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Highlights : 
 

- Anomaly of the 133Cs NMR chemical shift evolution versus composition in the CsF-AF series 

- Liquid structure at nanoscale of molten CsF-LiF mixture differs from the series of other 

alkaline CsF-AF 

- 133Cs NMR chemical shift evidences dynamical local scale distribution heterogeneities 

 

The local structure of molten CsF-AF (A=Li, Na, K and Rb) have been studied by high 

temperature Nuclear Magnetic Resonance (NMR) spectroscopy. The 
19

F and 
133

Cs chemical 

versus the molar fraction of CsF presents an anomaly in the series of the alkaline. The 

evolutions of 
19

F and 
133

Cs chemical shifts versus CsF-AF composition have been interpreted 

as a signature of dynamical local scale distribution heterogeneities. 
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Abstract 

The local structure of molten CsF-AF (A=Li, Na, K and Rb) have been studied by high 

temperature Nuclear Magnetic Resonance (NMR) spectroscopy. The 
19

F and 
133

Cs chemical 

shifts have been measured as a function of the molar fraction of CsF. 
19

F chemical shift varies 

linearly with composition while 
133

Cs chemical shift present a break around the eutectics 

composition. Furthermore, in molten CsF-LiF at high CsF concentration, 
133

Cs chemical shift is 

nearly constant. The evolutions of 
19

F and 
133

Cs chemical shifts versus CsF-AF composition 

have been interpreted as a signature of dynamical local scale distribution heterogeneities. 

 

 

Keywords: molten alkali fluoride, molten salt, High temperature NMR, chemical shift 

 

1. Introduction 

 

Molten salts are unique solvent involved in many domains:
1
 geoscience, energy (fuel 

cell,
2
 nuclear energy,

3
 battery,

4,5
 solar technology

6,7,8
…), wastes treatment, materials 

synthesis,
9,10

 metallurgy
11,12

… Molten fluorides main applications under development 

concern the nuclear energy in many aspects,
1,3

  from the waste treatment
13,14,15

 up to the 

molten salt nuclear reactor (one of the six reactor concepts of the Generation IV 

initiative).
16,17,18

 Understanding and modelling their physical and chemical properties are 

crucial issues in such context. 

The understanding of molten fluorides have achieved great advance during the past 

decade, thanks to theoretical and experimental improvements.
19

  An important factor in 
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these developments is the availability of high purity materials inert toward molten fluorides 

(boron nitride, pyrolitic boron nitride and glassy carbon) for the design of new sample 

containers. Nuclear magnetic resonance (NMR) spectroscopy,
20,21

 extended X-ray fine 

absorption spectroscopy,
22,23

 Raman spectroscopy,
24

 electrochemistry,
25,26

 thermodynamics 

studies,
27,28,29

 etc. have thus beneficiated a new impulse. Nonetheless, the experimental 

study of molten fluorides still remains challenging. Numerical simulations have also reached 

a high level of accuracy.
30,31

 Another important reason in this advance is the combination of 

molecular dynamics simulations and experimental studies. The work of Pauvert et al. on 

molten ZrF4-AF illustrates this approach.
32

   

The very high charge density of molten fluorides induces a strong structuration of the 

liquids at short scale (very first coordination shells) along with long persistence length.
19,33

 

Their structure span from simple bath of hard charged spheres to liquid network or liquid 

with free complexes.
1,34,20

 Indeed, it is well known that within the family of molten fluorides 

important modifications in the thermodynamic and transport properties occur when the 

nature of the cation is changed.
35,36

 One can distinguish acidic cations, which tend to form 

long-lived ionic bonds
37

 with the fluoride anions from basic ones, which provide “free” 

fluoride anions to the melt, even though a proper scale of acidity remains to be built in these 

media
38

. Molten rare earth/actinide (and analogous cations) fluorides typify acidic molten 

fluoride. Recent structural studies on rare earth/actinide (and analogous cations) alkali 

fluoride mixtures have shown that the liquid behaves like a labile network.
39,40,41,42

 On the 

reverse, molten alkali fluorides and their mixtures typify basic molten salts. Their viscosity is 

known to be of the same order of magnitude than liquid water, which means that these 

liquids are highly fluid.
43

 The structure of alkali fluorides has been considered simple until 
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molecular dynamics simulation on LiF-KF 50-50 mixture predicted the existence of dynamical 

local heterogeneities, i.e. incomplete mixing at the nanoscopic scale.
44,45

  

The aim of this paper is to study the dynamical local heterogeneities in molten fluorides 

using NMR spectroscopy. We focused on the structural properties of CsF-AF (A=Li, Na, K and 

Rb) molten salts because one may expect stronger effect than in LiF-KF system. In addition, 

133
Cs nucleus have better NMR properties than 

39
K for such study. The chemical shifts of 

19
F 

and 
133

Cs have been measured as function of the CsF molar fraction in the melt.  

