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Abstract 

This article focuses on the speciation of molten fluoride mixtures based on ThF4 and UF4 

actinides used in molten salt reactors. The local structure of molten AF-MF4 systems (A=Li+, 

Na+, K+; M= Th4+, U4+) was studied in situ by combining measurements by high temperature 

X-ray absorption spectroscopy and molecular dynamics simulations. In the molten state, 20°C 

higher than the melting temperature, these mixtures are composed of free fluorine and anionic 

species [MF7]3-, [MF8]4- and [MF9]5- whose distribution varies with the amount of MF4 (M= 

Th4+, U4+). Regardless of the cation, these complexes consist of an average of 8 F- neighbors 

for MF4 content is less than 35 mol. %. This value decreases to 7 as the size of the alkaline 

ion A (A=Li+, Na+, K+) increases. The [MFx]4-x species are linked together by bridging 

fluorine ions to form long chains [MxFY]4x-y. The addition of a few percent UF4 to the eutectic 

LiF-ThF4 composition (77.5 mol% - 22.5 mol. %) at 700°C leads to a slight increase in the 

population of free fluorine ions due to the breakdown of the Th-F links to form complexes 

[UFx]4-x isolated or connected to the (ThxFy)4x-y chains.  This change in the structure of the 

liquid results in a slight decrease in viscosity when a few mol. % of UF4 is added. 
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1. Introduction 

At long time scales, the majority of the radioactivity in nuclear waste comes from actinide 

elements. Reducing the amount of actinide waste produced and developing long-term storage 

methods are critical issues affecting the long-term viability of the nuclear power industry. It is 

thus necessary to investigate new fuel cycles that reduce the amount of actinide and one 

promising advanced fuel cycle option is the molten salt fast reactor (MSFR) [1]. 

This concept consists in a liquid molten fluoride salt used as coolant and fuel, circulating in 

a loop around the reactor, and in situ reprocessed by electrochemistry to extract the fission 

products. Various mixtures of UF4 and ZrF4 fuels were first considered in the reactor designed 

in the laboratory of Oak Ridge [2]. Nowadays, the researches focus on reactors operating with 

fast neutron spectrum, which do not require a moderator material. The fuel is a mixture of 

LiF-ThF4 at eutectic composition (77.5 mol. % - 22.5 mol. %) with addition of UF4 (3 mol. 

%) to start the nuclear reactions [3]. Salt composition has significant effects on neutronics, 

thermal-hydraulics and corrosion properties of the molten salt reactors [4]. Furthermore, the 

transport properties, in particular the viscosity, are directly correlated to the liquid structure. 

Due to production of fission products (FP) and minor actinides during the operating cycle, it 

is important to characterize the anionic complexes involved in the molten fluorides mixtures 

on a wide range of compositions and temperatures. For all these reasons, a precise description 

of the liquid structure is needed to determine their speciation in the media. 

The LiF-ThF4 binary system is a key system for various designs of the MSFRs. To 

determine the operation parameters and the safety limit of the reactor, physico-chemical 

properties of this molten salt have been recently reassessed by Capelli et al. [5], such as the 

vapor pressure of LiF and ThF4 in liquid solution. The physical properties, such as volume 

expansion, density [6], ionic mobility [7], electrical conductivity [8] or viscosity [9], were 

obtained by experimental methods or calculations. Likewise, the electrochemistry of thorium 

halides was studied to develop the reprocessing processes [10-13]. 

However, the structural description of molten fluorides at high temperature is less 

common, due to inherent experimental difficulties. These constraints require developing 

specific cells and appropriate heating systems to perform in situ measurements. High 

Temperature Raman spectroscopy was used to describe the local structure of molten thorium 

fluorides [14]. For example, Toth et al. showed the presence of [ThF8]4- and [ThF7]3- species 

in LiF-NaF-ThF4 mixture [15]. More recently, Bessada et al. [16] followed by Smith et al. 

[17], developed a new set-up and a sample containment cell for measuring local structure of 
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radioactive molten fluorides AF-ThF4 (A+= K+, Li+) by extended X-ray absorption fine 

structure (EXAFS) at the L3 threshold of the thorium. This spectroscopic technique, sensitive 

to the local environment around a given element, is well adapted to obtain qualitative and 

quantitative information on the first solvation shell of heavy cations such as thorium. These 

authors demonstrated the formation of Th-based anionic complexes [ThF7]3-, [ThF8]4-, 

[ThF9]5- isolated or connected by bridging F- in KF-ThF4 (75-25 mol. %) system at 900°C and 

LiF-ThF4 (50-50 mol. %) mixture at 920°C, combining high temperature EXAFS data and 

molecular dynamics (MD) simulations. The same approach was adopted to investigate the 

local structure of the molten ThF4-LiF and ThF4-LiF- BeF2 mixtures. Experiments performed 

by Sun et al. [18] and calculations realized by Dai and co-workers [19] confirm the tendencies 

observed and show that the addition of beryllium ions in these molten systems increases the 

structural disorder around thorium ions. 

In addition to these experimental measurements, Dewan et al. [20] studied, by 

classical molecular dynamics simulations with a polarizable ion model (PIM) [21-22], the 

structural organization and transport properties on LiF-ThF4 molten salt at the eutectic 

composition. They calculated the self-diffusion coefficients and the viscosity as well as the 

changes of the coordination number of Th4+ over a temperature range from 580°C to 1000°C. 

