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Abstract

Molten chlorides are a preferred choice for fast-spectrum molten salt reactors. Molten MgCl2 with 

NaCl forms eutectic mixtures and is considered as a promising dilutant to dissolve fuel salts such 

as UCl3 and UCl4. However, the structure and chemical properties of UCln (n = 3, 4) in molten 

MgCl2 are not well understood. Here we use first-principles molecular dynamics to investigate the 

molten salt system UCln–MgCl2 (n=3, 4) at various concentrations of U3+ and U4+. It is found that 

the coordination environment of Cl− around U3+ especially in the first coordination shell varies 

only slightly with the uranium concentration and that both the 7-fold coordinate (UCl7
4-) and 6-

fold coordinate (UCl6
3-) structures dominate at ~ 40%, leading to an average coordination number 

of 6.6 – 6.7; network or polymeric structure of U3+ cations sharing Cl− ions is extensively formed 

when mole fraction of UCl3 is greater than 0.2. In contrast, the average coordination number of 

Cl− around U4+ is about 6.4 for mole fraction of UCl4, x(UCl4), at 0.1 but decreases to 6.0 for 

x(UCl4) = 0.2 and then stays at about 6.0 – 6.2 with the uranium concentration; the 6-fold 

coordinate structure (UCl6
2-) is the most populous in UCl4–MgCl2, at about 60%. U-Cl network 

formation becomes dominant (> 50%) only when x(UCl4) > 0.5. Unlike Na+, Mg2+ forms network 

structure with Cl- ions and when x(UCl3) or x(UCl4) < 0.5, over 90% of Mg2+ ions are part of a 

network structure, implying the complex influences from Mg2+ on the coordination of Cl around 

U. The present work reveals the impact of MgCl2 as a solvent for UCln (n=3, 4) on the U-Cl 

coordination and structure as well as motivates further studies of their transport properties and the 

tertiary systems containing MgCl2-UCln. 
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1. Introduction

Research of molten salt reactors (MSRs) has been reinvigorated recently by the industry, 

government, and academia, half a century later after they were demonstrated in 1960s.1-4 In MSRs, 

the nuclear fuel is dissolved in a molten salt such as UF4 in LiF-BeF2-ZrF4 used in Oak Ridge 

National Laboratory’s molten salt reactor experiment (MSRE). After the fuel salt goes critical in 

an MSR, the heat is exchanged out by a molten salt coolant for power generation. To facilitate the 

design and development of the advanced MSRs, it is essential to mapping out the detailed physical 

and chemical properties of molten salts such as phase diagram, viscosity, heat capacity, and 

thermal conductivity at the working conditions of MSRs operating at the melting point of the salt.3, 

5 Thorough understanding of the atomic-level interactions, structures, and dynamics of molten salts 

is beneficial to gather accurate knowledge of these properties and to predict them from first 

principles.3-4, 6-11

Conventional thermal-spectrum MSRs use graphite to slow neutrons down and moderate 

temperature and employ the fluoride salts such as LiF-BeF2-ZrF4 for their high stability, low vapor 

pressure, and low neutron-capture cross section.5 New generation of fast-spectrum MSRs use fast 

neutrons (without the need of a moderator) to sustain the fission chain reaction but requires more 

enriched fissile material as fuel, thereby necessitating the molten salts for lower viscosity and 

higher actinide solubility such as chloride-based salts.2, 12 Compared with thermal-spectrum MSRs, 

fast-spectrum MSRs can burn the nuclear fuel more completely (thereby reducing the waste) and 

breed fissile uranium-233 from thorium or fissile plutonium from uranium-238 (thereby having 

much greater fuel flexibility). For example, the choice of NaCl with another dilutant salt such as 

MgCl2 is considered a potential candidate to dissolve the fuel salt such as UCl3.12 Moreover, 

molten chlorides have been extensively studied  for pyroprocessing of spent nuclear fuel, e.g., the 

LiCl−KCl eutectic.13-17 Despite these efforts, there is much less data available for molten chlorides 

than for molten fluorides relevant to MSRs. And operational molten-chloride MSR has not been 

experimentally demonstrated yet. Hence there is a great need for both experimental and 

computational efforts to explore the structure, dynamics, and properties of molten chlorides for 

fuel salts such as UCl3 and UCl4. 