2. Results and discussion 

 

The phase diagrams of CsF-AF (A=Li, Na, K and Rb) present different features depending 

on A.
46,47

 In CsF-LiF system, there are two eutectics at CsF molar fraction xCsF = 0.48 (T=752 K) 

and xCsF = 0.60 (T=766 K) and the incongruent melting of LiCsF2 compound (T=767 K). In CsF-

NaF and CsF-KF systems there is only one eutectic at xCsF = 0.76 (T=883 K)
 48,49,50,51,52

 and xCsF 

= 0.57 (T=898 K)
 53,54

, respectively. In CsF-RbF system, there is neither an eutectic or 

particular point but there is a solid solution over the whole range of composition.
55

  

To investigate the local structure in molten CsF-AF mixtures, we have recorded the NMR 

spectra of 
19

F and 
133

Cs in molten CsF-AF (A=Li, Na, K and Rb). The NMR chemical shift brings 

information on the local environment of the observed nucleus i.e. the first coordination 

shells. The measures were performed just above the melting temperature in order to 

prevent the evolution of composition during the experiment due to possible vaporization of 

one of the two compounds. The spectra of 
19

F and 
133

Cs in molten CsF-NaF are presented in 

figures 1 and 2. Similar figures have been obtained for the other CsF-AF systems. 
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Figure 1: NMR spectra of 
19

F (left) in molten CsF-NaF for various molar fraction of CsF 

xCsF.  

 

Figure 2: NMR spectra of 
133

Cs (right) in molten CsF-NaF for various molar fraction of CsF 

xCsF.  

Only one peak is observed for each nucleus. For solid compounds, the NMR spectrum 

exhibits to as many peaks as there are different environments for the observed nucleus, 
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provided sufficient resolution. For molten salts, the nucleus experiences all the different 

environments during the measurement because NMR measurement characteristic time is 

much longer than the ion motions. In consequence, the NMR spectrum consists only in one 

sharp peak (provided no phase separation occurs in the system). Nevertheless, the peak 

position is the weighted average of all the individual peak positions that should be obtained 

if the measurement was faster than the ion motions.
20

 Hence, the value of the measured 

chemical shift can be derived using:  

δ = Σ ni xi δi 

where ni is the number of fluorine involved in the i
th

 complex, xi the molar fraction and 

δi its chemical shift. 

The positions of the 
19

F and 
133

Cs peaks are shifted toward negative values when AF 

amount increases in the mixtures (figure 1 and 2). These variations are better seen by 

plotting the chemical shifts values, versus the AF molar fraction xAF. Figure 3 presents the 

variation of 
19

F chemical shift 
19Fδ, for each molten CsF-AF (A=Li, Na, K and Rb) system. A 

straight line is observed, whatever the alkali A, between 
19Fδ in pure CsF (-32 ppm) and in 

pure AF (-200, -235, -149 and -115 ppm for LiF, NaF, KF and RbF, respectively).  
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Figure 3: 
19

F chemical shift 
19Fδ as function of AF molar fraction xAF for CsF-LiF (green), 

CsF-NaF (black), CsF-KF (red), CsF-RbF (blue).  

Linear variations have been also observed in other molten alkali fluoride mixtures: LiF-

NaF and LiF-KF (figure 4).
56,21

 Nevertheless, the trend is different: 
19Fδ decreases with NaF 

addition whereas 
19Fδ  increases with KF or CsF addition. The 

19Fδ  values in pure solid
57

 and 

molten AF
58

 has been correlated to the polarizability of the anion-cation pairs α: 19Fδ  varies 

linearly with α. More precisely, it increases from -200 ppm (α = 0.927 10
-24

 cm
3
) for LiF to -32 

ppm (α = 3.686 10
-24

 cm
3
) for CsF. However, an inversion between LiF and NaF positions has 

been observed for both solid and molten systems. The results presented in figure 4 are in 

agreement with those results. 
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Figure 4: 
19

F chemical shift 
19Fδ as function of AF molar fraction xAF for CsF-LiF (pink), KF-

LiF (red) and NaF-LiF (black). 

