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Preface

This thesis concludes the MSc programme in Mechanical Engineering, Energy and Process Techno-

logy, at Delft University of Technology. The work was carried out within the Reactor Institute Delft

and investigates molten chloride salts using polarizable-ion molecular dynamics, with particular

emphasis on connecting atomistic liquid structure to thermophysical and transport behaviour and

on assessing CeCl3- and NdCl3-containing melts as non-radioactive, property-specific analogues of

selected UCl3- and PuCl3-containing systems.

The project developed from binary validation studies of NaCl – CeCl3 and NaCl – NdCl3 to a

common analysis of the equal-Ce/Nd NaCl – CeCl3 – NdCl3 composition path. Particular attention

was given to statistical convergence, comparison with available experimental and simulation

benchmarks, and to distinguishing direct molecular-dynamics observations from fitted or model-

derived quantities.

Working on this project provided an opportunity to combine atomistic simulation, thermo-

dynamics, statistical analysis and molten-salt chemistry within a single research problem. The

iterative nature of the work—from setting up and validating simulations to interpreting structural,

thermophysical and transport trends—also made clear how strongly reliable conclusions depend on

careful verification of both the numerical workflow and the underlying physical assumptions.

Omkar Vijay Dhavale

Delft, August 2026
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Summary

Reliable composition- and temperature-dependent properties of molten actinide chlorides are

difficult to obtain experimentally, yet they are needed for the analysis of fast-spectrum molten-salt

systems. This thesis evaluates whether non-radioactive lanthanide chlorides can provide property-

specific model systems for selected U- and Pu-bearing melts and establishes an internally consistent

atomistic dataset for the binaries NaCl – CeCl3 and NaCl – NdCl3 and for the equal-Ce/Nd path

through NaCl – CeCl3 – NdCl3. Polarizable-ion-model molecular dynamics was performed with

MetalWalls at 900, 1000, 1100 and 1200 K using 2000-ion cells. The full binary composition ranges

and nine ternary compositions were investigated, giving 124 composition–temperature state points.

Density, molar and excess molar volume, heat capacity, excess heat capacity, mixing enthalpy, liquid

structure, structural-coherence thermal conductivity and Green–Kubo viscosity were analysed with

property-specific convergence and uncertainty checks.

The simulations reproduce the principal binary volumetric trends: density increases with

trichloride fraction and decreases with temperature, while molar volume increases with both

composition and temperature. The calculated binary excess molar volumes also reproduce the

qualitative transition from NaCl-rich expansion to trichloride-rich contraction and show close

composition-dependent similarity with the corresponding NaCl – UCl3 and NaCl – PuCl3 PIM-MD

benchmarks. Along the ternary path, total density and molar volume remain close to binary-derived

Redlich–Kister–Muggianu representations, whereas the much smaller excess-volume residual shows

stronger deviations, indicating that ternary packing cannot be inferred from total volume alone.

The interval-average isobaric heat capacity increases smoothly with trichloride content.

For NaCl – CeCl3, it rises from 72.46 ± 0.24 to 141.68 ± 0.53 Jmol−1K−1
between the

pure NaCl and pure CeCl3 limits; the corresponding NaCl – NdCl3 range is 72.41 ± 0.25 to

140.81± 0.48 Jmol−1K−1
. The root-mean-square differences from the supplied NaCl – UCl3 and

NaCl – PuCl3 PIM-MD benchmarks are approximately 0.67 and 0.98 Jmol−1K−1
, respectively.

Excess heat capacity is slightly negative on the NaCl-rich side and becomes positive at larger

trichloride fractions, reaching broad maxima of approximately 5.25 and 5.35 Jmol−1K−1
for the

Ce and Nd binaries. These excess values identify where the enthalpic non-ideality is most sensitive

to temperature rather than where mixing is necessarily most favourable at one temperature.

Mixing enthalpy provides the clearest limitation of the force field. Direct PIM-MD predicts

exothermic mixing in all three systems, with 1100 K minima of approximately −11.24 kJmol−1

for NaCl – CeCl3, −11.71 kJmol−1
for NaCl – NdCl3, and −11.48 kJmol−1

along the ternary path,
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all near a total trichloride fraction of 0.4. The binary simulations reproduce the negative sign

and broad intermediate-composition minimum observed calorimetrically but are substantially too

exothermic. An independently parameterised PMF-informed Molecular Interaction Volume Model

retains the correct sign and broad curvature but does not recover the experimental magnitude.

Binary benchmark-calibrated MIVM curves reproduce calorimetry more closely because their

directional interaction parameters are fitted to those data, and are therefore semi-empirical rather

than independent validation. This separates a robust prediction of non-ideal mixing form from a

systematic model error in its absolute energetic strength.

The structural analysis provides a common microscopic framework for these composition trends.

Ce- and Nd-centred first shells remain distinct, but increasing trichloride content increases chloride

sharing and merges finite coordination environments into a connected rare-earth network. Along

the equal-Ce/Nd ternary path Ce and Nd form a single mixed chloride-mediated network rather than

two spatially independent binary-like subnetworks, while the species-resolved linkage fractions

remain close to the 25:50:25 random-pair expectation and do not indicate strong preferential Ce–Nd

association. The supplied actinide data show that Nd reproduces the Pu average coordination-

number trend particularly closely, while Ce and U display a closely comparable balance of shared-

chloride linkage topologies. Simulant fidelity is therefore structural-scale dependent rather than

universal.

Transport calculations reinforce both the value and the limits of this structure–property picture.

Structural-coherence thermal conductivity shows intermediate-composition minima in both binaries

and a flatter ternary response, but the available NaCl – CeCl3 measurements are underpredicted

by approximately 60–67% at representative intermediate compositions near 1173 K. These values

are consequently treated as model-derived trend estimates, not validated absolute conductivities.

The final Green–Kubo viscosity campaign uses exact 5 ns production trajectories throughout and

provides broad coverage across all three melts: 40 of 44 Nd states, 42 of 44 Ce states and 34 of 36

ternary states satisfy the adopted reporting protocol. In total, 116 of 124 viscosity state points are

therefore reportable after trajectory-length, shifted-window and spectral-sensitivity checks. Across

all three systems, viscosity decreases with temperature and increases broadly with trichloride

content.

The temporal analyses add a dynamical interpretation without reducing the transport response

to one structural lifetime. In Nd-rich NaCl – NdCl3 at 900 K, intermittent Nd–Cl persistence in-

creases from 54.08 to 71.29 ps and Nd–Nd shared-chloride persistence from 79.19 to 115.49 ps

between x(NdCl3) = 0.60 and 1.00, while the topology-switching rate increases from 4.255 to

6.079 ps−1Nd−1
. The Nd-centred network therefore becomes more recurrent at long times while

remaining dynamically labile. In the Ce-rich binary, continuous Ce–Cl and Ce–Ce persistence

remains within relatively narrow picosecond ranges rather than increasing monotonically with

composition. The final ternary analysis at 900 and 1000 K, evaluated over five non-overlapping

1 ns blocks with a 500 ps maximum lag, likewise finds no exceptional stabilisation of mixed Ce–

Cl–Nd bridges and no composition-specific persistence anomaly at x(LnCl3) = 0.80. Together

these observations support a network-relaxation interpretation of the broad viscosity trends while

preserving the distinction between structural association and direct causation.

vi



Overall, the work demonstrates that PIM-MD can provide a coherent composition–structure–

property description of these lanthanide chloride melts, but its predictive quality is property

dependent. The strongest support is obtained for volumetric trends, heat capacity and several struc-

tural analogies; mixing enthalpy reveals systematic over-stabilisation, and the structural-coherence

thermal-conductivity route is not quantitatively validated by the available Ce measurements. Ce/U

and Nd/Pu similarity is therefore best used as a property-specific modelling tool. The ternary results

constitute predictions along the investigated equal-Ce/Nd path and show that mixed-lanthanide con-

nectivity can be analysed without assuming either ideal binary interpolation or a unique cooperative

Ce–Nd mechanism.
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Introduction

1.1 Background
The transition towards a low-carbon energy system requires rapid expansion of low-emission

electricity while maintaining reliable supply. Variable renewable generation is expected to provide

a major share of this expansion, but deeply decarbonised systems may also require firm resources:

low-emission generators that can supply electricity on demand when variable output is unavailable.

Nuclear power is one such firm source and supplied approximately 9% of global electricity in 2024.

In addition to electricity, nuclear systems can provide continuous heat for district heating and

industrial processes, including applications requiring temperatures above those readily delivered

by many conventional low-carbon heat technologies [1–3].

The molten salt reactor (MSR) is one of the advanced reactor families selected for international

research and development by the Generation IV International Forum. The term encompasses

concepts in which a molten salt serves as coolant, fuel carrier or both. In homogeneous liquid-

fuel configurations, fissile and fertile materials are dissolved directly in a circulating salt. The

salt therefore carries the nuclear fuel, transports heat from the core and provides the chemical

environment in which actinides and fission products are present. Depending on salt composition,

moderation and core design, MSRs may operate with thermal, intermediate or fast neutron spectra.

Their elevated outlet temperatures can support efficient electricity generation and, in suitable plant

configurations, direct process-heat applications [4–6].

Although molten salt reactors have not reached widespread commercial deployment, liquid-fuel

reactor technology has an important experimental history. Work at Oak Ridge National Laboratory

produced the Aircraft Reactor Experiment in 1954, demonstrating circulation of a uranium-bearing

fluoride fuel salt at high temperature. The subsequent Molten Salt Reactor Experiment operated from

1965 to 1969 and accumulated more than 13,000 full-power hours. It used a circulating fluoride fuel

salt in a graphite-moderated core and provided a substantially longer demonstration of liquid-fuel

operation, reactor control and fuel-salt handling [7].
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Figure 1.1. Selected milestones in the historical development of molten salt reactor technology. The timeline

distinguishes the experimentally operated fluoride-based liquid-fuel reactors from conceptual and planned

fast-spectrum chloride systems. UK and Swiss studies established early conceptual designs for molten chloride

fast reactors, while the Molten Chloride Reactor Experiment (MCRE) represents a current experimental

development programme. MCRE is anticipated to operate in 2028, whereas a subsequent commercial Molten

Chloride Fast Reactor (MCFR) could potentially be deployed in the 2030s. Compiled from the Generation

IV International Forum [4], Oak Ridge National Laboratory [7], Smith et al. [8], Taube [9] and the U.S.

Department of Energy, Office of Nuclear Energy [11].

The distinction between this historical experience and molten chloride reactor development

is important. Both Oak Ridge experiments used fluoride salts, whereas no fast-spectrum molten

chloride reactor was constructed or operated in the same period. Chloride-fuelled fast-reactor

concepts were nevertheless studied during the late 1960s and 1970s. British investigations considered

mixtures containing NaCl, UCl3 and PuCl3, while Swiss work examined related plutonium-bearing

chloride breeder configurations. These concepts were intended to preserve a harder neutron

spectrum and support uranium–plutonium fuel cycles, but they remained analytical designs as

international development priorities shifted towards water-cooled reactors and solid-fuel, liquid-

metal-cooled fast reactors [8–10].

Interest in molten chloride fast reactors has since re-emerged within broader efforts to develop

advanced reactors and closed fuel cycles. A prominent contemporary programme is the Molten

Chloride Reactor Experiment (MCRE), a planned fast-spectrum, salt-fuelled experiment using a

uranium chloride fuel salt. MCRE is intended as a short-duration experimental test whose results

will provide data crucial to the development of TerraPower and Southern Company’s Molten

Chloride Fast Reactor, rather than as a commercial electricity-generating plant. In 2025, the United

States Department of Energy reported production of the first batch of fuel salt for MCRE, marking

progress towards physical demonstration. Nevertheless, molten chloride fast-reactor technology

remains pre-commercial at the time of writing [6, 11, 12].

Chloride salts are of particular interest for fast-spectrum applications because they generally slow

neutrons less strongly than commonly considered fluoride mixtures, thereby helping to preserve a

hard neutron spectrum. This characteristic supports uranium–plutonium breeding, actinide burning

and related fuel-cycle applications. Actinide trichlorides can also form liquid mixtures with alkali

chlorides such as NaCl, allowing relatively high actinide concentrations to be incorporated into the

fuel salt. Moreover, molten salts permit high-temperature heat transport at low primary-system

pressure, avoiding the highly pressurised primary circuit required in conventional water-cooled

reactors. These advantages are accompanied by unresolved challenges involving corrosion, salt

purification and redox control, chlorine-isotope management, fission-product behaviour and the

qualification of structural materials [6, 10].
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1.2 Research Problem and Knowledge Gap

The multifunctional nature of a liquid fuel salt makes its properties central to reactor analysis.

Density influences fuel inventory, thermal expansion and buoyancy-driven circulation. Heat

capacity and thermal conductivity affect the storage and transport of thermal energy, whereas

viscosity influences flow, pumping requirements and convective heat transfer. These macroscopic

properties are linked to microscopic features of the liquid, including cation–anion coordination,

chloride sharing, short-range ordering and the association of multivalent cations. They vary with

temperature and composition and may evolve as actinides are consumed and fission products

accumulate. Consequently, a molten chloride fuel cannot be represented simply as an inert coolant

with constant material properties.

Direct experimental characterisation of actinide-bearing chloride melts is challenging. Chloride

salts are hygroscopic and must be handled under controlled atmospheres to limit oxygen- and

moisture-derived impurities. Measurements are performed at elevated temperatures, the melts

can be corrosive towards containment and measurement materials, and uranium- or plutonium-

bearing work requires specialised radiological facilities. Available datasets are therefore incomplete,

particularly for multicomponent salt compositions [6, 13].

These experimental constraints motivate a deliberate transition from direct actinide measure-

ments to non-radioactive lanthanide model systems. Trivalent lanthanide and actinide chlorides

share formal charge, broadly comparable ionic sizes and strongly polarising cation–chloride inter-

actions, allowing selected features of actinide-bearing melts to be studied without the radiological

burden of uranium- or plutonium-containing experiments. The analogy is not universal: differences

in ionic radius, electronic structure and redox chemistry mean that simulant suitability must be

tested separately for each property. Molecular simulation provides the required bridge by evaluat-

ing the same thermophysical, thermodynamic, structural and transport quantities over controlled

temperature and composition grids. The present thesis therefore applies polarizable ion model

(PIM) molecular dynamics (MD) to molten NaCl – CeCl3, NaCl – NdCl3 and NaCl – CeCl3 – NdCl3,

using Ce- and Nd-containing chlorides as property-specific model systems rather than universal

replacements for uranium and plutonium salts [14–17].

1.2 Research Problem and Knowledge Gap
Reliable composition- and temperature-dependent material-property data are required for the

design and analysis of molten-salt reactor systems. Density determines the relationship between

salt composition, fuel inventory and reactor volume, while its temperature dependence influences

thermal expansion and buoyancy-driven circulation. Heat capacity and thermal conductivity govern

the storage and transport of thermal energy, whereas viscosity affects flow resistance, pumping

requirements and convective heat transfer. Mixing enthalpies and excess molar volumes provide

additional information on non-ideal interactions within multicomponent liquids. Uncertainty in

these properties therefore propagates into reactor-physics, thermal-hydraulic and safety calculations.

Despite their importance, the thermophysical-property databases available for molten salts remain

incomplete, particularly for actinide-bearing chlorides and compositionally complex fuel salts [6,

13].

The limited availability of reliable measurements is partly a consequence of the experimental

conditions required for molten chloride salts. Chlorides are hygroscopic and can react with mois-
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ture and oxygen, meaning that salt purification, sample preparation and measurements must be

performed under carefully controlled atmospheres. At operating temperatures, the melts can be

corrosive towards crucibles, containment materials and measurement probes. Thermal-property

measurements may additionally be affected by convection, radiative heat transfer, salt creeping and

chemical contamination. These difficulties become more severe when uranium, plutonium or other

radioactive elements are present because specialised facilities, materials and safety procedures are

then required. Consequently, available measurements frequently cover only selected compositions,

temperatures or individual properties rather than complete composition–temperature domains [6,

13].

The existing evidence is also distributed unevenly between the two binary systems investigated

in this thesis. The NaCl – NdCl3 system has a comparatively substantial experimental basis. Density

and excess-molar-volume data have been reported as functions of composition and temperature [18,

19], while calorimetric studies provide mixing enthalpies over the full liquid composition range at

selected temperatures [20, 21]. Additional studies address phase equilibria, electrical conductivity,

internal mobility and thermal conductivity [22–25]. These data provide several opportunities for

simulation validation, but they were obtained using different experimental techniques and generally

do not cover all properties over one common set of temperatures and compositions.

The validation basis for NaCl – CeCl3 is more restricted. Thermochemical measurements and

phase-equilibrium studies provide evidence of non-ideal behaviour in alkali-chloride–CeCl3 mix-

tures [26–28], and thermal-conductivity measurements have recently been reported for CeCl3 – MCl

melts [29]. However, an experimental dataset equivalent in breadth to that available for NaCl – NdCl3

has not been established for density, heat capacity, viscosity, diffusion, thermal conductivity and

microscopic liquid structure. The binary research problem is therefore not simply an absence

of literature. It is the absence of one internally consistent description of both NaCl – CeCl3 and

NaCl – NdCl3 across their complete composition ranges and over the same temperature interval. An

even larger knowledge gap concerns the ternary NaCl – CeCl3 – NdCl3 system. Recent work has cla-

rified the phase behaviour and property-dependent suitability of CeCl3 and NdCl3 as non-radioactive

analogues for selected uranium- and plutonium-chloride properties [16, 17]. Nevertheless, the

literature surveyed for this thesis did not reveal a systematic dataset for the thermophysical, ther-

modynamic, structural and transport behaviour of molten NaCl – CeCl3 – NdCl3. It is therefore

not known whether binary property trends extend smoothly into the ternary composition space

or whether the simultaneous presence of Ce and Nd produces additional non-ideal effects. In

particular, direct information is lacking on how the two trivalent cations compete for chloride

coordination, whether mixed Ce–Cl–Nd linkages form, and how such local environments affect

density, thermodynamic mixing and transport behaviour.

A further gap lies in the interpretation of macroscopic properties in terms of microscopic liquid

structure. Experimental X-ray absorption measurements show that molten CeCl3 and NdCl3 possess

well-defined short-range cation–chloride coordination environments [14]. Atomistic studies of

related rare-earth chloride mixtures further demonstrate that alkali-chloride addition can alter

cation connectivity, isolate multivalent complexes and create structural heterogeneity. However,

many published investigations focus either on a limited set of bulk properties or on local structural

descriptors. Few systematically connect radial distribution functions, coordination-number distri-
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butions, chloride sharing and cluster formation to excess molar volume, mixing enthalpy, viscosity

and thermal conductivity across complete binary composition ranges.

Molecular simulation can help address these gaps, but the reliability of its predictions depends

on the interaction model and on the statistical quality of the calculated properties. The strong

local electric fields associated with trivalent cations make explicit ionic polarisation important

in rare-earth chloride melts. The recently developed DFT-based polarizable force-field series for

molten rare-earth chlorides provides a consistent interaction framework covering both Ce and

Nd [15, 30]. Nevertheless, this framework has not yet been used to establish a unified structure–

property dataset for the complete NaCl – CeCl3 and NaCl – NdCl3 binaries together with the mixed

NaCl – CeCl3 – NdCl3 system over a common temperature range.

The central research problem addressed in this thesis is therefore the absence of a statistically

validated and internally consistent atomistic description of the composition- and temperature-

dependent thermophysical, thermodynamic, structural and transport behaviour of these binary and

ternary molten chloride systems. The present work addresses this problem using PIM MD, combining

comparison with available binary reference data with new predictions for poorly characterised

compositions. The research aim and objectives derived from this problem are presented in the

following section.

1.3 Research Aim and Objectives
The aim of this thesis is to determine and physically interpret the composition- and temperature-

dependent behaviour of molten NaCl – CeCl3, NaCl – NdCl3 and NaCl – CeCl3 – NdCl3 using Polar-

izable Ion Model molecular dynamics, and to assess the extent to which the binary lanthanide

systems reproduce selected properties of actinide-bearing chloride melts.

The work pursues four linked objectives. First, a common simulation dataset is constructed for

the complete binary composition ranges and for the equal-Ce/Nd ternary path xCeCl3 = xNdCl3 =

(1 − xNaCl)/2, with xNaCl = 0.10–0.90. Second, density, molar volume, excess molar volume,

heat capacity, excess heat capacity, mixing enthalpy, viscosity and structural-coherence thermal-

conductivity estimates are determined together with property-specific statistical verification. Third,

partial pairwise radial distribution functions, coordination-number distributions, chloride-sharing

populations and connectivity descriptors are used to explain the macroscopic trends. Finally, the

binary predictions are compared with available same-system evidence and with selected NaCl – UCl3

and NaCl – PuCl3 data before the validated workflow is extended to the ternary composition line.

A common temperature grid of 900 K, 1000 K, 1100 K and 1200 K was chosen to overlap the

temperature range of the available molten-chloride property literature, to provide four evenly

spaced points for temperature derivatives and regressions, and to expose both lower- and higher-

temperature transport behaviour. The simulations describe homogeneous liquid trajectories; where

a low-temperature, rare-earth-rich state lies below the equilibrium liquidus, the result is interpreted

as a metastable-liquid extension rather than as a prediction of phase stability [22, 27, 31].

1.4 Research Questions
The overarching research question is:
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To what extent can Polarizable Ion Model molecular dynamics predict and explain the
composition- and temperature-dependent thermophysical, thermodynamic, structural and
transport behaviour of molten NaCl–CeCl3, NaCl–NdCl3 and NaCl–CeCl3 –NdCl3, and
what do these systems reveal about the property-specific use of lanthanide chlorides as
simulants for actinide-bearing molten salts?

This question is addressed through the following supporting questions:

RQ1: How do the thermophysical, thermodynamic and transport properties of the two binary

melts vary with composition and temperature, and which trends demonstrate non-ideal

liquid behaviour?

