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Calorimetric determination of enthalpies of mixing (AHix) in multicomponent molten salts is often
interpreted using empirical models that lack physically meaningful parameters. However, for
improving pyrochemical separation of spent nuclear fuel, where lanthanides are major fission products
and critical elements, a deeper thermodynamic understanding of the link between excess
thermodynamic properties and solvation structure is critically needed. In this work, we implement a
hybrid and physics-informed framework, MIVM+Calorimetry+AIMD, which integrates experimentally
measured AH,,ix (via high temperature drop calorimetry) with solvation structures from ab initio
molecular dynamics (AIMD). This approach is demonstrated using LaCls mixed with eutectic LiCI-KClI
(58 mol% — 42 mol%) at 873 K and 1133 K. MIVM-derived parameters enable extrapolation of excess
Gibbs energy and La*" activity across compositions. In contrast, direct AH,,x predictions from AIMD

and polarizable ion model simulations deviate significantly. By incorporating experimentally
benchmarked solvation structures into an interpretable thermodynamic model, the MIVM
+Calorimetry-+AIMD formalism achieves higher accuracy and generalizable method for studying
molten salts, offering a robust path for understanding and optimizing molten salt chemistry relevant to

nuclear fuel cycles and separation science.

Molten salt pyrochemical processing is an effective technique for separating
actinides (An) and lanthanides (Ln), which present challenges due to their
chemical similarity'™*. Successful implementation and optimization of this
process requires a fundamental thermodynamic understanding of salt
properties, particularly the excess Gibbs energy, which is influenced by the
solvation structures of the mixed components. The dominant term,
enthalpy of mixing (AH,,;), can be experimentally measured using high
temperature drop calorimetry”'”, and modeled through first-principles
calculations, including ab initio molecular dynamics (AIMD). AIMD pro-
vides insight into intermolecular interaction, speciation, and local organi-
zation as predicted by density functional theory (DFT), including
coordination numbers and interatomic pair potentials'*"'"*, While various
thermodynamic models, such as those used in the Calculation of Phase
Diagrams (CALPHAD) approach™'*”, exist to couple thermochemical data
(e.g, AHpy) and phase equilibrium data, most rely on empirical fitting

parameters rather than values directly obtained from experiments or
simulations. Given that AH, is sensitive to short-range ordering and
complex formation at the atomic scale”"'>*'""*, it serves as a powerful
probe linking microscopic solvation structure with macroscopic
thermodynamic behavior. As such, a model with chemically intuitive and
physically accessible parameters offers unique advantages for the rational
design of salt compositions and optimization of separation process
conditions.

In this work, we showcase a physically interpretable thermodynamic
framework, by integrating molecular interaction volume model (MIVM**)
with experimental calorimetry and computational methods (AIMD and the
polarizable ion model molecular dynamics (PIM-MD) simulations”” ).
This hybrid approach, denoted MIVM+-Calorimetry+AIMD, enables a
detailed, chemically grounded understanding of the structure-energy
landscape of a representative molten chloride salt system.
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The pseudo-binary LaCl;-(LiCI-KCI) molten salt was studied, with
(LiCl-KCl) held at its eutectic composition (~58 mol% LiCl and ~42 mol%
KCl), which melts at 773 K*’. When molten, this eutectic LiCI-KCl enables
anodic dissolution of metallic spent nuclear fuel (SNF) during pyr-
oprocessing. Actinides and lanthanides can then be recovered on the
cathode via electrochemical deposition by applying appropriate reductive
potentials’. Molten salt pyrochemical processing offers a promising method
for recycling up to 96% of critical metals (e.g., U) back into fresh fuel**, while
also recovering industrially valuable fission products, especially rare earth
elements (REE)**. In this work, LaCl; was selected as a surrogate for Ln
species in the eutectic LiCl-KCl melt, given that lanthanides conprise ~1/3 of
the fission products in SNF' and pose major challenges for separations and
purification®***, Uncertainty in lanthanide speciation and stability within
molten salts can negatively impact An-Ln separation efficiency”’. Moreover,
extracting Ln from SNF provides an alternative source of critical metals and
reduces reliance on REE ore deposits, which typically enrich light REEs and
are often contaminated with Th or U*. Due to the growing demand for
efficient Ln separation from SNF**~*, understanding their speciation and
thermodynamic behavior in the eutectic LiCI-KCl melt is crucial.

Although prior calorimetric studies have reported AH,,;, for molten Ln
chlorides mixed with alkali/alkaline-earth metal chlorides'****, the
underlying origins of the observed thermodynamic non-ideality remain
unclear. This non-ideality may arise from complex formation, oligomer-
ization, or metal-chloride network interactions induced by the “guest” metal
salt component*. Establishing a direct correlation between solvation
structure and mixing energetics is not straightforward and typically relies on
parameterized empirical models. The most widely used of these are the
associated solution model (ASM)'*** and the surrounded ion model
(SIM)*. ASM assumes that the irregularity of mixing behavior may be
expressed as a linear combination of regular mixing interactions (A H"°)
and locally ordered “associates” (A H**°“)". From ASM, one can derive
the interaction parameter (1) by A = AH,,;;,/x-(1-x), where x is the mole
fraction of the primary chloride component (e.g., LnCl3)"". The A parameter
can be further deconvoluted into a linear combination of coulombic and
polarization interactions, as well as the enthalpy of formation of the associ-
ates. However, ASM assumes only minor deviations from regular solution
behavior and neglects solvation beyond the first cation-anion coordination
shell, making it quantitatively inadequate for interpreting some spectro-
scopic and computational results”. In contrast, the SIM model is largely
configuration-based, and primarily focuses on ion charge effects, where
charge-asymmetric cation substitutions (e.g., trivalent 4+ monovalent salts)
create vacancies on corresponding sublattices™. While SIM allows fitting of
multicomponent salt systems, it does not explicitly account for solvation
structure and is generally limited to specific charge asymmetries'**. As such,
SIM is prone to overfitting and lacks transferability. An alternative approach
is to directly compute AH,,; directly from molecular dynamics (MD)
simulations, either through empirical models (e.g., PIM-MD) or ab initio
methods using DFT with the generalized gradient approximation (GGA) for
exchange-correlation energy. However, these methods often overestimate
the magnitude of AH,,;; in molten salts containing multivalent metal ions
(eg. Be’", U™, U, and Th*")**"** due to inadequate sampling of the
configurational space and/or the approximations made in the Hamiltonian.

