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12 Supplementary Notes
13 Supplementary Note 1: Simulated versus experimental local structure of fluorides

14 For structural analysis, X-ray and neutron diffraction methods are most commonly used. In 

15 polyatomic systems, the total interference function  is decomposed into a weighted linear combination 𝐹𝑁(𝑄)

16 of the component pair structure factors . Taking Fourier transforms of these structure factors, the real 𝑆𝛼𝛽(𝑄)

17 space distribution functions  are determined. In practice, scattering methods for multi-component 𝑔𝛼𝛽(𝑟)

18 systems should be coupled to simulation and other experimental methods to fully understand and resolve 

19 features of the diffraction pattern [1][2][3].

20 The fluoride salts LiF, NaF, KF, BeF2, Flibe and Flinak are simulated since they are the prototypical 

21 salt and salt constituents of interest. The local structure is determined by the radial distribution function and 

22 compared. Overall, there is good agreement between the simulations and experiments across a range of 

23 fluorides. The radial distribution functions are determined experimentally using X-ray or neutron diffraction 

24 and the results are discussed here.
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25 The calculated RDFs for binaries are shown Figure S1. All of them show a distinct solvation shell 

26 between the cation and the anion, and no long-range order as would be expected for a molten solution of 

27 charged ions. The first-peak radial distances are ordered BeF2, Li-F, Na-F and K-F from shortest to longest 

28 correlating with their respective atomic radii ( ). For the salts with monovalent 
𝑟

𝐵𝑒2 + < 𝑟
𝐿𝑖 + < 𝑟

𝑁𝑎 + < 𝑟
𝐾 +

29 cations, the first maximum of the anion-anion and cation-cation functions corresponds to the first minimum 

30 of the cation-anion function. This typically indicates the existence of solvation shells of alternating positive 

31 and negative charge [4]. Further, the anion-anion and cation-cation functions are similar with minima and 

32 maxima located at the same positions, which indicates that the diffraction patterns would have a single 

33 characteristic length. In the divalent cation fluoride BeF2, the first peak of the cation-anion RDF is much 

34 sharper, narrower and occur at a shorter distance. This is indicative of a more orderly solvation shell with 

35 well-defined coordination. These results agree qualitatively with previous experimental and computational 

36 studies of monovalent and multivalent salts. For example, Be2+ in BeF2 has been found to bind to four 

37 fluorine atoms, predominately forming BeF4 tetrahedral complexes, while monovalent salt cations like Li+ 

38 have been found to coordinate between three and six F- ions [5].

39 Figure S1: Radial distribution functions (From left to right, top to bottom) for BeF2, NaF, LiF and KF 
40 including cation-anion, anion-anion, and cation-cation pair functions.
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41 The structures of Flibe and Flinak were also examined since they are prototypical salts in many 

42 nuclear applications due to their desired thermal hydraulic and neutronic properties [6][7]. The RDFs for 

43 Flibe and Flinak are shown in Figure S2. In both the salts, the relative positions of the RDFs are analogous 

44 to their constituent binaries shown in Figure S1. For Flibe, the Be-F peak occurs before the Li-F peak and 

45 has a higher maximum, just as they were in comparing the binaries. Similarly, the peaks for Li-F, Na-F, 

46 and K-F are also ordered by increasing peak distance. Qualitatively, this shows that some of the local 

47 chemical behavior of the binary salts is retained when binaries are mixed together. 

a b
48 Figure S2: Radial distribution functions for a) Flibe at 973K and b) Flinak at 973K.

49 Table S1. First peak radius and coordination number of various fluorides [8][9][6][7]

First Peak Radius ( )Å Coordination Number (N)Salt Pair
Experiment Simulation |Δ| Experiment Simulation |Δ|

Be-F 1.59 1.5 0.09 4.0 3.75 0.25BeF2
F-F 2.54 2.5 0.04 - - -
Li-F 1.85 1.8 0.05 3.0 2.6 0.4LiF
F-F 3.0 3.0 0 - - -
Na-F 2.30 2.2 0.1 4.1 3.7 0.4NaF
F-F 3.5 3.3 0.2 - - -
K-F 2.60 2.5 0.1 4.3 4.2 0.1KF
F-F 3.9 3.7 0.2 - - -
Li-F 1.85 1.8 0.05 4.0 4.0 0
Be-F 1.58 1.5 0.08 4.0 3.7 0.3