NaCl is the top solvent choice for molten-chloride MSR. Previous first principles molecular 

dynamics (FPMD) simulations have examined the structural change of NaCl−UCln (n = 3, 4) 

melts18 and previous classical molecular dynamics simulations based on the polarizable-ion model 
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have studied the relation between the structural and transport properties of NaCl−UCl3 and 

predicted an optimal composition based on a heat-transfer figure of merit.19-20 Machine-learning 

potentials have been also developed for NaCl-UCl3 binary systems8 and fluoride systems9 based 

on FPMD simulations. MgCl2 has been proposed as an additional component for the NaCl−UCln 

(n = 3, 4) fuel salt.12 The liquid structure of MgCl2 is much more complex than that of NaCl, due 

to the stronger cation-cation correlation.10, 21-25 To our knowledge, there has been no report on the 

structural features of UCl3 and UCl4 in the MgCl2 molten salt and filling this gap would be 

conducive to further elucidation of the NaCl-MgCl2-UCln (n = 3, 4) tertiary systems for fast-

spectrum MSRs. In this work we employ FPMD simulations to investigate the structures of UCl3 

and UCl4 in MgCl2 molten salt as the concentration varies from 10 mol% to 100 mol%, to shed 

light on the behavior of the binary MgCl2−UCln (n = 3, 4) melts. 

2. Computational Details

First principles molecular dynamics (FPMD) simulations were carried out using the Vienna ab 

initio simulation package (VASP)26-27 based on density functional theory (DFT) and the Born-

Oppenheimer approximation with periodic boundary conditions. The interaction between the 

electrons and the nucleus was described by the projector augmented wave (PAW) method.28-29 The 

Perdew-Burke-Ernzerhof (PBE) functional of the generalized gradient approximation (GGA) was 

used for electron exchange-correlation.30 Standard PAW-PBE pseudopotentials were used for Mg 

(3s2), Cl (3s23p5), and U (5f36d17s2), with a kinetic energy cutoff of 420 eV for  the plane wave 

bases. The Brillouin zone was sampled with the Γ-point only. The dispersion forces were included 

with the DFT-D3 method.31 Spin polarization was applied to ensure that U3+ and U4+ have three 

and two unpaired electrons, respectively. 

Table 1. Details of the simulated UCln–MgCl2 (n=3, 4) systems: x, mole fraction; N, formula units; 
L, lattice parameter of the supercell as a cubic box.

entry x(UCl3) N(UCl3) N(MgCl2) L (Å) entry x(UCl4) N(UCl4) N(MgCl2) L (Å)

1 10% 3 27 14.63 8 10% 3 27 14.46

2 20% 6 24 14.74 9 20% 6 24 15.65

3 30% 9 21 14.77 10 30% 9 21 16.04
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4 40% 10 15 14.04 11 40% 10 15 15.32

5 50% 12 12 14.07 12 50% 12 12 15.30

6 75% 18 6 14.60 13 75% 15 5 15.57

7 100% 16 0 13.06 14 100% 16 0 14.99

The simulation supercells contain 3 to 18 U atoms and 6 to 27 Mg atoms as well as the 

corresponding numbers of Cl atoms to model the charge neutral UCl3−MgCl2 and UCl4−MgCl2 

mixtures. The initial structures of the UCln–MgCl2 (n=3, 4) molten salts were generated with 