RQ2: How do partial pairwise radial distribution functions, cation–chloride coordination, chloride

sharing and multivalent-cation connectivity evolve across the binary and ternary composition

ranges?

RQ3: Which microscopic mechanisms best explain the calculated trends in density, excess molar

volume, heat capacity, mixing enthalpy, viscosity and structural-coherence thermal conduct-

ivity?

RQ4: How closely do the binary predictions reproduce available same-system experiments and

simulations, and what do the remaining deviations reveal about uncertainty and model

limitations?

RQ5: For which properties do NaCl – CeCl3 and NaCl – NdCl3 provide useful analogues of selected

NaCl – UCl3 and NaCl – PuCl3 behaviour?

RQ6: Does the equimolar-Ce/Nd ternary path interpolate between the two binary systems, or do

mixed Ce–Cl–Nd environments produce additional non-ideal behaviour?

1.5 Scope and Thesis Structure

1.5.1 Scope of the Study

This thesis investigates the molten binary systems NaCl – CeCl3 and NaCl – NdCl3, together with

selected compositions of the ternary NaCl – CeCl3 – NdCl3 system. The complete binary composition

ranges are considered, from pure NaCl to pure CeCl3 or NdCl3, while the ternary calculations follow

the equal-Ce/Nd pseudo-binary path xCeCl3 = xNdCl3 , with xNaCl = 0.10–0.90. The systems

are studied at 900 K, 1000 K, 1100 K and 1200 K. This common grid supports direct cross-system

comparison and temperature-dependent regressions, while phase stability is interpreted separately

from the homogeneous-liquid MD sampling.

The work is based on PIM MD. The calculated properties include density, molar volume, excess

molar volume, heat capacity, excess heat capacity, mixing enthalpy and selected transport proper-

ties, particularly viscosity and thermal conductivity. Where sufficient trajectory information and

statistical quality are available, additional dynamical quantities may be considered as supporting

analyses. The microscopic liquid structure is characterised using radial distribution functions

6



1.5 Scope and Thesis Structure

(RDFs), coordination number (CN) distributions, chloride-sharing analysis and structural speciation.

These structural quantities are used to interpret the governing physical and chemical mechanisms

behind the observed macroscopic trends.

The binary systems provide the principal validation basis. Calculated properties are compared

with available experimental measurements, previous molecular simulations and thermodynamic

descriptions. Comparisons with chemically related actinide chloride systems are used to assess the

suitability of Ce- and Nd-containing melts as non-radioactive simulants. This assessment is strictly

property-dependent. Similarity between a rare-earth and an actinide system for one property is not

assumed to demonstrate equivalence for all thermophysical, thermodynamic, structural or transport

properties.

The ternary NaCl – CeCl3 – NdCl3 system is treated primarily as a predictive case because direct

experimental data are limited. Its analysis focuses on whether the behaviour observed in the two

binary systems can be extended into ternary composition space and whether mixed Ce–Cl–Nd

environments introduce additional non-ideal effects.

The thesis does not include reactor-core neutronics, fuel-cycle calculations, radiation-damage

modelling, corrosion experiments, materials-compatibility testing or reactor-scale thermal-hydraulic

design. It also does not perform a complete CALPHAD or FactSage assessment. Phase diagrams

and thermodynamic models are used only as supporting literature and comparison sources. No new

experimental measurements are carried out; the original contribution of the work lies in molecular

simulation, statistical post-processing and the physical interpretation of the resulting property and

structural data.

1.5.2 Thesis Structure

Following this introductory chapter, Chapter 2 critically reviews the available experimental, compu-

tational and thermodynamic evidence for rare-earth and actinide chloride melts. Particular attention

is given to the NaCl – CeCl3 and NaCl – NdCl3 binary systems, the limited knowledge available for

NaCl – CeCl3 – NdCl3, and the property-dependent use of Ce and Nd compounds as simulants for

uranium- and plutonium-containing chloride salts.

Chapter 3 presents the physical and statistical-mechanical foundations of the study, including

the Polarizable Ion Model, solution thermodynamics, partial pairwise structural descriptors and

transport-property relations.

Chapter 4 describes the molecular-simulation workflow, including system preparation, interac-

tion potentials, equilibration and production conditions, property calculations, structural analysis

and statistical convergence procedures.

Chapter 5 presents and discusses the calculated thermophysical, thermodynamic, structural and

transport properties. The binary results are first validated against available reference data, after

which the governing structure–property relationships, simulant behaviour and ternary predictions

are examined.

Finally, Chapter 6 summarises the main findings in relation to the research questions, dis-

cusses the limitations of the simulations and provides recommendations for future experimental,

computational and reactor-oriented research.
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Literature Review

2.1 Introduction
The purpose of this chapter is to establish what is already known about the molten chloride systems

relevant to this thesis, where the available evidence is strong or weak, and which questions remain

unresolved. Detailed theoretical definitions of the Polarizable Ion Model (PIM), radial distribution

functions, coordination numbers, excess properties and transport relations are reserved for Chapter 3.

Here, those concepts are discussed only insofar as they are needed to compare published studies

and to define the evidence base against which the present calculations are assessed.

The literature is unevenly distributed across the systems of interest. NaCl – NdCl3 has a com-

paratively broad experimental record spanning volumetric properties, mixing enthalpy, phase

behaviour, electrical conductivity and selected transport measurements. NaCl – CeCl3 has useful

phase-equilibrium, thermochemical and thermal-conductivity information but a less complete set

of directly reusable liquid-property data. For NaCl – CeCl3 – NdCl3, the accessible literature does

not provide a comparable composition- and temperature-resolved thermophysical, structural and

transport dataset. The literature review therefore serves two functions: it identifies property-specific

validation anchors for the binary simulations and establishes which ternary results must remain

predictions rather than validated quantities.

A second theme is simulant fidelity. Ce- and Nd-containing chlorides are useful non-radioactive

model systems because trivalent lanthanides and actinides share formal charge and broadly similar

chloride coordination chemistry. That analogy is nevertheless property dependent. Recent work

indicates that Nd is a closer analogue of Pu for several local-structure and transport observables,

whereas Ce can more closely reproduce selected U-containing phase and volumetric trends [16,

17]. Consequently, the literature does not support treating either lanthanide as a universal actinide

substitute.
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2.2 Review Scope and Evidence Strategy
The review prioritises primary experimental papers, peer-reviewed molecular simulation studies

and modern thermodynamic reassessments directly relevant to NaCl – CeCl3, NaCl – NdCl3, rare-

earth chloride structure and lanthanide–actinide comparison. Authoritative nuclear-technology

reports are used only to establish application context. Secondary compilations are used where

they preserve otherwise difficult-to-access experimental correlations, but the original experimental

attribution is retained whenever identifiable.

Evidence is interpreted hierarchically. A measurement or prior simulation of the same chemical

system at a matched composition and temperature provides the strongest validation target. Related

actinide systems provide analogue or simulant comparisons rather than direct validation. Graph-

only data, limited composition coverage and derived quantities are treated as weaker constraints.

Where no direct source was located, the absence is described as an evidence gap rather than proof

that no measurement exists.

This distinction is particularly important for transport properties. Density and mixing enthalpy

have direct experimental anchors in at least one of the binary systems, whereas broad-composition

viscosity data are sparse. The quality of a PIM prediction must therefore be judged property by

property, using independent experiment where possible and structural consistency, uncertainty

analysis and comparison with related systems where direct data are not available.

2.3 Molten Chloride Salts and the Simulant Problem

2.3.1 Relevance to Fast-Spectrum Nuclear Systems

Molten chlorides are relevant to fast-spectrum nuclear concepts because they can dissolve substantial

concentrations of actinide chlorides while maintaining a comparatively hard neutron spectrum.

They are also central to pyrochemical fuel-cycle processes. In a liquid-fuel reactor, the salt is

simultaneously a chemical medium for actinides and fission products and a heat-transfer fluid, so

its density, heat capacity, viscosity, thermal conductivity and phase behaviour enter directly into

reactor and fuel-cycle analysis [6, 10, 13].

The same characteristics that make chloride salts attractive also complicate the acquisition

of reliable property data. High temperature, hygroscopicity, corrosion, impurity sensitivity and

the radiological constraints associated with U- or Pu-bearing salts limit the number of systematic

measurements over broad composition ranges. The result is an evidence base assembled from

measurements performed with different techniques, purities, temperature intervals and uncertainty

reporting conventions rather than one internally consistent database.

2.3.2 Why Ce and Nd Are Useful but Non-Universal Analogues

Lanthanide chlorides provide experimentally accessible model systems for selected features of

actinide chloride chemistry. The basis of the analogy is not simply periodic-table proximity: the

relevant comparison is between trivalent cations embedded in a chloride environment. Their

local ionic size, polarizability and chloride interaction strength affect first-shell geometry, network
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connectivity and transport. Consequently, chemically similar cations can reproduce one property

closely while differing for another.

This point is demonstrated directly by recent comparative studies. Goloviznina and Salanne

found Nd-containing chlorides to be closer to Pu-containing systems than Ce-containing chlorides

when force matching, local structure, density and viscosity were considered [16]. Alders et al.

reached a complementary phase-behaviour conclusion: NaCl – NdCl3 closely tracks NaCl – PuCl3

liquidus behaviour, whereas NaCl – CeCl3 is more similar to NaCl – UCl3 in the assessed systems [17].

The implication for the present thesis is therefore a property-specific Ce/U and Nd/Pu comparison,

not a universal surrogate assignment.

2.3.3 Relevance and Limits of the NaCl–CeCl3 –NdCl3 Model System

The ternary NaCl – CeCl3 – NdCl3 melt is not itself a reactor fuel composition. Its value is that

two chemically similar but non-identical trivalent cations can be studied in the same NaCl matrix

without radiological constraints. This makes the system a controlled test of whether binary structure–

property trends persist when Ce- and Nd-centred coordination environments coexist.

The comparison must nevertheless remain bounded by the investigated composition path. The

present thesis follows the equal-Ce/Nd line rather than the complete ternary triangle. Literature on

related systems, including NaCl – UCl3 – CeCl3, confirms that multicomponent actinide/lanthanide

chloride chemistry is of practical interest [32], but it does not provide direct thermophysical or

transport validation for the target Ce/Nd ternary.

2.4 PolarizableMolecular-Dynamics Evidence for Rare-Earth Chlor-
ides

The need for an explicitly polarizable description of multivalent chloride melts is well established.

Reviews of ionic melts show that induced electronic polarisation modifies the effective interaction

between highly charged cations and the diffuse chloride anion and can change both local structure

and transport [30]. The formal theory and energy terms are developed in Section 3.2; the literature

question here is whether a consistent rare-earth PIM exists and what evidence supports its use for

Ce/Nd mixtures.

Goloviznina et al. developed a DFT-derived polarizable force-field series for trivalent rare-earth

chlorides from La to Eu and applied it to pure salts and NaCl-containing mixtures [15]. The study

reported density, heat capacity, diffusion, viscosity and local structure and captured systematic

lanthanide trends in cation–chloride distance and coordination. This is important for the present

work because Ce and Nd were parameterised within one internally consistent framework rather

than through unrelated potentials.

The same literature also establishes an important limitation. Agreement for pure salts or dilute

mixtures does not guarantee quantitative transferability to the complete NaCl – MCl3 composition

range or to a mixed Ce/Nd melt. Ternary predictions additionally require a Ce–Nd cross interaction

for which no direct target-ternary measurement is available. Binary comparison is therefore not

merely a preliminary step; it is the principal test of whether the interaction model remains credible

before the mixed-lanthanide system is interpreted.
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2.5 Structural Evidence and Structure–Property Relationships
Direct structural measurements provide one of the strongest checks on the microscopic realism of a

force field. XAFS measurements of molten CeCl3 and NdCl3 report distinct first-shell structures,

with Ce–Cl and Nd–Cl distances of approximately 2.81 and 2.73 Å, respectively, and average

coordination numbers of about 6.52 and 6.96 under the reported conditions [14]. These values

demonstrate that Ce and Nd cannot be treated as structurally identical despite sharing the same

formal charge.

Polarizable simulations extend this picture from mean first-shell quantities to distributions of

coordination states. The rare-earth force-field study reports broad six- to nine-fold coordination

environments whose populations change across the lanthanide series and with NaCl dilution [15].

The important literature conclusion is therefore not that a melt contains one fixed [MCln] species,

but that it samples an ensemble of rapidly interconverting local environments.

Longer-range connectivity is equally important. Corradini, Madden and Salanne showed for

alkali–trivalent-halide mixtures that viscosity is related to both first-shell structural relaxation and

the networks that develop between trivalent cations as their concentration increases [33]. Emerson

et al. subsequently described NaCl as a “spacer salt” in LaCl3 – NaCl, demonstrating that alkali-

chloride addition can separate multivalent coordination environments and generate substantial

structural heterogeneity [34]. Together, these studies provide a literature basis for interpreting

composition-dependent transport through coordination, chloride sharing and network formation

rather than through one RDF peak alone.

What is not established in the existing literature is the detailed behaviour of mixed Ce–Cl–Nd

connectivity across the target ternary path. In particular, the accessible studies do not determine

whether hetero-cation bridges possess lifetimes distinct from Ce–Cl–Ce or Nd–Cl–Nd connections,

or whether the simultaneous presence of Ce and Nd creates a unique dynamical network. These

questions therefore require direct analysis of the present trajectories rather than extrapolation from

binary structural trends.

2.6 Binary Experimental and Computational Evidence

2.6.1 NaCl–NdCl3: Stronger Validation Anchor

Among the two target binaries, NaCl – NdCl3 provides the broader validation basis. Density and

molar-volume measurements have been reported as functions of composition and temperature,

including evidence of non-zero excess molar volume [18, 19]. The excess-volume isotherm reported

by Sato, Okamoto and Ogawa exhibits a positive NaCl-rich maximum near x(NdCl3) ≈ 0.2,

providing a direct test of whether a model reproduces volumetric non-ideality rather than only

total density [19].

Calorimetry provides an independent energetic constraint. Gaune-Escard et al. measured

the complete liquid composition range at 1124 K and report an enthalpy-of-mixing minimum

of approximately −5.7 kJ/mol near x(NdCl3) = 0.4, with an estimated experimental accuracy

of about 6% [20]. The published dataset contains point-to-point scatter around the fitted/broad

minimum, so individual tabulated points and the authors’ summarized minimum should not be
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treated as identical quantities. The negative sign and broad intermediate-composition minimum

nevertheless provide a strong direct test of mixing energetics.

(a) Excess molar volume. (b) Mixing enthalpy.

Figure 2.1. Experimental evidence for non-ideal behaviour in molten Nd-containing alkali-chloride mixtures:

excess molar volume from Sato, Okamoto and Ogawa and molar enthalpy of mixing from Gaune-Escard et al.

Adapted from Refs. [19, 20].

The phase-equilibrium literature independently confirms pronounced non-ideal chemistry.

Earlier measurements identify intermediate-compound behaviour, while the modern reassessment

of Alders et al. represents the intermediate region as a Na3xNd2 –xCl6 solid-solution field and places

an assessed eutectic near x(NdCl3) = 0.355 and 718 K [17, 22]. These data are not used here to

construct a new phase diagram. Their role is to establish liquidus context, identify state points that

may represent metastable-liquid extensions, and demonstrate that ideal mixing is not an adequate

description of the binary chemistry.

Transport evidence is less complete but still useful. Potapov, Rycerz and Gaune-Escard measured

electrical conductivity over broad composition and temperature ranges and found strong deviations

from additivity, with conductivity decreasing as NdCl3 is added to NaCl [23]. Zabłocka-Malicka

and Szczepaniak used conductivity and molar-volume data to derive internal trivalent-cation

mobilities [24]. Thermal-conductivity measurements are available for selected Nd-containing

compositions, including an equimolar NaCl – NdCl3 melt, but the coverage is insufficient for a

complete composition-resolved validation [25]. No comparably broad experimental viscosity dataset

was located for the finite- composition binary. Thus, NaCl – NdCl3 is a strong validation anchor for

volumetric and mixing-enthalpy behaviour, but only a partial anchor for transport.

2.6.2 NaCl–CeCl3: Complementary Evidence

The Ce-containing binary has a more uneven evidence base. Phase-equilibrium and thermochemical

studies establish non-ideal behaviour and intermediate chemistry, and the modern reassessment

of Alders et al. places the NaCl – CeCl3 eutectic near x(CeCl3) = 0.303 and 778 K [17, 27, 28]. As

for the Nd system, these data provide phase-state context rather than a thermodynamic model

constructed in this thesis.
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Figure 2.2. Assessed NaCl – NdCl3 phase diagram showing the liquidus, eutectic behaviour and the

Na3xNd2 –xCl6 solid-solution field. Adapted from Alders et al. [17]. The diagram is used as phase-state

context for the MD temperature grid, not as a CALPHAD result of the present thesis.

Papatheodorou and Kleppa measured liquid alkali-chloride–CeCl3 mixing enthalpies and found

negative interaction parameters, providing direct evidence of exothermic non-ideal mixing [26].

The accessible data are less convenient for direct numerical reuse than the Nd calorimetric dataset

because much of the information is graph based. Nevertheless, the experiment provides an essential

same-system benchmark for the sign, scale and composition dependence of the present PIM-MD

mixing enthalpies.

Thermal conductivity is the clearest directly accessible Ce transport benchmark. Bobrova and

Dokutovich measured CeCl3 – MCl melts and reported linear temperature correlations for several

NaCl – CeCl3 compositions, with an estimated relative experimental error not exceeding 5% [29].

These measurements are particularly valuable because they test the absolute structural-coherence

predictions rather than only a related actinide trend. Direct finite- composition viscosity and self-

diffusion measurements were not located in the reviewed accessible literature, so those quantities

require more cautious interpretation.

Published density information is less straightforward. Older Ce-containing density correla-

tions are available through compilations and are used in the present validation workflow, but

the provenance and accessible tabulation are less transparent than for the Nd binary. The Ce

density comparison should therefore carry less evidential weight than a directly inspected primary

experimental table.

2.6.3 Property-Specific Ce/U and Nd/Pu Evidence

The literature supports a differentiated simulant picture rather than one ranking valid for every

observable. Nd is particularly compelling for Pu-like local coordination and viscosity according

to the comparative DFT/PIM study of Goloviznina and Salanne [16]. The phase-behaviour assess-
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ment of Alders et al. likewise identifies close NaCl – NdCl3/ NaCl – PuCl3 correspondence, while

NaCl – CeCl3 more closely follows selected NaCl – UCl3 behaviour [17].

These studies establish the correct standard for the present thesis: a lanthanide analogue is

useful when it reproduces the composition and temperature dependence of a specified property

within the accuracy relevant to that comparison. Similarity in density, coordination or viscosity

cannot be promoted into evidence of universal chemical equivalence. The actinide comparisons

in Chapter 5 are therefore treated as property-specific benchmarks and are kept distinct from

same-system experimental validation.

2.7 Evidence for the Target Ternary System
No direct composition-resolved source was located in the reviewed accessible literature for the

density, molar volume, excess molar volume, heat capacity, mixing enthalpy, viscosity or thermal

conductivity of molten NaCl – CeCl3 – NdCl3. Related multicomponent studies confirm the relevance

of mixed actinide/lanthanide chloride chemistry but do not provide a substitute for the target system

[17, 32]. The ternary results of this thesis must therefore be classified primarily as predictions

constrained by binary validation and internal physical consistency.

The binary literature also shows why simple ideal interpolation is not a safe assumption.

Both NaCl – CeCl3 and NaCl – NdCl3 exhibit non-zero excess properties, exothermic mixing and

composition-dependent structural reorganisation. A binary-derived interpolation can be a useful

baseline, but a difference between that baseline and a direct ternary simulation is not by itself

evidence of a new compound or cooperative Ce–Nd mechanism. Such a claim requires species-

resolved structural evidence and, for a dynamical mechanism, time-resolved analysis.

This distinction is central to the present research design. Direct ternary PIM-MD results are

compared with binary-derived representations only to test whether additional ternary contributions

are resolved along the equal-Ce/Nd path. RDFs, separate Ce–Cl and Nd–Cl coordination distribu-

tions, shared-chloride topology and temporal persistence are then used to determine whether any

departure from binary-like behaviour has a physically identifiable microscopic counterpart.

2.8 Consolidated Research Gap and Implications for the Present
Study

The literature establishes a clear but uneven validation landscape. It is strongest for selected binary

equilibrium properties and weakest for composition-resolved transport and the target ternary

system. The principal evidence and its consequence for the thesis are summarised in Table 2.1.

Four gaps follow from this evidence map. First, no single published dataset provides an internally

consistent thermophysical, thermodynamic, structural and transport description of both complete

binaries over one common temperature grid. Second, broad-composition viscosity validation is

sparse, which makes convergence and transparent uncertainty treatment scientifically important

rather than merely procedural. Third, the available literature contains little direct evidence for

mixed Ce–Cl–Nd coordination and connectivity, particularly its temporal persistence. Fourth, the

target NaCl – CeCl3 – NdCl3 system lacks direct property data over the investigated composition

path.
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Table 2.1. Literature evidence relevant to the validation and interpretation strategy of the present thesis.

“Limited” denotes narrow composition coverage, indirect/derived evidence or incomplete directly reusable

data; it does not imply that the property has never been measured.

