kirschenbaum and
Cahill53 (for pure ThF4) by interpolating at the same
temperature. A maximum relative deviation of less than 3%
is observed; hence, good agreement was found between the
calculated density data using MD and the experimental values,
especially when considering the fact that experimental works
on densities of salt mixtures can vary by several percent.9

The molar volume increases quasi-linearly with increasing
concentration of ThF4 and increases with temperature, as
expected. The excess molar volume is shown inFigure 1b. A
positive excess molar volume is observed for the MD and
experimental data. The local maximum atT = 1270 K is at 40
mol %, slightly shifted compared to the maximum of the
experimental data (30 mol %). The magnitude of the excess is
similar in that region, close to 5%. As the temperature is
increased, the excess molar volume grows. The maxima of the
MD calculated curves are reached at approximately 40 mol %
ThF4 for all temperatures, which coincides with the complete
polymerization of the melt (seeFigure 5).

3.1.2. Order at Short Range.Fluoride melts display strong
SRO, with a coordination environment of� uorides around
cations and vice versa. The coordination numbers of the
[ThFn]

m� complexes in the melt were calculated from the
radial distribution functionsg(r) (RDF) of the Th� F pair.

Figure 1.(a) Molar volumes versus composition atT = 1270, 1433, 1500, 1600, and 2000 K. (b) Excess molar volumes versus composition at the
same temperatures. Both are compared to data by Desyatnik et al.52 at 1270 K.
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Here, the output of theNVT production runs over the full
composition range at 1270, 1433, 1500, and 1600 K were used.
The Th� F RDF at 70 mol % ThF4 composition at 1500 K is
shown inFigure 2(black line). The� rst minimum occurs

around 3.17 Å. The Th� Th RDF is also shown inFigure 2
(red line). The� rst minimum occurs around 5.10, representing
the radius of the second coordination shell. The� rst local
minimum in the Th� F RDF was taken as the cuto� radius of
the � rst coordination shell. Hence, the coordination numbers
were determined by counting the number of F� anions within
the radius of the� rst coordination shell of a Th4+ cation.

The calculations reveal coordinations of 6, 7, 8, 9, and 10,
with 7, 8 and 9 being the predominant ones.Figure 3shows
the distribution of the 7-, 8-, and 9-coordinated [ThFn]

m�

complexes in the melt. In general, [ThF8]
4� and [ThF9]

5�

become more dominant as the concentration of ThF4
increases. The increase in fractions of 8- and 9-coordinated

[ThFn]
m� complexes was also observed in di� erent studies in

the high thorium concentration region for the LiF� ThF4
system15,48,54 and is related to the formation of a molecular
network (see below). Furthermore, the predominance of 8-
coordinated complexes and the substantial presence of 7-
coordinated complexes, as found in this work, was also
observed experimentally with Raman spectroscopy in LiF�
NaF� ThF4 melts.55 As the temperature increases, the relative
fractions of 7- and lower-coordinated complexes increase. The
same phenomenon was also observed during investigations on
the LiF� ThF4 system.15 Bond rearrangement is facilitated at
higher temperatures due to the increased kinetic energies of
the ions, and thus, the fraction of higher-coordinated
complexes is smaller.

The average coordination number of [ThFn]
m� complexes

versus composition in the NaF� ThF4 melt is shown for
various temperatures inFigure 4. It decreases with temper-

Figure 2.RDF of Th� F and Th� Th bonds at 70 mol % ThF4 at 1500
K, shown in black and red, respectively.

Figure 3.Distribution of the 7-, 8-, and 9-coordinated [ThFn]
m� complexes versus composition in the NaF� ThF4 system at 1270 (supercooled at

X(ThF4) > 0.8) and 1433 K.

Figure 4.Evolution of the average coordination numbers of [ThFn]
m�

complexes versus composition in the NaF� ThF4 system at various
temperatures.
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ature, due to a lower proportion of 8- and 9-coordinated
complexes at higher temperatures. It increases gradually in the
region 30� 100 mol % ThF4. The calculations at 1500 and
1600 K reveal a minimum in the average coordination numbers
around 30 mol % ThF4. The lower average coordination
number indicates that smaller complexes form, which allow for
more densely packed arrangements, and hence results in a
higher density and lower molar volume.