Packmol32 to randomly place the atoms in the simulation box (see the Supporting Information for 

a comparison between the initial structures and the snapshots after equilibration). We determined 

the equilibrium volume  of each molten salt mixture by running NVT simulations at different 𝑉0

fixed volume  for 10 ps trajectories by setting the temperature to 1200 K. For each simulation, 𝑉

we collected the averaged pressure  from VASP output (calculate as one third of trace of 𝑃(𝑉)

stress-tensor) and fitted it with the corresponding volume  using the Murnaghan equation of 𝑉

state,33

,𝑃(𝑉) =
𝐾0

𝐾'
0[( 𝑉

𝑉0)
―𝐾'

0
― 1]

where  is the modulus of incompressibility and  is its first derivative with respect to pressure.𝐾0 𝐾'
0

Detailed information for the composition of each supercell is listed in Table 1. The FPMD 

simulation in the NVT canonical ensemble used a Nosé thermostat34-35 corresponding to a period 

of ~40 fs with the time step of 1 fs. We chose the 1 fs time step to make sure that the geometry 

change in each MD step is sufficiently small to avoid the SCF divergence at the new configuration. 

The simulation temperature was set at 1200 K, higher than the measured melting points of the 

UCln–MgCl2 (n=3, 4) molten salts and the pure salts (UCl3, 1146 K; UCl4, 863 K; MgCl2, 987 

K).36 The total simulation time for each mixture was about 25 ps, in which the first half was 

considered as equilibration and the second half was used for analysis. With these settings, the 

energy drifts in our simulations were less than 2 meV/atom-ps.
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3. Results and Discussion

3.1. Equilibrium densities

The fitted parameters of the Murnaghan equation of state of UCln–MgCl2 (n=3, 4) systems at 

different uranium concentrations xU at 1200 K are listed in Table 2 and the fitted pressure-volume 

curves are shown in Figure 1. From the equilibrium volume , we determined the equilibrium 𝑉0

density ρ. As shown in Figure 2, ρ increases linearly with xU for both and UCl3−MgCl2 and 

UCl4−MgCl2. Our simulated ρ(UCl4−MgCl2) agrees well with the experimental data:37 the largest 

deviation is around 4% when xU > 0.7. Unfortunately, no experimental data are available for 

UCl3−MgCl2 to compare with our simulation but for the pure UCl3 molten salt the good agreement 

is found between our simulation and experiment.36 As expected, the density of UCl3−MgCl2 with 

its lower U oxidation state is higher than that of UCl4−MgCl2 at the same xU and the difference 

becomes greater with xU. 

Table 2. The fitted parameters of the Murnaghan equation of state for UCln–MgCl2 (n=3, 4) 

systems: x, mole fraction; , the modulus of incompressibility; , the first derivative of , with 𝐾0 𝐾'
0 𝐾0

respect to pressure; , equilibrium volume. 𝑉0

entry x(UCl3) 𝑲𝟎
(GPa)

𝑲'
𝟎 𝑽𝟎(Å𝟑) entry x(UCl4) 𝑲𝟎

(GPa)
𝑲'

𝟎 𝑽𝟎(Å𝟑)

1 10% 2.13 6.52 3132.13 8 10% 2.54 11.52 3025.19

2 20% 2.06 7.41 3201.22 9 20% 1.19 6.62 3813.51

3 30% 2.43 9.47 3221.51 10 30% 1.34 6.60 4129.36

4 40% 2.98 9.03 2765.93 11 40% 1.49 6.57 3596.66

5 50% 2.80 8.04 2777.29 12 50% 1.28 11.27 3583.83

6 75% 2.70 7.00 3110.32 13 75% 0.67 9.06 3775.77

7 100% 2.98 6.89 2227.78 14 100 1.57 5.85 3368.88
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Figure 1. Pressure-volume curves from FPMD simulations at different UCln mole fractions using the NVT 

ensemble: (a) MgCl2-UCl3; (b) MgCl2-UCl4. Temperature is set at 1200 K.