This variation can be compared to the one for other molten fluorides salts. In most cases 

19Fδ presents more complicated variations. For example in AF-AlF3, it describes a bell curve 

versus AlF3 concentration corresponding to domains where different AlFa
3−a

 units (with x = 4, 

5 and 6) free F
−
 are in rapid exchange.

59,60,61
 In rare earth fluorides

62,40
 AF-LnF3 (Ln=La, Y, Ce, 

Lu), actinides fluorides
63

 AF-ThF4 and transition metal fluoride
42

 AF-MFx systems, the 
19Fδ 

variation is a parabola. In these cases, it has been demonstrated by several techniques that 

fluorines are in rapid exchange between at least three environments: free fluorine, fluorine 

embedded in MFn
z−n

 unit (z the charge of the cation M and n the number of fluorine in this 

long-lived unit) and fluorine bridging at least two MFn
z−n

 units.
39,64,65,66

 The proportion of 

these environments depends on the concentration of MFx. For example, this number of 

fluorine n ranges mainly between 6 and 8 for rare earth.
58,32,19

 The residence times of the 

fluorine anions in the coordination shell of the alkaline cations is much shorter than in the 
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one of rare earth, actinide and transition metal cations.
67,68

 Therefore, in the case of alkali 

fluorides mixtures, only free fluorines are considered. However, the character “free” of 

fluorine in molten alkali has to be balanced according the alkaline.
58

 Indeed its size and the 

polarizability are important factors to be considered. Dracopoulos et Papatheodorou have 

shown using Raman spectroscopy that (LiF)xA units have longer life time in molten CsF-LiF 

(0.8ps) than in molten KF-LiF (0.3ps).
67

 In addition, the accuracy of the molecular dynamics 

simulations necessitates taking account the ion polarizability.
69,70,71

  

In molten fluorides, the variations of the cations chemical shift have often provided 

crucial and more sensitive information to understand the local structure of the melt.
58,40,72

 

Figure 5 presents the variation of 
133

Cs chemical shift 
133Csδ versus xAF for each molten CsF-AF 

(A=Li, Na, K and Rb) system.   

0
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Figure 5: 
133

Cs chemical shift 
133Csδ as a function of the AF molar fraction xAF for CsF-LiF 

(green), CsF-NaF (black), CsF-KF (red), CsF-RbF (blue).  

The 
133

Cs chemical shift 
133Csδ variation is less simple than in the case of 

19
F. In CsF-LiF, 

133Csδ varies linearly with two breaks in the slope around the eutectics of the system. In CsF-
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NaF and CsF-KF, a similar feature is observed and the break occurs also around the eutectic. 

In CsF-RbF, a straight line is observed without any break (note that there is no eutectic in the 

CsF-RbF phase diagram). The most striking point is the 
133Csδ  evolution in CsF-LiF at low xLiF 

(<0.4) as compared with the other CsF-AF: a plateau is nearly observed for CsF-LiF  while 

133Csδ  decreases with AF content  for the other CsF-AF. It can be also noticed that the 
133Csδ 

decrease is approximately equivalent for CsF-NaF, CsF-KF and CsF-RbF at low xAF. It is also 

puzzling that the variation of 
19Fδ  does not echo the  

133Csδ  one.  

 Let first discuss the general decrease of 
133Csδ with xAF. As explained at the beginning of 

the discussion, the NMR chemical shift is sensitive to the first shells of neighbours i.e. their 

nature, coordination number and distance. In order to estimate the coordination number N+- 

(number of fluorine anions around cation) in molten salts using NMR spectroscopy, it is 

often convenient to build an empirical scale of chemical shifts versus coordination number. 

For this purpose, the chemical shift is measured for several crystalline compounds which 

structure is perfectly defined.
73,59

 Unfortunately, crystalline compounds containing cesium 

and fluorine ions are scarce. In addition to pure CsF, two other compounds CsLiF2 (C 1 2/c 

1)
74

 and Cs3SiF7 (P 4/m b m)
75

 are good candidates but were not available for this study. In 

addition, LaCs3F6 has been reported but its structure has not yet been elucidated.
76

 CsF 

crystallizes in P m -3 m space group and Cs is surrounded by 6 F.
77

 In solid CsF, the 
133

Cs 

chemical shift has been determined using MAS NMR and is equal to +175ppm.
78,79

 In pure 

molten CsF, 
133Csδ = +88ppm and the coordination number N+- has been estimated to 5.6.