The thermophysical properties of LiF-ThF4 mixtures were calculated for a wide range of 

compositions and temperatures by Gheribi et al. [23]. By using the same potential, Liu and 

co-workers [24] completed this study by performing calculations on a whole range of 

compositions (5 mol. % - 65 mol. %) and temperatures (830°C – 1130°C). They examined the 

evolution of [ThFn]4-n complexes (n = 7, 8, 9) and found that the average coordination number 

with the composition of the melt is around 8 ± 1. With a lifetime of a few picoseconds, the 

coordination shell of Th4+ ions is more transient than that of Zr4+ ions in presence of LiF. This 

study was recently completed by calculation in the AF-ThF4 molten system (A+= Li+, Na+ and 

K+) of the effect of the size of alkaline A+ on the electronic structure of [ThA8F8]4+ complexes 

and on macroscopic thermo-physical macroscopic properties such as thermal expansions and 

mass enthalpies [25]. 

In this article, the structure of molten AF-ThF4 (A+=Li+, Na+, K+) and LiF-UF4 binary 

systems were investigated, which are fuel salt compositions used on the front end of the 

nuclear fuel cycle in MSRs. The objective is to investigate the structural description around 

the tetravalent cations by changing the nature of the alkali and to experimentally evidence the 

existence of bridging fluorine ions between the species, forming a “network” when a small 

quantity of UF4 is added to LiF-ThF4.  
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2. Experiments and Calculations 
 

2.1 Samples preparation 

Samples were prepared and packed in a glovebox dedicated to radioactive elements, 

under a dried argon atmosphere to prevent air oxidation. Different compositions of fluorides 

mixtures UF4-LiF, ThF4-LiF and [ThF4-LiF] eutectic + UF4 were prepared for EXAFS 

experiments. 

For AF-ThF4 (A=Li+, Na+, K+) fluoride salts, pure ThF4 was synthesized at Tohoku 

University by Professor Sato. It was produced by a hydro-fluorination of ThO2 under Ar and 

F2 (10% diluted with Helium gaz) atmosphere in a nickel boat at 600°C for three hours. 

Mixtures of ThF4 and alkali metal fluorides (LiF, NaF and KF) were made by reaction at 

500°C for 30 hours under argon atmosphere in a nickel nacelle. For each steps of preparation, 

crystallographic phases were controlled to ensure a good purity. 

Preparation of LiF-UF4 and [LiF-ThF4]eut + UF4 samples was carried out at LGC 

laboratory in Toulouse. For LiF-ThF4 or LiF-UF4 eutectic composition, ThF4 was purchased 

from American Elements (99.9 % pure), UF4 from Areva (99.9 % pure) and LiF from Carlo 

Erba (99.99 % pure) and they were manually grinded. 

Then, they were mixed with boron nitride (BN) powder and pressed under 1ton cm-² 

into pellets of 7 mm diameter and 500 µm thickness. BN powder plays an essential role here: 

once compacted, it produces an inert microporous matrix in which the salt in the molten state 

is confined in the form of micro-droplets, homogeneously dispersed in the matrix above its 

melting point. 

Pellets were inserted in two pyrolitic boron nitride (PBN) plates [26] able to resist up 

to 1800°C under inert atmosphere. The PBN cell is composed of a two-face round plates 

closed with 6 screws to avoid molten fluoride leakage and constitutes a second containment 

barrier. This cell is introduced in a 25mm height cylindrical cell, used as a third confinement 

barrier to prevent radiological contamination of the furnace [27]. The geometry of the 

cylinder is well adapted for EXAFS measurements in a transmission mode, allowing to probe 

relatively concentrated samples with a good signal-to-noise ratio. Moreover, it does not 

require to correct the signals of reabsorption phenomena that may occur when detecting the 

EXAFS signal by measuring fluorescence X-rays. 
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2.2 EXAFS measurements 

 

EXAFS experiments were carried out on the BL27B beamline of the Photon Factory (PF) 

KeK [28] in Tsukuba (Japan). The scans in energy were performed in transmission geometry 

with a double crystals Si (111) monochromator. Two ionization chambers were used and 

filled with N2 for detection of incident photons, and with N2-Ar (50%) for transmitted 

photons. The beam was sized with slits to obtain a rectangular spot size of 3 mm vertically 

and 5 mm horizontally. Fixed time scanning (1 s/point) was performed in the energy range 

16.2-17.4 keV at the LIII absorption edges of Th (16.3 keV) and 17.0 to 18.3 keV at the LIII 

absorption edges of U (17.166 keV). To minimize the collection time, the energy range was 

divided into four areas by using an energy step of 4 eV for the first and the fourth zone, 1 eV 

for the absorption edge and 2 eV for the third zone. 

The furnace developed by Rigaku Corp. in Japan is composed of two heating elements 

made of alumina plates surrounded by a wire Pt-Rh20%. The Kapton windows were replaced 

by windows of Beryllium, transparent to X-rays and more resistant to the constraints. The 

heating chamber is cooled by water circulation and allows to work under a low pressure of 

helium during experiment to confine the sample. Thanks to all these modifications, this 

chamber can figure an additional barrier in the extreme case that radioactive material would 

pass through the first three barriers during the experiment. 

 A 10 K/min heating ramp was applied to heat the samples from room temperature to 

975K with dwell time of one hour at 775 K and 875 K to collect EXAFS data. The EXAFS 

oscillations were extracted by using Athena software [29].  