Comparison of these models highlights the need for new approaches
that quantitatively correlate AH,;, with information about intermolecular
interaction, solvation structure, and chemical speciation. To address this, we
investigated the mixing behavior of LaCl; with a 58 mol% LiCl -42 mol% KCl
eutectic melt, using experimental calorimetry, together with AIMD and PIM-
MD simulations of AH,;, followed by implementing a modified MIVM for
integrated data analysis. Calorimetric measurements were performed at
873 K to reflect pyroprocessing-relevant conditions’', while 1133 K was used
to melt and access high La-content compositions and to perform AIMD and
PIM-MD simulations across the full LaCl;-(LiCI-KCl) composition range.
Additional AIMD simulations at 1200 K provided radial distribution func-
tions (RDFs), potentials of mean force (PMF), and metal coordination

number (CN) distributions as a function of La content. These results,
including enthalpies of mixing and solvation structures, were integrated into a
modified MIVM mixing model, the hybrid MIVM+Calorimetry+AIMD,
which uses physically meaningful parameters that are either experimentally
measurable or computationally accessible. While MIVM has previously been
applied to binary, ternary, and high-order alloy systems™*, this is its first
application to molten salts. This work demonstrates a unique integration of
calorimetry and AIMD, leveraging the fact that key MIVM parameters,
including coordination number, pair potential, and molar volume, can be
readily and reliably derived from computation or experiment (Eq. 1)**.
The mathematical integration of experimental and simulated data not only
advances the MIVM model itself but also enhances our chemical under-
standing of molten salt thermochemistry, particularly the roles of metal ion
coordination number distributions and speciation (i.e., oligomerization) in
driving non-ideal mixing behavior and thermochemical properties.

Results and discussion

AH ;. values computed directly from both PIM-MD and AIMD simula-
tions do not fully reproduce the calorimetrically measured values. Sections
“Computations of mixing enthalpy of LaCl; in eutectic LiCl-KCl from PIM-
MD and AIMD” and “Application of MIVM to the mixing enthalpy of
LaCl; in eutectic LiCI-KCI” compare these predicted AH,;, values with
experimental data, followed by the successful reproduction of the measured
AH_,; using the MIVM+Calorimetry+AIMD model (Section “Applica-
tion of MIVM to the mixing enthalpy of LaCl; in eutectic LiCI-KCI”).
Section “Sensitivity of MIVM+-Calorimetry+AIMD to variances in input
parameters” evaluates the model’s sensitivity to input parameters, while
Section “Bridging AHmix and the solvation structure of molten
LaCl;—(LiCI-KCl)” discusses the physical interpretation and underlying
assumption of the MIVM+Calorimetry+AIMD approach in describing
non-ideal mixing behavior.

Computations of mixing enthalpy of LaCl; in eutectic LiCI-KCI
from PIM-MD and AIMD

In the case of PIM-MD simulations, the mixing enthalpies of molten salts are
computed directly from classical molecular dynamics trajectories generated
using the isothermal-isobaric ensemble (NPT) by averaging the normalized
(per one molecular unit) potential energies across the composition range after
subtracting the normalized potential energies of the end members, as follows:
AH = Uyp + (PV)5 — x4 [Uy + (PV),4] — x5[Up + (PV)p], where
U, P, and V denote the internal energy, the system pressure, and system
volume, respectively. Subscripts A and B correspond to the two pure com-
ponent systems, eutectic LiCl-KCl and LaCls, respectively, while AB denotes
mixtures with associated mole fractions, x4 and xp. At conditions close to the
atmospheric pressure, the PV term is small and can be omitted. For example,
in our PIM-MD NPT (P = 1 bar) simulations, the PV contribution to AH,;,
is less than 0.02 k]/mol. Consistent with the previous studies of molten salts
containing multivalent cations™"*, the PIM-MD only reproduced the
overall shape of AH,,;, as a function of composition, and significantly over-
estimates the magnitude of AH,;,, by almost 100% at the most negative
AH,,;, value (Fig. S5, see AIMD in “Method” section). The absolute error in
AH,;x produced by the PIM-MD is < 6 kJ/mol, which is in the range of
accuracy expected from such a model.