3.1.3. Medium-Range Order in the (Na,Th)Fx Liquid
Solution.An advantage of MD simulations is that a detailed
description of the structure of the salt is obtained at length
scales accessible with total neutron/XRD,56 that is, beyond
those accessible with other experimental techniques, for
example, XAS and Raman spectroscopy. For example, links
between thorium cations via� uoride bridging can be subject to
analysis. Two thorium centers, separated by a distancer, are
said to be� uoride-bridged ifr < RTh� Th,cutoff and r < 2·
RTh� F,cutoff. RTh� Th,cutoff and RTh� F,cutoff denote the� rst local
minima in the Th� Th and Th� F RDFs, respectively. Dimers,
trimers, and species of higher nuclearity thus arise from
� uoride bridging, up to the point where a network may
emerge.

It has been observed that alkali cations, depending on their
nature and concentration, can signi� cantly impact the network-
forming abilities of ionic systems due to steric e� ects.57,58 Na+

is small enough to allow for the complexes to link via bridging
� uorides and form a network, as can be seen inFigure 5. The

species are classi� ed into three groups, namely, monomers
(ThFx

4� x), dimers (Th2Fx
8� x), and“polymers”, that is, any chain

where three or more Th4+ ions are linked together. The
behavior is very similar across temperatures (seeSupporting
Information): with increasing ThF4 content, there is a
monotonic decrease and increase of the monomer and polymer
fractions, respectively, while the concentration of dimers
reaches a maximum in the region 0.2 <X(ThF4) < 0.25. In
the same region, Desyatnik et al.52 found a local maximum of
the viscosity, which the authors attributed to the speci� c
stability of [ThF7]

3� complexes. The structural properties
emerging from the MD simulations suggest that it is not only

the single shells but also their dimers which have a large
contribution to the viscosity at that composition range.

3.2. Thermodynamic Studies. 3.2.1. Phase Diagram
Investigations.To date, experimental data on the NaF� ThF4
system are only available from a handful of studies. Zachariasen
published a series of papers in 1948� 1949 reporting the
existence of the Na4ThF8, Na2ThF6 and NaTh2F9 intermedi-
ates.59 In other studies, the author reported that four
polymorphs existed for the Na2ThF6 compound.60,61 Later,
Emelyanov and Evstyukhin51 investigated the phase equilibria
and identi� ed four phases: Na4ThF8, Na2ThF6 (with a phase
transition), NaThF5, and NaTh2F9. Making use of a wider set
of experimental techniques, Thoma et al.50 also assessed the
system and included six compounds in their description: two
congruently melting phases, namely, Na2ThF6 (without
polymorphism) and Na3Th2F11, as well as four other
compounds: Na4ThF8, Na7Th6F31, NaThF5, and NaTh2F9.
Making use of quenching techniques, the authors subsequently
identi� ed the Na7Th2F15 compound.62

More modern investigations by Grzechnik et al. provide a
complete overview of structural properties of the� -Na2ThF6

63

and NaTh2F9
64 intermediates. Grzechnik et al. detected no

phase transitions for� -Na2ThF6 in the temperature range
290� 954 K nor did Mukherjee and Dash36 in a recent
experimental determination of the standard thermodynamic
functions and melting point of this intermediate. A DSC scan
of the synthesized� -Na2ThF6 in the present work was
performed to see if transitions to other phases occur. However,
only a congruent melting point was detected, in line with
Thoma et al., Grzechnik et al., and Mukherjee et al. Moreover,
there is no evidence of a phase transition in the low-
temperature heat capacity data (see section below), so
Na2ThF6 has only one phase from 0 K until its melting
point. Data are scarcer on the phase equilibria at high ThF4
content. In this region, the phase NaTh3F13 has also been
reported, synthesized via a hydrothermal route by Underwood
et al.65 and characterized with single-crystal XRD. The melting
point or other thermodynamic data were not measured. It is
likely to be metastable, as previous investigations of the system
did not � nd evidence for it, and indeed, none of the DSC
measurements in this work (Table 2) seem to indicate that it is
stable.