 

2.3 Molecular dynamic calculations 

The molecular dynamics (MD) simulations were performed on the actinides fluorides 

systems in the framework of a polarizable ion model (PIM) [21-22]. The classical interaction 

potential derived from this model is well adapted to describe the ionic interactions in the 

molten fluorides [20, 30, 31]. The total potential is built from the addition of ionic pairs. The 

contribution for each pairs is a sum of three terms (charge-charge, dispersion, and overlap 

repulsion) similar to a Born-Mayer pair potential, plus an additional term taking into account 

the ionic polarization. Each contribution is described by a set of parameters determined from 
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first-principles calculations [32] using an iterative fitting procedure [33, 34]. The parameter 

values for the LiF-ThF4, LiF-UF4 and [LiF-ThF4]eutectic + UF4 systems are given in references 

[20, 35]. They have been developed for the binary systems LiF-ThF4 and LiF-UF4. In the case 

of Th4+-Th4+ and U4+-U4+ pairs, the values of these parameters are effectively identical 

because these 2 ions are comparable in terms of oxidation state, radius, mass and atomic 

number and electronegativity. It is for this reason that we considered that it was the same for 

the Th4+-U4+ pair during the study of the ternary ThF4-LiF-UF4 system. The parameters were 

validated using transport properties (self-diffusion coefficients, electrical conductivity, 

viscosity and heat capacity) in a large range of temperatures and compositions, and compared 

to experimental data. 

MD simulations were carried out with a time step of 0.5 fs in two stages. A first series 

of calculations were performed in the NPT ensemble during 0.2 ns to determine the 

equilibrium density of the (N) particles included in the cubic simulation cell maintained in a 

pressure (P) of 1 atmosphere and a target temperature (T), thanks to a barostat and a 

thermostat where the relaxation times were set to 0.01 ns.  Then, a second series of 

computations were performed in the NVT ensemble where the cell volume (V) is fixed by 

removing the barostat. In this second stage, the atomic configurations are stored every 0.1 ps 

during the simulation time during 5 ns. This duration is sufficient to evaluate the transport 

properties such as the viscosity and the self-diffusion coefficients (without external electric 

fields). All the simulated systems are described (number of ions, volume of the cell) in Tables 

1-3. 

    

2.4  FEFF computations 

In previous studies [30], atomic configurations obtained from the molecular dynamics 

trajectories for a given temperature were used as input data in the EXAFS simulation code 

FEFF [36] to calculate EXAFS oscillations (χ(k)) for a given absorption edge (L3 edges of Th 

or U). 

The Cartesian coordinates of ions in the simulation cell are used to define a cluster 

centered on a specific absorber atom (Th4+ or U4+ ions) in order to calculate the multiple 

photo-electron backscattering contributions to the EXAFS signal arising out of its neighbor 

atoms. However, as in the liquid the main contribution results in the single backscattering 

paths from the first neighbors, the FEFF calculations were performed with a number of 
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backscattering paths limited to 4 and a half-path distance set to 9 Å to include the full second 

coordination shell. 

Accumulation of FEFF computations on the whole clusters and on atomic configurations 

leads to an average EXAFS curve which can be compared directly to the EXAFS oscillations 

extracted from the experimental data. Typically, FEFF calculations were carried out on an 

average of 40,000 different atomic configurations, which is necessary to have a good 

description of the local structure around a given ion. Moreover, the statistical analysis of the 

EXAFS spectrum for each cluster enables to determine quantitatively the contribution from 

the different coordination number of the absorber’s environment to the average EXAFS 

signal. Thanks to this decomposition, distribution of the coordination and the average distance 

of the formed complexes can be determined.  

 

3. Results 
 
3.1 Molten MF-ThF4 systems (M=Li, Na, K) 

 

In this part, EXAFS experiments carried out at the L3 edge of Th (16.3 keV) on LiF-ThF4 

compounds are presented. Among the different mixtures in this binary system, three 

compositions with increasing content of thorium tetrafluoride (18, 25 and 35 mole % of ThF4) 

around the eutectic compositions were selected. Figure 1 reports the Fourier transform of the 

EXAFS signals recorded at room temperature and 975 K for the 25 mol.% ThF – 75 mol. % 

LiF compound. The first peak observed on both spectra points out the existence of a local 

order near the thorium (IV) ions. The magnitude of this peak is proportional to their nearest 

neighbors. In the monoclinic ThF4 solid phase, Th4+ ions are 8-fold coordinated with F- anions 

at an average distance of 2.34 Å [37].  The shift of that peak toward greater distances as 

temperature increases reflects a dilatation of Th-F bonding at high temperature due to thermal 

and topological disorder effects. As this disorder results in an exponential damping of the 

EXAFS signal, it leads to a decrease in the amplitude of the first peak and the disappearance 

of the second peak at 4.4 Å which indicates the loss of a large range order in the local 

structure around thorium atoms, typical of a liquid phase. 

For such disordered systems, quantitative analysis of EXAFS data required to take into 

account the distribution of atomic environments around a selected atomic species.  To 

investigate Th4+ short-range order, this liquid was modeled and generated by molecular 
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dynamics simulations to calculate the corresponding k2 weighted EXAFS data (k2 χ(k)) with 

the FEFF program by considering only 40000 atomic configurations. Previous work [30,38] 

showed that this number was sufficient to fit the experimental data. 

The comparison between calculated oscillations and experimental curves extracted from 

the measured absorption coefficient µ(E) above the thorium L3 absorption edge is presented 

on Figure 2. For the three studied compositions (82%LiF-18%ThF4, 75%LiF-25%ThF4, 

65%LiF-35%ThF4) in the liquid phase at high temperature (700°C), the EXAFS signal is 

formed by a damped sinusoidal oscillation with a small peak superimposed to the main 

oscillation at 10.3 Å-1. This later can be attributed to a double-electron excitation 

phenomenon, specific in the L3-edge x-ray absorption spectra of actinides [39]. Except this 

anomaly which is not taken into account in the FEFF calculations, amplitude and frequency of 

the EXAFS signals are well reproduced on a wide range of wave numbers k. Even if the ab 

initio parametrized interaction potential used in this study was already successfully applied to 

reproduce thermodynamic and transport data [20], this result confirms that it is also able to 

describe the structure of such ionic liquid systems.  