Property / evid-
ence

NaCl–NdCl3 NaCl–CeCl3 Implication for this thesis

Density and molar

volume

Direct experimental

basis over composition

and temperature

Usable correlations,

but weaker primary-

source accessibility

Stronger same-system volumet-

ric validation for Nd; Ce com-

parison is retained with proven-

ance caveat

Excess volume Direct non-ideal volu-

metric evidence

More limited direct

evidence

Binary non-ideality can be

tested; ternary excess volume

remains predictive

Mixing enthalpy Full-range calorimetry

at 1124 K

Direct calorimetry,

much of it graph based

Both binaries provide energetic

validation; ternary mixing en-

thalpy has no direct experi-

mental anchor

Local structure Pure-salt XAFS plus

rare-earth PIM literat-

ure

Pure-salt XAFS plus

rare-earth PIM literat-

ure

First-shell plausibility can be

tested; mixed Ce–Nd network

structure is a new simulation

result

Viscosity Broad finite-

composition ex-

periment not located

Broad finite-

composition ex-

periment not located

Treat primarily as converged

model prediction and compare

with related actinide/PIM evid-

ence

Thermal conduct-

ivity

Selected compositions

only

Direct composition-

specific measurements

available

Ce provides the stronger abso-

lute thermal-conductivity test;

Nd and ternary comparisons are

more limited

Target ternary No directly reusable NaCl – CeCl3 – NdCl3 property dataset located Binary anchoring, uncertainty

analysis and species-resolved

structure are essential; conclu-

sions are restricted to the invest-

igated equal-Ce/Nd path
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3.1 Physical Chemistry of Molten Chloride Salts
Molten salts are dense ionic liquids whose local organisation results from a competition among

several interaction classes. Long-range Coulomb attraction between oppositely charged ions

produces strong charge ordering, while like-charge repulsion and thermal motion prevent the

liquid from collapsing into a static ionic lattice. At short separation, overlap of occupied electron

densities produces a steep Pauli repulsion that defines the excluded-volume region and the first-shell

distances. Dispersion contributes additional cohesion, and field-induced electronic polarisation

becomes increasingly important for diffuse anions and highly charged cations [30, 35]. A useful

classical potential must represent the balance among these terms rather than Coulomb attraction

alone.

The systems considered here contain monovalent Na
+

together with trivalent lanthanide cations

Ln
3+

(Ln = Ce,Nd). Their relevance to nuclear salts arises from comparison with trivalent actinides

An
3+

(An = U,Pu), but the notation does not imply chemical identity. Relative to Na
+
, a trivalent

cation produces a stronger local electric field and competes more strongly for chloride neighbours.

Adding LnCl3 to NaCl therefore changes not only the component fractions but also cation–chloride

coordination, packing, chloride sharing and intermediate-range connectivity.

Polarizability and polarisation describe related but distinct quantities. Polarizability, αi, is the

susceptibility of ion i’s electron density to an applied field; polarisation is the induced electronic

response, commonly represented by an induced dipole µi = αiEi [30, 36]. Chloride has a diffuse

electron density and is strongly polarizable, but the lanthanide cations used in the present PIM also

possess finite polarizabilities. The instantaneous response is consequently collective: displacement

of one ion changes the local fields, induced dipoles and interactions of several neighbours. This

many-body mechanism is absent from a conventional rigid-ion model and is the principal reason

that a PIM is preferred for these multivalent chloride melts [15, 30, 35].
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Composition controls the populations of sodium-centred, lanthanide-centred and shared chloride

environments. At low LnCl3 content, lanthanide coordination shells are more strongly separated

by the sodium-chloride-rich liquid. Increasing LnCl3 raises the probability that chloride ions are

shared between neighbouring trivalent cations and that connected lanthanide–chloride motifs

form. In this sense, NaCl acts not only as a carrier salt but also as a structural modifier that dilutes

multivalent-cation connectivity.

Ce and Nd have the same formal charge but are not microscopically identical. The lanthanide

contraction gives Nd
3+

a smaller effective ionic radius than Ce
3+

, consistent with the shorter Nd–

Cl distance measured in the corresponding molten trichloride [14, 37]. Differences in ionic size,

polarizability and local field strength can therefore influence coordination and dynamics, while

their chemical similarity can still permit approximately interpolative behaviour along parts of the

ternary composition line.

Even when the three pure liquids are represented accurately, their mixtures need not be ideal

interpolations of the pure components. Mixing changes the relative numbers of unlike neigh-

bours, redistributes chloride between monovalent and trivalent cations and modifies the collective

polarisation energy. For a generic molar property Ym, the excess contribution is

Y E
m = Ym,mix −

∑
i

xiY
pure
m,i . (3.1)

A negative excess molar volume denotes contraction relative to ideal mole-fraction interpolation,

whereas a negative mixing enthalpy denotes an enthalpic stabilisation relative to separated pure

liquids at the same temperature and pressure. These deviations can arise from the combined effects

of packing, chloride redistribution, coordination changes, dispersion and many-body polarisation;

no single structural descriptor is expected to encode all contributions.

Temperature broadens ionic-distance and coordination distributions and shortens the lifetime

of many local motifs. Diffusion commonly increases and viscosity decreases, although strong

lanthanide–chloride association can persist far above the melting range. The interaction hier-

archy introduced here therefore provides the physical basis for the PIM, solution-thermodynamic,

structural and transport theories developed below.

3.2 Polarizable Ion Model
Classical molecular dynamics represents the ions as particles whose positions evolve under Newton’s

equations of motion. For ion i,

mi
d2ri
dt2

= Fi, (3.2)

where mi is the ionic mass, ri is its position and Fi is the force acting on it. The force is obtained

from the gradient of the total potential energy U ,

Fi = −∇iU. (3.3)
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The predicted structure and dynamics therefore depend directly on the interionic potential

used to describe U . In a classical fixed-valence description, the ionic oxidation states remain un-

changed and electronic excitations, redox reactions and explicit charge transfer are not represented.

Electronic response to the local ionic environment can nevertheless be included through induced

dipoles.

3.2.1 From the Rigid-Ion Model to the Polarizable Ion Model

In a rigid-ion model, each ion is assigned a fixed charge and interacts through pairwise electrostatic,

repulsive and dispersion contributions. Such models can reproduce some bulk properties, but they

assume that the electronic charge distribution of an ion remains unchanged regardless of its local

environment.

This approximation is restrictive for multivalent chloride melts. The strong electric fields

generated by Ce
3+

and Nd
3+

distort the relatively diffuse electronic density of neighbouring Cl
–

ions.

The resulting induced dipoles modify the effective interaction among several ions simultaneously.

Polarisation is therefore a many-body effect and cannot, in general, be represented by a single

transferable pair potential [30].

The Polarizable Ion Model (PIM) explicitly includes this electronic response. Its total potential

energy is commonly written as

U = UCoul + Urep + Udisp + Upol, (3.4)

where UCoul, Urep, Udisp and Upol denote the Coulomb, short-range repulsion, dispersion and

polarisation contributions, respectively.

3.2.2 Coulomb Interaction

The electrostatic interaction between the formal ionic charges is

UCoul =
∑
i<j

qiqj
4πε0rij

, (3.5)

where qi and qj are the charges of ions i and j, rij is their separation and ε0 is the vacuum

permittivity. In alternative unit systems, the factor 1/(4πε0) may be absorbed into the electrostatic

unit conversion.

The Coulomb term is attractive for oppositely charged ions and repulsive for ions of equal

sign. Because it decays as r−1
, it is intrinsically long-ranged and strongly influences both local

coordination and collective charge ordering. The use of formal ionic charges is compatible with the

PIM because the missing electronic response is represented separately through the induced-dipole

contribution.

3.2.3 Short-Range Repulsion

At small interionic separations, overlap between the electronic densities of neighbouring ions

produces a steep repulsive interaction associated with the Pauli exclusion principle. A Born–Mayer

form is commonly used:

19



Theory

Urep =
∑
i<j

Aij exp (−aijrij) , (3.6)

where Aij is the repulsive energy prefactor and aij controls the range or steepness of the

interaction. The parameters depend on the identities of the interacting species.

This term prevents oppositely charged ions from collapsing under Coulomb attraction and

determines the short-distance excluded-volume region. It therefore strongly influences equilibrium

cation–anion distances, first-shell radial-distribution-function peaks and the effective size of each

ion.

3.2.4 Dispersion Interaction

Dispersion arises from correlated fluctuations of electronic charge density. The leading contributions

are commonly represented by inverse-sixth- and inverse-eighth-power terms:

Udisp = −
∑
i<j

[
f ij
6 (rij)

Cij
6

r6ij
+ f ij

8 (rij)
Cij
8

r8ij

]
, (3.7)

where Cij
6 and Cij

8 are the dipole–dipole and dipole–quadrupole dispersion coefficients, respect-

ively. The functions f ij
n (r) damp the asymptotic inverse-power interactions at short separation,

where overlap of the electronic densities invalidates the long-range multipole expansion.

A commonly used Tang–Toennies damping function is

f ij
n (r) = 1− exp

(
−bijn r

) n∑
k=0

(
bijn r

)k

k!
, (3.8)

where bijn is a species-dependent damping parameter with dimensions of inverse length. Al-

though dispersion is generally weaker than Coulomb attraction in ionic melts, it contributes to

liquid cohesion, density and the transferability of the interaction model.

3.2.5 Induced Dipoles and Polarisation Energy

The local electric field acting on ion i induces a dipole moment,

µi = αiEi, (3.9)

where αi is the ionic polarisability and Ei is the local electric field produced by the surrounding

charges and induced dipoles. Because the local field depends on the complete ionic configuration,

the induced dipoles are mutually coupled.

The polarisation energy contains charge–dipole interactions, dipole–dipole interactions and the

energetic cost of creating each induced dipole. In compact tensor notation,
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Upol =
∑
i<j

[
qiµj ·T(1)

ij − qjµi ·T(1)
ij − µi ·T(2)

ij · µj

]
+
∑
i

|µi|2

2αi
, (3.10)

where T
(1)
ij and T

(2)
ij are the charge–dipole and dipole–dipole interaction tensors. The final

term is the dipole self-energy and penalises the creation of an induced dipole.

The induced dipoles correspond to the minimum of the polarisation energy for a fixed ionic

configuration,

∂Upol

∂µi
= 0. (3.11)

This condition expresses the adiabatic response of the electronic degrees of freedom to the

instantaneous ionic positions. The induced dipoles therefore adjust to changes in coordination and

local electric field much faster than the nuclei move.

The many-body character of Upol is important. Moving one ion changes the field acting on

several neighbouring ions, alters their dipoles and consequently modifies their interactions with

the rest of the system. Polarisation can therefore change coordination geometry, chloride sharing,

structural connectivity and ionic mobility even when the formal ionic charges remain fixed.

3.2.6 Short-Range Polarisation Damping

The point-charge expression for the electric field becomes unphysical when ions approach suffi-

ciently closely for their electronic densities to overlap. Without correction, the induced dipole can

become excessively large, producing an unphysical over-polarisation or polarisation catastrophe.

Short-range damping is therefore applied to the charge–dipole interaction. The damping

accounts approximately for charge penetration and electronic-density overlap, effects that are

absent from the idealised point-charge description. A Tang–Toennies-type function may be used to

gradually reduce the induction interaction at short distance while recovering the correct asymptotic

form at large separation [30].

The damping parameters are species dependent because the degree of electronic overlap differs

among Na–Cl, Ce–Cl, Nd–Cl and Cl–Cl pairs. Their physical role is to stabilise realistic first-shell

structures without suppressing the long-range response of the induced dipoles.

3.2.7 Parameterisation and Transferability

The parameters of a PIM determine the balance among electrostatics, repulsion, dispersion and

induction. Modern polarizable models are commonly developed using electronic-structure calcula-

tions, from which forces, dipoles and stresses can be used as reference information. Experimental

properties may then provide additional validation of the resulting model.
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A distinction must be maintained between parameterisation and validation. Agreement with

the data used to determine the parameters does not by itself demonstrate predictive capability.

Transferability must be assessed using independent properties, temperatures and compositions.

The rare-earth chloride model used as the theoretical basis for the present systems was developed

consistently across several trivalent lanthanide chlorides and their mixtures with NaCl [15]. Such

a systematic parameterisation is important for the ternary NaCl-CeCl3-NdCl3 system because Ce

and Nd interactions must be represented on a mutually consistent energetic basis.

Nevertheless, transferability is not guaranteed. A model fitted predominantly to pure salts may

perform differently when applied to strongly non-ideal mixtures, and a fixed-valence PIM cannot

represent oxidation-state changes, chemical reactions or explicit charge transfer. Its validity must

therefore be judged for the specific equilibrium, structural and transport properties examined.

For the melts considered in this thesis, the principal advantage of the PIM is that it connects

the strong local electric fields of the trivalent cations to the electronic response of chloride. This

provides a physically grounded route from ionic interactions to coordination, chloride sharing and

collective dynamics, forming the basis for the thermophysical, structural and transport theories

introduced in the following sections.

3.3 Thermophysical and Thermodynamic Properties
Thermophysical and energetic properties describe how a molten salt responds to changes in tem-

perature, pressure and composition. They provide complementary information about the packing,

mechanical response, thermal storage capacity and energetic stability of the liquid. In molecular sys-

tems, these properties may be expressed either as thermodynamic derivatives or, where appropriate,

as equilibrium fluctuation relations.

3.3.1 Density and Molar Volume

The mass density of a liquid is defined as

ρ =
m

V
, (3.12)

where m is the total mass and V is the volume. For a fluctuating equilibrium volume, the mean

density may be expressed using the average volume,

ρ =
m

⟨V ⟩
. (3.13)

For a fluctuating NPT trajectory, however, the direct time average ⟨m/V (t)⟩ is not algebraically

identical to m/⟨V ⟩. Equation (3.13) is therefore used here as the thermodynamic mean-volume

expression; the exact trajectory estimator adopted for each simulation family is stated explicitly in

Section 4.5.1.

Density depends on both the mass of the constituent ions and the volume occupied by the liquid.

Consequently, an increase in density with increasing CeCl3 or NdCl3 content does not necessarily

indicate more efficient ionic packing, because Ce and Nd are substantially heavier than Na.

The molar volume is

22



3.3 Thermophysical and Thermodynamic Properties

Vm =
V

n
, (3.14)

where n is the amount of substance. It may also be written as

Vm =
Mmix

ρ
, (3.15)

where Mmix is the molar mass of the mixture. Molar volume is particularly useful for analysing

compositional changes because it separates the effect of molecular mass from contraction or

expansion of the liquid.

3.3.2 Excess Molar Volume

The excess molar volume measures the departure of a mixture from an ideal mole-fraction-weighted

interpolation of the pure-component molar volumes. For a binary mixture,

V E
m = Vm,mix −

[
x1V

pure
m,1 + x2V

pure
m,2

]
, (3.16)

where x1 and x2 are the component mole fractions. For a multicomponent mixture,

V E
m = Vm,mix −

∑
i

xiV
pure
m,i . (3.17)

The pure-component quantities must refer to the same temperature and pressure as the mixture.

A negative excess molar volume indicates contraction relative to ideal interpolation, whereas

a positive value indicates expansion. Contraction may arise from electrostriction, coordination

rearrangement or more efficient occupation of the available volume. It should not be interpreted

solely as improved packing without corresponding structural evidence.

3.3.3 Thermal Expansion

The volumetric thermal-expansion coefficient is defined as

αV =
1

V

(
∂V

∂T

)
P

. (3.18)

An equivalent expression in terms of density is

αV = −1

ρ

(
∂ρ

∂T

)
P

. (3.19)

The coefficient αV has units of K−1
and represents the fractional change in volume per unit

increase in temperature at constant pressure. In molten salts, thermal expansion reflects the

anharmonicity of the effective ionic interactions and the increased configurational space accessed

at higher temperature.

Within the isothermal–isobaric ensemble, thermal expansion may also be related to the covari-

ance of volume and enthalpy:
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αV =
⟨V H⟩ − ⟨V ⟩⟨H⟩

kBT 2⟨V ⟩
, (3.20)

where H is the enthalpy and kB is the Boltzmann constant. This relation shows that thermal

expansion is connected to correlated fluctuations of volume and enthalpy.

3.3.4 Compressibility and Sound Speed

The isothermal compressibility is

κT = − 1

V

(
∂V

∂P

)
T

. (3.21)

It measures the fractional volume change produced by a pressure change at constant temperature

and has units of Pa−1
. The inverse of the isothermal compressibility is the isothermal bulk modulus,

KT =
1

κT
. (3.22)

In the isothermal–isobaric ensemble, κT is related to equilibrium volume fluctuations:

κT =
⟨V 2⟩ − ⟨V ⟩2

kBT ⟨V ⟩
. (3.23)

A more compressible liquid exhibits larger equilibrium volume fluctuations, whereas a mechan-

ically stiffer liquid exhibits smaller fluctuations.

The adiabatic compressibility is defined as

κS = − 1

V

(
∂V

∂P

)
S

, (3.24)

where the derivative is evaluated at constant entropy. The isothermal and adiabatic compressib-

ilities are related through

κS
κT

=
CV

CP
. (3.25)

Because heat exchange is absent during an adiabatic compression, κS is generally smaller than

κT .

The adiabatic speed of sound is

vs =
1

√
ρκS

, (3.26)

where vs is expressed in ms−1
. The sound speed characterises the propagation of small adiabatic

pressure disturbances through the liquid and links the mechanical response of the melt to its density.

It is also used later in the structural-coherence description of thermal conductivity.
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3.3.5 Heat Capacity

Heat capacity quantifies the amount of energy required to increase the temperature of a system.

The constant-volume heat capacity is defined as

CV =

(
∂U

∂T

)
V

, (3.27)

where U is the internal energy. The constant-pressure heat capacity is

CP =

(
∂H

∂T

)
P

, (3.28)

where

H = U + PV. (3.29)

In the canonical ensemble, the constant-volume heat capacity is related to internal-energy

fluctuations:

CV =
⟨U2⟩ − ⟨U⟩2

kBT 2
. (3.30)

Similarly, in the isothermal–isobaric ensemble, the constant-pressure heat capacity is related to

enthalpy fluctuations:

CP =
⟨H2⟩ − ⟨H⟩2

kBT 2
. (3.31)

These expressions refer to the total heat capacity of the simulated system. Division by the

amount of substance gives the molar heat capacity, while division by the total mass gives the

mass-specific heat capacity.

The molar heat capacity is commonly expressed in Jmol−1K−1
, whereas the mass-specific

heat capacity is expressed in J kg−1K−1
. The volumetric heat capacity may be obtained from

CP,vol = ρcP , (3.32)

where cP is the mass-specific heat capacity. Equivalently,

CP,vol =
CP,m

Vm
, (3.33)

where CP,m is the molar heat capacity. Volumetric heat capacity represents the amount of

thermal energy stored per unit volume and is therefore important in thermal-transport analysis.

3.3.6 Mixing Enthalpy

The enthalpy of mixing measures the energetic change associated with forming a mixture from its

pure components at the same temperature and pressure. For a binary system,
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∆Hmix = Hmix − [x1H
pure
1 + x2H

pure
2 ] . (3.34)

For a multicomponent system,

∆Hmix = Hmix −
∑
i

xiH
pure
i . (3.35)

A negative mixing enthalpy indicates that the mixed liquid is energetically more stable than

the ideal pure-component reference. In molten NaCl – MCl3 systems, such stabilisation may arise

from favourable unlike-ion interactions, chloride redistribution, polarisation and changes in local

coordination. A positive value indicates energetically unfavourable mixing.

The composition at which the minimum occurs need not be equimolar because the strength of

non-ideality depends on the balance among chloride availability, cation charge asymmetry, packing

and structural connectivity. Mixing enthalpy is a bulk thermodynamic difference between the

mixture and pure-component reference states. It contains the net change in Coulomb, repulsive,

dispersion and polarisation energies over all ionic environments, together with the pressure–volume

contribution. By contrast, one RDF peak reports only one pairwise spatial correlation over a limited

radial interval. A change in its height or position can therefore support a structural interpretation,

but it cannot uniquely determine either the sign or magnitude of ∆Hmix [30, 38].

3.3.7 Excess Heat Capacity

The excess constant-pressure heat capacity is defined as

CE
P = CP,mix −

∑
i

xiC
pure
P,i . (3.36)

It quantifies the deviation of the mixture heat capacity from ideal mole-fraction-weighted

interpolation. The excess heat capacity may be related to the temperature dependence of the excess

enthalpy:

CE
P =

(
∂HE

∂T

)
P

. (3.37)

A non-zero excess heat capacity therefore indicates that the enthalpic non-ideality of the mixture

changes with temperature. When CE
P > 0, HE

increases with temperature: a negative excess

enthalpy becomes less negative, or a positive excess enthalpy becomes more positive. When CE
P < 0,

HE
decreases with temperature: a positive excess enthalpy becomes less positive, or a negative

excess enthalpy becomes more negative. The sign of CE
P thus describes the temperature derivative

of mixing non-ideality and does not, by itself, establish whether mixing is favourable at a selected

temperature [39, 40].

3.4 Structural Characterisation
The properties of molten salts depend not only on their overall composition, but also on how the

constituent ions are organised at local and intermediate length scales. In multivalent chloride
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melts, particularly important features include rare-earth–chloride coordination, the distribution

of coordination states and the formation of chloride-mediated connections between neighbouring

rare-earth cations. These structural features may be described using radial distribution functions,

coordination numbers, free-energy-like pair correlations and connectivity-based measures.

3.4.1 Radial Distribution Functions

The partial radial distribution function gij(r) describes the spatial correlation between ions of

species i and j. It is defined as the probability of finding an ion of species j at a distance r from a

reference ion of species i, relative to the probability expected for a spatially uniform distribution

at the same bulk number density. For an isotropic multicomponent liquid, it may be written

schematically as

gij(r) =
1

4πr2ρj

〈
1

Ni

∑
a∈i

∑
b∈j
b̸=a

δ (r − rab)

〉
, (3.38)

where Ni is the number of ions of species i, ρj is the bulk number density of species j, rab is

the separation between ions a and b, and δ is the Dirac delta function. The angular brackets denote

an equilibrium average.

For an ideal spatially uncorrelated distribution,

gij(r) = 1. (3.39)

Values greater than unity indicate an enhanced probability of finding the pair at separation r,

whereas values below unity indicate depletion. At very short separation, gij(r) approaches zero

because overlap repulsion prevents the ions from occupying the same region of space.

The position of the first maximum identifies the most probable nearest-neighbour separation.

Its height indicates the degree of spatial ordering, while its width reflects the distribution of instant-

aneous interionic distances. The first minimum separates the first coordination shell approximately

from the surrounding liquid. Subsequent peaks describe ordering at larger distances, including

packing effects and connectivity between neighbouring coordination environments.