Figure 12shows a great agreement between events measured
in this work and the present description of the NaF� ThF4
phase diagram in the regionx(ThF4) � 0.33. In the 0.33 <
x(ThF4) < 0.67 region, there is a higher uncertainty. The
eutectoid at 881 K,x(ThF4) = 0.401, was not observed, and
only one event was measured atx(ThF4) = 0.497, which could
indicate congruent melting of NaThF5. Furthermore, another
sample was made from thex(ThF4) = 0.497 composition,
which was annealed up to 1423 K and analyzed using XRD,
following the same procedure as the syntheses of� -Na2ThF6
and NaTh2F9, described previously in theMethodssection.
The Bragg re� ections of the XRD pattern matched with the
crystallographic data of ref50 for NaThF5, suggesting that
NaThF5 is stable from room temperature up to the point of
congruent melting. However, more crystallographic inves-
tigations are needed to con� rm this.

The region between 85 and 100 mol % is characterized by
the presence of a solid solution according to Thoma et al.50

However, there is little experimental data con� rming its
existence. Therefore, measurements were done atx(ThF4) =
0.853, 0.897, 0.947. The peritectic atx(ThF4) = 0.853,T =

Figure 5.Fraction of monomers (� ), dimers (� ), and “polymers”
(� ) in the NaF� ThF4 liquid solution atT = 1433 K.
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1086.4 K, was observed as well as the liquidus equilibrium at
this composition. The presence of a solid solution was not
detected in the measurements atx(ThF4) = 0.897 and 0.947
using DSC. Hence, further investigations are needed to
con� rm its existence, using, for instance, high-temperature
XRD analysis or quenching techniques.

3.2.2. XRD Analysis.The XRD patterns of� -Na2ThF6 and
NaTh2F9 are shown inFigures 6and 7, respectively. No

secondary phases were detected, and the purity was estimated
to be >99%. The patterns were re� ned using the Le Bail
method.66 The re� ned values of the cell parameters of both
compounds are given inTable 3. Good agreement was found

with the cell parameters for� -Na2ThF6 and NaTh2F9 at
ambient temperature and pressure reported by Grzechnik and
co-workers, given bya = 5.985(2) Å,b = 5.985(2) Å, andc =
3.843(1) Å for� -Na2ThF6 with the space groupP321 (150)63

anda = 8.763(1) Å,b = 8.763(1)Å, andc = 8.640(2) Å for
NaTh2F9

64 with the space groupI4�2m (121).
3.2.3. Low-Temperature Heat Capacity.Low-temperature

heat-capacity data at constant pressure,CP = (� H/ � T)P, were
measured for� -Na2ThF6 and NaTh2F9 with thermal relaxation
calorimetry between 2� 271 and 2� 294 K, respectively. Even
thoughCP is measured at low temperatures, it is in principle
possible to extrapolate to higher temperatures via atomistic-
scale simulations. The thermodynamic properties of stoichio-
metric compounds can be calculated by combining DFT with
the QHA method (seeSupporting Informationalso).67 It has
been shown,32,68 however, that the QHA method leads to an
overestimation of the heat capacity at high temperature
induced by an overestimation of the lattice expansion. To
alleviate this inconsistency, Sei� tokaldani and Gheribi32� 34

developed the so-called thermodynamically self-consistent
(TSC) method, which is based on the QHA method but
with an optimization of the volume-dependent Debye
temperature through a rigorous minimization procedure in
order to satisfy the Maxwell relations. Here, we propose to
combine the experimental information on low-temperature
heat capacity with DFT simulations for an accurate parameter-
ization of the quasi-harmonic Gibbs energy, treating both
ternary salts as insulators.

Table 2. Phase Equilibria in the NaF� ThF4 System
Measured Using DSC in This Worka

x(ThF4)
a/mol % T/K equilibrium invariant reaction

9.9 825.0 eutectoid NaF + Na2ThF6 =
Na7Th2F15

9.9 870.3 eutectoid Na7Th2F15 + NaF =
Na4ThF8

9.9 905.2 peritectic Na4ThF8 = L + NaF
9.9 1178.7 liquidus NaF + L� = L
19.9 829.0 eutectoid Na7Th2F15 + NaF =

Na4ThF8

19.9 872.3 eutectoid Na7Th2F15 + NaF =
Na4ThF8

19.9 912.8 peritectic Na4ThF8 = L + NaF
29.8 834.8 eutectoid NaF + Na2ThF6 =

Na7Th2F15

29.8 886.2 eutectic Na7Th2F15 + Na2ThF6 = L
29.8 951.6 liquidus Na2ThF6 + L� = L
33.3 966.5 liquidus Na2ThF6 = L
40.1 949.4 eutectic Na2ThF6 + Na3Th2F11 = L
40.1 978.9 peritectic Na7Th6F31 + L =

Na3Th2F11

49.7 998.4 peritectic Na7Th6F31 = L + NaTh2F9

85.3 1086.4 peritectic NaTh2F9 = L + ThF4

85.3 1343.3 liquidus ThF4 + L� = L
89.7 1360.0 liquidus ThF4 + L� = L
94.7 1379.2 liquidus ThF4 + L� = L
1.0 1381.0 congruent

melting
ThF4 = L

aStandard uncertaintyu(x(ThF4)) = 0.5 mol %.