The total signal generated by calculation is the sum of three contributions. Every single 

contribution corresponds to the average EXAFS signal of three [ThFn]4-n complexes (n=7, 8, 

9) whose amplitude reflects the distribution of the coordination number n and the signal 

frequency, the average distance Th-F for each complex. On Figure 3 is presented the EXAFS 

signal decomposition obtained for LiF-ThF4 (75 mol. % - 25 mol. %) at 700°C. The majority 

of the EXAFS signal is due to the presence of 59 % of [ThF8]4- species with an average (Th-

F) distance of 2.35 Å. For [ThF7]3- and [ThF9]5- complexes, the average distances (Th-F) are 

2.29 Å and 2.41 Å respectively, accounting for 22 % and 17 % of the total signal (Table 4). 

These results are in agreement with MD computations performed on LiF-ThF4 structure at 

1200 K [20, 23, 24] and high temperature Raman measurements [14, 15]. These works also 

highlighted the existence of these three complexes and the fact that anionic species [ThF8]4- 

were in the majority over a composition range from 5 mol. % to 70 mol. % of ThF4. 

Then, the effect of composition by systematically working 20°C above the melting 

temperature was investigated. The statistical analysis of ionic trajectories produced by MD 

simulations allowed to follow the evolution of these complexes as function of the temperature 

and the composition. The coordination number (CN) is calculated from the first solvation 

shell of Th4+, defined by a cutoff distance corresponding to the first minimum in the radial 

distribution function of the ionic pair Th4+-F-. Figure 4 shows the evolution of the main 

anionic species in the melt: [ThF7] 3- , [ThF8] 4- and [ThF9] 5-. [ThF8] 4- complex is always 



9 
 

predominant for all the compositions, although on the eutectic composition (22.5 % mol. 

ThF4), a light decrease of the 8-fold coordinated complexes in favor of an increase of the 7-

fold coordinated complexes in observed, while the amount of [ThF9]5- remains more or less 

constant over the entire ThF4 range, except around the eutectic composition. Content of 

[ThF9]5- complexes rises up to 30 mol. % of ThF4. Near this composition the corresponding 

Li3ThF7 solid is characterized by anionic layers of monocapped antiprisms [ThF9], 

compensated by interlayer monocations of Li [40]. This could explain the more important 

stability of [ThF9]5- near the eutectic point. 

The coordination number varies around 8, as in the crystal [41] when ThF4 is associated 

with LiF (Table 4). As the size of the alkaline ion increases (Li → Na → K), analysis of the 

atomic trajectories derived from MD calculations shows that the average Th-F distance 

decreases as well as the average coordination number (Figure 5), depending on the 

temperature and size of the alkali. The same behavior was already observed with AF-ZrF4 

molten mixtures (A+ = Li+, Na+, and K+) [42].  

 With KF, coordination varies around 7.1 at 800°C for 25 mol. % ThF4 up to 8 for the 

highest contents in ThF4. Assuming that the variation in thorium coordination with 

temperature is linear, the extrapolated values at 700°C vary from 7.25 to 7.8 between 25 and 

46 % mol. % of ThF4. These values are in accordance with those calculated by Guo et al. [25]. 

The comparison between ZrF4-LiF and ThF4-LiF systems (Figure 6), at 20°C above the 

melting point and at the same composition range in ThF4, shows that the average zirconium 

environment (7 F-) is different from thorium one (8 F-) in the molten state, whereas the two 

tetravalent ions have the same coordination in the solid state (8 F-). This difference was 

already evidenced by Numakura et al. [43] and attributed to the difference of ionic radii of 

both cations (rTh =1.05 Å and rZr=0.84 Å [44] for a coordination number of 8). 

By studying the local environment of fluoride ions, for low ThF4 contents, the population 

of free fluorides is very large (65 %) as presented in Figure 7 and decreases very sharply with 

ThF4 content increase. As ThF4 is added, the fluoride ions gradually connect to only one 

thorium (F-Th) to form isolated anionic complexes [ThFx]4-X. From 22.5 % mol. ThF4 

(eutectic composition), the population of fluorine ions connected to only one thorium ion (F-

Th) decreases as the proportion of fluoride ions connecting two thorium (Th-F-Th) increases 

with the amount of ThF4. From 30-35 mol. % of ThF4, the presence of fluorine ions connected 

to three thorium ions is detected. These “triclusters” were already observed in the case of 

liquid oxides, in particular molten tectosilicates [45]. Their presence has important 

implications in phase equilibria, mechanisms of viscous flow, and solubility of elements in the 
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aluminosilicate melts. In our case, the evolution of the different bonds between fluorine and 

thorium ions can be interpreted as a progressive interconnection between the [ThFx]4-X species 

to form a network of ThxFy chains. This is consistent with the viscosity increase observed by 

various measurements and calculations [9, 20, 46-48] when adding tetravalent cations like 

Th4+ in the molten phase of ThF4-LiF system. 

 

3.2 Molten LiF-UF4 systems 

To complete this study, EXAFS measurements were carried out on molten LiF-UF4 

mixtures at the L3 edge of uranium. Spectra were collected for several compositions from 5 to 

30 mol. % of UF4 at 20°C above the melting temperature. Figure 8 reports the comparison 

between experimental and calculated EXAFS signals for sample containing only 5 mol. % of 

UF4, close to the one added to LiF-ThF4 fuel in MSFR. 