The interpretation of peak height requires caution. A higher first peak does not necessarily

correspond to a larger number of neighbours because the coordination population also depends on

the peak width, species number density and radial integration range.

3.4.2 Coordination Numbers and Their Distributions

The cumulative coordination number of species j surrounding species i within a radius r is obtained

from

Nij(r) = 4πρj

∫ r

0
gij(r

′) r′2 dr′. (3.40)

When evaluated at the first minimum rmin of the corresponding RDF,
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Nij = 4πρj

∫ rmin

0
gij(r) r

2 dr, (3.41)

the result represents the mean number of ions of species j in the first coordination shell around

species i.

Because molten salts are dynamically disordered, the coordination number of an individual

ion fluctuates with time. The ensemble-averaged value is therefore generally non-integer and

should not be interpreted as a fixed molecular stoichiometry. Furthermore, the mean alone does

not describe the complete coordination environment. Two liquids may possess the same average

coordination number while having different proportions of six-, seven-, eight- or higher-coordinate

cations.

The coordination-number probability distribution may be written as

Pi(n) =

〈
N

(n)
i

Ni

〉
, (3.42)

where N
(n)
i is the number of ions of species i having instantaneous coordination number n.

The mean coordination number is then

⟨CNi⟩ =
∑
n

nPi(n). (3.43)

The breadth of Pi(n) quantifies structural heterogeneity and the coexistence of different local

environments. Polarizable simulations of trivalent rare-earth chlorides have shown broad coordina-

tion distributions, commonly spanning approximately six- to nine-fold environments, rather than a

single rigid coordination state [15].

The numerical value of a coordination number depends on the definition of the first coordination

shell. Consequently, comparisons between systems require a consistent physical definition of the

coordination boundary. The exact selection applied in this work is described in the methodology

chapter.

3.4.3 Potential of Mean Force

The radial distribution function may also be expressed as a pair potential of mean force,

Wij(r) = −kBT ln gij(r), (3.44)

where Wij(r) has units of energy per interacting pair, kB is the Boltzmann constant and T is

the absolute temperature. For molar quantities, multiplication by the Avogadro constant converts

the result to energy per mole.

The potential of mean force represents the reversible free-energy change associated with bringing

two selected ions to separation r, while all remaining degrees of freedom are averaged over. A

minimum in Wij(r) corresponds to a statistically preferred separation, while a maximum or barrier

corresponds to a less probable region separating structural states.
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The potential of mean force is not identical to the pair interaction appearing in the force field. It

includes the collective influence of the surrounding liquid, including screening, packing, polarisation

and many-body structural reorganisation. It is also defined only up to an additive constant. A

convenient reference is therefore commonly chosen such that

lim
r→∞

Wij(r) = 0, (3.45)

provided that the RDF approaches unity at sufficiently large separation.

3.4.4 Chloride Sharing and Structural Speciation

The coordination shells of neighbouring rare-earth cations may become connected when they

contain one or more common chloride ions. A chloride associated with only one rare-earth coordin-

ation environment may be described as terminal, whereas a chloride associated with two or more

rare-earth cations acts as a bridge.

The topology of two connected coordination polyhedra can be classified by the number of

shared chloride ions:

• one shared chloride corresponds to corner sharing;

• two shared chlorides correspond to edge sharing;

• three shared chlorides correspond to face sharing.

These definitions are geometric and do not imply permanent chemical bonds. The coordination

shells fluctuate continuously, and chloride ions may enter, leave or move between neighbouring

environments. Corner-, edge- and face-sharing configurations should therefore be interpreted as

instantaneous or statistically populated structural motifs. In the operational analysis of this thesis,

configurations sharing three or more chlorides are grouped into a single face/higher-order category;

the exact counting rule is given in Section 4.5.7.

Connectivity also provides a basis for describing the size of rare-earth-centred aggregates. A

rare-earth coordination environment that does not share chloride with another rare-earth cation

may be described as monomer-like. Two connected rare-earth centres form a dimer-like motif,

while three connected centres form a trimer-like motif. Larger connected components may be

described as oligomeric, polymeric or network-like.

The term speciation must be used cautiously in a molten liquid. These motifs are not necessarily

discrete molecular species with permanent stoichiometry. They represent a statistical distribution of

dynamically interconverting coordination environments. Accordingly, structural speciation should

be discussed together with the underlying geometric definition and, where available, information

about the persistence of the identified motifs.

Recent polarizable-model calculations for molten rare-earth chlorides found that neighbouring

rare-earth coordination environments are connected predominantly through corner- and edge-

sharing configurations [15]. The degree of connectivity decreases upon dilution with NaCl, con-

sistent with the role of the alkali chloride as a structural modifier separating rare-earth-centred

environments.
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3.4.5 Temporal Persistence of Structural Motifs

Static coordination and chloride-sharing populations describe how frequently a motif occurs, but not

how long it survives or whether it reforms after a short interruption. This distinction is important

for transport because two liquids can have similar time-averaged connectivity while differing

substantially in the rate at which their local networks rearrange. Studies of alkali–trivalent halide

mixtures have linked the relaxation of the first coordination shell and the evolving trivalent-cation

network to the shear-relaxation time of the liquid [33].

Two complementary notions of persistence are useful. Continuous persistence requires a contact

or shared-chloride linkage to remain present without interruption over the lag interval. It therefore

probes the lifetime of an uninterrupted local configuration. Intermittent persistence asks whether

the same contact or linked pair is present again after a lag time and allows temporary breakage and

reformation. Intermittent persistence can therefore be much longer than continuous persistence in

a liquid whose local coordination is labile but recurrent.

The comparison between these measures separates two physically different limits. Long con-

tinuous persistence indicates locally long-lived configurations. A much larger intermittent than

continuous timescale indicates that configurations break readily but re-form repeatedly, so the

network is recurrent without being mechanically frozen. Likewise, a high rate of changes between

corner-, edge- and face-sharing states can coexist with persistent rare-earth–rare-earth connectivity

if a linked pair changes the number of shared chlorides without becoming fully disconnected.

These temporal descriptors are therefore interpreted together with coordination and connectivity

populations rather than as independent proof of a transport mechanism. The exact indicators, time

windows and finite-lag estimators used in this thesis are defined in Section 4.5.10.

3.4.6 Intermediate-Range Order

Local coordination describes the nearest-neighbour environment of an ion, whereas intermediate-

range order refers to correlations extending across several coordination shells. In multivalent

chloride melts, such organisation may arise from chloride-mediated connections between neigh-

bouring rare-earth-centred coordination environments.

Rare-earth–rare-earth radial distribution functions contain information about the characteristic

separation between neighbouring coordination centres. However, these functions alone do not

determine whether two rare-earth cations are connected through one or more shared chloride ions.

Intermediate-range organisation is therefore interpreted by combining cation–anion coordination,

cation–cation correlations and chloride-sharing topology.

In diffraction experiments, intermediate-range order may appear as a prepeak or first sharp

diffraction peak at a wave number below the principal nearest-neighbour peak. Such features have

been reported in molten trivalent chlorides and associated with extended cation correlations and

connected coordination environments [41, 42].

3.5 Transport Properties
Transport properties describe the irreversible transfer of momentum and thermal energy through

the liquid. Unlike equilibrium thermodynamic properties, they depend on the temporal relaxation
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of spontaneous microscopic fluctuations. Within linear-response theory, the corresponding macro-

scopic transport coefficients can be related to equilibrium time-correlation functions. In the present

work, the principal transport properties are shear viscosity and thermal conductivity.

3.5.1 Shear Viscosity

Shear viscosity quantifies the resistance of a liquid to deformation under an applied shear stress. At

the macroscopic level, a Newtonian liquid obeys

ταβ = η

(
∂vα
∂xβ

+
∂vβ
∂xα

)
, α ̸= β, (3.46)

where ταβ is the off-diagonal shear stress and η is the dynamic shear viscosity. For simple shear

in which the reciprocal velocity gradient vanishes, this reduces to the familiar ταβ = η ∂vα/∂xβ

form. The SI unit of η is Pa s.

From a microscopic perspective, viscosity represents the transport and relaxation of transverse

momentum. Spontaneous fluctuations of the off-diagonal components of the microscopic stress

tensor occur even in an equilibrium liquid. The Green–Kubo relation connects the persistence of

these fluctuations to the shear viscosity:

η =
V

kBT

∫ ∞

0
⟨Pαβ(0)Pαβ(t)⟩ dt, α ̸= β, (3.47)

where V is the system volume, T is the absolute temperature, kB is the Boltzmann constant

and Pαβ is an off-diagonal component of the microscopic stress tensor. The quantity

Cαβ(t) = ⟨Pαβ(0)Pαβ(t)⟩ (3.48)

is the stress autocorrelation function. It measures how long the liquid retains memory of an

instantaneous shear-stress fluctuation [43].

For comparable stress-fluctuation amplitudes, more rapidly decaying stress correlations generally

contribute a smaller Green–Kubo integral, whereas more persistent correlations contribute a

larger one. The viscosity depends on both the magnitude and the temporal decay of the stress

autocorrelation function. The formal upper integration limit in Equation (3.47) is infinite because

complete loss of stress memory is assumed in the long-time limit.

In multivalent chloride melts, viscosity is influenced by more than the motion of individual ions.

Rare-earth–chloride coordination, chloride sharing and the persistence of connected structural

motifs can restrict independent ionic motion and increase the degree of cooperative rearrangement

required for flow. More persistent or extensive connectivity may therefore slow stress relaxation.

However, average coordination number alone does not determine viscosity, because the lifetimes,

topology and collective dynamics of the coordination environments are also important.

Increasing temperature generally increases the rate of structural rearrangement and reduces

the persistence of stress fluctuations, leading to a decrease in viscosity. Composition can produce

non-linear behaviour when the addition of CeCl3 or NdCl3 changes the balance between isolated

coordination environments and chloride-linked structures.
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Because viscosity depends on an integral of a decaying correlation function, it is generally more

statistically demanding than properties obtained from simple equilibrium averages. The theoretical

relation is given here, whereas the treatment of stress components, convergence and the finite

integration interval is described in the methodology chapter.

3.5.2 Thermal Conductivity

Thermal conductivity quantifies the ability of a material to transport thermal energy in response to

a temperature gradient. At the macroscopic level, Fourier’s law is

q = −λ∇T, (3.49)

whereq is the heat-flux density, ∇T is the temperature gradient andλ is the thermal conductivity.

The negative sign indicates that heat flows from high to low temperature. The SI unit of thermal

conductivity is Wm−1K−1
.

Within equilibrium linear-response theory, thermal conductivity is formally related to fluctu-

ations of the microscopic heat current through the Green–Kubo relation [44]:

λ =
1

3V kBT 2

∫ ∞

0
⟨JQ(0) · JQ(t)⟩ dt, (3.50)

where JQ is the microscopic heat current and the factor 1/3 accounts for averaging over the

three Cartesian directions of an isotropic liquid.

A direct evaluation of Equation (3.50) was not performed in the present work because the

required microscopic heat-current time series was not generated by the production simulations.

Thermal conductivity was instead estimated using the structural-coherence model described below.

Structural-Coherence Model

An alternative liquid-state description relates thermal conductivity to the ability of the liquid to store

thermal energy, the characteristic propagation speed of collective disturbances and the distance

over which structural correlations remain coherent. The structural-coherence model is written as

λ =
1

3
CP,volvsℓsc, (3.51)

where CP,vol is the volumetric heat capacity at constant pressure, vs is the adiabatic speed of

sound and ℓsc is the structural coherence length [45].

The volumetric heat capacity describes the quantity of thermal energy that can be stored

per unit volume and temperature change. The sound speed represents a characteristic velocity

for the propagation of small collective disturbances through the melt. The structural coherence

length represents the effective distance over which such disturbances retain coherence before being

disrupted by structural disorder.

The factor 1/3 is analogous to the isotropic projection factor appearing in kinetic descriptions

of transport. Dimensional consistency follows from
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[CP,volvsℓsc] =
J

m3K

m

s
m =

W

mK
. (3.52)

The structural coherence length is informed by the spatial decay of pair-correlation oscillations

and is interpreted within the model as an effective mean free path for collective energy carriers.

This creates a direct link between equilibrium liquid structure and thermal transport:

pair correlations −→ ℓsc −→ λ. (3.53)

The structural-coherence relation is not an exact Green–Kubo identity. Instead, it is a physically

interpretable liquid-state model that summarises complex microscopic energy-transfer processes

through an effective heat capacity, propagation velocity and coherence length. The formal statistical-

mechanical definition remains the heat-current Green–Kubo relation in Equation (3.50).

For multicomponent melts, chemical and structural disorder can modify ℓsc even when density

and heat capacity are similar. Accordingly, the model provides a means of interpreting differences

between the binary NaCl – CeCl3 and NaCl – NdCl3 systems and the ternary NaCl – CeCl3 – NdCl3

melt in terms of their underlying liquid structure.
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Methodology

4.1 Computational Workflow
A shared overall workflow was applied to the binary NaCl – CeCl3 and NaCl – NdCl3 systems

and to the selected NaCl – CeCl3 – NdCl3 ternary compositions. Here, “shared” denotes the same

sequence of system construction, NPT sampling, NVT sampling and post-processing; it does not

imply that every property used an identical retained window or uncertainty estimator. Charge-

neutral, composition-specific PIM cells were prepared for constant-pressure equilibration. Each

state point was then simulated in the NPT ensemble to establish its equilibrium volume and generate

thermophysical and energetic time series. The corresponding mean NPT volume was subsequently

assigned to a fixed-volume NVT production run for structural and transport analyses.

Direct trajectory-derived quantities were distinguished from fitted or model-based quantities.

Density, molar volume, enthalpy, heat capacity and compressibility-related quantities were obtained

principally from NPT outputs. Structural properties were obtained from NVT trajectories, and

viscosity was evaluated from NVT stress-tensor fluctuations. Thermal conductivity was estimated

with the structural-coherence model by combining NPT-derived thermophysical inputs with RDF-

derived structural information. Redlich–Kister and Molecular Interaction Volume Model calculations

were applied during post-processing and were not treated as direct MD observations.

The simulated systems, interaction model, simulation protocol, property calculations, ther-

modynamic models, statistical treatment and validation hierarchy are described in Sections 4.2

to 4.7.

4.2 Simulated Systems and Compositions
The complete binary NaCl – CeCl3 and NaCl – NdCl3 composition ranges and an equal-Ce/Nd com-

position line through the ternary NaCl – CeCl3 – NdCl3 system were investigated. Each state point

contained 2000 ions. This size provided many independent local coordination environments while
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retaining sufficiently fine integer composition resolution and making a 124-state PIM campaign

computationally tractable. It was therefore a physics–cost compromise rather than the outcome of

a separate finite-size scaling study; finite-size effects remain part of the model uncertainty.

The common grid T = 900, 1000, 1100 and 1200 K overlaps the temperature range of the

available rare-earth-chloride property literature and provides four evenly spaced points for thermal

slopes and regression diagnostics. The 100 K spacing is wide enough to resolve temperature

trends relative to sampling noise while preserving a compact common grid across all compositions.

Homogeneous liquid trajectories were analysed at every state point; low-temperature rare-earth-rich

states below the equilibrium liquidus are consequently interpreted as metastable liquid extensions

rather than phase-stability predictions [22, 27, 31].

4.2.1 Composition Definition

Compositions were defined on a salt-formula-unit basis. Because each component contains one

cation per formula unit, the component mole fractions were obtained directly from the cation

populations:

Ncat = NNa +NCe +NNd, (xNaCl, xCeCl3 , xNdCl3) =
(NNa, NCe, NNd)

Ncat
. (4.1)

Species absent from a given binary system were assigned a population of zero, and charge neutrality

required:

NCl = NNa + 3NCe + 3NNd. (4.2)

The fixed cell size and integer populations prevented some nominal compositions from being

represented exactly. Realised mole fractions calculated from runtime.inpt and data.inpt were

therefore used in all thermodynamic calculations, while nominal values were retained for state-point

names and prescribed-grid comparisons. The exact integer populations and realised compositions

are preserved in the archived input and post-processing tables.

4.2.2 Composition and State-Point Grids

Binary Systems

For both binary systems,

x(MCl3) = 0.0, 0.1, 0.2, . . . , 0.9, 1.0, M ∈ {Ce,Nd}. (4.3)

The endpoints corresponded to pure NaCl and pure MCl3; each binary grid therefore contained 11

compositions and 44 composition–temperature state points.

Ternary Composition Line

The ternary calculations followed

xCeCl3 = xNdCl3 =
1− xNaCl

2
, (4.4)
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with xNaCl = 0.10, 0.20, . . . , 0.90. The Ce-to-Nd salt ratio was therefore unity throughout the

series. This nine-point pseudo-binary line did not constitute complete sampling of the ternary

composition triangle.

Table 4.1. Composition and temperature coverage. Realised mole fractions derived from the integer cation

populations were used in calculations.

System Nominal composition grid Temperatures /
K

Points States

NaCl – CeCl3 xCeCl3 = 0.0–1.0, increment 0.1 900, 1000, 1100,

1200

11 44

NaCl – NdCl3 xNdCl3 = 0.0–1.0, increment 0.1 900, 1000, 1100,

1200

11 44

NaCl – CeCl3 – NdCl3 xNaCl = 0.10–0.90, xCeCl3 = xNdCl3 900, 1000, 1100,

1200

9 36

Total — — 31 124

4.3 Molecular-Dynamics Model and Implementation

4.3.1 Polarizable Ion Model and Parameterisation

All simulations used a fixed-valence Polarizable Ion Model comprising formal charge–charge

interactions, Born–Mayer repulsion, damped dispersion and many-body polarisation through

induced ionic dipoles. The governing equations and physical interpretation are given in Chapter 3.

The published single-species and NaCl – MCl3 parameters were taken from the DFT-derived rare-

earth-chloride parameterisation of Goloviznina et al. [15] and were retained without composition-,

temperature- or ensemble-dependent refitting. The binary NaCl – CeCl3 and NaCl – NdCl3 subsets

were combined for the ternary system; the additional Ce – Nd cross interaction described below

was therefore treated as a modelling assumption.

Table 4.2. Ionic properties used in the Polarizable Ion Model.

Species Mass / u Charge / e Polarizability / a.u.

Na
+

22.989 +1 0.900

Cl
–

35.453 −1 20.000

Ce
3+

140.12 +3 7.874

Nd
3+

144.24 +3 6.619

All species were mobile and retained their formal oxidation states. Electronic response was

represented through induced dipoles, but redox reactions, explicit charge transfer and changes in

oxidation state were outside the model.

For the ternary system, the Ce – Nd cross parameters supplied to MetalWalls were

(α,B,C6, C8, b6, b8) = (3.000, 0.000, 40.928, 85.8035, 1.500, 1.000)
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in MetalWalls atomic units. The mixed dispersion coefficients were defined by

CCe−Nd
n =

CCe−Ce
n + CNd−Nd

n

2
, n ∈ {6, 8}. (4.5)

The remaining cross parameters were assigned exactly as listed in the ternary input files and were

not fitted to ternary measurements. Equation (4.5) is an arithmetic average; it is therefore reported

explicitly rather than being labelled generically as a geometric Lorentz–Berthelot rule. Because Ce
3+

and Nd
3+

are chemically similar and their binary trichloride mixture is expected to be close to ideal,

the assignment was treated as a controlled interpolation. Its residual effect was not propagated as a

formal state-point uncertainty and was instead assessed through smooth ternary trends, physical

admissibility and consistency with the binary limits. Complete pair and damping parameters remain

in the archived inputs.

4.3.2 Induced Dipoles, Electrostatics and Software

Induced dipoles were minimised at every MD step using the MetalWalls conjugate-gradient solver

with a tolerance of 10−7
in internal units. Maximum iteration limits of 100 and 1000 were used

according to the archived production input. Three-dimensional periodic boundary conditions were

applied, and long-range electrostatics were evaluated with the periodic Coulomb implementation

in MetalWalls. The principal numerical settings are listed in Table 4.3.

Table 4.3. Principal numerical settings used for the interaction model.

Setting Value

Boundary conditions Three-dimensional periodic

Dipole minimisation Conjugate gradient, tolerance 1.0× 10−7

Maximum dipole iterations 100 or 1000, according to the production input

Coulomb real-space cutoff 22.677 bohr ≈ 12.0 Å

Coulomb real-space tolerance 1.63× 10−5

Coulomb reciprocal-space tolerance 1.0× 10−7

Fumi–Tosi cutoff 22.677 bohr ≈ 12.0 Å

The simulations represented homogeneous bulk liquids without walls, electrodes or liquid–

vacuum interfaces and were run with MetalWalls on the DelftBlue high-performance computing

system. Pair coefficients, damping parameters, species properties and numerical solver settings were

read directly from the archived production inputs rather than reconstructed from rounded values in

the thesis tables. The tables therefore summarise the calculation, while the input archive remains

the authoritative reproducibility record. MetalWalls atomic units were converted during post-

processing. The interaction parameters and dipole treatment were unchanged between NPT and

NVT stages; only the thermodynamic constraints and production settings changed. The complete

runtime.inpt, data.inpt and restart files were retained for reproducibility.
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4.4 Simulation Protocol
Composition-specific preparation inputs supplied the initial coordinates, velocities and box estimates

used to initiate the NPT simulations. No data from this preparation stage entered the reported

properties.

4.4.1 Integration Settings and Simulation Stages

All simulations used a timestep of 20.670687 atomic units (≈ 0.5 fs). Temperature was controlled

with a thermostat chain of length five, relaxation time 20670.687 atomic units (≈ 0.5 ps), iteration

tolerance 10−17
, and maximum iteration count 100. NPT simulations used a barostat chain of length

five, target pressure 3.3988276 × 10−9
atomic units (≈ 1 bar), and relaxation time 103353.433

atomic units (≈ 2.5 ps); the barostat was disabled for NVT production.

Table 4.4. Simulation stages and principal analysis roles.