Flibe

F-F 2.56 2.5 0.06 - - -
Li-F 1.83 1.8 0.03 3.3 3.6 0.3
Na-F 2.18 2.2 0.02 3.8 4.9 1.1
K-F 2.59 2.6 0.01 4.0 6.9 2.9

Flinak

F-F 3.05 3.1 0.05 - - -
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50 *The experimental temperatures for LiF, NaF, and KF, flibe and flinak were 875, 1000, 870oC, 750oC and 
51 520oC respectively and simulations are controlled to the same temperature.

52 For all systems, the first peak distances and average coordination number obtained are compared 

53 to experimental values in Table S1. In almost all salts pairs, the experimental first peak distance was 

54 accurately reproduced within + 0.1 , which is the width of the bins used to calculate the RDFs. The Å

55 coordination numbers for the binaries and Flibe were also accurately reproduced with the simulation values 

56 within 0.5, indicating accurate representation of the coordination chemistry. In Flinak, the calculated 

57 coordination numbers were larger than the experimental values. This can be attributed to the fact that the 

58 peaks are broader, and the first minimum is found over a wide and fat tail, with minima ranging from 2.8 – 

59 3.8  for cation-anion pairs. Here, small errors in estimating the minimum distance results in large errors Å

60 in the coordination number, making the calculated numbers meaningless. In all the salts, the small 

61 difference can be attributed to small differences in ability to control the experimental and the simulation 

62 temperature, numerical approximation in integrating the RDFs, and integration over a weak solvation shell 

63 with a poorly defined first minimum. Yet, the structures provide generally good indication that complex 

64 structures can be accurately reproduced. Overall, this gives a good indication that the local structure is well 

65 reproduced using the simulation methods.

66 Supplementary Note 2: Simulated versus experimental diffusion

67 Experimentally, ionic diffusion is typically measured based on electrochemical techniques, 

68 capillary diffusion, diffusion through a membrane or using pulsed-gradient nuclear magnetic resonance 

69 [10][11][12][13]. The accuracy is dependent on the uncertainties related to the experiments, which are 

70 sometimes run over several hours, and require fit to analytical models. The self-diffusion coefficients for 

71 ions in LiF-KF, Flibe and Flinak are calculated and compared against experimental data. These results are 

72 shown in Figure S3, S4 and S5. The effects of impurities on diffusion in pure Flibe and tritium are shown 

73 in Figures S6 and S7.
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74 For LiF-KF, the simulation values for diffusivity and activation energy are very close to the 

75 experimental values, within the errors bars for fluorine. In these figures, the error bars represent the 95% 

76 confidence interval from taking the average of block diffusivities. For lithium, the diffusivity values are 

77 within +1 cm2/s. There is slight underestimation in the simulation relative to experiment, which likely 

78 attributed to cumulative uncertainties of both the experimental and computational methods. Sources of 

79 uncertainty include control of both the temperature and pressure. The activation energy for lithium was 

80 found to be 31.0 + 2 kJ/mol compared to the experimental value of 33.0 + 2 kJ/mol. Similarly, the activation 

81 energy for fluorine was found to be 33.0 + 2 kJ/mol compared to the experimental value of 28.0 + 1 kJ/mol. 

82 For potassium, the diffusivity was not experimentally measured and is thus not shown here. In both 

83 elements, the margin of error is small compared to other engineering uncertainties.

a) b)

84 Figure S3: Self diffusivity from 775K to 1300K of a) fluorine and b) lithium in eutectic composition of 
85 LiF-KF. Experimental data from Sarou-Kainan et al [14].