Figure 2. Simulated densities of UCl3−MgCl2 and UCl4−MgCl2 molten salts at 1200 K as a function of the 

mole fraction of UCln (xu) in the melts. Experimental data of pure UCl3 (green triangle at top right corner) 

and UCl4−MgCl2 (black line and squares) are shown for comparison.
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3.2. Radial distribution and average coordination number of Cl around U

We then investigated the coordination structure of UCl3 and UCl4 in the MgCl2 molten salts at 

different concentrations. Figure 3 shows the radial distribution function (RDF) and the average 

coordination number (CN) of U−Cl pair in UCl3−MgCl2 and UCl4−MgCl2 molten salts at 1200 K 

with different mole fractions of UCln. The first peak positions in the RDFs at 2.74 Å for 

UCl3−MgCl2 (Figure 3a) and 2.63 Å for UCl4−MgCl2 (Figure 3b) remain constant with UCln 

concentrations, suggesting a stable first coordination shell. Indeed, the average CN of Cl around 

U in UCl3−MgCl2 only slightly varies from 6.6 to 6.75 as x(UCl3) increases from 0.10 to 1.00 

(Figure 3c). Likewise, the average CN of Cl around U in UCl4−MgCl2 varies from 6.0 to 6.2 for 

x(UCl4) from 0.20 to 1.00, except at  x(UCl4) = 0.1 where CN=6.4 (Figure 3d). The slightly higher 

CN of Cl around U3+ than around U4+ is expected, due to U3+’s greater ionic radius.38 

Figure 3. Radial distribution function (solid lines; left axis) and coordination number (CN; dashed lines; 

right axis) of Cl around U in molten salts of different UCln mole factions at 1200 K: (a) UCl3−MgCl2 and 

(b) UCl4−MgCl2. Average CN at different UCln mole fractions: (c) UCl3−MgCl2 (cutoff r = 4.0 Å); (d) 
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UCl4−MgCl2 (cutoff r = 3.9 Å). The cutoffs were determined from the average distances at the RDF minima 

between the first and second coordination shells.

3.3. Radial distribution and average coordination number of Cl around Mg

We next examined the coordination structure of Cl around Mg2+ at different UCln mole 

fractions. Figure 4 shows the RDF and the average CN of Mg−Cl pair in UCl3−MgCl2 and 

UCl4−MgCl2 molten salts at 1200 K. The stable first peak at 2.40 Å can be found in both 

UCl3−MgCl2 (Figure 4a) and UCl4−MgCl2 (Figure 4b). The average CN of Cl around Mg in UCl3-

MgCl2 is between 4.5–4.6 (Figure 4c) while larger variance from 4.4 to 4.7 can be seen in 

UCl4−MgCl2 (Figure 4d). Of note, our simulated Mg-Cl distance (2.40 Å) and CN of 4.4 for molten 

MgCl2 are close to the experimental values of 2.42 Å and 4.3, respectively,23 indicating that the 

standard PAW potential used here for Mg offers reasonable accuracy. It is also worthwhile in the 

future to compare with Mg potentials treating core electrons explicitly.

Figure 4. Radial distribution function (solid lines; left axis) and coordination number (CN; dashed lines; 

right axis) of Cl around Mg in molten salts of different UCln mole factions at 1200 K: (a) UCl3−MgCl2 and 

(b) UCl4−MgCl2. Average CN at different UCln mole fractions: (c) UCl3−MgCl2 and (d) UCl4−MgCl2 with 

cutoff r = 3.4 Å. 
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3.4. Change of U coordination environment with concentration

To investigate the diverse coordination environment of a U atom experiencing in a melt, we 

then decomposed the average coordination number from Figure 3 and analyzed how the 

distribution of 5-, 6-, 7-, and 8-fold coordination structures of Cl around U change with U 

concentrations. For UCl3−MgCl2 (Figure 5a), the 6-fold and 7-fold coordinate structures are the 

majority, followed by the 8-fold coordinate structure and then the 5-fold coordinate structure. This 

order is consistent throughout with small variation as x(UCl3) increases from 0.1 to 1.0. Although 

the RDFs in Figure 3a suggests a stable first coordination shell, they are an average result, as 

Figure 5a demonstrates the underlying, relatively constant distribution of different CNs. 