Stage Ensemble Length Principal analysis role

Constant-pressure

production

NPT 1,000,000 steps

(500 ps)
Equilibrium volume, density, volume, enthalpy,

heat capacity and compressibility inputs.

Standard fixed-volume

production

NVT 1,400,000 steps

(700 ps)
RDF, coordination and connectivity analyses.

Extended fixed-volume

production

NVT 10,000,000 steps

(5 ns)
Viscosity and long-time structural

convergence checks for the corresponding

production families.

Every reported value was linked to a specific system, realised composition, temperature, en-

semble, trajectory file and retained interval. The 700 ps NVT series supplied the standard structural

dataset, whereas the exact 5 ns NVT series supplied viscosity and selected long-time structural

checks. This source mapping prevented outputs from one ensemble or production length from

being substituted silently for another.

For the standard 700 ps structural trajectories, the first 400,000 MD steps (200 ps) were excluded

and the final 1,000,000 steps (500 ps) were used for RDF, coordination and connectivity calculations.

The extended trajectories were analysed using the property-specific retained intervals described

below.

4.4.2 NPT-to-NVT State Preparation

A separate NPT simulation was performed for each composition and temperature. The final

NPT restart, restart.2.out, was copied to data.inpt; its coordinates and velocities were

retained. The fixed NVT volume was obtained only after the NPT volume series had reached a

stable late-time region. For this state-transfer operation, box parameters.out was averaged over

500,000 ≤ nstep ≤ 1,000,000:

⟨V ⟩ = 1

Nprod

Nprod∑
i=1

Vi, Lx = Ly = Lz = ⟨V ⟩1/3 . (4.6)
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Only the box dimensions were replaced; the ionic coordinates were not rescaled. They were

interpreted under the reassigned periodic cell, and the periodic image convention was used for

coordinates outside the new primary box. The reassignment was followed by checks of the initial

energy, pressure, temperature and minimum interionic separations. Any transient associated with

the new fixed volume was excluded before structural or transport analysis. Thus, the fixed-volume

trajectory was treated as a continuous run with post-processed equilibration removal rather than

as five nanoseconds of automatically accepted data. The NVT input retained the matching timestep,

thermostat, interaction and dipole settings, while the barostat was removed.

4.4.3 Output Sampling and Run Acceptance

The principal extended-NVT output intervals are given in Table 4.5.

Table 4.5. Principal output intervals used in the extended NVT simulations.

Output NaCl–NdCl3 NaCl–CeCl3 Ternary Use

Coordinate trajectory 100 100 10000 Extended structural / temporal

analysis

Box parameters 100 100 100 Fixed-cell verification

Energies 100 100 100 Stability and equilibration

Temperature 1000 1000 100 Thermostat diagnostic

Pressure 100 100 100 Fixed-volume diagnostic

Stress tensor 10 10 10 Green–Kubo viscosity

The output frequencies were selected according to the observable and storage cost. In the

extended binary runs, coordinates, energies, box dimensions and pressure were written every 100

steps (50 fs); temperature was written more coarsely as a thermostat diagnostic. The ternary 5 ns

coordinate trajectory used for the temporal-persistence analysis contained 1001 frames, correspond-

ing to 10000 MD steps (approximately 5 ps) between saved frames; other scalar ternary diagnostics

were written more frequently as listed in Table 4.5. The stress tensor was written every 10 MD steps,

corresponding to a sampling interval of 5 fs, to provide high-frequency resolution of the stress

fluctuations used in the Green–Kubo and spectral analyses. Sensitivity to still finer stress-sampling

intervals was not evaluated separately. The different output intervals therefore reflect analysis

requirements rather than different MD timesteps.

4.5 Calculation of Molecular-Dynamics Properties
Properties were evaluated from the retained portions of the corresponding NPT or NVT trajectories.

Realised compositions were defined by Equation (4.1). Because each salt component contains one

cation per formula unit,

Nsalt = NNa +NCe +NNd, (4.7)

with absent species assigned zero population.
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4.5.1 Density

For a cell of constant mass,

mcell =
1

NA

∑
s

NsMs, (4.8)

ρ(t) =
mcell

Vcell(t)
, (4.9)

where Ns and Ms are the population and molar mass of species s. An initial non-production

interval was excluded before any density or volume average was evaluated. The precise stationarity

treatment was family-specific because the three post-processing workflows were developed and

verified at different stages of the project.

For NaCl – NdCl3, the retained start was selected separately for every composition–temperature

state using statistical inefficiency, effective sample size, residual-trend, alternative-cutoff and split-

half diagnostics. Density was then the direct average of ρ(t) over the accepted interval. For

NaCl – CeCl3, the first 1000 saved box records were removed uniformly and the direct average

of the remaining instantaneous densities was used. For the ternary system, the first 10% of each

volume series was removed and the principal density estimator was mcell/⟨V ⟩, with the mean

instantaneous density retained as a numerical check. Applying one predefined late-time rule to

all Ce or ternary states avoided selecting favourable windows composition by composition. The

complete family-specific verification is reported in Section A.2.

Same-system experimental correlations formed the primary density benchmark. For

NaCl – NdCl3, the measurements of Mochinaga and Igarashi [18], as compiled by Janz [46],

were converted from t in °C to T in kelvin:

ρ(T ) = (a− 0.27315b) + b× 10−3T. (4.10)

For NaCl – CeCl3, the composition-dependent correlations tabulated by Iwadate and attributed

therein to Sato and Yamamura were written as

ρ(T ) = A−BT, (4.11)

with the composition-dependent coefficients and validity intervals taken from Iwadate [31].

Experimental points remained at their reported compositions in figures. For numerical deviations

only, interior PIM-MD values were evaluated with a shape-preserving piecewise cubic Hermite

interpolant at each temperature [47]; no composition extrapolation was performed. In-range and

temperature-extrapolated reference values were identified separately. Generic deviation metrics are

defined in Section 4.7.5.

4.5.2 Molar Volume

The instantaneous molar volume corresponding to a simulation cell is

Vm(t) =
NAVcell(t)

Nsalt
. (4.12)
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When Vcell is expressed in Å

3
, the conversion to cm3mol−1

is

Vm(t) =
10−24NAVcell(t)

Nsalt
. (4.13)

The estimator followed the verified workflow for each family. For NaCl – NdCl3, Vm(t) was aver-

aged directly over the same state-specific stationary interval used for density and was independently

checked against

Vm =
Mmix

ρ
, Mmix =

∑
i

xiMi. (4.14)

The maximum discrepancy between the two Nd estimators was 0.0096%. The NaCl – CeCl3 workflow

calculated Vm from Mmix/ρ, whereas the ternary workflow used the retained mean cell volume

and Equation (4.12). These choices are stated explicitly so that numerical agreement is not mistaken

for identical post-processing.

For the correlation-aware Nd analysis, the state-point standard error sj used in inverse-variance

weighting was defined as

sj = max(sACF,j , sblock,j) , (4.15)

where sACF,j is the standard error corrected using the statistical inefficiency of the retained series

and sblock,j is the standard error of contiguous block means. The four simulated values at each Nd

composition were then fitted by

Vm(T ) = β0 + β1T, wj = 1/s2j . (4.16)

The fitted-parameter covariance was propagated to the prediction interval. A comparison at

1073.15 K was interpolative, whereas 1273.15 K was treated explicitly as extrapolative. Ce and

ternary comparisons retained the uncertainty definition and fitting strategy of their documented

workflows rather than being relabelled as the Nd correlation-aware estimator. Supporting definitions

and checks are tabulated in Section A.2.

4.5.3 Excess Molar Volume

Excess molar volume was defined relative to pure-liquid references evaluated at the same temperat-

ure:

V E
m (x, T ) = Vm(x, T )−

Nc∑
i=1

xiV
0
m,i(T ). (4.17)

For a binary NaCl – MCl3 mixture,

V E
m (x, T ) = Vm(x, T )−

[
(1− x)V 0

m,NaCl(T ) + xV 0
m,MCl3(T )

]
. (4.18)

Realised mole fractions were used, and pure endpoints were zero by construction.

Because the same pure-component references enter several interior compositions, excess values

can share endpoint uncertainty. In matrix form,

V E = AV , ΣV E = AΣV A
T. (4.19)
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This full covariance propagation was implemented for the Nd analysis and used in its generalized-

least-squares Redlich–Kister fits. The Ce notebook used a fixed-order unweighted binary fit, and

the ternary notebook used a fixed-order ordinary-least-squares/Muggianu representation. These

descriptive fits were not presented as though they shared the Nd covariance or model-selection

procedure. Direct state-point values remained the primary evidence, and near-zero excess values

were compared in absolute rather than percentage terms. The fit-specific distinction is retained in

Sections A.2 and 4.6.1.

4.5.4 Molar Enthalpy and Direct Mixing Enthalpy

Energy observations in energies.out were matched by MD step to box parameters.out. The

physical ionic energy excluded the auxiliary extended-system Hamiltonian:

Ephys(t) = Ekin(t) + Epot(t). (4.20)

The instantaneous molar enthalpy was

Hm(t) =
Ephys(t) + PextV (t)

Nsalt
CEh

, (4.21)

with

CEh
= 2.625499640× 106 Jmol−1 E−1

h . (4.22)

The imposed external pressure was used in the PV term, and the resulting enthalpy was expressed

per mole of salt formula units.

After removal of the non-stationary NPT interval, the retained observations were averaged as

Hm(x, T ) =
1

Np

Np∑
k=1

Hm(tk). (4.23)

Energy and volume records were aligned before averaging, and the same state-point procedure was

applied to mixtures and pure-component references. Stationarity was evaluated jointly for energy,

volume and the derived enthalpy, because an apparently stable energy series can still yield a drifting

enthalpy if the volume has not equilibrated. The accepted interval and its alternatives were retained

in the analysis report for each simulation family. Direct mixing enthalpy was then calculated as

∆Hmix(x, T ) = Hm(x, T )−
∑
i

xiH
0
m,i(T ), (4.24)

using pure-component simulations at the same temperature and pressure. For a binary system this

becomes

∆Hmix(x, T ) = Hm(x, T )− (1− x)H
NaCl
m (T )− xH

MCl3
m (T ). (4.25)

The endpoints were imposed as exact zero constraints. Uncertainty propagation is given in Sec-

tion 4.7.2. Same-system literature mixing-enthalpy data were used where available. The independ-

ently parameterised PMF-informed MIVM in Section 4.6.2 was treated as a structure-to-energetics
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consistency test, whereas the benchmark-calibrated binary MIVM was treated as a semi-empirical

reproduction of its calibration data rather than as independent experimental validation.

4.5.5 Isobaric Heat Capacity

At each composition, production-average enthalpies were obtained at 900, 1000, 1100 and 1200 K.

The production fraction was selected separately for each simulation family and then applied

uniformly to all of its compositions and temperatures. For NaCl – CeCl3, the final 50% was retained

after comparison with the final 60% and state-level trend diagnostics; all 44 state points were

adequate and the largest 50–60% shift was 0.999 combined standard errors. For NaCl – NdCl3,

candidate retained fractions of 40, 50, 60 and 70% were compared, and the final 60% was the

earliest common interval for which all 44 states passed the adopted stationarity checks. The

ternary analysis likewise used the final 60%, after comparison with the final 50% and an automatic

statistical-inefficiency estimate; no state exceeded a two-standard-error shift. These are property-

and family-specific choices rather than universal MD discard fractions. The supporting diagnostics

are given in Section A.3.

The measured production-average temperature was used in the regression. A direct temperature

series was available for both binary archives. It was absent from the assembled ternary heat-capacity

archive, so the ternary temperature was reconstructed from the kinetic energy as

T (t) =
2Ekin(t)

(3N − 3)kB
, (4.26)

assuming removal of the three centre-of-mass translational degrees of freedom and no additional

constraints [48]. The thermostat target was retained as a sensitivity check but was not substituted

silently for the measured mean temperature.

The interval-average heat capacity was the ordinary-least-squares slope

Hm(T ) = a+ CpT, (4.27)

consistent with Cp = (∂Hm/∂T )P [39, 40]. Inverse-variance weighted, nominal-temperature,

leave-one-temperature-out and quadratic fits were all calculated as sensitivity diagnostics. With

only four temperatures, the quadratic fit was not promoted to the production model merely because

it reduced the residual. The reported Cp is therefore the linear 900–1200 K interval slope, with

bootstrap uncertainty as defined in Section 4.7.2. Literature comparisons were made only when the

reference definition and temperature interval were compatible.

4.5.6 Excess Isobaric Heat Capacity

Excess heat capacity was calculated with the same interval-average definition for mixture and

pure-component values:

CE
p = Cmix

p −
∑
i

xiC
pure
p,i . (4.28)

For the binary systems,

CE
p (x) = Cmix

p (x)− (1− x)CNaCl
p − xCMCl3

p . (4.29)

44



4.5 Calculation of Molecular-Dynamics Properties

Realised mole fractions were used. For each binary system, the same pure-component bootstrap

realisations were reused for every interior composition. This preserved the covariance introduced

by shared endpoints and gave CE
p = 0 at the pure limits in every replicate. For the ternary path,

the mixture-slope distribution was combined with the pure-component distributions defined by

the validated binary means and bootstrap standard errors; common pure-component draws were

reused across all ternary compositions. The complete procedure and its remaining distributional

assumption are specified in Section 4.7.2.

The directly calculated CE
p values remained the primary results. Descriptive composition-space

fits are given in Section 4.6.3. Where direct experimental CE
p data were unavailable, assessment

was based on consistency with the underlying Cp values, endpoint constraints, uncertainty and

smooth composition trends rather than an unsupported claim of direct validation.

4.5.7 Radial Distribution Functions, Coordination Numbers and Rare-Earth Spe-
ciation

Partial RDFs were calculated from the coordinates stored in trajectories.xyz using MDAnalysis

[49, 50]. The cubic box dimensions read from the matching data.inpt file were assigned to each

frame. For the standard 700 ps structural series, the first 200 ps were discarded and the final 500 ps

were analysed. Binary correlations included M – Cl, M – M, Na – Cl, Na – Na, Na – M and Cl – Cl,

where M = Ce or Nd; ternary analysis additionally resolved Ce – Cl, Nd – Cl, Ce – Ce, Ce – Nd and

Nd – Nd. Six hundred radial bins were used over 0.1 Å ≤ r ≤ L/2− 1 Å. The first minimum after

the principal metal–chloride peak defined the first-shell cutoff [33, 51].

For rare-earth ion i, the instantaneous chloride coordination number was

CNM−Cl
i (t) =

∑
j∈Cl

H
(
rM−Cl
c − rMI

ij (t)
)
, (4.30)

where rMI
ij is the minimum-image separation and

H(y) =

1, y ≥ 0,

0, y < 0.
(4.31)

Thus each chloride inside the first-shell cutoff contributes exactly one. Mean coordination numbers

and integer-state populations were averaged over the retained trajectory; separate Ce – Cl and

Nd – Cl cutoffs were used in the ternary melts.

Rare-earth ions were represented as vertices of an undirected graph and were connected when

they shared at least one chloride neighbour. Connected components were classified as

NM = 1 : monomer, NM = 2 : dimer,

NM = 3 : trimer, NM ≥ 4 : larger connected cluster.
(4.32)

Ternary clusters were additionally labelled Ce-only, Nd-only or mixed. Cluster populations were

normalised by the number of rare-earth ions, not the number of connected components. For compact

presentation in the Results chapter, the NM ≥ 4 category is referred to as the polymer or polymeric
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fraction. One, two or at least three shared chloride neighbours were reported as corner-, edge- or

face-sharing proxies, respectively:

N shared
Cl = 1, 2, ≥ 3. (4.33)

These are shared-neighbour topological descriptors and do not prove exact polyhedral geometry

or permanent molecular species. For the ternary melts, shared-chloride links were additionally

separated into Ce – Ce, Ce – Nd and Nd – Nd pair classes. To assess whether the equal-Ce/Nd

network showed preferential association, the observed pair fractions were compared descriptively

with the random-pair expectation. For cation fractions pCe and pNd, the large-population random

probabilities are

PCe−Ce = p2Ce, PCe−Nd = 2pCepNd, PNd−Nd = p2Nd. (4.34)

Thus the equal-Ce/Nd path has the reference ratio 25:50:25. This comparison was treated as

a descriptive mixing diagnostic because the linkage fractions do not carry independent-replica

uncertainties.

Graph analysis used NetworkX [52]; interpretation followed prior molten-salt structural studies

[34, 53, 54]. Convergence and population uncertainty are described in Section 4.7.3.

4.5.8 Thermal Conductivity from the Structural-Coherence Model

A direct Green–Kubo thermal-conductivity calculation requires the microscopic heat-current time

series and integration of its equilibrium autocorrelation function [55]. That observable was not

generated by the MetalWalls production runs used here. Moreover, the heat-current expression

requires dedicated implementation and validation for a polarizable, multicomponent interaction

model rather than uncritical reuse of a simple pair-potential expression [56, 57]. Thermal conductiv-

ity was therefore estimated using the structural-coherence model of Numbers et al. [45], for which

all required thermophysical and RDF inputs were available:

λ =
1

3
Cp,volvsℓsc. (4.35)

Here Cp,vol is volumetric isobaric heat capacity, vs is adiabatic sound speed and ℓsc is an RDF-

informed effective coherence length. The resulting values are reported as structural-coherence

model estimates, not direct Green–Kubo PIM-MD coefficients.

The workflow was initially established for NaCl – CeCl3 using a uniform 20% trajectory discard.

This was an operational production-window choice, applied identically to all 44 Ce states. As the

analysis matured, the same 20% convention was applied to NaCl – NdCl3 and the ternary system and

was then subjected to a more rigorous numerical sensitivity study: the complete thermophysical

calculation was repeated after discarding 10, 20, 30 and 40% of each trajectory, and the compressibility

calculation was additionally repeated with 4, 5, 8 and 10 contiguous blocks. This progression—initial

operational choice, evidence gained from the first application, and later systematic sensitivity

verification—is documented in Section A.4.
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For the primary 20% discard,

κT =

〈
V 2

〉
− ⟨V ⟩2

kBT ⟨V ⟩
, (4.36)

Cp,vol =
Cp,m

Vm
, αV =

∂ lnVm

∂T
, (4.37)

κS = κT −
α2
V T

Cp,vol
, vs = (ρκS)

−1/2. (4.38)

The Cp,m and αV inputs are interval-average slopes over 900–1200 K, whereas density, molar

volume and κT are state-point quantities. Sampling variability in κT was assessed from five

contiguous blocks [58]. State points with κS ≤ 0 were rejected because they imply a non-physical

sound speed within this post-processing route.

The Na – Cl and M – Cl RDFs were smoothed with an 11-point, third-order Savitzky–Golay filter

[59]. Smoothing was used only to stabilise automated identification of the first peak and following

minimum. The calculation was repeated using the raw RDF and 11-, 21- and 31-point smoothing

windows; the resulting coherence-length range was retained as a numerical sensitivity diagnostic

in Section A.4. Following the published formalism,

β(r) =
∑
k

bk(r)

1− bk(r)
, S(r) = exp

[
−
∫ r

0
β(r′) dr′

]
, ℓsc,i =

∫
Si(r) dr. (4.39)

The first cation–anion peak was searched within 1.5–4.0 Å, followed by its first minimum. For the

binary systems, the composition-weighted coherence length used in post-processing was

ℓsc = (1− xMCl3)ℓNa−Cl + xMCl3ℓM−Cl. (4.40)

For the ternary path, the post-processing retained the separate Na – Cl, Ce – Cl and Nd – Cl coherence

contributions and combined them using the realised salt-component fractions,

ℓternsc = xNaClℓNa−Cl + xCeCl3ℓCe−Cl + xNdCl3ℓNd−Cl. (4.41)

The effective ternary value was therefore assembled from species-resolved cation–chloride structural

information rather than treating Ce and Nd as one indistinguishable cation type. This weighting step

is part of the SCM construction and is not a heat-current Green–Kubo calculation. The NPT-derived

Cp,vol and vs tables and the NVT-derived ℓsc table were merged by system, temperature and realised

composition after conversion to SI units. A state was retained only when all three inputs were finite

and κS > 0. Benchmarking therefore assessed the structural-coherence route and its inputs, not an

unperformed heat-current calculation.

4.5.9 Shear Viscosity

Viscosity was calculated from the 5 ns fixed-volume NVT stress series using the Green–Kubo

formalism. The stress tensor was written every ten steps, giving

∆tσ = 10× 0.5 fs = 5 fs. (4.42)
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The step sequence in stress tensor.outwas checked for missing, duplicated and non-monotonic

records and against the requested final step. Retained intervals were selected from temperature,

energy and stress stationarity rather than a universal discarded fraction.

The three off-diagonal components were mean-centred,

δPαβ(t) = Pαβ(t)− ⟨Pαβ⟩, αβ ∈ {xy, xz, yz}, (4.43)

so that a residual finite-trajectory offset could not generate a spurious non-decaying ACF contri-

bution. Their overlapping-origin autocorrelation functions were evaluated by FFT following the

standard time-correlation approach for molecular-dynamics data [60]:

Cαβ(k∆tσ) =
1

N − k

N−k−1∑
i=0

δPαβ(i∆tσ)δPαβ[(i+ k)∆tσ]. (4.44)

Normalized ACFs,

ραβ(t) =
Cαβ(t)

Cαβ(0)
, (4.45)

were retained only to compare relaxation rates; they were not integrated because normalization

removes the stress-fluctuation magnitude. For an isotropic liquid,

Cη(t) =
Cxy(t) + Cxz(t) + Cyz(t)

3
, (4.46)

and

η(t) =
V

kBT

∫ t

0
Cη(t

′) dt′. (4.47)

The integral was evaluated by the trapezoidal rule after SI conversion. Component-wise running

integrals were also calculated. The three components were used as isotropy and sampling diagnostics,

not as independent replicates. At long lag times the number of available time origins decreases, so

residual noise can drive the running integral even after the physical ACF has decayed. Conversely,

truncating before complete decay can underestimate viscosity. Accordingly, no visually selected

point or automatic first-zero-crossing cutoff was used [61, 62].