 EXAFS oscillations were calculated at 1175K by using atomic configurations extracted 

from MD trajectories, to supply input data to FEFF simulation code [36]. As in the case of 

thorium, the total signal is well reproduced by the sum of three contributions weighted by the 

proportion of each uranium-based species found in the molten phase (Figure 8).  For this 

composition at 1175K, 59 % of [UF8]4-, 30% of [UF9]5- and 9 % of [UF7]3- with mean U-F 

distances of 2.30 Å, 2.38 Å and 2.24 Å respectively are obtained. The results for other 

compositions are gathered in Table 5. Whatever the compositions, following the example of 

LiF-ThF4 system, the 8-fold coordinated [UF8]4- complexes are predominantly present in the 

liquid phase.  

With a slightly smaller ionic radius than thorium (rU4+=1 Å), the uranium ion is also less 

surrounded by fluoride ions over the entire composition range studied, as shown in the Figure 

9. For these two cations, the CN remains generally constant by oscillating around an average 

value as function of the composition (7.8 and 8.02 for U4+ and Th4+ respectively), close to 8 as 

for solid compounds and higher than the value calculated in the case of Zr4+ for the LiF-ZrF4 

system for the low cation contents (< 22 mol. %)  [30]. 

This singular behavior of zirconium ions compared to U4+ and Th4+ cations is also 

noticeable in the computations from MD simulations of the number of bridging fluoride ions 

(Figure 10) between anionic complexes with addition of MF4 (M = Zr4+, Th4+, U4+). This 

average number includes both free fluorine (not connected to any cation), fluorine ions 

connected to 1 cation (F-M, M=U4+, Th4+, Zr4+) or fluorine ions connected to 2 cations (M-F-
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M).The procedure to calculate this number is described in a previous work [30]. For each 

fluorine ion examined, we use geometrical criteria defined from the first minimum of the 

radial distribution function of the F-M (M=U4+, Th4+, Zr4+) and M-M pairs respectively.  To 

determine the type of fluorine ion we are dealing with, the method consists in first testing the 

distance between the F ion considered and the M cations located around it, then the distance 

between the M - M cations. If these distances are less than the criteria we have set ourselves, 

we can then determine whether the fluorine ion is free, connected to one cation or two M 

cations. For the three cations, the evolution of this number is monotonous and nonlinear with 

composition as expected. However, the curve for ZrF4 moves away gradually from those 

obtained for ThF4 and UF4, in particular from 20 mol. %, and aims towards 1.2 for 40 mol. %. 

This discrepancy suggests that it is easier to obtain a liquid partly associated with addition of 

UF4 or ThF4 more than ZrF4. It is coherent with the simulations and experimental data for 

viscosity as function of composition. 

 This number of bridging fluoride ions represents an average situation which 
takes into account the free fluorine ions (F-), the F- involved in isolated M-based (M = Zr4+, 
Th4+, U4+) complexes [MFx]4-x and the F- connecting the complexes together. The amount of 
free F- is more important in the case of zirconium system. This excess of F- acceptors leads to 
an increase of the basicity of the molten LiF-ZrF4 mixtures [49] relative to the thorium or 
uranium fluoride salts (Figure 11a). Whatever the type of cations, the rate of the free fluorine 
decreases monotonously up to 30 mol. %. Then, all the fluorine ions are connected to a cation, 
contributing to an increase of the melt viscosity. Depending on the tetravalent ion, the 
connections between the anionic complexes [MFx]4-x are different. In ZrF4 system, the 
fluorine ions are mostly involved in Zr-F bonds to form Zr-based complexes (Figure 11b). Up 
to 30 mol. %, these complexes are weakly linked between them (Figure 11c), contrary to ThF4 
and UF4 mixtures where the anionic species are bound from 20 mol. %. At equivalent 
concentration, the viscosity in these mixtures should be more important than in the molten 
LiF-ZrF4 system. For the binary systems LiF-ThF4 and LiF-UF4, we find that the amount of 
fluorine ions linked to two cations M (M=U4+, Th4+) is greater than in the case of the LiF-ZrF4 
system. Moreover, we observe that the proportion of (MFX)4-X (M=Th4+, U4+) complexes 
connected by fluorine ions increases with the addition of MF4. 
This is consistent with the formation of (ThxFy)4x-y or (UxFy)4x-y chains in the liquid phase 
instead of isolated anionic complexes (ThFX)4-x or (UFX)4-x. This structuring of the liquid 
leads to a slowing down of the ionic mobility in these systems and thus to an increase in the 
viscosity in these molten mixtures. 
 

 

3.3 Molten [LiF-ThF4]eutectic + x mol. % UF4 
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The previous results indicate that LiF-ThF4 and LiF-UF4 binaries systems have the 

same behavior depending on the composition. The question is what would happen if a few 

mole percent of UF4 is added in a molten salt LiF-ThF4?  

Eutectic composition 77.5 mol. % LiF - 22.5 mol. % ThF4 with 4 mol. % of UF4 was 

investigated. Although this composition is the one considered for the operation of future 

molten salt reactors, the study was extended to other compounds around this key 

concentration. The results are reported in Table 6. Figure 12 shows the EXAFS oscillations 

calculated and recorded at the threshold L3 of thorium for a temperature of 700°C for the 

sample with 4 mol. % of UF4 at LiF-ThF4 eutectic composition. Except for the peak of double 

excitation situated at 10 Å-1), a very good agreement between the experimental and calculated 

EXAFS signals can be noted. No significant changes in the EXAFS spectra depending on the 

amount of UF4 added was noticed. This was confirmed by the evolution of thorium average 

coordination number as a function of UF4 proportion (Figure 13) calculated from the 

statistical analysis of ionic trajectories recorded during the molecular dynamic simulations of 

the liquid. This number increases very slightly (less than 1 %) but remains very close to 8 

fluorine neighbors. The average coordination number does not seem to be affected by addition 

of UF4. [ThF8]-4 complexes are still the major species in spite of a slight redistribution across 

[ThF7]-3 and [ThF9]-5 species when UF4 evolves towards higher concentrations (Figure 14). 