Figure 6.Comparison between the observedYobs(red) and calculated
Ycalc (black) XRD pattern of NaTh2F9. Yobs � Ycalc (blue) is the
di� erence between the experimental and calculated intensities. The
Bragg re� ections’ angular positions are marked in green. Measurement
at � = Cu-K� .

Figure 7.Comparison between the observedYobs(red) and calculated
Ycalc (black) XRD pattern of� -Na2ThF6. Yobs � Ycalc (blue) is the
di� erence between the experimental and calculated intensities. The
Bragg re� ections’ angular positions are marked in green. Measurement
at � = Cu-K� .

Table 3. Cell Parameters of Re� ned XRD Patterns

compound space group a/Å b/Å c/Å

� -Na2ThF6 P321 (150, trigonal) 5.983(3) 5.983(3) 3.833(5)
NaTh2F9 I4�2m (121, tetragonal) 8.723(9) 8.723(9) 8.724(2)
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The heat capacity of insulating materials is of vibrational
origin and can be represented by the Debye� Gru�neisen
model,69 described by two parameters: the Debye temperature,
� D, and the Gru�neisen parameter,� . Note that the Gru�neisen
parameter describes the volume dependence of the Debye
temperature as� = (� ln � D/ � ln V). At high temperature, for
instance,T > 0.75 × Tfusion, defects (e.g., Schottky) may
contribute signi� cantly to the heat capacity. The defect
contribution to the heat capacity increases exponentially with
temperature and its magnitude depends on the energy of
formation of defects. However, experiments on high-temper-
ature heat capacity of alkali� uoride-actinide� uoride
compounds70 show no signi� cant contribution from the
defects; therefore, it can be reasonably assumed that the heat
capacities of both Na2ThF6 and NaTh2F9 are uniquely of
vibrational nature.

According to the Debye model, the vibrational heat capacity
at constant volume can be described by

C NR
x

x3
e

(e 1)
dV

T x

x
0

/ 4

2

D�=
Š

·
�

(2)

with N being the number of atoms in the formula unit andR
being the gas constant. Then, the heat capacity at constant
pressure is expressed as

C C T(1 )P V= + �� (3)

� being the volumetric thermal expansion coe� cient. Note
that the QHA, with parameters derived either from DFT or
from experimental elastic properties, cannot predict the
intrinsic anharmonic e� ect upon the lattice vibration, especially
at low temperatures69,71 (extrinsic anharmonicity can be
predicted by QHA through thermal expansion contribution).
The combination of QHA and experimental measurement of
CP, even in a narrow range of temperature, can on the one
hand provide valuable information on the anharmonic nature
of the lattice vibration within the solid and on the other hand
signi� cantly improve the accuracy in the representation of the
temperature dependence of the heat capacity and the
prediction of other equilibrium properties: thermal expansion
and bulk modulus, among others.

First, the Debye temperature and the Gru�neisen parameter
were calculated at 0 K via DFT according to the methodology
described in refs32� 34 (seeSupporting Informationalso).
Then, the Debye temperature was calculated numerically at
each measurement temperature to� t the heat capacity, as
measured in this work. The evolution of the Debye
temperatures of both compounds as a function of temperature
is shown inFigure 8. The behavior of the Debye temperature is
similar for both compounds. A similar behavior is observed for
several insulating materials and semiconductors:69,71 at low
temperature, the Debye temperature decreases to reach a
minimum (here, at around 20 K), and then, it increases to
reach a plateau at around� D(� )/4. Without any intrinsic
anharmonic e� ect, the Debye temperature shows no temper-
ature dependence. Even though several analytical expressions
for the description of the temperature dependence of the
Debye temperature are proposed in the literature, the focus
here is on the qualitative behavior: both Na2ThF6 and
NaTh2F9 show an anharmonic behavior at low temperature
and become harmonic above around� D(� )/4. A consequence
of the harmonic behavior at higher temperature can be
observed from the quasi linear increase ofCP with temperature.