80
 

Though it may be rather tricky to define a coordination number in these systems and to 

compare directly results of simulations and NMR data
19

 : a slight decrease of N+- around 

cesium seems thus to induce a decrease of 
133Csδ. In molten CsF-AF, the decrease of 

133Csδ  

with xAF may indicate a slight decrease of N+-  with xAF. Change of N+- may be correlated to 



Page 11 of 17

Acc
ep

te
d 

M
an

us
cr

ip
t

 11 

the change of melt fluoroacidity. By analogy with the pH scale in aqueous solutions, the 

fluoroacidity (pF = -log aF) is based on the “free” fluorine ions content in molten mixtures. 

The more fluoro-donor, the higher basicity. Recently, a new electrochemical method to build 

the first fluoroacidity scale has been proposed. It is based on the measurement of the 

equilibrium between gazeous SiF4 or BF3 and dissolved species in molten fluorides.
81,82

 The 

authors have shown that the fluoroacidity follows the sequence LiF > NaF > KF > CsF. This 

fluoroacidity scale is in good agreement with the 
133Csδ variation observed in molten CsF-AF.  

The second important feature seen in figure 5 is the quasi-plateau at low xLiF (<0.4) for 

the CsF-LiF system. Surprisingly, 
133

Cs ion seems to be not affected by the presence of 

lithium ion   in the melt. Few years ago, numerical simulations on molten LiF-KF have 

obtained unexpected results on the medium range structure of these molten salts.
44,45

 The 

partial structure factors revealed the existence of local heterogeneities in ionic distribution. 

More precisely, clustering of Li
+
 and of part of the F

− 
ions in the KF matrix was observed, 

evidencing an incomplete mixing of LiF and KF at the nanoscopic scale. The authors expected 

to find also clustering of K
+
 but the absence of low-k features in the like–like partial structure 

factor of K
+
 shows that its distribution was homogeneous (k being the scattering vector). The 

emerging picture was a homogeneous but disordered (i.e. non-network-like) matrix 

consisting of K
+
 and F

−
 ions in which clusters of Li

+
 ions are formed.

45
 Furthermore, these 

effects do not affect the first solvation shell because they correspond to the formation of 

medium range order. An enhancement of these effects is expected in the CsF-LiF system. 

Indeed, the difference in the properties (size, polarizability) between cesium and lithium ions 

is much greater than the one between potassium and lithium ions.
83,69

 Furthermore, the 

evidence of these effects must be higher at low xLiF. The direct consequence of the existence 

of local clustering of Li
+
 in the molten CsF-LiF on the 

133
Cs chemical shift 

133Csδ  would be the 
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absence of variation with xLiF. This is what is observed in figure 5. This phenomenon is 

expected to be sensitive to the temperature. Thus, the experiments have been also 

performed for some CsF-LiF at higher temperature, 80° above the liquidus temperature. The 

values of  
19Fδ are almost the same as at the liquidus temperature whereas the 

133Csδ values 

are strongly modified. The 
133Csδ variation with xLiF resembles now more to the CsF-RbF one 

(see supplementary materials) where no clustering was suspected.  

Two questions arise about 
19

F NMR results: why there is a single peak in the 
19

F 

spectrum instead of two at -200ppm (pure LiF) and -32ppm (pure CsF) and why there is no 

evidence in the evolution of the 
19Fδ versus xLiF? The answer comes from the lifetime of these 

clusters. Ribeiro has estimated it to a few picoseconds,
44

 much shorter than the NMR 

characteristic time. In consequence, one observe only the average structure, ergo a single 

peak in the spectrum. Furthermore, as underlined by Salanne et al.
45

  the first solvation shell 

is not affected. Hence, the fluorine is in rapid exchange between two environments: 

surrounded by lithium and surrounded by cesium (note that a fluorine anion surrounded by 

a Cs and b A gives a contribution to 
19Fδ  equal to (a/a+b) 

19FδCsF + (b/a+b) 
19FδAF as explained 

at the beginning of the discussion). This means that the evolution of 
19Fδ  versus xLiF is a 

straight line as observed in figures 3 and 4.  

During the past ten years, the existence of dynamical local scale distribution 

heterogeneities has been evidenced in various simple liquid mixtures, i.e. without 

surfactants or long chains molecules:  water − room temperature ionic liquids,
84,85

 water − 

ethanol and water − methanol,
86,87,88

 molten glasses,
89

 metallic melts.
90

 It is the first time 

that such phenomenon is experimentally evidenced in molten salts. The knowledge of such 

distribution heterogeneities are important to deeply understand the solubility and miscibility 

of species. 
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3. Experimental and Method 

 

The fluoride salts (purity 99.99%) were purchased from Alfa Aesar. The appropriate 

quantities of binary mixtures were weighted and then filled into NMR cells in a gloves box 

under dried argon in order to avoid H2O and O2 contamination of the samples. The CsF salt 

being very hygroscopic, the NMR cells are based on double confinements: a small crucible 

made in pyrolytic boron nitride is put in wider crucible in HIP (hot isostatically pressed) 

boron nitride. The latter crucible is tightly closed by a screw cap. The amount of salt in each 

NMR cell is ca. 70 mg. 