By contrast, the impact of UF4 addition with only 4 mol. % UF4 added, involve some decrease 

of the percentage of anionic species (ThXFy)4X-Y by 50% and increase of the population 

(ThXUyFZ)4X+4Y-Z from 0% to 8%. (Figure 15).   

A more detailed analysis of the links between fluorine ions and thorium and/or uranium ions, 

shows (Figure 16a) a slight increase in the population of free fluorine ions and a decrease in 

the proportion of [ThXFY]4X-Y species when UF4 is added to LiF-ThF4 (eutectics). Although 

these [ThXFY]4X-Y species are in the majority whatever the UF4 content, the presence of 

uranium ions also leads to the formation of some isolated [UFX]4-X complexes (X = 6, 7, 8 for 

an average value between 7.3 and 7.1 fluorine ions around the uranium ions) and 

[ThXUYFZ]4(X+Y)-Z chains which increase with molar percentage of UF4. No [U2FX]8-X 

“dimers” were observed. In [ThXFY]4X-Y category, it is mainly observed (Figure 16b) that 

quantity of [ThFX]4-X monomers (X = 6, 7, 8, 9 with a mean value of 7.5 to 7.4 fluorine ions 

around thorium ions in the studied range of UF4) decreases as soon as UF4 is added before 

stabilizing at 2 mol. % of UF4, while [Th2FX]8-X “dimers” and [Th3FX]12-X “trimers” continue 

to decline. Then, the percentage of [UFX]4-X complexes increases slightly with UF4 content 

and proportion of [ThXUYFZ]4(X+Y)-Z complexes rises very strongly at the same time: uranium 
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ion acts as a “network builder” by connecting the [ThXFY]4X-Y chains together, thus causing 

the release of excess fluorine ions following the rearrangement of these anionic species. 

Indeed, from Figure 16b, addition of uranium to the mixture in the form of UF4 mainly 

promotes the connection of [ThXFY]4X-Y species between them to form [ThXUYFZ]4(X+Y)-Z 

anionic complexes.  

To give a better picture of this situation, the Figure 17 presents a visualization of one snapshot 

extracted from the ionic trajectory calculated by molecular dynamic simulations at 700°C for 

the eutectic composition of the [LiF-ThF4] system with 4 mol. % of UF4. Lithium atoms were 

purposely omitted for a better observation of the formation of polyhedral chains [ThF4]4-X 

(green) on which the [UF4]4-X species (blue) thus releasing fluorine ions (yellow). The 

average lengths of Th-F and U-F bonds are 3.07 Å and 3.17 Å, respectively. 

Finally, reporting the F- / ([ThXFY]4X-Y + [ThXUYFZ]4(X+Y)-Z) ratio as a function of the UF4 

content (Figure 18), an initial increase and a stabilization from 2 mol. % of UF4 are observed. 

Additional contribution of free fluorine by addition of UF4 in the LiF-ThF4 mixture tends to 

increase [49-50] the basicity and reduce its viscosity as shown in Figure 19. The viscosities of 

the simulated systems were determined by integrating the autocorrelation function of the 

stress tensor calculated during the MD simulations [51]. 

 

4. Conclusion 
 

The local structure around the tetravalent cations M4+ in the AF-MF4 (A= Li+, Na+, K+; 

M=Th4+, U4+) and [77.5 mol. % LiF- 22.5 mol. % ThF4] + x mol. % UF4 (x=1, 2, 3, 4) 

molten systems by combining high temperature EXAFS experiments and classical 

molecular dynamics simulations was examined. 

Whatever the cation studied (M=Th4+, U4+), the presence of free fluorine ions 

coexisting with [MF8]4-, [MF7]3- and [MF9]5- anionic complexes in the liquid phase was 

confirmed. Depending MF4content, these species are isolated or connected together by 

fluorine ions to form (ThxFy)4x-y long chains. Formation of such a network leads to an 

increase of viscosity in these systems. 

For constant temperatures or 20°C higher than the melting point, the species 

distribution is changed according to the composition and cation considered. However, 

[MF8]4- species remain predominant over the entire range of compositions studied. In the 

case of molten LiF-ThF4 and LiF-UF4, the average number of F- neighbors around Th4+ 

and U4+ tetravalent cations (8.0 and 7.8 respectively) is relatively stable up to 35 mol. % of 
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MF4. These values are close to those determined in the solid phase, unlike the one found in 

the system LiF-ZrF4 was determined to be 6.8 in the same composition range. As with the 

zirconium system, when the size of A+ alkaline ion (A+=Li, Na and K) increases, a 

decrease in the average coordination of actinide ions is observed toward a value around 7 

instead of 6.1 like in the AF-ZrF4 system.  

For the three cations, the number of bridging fluorine ions between complexes rises 

monotonically with the mole fraction of MF4, but this enhancement is less important in the 

case of ZrF4. For low concentration, the free fluorine ions content predominates and for 

high contents (>10 mol. %), fluorine ions are involved in the coordination of complexes. 

For larger MF4 quantities, more bonds are formed between complexes [MFx]4-x thanks to 

bridging fluorine ions.  These connections only start to increase from 35 mol. % for LiF-

ZrF4 mixtures and from 10 mol. %. with ThF4 and UF4. 