To assess whether improvements over the classical PIM-MD are pos-
sible, AIMD simulations using the PBE-D3 functional were performed for
the same compositions. AIMD simulations were initialized from structures
equilibrated with PIM-MD for over 2 ns. Due to the high computational cost
of AIMD, a series of short NVT simulations was first conducted at varied
volumes to estimate equilibrium densities near 1 bar (Fig. S3, see AIMD in
Method section). Final AIMD runs at these densities were then extended to
~22 ps, with the last 20 ps used for analysis. Additional details are provided
in the SI The resulting mixing enthalpies (AH,;) again overestimated the
experimental values by more than a factor of two (Fig. 1), with errors likely
arising from limitations of semilocal DFT and system size.
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Fig. 1 | Experimentally and computationally obtained AH,,,;, in the present work.
Closed black and open black circular data correspond to the experimental AH, i,
values obtained through the continuous (AHq) and physical mixture drop (AH,4)
methods at 873 K; and the open black cubic data represent experimentally obtained
AH i, values through AHj4 at 1133 K. Dotted green and blue curves and data
represent the direct computation of AH,,;x from PIM-MD (NPT) and AIMD (NVT),
respectively. Dotted red curve represents the AH,;, curve obtained based on the
MIVM+AIMD model. Dotted black curve represents the MIVM regression fit of the
experimental data with B;, and B,, as free parameters. Gray solid curve represents
the AHix curve obtained by AIMD using MIVM and experimentally benchmarked
Bj> and B,; parameters, so the MIVM+-Calorimetry-+AIMD approach.

Application of MIVM to the mixing enthalpy of LaCl; in eutectic
LiCI-KClI

Although accurately reproducing AH,;; directly from AIMD remains a
challenge, AIMD offers an improved description of intermolecular inter-
actions and solvation structure compared to PIM-MD. Building on this
advantage, we implemented AIMD-derived parameters into the MIVM
model to yield a new method, MIVM+AIMD. We applied a pseudo-binary
formulation of MIVM, using a modified definition of coordination number,
to describe the mixing behavior of LaCl; in eutectic LiCl-KCl, as detailed in
Eq. 1. In this formulation, component 1 is LaCl; and component 2 is the
eutectic LiCl-KCl:

2 2 2
N , > x;B;lnB; 5 (1+1nB, ) x;B,InB,
sty _1ls g |2 =
=5 iXi C - C
RT 2 i=1 ZxB ZxB
sy T
1)
2
2 [ &5 mBilnB;
- Z i 2
IR

where T is the temperature (K), R is the gas constant (kJ/mol-K), Z; is the
liquidus first shell coordination number of component i, V,,,; is the liquidus
molar volume of component j (cm’/mol), B;; and Bj; are the pair potential
parameters of the i — j pairs defined as

Bij = e_(‘gu_av)/RT7 Bji = e_(sfx_ah)/RT 2)

where &, &, and ¢;; (kJ/mol) refer to the potential energies of the i i, j - j,
and i - j pairs, respectively’’. Further description and visualization of the
MIVM model can be found in in SI section 1.1.

Table 1 summarizes the input parameters used in the MIVM model to
construct the AH,, functions shown in Fig. 1, alongside calorimetry-
measured results. V,,; and V,,, were referenced from prior thermo-
mechanical analysis (TMA) data™. The remaining four parameters (Z;, Z,,

Table 1 | MIVM+Calorimetry+AIMD and previously
determined experimental parameters used to estimate the
AH .ix of LaCl; in LiCI-KCI eutectic through equation 1 (black
dashed and gray solid curves 1 in Fig. 1)

Parameter Value

Z:? 8.76

Z5° 8.39°

Vin®® 70.27 cm®mol
Vima® 32.51 cm®¥mol
Bio* 1.1

BN 1.09

B,° 1.38

By® 1.04

Bio°® 1.48 £0.02
By1® 0.98 +0.02

“Obtained from PBE+U AIMD in this study.

®Averaged value.

°Experimentally obtained in previous studies.

%Values used for reproducing AH i, from MIVM-+Calorimetry+AIMD.

*Values obtained through regression fitting of experimental AHix by MIVM+calorimetry.

Bi,, and B,;) were provided either from AIMD or through MIVM fitting.
Specifically, RDFs of La-La, Li-K, La-Li, and La-K (Fig. 2) were used to
calculate Z; = 8.76 and Z, =8.39. In our initial application of MIVM, the
pair potential energies &;;, €2, and ¢;, were derived at the minima of the
cation-cation potential of mean force, calculated from the corresponding
RDFs (Index 1, Fig. 2) using the equation: w(r) = —k,TIn(g(r)). Using
Eq. 2 in the supplementary information, we obtained B;,=1.11 and
B,;=1.09, as listed in Table 2. However, the resulting MIVM+AIMD
approach predicted AH,,ix curve (Fig. 1) deviates toward a more endo-
thermic profile than the experimental values (see also Section “Result and
discussion” of the supplementary information, Tables S4 and S7). This
deviation may arise from finite-size effects (notably longer-range organi-
zation) or limited configurational sampling due to the high computational
cost of this method.

To account for the non-ideal mixing effects, we applied two modifica-
tions to better connect solvation structure to energetics. In the first approach,
the PMF-related B;; parameters were allowed to relax (with CN and molar
volumes fixed) by fitting of MIVM-generated AH,,;;, against experimental
data (Fig. 1). From this fitting, the refined values of B;; were obtained as
B;,=148 +0.02 and B,; = 0.98 £ 0.02 (Table 1). The PMF corresponding to
the new Bj; from the MIVM+Calorimetry approach is higher than that from
MIVM+AIMD, confirming that the averaged interatomic potentials repre-
sent solvation structures extending beyond the first cation-cation shell
environment. For instance, deconvolution of the Li-K and K-Li RDFs
(Fig. 2b and S6, respectively) reveals two distinct coordination environments
for Li-K in eutectic LiCI-KCL. AIMD modeling supports this finding,
showing multiple coordination environment (Fig. 3). Similar behavior has
been reported by Emerson et al.”” in the LaCl;-NaCl molten chloride system,
where La*" was observed to occupy several shallow free energy minima with
little to no barriers separating metastable states from the global minimum.