86 For Flinak, tracer measurements were conducted by Umesaki and compared against calculations as 

87 shown in Figure S4 [15]. The shaded region and error bars represent the 95% confidence interval of the 

88 mean estimate. In all cases with Li+, Na+, K+ and F- ions, the experimental data matched simulations within 

89 margin of error in terms of diffusivity values and activation energies. The diffusivities of all ions are very 

90 similar despite having different ionic radii. This is due to the coulombic interaction and electronegativity 

91 of cations. Even though Li has a smaller radii, the Li+ interactions with F- are stronger, therefore decreasing 
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92 the effective diffusivity in Flinak.  The experimental activation energies for Li, Na, K and F were 37.2 + 

93 4.2, 36.2 + 7.1, 32.0 + 7.5 and 30.8 + 6.7 kJ/mol respectively, which are effectively the same as the 

94 simulation values of 34.0 + 1, 33.0 + 3, 35.0 + 2, and 34.0 + 2 kJ/mol. These results are comparable to 

95 AIMD simulations from Nam et. al in terms of both magnitude of diffusivities and activation energy [16].

96 The calculated diffusion coefficients in Flibe are shown in Figure S5. The coefficients for Li and F 

97 have been measured experimentally by Omichi et. al and Iwamato et. al (Janz database) [17][18]. For 

98 Lithium, the average simulation values are lower than the experimental values, although they are close to 

99 the lower range of the experiment values. However, the activation energies are similar with the Li 

100 simulation value as 32.0 + 1 kJ/mol compared to experimental value of 32 + 8.4 kJ/mol. The difference 

101 could be related to systematic errors previously noted in simulation and experiment, which seems to cause 

102 a slight under prediction of simulation values relative to the experimental as shown in the case of the lithium 

103 ion in LiF-KF. Further, Iwamoto showed that lithium diffusion in a 50-50 mixture of LiF-BeF2 was on the 

104 order of 5E-8 m2/s lower than that lithium in Flibe and similar to the calculated values. As such, a 

105 contribution to the total error could be caused by concentration uncertainties. 
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106

107 Figure S4: Self diffusivity of ions in Flinak compared to experimental data [15].

108 For fluorine in Flibe however, the difference cannot be explained by uncertainties alone. The 

109 fluorine ion showed much higher diffusivity than the simulation value at 1000K and a much higher 

110 activation energy. The simulation activation energy for fluorine was similar to lithium at 30.0 + 2.5 kJ/mol, 

111 while experimental activation energy was 128 + 14 kJ/mol. It is speculated by Ohmichi et. al that fluorine 

112 diffuses either by exchange across neighboring beryllium fluoride anions BeF4
2- or by Li-F pairs. However, 

113 the high diffusivity and activation energy are not fully explained. Contrary to experimental measurements, 

114 the formation of Be-F polymer-like structures should lower average diffusivity since the fluorine is more 

115 strongly bound as evidenced by the RDFs in Figure S2.
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116

117 Figure S5: Self diffusivity of Li and F ions in Flibe compared to experiments [10][14]. 

118 Since there is only one study on fluorine in Flibe, it is difficult to determine possible experimental errors. 

119 The results presented here agree with AIMD and classical MD simulations conducted by Morgan and 

120 Salanne [16][19], who calculated similar diffusivities and activation energies as shown in Figure S5. In 

121 part, the error could be caused by errors in concentrations of LiF and BeF2 since BeF2 is known to form 

122 extended BeF4
2- polymer chains at high concentrations. Having a low BeF2 concentration could liberate 

123 fluorine atoms causing the high diffusivity in the experiment. This is tested in Figure S6 a), where for 80-

124 20 LiF-BeF2 fluorine diffusivity is in fact higher. However, this alone does not explain the high activation 

125 energy. Since Flibe is highly hydrophilic with tendency to form BeO when contacted with air, Flibe requires 

126 special attention above other fluoride salts [20]. The difference in activation energy suggests a difference 

127 in diffusion mechanism between experiments and simulation, which could be caused by changes fluorine 

128 complex coordination chemistry due to the presence of impurities. In fact, it has been shown by various 

129 experiments that impurity concentration likely dominates corrosion kinetics, which is dependent on both 

130 chemical speciation and mass transport [21][22][23][24]. Since Cr is the main corrosion impurity in Flibe, 

131 simulations with Flibe and CrFx are performed as shown in Figure S6 b). 

a
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b

Figure S6: Flibe experiment from Janz database a) 50-50 and 66-33 LiF-BeF2 simulations. b) Flibe  
simulation and Flibe with impurities (39 Flibe + 2CrF3 + CrF4 + HF).