At high temperature, the harmonic heat capacity at constant
volume,CV, tends to be beyond the Dulong� Petit limit of 3nR
since the slope of theCP induced by harmonic vibration within
the crystal is around�� (eq 3). Above this threshold
temperature, the increase ofCP is linear, mainly due to the
lattice expansion (CV�� T). It is interesting to note the good
interpolability between the Debye temperature at 0 K obtained
by DFT and those derived from the measuredCP. The high
temperature limits of the Debye temperatures for both
Na2ThF6 and NaTh2F9 are very close, that is, 450� 460 K.
At low temperature, the Debye temperature of Na2ThF6 is
signi� cantly lower than that of NaTh2F9, indicating a more
pronounced anharmonicity for Na2ThF6 at low temperature.

The heat capacities calculated by the TSC method,
considering the Debye temperature derived from the
experimental measurements, are represented inFigure 9from
0 K up to the melting temperature and compared to the

Figure 8.Temperature-dependent Debye temperature derived from
experimental heat capacity (Exp., open symbol) for Na2ThF6 and
NaTh2F9 compounds. The 0 K Debye temperatures determined by
DFT for both compounds are represented by solid symbols).

Figure 9.Experimental vs calculated heat of Na2ThF6 and NaTh2F9
compounds from 0 K up to the melting temperature.
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measured low temperature data. To extrapolate the heat
capacity at higher temperatures, we have assumed that (i) the
Debye temperature is constant above 200 K and (ii) the
Gru�neisen parameter is assumed to be independent of
temperature and equal to the DFT value (1.61 for Na2ThF6
and 1.56 for NaTh2F9). Values ofCp,m (298.15 K) = (200.4±
2.0) J K� 1 mol� 1 and (266.5± 2.7) J K� 1 mol� 1 were obtained
from our model for� -Na2ThF6 and NaTh2F9, respectively.
Upon integration ofCp,m/ T, the corresponding standard
entropies wereSm

o (298.15 K) = (257.3± 3.2) J K� 1 mol� 1

andSm
o (298.15 K) = (333.7± 4.0) J K� 1 mol� 1. The predicted

thermal expansion coe� cients of both Na2ThF6 and NaTh2F9
are reported inSupporting Informationof this paper.

The heat capacity of Na2ThF6 was measured from 313 to
773 K by Mukherjee and Dash36 using a heat� ux-type DSC.
However, the heat capacity data reported by Mukherjee and
Dash36 is likely too low as at a high temperature (near the
melting point), the heat capacity is much lower than the
Dulong� Petit approximation (Figure 3of their paper), which
is a nonphysical behavior. No comparison with their heat
capacity data will be further discussed here.

3.2.4. Mixing Enthalpy in the NaF� ThF4 System.
3.2.4.1. Experimental Determination.The mixing enthalpies
for the compositions (NaF/ThF4) = (0.80:0.20), (0.70:0.30)
were obtained at 1266 K (melting point of NaF) with DSC
measurements. The measured mixing enthalpies (red circles)
and the curve obtained from the CALPHAD model (red line)
are shown inFigure 10. The mixing enthalpy values based on
the quasi-chemical model of Benes�et al.11 (dotted line, red)
and the values of Mukherjee and Dash36 (polynomial
formalism, red circles) are indicated as well. The results are
summarized inTable 4. It must be noted that neither
assessment was developed using experimental mixing enthalpy
data. Still, relatively good agreement was achieved between the
experimental data obtained in this work and both models.

3.2.4.2. MD Calculations.The enthalpy was obtained
directly from the mean of the internal energies calculated
after theNpT run. The molar enthalpy was calculated for each
temperature (1270, 1433, 1500, 1600, 1800, and 2000 K) over
the full composition range (seeSupporting Information). In