UCl4−MgCl2 (Figure 5b) displays a different distribution from UCl3−MgCl2. The 6-fold coordinate 

structure dominates in the whole concentration range, fluctuating around 60%. The fraction of the 

7-fold coordinate structure drops from 32% to 19% as x(UCl4) increase from 0.1 to 1.0. 

Figure 5. Fractions of 5-fold, 6-fold, 7-fold, and 8-fold coordinates structures of Cl around U in the molten 

salts of different UCln mole fractions: (a) UCl3−MgCl2 and (b) UCl4−MgCl2. The coordination structures 

are defined at an instantaneous snapshot.

3.5. Change of Mg coordination environment with concentration

We then analyzed the coordination environment of Cl− around Mg2+ at the different U 

concentrations and plotted the fractions of different coordinate structures at different fraction in 

Figure 6. We can see that in both UCl3−MgCl2 (Figure 6a) and UCl4−MgCl2 (Figure 6b) the 4-

fold and 5-fold coordinate structures are the majorities with their fractions around 48% and 42%, 
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followed by about 8% being the 6-fold coordinate structures.

Figure 6. Fractions of 3-fold, 4-fold, 5-fold, and 6-fold coordinates structures of Cl around Mg in the molten 

salts of different UCln mole fractions: (a) UCl3−MgCl2 and (b) UCl4−MgCl2. The coordination structures 

are defined at an instantaneous snapshot.

3.6. Network structure

Network structure formation is common among molten chlorides. The [UCln](n–4)– polyhedra 

can share corner, edge, or face to form polymers. We analyzed the network formation in 

UCl3−MgCl2 and UCl4−MgCl2. As seen from Figure 7a and Figure 9a, the population of the U−Cl 

polymers (defined as a network structure containing > 4 U3+ cations) in UCl3−MgCl2 is already 

close to 50% at the low U concentration and keeps growing as x(UCl3) increases. At x(UCl3)=0.50, 

all U ions are in a single cross-linked polymeric network. In contrast, the U−Cl polymers are not 

found in the UCl4−MgCl2 until x(UCl4) > 0.3 (Figure 7b). At low U concentration (< 0.4), the 

[UCln](n–4)– and [U2Cln](n–8)– complexes are the main species (Figure 9c) followed by the [U3Cln](n–

12)– and [U4Cln](n–16)– complexes. As x(UCl4) increases above 0.40, the UmCln polymer (m > 4) 

becomes dominant and reaches over 80% only when x(UCl4) is greater than 0.7. 
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Figure 7. Fractions of U−Cl oligomers at different UCln mole fractions in the molten salts: (a) UCl3−MgCl2 

and (b) UCl4−MgCl2. The oligomer structures are defined at an instantaneous snapshot.

We also analyzed the network structure formed by the Mg−Cl polyhydra (Figure 8). When U 

concentration is low (< 0.30), Mg concentration is high and all Mg ions are part of a single 

interconnected network (Figure 9a and Figure 9c). As U concentration further increases, the 

MgmCln polymers (m > 4) begin to be broken apart (Figure 9b and Figure 9d). At high U 

concentration (0.75), the Mg dimers and trimers are more prominent in UCl4, while the Mg 

monomer is dominant in UCl3. 

Figure 8. Fractions of Mg−Cl oligomers at different UCln mole fractions in the molten salts: (a) 

UCl3−MgCl2 and (b) UCl4−MgCl2. The oligomer structures are defined at an instantaneous 

snapshot.
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Figure 9. Snapshot of formation of the U−Cl oligomers and Mg−Cl oligomers at different UCln 

mole fractions in the molten salts. Upper: (a-b) UCl3-MgCl2. Lower: (c-d) UCl4-MgCl2.