In the second modification by using the hybrid MIVM-Calorimetry
+AIMD approach, the PMF was determined at the average of two decon-
voluted Li-K RDF peak positions (index 1” in Fig. 2b), yielding &,, = -3.92 kJ/
mol at 4.55 A, compared to &5, =-5.85kJ/mol at 4.15 A from the MIVM
+AIMD approach. Similarly, the first La-Li cation-cation coordination can
be deconvoluted into two locally adjacent environments using normal dis-
tribution functions (Fig, 2c), giving an averaged distance of 4.33 A (index 1’ in
Fig. 2c). The PMF at this position was determined to be ¢;, = -5.47 kJ/mol,
compared to -6.04 kJ/mol at the global PMF minima (4.13 A). These refined
PMF &5, and ¢;, produced new pair-potential parameters, B;,=1.38 and
B,; = 1.04, respectively. Since their derivations were inspired by the mismatch
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component for the ¢;, parameter for MIVM.
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of measured AH,;, and those reproduced by MIVM+AIMD, we consider
them AIMD-derived but experimentally benchmarked. Applying these new
Bj;in conjunction with fixed CN and molar volumes enables a more rational
reproduction of AH,;, based on the solvation structure.

The hybrid MIVM+Calorimetry-+AIMD approach fully reproduced
AH,,;x within the experimental uncertainty (Fig. 1). The slightly endo-
thermic character implies the MIVM+Calorimetry+AIMD model only
accounts for binary interactions, while non-trivial corrections would be
required to capture ternary or quaternary interactions. A similar outcome
was reported by Poizeau and Sadoway, who used the MIVM method to
predict the partial Gibbs energies of Cs-Sb-Pb alloys™.

Table 2| AIMD determined distances between the cation pairs
with the corresponding PMF energies

Potential Cation pair MIVM-+AIMD MIVM
energy +Calorimetry-+AIMD
Distance PMF Distance Revised
A) (kJ/ (A) PMF
mol) (kJ/mol)
€11 La-La 5.05 -5.98 5.05 —5.98
2% Li-K 4.15 -5.85 4.55 -3.92
K-Li
£12(1) La-Li 4.13 -6.04 4.33 —5.47
£12(2) La—K 4.83 -7.36 4.88 —7.36
£12(3) 0.58(La-Li) + 4.42 -6.59  4.56 —6.26
€21 0.42(La-K)
0.58(Li-La) +
0.42(K-La)

PMF energies are obtained at the energetic minimum of the cation-cation pairs. The “Revised PMF”
based on MIVM+Calorimetry-+AIMD corresponds to the values that are obtained after refitting the B
terms in Eq. (2).

In that case, the more endothermic mixing energies were attributed to
the method’s inability to account for the first-nearest-neighbor interactions.
By contrast, in our molten salt system, we hypothesize that the discrepancy
in the MIVM+Calorimetry+AIMD predictions arises from missing high-
order interactions, a topic elaborated further in Section “Bridging AH,,;; and
the solvation structure of molten LaCl; - (LiClI-KCI)”.

Sensitivity of MIVM-+Calorimetry+AIMD to variances in input
parameters

Knowing that the hybrid MIVM+Calorimetry+AIMD approach can
effectively describe and predict thermochemistry of pseudo-binary molten
salt, we tested the model sensitivity to variations in input parameters by
perturbing Z;, Z,, B;,, and B,; by + 10% from Table 1 (excluding V,,,; and
V2, which are benchmarked in AIMD). As shown in Fig. 4, changes in
coordination number had negligible impact on predicted AH,y;y, indicating
model stability and limited ability to constrain CN experimentally. In
contrast, perturbation in B;; produced ~25% shifts in generated AHpyy
suggesting a strong sensitivity. These results highlight that accurate and
rationale determination of the pair potential energies from the MIVM
+Calorimetry+AIMD model is possible to be used with high confidence for
benchmarking AIMD calculations.

To better distinguish the statistically significant difference between the
curves in Fig. 4, we performed an analysis of covariance (ANOVA)* on the
perturbated datasets (Fig. S10a, Evaluation of MIVM, and its applications in
supplementary information). ANOVA shows that AHmix generated by
MIVM-+Calorimetry+AIMD is statistically different at the 0.05 level when
compared to datasets from +10% perturbations of Z,, B}, and B,;. However,
when comparing related perturbed parameters (e.g., + Z; vs. +Z,, +B;, vs.
+Bs;, —Z, vs. —Z;, and —B;, vs. —B,;), ANOVA found no statistical
difference at the 0.05 level (Fig. S10c). This suggests that if paired input
parameters have similar directional inaccuracies, the resulting fits from
MIVM+Calorimetry+AIMD cannot be statistically distinguishable.