The High Temperature NMR (HT NMR) spectra were recorded using a Bruker Avance WB 

400MHz spectrometer, operating at 9.40 T. In situ HT NMR spectra were obtained by using 

the CO2 laser heating system developed at CEMHTI-CNRS in Orléans (France) and previously 

described.
91,92

 The samples were heated directly up to melts and the spectra were collected 

about 10 to 20K above respective liquidus temperature for each composition.  

The HT NMR spectra were acquired using a single pulse sequence with a 1s recycle delay 

and 8 to 128 accumulations. The pulses were π/2 pulses for 
19

F and with π/4 pulses for 
133

Cs. 

The chemical shifts were referred to CCl3F for 
19

F, CsNO3 0.1M solution for 
133

Cs. NMR 

spectra were treated using DMFIT software.
93

 

Conclusion  

 

The 
19

F and 
133

Cs chemical shifts in CsF-AF (A=Li, Na, K and Rb) have been measured as a 

function of the molar fraction of CsF using HT NMR. The 
19

F chemical shift varies linearly with 
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composition while 
133

Cs chemical shift present a break around the eutectics composition. 

The 
133

Cs chemical shift does not follow the same feature in CsF-LiF than in the other CsF-AF. 

In particular at low xLiF, no 
133

Cs chemical shift variation is observed with xLiF. This evolution is 

interpreted as evidence of dynamical local scale distribution heterogeneities i.e. existence of 

local clustering of Li
+
 in the molten CsF-LiF. 

 

 

Acknowledgements 

 

This work has been supported by the PCR ANSF of the programme PACEN.  

 

                                                 
1
 F. Lanthelme, H. Groult (Eds.), Molten Salts Chemistry, From Lab to Applications, Elsevier, 2013, ISBN: 978-0-

12-398538-5. 
2
 S. Giddey, S.P.S. Badwal, A. Kulkarni, C. Munnings, Prog. Energ. Combust. 38 (2012) 360–399. 

3
 S. Delpech, C. Cabet, C. Slim, G. Picard, Mater. Today 13[12] (2010) 34–41. 

4
 J. Coetzer, J. Power Sour. 18 (1986) 377–380. 

5
 J.L. Sudworth, J. Power Sour. 100 (2001) 149–163. 

6
 H.P. Garg, S.C. Mullick, A.K. Bhargava, Solar Thermal Energy Storage. Reidel Publishing Company: Dordrecht, 

Boston and Lancaster. 
7
 I. Dincer, M.A. Rosen (2002). Thermal Energy Storage—Systems and Applications. John Wiley & Sons: New 

York, Chichester. 
8
 G. Beckmann, P.V. Gilli, (1984) Thermal Energy Storage: Basics, Design, Applications to Power Generation and 

Heat Supply. Springer: Wien, New York. 
9
 K. Le Van, H. Groult, F. Lantelme, M. Dubois, D. Avignant, A. Tressaud, S. Komaba, N. Kumagai, S. Sigrist, 

Electrochim. Acta 54 (2009) 4566-4573. 
10

 H. Groult, H. El Ghallali, E. Briot, A. Barhoun, C.M. Julien, F. Lantelme, S. Borensztjan, Electrochim. Acta 56 

(2011) 2656-2664. 
11

 J. Thonstad, P. Fellner, G. M. Haarberg, J. Hives, H. Kvande, A. Sterten, Aluminium electrolysis, 3rd ed., 

Aluminium Verlag, Düsseldorf, 2001. 
12

 H. Groult, H. El Ghallali, A. Barhoun, E. Briot, L. Perrigaud, S. Hernandorena, F. Lantelme, Electrochim. Acta, 

55 (2010) 1926-1932. 
13

 P. Chamelot, L. Massot, C. Hamel, C. Nourry, P. Taxil, J. Nucl. Mater. 360 (2007) 64–74. 
14

 P. Taxil, L. Massot, C. Nourry, M. Gibilaro, P. Chamelot, L. Cassayre, J. Fluorine Chem. 130 (2009) 94–101. 
15

 M. Gibilaro, L. Cassayre, O. Lemoine, L. Massot, O. Dugne, R. Malmbeck, P. Chamelot, J. Nucl. Mater. 414 

(2011) 169–173. 