Figure 10, the results of the MD simulations at 1270 K are
compared to the curve at 1266 K obtained from the
CALPHAD optimization in our coupled model and to the
experimental data. Similarly, the results of MD simulations at
1400 K (the potential parameters for the Li+� Th4+, Li+� F� ,
and Li+� Li+ interactions were taken from the study of Dewan
et al.15 (more details can be found in theSupporting
Information), and the experimental data and CALPHAD
optimization at 1121 K reported by Capelli et al.40 for the
LiF� ThF4 system are shown. In both systems, the results
obtained with MD are much more negative than the
experimental data. An optimization of the phase diagram
data with the CALPHAD method based on the MD mixing
enthalpy values for the NaF� ThF4 system at 1270 K was
attempted. However, this was not successful, even when the
thermodynamic data of the NaF� ThF4 intermediates were
adjusted substantially. Consequently, it is likely that the MD
overestimates the mixing enthalpy data: a small di� erence
between two large numbers is di� cult to be captured
accurately. Nevertheless, the compositions of the minima are
similar, which are reached at 30 and 40 mol % ThF4 for the
MD and CALPHAD curve, respectively. The minima of the
mixing enthalpy curves calculated with MD inFigure 10
around 30 mol % ThF4 moreover agree well with the maxima
of the excess molar volume seen inFigure 1and minima of the
average coordination number inFigure 4, which are situated
around 30� 40 mol % too: the region is characterized by
complexes in which the� uorides are tightly bound to Th4+ and
excess volume is found in the interstices between complexes. In

Figure 10.Mixing enthalpies in the NaF� ThF4 system measured in this work atT = 1266 K (� ) compared with the present model, those of Benes�
et al.11 and Mukherjee and Dash36 (black lines), and the MD simulations at 1270 K (this work,� ). Also plotted are experimentally measured
values in the LiF� ThF4 system40 (€, blue,T = 1383 K,� , T = 1121 K) and values obtained via MD simulations (� , T = 1433 K).

Table 4. Mixing Enthalpy in the NaF� ThF4 System at 1266
± 10 K and Standard Pressure (0.1± 0.01 MPa), as
Determined in This Study

x(ThF4)/mol %a � mixH
b/kJ mol� 1 m(NaF)c/mg m(ThF4)

c/mg

19.9 � 13.0± 1.1 7.5 13.7
30.2 � 17.9± 0.9 7.1 22.5

aStandard uncertaintyu(x(ThF4)) = 0.5 mol %.bError is based on
the standard uncertainty determined during the calibration process.
cStandard uncertaintyu(m) = 0.1 mg.
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the phase diagram, this high stability of the liquid related to
maximum short-range ordering is re� ected in the relatively low
melting point of Na2ThF6 (Figure 12).

3.2.5. Heat Capacities.The heat capacity was derived from
the molar enthalpies calculated in steps of 10 mol % ThF4 at
1433, 1500, 1600, 1800, and 2000 K. The heat capacities
calculated from MD are shown inFigure 11. The calculated

heat capacity with MD for ThF4 is 170.7 J K� 1 mol� 1, which
agrees very well with the literature value of 168.0± 10 J K� 1

mol� 1.46 The calculated heat capacity of NaF was 68.1 J K� 1

mol� 1, which di� ers slightly from the reported value of 73.0 J
K� 1 mol� 1 (uncertainty not reported).45

A slight negative deviation from ideal behavior is
predominant across all compositions, with a maximum
deviation of 5% atXThF4

= 0.5. This stands in contrast with
the positive excess heat capacity in binary mixtures of lithium
� uoride with other alkali� uorides, found by Beilmann et al. via
drop calorimetry.72 Beilmann et al. pointed out that an excess
molar volume had been observed by Holm73 in the same
systems. Moreover, they suggested that both phenomena could
be explained by the long-lived structures observed by
Dracopolous and Papatheodorou74 with Raman spectroscopy
of the type (LiFx)A (A = K, Cs). On the one hand, the
complexes could account for additional vibrational mecha-
nisms for the storage of energy, explaining the increased heat
capacity. On the other hand, if these complexes disturbed the
close packing arrangement of the ions in the pure salts, then
the excess volume would be accounted for. In the case of
molten ThF4, there are already chains present which contribute
to the storing of energy: their partial disruption by the addition
of Na+ ions can explain a reduced capacity to retain heat with
respect to the pure end member. The partial disruption of the
network may also explain the positive excess volume in the
NaF� ThF4 case (Figure 1): similar to the disruption of loosely
associated closely packed ions in the mixed alkali� uorides, a
disruption of closely packed [ThFx]

4� x shells occurs, expanding
the structure. The negative excess heat capacity is consistent
with the negative excess thermal expansion (seeSupporting
Information), indicating a lower vibrational contribution to the
total free energy than in an ideal mixture. Note that the ratio
CP

xs/ CP = � 0.052 is close to� xs/ � = � 0.096 as both thermal
expansion and heat capacity originate from the vibrational state
of the mixture.