Fig. 3 | AIMD calculated solvation structures of P o 6
. . . (a) ° oq,o £ 08 %)o F8 o 0o cét,
LaCl; in 58 mol% LiCl-42 mol% KCI eutectic, ° % 0% 0 8 00%o 8
with the periodic boundary outlined in black. °°;° 0o &0 °°;° o & 20 :
Purple polyhedra represent the LaCl, monomers %° e b L AN ALY
X go%° © oge®,°
(ave. z=6.34), blue polyhedra the La,Cl, dimers, > o 8

green polyhedra the La,Cl, (x > 3) oligomers, and
red polyhedra the La,Cl, networks (x » 1000). The
La-Cl first shell coordination distributions are
demonstrated in Fig. S9 and Table S10. a LaCl;
speciation at 1 mol% LaCls, calculated at 873 K;

b LaCl; speciation at 7 mol% LaCls, calculated at
873 K; ¢ LaCl; speciation at 20 mol% LaCls, calcu-
lated at 873 K; d Structure of pure LaCl; calculated at
1200 K; and e AIMD determined generalized trend
of the LaCl; speciation in LiCl-KCl.
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Fig. 4 | Iterative MIVM-+Calorimetry+AIMD fitting analyses of experimentally
obtained AH,,;, through single variable perturbation. Black dashed curve

represents the MIVM fit of calorimetric data with values from Table 1 (Z;, Z,, B;,
and By;). The red solid curve represents raising the magnitude of the corresponding

Mole fraction LaCl,

parameter by 10% and the blue solid curve represents lowering the magnitude of the
corresponding parameter by 10%. a Perturbation of the Z; parameter; b Perturbation
of the Z, parameter; ¢ Perturbation of the B,; parameter; and d Perturbation of the
B,, parameter.

Based on the sensitivity analysis, we suggest that when experimental
data are available, fitting measured AH,,;, with the MIVM+Calorimetry
+AIMD framework provides a robust means, perhaps the best available
experimental approach, for constraining pair potential energies. In contrast,
extracting coordination number with this method should only be attempted
when pair potential energies are well constrained, or when experimental or
computational inputs for Z; and Z, are lacking. This conclusion is supported
by interactive perturbation tests (Fig. 4b), which rank B;; higher importance
than Z; on perturbing AH,;,. These results reiterate that MIVM-+Calori-
metry+AIMD is relatively robust to uncertainties in the coordination
number of the first cation—cation shell.

Bridging AH,,ix and the solvation structure of molten LaCl; -
(LiCI-KCI)

The MIVM+-Calorimetry+AIMD fit of AHmix produced an asymmetric
mixing curve with a minimum of —5.45kJ/mol at 41.71 mol% LaCl;, in
general agreement with previous studies of LaCl; mixing in alkali chlorides"".
The magnitude and asymmetry of the curve closely resemble those of LaCl; in
molten NaCl"", likely due to the similarity between the ionic radii of Na* and
the weighted mean radius of the eutectic cations (0.58Li" —0.42 K*)”. The
irregularity in AH,,; can be explained by the AIMD simulated solvation
structure of LaCl; in the molten eutectic LiCl-KCl. Figure 3 shows the

solvation environment of La*" at 1, 7, 20, and 100 mol% LaCls, while Fig. S9
presents the CN distributions of the La—Cl first shell at the corresponding
LaCl; concentrations (Table S10). In addition, Figs. S7 and S8 illustrate the
evolution of RDF and CN of cation—cation and cation-anion pairs, respec-
tively, across LaCl; concentrations in the eutectic. The corresponding values
are tabulated in Tables S8 and S9 (Solvation structure from molecular
dynamics simulations in supplementary information).

At the dilute LaCl; concentrations (i.e., <1 mol% LaCl;), AIMD pre-
dicts that La** forms predominantly monomeric, locally ordered structures,
with La primarily 6- and 7-fold coordinated (67% and 32% in CN dis-
tribution, respectively) to the adjacent chlorides, corresponding to the
LaCls* and LaCl,* complexes. Higher La-Cl CN (>7) is negligible, with only
1% of La atoms coordinated by 8 Cl in the first shell (Fig. S9). The formation
of LaClg™ in alkali chloride melts has been hypothesized previously”, with
their formation further constituting the fundamental assumption of the
ASM method. However, our AIMD results demonstrate that even at dilute
La loadings, an equilibrium exists between LaCls” and LaCl,* complexes.
This observation is consistent with recent work by Emerson et al.*’ which
reported the coexistence of these complexes, based on spectroscopic and
computational studies.

At 7mol% of LaCls;, AIMD predicts increasingly complex solvation
environments, with LaClxy- monomers, dimers, and trimers present at
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equilibrium in approximate populations of 85.98, 11.24, and 2.78%,
respectively (Table S10). The La-Cl CN shifts to 55% CN =6, 42% CN =7,
and 3% CN = 8, with LaCl> becoming less prevalent, as dimeric and tri-
meric structures stabilize higher coordination through edge- and corner-
sharing. Oligomerization intensifies at 20 mol%, where the distribution
becomes 46.14% monomers, 14.75% dimer, 8.42% trimers, and 30.69%
oligomers (x>4 in La,-Cl,). At this concentration, the proportion of
7-coordinated La rises to 45%, nearly equal to 6-coordianted (46%). Similar
increases in CN and oligomerization have been reported in related molten
salt systems such as LaCl;-NaCl and UCl;/UCl,~NaCl**”. Furthermore, the
RDF of La-Cl shows an increase of the average CN from 6.35 at 1 mol% to
6.52 at 7mol% and 6.63 at 20 mol% (Table S9). Corresponding La—Cl
distances elongate with oligomerization, as edge- or corner-sharing poly-
hedra reduce the polarizability of shared Cl ligands, stabilizing dimeric and
trimeric La-Cl structures. These oligomers, therefore, exhibit higher La-Cl
CN with reduced polarization of each coordinated Cl. Describing their
energetic contributions requires a model beyond binary interaction. In the
MIVM+Calorimetry+AIMD method, high-order interactions are impli-
citly included: calorimetry benchmarks the effective interatomic pair
potentials used in AIMD, which reflects an effective binary interaction that
includes the mean-field effect of high-order interactions. The effective
metal-metal distance (e.g., indices 1’ in Fig. 2), based on which the averaged
interatomic pair potential is defined, should always be farther than the first
metal-metal coordination peak, and thus represents the overall oligomer
geometry.