Page 15 of 17

Acc
ep

te
d 

M
an

us
cr

ip
t

 15 

                                                                                                                                                         
16

 M. M. Waldrop, Nature (London) 492 (2012) 26-29. 
17

 D. LeBlanc, Nucl. Eng. Design 240 (2010) 1644–1656. 
18

 B. Becker, M. Fratoni, E. Greenspan, Prog. Nucl. Energy, 50 (2008) 236-241. 
19

 A.–L. Rollet, M. Salanne, Annu. Rep. Prog. Chem. Sect. C, Phys. Chem. 107 (2011) 88-123. 
20

 A.–L. Rollet, C. Bessada, Annu. Rep. NMR Spectrosc. 78 (2013) 149–207. 
21 A.–L. Rollet, V. Sarou-Kanian, C. Bessada, C. R. Chimie, 13 (2010) 399–404. 
22

 A.-L. Rollet, C. Bessada, Y. Auger, P. Melin, M. Gailhanou, D. Thiaudière, Nucl. Instrum. Methods Phys. Res., 

Sect. B 226 (2004) 447-452. 
23

 H. Matsuura, S. Watanabe, H. Akatsuka, Y. Okamoto, A. K. Adya, J. Fluorine Chem. 130 (2009) 53-60. 
24

 V. Dracopoulos, D. T. Kastrissios, G. N. Papatheodorou, J. Non-Cryst. Solids 351 (2005) 640–649. 
25

 H. Groult, A. Barhoun, E. Briot, F. Lantelme, C. M. Julien, J. Fluorine Chem. 132 (2011) 1122-1126. 
26

 V. Constantin, A.-M. Popescu, M. Olteanu, J. Rare Earths, 28[3] (2010) 428-434. 
27

 O. Beneš, R. J. M. Konings, D. Sedmidubský, M. Beilmann, O. S. Valu, E. Capelli, M. Salanne, S. Nichenko, J. 

Chem. Thermodynamics 57 (2013) 92–100. 
28

 O. Beneš, R. J. M. Konings, J. Fluorine Chem. 130 (2009) 22–29. 
29

  P. Barborík, Z. Vasková, M. Boča, J. Priščák, J. Chem. Thermodynamics 76 (2014) 145–151. 
30

 A. E. Gheribi, D. Corradini, L. Dewan, P. Chartrand, C. Simon, P. A. Madden, M. Salanne, Mol. Phys. 112[9-10] 

(2014) 1305-1312, arXiv:1402.4237. 
31

 Y. Ishii, K. Sato, M. Salanne, P. A. Madden, N. Ohtori, J. Phys. Chem. B 118 (2014) 3385–3391.  
32

 O. Pauvert, M. Salanne, D. Zanghi, C. Simon, S. Reguer, D. Thiaudière, Y. Okamoto, H. Matsuura, C. Bessada, J. 

Phys. Chem., 2011, 115, 9160–9167. 
33

 M. P. Tosi, D. L. Price, M.-L. Saboungi, Annu. Rev. Phys. Chem. 44 (1993) 173-211. 
34

 A.-L. Rollet, V. Sarou-Kanian, C. Bessada, Inorg. Chem. 48[23] (2009) 10972–10975. 
35

 O. Beneš, R.J.M. Konings, CALPHAD 32 (2008) 121–128. 
36

 E. Renaud, C. Robelin, M. Heyrman, P. Chartrand, J. Chem. Thermodynamics 41 (2009) 666–682. 
37

 F. Auguste, O. Tkatcheva, H. Mediaas, T. Ostvold, B. Gilbert, Inorg. Chem. 42 (2003) 6338-6344. 
38

  B. Tremillion, Acid-base effects in molten electrolytes, molten salts chemistry, Mamantov and Marassi Ed., 

NATO ASI series, Series C, vol202, 279-309, 1987, Dordrecht. 
39

  V. Dracopoulos, B. Gilbert, G. N. Papatheodorou, J. Chem. Soc., Faraday Trans. 94[17] (1998) 2601-2604. 
40

  C. Bessada, A.-L. Rollet, A. Rakhmatullin, I. Nuta, P. Florian, D. Massiot, C. R. Chimie 9 (2006) 374–380. 
41

  M. Salanne, C. Simon, H. Groult, F. Lantelme, T. Goto and A. Barhoun, J Fluorine Chem. 130 (2009) 61-66. 
42

  O. Pauvert, D. Zanghi, M. Salanne, C. Simon, A. Rakhmatullin, H. Matsuura, Y. Okamoto, F. Vivet, C. Bessada, 

J. Phys. Chem. B 114 (2010) 6472–6479. 
43

 G. J. Janz, F.W. Dampier, G.R. Lakshminarayanan, P.K. Lorenz, and R. P.T. Tomkins, National Standard 

Reference Data Series, Molten Salts: Volume 1. Electrical Conductance, Density, and Viscosity Data,  1968, 