The stress-current series was additionally analysed by cepstral spectral estimation in SporTran

[63, 64], following the rare-earth-chloride PIM-MD approach of Goloviznina et al. [15]. This

procedure estimates the zero-frequency spectral limit and is less sensitive than direct integration to

the noisy long-time ACF tail. The complete-trajectory cepstral result was the principal estimate,

while direct Green–Kubo integrals remained physical and convergence diagnostics. Convergence

and uncertainty are specified in Section 4.7.4.

External viscosity assessment was separated into same-system experimental validation and

lanthanide–actinide simulant benchmarking. For the pure rare-earth trichlorides, the dynamic-

viscosity correlations measured by Potapov and Sato [65] were used as the same-system references.

Their reported experimental ranges are 1090–1177 K for CeCl3 and 1025–1151 K for NdCl3. The

1100 K CeCl3 comparison therefore lies inside the measured range. For NdCl3, the reportable

1000 K state was compared with a short 25 K extrapolation of the published correlation; the 1100 K

simulation was not promoted to primary validation evidence because that state did not satisfy the
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adopted convergence criteria. Such endpoint comparisons test the absolute viscosity of the pure

trichlorides and were not interpreted as experimental validation of the complete binary composition

curves.

Property-specific actinide comparisons used the NaCl – UCl3 and NaCl – PuCl3 PIM-MD results

supplied by Ter Veer et al. [66] at x(AnCl3) = 0.37. Because the present binary grids were simulated

in increments of 0.10 in trichloride mole fraction, the corresponding lanthanide value was obtained

locally from the two bracketing reportable states,

η0.37 = 0.30 η0.30 + 0.70 η0.40. (4.48)

Assuming independent simulation estimates at the two bracketing compositions, the propagated

statistical uncertainty was

σ0.37 =
√

(0.30σ0.30)2 + (0.70σ0.40)2. (4.49)

This propagation quantifies the reported statistical uncertainty of the two simulation estimates but

does not include model-form uncertainty associated with the local linear interpolation. A matched-

composition comparison was retained only when both bracketing lanthanide states satisfied the

reporting criteria. Consequently, the primary Ce/U comparison uses 900, 1000 and 1200 K, whereas

the Nd/Pu comparison uses 1000, 1100 and 1200 K. Relative differences were defined as

δη = 100
ηLn − ηref

ηref
, (4.50)

and the mean absolute relative difference (MARD) was used only as a compact descriptive summary

across the retained temperatures. Where uncertainties for both the lanthanide and actinide estimates

were available, and treating the two estimates as independent, the standard uncertainty of their

difference was obtained using the law of propagation of uncertainty [67]. The benchmark difference

was then normalised by this combined reported uncertainty as

zη =
ηLn − ηAn√
σ2
Ln + σ2

An

, (4.51)

where the denominator is the root-sum-of-squares combined standard uncertainty for two

independent estimates. Values of |zη| ≥ 2 were used only as a descriptive indication that the

difference is large relative to the combined reported statistical uncertainty; no formal hypothesis

test was inferred from this threshold.

As an additional published actinide check, the 63:37 mol% NaCl – UCl3 rolling-ball measurements

of Termini et al. [68] were compared with the interpolated 900 K NaCl – CeCl3 result. Three reported

measurements clustered summarised by their arithmetic mean and sample standard deviation for

this single matched-composition comparison. Temperature and composition trends were otherwise

interpreted jointly with the structural analysis rather than treated as proof of model validity.
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4.5.10 Temporal Persistence of Chloride-Mediated Connectivity

Time-resolved structural analyses were used to distinguish the population of a coordination or

linkage motif from its lifetime and recurrence. For a binary indicator h(t) that equals one when a

selected contact or shared-chloride linkage is present and zero otherwise, the intermittent persistence

function was evaluated as

Cint(t) =
⟨h(0)h(t)⟩
⟨h(0)⟩

, (4.52)

so that temporary loss and later reformation of the same contact or linked pair were permitted. The

continuous function used an uninterrupted-survival indicator H(t),

Ccont(t) =
⟨h(0)H(t)⟩

⟨h(0)⟩
, (4.53)

where H(t) = 1 only when the motif remained present continuously from the time origin to lag t.

The characteristic persistence time was obtained by linear interpolation at C(t) = e−1
. Continuous

and intermittent quantities were interpreted together: the former measures uninterrupted survival,

whereas the latter additionally captures recurrence after short-lived breakage.

For NaCl – NdCl3, a dedicated 900 K analysis was performed for x(NdCl3) = 0.60, 0.70, 0.80,

0.90 and 1.00. Each exact 5 ns trajectory contained 100001 saved coordinate frames at 0.05 ps spacing.

The primary repeated-window interval was 0.2–4.7 ns and was partitioned into nine sequential, non-

overlapping 0.5 ns windows. A composition-specific Nd–Cl cutoff from the accepted first-minimum

RDF analysis was held fixed across all windows. Two Nd ions were linked when they shared at least

one chloride; one, two and three-or-more shared chlorides defined corner-, edge- and face/higher-

order states, respectively. Continuous and intermittent Nd–Cl contacts, any Nd–Nd shared-chloride

linkage, topology-resolved linkage states and linkage transition rates were evaluated to a maximum

lag of 250 ps. Formation, breaking and topology-switching rates were normalised by elapsed time

and the number of Nd ions.

The nine Nd windows are sequential blocks from one trajectory and were not interpreted as

independent simulation replicas. Their across-window standard deviations and standard errors

are therefore descriptive measures of temporal variability. All continuous and intermittent 1/e

crossings were reached for the reported primary metrics. Finite-lag integrals of the intermittent

functions were retained only as secondary diagnostics because many remained partial at 250 ps.

The accepted RDF coordination number was also audited against the window-resolved contact

analysis; the observed systematic offset was retained as a limitation rather than silently reconciled.

A corresponding Ce-rich analysis was performed at 900 K for x(CeCl3) = 0.60–1.00 using

sequential 0.5 ns windows of the exact 5 ns trajectories. Composition-specific Ce–Cl first-shell

cutoffs were retained across the windows, and continuous Ce–Cl contact and Ce–Ce shared-chloride

linkage persistence were evaluated. As for the Nd analysis, the across-window variation is a within-

trajectory stability measure rather than a between-replica uncertainty.

The final ternary persistence workflow used the available 900 and 1000 K 5 ns trajectories for

x(LnCl3) = 0.40–0.90, where x(LnCl3) = x(CeCl3) + x(NdCl3) and x(CeCl3) = x(NdCl3).

Each trajectory contained 1001 saved frames separated by approximately 5 ps. Temporal stability

was assessed using five non-overlapping 1 ns blocks, with persistence functions evaluated to a
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maximum lag of 500 ps. Continuous and intermittent Ce–Cl–Ce, Ce–Cl–Nd and Nd–Cl–Nd bridge

persistence were assessed. “Continuous” therefore means continuously present at the saved-frame

resolution; breakage and reformation occurring between two saved frames cannot be resolved. The

five blocks belong to one trajectory, so their variation is a within-trajectory stability diagnostic and

not replica-derived uncertainty. Finite-window integrals are described as integrated persistence

times rather than complete infinite-time lifetimes.

These temporal analyses were used to test whether the static connectivity trends have a dy-

namical counterpart. They were not treated as independent proof that a particular linkage lifetime

causes the macroscopic viscosity or thermal-conductivity response; causal interpretation requires

consistency with the stress or energy-transport relaxation itself [33].

4.6 Thermodynamic Modelling

4.6.1 Binary Redlich–Kister Representation

At each temperature, binary excess molar volume was represented by

V E
m (x, T ) = x(1− x)

n∑
k=0

Ak(T )(2x− 1)k, (4.54)

where x = x(MCl3), Ak(T ) are temperature-specific coefficients, and the x(1 − x) prefactor

enforces the pure-component limits [69]. The statistical treatment followed the verified workflow

for each dataset rather than imposing one common regression procedure retrospectively.

For NaCl – NdCl3, the shared pure-component references generate covariance between the

interior excess-volume values. This covariance was propagated from the molar-volume estimates

and used in the generalized-least-squares fit,

Â =
(
XTΣ−1

V EX
)−1

XTΣ−1
V EV

E . (4.55)

Candidate orders were compared using the small-sample corrected Akaike information criterion,

leave-one-composition-out prediction and numerical conditioning [70, 71].

For NaCl – CeCl3, the verified notebook used a predefined three-coefficient, unweighted Redlich–

Kister representation. The ternary excess-volume workflow used fixed-order ordinary least squares

for its binary descriptions before symmetric Muggianu interpolation. These fits are therefore repor-

ted as descriptive composition-space representations; the original PIM-MD points and their state-

point uncertainties remain the primary evidence. Fitted extrema, zero crossings and polynomial-

order dependence are model features and are not interpreted as direct molecular-dynamics sampling

uncertainty. The complete system-specific fitting choices are summarised in Section A.2.

4.6.2 PMF-Informed and Benchmark-Calibrated Molecular Interaction Volume
Models

The Molecular Interaction Volume Model (MIVM) was used in two deliberately separate ways. First,

an PMF-informed variant was constructed from PIM–MD structural and volumetric descriptors

without fitting to mixing enthalpy. This variant tests whether information extracted from the
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simulated liquid structure is sufficient to reproduce the sign, curvature and magnitude of ∆Hmix.

Second, for the two binary systems only, a benchmark-calibrated variant retained the PIM–MD

coordination and molar-volume inputs but adjusted the two directional interaction parameters

against same-system calorimetric mixing enthalpies. The latter is therefore a semi-empirical

representation and was not treated as an independent prediction. This distinction follows the hybrid

simulation–calorimetry logic of Goncharov et al. [72], while the underlying MIVM formulation

originates from Tao [73].

For either binary, component 1 denotes the rare-earth trichloride and component 2 denotes

NaCl,

1 = MCl3, 2 = NaCl, M = Ce or Nd. (4.56)

At the selected temperature, the structural and volumetric inputs were Z1, Z2, Vm,1, Vm,2, B12 and

B21. The effective coordination inputs were mapped from the cation–cation RDFs as

Z1 = ZM−M, Z2 = ZNa−Na, (4.57)

with

Zij = 4πρj

∫ rmin,ij

0
gij(r)r

2 dr. (4.58)

The pure-component molar volumes were taken from Section 4.5.2 at the corresponding temperature.

The molar potential of mean force was calculated as

wij(r) = −RT ln

[
gij(r)

gij,∞

]
, (4.59)

where gij,∞ was the mean over the final 10% of the RDF grid. The PMF is a state-dependent

free-energy descriptor and was not interpreted as a transferable bare pair potential. RDFs were

smoothed with a 21-point, third-order Savitzky–Golay filter. The first physically resolved cation–

cation maximum was located on the smoothed RDF, and the PMF value at that position was used as

the effective interaction energy. Raw and smoothed RDF/PMF profiles were compared to ensure

that smoothing did not materially shift the extracted feature.

For the binary component convention in Equation (4.56),

ε11 = wM−M

(
rpeakM−M

)
, (4.60)

ε22 = wNa−Na

(
rpeakNa−Na

)
, (4.61)

ε12 = ε21 = wNa−M

(
rpeakNa−M

)
. (4.62)

The treatment of the unlike-pair PMF followed the verified workflow of each binary rather than

imposing a common retrospective choice. For NaCl – NdCl3, x(NdCl3) = 0.20 was the predefined

operational reference and the other interior compositions were used as a sensitivity check. For

NaCl – CeCl3, the Na–Ce PMF minimum was extracted at every available interior composition and

the mean of those mixed-composition ε12 values was used for the reported PMF-informed curve; the

value nearest x(CeCl3) = 0.50 was retained as a comparison diagnostic. Thus the PMF-informed

curves contain no fitted calorimetric interaction parameter.
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The directional MIVM parameters were then

B12 = exp

[
−ε12 − ε22

RT

]
, (4.63)

B21 = exp

[
−ε12 − ε11

RT

]
, (4.64)

with

B11 = B22 = 1. (4.65)

Because the PMF and the coordination environment vary with composition, B12 and B21 are

effective model descriptors rather than universal force-field parameters.

For the binary systems, the mixing enthalpy was evaluated as

∆HMIVM
mix

RT
=

1

2

2∑
i=1

Zixi

[
2∑

j=1

xjBji lnBji

2∑
j=1

xjBji


2

−

2∑
j=1

(1 + lnBji)xjBji lnBji

2∑
j=1

xjBji

]

−
2∑

i=1

xi


2∑

j=1

xjVm,jBji lnBji

2∑
j=1

xjVm,jBji

 , (4.66)

where x1 = x(MCl3) and x2 = 1− x1. The index orientation is consistent with Equations (4.63)

and (4.64) and the cited MIVM formulation.

Binary benchmark calibration. For the calibrated binary calculations, Z1, Z2, Vm,1 and Vm,2

were held fixed and only B12 and B21 were adjusted against calorimetry. For NaCl – CeCl3, the

fitting target was the Papatheodorou and Kleppa [26] calorimetric description at 1118 K. The

verified analysis minimised the residuals in ∆Hmix while optimising lnB12 and lnB21, which

enforces positive B-values, and repeated the nonlinear least-squares calculation from multiple

initial guesses before retaining the lowest-residual solution. For NaCl – NdCl3, the calibrated curve

used the complete 16-point Gaune–Escard et al. [20] calorimetric dataset at 1124 K as the fitting

target, while the same PIM–MD-derived coordination and molar-volume quantities were retained.

The calibration therefore changes the effective energetic interaction parameters, not the structural

or volumetric inputs.

The PMF-informed and calibrated variants answer different questions. Agreement of the former

with direct PIM–MD or experiment tests a structure-to-energetics mapping without enthalpy fitting.
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Agreement of the latter with the calibration data is expected and measures how large an effective

correction is required to reconcile the simplified MIVM representation with calorimetry; it is not an

independent validation. Fit residuals were consequently treated as calibration diagnostics rather

than as molecular-dynamics uncertainty.

For the PMF-informed binary calculations, smooth curves were evaluated over 0 ≤ x(MCl3) ≤
1, with exact zero pure-component endpoints. The Nd workflow additionally used one-at-a-time

±10% perturbations of Z1, Z2, B12 and B21; the Ce workflow applied the same perturbation set

to assess the relative sensitivity of the fitted MIVM curve. These calculations are deterministic

sensitivity tests, not confidence intervals.

Three-component extension. The ternary result reported in Section 5.4 was generated with

the implemented three-component PMF-informed MIVM along the equal-Ce/Nd composition path.

No ternary calorimetric values were used to fit that model, and no benchmark-calibrated ternary

curve is reported. The ternary calculation therefore remains a model-based extension of the binary

structure-to-energetics workflow. In particular, the Ce–Nd contribution is not constrained by

an independent CeCl3 – NdCl3 calorimetric dataset, so its parameterisation is a model limitation

rather than an experimentally validated interaction. The reported dashed end regions are model

extrapolations and are not additional MD state points. Because the Ce–Nd contribution was not

independently calibrated, no separately transferable closed-form Ce–Nd parameter rule is claimed

beyond the implemented three-component model.

The calibrated MIVM route is potentially useful for data-sparse actinide salts: a limited set

of calorimetric measurements can, in principle, constrain the most sensitive effective interaction

parameters while atomistic simulation supplies structural and volumetric inputs, as demonstrated

for another molten chloride system by Goncharov et al. [72]. Such use requires an independent

transferability check. No UCl3- or PuCl3-containing MIVM calculation was performed in the present

work because a compatible set of structural, volumetric and calorimetric inputs was not assembled

for that purpose.

4.6.3 Composition-Space Representation of Excess Heat Capacity

Binary CE
p values were represented by

CE
p (x) = x(1− x)

m∑
k=0

Ak(2x− 1)k, (4.67)

using the Redlich–Kister form [69]. Where the verified analysis supplied shared-reference bootstrap

covariance, it was retained in a generalized-least-squares fit; fixed-order ordinary-least-squares

descriptions were used where covariance weighting was not part of the original workflow. The

curves are descriptive and do not replace the direct CE
p values.

Because the ternary path does not terminate at a pure rare-earth component, it was interpolated

only over the simulated interval using

CE
p (z) =

m∑
k=0

Bkz
k, z =

xNaCl − xc
xs

, (4.68)
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where xc and xs are the centre and half-range of the sampled x(NaCl) interval. The displayed

rare-earth coordinate was equivalently

x(CeCl3) + x(NdCl3) = 1− x(NaCl). (4.69)

This construction is an interpolation along the simulated equal-Ce/Nd pseudo-binary path and

is not extrapolated to unsimulated ternary limits. Model-order or weighting sensitivity, where

evaluated, is reported separately from the bootstrap sampling uncertainty of the underlying heat

capacities.

4.7 Statistical Analysis, Uncertainty and Validation
The statistical treatment was matched to the estimator and to the verified post-processing workflow

for each simulation family. Thus, all reported properties were calculated from defined production

intervals, but identical window-selection and uncertainty estimators are not claimed where they

were not used. The principal choices are summarised in Table 4.6; the supporting state-level evidence

is linked in the final column.

Table 4.6. Property-specific retained data and primary statistical treatment.

Quantity Retained data Primary assessment Supporting
evidence

Density and Vm Nd: state-specific stationary

interval; Ce: after the first 1000

saved box records; ternary:

after the first 10%

Workflow-specific mean and

uncertainty estimator;

correlation-aware blocking for Nd

Section A.2

V E
m Mixture and same-temperature

pure-component Vm estimates

Shared-reference covariance for Nd;

verified descriptive fitting choices

for Ce and ternary

Section A.2

∆Hmix Ten blocks per retained NPT

series

Shared-reference block bootstrap,

10 000 replicates

Section 4.7.2

Cp, CE
p Final 50% (Ce) or 60% (Nd and

ternary)

Bootstrap refitting of the

enthalpy–temperature slope and

regression sensitivity checks

Section A.3

RDF and graph

descriptors

Final 500 ps after a 200 ps NVT

transient

Segment convergence and blockwise

populations

Section 4.7.3

Thermal-

conductivity inputs

Final 80% of each NPT

trajectory

Block-count, discard-fraction and

RDF-smoothing sensitivity

Section A.4

Viscosity Exact 5 ns stress series System-specific trajectory-length,

shifted-window and

spectral-sensitivity tests;

complete-trajectory SporTran

uncertainty

Section A.5

4.7.1 Equilibration, Blocking and Mean Properties

Molecular-dynamics observations are serially correlated and may include an initial transient.

Production intervals were therefore defined before the reported averages were formed, and

correlation-aware diagnostics were used where they were part of the verified workflow [58, 74]. For
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NaCl – NdCl3 density and molar volume, the retained start was selected separately for each state

using statistical inefficiency, effective sample size, residual-trend, alternative-cutoff and split-half

checks. The Ce and ternary workflows instead used fixed family-wide late-time intervals. Applying

one rule consistently within each family avoided composition-specific selection of favourable

trajectory regions. The exact distinctions and checks are reported in Section A.2.

For analyses based on contiguous block estimates Yb,

Y =
1

B

B∑
b=1

Yb, (4.70)

sY =

[
1

B(B − 1)

B∑
b=1

(Yb − Y )2

]1/2

. (4.71)

Where a Student-t interval was part of the analysis, the two-sided 95% interval was

Y ± t0.975,B−1sY . (4.72)

Mean properties were averaged within each block, whereas fluctuation-derived quantities such as

κT were recalculated from each block. For the correlation-aware Nd volume analysis, the state-point

standard error sj used in inverse-variance weighting was conservatively defined as the larger of

the autocorrelation-corrected standard error and the standard error of the contiguous block means.

4.7.2 Derived and Regression-Based Properties

For V E
m , the uncertainty treatment followed the verified system-specific workflow described in

Section 4.5.3. The Nd analysis propagated the shared endpoint covariance into covariance-aware

Redlich–Kister fits. The Ce and ternary analyses retained their predefined fixed-order, unweighted

descriptions. This distinction is stated explicitly so that regression sophistication is not confused

with the statistical quality of the underlying PIM-MD averages.

For direct mixing enthalpy, each retained enthalpy series was divided into ten approximately

equal blocks. Mixture and independent pure-component block means were resampled independently

for 10 000 non-parametric replicates [75]. When one pure-component trajectory was genuinely

shared by several compositions, the same draw was reused in those calculations. For replicate b,

∆H
(b)
mix = H

(b)
m −

∑
i

xiH
0,(b)
m,i . (4.73)

The 2.5th and 97.5th percentiles defined the 95% interval, and pure endpoints remained exactly

zero.

Heat-capacity uncertainty was obtained by resampling retained enthalpy blocks within each

temperature. For each replicate, one mean enthalpy was reconstructed at each of the four temperat-

ures, Equation (4.27) was refitted, and the slope was stored as a Cp realisation. Production-average

temperatures were used where a temperature time series was available; for the ternary archive they

were reconstructed consistently from the saved kinetic energy. Ordinary least squares provided

the primary slope. Inverse-variance weighted fits, nominal thermostat temperatures, a quadratic
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enthalpy–temperature relation and leave-one-temperature-out linear fits were used as sensitivity

diagnostics rather than as alternative reported values. The window-specific evidence is given in

Section A.3.

Binary CE
p replicates reused the corresponding pure-component slope draws across all interior

compositions, thereby preserving the dependence created by common references. The ternary

calculation likewise reused common pure-component draws across its pseudo-binary path. The

2.5th and 97.5th percentiles of the resulting distributions defined the reported intervals. Polynomial

order, weighting and fitted-extremum sensitivity are reported as model diagnostics; they are not

interpreted as direct uncertainty in the underlying molecular-dynamics samples.

4.7.3 Structural and Model-Based Quantities

RDF convergence was assessed by comparing successive, non-overlapping trajectory segments.

Peak positions, first-minimum locations and integrated coordination numbers were examined rather

than relying solely on visual curve overlap. Pointwise uncertainty bands were not interpreted as

necessary at every radial bin because neighbouring bins are strongly correlated.