The tendency to form a highly structured liquid in the LiF-ThF4 system can be slowed 

down by adding a few moles of UF4 to the mixture. The addition of uranium has very little 

effect on the distribution of complexes [ThFX]4-x. On the contrary, it leads to a slight 

increase in the number of free fluorine ions due to the rupture of the Th-F-Th chains to 

form complexes [UFx]4-x isolated or connected to the (ThxFy)4x-y chains. This 

rearrangement of the structure of the liquid results in a slight decrease in viscosity and an 

increase in the basicity of the mixtures depending on the amount of UF4 added. 
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Table captions 

 

Table 1: Conditions used for molecular dynamics simulations on the LiF-ThF4 system. 

Table 2: Conditions used for molecular dynamics simulations on the LiF-UF4 system. 

Table 3: Conditions used for molecular dynamics simulations on the [LiF-ThF4]eut (22.5 mol. 
% - 77.5 mol. %) + x mol. % UF4 (x=1, 2, 3, 4) system at 975K. 
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Table 4: Anionic percentage for each ionic polyhedra [ThFx]4-x formed in LiF-ThF4 system as 
function of temperature and composition. 

Table 5: Anionic percentage and distances (U4+-F-) for each ionic polyhedra [UFx]4-x formed 
in LiF-UF4 system as function of temperature and composition. The average coordination of 
U and average distance U-F were deduced of calculations carried out on 27000 clusters of U4+ 
ions surrounded of fluorine neighbours. 

Table 6: Percentage of Th4+ and U4+ coordination numbers as a function of UF4 content in the 
[ThF4-LiF]eut (22.5 mol. % - 77.5 mol. %) + x mol. % UF4 (x=1, 2, 3, 4) system at 970K. 
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mol. % 
ThF4 

NF- NTh4+ NLi+ T (K) Volume 
(Å3) 

Density 
(g/cm3) 

5 299 13 247 1115 7043 2.45 

10 312 24 216 1070 7066 3.05 

15 329 34 193 1015 7211 3.57 

18 325 38 173 970 6992 3.84 

20 240 30 120 970 5132 4.00 

23 316 43 144 855 6550 4.30 

25 350 50 150 875 / 970 7244 / 7439 4.42 / 4.31 

30 361 57 133 855 / 970 7312 / 7619 4.75 / 4.58 

35 370 63 118 970 7770 4.82 

40 380 69 104 1035 8093 4.92 

50 395 79 79 1135 8604 5.09 

Table 1 

mol. % 
UF4 

NF- NU4+ NLi+ T (K) Volume 
(Å3) 

Density (g/cm3) 

5 299 13 247 1175 7145 2.44 

10 312 24 216 1125 7210 3.41 

15 329 34 193 1075 7194 3.63 

20 344 43 172 1000 7272 4.1 

27.4 359 54 143 825 / 875 
/925 / 975 

7185 /7273 / 
7295 / 7415 

4.76 / 4.7 / 4.69 
/ 4.62 

30 361 57 133 875 7237 4.89 
Table 2 

 

mol. % 
UF4 

NF- NTh4+ NU4+ NLi+ Volume 
(Å3) 

Density 
(g/cm3) 

0 335 45 0 155 7156 4.15 

1 316 41 2 143 6718 4.20 

2 319 41 4 141 6677 4.35 

3 321 40 6 138 6764 4.36 

4 324 40 7 136 6817 4.39 

 

Table 3 
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mol % 
ThF4 

T(K) Anionic  Fraction of [ThFx]4-x (%) Average 
CN 

  6 7 8 9 10  
5 1115 0.28 18.63 62.71 17.98 0.39 8.00 
10 1070 0.40 18.11 63.91 17.15 0.41 7.99 
15 1015 0.38 17.83 62.11 19.08 0.58 8.02 
18 970 0.29 16.67 61.63 20.68 0.72 8.05 
20 970 0.61 20.73 61.97 16.29 0.40 7.95 
23 855 0.15 13.63 62.55 22.86 0.80 8.10 
25 875 0.32 15.06 60.20 23.42 0.98 8.09 

970 0.78 22.39 59.19 17.02 0.62 7.94 
30 855 0.27 12.18 56.51 29.14 1.87 8.20 
 970 0.74 20.37 55.55 22.06 1.26 8.03 

35 970 0.82 19.06 54.66 23.71 1.72 8.06 
40 1035 1.5474 22.78 52.97 21.26 1.42 7.98 
50 1135 2.57 28.05 49.78 18.094 1.45 7.87 

Table 4 

 

 
Mol. % 

UF4 

 
T(K) 

 

 
 

 % Anionic Fraction of [UFx]4-x (%)  
 dU-F(Å) 

Average 

6 7 8 9 10 CN  
 dU-F (Å) 

5 1175 1.27 
2.17 

30.55 
2.24 

59.37 
2.30 

8.71 
2.38 

0.1 
2.45 

7.75 
2.29 

10 1125 2.01 
2.18 

34.59 
2.24 

55.96 
2.30 

7.35 
2.37 

0.09 
2.44 

7.68 
2.28 

15 1075 1.14 
2.17 

27.27 
2.24 

59.59 
2.30 

11.74 
2.37 

0.26 
2.46 

7.82 
2.29 

20 1000 1.10 
2.17 

26.96 
2.23 

59.51 
2.30 

12.13 
2.37 

0.29 
2.45 

7.86 
2.29 

 
 
 

27.4 

825 0.75 
2.17 

21.65 
2.23 

62.78 
2.29 

14.54 
2.35 

0.29 
2.42 

7.90 
2.29 

875 0.92 
2.17 

21.43 
2.23 

60.44 
2.29 

16.71 
2.36 

0.50 
2.43 

7.91 
2.29 

925 1.08 
2.17 

24.66 
2.23 

58.90 
2.30 

14.93 
2.36 

0.43 
2.43 

7.85 
2.29 

975 1.54 
2.17 

27.36 
2.24 

56.64 
2.30 

14.04 
2.37 

0.41 
2.44 

7.86 
2.29 

30 875 0.98 
2.17 

22.39 
2.23 

59.29 
2.30 

16.55 
2.36 

0.50 
2.43 

7.89 
2.29 

Table 5 
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mol. 
%  

UF4 

          % Th4+ coordination number (CN)        Avg. % U4+ coordination number (CN) Avg. 