vol.15. 
44 M. C. Ribeiro, J. Phys. Chem. B 107 (2003) 4392-4402. 
45 M. Salanne, C. Simon, P. Turq, P. A. Madden, J. Phys. Condens. Matter 20 (2008) 332101. 
46

 J. M. Sangster, A. D. Pelton, J. Phys. Chem. Ref. Data 16[3] (1987) 509-561. 
47

 O. Beneš, R. J. M. Konings, CALPHAD 32 (2008) 121–128. 
48

 G. A. Bukhalova, D. V. Sementsova, Zh. Neorg. Khim. 10[8] (1965) 1880-1882; Russ. J. Inorg. Chem. (Engl. 

Transl.) 10[8] (1965) 1024-1026. 
49

 R. G. Samuseva, V. E. Plyushchev, Zh. Neorg. Khim. 6[9] (1961) 2139-2141; Russ. J. Inorg. Chem. (Engl. Transl.) 

6[9] (1961) 1092-1094.  
50

 D. L. Deadmore, J. S. Machin, J. Phys. Chem., 64[6] (1960) 824-825. 
51

 A. C. Macleod, J. Cleland, J. Chem. Thermodyn. 7[2] (1975) 103-118. 
52

 Z. A. Mateiko, G. A. Bukhalova, D. V. Sementsova, Izv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 10[8] 

(1967) 856-860. 
53

 D. V. Sementsova, G. A. Bukhalova, Izv. Vyssh. Uchebn. Zaved., Khim. Khim. Tekhnol. 11[2] (1968) 240-241. 



Page 16 of 17

Acc
ep

te
d 

M
an

us
cr

ip
t

 16 

                                                                                                                                                         
54

 I. N. Belyaev, O. Ya. Revina, Zh. Neorg. Khim. 11[8] (1966) 1952-1958; Russ. J. Inorg. Chem. (Engl. Transl.), 

11[8] (1966) 1041-1044. 
55

 R. G. Samuseva, V. E. Plyushchev, Zh. Neorg. Khim. 10[5] (1965) 1270-1272; Russ. J. Inorg. Chem. (Engl. 

Transl.) 10[5] (1965) 688-689. 
56

 V. Sarou-Kanian, A.-L. Rollet, M. Salanne, C. Simon, C. Bessada, P. A. Madden, Phys. Chem. Chem. Phys. 11 

(2009) 11501–11506. 
57

 U. Gross, S. Rüdiger, A.-R. Grimmer, E. Kemnitz, J. Fluorine Chem. 115 (2002) 193-199. 
58

 A.-L. Rollet, S. Godier, C. Bessada, Phys. Chem. Chem. Phys. 10 (2008) 3222-3228. 
59

 V. Lacassagne, C. Bessada, P. Florian, S. Bouvet, B. Ollivier, J.-P. Coutures, D. Massiot, J. Phys. Chem. B 106 

(2002) 1862-1868. 
60

 I. Nuta, E. Veron, G. Matzen, C. Bessada, Inorg. Chem. 50 (2011) 3304–3312. 
61

 I. Nuta, C. Bessada, E. Veron, G. Matzen, C.R. Chimie 7 (2004) 395–400. 
62

 A.-L. Rollet, C. Bessada, A. Rakhmatullin, Y. Auger, P. Melin, M. Gailhanou, D. Thiaudière, C.R. Chimie 7 (2004) 