At high LaCl; loading, oligomeric networks expand significantly. The
increasing La-La interconnections are likely driven by the chloride defi-
ciency in the LiCl-KCl medium, forcing La to form complex chloride-
sharing networks”. At 100 mol% LaCls, AIMD suggests that the molten
structure is best described as a salt network of interconnected La-Cl poly-
hedra joined through edge-, corner-, and face-sharing polyhedra. The La-Cl
CN populations are 11, 48, 34, and 7% for the 6-, 7-, 8-, and 9-coordinated
environments, respectively, with an average CN of 7.45 that is in general
agreement with previous studies”’. These AIMD-calculated solvation
structures rationalize the irregular mixing behavior observed in calorimetry,
where the exothermic AHmix arises from the formation of complex and
concentration-dependent La-metal coordinate environments. The enthal-
pic trends can be further explained by polarization effects: as induced
polarization is relaxed, oligomeric La-Cl structures form and stabilize. Prior
calorimetric studies on LaCl; in alkali chloride melts have shown that
AHmix becomes more exothermic as the polarization capacity of the spacer
salt cation increases*. Larger alkali cations (K, Cs', and Rb") provide
expanded coordination shells that enables the softer cations to stabilize the
La-Cl oligomers in a charge-alternating network™. Evidence of preferential
cation interactions is observed in AIMD by comparing the AIMD simulated
La-Li versus La-K CN: despite Li being more abundant than K in the
eutectic, the RDF shows CNip, ;< CNp,k at all examined LaCl; con-
centrations (Table S9). This suggests that K* preferentially interacts with the
local chloride environment around La, contributing to the non-random
mixing behavior of LaCl; in LiCl-KCl. In addition to polarization, Cou-
lombic ordering and melt ionic packing may also influence thermo-
dynamically favored solvation states™, though further studies are required to
confirm these effects.

Conclusions

This work presents an integrated framework that combines experimental
thermodynamics with solvation structures and intermolecular interaction
energies obtained from ab initio molecular dynamics to predict enthalpies of
mixing in molten salt systems. When used independently, parameterized
empirical models and molecular simulations exhibit inadequacies in their
ability to predict AH,,;,. Empirical models rely on assumptions that may
neglect key physics and chemistry of solutions, while limitations in con-
figurational sampling and model Hamiltonians in the PIM-MD and PBE-
D3 AIMD methods could cause errors in absolute values of predicted
AH,ix. By integrating calorimetry and AIMD through the hybrid MIVM

+Calorimetry+AIMD approach, we establish an effective experimental-
computational loop that enables a comprehensive thermodynamic under-
standing of molten salt mixing. As a case study, we performed drop
calorimetric experiments to measure the enthalpy mixing functions of LaCl;
in eutectic LiCl-KCl across the full composition range at high temperatures.
AIMD provided solvation structures and interatomic pair potentials. While
AIMD alone underestimated the exothermic nature of mixing, incorpor-
ating calorimetric data with MIVM refined the PMF functions, offering a
high-sensitivity benchmark for AIMD. Sensitivity analysis demonstrated
that the hybrid MIVM+Calorimetry+AIMD approach is tolerant of
coordination number errors but highly sensitive to pair potential para-
meters. This integration provided new chemical insight: the irregular AH, ;.
behavior arises from oligomer formation and concentration-dependent La-
metal coordination environments, which alter effective metal-metal dis-
tances and produce correlations extending beyond the first metal-metal
coordination shell. The averaged interatomic pair potential thus captures
effective binary interactions, while implicitly incorporating high-order
interactions not explicitly included in MIVM.

Methods

Calorimetric methods

Differential drop-calorimetric (DDC) method. An argon-sealed ampule
of the ultra-dry LaCl; was transferred to and opened within a glovebox
(O, <1 ppm, H,O <0.5 ppm). LaCl; beads were subsequently ground
into a fine powder and pressed into ~20 mg pellets using a hand die. The
pellets were then loaded into an annealed 3D printed airtight dropper™
that was then used to transfer the sample to the calorimeter. All the
samples’ preparation, loading, and storage were done within the glove-
box. The LaCl; pellets were then dropped from room temperature into
the calorimetric chamber (ambient exposure of <1 s), which contained a
nickel crucible with the molten LiCl-KCl eutectic (~200 mg) at 873 Kina
steady argon atmosphere (~100 ml/min flow). Upon dissolution and
mixing of LaCl; within the LiCl-KCl eutectic, the continuous drop
enthalpy (AH.4) was obtained. The resulting AH.4 values were then
deconvoluted using the thermochemical cycles in the Calorimetric data
session, Table S3 to yield the differential (or incremental) enthalpy of
mixing (dH; mix), which denotes the changes in the heat of mixing cor-
responding to changes in La concentrations within the melt. LaCl;
samples were dropped into the LiCl-KCl eutectic at periodic intervals
(~1.25h), which changed the mol% of La within the melt and thus
generated dH; ,;x values across the liquidus range of the LaCl;-LiCl-KCI
system at 873 K. The dHj ,,ix values were then cumulatively summed to
obtain molar enthalpies of mixing (AH,,;x) (Table S3) corresponding to
the overall La concentration introduced into the eutectic LiCl-KCl melt.
The validity of this method was evaluated based on the consistency of the
AH,,;x values obtained from four independent trials reported in Table S4,
with a curve presented in Fig. 1.