Mean coordination numbers, integer coordination-state fractions, cluster-size fractions and

linkage fractions were recalculated for contiguous trajectory blocks. Framewise fractions were first

formed within each block and then summarised across blocks, avoiding a population estimate dom-

inated by blocks containing more saved frames. The first-shell cutoff derived from the full retained

RDF was used consistently for framewise population analysis, and a small cutoff perturbation was

reserved as a sensitivity check for graph-derived quantities.

Temporal-persistence statistics followed the same distinction between within-trajectory variab-

ility and independent replication. Sequential windows or blocks were used to test stability of the

continuous and intermittent persistence metrics, but their standard errors were not interpreted as

between-replica confidence intervals. A persistence trend was considered structurally informative

only when the required 1/e crossing occurred within the analysed lag interval and the composition

dependence remained coherent across the repeated windows. Finite-lag integrals that had not

reached a stable plateau were labelled partial rather than converted into apparent infinite-time

lifetimes.

For the PMF-informed MIVM, no formal confidence interval was assigned because RDF,

coordination-number and PMF-minimum uncertainties were not jointly propagated. The ±10%

one-at-a-time calculations and the alternative unlike-pair constructions were treated as de-

terministic sensitivity tests. For the benchmark-calibrated binary MIVM, residuals measure

calibration quality and were not reinterpreted as uncertainty in the underlying PIM–MD data or as

out-of-sample predictive uncertainty. Likewise, uncertainty from the Ce – Nd contribution was not

propagated into the ternary MIVM and remains a model limitation.

For thermal conductivity, κT variability was estimated from five contiguous blocks, while the

Cp,m and αV fits were assessed with R2
, RMSE and alternative fit forms [58, 76, 77]. No formal

state-point confidence interval was assigned to ℓsc or λ, because coherence-length sampling and

joint propagation of all model inputs were unavailable. Conductivities were therefore reported as

model estimates without formal error bars.
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4.7.4 Viscosity Convergence and Uncertainty

Viscosity convergence was assessed with system-specific trajectory-length, shifted-window and

spectral-sensitivity tests rather than one universal window sequence. For NaCl – NdCl3, the valid-

ated 5 ns analysis compared cumulative 3, 4 and 5 ns estimates at neighbouring spectral settings and

applied additional shifted-window tests to flagged states. The NaCl – CeCl3 and ternary datasets

were assessed with their corresponding documented trajectory-window and spectral-sensitivity

protocols. In all cases, the complete-trajectory SporTran estimate was retained as the primary

viscosity estimate, while direct Green–Kubo calculations and window-dependent estimates were

used as convergence diagnostics. Multiple stress components and multiple windows from one

trajectory were not interpreted as independent simulation replicates.

A result was accepted when the intended stress series was complete; temperature, energy and

stress were stationary; component ACFs were mutually consistent; the averaged ACF decayed

to zero-centred noise; cumulative estimates approached a stable value; direct Green–Kubo and

cepstral estimates agreed within their stable regions; and the cepstral result was insensitive to the

retained frequency range and coefficient count. The complete-trajectory SporTran uncertainty was

reported as the primary uncertainty. Results failing these criteria were explicitly qualified rather

than assigned artificial precision [58, 78].

4.7.5 Reference-Data Matching and Validation Hierarchy

Validation followed a hierarchy of evidence. Same-system experimental data were primary; prior

same-system simulations were secondary; comparisons with uranium- or plutonium-bearing salts

were analogue or simulant assessments and were not called direct validation. Reference datasets were

screened for salt identity, composition convention, temperature scale, units, phase state, reported

validity interval and whether a value was measured directly or generated from a fitted correlation.

Where a secondary compilation was used, the original experimental attribution was retained

whenever it could be identified. Direct temperature–composition matches were used wherever

possible. Interpolation was restricted to the simulated domain, extrapolation was identified explicitly,

and reference values outside their stated validity range received less evidential weight. Experimental

uncertainty bars were shown only when the source provided an interpretable statistical quantity.

Scatter, fit residuals, instrument uncertainty and between-study disagreement were not treated

as interchangeable. Consequently, the absence of an experimental error bar in a figure did not

imply that the reference value was exact; it indicated that a consistent uncertainty could not be

reconstructed from the source.

For density and molar volume, comparisons were performed at the experimental composition

or temperature using the property-specific interpolation procedures in Sections 4.5.1 and 4.5.2. For

Cp, the experimental definition and temperature dependence were checked against the interval-

average slope used here. For mixing enthalpy, reference states and the definition per mole of salt

formula units were matched before comparison. Structural comparisons prioritised distances and

coordination trends that can be related to diffraction or atomistic simulations, whereas graph-

derived cluster labels were compared only qualitatively. Transport comparisons required both

numerical agreement and evidence that the simulated correlation functions were converged.
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Table 4.7. Validation and benchmarking hierarchy used for the reported property groups.

Property group Primary evidence Interpretation

ρ, Vm, V E
m Same-system experiment at

matched T and composition

Numerical deviations and trend agreement;

absolute differences near zero excess values

Cp, CE
p Same-system values with

compatible definitions and

temperature ranges

Interval-average character and regression

uncertainty retained

∆Hmix Same-system thermochemical

data where available

Magnitude, minimum composition and

temperature dependence

RDF, CN and topology Diffraction and previous

atomistic simulations

Peak positions, shell boundaries, coordination

and qualitative connectivity trends

Viscosity Available same-system literature

and previous MD, supplemented

by internal convergence

diagnostics

Matched comparisons where available plus

trajectory and spectral convergence evidence

Thermal conductivity Input plausibility, source-model

context and available salt data

Model-route assessment, not direct

Green–Kubo validation

Ternary/simulant

behaviour

Internal consistency and matched

actinide analogues

Property-specific analogue assessment, not

universal validation

Deviation Measures

For Ncmp matched points and non-zero reference values,

δY,j = 100
YMD,j − Yref,j

Yref,j
, (4.74)

δY =
1

Ncmp

Ncmp∑
j=1

δY,j , (4.75)

MAPDY =
1

Ncmp

Ncmp∑
j=1

|δY,j |. (4.76)

Positive and negative values denote overprediction and underprediction. Percentage measures were

not used for zero or near-zero excess properties; absolute differences and uncertainty overlap were

used instead.

Thermophysical validation considered density, Vm, V E
m , Cp and CE

p separately because agree-

ment in one quantity does not establish the others. Energetic assessment considered the magnitude,

composition and temperature dependence of ∆Hmix. Agreement between direct PIM–MD and

the PMF-informed MIVM was treated as internal structure-to-energetics consistency, whereas

agreement of the benchmark-calibrated MIVM with its fitted calorimetry was treated as calibra-

tion performance rather than independent validation. Structural assessment used RDF distances,

coordination and topology trends against diffraction and prior simulations. Viscosity used avail-

able matched literature comparisons where possible together with internal convergence evidence.

Thermal-conductivity assessment considered both input plausibility and final literature-scale agree-

ment while retaining the structural-coherence model limitation.
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4.7.6 Ternary and Simulant Assessment

The ternary system was assessed only along the equal-Ce/Nd pseudo-binary path. In the absence

of complete ternary experimental coverage, checks included smooth composition dependence,

consistency with the binary and pure-component trends, physical admissibility, and explicit consid-

eration of the additional Ce – Nd cross-interaction assumption. Extrapolation from this line to the

remainder of the ternary triangle was not performed. A smooth curve was not, by itself, treated

as evidence that the cross interaction was quantitatively correct. Such checks establish internal

consistency rather than experimental validation of the full ternary triangle.

Rare-earth chlorides were evaluated as property-specific simulants for actinide-bearing salts.

Density, volume, energetic, structural and transport behaviour were compared independently at

matched temperature and composition where possible. Comparisons based on different oxidation

states, unmatched salt fractions or extrapolated temperatures were identified as qualitative context

rather than included silently in numerical deviation metrics. Similarity in one property was not

taken to imply universal simulant validity; differences in ionic size, polarizability, oxidation-state

chemistry and local structure were retained in the interpretation.
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Results and Discussion

5.1 Liquid Structure and Network Formation
The liquid structures of the binary NaCl – CeCl3 and NaCl – NdCl3 melts and the equal-Ce/Nd

NaCl – CeCl3 – NdCl3 composition path were analysed using partial pairwise radial distribution

functions (RDFs), coordination statistics, graph-based cluster speciation and shared-chloride linkage

populations. Here, “ternary” refers to the three salt components NaCl, CeCl3 and NdCl3; at the

ionic-species level the melt contains four species, Na
+
, Ce

3+
, Nd

3+
and Cl

–
.

The structural results were additionally compared with the polarizable-ion molecular-dynamics

results of Ter Veer et al. [79] for NaCl – UCl3, NaCl – PuCl3 and NaCl – UCl3 – PuCl3. These com-

parisons test whether experimentally accessible, non-radioactive lanthanide systems reproduce

actinide-melt behaviour at several structural levels: local coordination, coordination-number distri-

butions, shared-chloride topology and composition-driven network formation. They are therefore

used as a property-specific simulant assessment rather than as a claim of complete chemical equi-

valence.

These descriptors are physically interconnected. Cation size, polarising strength and local

charge density determine the preferred metal–chloride coordination environment. Electrostatic

attraction, chloride–chloride repulsion and geometrical packing then constrain how many chlorides

can occupy the first shell. At larger length scales, the number density of trivalent centres controls

the probability that neighbouring coordination shells share chloride ions. The resulting liquid

structure therefore reflects an interaction between local coordination chemistry and the statistical

physics of network formation.

5.1.1 Local Order and Coordination

The radial distribution functions at 1100 K are compared in Figure 5.1. Both binary melts exhibit a

pronounced first metal–chloride maximum, confirming persistent short-range coordination around

the trivalent cations. For example, at x(CeCl3) = 0.50, the first Ce – Cl, Cl – Cl and Ce – Ce maxima
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occur at approximately 2.76, 3.50 and 4.66 Å, respectively. Their distinct positions show that the

RDFs resolve separate first-shell, anion–anion and intermediate-range cation correlations.

The first Ce – Cl maximum occurs at a slightly greater distance than the corresponding Nd – Cl

maximum. This ordering is consistent with the lanthanide contraction: the effective ionic radius

decreases from Ce
3+

to Nd
3+

[37]. Independent XAFS measurements of the pure molten trichlorides

likewise place the mean Ce – Cl distance near 2.81 Å and the Nd – Cl distance near 2.73 Å [14]. The

larger Ce-centred coordination shell can therefore accommodate chlorides over a broader radial

region, whereas the smaller Nd-centred shell is more compact. Although both cations carry the

same formal charge, their local coordination geometries remain chemically distinct.

Increasing the lanthanide chloride fraction broadens the first metal–chloride maximum while

producing comparatively small changes in its position. The accompanying decrease in peak height

does not imply a reduction in coordination. In the NaCl-rich region, the trivalent cations are

dilute and occupy relatively isolated, narrowly distributed chloride environments. At higher

x(MCl3), chlorides increasingly participate in the first shells of more than one lanthanide ion. The

corresponding distribution of instantaneous metal–chloride distances broadens, reducing the peak

maximum even as the integrated coordination number increases.

The metal–metal correlations respond more strongly to composition. At low lanthanide content,

trivalent cations are separated by the NaCl-rich matrix and their mutual correlations remain weak.

Increasing the lanthanide number density raises the probability of forming M – Cl – M bridges and

produces a more pronounced metal–metal correlation. The simultaneous evolution of the Cl – Cl

RDF reflects the changing role of chloride from predominantly completing isolated coordination

shells to increasingly connecting neighbouring metal-centred environments.

The ternary RDFs retain separate Ce – Cl and Nd – Cl correlations while also developing a clear

Ce – Nd correlation. The two lanthanides therefore do not become locally indistinguishable, but

neither do they form two independent binary liquids. Chemically distinct Ce- and Nd-centred

first shells are incorporated into a common mixed chloride-connected structure. This structural

coexistence does not by itself establish thermodynamic ideality: the excess-volume, excess-heat-

capacity and mixing-enthalpy results discussed later remain non-zero. Whether the Ce/Nd linkages

themselves show preferential rather than statistical mixing is tested explicitly from the species-

resolved linkage populations below.

Temperature produces a weaker change than composition. Heating broadens the RDF peaks

and lowers their maxima by increasing the range of instantaneous ion separations and accelerating

chloride exchange. Composition, in contrast, changes the number of available lanthanide neighbours

and therefore changes the connectivity that the liquid can form. Temperature primarily disorders

the network, whereas composition changes its underlying topology. Supporting RDFs at the low-

and high-temperature limits, 900 and 1200 K, are provided in Figures A.2 and A.3; they preserve the

same qualitative ordering of Ce- and Nd-centred first-shell distances while showing the expected

thermal broadening.

Published atomistic studies provide an independent context for the supplied actinide benchmark.

PIM–MD studies of NaCl – UCl3 report composition-dependent uranium coordination and the

development of a chloride-connected uranium network [80, 81], while recent actinide force-field

studies resolve analogous local coordination in pure UCl3 and PuCl3 [82, 83].
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Figure 5.1. Composition-dependent radial distribution functions at 1100 K for the two binary melts and the

equal-Ce/Nd ternary path. For the ternary system, x(LnCl3) = x(CeCl3) + x(NdCl3).
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The independently published coordination-number distributions give a useful numerical cross-

check. Using the digitised pure-salt distributions compiled for this study and normalising the

resulting populations gives mean U–Cl coordination numbers of approximately 7.54 from Pireddu

et al. [82] and 7.38 from Notarangelo et al. [83]. The corresponding Pu–Cl means are approximately

6.97 and 7.49, respectively. In the U distributions, CN 7–8 states dominate: Pireddu et al. give

approximately 38.6% and 40.0%, while Notarangelo et al. give approximately 41.9% and 36.5%. For

Pu, Notarangelo et al. likewise give approximately 38.9% CN 7 and 39.2% CN 8, whereas the Pireddu

distribution is shifted towards lower coordination, with approximately 27.2% CN 6, 47.3% CN 7

and 21.8% CN 8. These independent datasets therefore confirm that the first shell is an exchanging

distribution rather than one unique integer coordination state, while also showing that the absolute

mean depends on the force field and simulated state point.

The published linkage analyses support the same intermediate-range picture but are not numer-

ically interchangeable with the present classification. In particular, van Oudenaren et al. [81] report

that above approximately 40 mol% UCl3, NaCl – UCl3 develops a three-dimensional network of

corner- or edge-sharing uranium polyhedra, and Pireddu et al. [82] analyse anionic bridging modes

across the pure actinide chlorides. Because those studies use different state points and directly

comparable corner/edge/face percentages could not be established with the same counting definition

used here, literature-derived percentages are not merged into the matched 1100 K comparison

below. The numerical U/Pu values used in that direct comparison therefore remain the internally

consistent dataset supplied by Ter Veer et al. [79].

The average first-shell coordination numbers provide a direct structural comparison with the

corresponding actinide melts. As shown in Figure 5.2, the mean Ce – Cl coordination number

at 1100 K increases from approximately 6.8 in the NaCl-rich region to a broad plateau near 7.6.

The U – Cl coordination numbers reported by Ter Veer et al. [79] exhibit the same composition

dependence, increasing from approximately 6.6 near x(UCl3) = 0.10 to approximately 7.4 in the

U-rich region.

The systematic offset between the Ce and U curves is generally of the order of 0.2–0.3 chloride

neighbours. Consequently, NaCl – CeCl3 reproduces the composition-driven increase and high-

composition plateau of NaCl – UCl3, but slightly overestimates the absolute first-shell population.

This indicates trend-level structural similarity rather than exact numerical equivalence.

The NaCl – NdCl3 and NaCl – PuCl3 comparison is considerably closer. Their coordination-

number curves nearly overlap across the complete composition range. Both increase from approx-

imately 6.3–6.4 in the NaCl-rich region to about 7.2 in the trichloride-rich region, with differences

generally below approximately 0.1. At the level of average local coordination, Nd therefore provides

a particularly close structural representation of Pu in the supplied Ter Veer et al. [79] dataset.

The increase in coordination number with trichloride content reflects the redistribution of

chloride between monovalent and trivalent coordination environments. In the NaCl-rich region,

the trivalent centres are widely separated and many chloride ions remain associated primarily

with the sodium-chloride matrix. Increasing the trichloride fraction strengthens the population

of metal-centred chloride environments and increases the probability that a chloride lies within

the first shells of two neighbouring trivalent cations. Chloride sharing can therefore increase the

coordination population of both metals while simultaneously generating network connectivity.
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5.1 Liquid Structure and Network Formation

The difference between Ce and Nd demonstrates that coordination cannot be interpreted from

electrostatic attraction alone. The smaller Nd
3+

ion generates a more compact local field, but

the reduced first-shell volume and increased chloride–chloride crowding restrict the number of

anions that can be accommodated. The larger Ce-centred shell supports a somewhat higher mean

coordination number. Local coordination is therefore controlled jointly by cation–anion attraction,

available shell volume, chloride polarisation and anion–anion packing.

At high trichloride content, the average coordination numbers approach plateaux because the

first shells have reached their preferred population ranges. Further increases in composition then

alter how the coordination shells connect more strongly than they alter the number of chlorides

surrounding each individual cation. This separation between local-shell saturation and continuing

network development is important for interpreting the cluster and linkage results below.

The ternary heatmaps in Figure 5.2 show that changes in the mean coordination number do

not correspond to rigid transitions between integer coordination states. Several coordination

populations coexist at every composition, with increasing x(LnCl3) transferring probability from

lower-CN toward higher-CN environments. Ce remains shifted towards the more highly coordinated

states relative to Nd, even though both ions participate in the same mixed network.

The pure-actinide distributions supplied by Ter Veer et al. [79] are also dominated by CN 7 and

CN 8. For UCl3, these populations account for approximately 43.70% and 35.97%, respectively,

while the corresponding values for PuCl3 are approximately 47.07% and 30.55%. The same dom-

inance of seven- and eight-fold environments appears in the concentrated lanthanide melts. The

complete binary coordination distributions are provided in Figure A.1.

5.1.2 Cluster Formation and Network Polymerisation

The graph-based speciation results reveal a rapid transition from isolated coordination environments

to an extended shared-chloride network. At a lanthanide chloride fraction of 0.1, monomers remain

the largest population in both binary systems. The dilute NaCl – NdCl3 melt is more strongly

monomeric than NaCl – CeCl3, consistent with its more compact first shell and lower probability of

multiply connected configurations.

Increasing the trichloride content strongly suppresses the finite monomer, dimer and trimer

populations. At x(MCl3) ≈ 0.2, the polymer fraction becomes a major contribution, and by approx-

imately x(MCl3) = 0.3, more than 90% of the lanthanide ions belong to connected components

containing four or more trivalent centres. The complete binary speciation curves are provided in

Figure A.4.

This crossover is substantially sharper than the change in average coordination number. A

lanthanide ion can possess a well-populated first coordination shell while remaining monomeric

when no second trivalent centre is sufficiently close to share one of its chloride ions. Increasing the

trivalent-cation number density reduces the separation between possible neighbours and increases

the number of available bridging configurations. Once several shared-chloride links coexist, finite

clusters merge rapidly into an extended network.

The same composition-driven crossover is observed in the ternary lanthanide melt and in the

NaCl – UCl3 – PuCl3 results supplied by Ter Veer et al. [79] At a total trivalent-chloride fraction of

0.10, the lanthanide ternary contains approximately 55–67% monomeric ions and approximately
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(c) Separate Ce- and Nd-centred coordination-number distributions in the equal-Ce/Nd ternary path.

Figure 5.2. Local coordination in the simulated lanthanide melts and comparison with the actinide PIM-MD

results supplied by Ter Veer et al. [79] The binary panels show average first-shell coordination numbers at

1100 K. The ternary heatmaps show the percentage occurrence of individual coordination-number states.
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4–10% polymeric ions, depending on temperature. Ter Veer et al. [79] report 59.53% monomers

and 7.35% polymers at the corresponding composition.

At a trivalent-chloride fraction of 0.20, the lanthanide polymer fraction rises to approximately

40–50%, compared with 53.75% in the actinide system. By a fraction of 0.30, both systems contain

approximately 90% or more polymeric trivalent cations: the Ter Veer et al. [79] value is 92.62%.

At 0.40, the polymer fractions approach complete network formation, with Ter Veer et al. [79]

reporting 99.37%.

The close correspondence in the location and sharpness of this connectivity crossover is signi-

ficant. It shows that the mixed lanthanide and mixed actinide melts respond similarly to increasing

trivalent-cation density, despite differences in their individual chemical identities. In both systems,

a predominantly monomeric liquid at low trichloride content evolves into an almost completely

polymerised chloride-connected network over the relatively narrow composition interval between

approximately 0.1 and 0.4.

The present ternary analysis further shows that the lanthanide network becomes predominantly

mixed Ce–Nd above x(LnCl3) ≈ 0.3. The supplied Ter Veer et al. [79] dataset resolves actinide

cluster sizes but does not separately identify U-only, Pu-only and mixed U–Pu cluster populations.

The comparison therefore supports similarity in the extent and onset of polymerisation, but no

conclusion regarding the detailed U–Pu cluster composition is drawn from these data.

5.1.3 Shared-Chloride Network Topology

The linkage populations resolve how the polymerised networks are assembled. Corner-sharing

corresponds to one shared chloride, edge-sharing to two shared chlorides, and face/higher-order

sharing to three or more shared chlorides. Corner-sharing remains the largest individual contribu-

tion in all of the lanthanide melts, while edge-sharing forms a substantial secondary population

and face/higher-order configurations remain less abundant.

Corner-sharing is favoured because it connects neighbouring coordination shells while maintain-

ing a comparatively large metal–metal separation and allowing greater orientational freedom. Edge-

and face-sharing satisfy a greater fraction of the coordination requirements of two cations using

the same chloride ions, but they also bring the positively charged cations closer together, increase

chloride crowding and restrict the relative orientation of their coordination environments. Their

populations therefore reflect a competition between the chemical benefit of shared coordination

and the physical penalties of cation–cation repulsion and geometrical confinement.