1135–1140. 
63

 C. Bessada, A. Rakhmatullin, A.-L. Rollet, D. Zanghi, J. Nucl. Mater. 360 (2007) 43–48. 
64

 V. Dracopoulos, B. Gilbert, B. Børrensen, G. M. Photiadis, G. N. Papatheodorou, J. Chem. Soc., Faraday Trans. 

93[17] (1997) 3081-3088. 
65

 V. Dracopoulos, J. Vagelatos, G. N. Papatheodorou, J. Chem. Soc., Dalton Trans. (2001) 1117–1122. 
66

 A.-L. Rollet, M. Salanne, H. Groult, J. Fluorine Chem. 134 (2012) 44–48. 
67

 V. Dracopoulos, G. N. Papatheodorou, Phys. Chem. Chem. Phys. 2 (2000) 2021-2025. 
68

 M. Levesque, V. Sarou-Kanian, M. Salanne, M. Gobet, H. Groult, C. Bessada, P. A. Madden, A.-L. Rollet, J. 

Chem. Phys., 2013, 138, 184503. 
69

 M. Salanne, B. Rotenberg, S. Jahn, R. Vuilleumier, C. Simon, P. A. Madden, Theor. Chem. Acc. 131 (2012) 

1143. arXiv:1204.1427. 
70

 M. Salanne, L. J. A. Siqueira, A. P. Seitsonen, P. A. Madden, B. Kirchner, Faraday Discuss. 154 (2011) 171–188. 
71

 M. Wilson, P. A. Madden, N. C. Pyper, J. H. Harding, J. Chem. Phys. 104[20] (1996) 8068-8081. 
72

 A.-L. Rollet, E. Veron, C. Bessada, J. Nucl. Mater. 429 (2012) 40–47. 
73

 C. Bessada, A. Rakhmatullin, A.-L. Rollet, D. Zanghi, J. Fluorine Chem. 130 (2009) 45–52. 
74

 J. H. Burns, W. R. Busing, Inorganic Chem. 4 (1965) 1510-1512. 
75

 B. Hofmann, R. Hoppe, Z. Anorg. Allg. Chem. 458 (1979) 151-162. 
76

 E. P. Dergunov, Dokl. Akad. Nauk. SSSR 60[7] (1948) 1187. 
77

 C. E. Weir, G. J. Piermarini, J. Res. Nat. Bur. Stand., Sect. A. Phys. Chem., 68 (1964) 105-111.  
78

 H. Pizzala, C. Barrère, M. Mazarin, F. Ziarelli, L. Charles, J. Am. Soc. Mass. Spectrom. 20 (2009) 1906–1911. 
79

 S. Hayashi, K. Hayamizu, Bull. Chem. Soc. Jpn. 63 (1990) 913–919. 
80

 A. Baranyai, I. Ruff, R. L. McGreevy, J. Phys. C: Solid State Phys., 19 (1986) 453-465. 
81

 A.-L. Bieber, L. Massot, M. Gibilaro, L. Cassayre, P. Chamelot, P. Taxil, Electrochim. Acta 56 (2011) 5022–5027. 
82

 M. Kergoat, L. Massot, M. Gibilaro, P. Chamelot, Electrochim. Acta 120 (2014) 258–263. 
83

 R. D. Shannon, Acta Cryst. A32 (1976) 751-767. 
84

 A.-L. Rollet, P. Porion, M. Vaultier, I. Billard, M. Deschamps, C. Bessada, L. Jouvensal, J. Phys. Chem. B 111[41] 

(2007) 11888 -11891. 
85

 B. Fazio, A. Triolo, G. Di Marco, J. Raman Spectrosc. 39 (2008) 233–237. 
86

 L. Dougan, S. P. Bates, R. Hargeaves, J. P. Fox, J. Crain, J. L. Finney, V. Réat, A. K. Soper, J. Chem. Phys. 121 

(2004) 6456-6462. 
87

 J. A. Morrone, K. E. Haslinger, M. E. Tuckerman, J. Phys. Chem. B 110 (2006) 3712-3720. 
88

 S. Dixit, J. Crain, W. C. K. Poon, J. L. Finney, A. K. Soper, Nature 416[6883] (2002) 829-832. 
89

 V. V. Hoang, Phys. Rev. B 75 (2007) 174202. 
90

 T. Voigtmann, A. Meyer, D. Holland-Moritz, S. Stüber, T. Hansen, T. Unruh, Europhys. Lett. 82 (2008) 66001. 
91

 D. Massiot, C. Bessada, P. Echegut, J. P. Coutures, F. Taulelle, Solid State Ionics 37[2-3] (1990) 223-229. 
92

 V. Lacassagne, C. Bessada, B. Ollivier, D. Massiot, J.-P. Coutures, C. R. Acad. Sci. IIb (1997) 91-98. 



Page 17 of 17

Acc
ep

te
d 

M
an

us
cr

ip
t

 17 

                                                                                                                                                         
93

 D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calve, B. Alonso, J. O. Durand, B. Bujoli, Z. H. Gan, G. Hoatson, 

Magn. Reson. Chem. 40 (2002) 70–76. 