Integral drop calorimetric (IDC) method. LaCl; and LiCl-KCl powders
were mixed in specific LaCl;-LiCl-KCl ratios and were homogenized
using an agate pestle and mortar, to yield 5 physical mixtures with LaCl,
concentrations corresponding to 1.77, 5.09, 7.06, and 19.26 mol% LaCl,
measured at 873 K. Four additional mixtures were prepared with LaCls
concentrations corresponding to 28.68, 43.64, 68.95, and 82.36 mol%
LaCl; and measured at 1133 K. Samples from the corresponding physical
mixtures were then pressed into ~10 mg pellets using a hand die and
loaded into annealed 3D printed airtight droppers™. This approach is
similar to literature work™®. The physical mixtures were then dropped
from room temperature into the calorimetric chamber, which contained
empty nickel crucibles at either 873K or 1133K in a steady argon
environment (~100 ml/min flow). Upon introduction of the physical
mixtures into the calorimetric chamber, the pellets underwent the fol-
lowing thermal reactions within the crucibles: (i) melting of the LiCl-KCl
eutectic; (i7) dissolution of LaCl; within the eutectic; and (#ii) mixing of
LaCl; and LiCl-KCL. Upon completion of these reactions, the integral
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heat effect, termed the drop enthalpy of physical mixtures (AH,q), was
obtained. The resulting AH,,4 values were then used in a corresponding
thermochemical cycle (Tables S5 and S6 for reactions at 873 and 1133 K,
respectively) to calculate the molar AH,;, at a given physical mixture La
content (Table S7). At least 3 consecutive measurements were made for a
given physical mixture ratio, resulting in AH,,;, values with experi-
mentally bound uncertainties (Table S7). Data for the 873 and 1133 K
trails are plotted as dark grey solid squares and solid diamonds in Fig. 1,
respectively, with two standard deviations serving as uncertainty bounds.

Computational methods

Polarizable ion molecular dynamics (PIM-MD). Initial structures were
equilibrated using PIM in the CP2K simulation package®, and the
resulting densities are shown in Fig. S2. The PIM parameters used in this
work were taken from Salanne et al.*® The initial random configurations
for each system were equilibrated with 1 ns of molecular dynamics (MD)
at constant volume and 2000 K (NVT ensemble), followed by 1 ns of MD
at 1 bar and 1133 K (NPT ensemble), and a final 2 ns of NPT MD at 1 bar
and 1133 K for generating enthalpy data. The timestep used for all PIM
simulations was 0.5 fs. The Nose-Hoover thermostat with a chain length
of 3 and a time constant of 100 fs was used to maintain a constant tem-
perature during MD. The barostat® implemented in CP2K used a time
constant of 1000 fs to maintain a pressure of 1 bar during NPT simula-
tions. We note that the PIM model” for LaCl; was fitted to reproduce
experimental liquid density and structure functions from the scattering
experiments and was not specifically trained to yield accurate thermo-
dynamic parameters for the interaction of the individual salt’s compo-
nents with its environment.

Ab-initio molecular dynamics (AIMD). An initial set of AIMD simula-
tions was performed to attempt to directly reproduce AH, ;. In this case,
the PIM-MD equilibrated systems were used to perform ab initio
molecular dynamics (AIMD) simulations with the Vienna Ab initio
Simulation Package (VASP), version 6.2.1°**, The Perdew-Burke-
Ernzerhof (PBE)*** functional was used, and dispersion interactions
were modeled using Grimme’s empirical D3 correction”. Valence elec-
trons were expanded using plane waves with a kinetic energy cutoff of
500 eV for all systems. The projector augmented-wave (PAW) method*
was used to approximate core-valence interactions. A convergence cri-
terion of 107> eV was used for the self-consistent field (SCF) calculations.
Charge density mixing during SCF calculations was performed using the
Pulay mixing scheme®. A 1 x 1 x 1 k-point mesh grid was used for all
systems. The PIM-MD equilibrated simulation boxes (and associated
densities) led to very large initial pressures in each PBE-D3 AIMD
simulation. These impacted the AIMD pressures non-uniformly across
the composition range, ranging from approximately —2kbar up to
8 kbar. To mitigate the effects of non-zero pressures on the predicted
mixing enthalpies, a series of NVT AIMD simulations (at least 12 ps
each) was performed with varying volumes to identify the appropriate
PBE-D3 volume (Fig. S3) to yield an equilibrium pressure near 1 bar (see
Fig. S3). This approach was used instead of direct equilibration in the
NPT ensemble due to the large computational cost associated with
running sufficiently long AIMD to properly estimate the equilibrium
volumes in NPT. After identifying the PBE-D3-equilibrium volumes and
associated densities for each composition, AIMD simulations for each
composition were extended to ~22 ps (the production run), from which
the first 2 ps were excluded during analysis.