3.7. Comparison of UCln–NaCl (n=3, 4) and UCln–MgCl2 (n=3, 4)

Comparing to our previous study of UCln–NaCl molten salt,18 we notice that the coordination 

environment and network involving U3+ cations is quite different between UCl3–NaCl and UCl3–

MgCl2: in the former the coordination number of Cl− around U3+ stays around 6.0 up to x(UCl3) = 

0.5 and the network structure of U3+–Cl−–U3+ is not dominant until x(UCl3) > 0.3; in the latter the 

coordination number of Cl− around U3+ is higher and remains constant at 6.6 – 6.7 with U 

concentration and the population of the network structure of U3+–Cl−–U3+ is already close to 50% 

at x(UCl3) = 0.2. Both differences are closely related to the Mg2+–Cl−–Mg2+ network which makes 

U3+ more concentrated and more Cl− available to coordinate with U3+.  More similarity can be 

found between UCl4–NaCl and UCl4–MgCl2: when x(UCl4) > 0.2, the average coordination 

number of Cl− around U4+ is about six with the population of the 6-fold coordinate structure 

dominant in both cases. But the population of the U4+–Cl−–U4+ network structure grows slower in 

MgCl2 than in NaCl when x(UCl4) > 0.3. 

Unlike NaCl molten salt where the single valent Na+ ions do not form network structures with 

Cl- ions,39 Mg2+–Cl−–Mg2+ chains with intermediate-range order are found in MgCl2 molten salt21 
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and the high tendency of the formation of Mg2+–Cl−–Mg2+ network is both found in UCl3−MgCl2 

and UCl4−MgCl2. With the increasing concentration of UCl3 or UCl4, U3+/U4+ cations will compete 

with Mg2+ for Cl− ions to form the Un+–Cl−–Un+ network structures at the expense of the Mg2+–

Cl−–Mg2+ oligomers or polymers. One can expect inter-network interactions between Mg2+–Cl−–

Mg2+ and Un+–Cl−–Un+ chains in the intermediate concentration ranges when both are supposed to 

be present substantially. Given the size and timescale limitations of our FPMD simulations, one 

hopes to address such issues and their impact on thermophysical and transport properties from the 

advanced model such as machine learning to accurately describe the change of chemistry due to 

different oxidation states of U. In addition, it would also be interesting to find out the evolution of 

such networks in the NaCl-MgCl2-UCln. Further study is warranted. 

4. Conclusions

We have used first-principles molecular dynamics to investigate the molten salt system UCln–

MgCl2 (n=3, 4) at various concentrations of U3+ and U4+. We found that the coordination 

environment of Cl− around U3+ especially in the first coordination shell remains about the same 

with the uranium concentration and the 7-fold coordinate and 6-fold coordinate structures 

dominate both at ~ 40%, leading to an average coordination number of 6.6 – 6.7; network structure 

formed by U3+ cations sharing Cl− ions is extensively formed even at low U concentrations of 

x(UCl3) ~ 0.2. In contrast, the average coordination number of Cl− around U4+ is about 6.4 for 

x(UCl4) = 0.1 but decreases to 6.0 for x(UCl4) = 0.2 and then stays at about 6.0 – 6.2 with the 

uranium concentration; the 6-fold coordinate structure is the most populous in UCl4–MgCl2, at 

about 60% throughout, followed by the 7-fold coordinate structure varying from ~30% to ~20%. 

U-Cl network formation in UCl4–MgCl2 becomes dominant (> 50%) only when x(UCl4) > 0.5. 

Over 90% of Mg2+ ions are part of network structure of MgmCln polymers (m > 4) when x(UCl3) 

or x(UCl4) < 0.5, indicating that the Mg-Cl and the U-Cl networks are intertwined especially for 

UCl3–MgCl2. The present work therefore reveals the contrast between NaCl and MgCl2 as a 

solvent for UCln–MgCl2 (n=3, 4) and the influence of Mg-Cl network on the U-Cl coordination 

and structure. 
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