 6 7 8 9 10 CN / dTh-

F(Å) 
6 7 8 9 10 CN / dU-F(Å) 

0 0.63 19.34 59.89 19.38 0.75 8.00 / 2.349 - - - - - - 
1 0.53 17.99 58.99 21.43 1.05 8.05 / 2.354 1.0

4 
26.8

7 
59.57 12.2

6 
0.27 7.84 / 2.290 

2 0.43 15.98 58.55 23.78 1.24 8.09 / 2.358 1.1
6 

24.7
6 

59.39 14.4
0 

0.30 7.88 / 2.291 

3 0.60 18.54 58.59 21.24 1.02 8.04 / 2.354 1.2
8 

24.4
2 

57.53 16.3
3 

0.45 7.90 / 2.294 

4 0.51 17.35 57.62 23.14 1.36 8.08 / 2.358 1.2
6 

24.6
3 

58.18 15.4
0 

0.53 7.89 / 2.294 

Table 6  
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Figure captions 

 

Figure 1:  Fourier transform of the EXAFS signals recorded at room temperature and 975 K 
for 75 mol. % LiF -25 mol.% ThF4 composition. 

Figure 2: Comparison between the calculated oscillations and the experimental EXAFS 
curves (Th -LIII) of three studied compositions (82%LiF-18%ThF4, 75%LiF-25%ThF4, 
65%LiF-35%ThF4) in the liquid phase at high temperature (700°C). 

Figure 3: Calculated Th LIII-edge EXAFS function k2 χ(k) of LiF-ThF4 (25 mol.% - 75 
mol.%). 

Figure 4: Evolution of the percentages of the different Th-based complexes coexisting in the 
melts in the molten LiF-ThF4 system, from 0 to 100 mol. % ThF4 at 20°C above the melting 
temperature. 

Figure 5: a) Mean coordination of thorium and b) average distance (Th-F) in the molten 
ThF4-AF (A= Li, Na, K) systems for various temperatures. 

Figure 6: Average coordination number of thorium and zirconium ions in the LiF-MF4 (M= 
Th4+, Zr4+) systems at 20°C above the melting point. 

Figure 7:  Evolution of the number of connections between F and Th ions in the LiF-ThF4 
system, from 0 to 100 mol. % ThF4 at 20°C above the melting temperature.  

Figure 8: Comparison between the experimental and calculated EXAFS signals (U LIII-edge 
for the sample containing only 5 mol. % of UF4 in LiF at 900°C. In insert, decomposition of 
calculated U LIII-edge EXAFS function k2 χ(k) of LiF-UF4 (5 mol.% - 95 mol.%) at 1175K. 

Figure 9: Average coordination number of the thorium ion, zirconium ion and uranium ion in 
the LiF -MF4 (M= U4+,  Th4+, Zr4+) systems at 20°C above the melting temperature 

Figure 10: Average bridging F/[MF4]4-x of the thorium ion, zirconium ion and uranium ion in 
LiF MF4 (M= U4+, Th4+, Zr4+) systems at 20K above the melting temperature 

Figure 11: Bridging F/[MF4]4-x in the LiF-MF4 systems (M= U4+, Th4+, Zr4+) at 20K above 
the melting temperature. a) free fluorine, b) fluorides involved in coordination of one complex 
(F-Al) and c) fluorides forming bridges between complexes (M-F-M). 

Figure 12 Comparison between the experimental and calculated EXAFS signals (Th LIII-
edge, 700°C) for the sample with 4 mol. % of UF4 at the eutectic composition of LiF-ThF4 
(22.5 mol. % - 77.5 mol. %). 



23 
 

Figure 13: Average coordination number and F bridging in LiF-ThF4 (22.5 mol. % - 77.5 
mol. %) with addition of UF4 at 700°C.  

Figure 14: Evolution of the different Th-based complexes coexisting in the melts in the 
molten LiF-ThF4 (22.5 mol. % - 77.5 mol. %) + mol. % UF4 system, at 700°C. 

Figure 15: Distribution of anionic species as a function of the UF4 content in the molten LiF-
ThF4 (22.5 mol. % - 77.5 mol. %) + mol. % UF4 system, at 700°C. 

Figure 16: Distribution of [ThXFY]4X-Y species (a) and [ThXUYFZ]4(X+Y)-Z (b) according to the 
molar percentage of UF4 in the mixture LiF-ThF4-UF4 at 700°C. 
 
Figure 17:  Atomic configuration extracted from the ionic trajectories calculated by 
molecular dynamics for the [ThF4-LiF]eutectic with 4 mol. % of UF4 system at 700°C. Lithium 
ions have been deliberately omitted for a better observation. The average lengths of Th-F and 
U-F bonds are 3.07 Å and 3.17 Å, respectively. 
 
Figure 18:  F- / ([ThXFY]4X-Y + [ThXUYFZ]4(X+Y)-Z) ratio as a function of the UF4 content. 
 
Figure 19: Evolution of the viscosity as function of UF4 in in the molten LiF-ThF4 (22.5 mol. 
% - 77.5 mol. %) at 700°C. 
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