3.3. Coupled Structural Thermodynamic Model of
the NaF� ThF4 System. The NaF� ThF4 binary system

Figure 11.Evolution of heat capacity and ideal heat capacity in the
NaF� ThF4 system calculated from enthalpies obtained in MD
simulations in the temperature region 1433� 2000 K. Inset: excess
heat capacity.

Figure 12.NaF� ThF4 phase diagram as calculated in this work with the coupled structural thermodynamic model, compared to experimental data.
The thermodynamic events measured in this work are indicated with red� . The� lled red circles near the liquidus in the 85� 95 mol % region
indicate the extremum temperature, and the hollow circles represent the onset temperature of the melting event. The phase diagram data reported
by Emelyanov and Evstyukhin51 are shown as*. The thermodynamic events obtained by Thoma et al.50 are indicated with the remaining black
symbols. Thermal analysis data are indicated with� , quenching data with� , and invariant equilibria with� .
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shown in Figure 12was optimized taking into account
coordination and speciation information derived from MD
simulations (Section 3.1), heat capacity (Section 3.2.3), mixing
enthalpy (Section 3.2.4) and calorimetric data from the
literature and measured in this work by DSC (Table 2).
Overall, the calculated phase diagram reproduces the data
gathered in this work satisfactorily, as well as the data from
Thoma et al.,50 and to a lesser extent, data by Emelyanov and
Evstyukhin.51 Additionally, the distribution of the main species
[ThF7]

3� , [ThF8]
4� , and [Th2F13]

5� could be reproduced
accurately, as shown inFigure 13a,b.

The model moreover seems to perform adequately for
properties which were not taken into account for its
optimization.Figure 14compares the activities calculated at

T = 1241 K to determinations from mass-spectrometric
measurements by Sidorov et al.75 The NaF activities are
reproduced remarkably well. Although in the case of ThF4 the
agreement is not excellent, the model is capable of correctly
predicting a signi� cant negative deviation from ideality below
X(ThF4) = 0.3. The trend beyond that point, up untilX(ThF4)
= 0.5, is a relatively large negative deviation, and it is also
correctly predicted. A negative deviation from ideality is typical
for electrolytes in concentrated regimes and is directly linked
to a reduced availability of dissociated ions due to their
incorporation into associated structures: this negative deviation
is closely linked to the negative excess in the enthalpy of
mixing (Figure 10). The activities and the mixing enthalpies
are thus related to the microscopic structure and are indicative
of the stability of complexes in mixtures. Macroscopically, the
implication is that the binary mixtures have a lower vapor
pressure than the individual end members, which is of course
desirable since low vapor pressures are a design requirement of
MSRs.

4. CONCLUSIONS

The thermodynamic, structural, and physicochemical proper-
ties of the NaF� ThF4 system have been investigated with
experimental and computational methods. The system is more
complex than LiF� ThF4, with more intermediate phases and
larger deviations from ideality. Generally speaking, these
deviations make NaF an adequate component in molten salt
reactor fuels. Under neutron irradiation, an excess molar
volume can be regarded as negative excess reactivity that is an
inherent safety feature. The negative mixing enthalpy, related
to the strong negative deviations in the activity, implies a
reduced vapor pressure with respect to end members which
themselves have a low vapor pressure, another bene� cial
feature. The negative excess heat capacity of the mixtures
seems too small to be a concern; however, it deserves further
study. Examining the transport properties, chie� y, the viscosity
and thermal conductivity, is also needed.

Figure 13.Complex anion distribution obtained with the CALPHAD model (solid lines) and compared with the MD data shown inFigure 5
(symbols): [ThF7]

3� (black), [ThF8]
4� (red), and [Th2F13]

5� (blue). (a)T = 1270 K, (b)T = 1433 K.

Figure 14.Activities in the NaxTh1� xF4� 3x liquid solution atT = 1241
K. The solid lines correspond to the activities predicted by the present
structural thermodynamic model. The symbols are experimental data
by Sidorov et al.75 at T = 1241 K. The dashed lines represent ideal
behavior.
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