132
133 While the introduction of chromium impurity does not reproduce the experiment result, it does increase the 

134 activation energy. It is likely just one of several the factors that are causing to the observed difference 

135 between the experiment and our simulations. Given that these simulations succeeded in calculating 

136 diffusion coefficients and local structures for ions in Flibe and other similar molten salts, large errors are 

137 not expected for solely the fluorine atom. Thus, new experimental studies with Flibe should be conducted.

138 With respect to tritium diffusivity in Flibe and Flinak, more than an order of magnitude difference 

139 was observed across experiments as shown in Figure 5 and 6 in the main text. One possible reason this 

140 discrepancy is the presence of impurities in the salt. Impurities have been found previously to significantly 

141 increase corrosion rate and could potentially alter other chemically properties [23]. To test this hypothesis, 

142 separate simulations were performed for tritium (3H+) in Flibe introducing a Cr ion and an H2O molecule. 

143 The Cr ion is chosen since it is a common constituent in structural steel and known to corrode most readily 
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144 due to the relatively low Gibbs free energy of chromium fluoride. The H2O molecule is tested since Flibe 

145 is known to be hygroscopic and atmospheric moisture could be present in the experiments. When Cr or 

146 H2O was introduced, 3H diffusivity reduced by up to 25 + 10% and 15 + 10% respectively relative to tritium 

147 diffusivity in clean Flibe. In both cases, this change in diffusivity is attributed to tritium interactions with 

148 the impurities in molten salt. 3H+ was found to co-ordinate with the impurity ion forming various 

149 coordinated complexes shown in Figure S7. 

a b

150 Figure S7: a Configurations of 3H+ in Flibe with a H2O molecule. Elements are F (purple), 3H (pink), H 
151 (white), O (red). Plots show 1) top: the distance between 3H+ and oxygen atom, and 2) bottom: H-O distance 
152 in the original water molecule. Plots show that the 3H+ will bind to H2O replacing the original H in the H2O 
153 molecule. b Common configurations of 3H+ in Flibe with a Cr atom. Elements are Cr (blue), F (purple), Be 
154 (green), and 3H (pink). Plot shows the interatomic distance between Cr and H, indicating that the 3H+ atom 
155 will coordinate to Cr to form various complexes.

156

157 When H2O was introduced, it was found that proton hopping occurred where 3H+ in solution 

158 exchanged with the original hydrogen atoms in H2O. As shown in Figure S7a, 3H+ was able to bind to the 

159 H2O forming the intermediate H2O3HF and 3HHO. After 2 ps, one of the original H atoms was ejected and 

160 formed HF with surrounding fluorine atoms. The oxygen atom remain bound to the 3H+ ion and the other 
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161 H atom for the remainder of the 50 ps simulation. When Cr is introduced into the salt, 3H+ was able to bind 

162 to the Cr at 12 ps as shown in Figure 7b. The average coordination distance was , and the H 𝑑̅𝐶𝑟 ‒ 𝐻 = 1.7 Å

163 remain coordinated with the Cr for the rest of the 50 ps simulation. During this time, several Cr-H coordination 

164 complexes were observed including HCrF3 (9 ps), HCrF4 (4.1 ps), HBeCrF6 (2.7 ps), HBeCrF7 (1.5 ps), and 

165 other HCrF complexes bound to BeF tetrahedral chains with 2 or more Be atoms. For the most common 

166 configuration HCrF3, a planar configuration was observed. This is similar to the planar configuration that was 

167 previously found for CrF4 when Cr was added to Flibe [16], except with the hydrogen atom replacing one of the 

168 fluorine atoms. In this previous study, it was found the Cr diffusion rate and fluorine coordination depended on 

169 the oxidation state of the Cr. Increasing Cr oxidation state was accompanied by reduced diffusion and increased 

170 coordination with fluorine. Thus, Cr oxidation state could potentially have an effect on tritium diffusivity as 

171 well. In addition, there are many possible impurities including structural elements and fission products that could 

172 be relevant to transport properties, which should be studied in further detail.
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