In comparison to the experimental densities observed for the pure
components, the PBE-D3 density functional underestimates the density of
liquid LaCl; at T'=1133 K by 9.2%, yet provides an accurate density esti-
mation for the LiCI-KCl eutectic mixture. The PIM-MD and PBE-D3
densities deviate more as the mole fraction of LaCl; increases, with the PIM
model accurately reproducing the density of liquid LaCls. In this respect, the
deficiency of DFT is likely related to underestimation of the interaction of
LaCl; with its environment, which is consistent with previous observations®

that DFT-based AIMD simulations yielded smaller La-Cl CN and reduced
first RDFs peaks for the La-Cl and La-La pairs compared to the PIM model.
Mixing enthalpies using the trajectories were computed for the cells with the
smallest pressure magnitudes. Block averaging was used to prepare
uncorrelated samples of the potential energy or enthalpy from each com-
position’s simulation. In each case, the block size used for averaging was
confirmed to be sufficiently large enough such that adjacent block averages
were decorrelated, producing ~15 samples from each AIMD trajectory and
4000 from each PIM trajectory. The uncertainties in the predicted mixing
enthalpies are represented as 95% confidence intervals, which were esti-
mated via bootstrapping (Nyootstrap = 10,000) on the uncorrelated samples
from each simulation. The uncertainty in the AH,,;, due to the average
pressure deviating from 1 bar was estimated to be below 0.6 kJ/mol (Fig. S4).
In line with the PIM simulations, the magnitude of AH,,;, from the AIMD
simulations is significantly overestimated (more than twice) compared to
the experimental values (Fig. 1). In general, GGA DFT-based AIMD
simulations are not expected to achieve a desirable level of ‘chemical
accuracy’ for a diverse set of systems, especially for those containing f-block
elements, where the self-interaction error of DFT becomes very
prominent”’. It remains to be seen if hybrid DFT methods can significantly
reduce the error in AH,;,, or resorting to more accurate methods, such as
Random Phase Approximation (RPA), coupled cluster, and/or quantum
Monte Carlo, would be necessary to bring the error down to the level
expected from CALPHAD modeling. Another promising option is the use
of machine learning (ML) force field developments for testing these more
advanced quantum mechanical methods for predicting thermodynamic
properties of molten salts.

Given the inability of the PBE-D3 AIMD simulations to significantly
improve the predicted AH,;,, relative to PIM-MD, we instead took an
approach where the experimental volume was fixed and much longer-
timescale AIMD simulations were run so as to obtain the best configura-
tional sampling possible for radial distribution functions, coordination
numbers of and inter-particle interaction energies (potentials of mean force)
for use in the MIVM. In this case, simulation boxes were constructed with
the compositions shown in Table S1. The CP2K package™”" version 9.1,
using the Quickstep module, was employed for Born-Oppenheimer density
functional theory molecular dynamics simulations. Experimental densities
were used for the construction of the simulations. The pure salt densities
were determined using the linear temperature-dependent density formula:

p=a—"bT (3)

where the a and b parameters for the LiCl, KCI, and LaCl; came from the
molten salt database by Janz”>. The ideal mixing model developed at
Idaho National Laboratory (Eq. 4) was implemented to determine the
density of the molten salt mixtures”, where the density, p, is given by the
summation of the individual weight fractions and densities, w; and p;,
respectively.

1 w;

=y - (4)

Psalt,calc Pi

The simulation boxes were initially generated using PACKMOL™,
where the dimensions for the boxes ranged from (14.757 x 14.757 X
14.757 A) to (20.45 x 20.45 x 20.45 A). Detailed information for the com-
position of each simulation is found in Table S1.

The equilibrium procedure at the experimental density calculated
in Eq. 4 utilized the NVT ensemble using a Nos€ thermostat at 873 K for
LiCl-KCI-LaCl; (LaCl; = 1, 7, and 20 mol%), higher than the reported
melting point for this range of La concentration in the LiCl-KCI
eutectic’®. Additionally, 1200 K was used to model molten LaCl;. Geo-
decker, Teter, and Hutter (GTH) psuedopotentials with the Perdew,
Burke, and Ernzerhof (PBE) exchange-correlation function with D3
dispersion corrections were applied to all ions with the accompanying
DZVP-MOLOPT basis set for all ions®**”"*7%, Tt is well documented that
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the generalized gradient approximation (GGA) functions in DFT poorly
describe systems with strongly correlated d- and f-elements. This was
resolved through the use of a Hubbard-like term implemented via
DFT + U with an effective U (Ueﬂ) value of 4 eV”. This simulation
method is referred to as PBE-D3 + U. All simulations were run in the
NVT ensemble with a time step of 1 fs for a total of 150 ps, with the last
two-thirds (100 ps) employed for analysis. The radial distribution
functions, coordination numbers in the first coordination/solvation
shell, and oligomerization of La that occurs through bridging anions
were calculated. Using the radial distribution functions, the potential of
mean force (PMF) w(r) was obtained, as it is proportional to the negative
natural log of the g(r).

w(r) = —kyTIn(g(1) 5)
The value of the PMF at the minimum of PMF function (which corresponds
to the maximum in the RDF for the pair) was used as an estimate of the
associated pair interaction energy.

Data availability
The methods and data reproducing the result of this study are presented in
this manuscript and supplementary information.
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