Increasing the lanthanide fraction decreases the corner-sharing fraction and increases the

edge- and face/higher-order populations. The network therefore develops not only by creating a

larger number of connections, but also by increasing the multiplicity of the connections between

neighbouring metal centres. At high composition, the linkage fractions begin to level off, consistent

with saturation of the local coordination shells and near-complete cluster polymerisation.

The pure-endmember linkage populations are compared with the Ter Veer et al. [79] actinide

results in Table 5.1. The CeCl3 – UCl3 pair exhibits an especially close edge-sharing fraction: 40.64%

for Ce and 40.41% for U. Ce is slightly less corner-sharing and more face/higher-order sharing than

U, but the overall balance among the three linkage classes remains similar.
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Table 5.1. Near-pure first-shell coordination numbers and shared-chloride linkage populations at 1100 K

for the lanthanide melts and the actinide results supplied by Ter Veer et al. [79]. The actinide coordination

numbers are digitised near-pure values. The lanthanide face/higher-order category includes the negligible

C≥4 contribution, which remains below 0.1%.

System Average CN Corner (%) Edge (%) Face/C≥3 (%)

CeCl3, this study 7.60 47.33 40.64 12.03

UCl3, Ter Veer et al. 7.37 50.12 40.41 9.47

NdCl3, this study ≈ 7.12 53.21 38.78 8.01

PuCl3, Ter Veer et al. 7.20 48.87 40.77 10.36

The NdCl3 – PuCl3 pair also exhibits the same topology ordering, but the differences are some-

what larger. Nd is more corner-rich and less multiply connected than Pu, with approximately 53.21%

corner-sharing compared with 48.87% for Pu. Thus, NaCl – NdCl3 reproduces the NaCl – PuCl3

average coordination numbers exceptionally closely, whereas its endmember network remains

slightly more open and corner-dominated.

This distinction demonstrates why a simulant assessment based only on average CN would

be incomplete. Two melts can have almost identical first-shell populations while differing in how

those shells are connected. Conversely, Ce and U show a noticeable offset in average CN while

maintaining closely comparable endmember linkage topologies. Structural representativeness is

therefore scale dependent.

The ternary cluster and linkage results are shown separately in Figures 5.3 and 5.4 to preserve

readability. The ternary linkage fractions lie between the characteristic binary behaviours. Corner-

sharing decreases from approximately 63–64% at x(LnCl3) = 0.1 to approximately 47–51%

at intermediate and high lanthanide fractions. Over the same interval, edge-sharing rises from

approximately 32–33% to approximately 40–44%, while face/higher-order sharing increases from

approximately 4–5% to approximately 10–12%.

The species-resolved linkage counts also allow random versus preferential Ce/Nd association

to be tested directly. Along the equal-Ce/Nd path, random pairing of equally abundant Ce and

Nd cations gives the large-population expectation 25:50:25 for Ce–Ce, Ce–Nd and Nd–Nd links.

At 1100 K, representative states spanning x(LnCl3) = 0.10, 0.50 and 0.90 give, respectively,

24.95:50.94:24.11, 26.40:49.44:24.16 and 25.64:49.82:24.54. The maximum departure from the random-

pair expectation is therefore only 1.40 percentage points across these representative states. Within

the resolution of the present time-averaged analysis, the Ce/Nd linkage statistics are consequently

consistent with approximately stochastic mixing rather than a strong preference for either hetero-

cation or homo-cation association. Because no independent-replica uncertainty was assigned to

these pair fractions, this is a descriptive test rather than a formal hypothesis test.

Because the ternary clusters become overwhelmingly mixed Ce–Nd, these intermediate fractions

do not represent a macroscopic average of two separate binary networks. They arise from a single

heterogeneous network containing Ce–Ce, Ce–Nd and Nd–Nd connections. The species-specific first

shells therefore remain locally distinct while the intermediate-range topology becomes chemically

mixed. The dominance of mixed clusters at high lanthanide fraction should not itself be interpreted
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Figure 5.3. Composition-dependent cluster-size and cluster-composition speciation along the equal-Ce/Nd

NaCl – CeCl3 – NdCl3 path at 900–1200 K. Polymers are connected components containing four or more

lanthanide ions; cluster compositions are classified as Ce-only, Nd-only or mixed Ce–Nd.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x(CeCl3) + x(NdCl3)

0

20

40

60

80

100

Li
nk

ag
e 

fr
ac

tio
n 

(%
)

Temperature
900 K
1000 K
1100 K
1200 K

Linkage type
Corner (1 Cl)
Edge (2 Cl)
Face (3+ Cl)

Figure 5.4. Composition-dependent shared-chloride linkage topology along the equal-Ce/Nd

NaCl – CeCl3 – NdCl3 path at 900–1200 K. Corner-, edge- and face/higher-order categories correspond to one,

two and three-or-more shared chloride neighbours, respectively.

as preferential Ce–Nd attraction: once large connected components form, a mixed cluster is expected

even for statistically mixed Ce/Nd linkages.

5.1.4 Integrated Lanthanide–Actinide Interpretation

The simulated melts exhibit a common hierarchical response to increasing trivalent-chloride content.

First, the local metal–chloride coordination population increases. Second, chloride sharing becomes

more frequent and isolated first shells combine into finite clusters. Finally, the clusters merge

into a nearly completely polymerised network containing substantial corner- and edge-sharing

populations. These stages are coupled but not identical: the local CN approaches a plateau before

the network topology stops evolving.

The comparison with Ter Veer et al. [79] demonstrates that the suitability of a lanthanide simulant

depends on the structural scale considered. NaCl – NdCl3 reproduces the average coordination-
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number evolution of NaCl – PuCl3 particularly closely, but the Nd-rich network is slightly more

corner-dominated than the Pu-rich network. NaCl – CeCl3 produces somewhat higher coordination

numbers than NaCl – UCl3, while reproducing a closely comparable balance between corner-, edge-

and face-sharing configurations.

The strongest mixed-system correspondence is observed in the composition-driven polymerisa-

tion transition. Both NaCl – CeCl3 – NdCl3 and the NaCl – UCl3 – PuCl3 data supplied by Ter Veer

et al. [79] evolve from predominantly finite species at low total trichloride content to more than

90% polymeric trivalent cations near a total fraction of 0.3 and almost complete polymerisation by

approximately 0.4.

The results therefore support the use of the lanthanide systems as structural simulants at the

level of composition-dependent local coordination and shared-chloride network formation. They

do not imply exact structural identity. Ce provides a close representation of the U linkage topology

but exhibits a higher local CN, whereas Nd closely represents the Pu coordination-number trend

but forms a somewhat more open endmember network.

This multiscale structure also provides the microscopic basis for connecting chemistry with

macroscopic transport. Cation size, polarisation and chloride affinity define the local coordination

building blocks. Electrostatic repulsion, anion packing, configurational entropy and thermal motion

determine how those building blocks connect and rearrange. Increasing network connectivity

couples the motion of chloride ions to neighbouring trivalent centres and increases the collective

structural rearrangement required for long-range ionic motion. The structural results therefore

provide the physical and chemical framework for interpreting the composition dependence of

transport properties discussed later in this chapter.

5.2 Volumetric Properties and Non-Ideal Mixing
The density, molar volume and excess molar volume were evaluated over the complete simulated

composition range at 900–1200 K. The binary results are first compared with the available experi-

mental descriptions and with the corresponding actinide-containing PIM–MD datasets. The ternary

results are then compared with estimates obtained by extrapolating the binary Redlich–Kister

descriptions through the Muggianu formalism.

5.2.1 NaCl–CeCl3

The density of NaCl – CeCl3 increases continuously with x(CeCl3), whereas increasing temper-

ature reduces the density (Figure 5.5). The molar volume increases with both CeCl3 fraction and

temperature. These trends are consistent with ρ = Mmix/Vm: replacing NaCl with the substantially

heavier trichloride raises the mixture molar mass more strongly than it raises the molar volume,

while thermal expansion increases the volume occupied per mole. The close correspondence with

the Sato–Yamamura descriptions compiled by Iwadate [31] shows that the PIM–MD model captures

the dominant composition and temperature dependence of the absolute volumetric properties.

The excess molar volume (Figure 5.6) reveals non-ideality that is difficult to distinguish from the

nearly linear total molar-volume curves. Positive V E
m in the NaCl-rich region denotes expansion

relative to ideal volume additivity, whereas the negative values at larger trichloride fractions denote
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Figure 5.5. Absolute volumetric properties of NaCl – CeCl3. PIM–MD density and molar volume are shown

over the complete composition and temperature ranges together with the Sato–Yamamura descriptions

compiled by Iwadate [31].
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Figure 5.6. Excess molar volume of NaCl – CeCl3 compared with the NaCl – UCl3 PIM–MD reference data

supplied by Ter Veer et al. [84]. Continuous and dashed curves are Redlich–Kister representations of the

discrete simulation values.

net contraction. The initial expansion is consistent with the reorganisation required when highly

coordinated Ce-centred chloride environments are introduced into a predominantly NaCl-like

liquid. Experimental structural measurements show that molten CeCl3 contains distorted, highly

coordinated Ce–Cl environments [14]. Increasing the trichloride fraction allows more extensive

chloride sharing and changes the connectivity and packing of these environments. The sign change

in V E
m can therefore be interpreted as a crossover between two competing structural contributions.

At low CeCl3 content, relatively isolated Ce-centred coordination environments disrupt the NaCl-

like packing and require additional local volume, giving V E
m > 0. As the CeCl3 fraction increases,

the mean separation between trivalent centres decreases and neighbouring coordination shells

increasingly share chloride ions. This allows a more collectively connected arrangement of the

chloride network and reduces the volume associated with isolated coordination environments.

Once this contraction contribution outweighs the initial NaCl-rich packing disruption, V E
m becomes

negative. The crossover is therefore interpreted as a continuous composition-driven reorganisation

of coordination and packing, rather than as evidence for a discrete structural transition.

The NaCl – CeCl3 and NaCl – UCl3 curves display the same principal composition-dependent

form: a positive NaCl-rich maximum, an intermediate sign change and contraction on the trichloride-

rich side. The broad agreement in both shape and temperature evolution supports CeCl3 as a useful

non-radioactive volumetric simulant for investigating trends relevant to U-bearing molten-salt fuels.

The remaining differences in magnitude show, however, that Ce- and U-containing melts should

not be treated as numerically interchangeable.
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5.2.2 NaCl–NdCl3
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Figure 5.7. Absolute volumetric properties of NaCl – NdCl3. PIM–MD density and molar volume are

compared with the measurements and temperature-dependent descriptions of Mochinaga and Igarashi [18].

The NaCl – NdCl3 system displays the same principal absolute-property trends as the Ce-

containing binary. Density increases with x(NdCl3) and decreases with temperature, while molar

volume increases with both composition and temperature (Figure 5.7). The PIM–MD predic-

tions closely follow the measurements and derived molar volumes reported by Mochinaga and

Igarashi [18]. In that study the molten densities were measured dilatometrically, and the molar

volumes were calculated from the measured density data. This agreement indicates that the sim-
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Figure 5.8. Excess molar volume of NaCl – NdCl3 compared with the NaCl – PuCl3 PIM–MD reference data

supplied by Ter Veer et al. [84]. Curves are Redlich–Kister representations of the corresponding simulation

datasets.

ulations reproduce both the composition-dependent packing of the binary liquid and its thermal

expansion over the investigated temperature range.

The excess molar volume (Figure 5.8) again changes from positive values in the NaCl-rich region

to negative values at larger NdCl3 fractions. The sign change shows that the mixture cannot be

described by a single composition-independent packing correction. At low trichloride content,

formation of isolated or weakly connected Nd-centred chloride environments produces expansion

relative to ideal volume additivity. As the concentration of trivalent centres rises, chloride sharing

and network connectivity become increasingly important, allowing the liquid to adopt a more

compact arrangement. Such an interpretation is consistent with the distorted Nd–Cl coordination

environments identified experimentally [14] and with the linked-polyhedral structures observed in

PIM–MD studies of actinide-bearing chloride mixtures [80].

The close correspondence between the NaCl – NdCl3 and NaCl – PuCl3 excess-volume profiles

is particularly relevant to the use of Nd salts as accessible substitutes for Pu-containing materials.

Both systems show similar positions of the positive maximum, zero crossing and trichloride-rich

minimum, together with broadly comparable temperature dependence. The agreement supports

NdCl3 as a useful thermophysical simulant for studying composition-dependent volumetric beha-

viour relevant to Pu-bearing molten-salt fuels. As for the Ce–U comparison, this is evidence of

property-specific similarity rather than proof of complete physicochemical equivalence.
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5.2.3 NaCl–CeCl3 –NdCl3
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Figure 5.9. Absolute volumetric properties of NaCl – CeCl3 – NdCl3 along the investigated equal-Ce/Nd

path. Direct PIM–MD density and molar volume are compared with the corresponding binary-derived

RK–Muggianu predictions.

The ternary density increases with the total trichloride fraction and decreases with temperature,

whereas the molar volume increases with both composition and temperature (Figure 5.9). The direct

PIM–MD values remain close to the RK–Muggianu predictions for both absolute properties. This

agreement indicates that density and total molar volume are dominated by the pure-component

and binary contributions, which are retained when the binary Redlich–Kister descriptions are

extrapolated into the ternary composition space.

Birri et al. [85] demonstrated the application of binary Redlich–Kister representations and

symmetric Muggianu interpolation to higher-order molten-salt density estimation. In the present
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Figure 5.10. Excess molar volume of NaCl – CeCl3 – NdCl3 along the investigated equal-Ce/Nd path. Direct

PIM–MD results are compared with predictions obtained from the binary Redlich–Kister descriptions through

symmetric Muggianu interpolation following Birri et al. [85]. The RK–Muggianu curves are binary-derived

model predictions, not independent experimental measurements of the present ternary system.

work, this method provides a binary-derived baseline against which the directly simulated ternary

results can be assessed. It should not be interpreted as experimental validation of the chloride

system.

A direct fixed-loading comparison at 900 K provides a more stringent test of whether the

equal-Ce/Nd ternary state remains bracketed by the two binary half-loading states at the same total

trichloride loading (Figure 5.11). The nominal compositions arex(CeCl3) = 0.50, x(NdCl3) = 0.50,

and x(CeCl3) = x(NdCl3) = 0.25; because of the integer ion counts in the 2000-ion cells, the

realised total trichloride fraction is 0.49925 in all three cases, with the ternary split x(CeCl3) =

0.24888 and x(NdCl3) = 0.25037.

The density increases from 2.8266 g/cm3
for the Ce binary to 2.8511 g/cm3

for the ternary

state and 2.8714 g/cm3
for the Nd binary. The corresponding molar volumes are 53.885, 53.785

and 53.766 cm3/mol, respectively. The ternary absolute properties therefore lie close to the binary

bracket at fixed total lanthanide loading. The excess molar volume is more discriminating: the

Ce binary, ternary and Nd binary values are approximately −0.242, −0.032 and −0.086 cm3/mol,

respectively. The ternary residual is therefore less negative than either binary value, showing

that a nearly interpolative absolute volume can coexist with a non-additive excess residual. The

Redlich–Kister functions themselves are empirical descriptions of binary non-ideality [69], while

the Muggianu construction transfers those binary contributions into a multicomponent composition

space.
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Figure 5.11. Fixed-loading 900 K comparison of the two binary half-loading states and the equal-Ce/Nd

ternary state. The two binary states and the equal-Ce/Nd ternary state have the same realised total trichloride

fraction, x(LnCl3) = 0.49925, so no composition interpolation is required. The ternary composition is

x(CeCl3) = 0.24888 and x(NdCl3) = 0.25037.
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The excess molar volume (Figure 5.10) provides a more sensitive comparison than either density

or total molar volume. Within the present PIM–MD model, the direct curves display stronger and

more temperature-dependent deviations than the binary-based interpolation. This contrast indicates

that the small non-ideal volume residual is sensitive to the simultaneous presence of Na, Ce and Nd

in a way that is not reproduced fully by the binary RK–Muggianu baseline. Possible microscopic

origins include changes in mixed Ce–Cl–Nd coordination, competition for bridging chlorides and

redistribution between different linkage environments. Because the Ce–Nd cross interaction is

an interpolated modelling choice rather than an independently fitted ternary interaction, these

results should be interpreted as model-predicted additional packing contributions, not as proof of

an experimentally established ternary excess effect. The RDF, coordination-number and network

analyses in Section 5.1 provide the structural context for this model response.

For reactor-scale calculations, the volumetric quantities have direct engineering consequences.

Density sets the relation between salt mass, fissile or fertile inventory and occupied fuel volume,

while its temperature dependence enters thermal-expansion, buoyancy and natural-circulation

calculations. The excess molar volume quantifies the error introduced by assuming ideal volume

additivity in multicomponent-property models. The present agreement for the absolute binary

properties is therefore encouraging for engineering trend prediction, whereas the model-dependent

ternary excess volume should retain the qualification stated above.
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Figure 5.12. Interval-average isobaric heat capacities obtained from the PIM-MD simulations over ap-

proximately 900–1200 K for the binary lanthanide-chloride systems, compared with the corresponding

actinide-chloride benchmark datasets. Error bars represent the propagated 95% confidence intervals.
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Figure 5.13. Interval-average isobaric heat capacity of the NaCl – CeCl3 – NdCl3 system along the equimolar

CeCl3 – NdCl3 composition path. The horizontal coordinate is the total rare-earth chloride fraction,

x(CeCl3) + x(NdCl3). Error bars represent the propagated 95% confidence intervals.

The interval-average isobaric heat capacities obtained over approximately 900–1200 K are

shown in Figures 5.12 and 5.13. For both binary systems, Cp increases smoothly with the trivalent-

chloride fraction. In NaCl – CeCl3, Cp rises from 72.46 ± 0.24 Jmol−1K−1
for pure NaCl to

141.68± 0.53 Jmol−1K−1
for pure CeCl3. The corresponding increase for NaCl – NdCl3 is from

72.41± 0.25 to 140.81± 0.48 Jmol−1K−1
. Along the equimolar CeCl3 – NdCl3 ternary path, Cp
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similarly increases from 77.93± 0.25 Jmol−1K−1
at a total rare-earth chloride fraction of 0.10 to

135.52± 0.55 Jmol−1K−1
at a fraction of 0.90.

The monotonic increase partly reflects the molar basis used here: one mole of MCl3 contains

four moles of ions, whereas one mole of NaCl contains two. Increasing the trichloride fraction also

introduces strongly coordinated M3+−Cl− environments and a progressively larger configurational

contribution to the enthalpy. Experimental investigations of molten CeCl3 and NdCl3 report distor-

ted chloride coordination environments containing approximately six to seven nearest neighbours

[14]. The smooth composition dependence and small statistical uncertainties therefore indicate

that the PIM-MD simulations resolve the principal energetic changes associated with increasing

rare-earth-chloride content.

The calculated total heat capacities agree closely with the actinide-reference datasets. The root-

mean-square difference between NaCl – CeCl3 and NaCl – UCl3 is approximately 0.67 Jmol−1K−1
,

while the corresponding difference between NaCl – NdCl3 and NaCl – PuCl3 is approximately

0.98 Jmol−1K−1
. The maximum relative deviations are approximately 1.25% and 1.52%,

respectively, and remain within the 2% uncertainty assigned to the reference curves in the present

comparison. The agreement therefore extends beyond the pure-component values and includes the

composition dependence of Cp. Independent molecular simulations comparing Ce
3+

, Nd
3+

and Pu
3+

interactions also identify NdCl3 as the more representative plutonium surrogate, although simulant

performance remains dependent on the property and composition considered [15].
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Figure 5.14. Excess isobaric heat capacities of the binary lanthanide-chloride systems compared with the

corresponding actinide-chloride benchmark datasets. The fitted lines denote covariance-aware Redlich–Kister

representations of the direct PIM-MD values.

The non-ideal composition dependence is more clearly resolved through the excess heat capacit-

ies shown in Figures 5.14 and 5.15. For NaCl – CeCl3, CE
p is slightly negative on the NaCl-rich side,

reaching −1.04 Jmol−1K−1
near x(CeCl3) = 0.10. It changes sign between x = 0.20 and 0.30

and reaches a broad maximum of 5.25 Jmol−1K−1
near x = 0.70. The NaCl – NdCl3 system ex-

hibits the same general form but has a more pronounced negative minimum of −2.20 Jmol−1K−1

near x(NdCl3) = 0.20, followed by a maximum of 5.35 Jmol−1K−1
near x = 0.70.

The ternary path follows the same progression. At a total rare-earth fraction of 0.20, the

excess heat capacity is −1.66 Jmol−1K−1
. It crosses zero near 0.30 and reaches 4.60 Jmol−1K−1
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Figure 5.15. Excess isobaric heat capacity of the NaCl – CeCl3 – NdCl3 system along the equimolar

CeCl3 – NdCl3 composition path. The horizontal coordinate is x(CeCl3) + x(NdCl3). The line repres-

ents the covariance-aware fourth-order descriptive interpolation.

at 0.60. Seven of the nine ternary deviations from ideality remain statistically significant after

false-discovery-rate correction.

Because

CE
p =

(
∂HE

∂T

)
P

, (5.1)

the extrema inCE
p identify compositions at which the non-ideal enthalpy of mixing is particularly

temperature-sensitive; they do not simply locate the compositions with the strongest interionic

attractions. This also explains why the sign of CE
p need not follow that of V E

m . The excess molar

volume measures departure from ideal volume additivity and is therefore primarily sensitive to

packing and volume redistribution, whereas CE
p measures the temperature derivative of excess

enthalpy. A negative V E
m can therefore coexist with a positive CE

p without any thermodynamic

contradiction. A plausible structural interpretation is that isolated or weakly connected rare-earth

chlorocomplexes dominate the NaCl-rich region, where NaCl acts as a network-disrupting spacer

salt. As the trichloride fraction increases, chloride-sharing coordination polyhedra progressively

aggregate into oligomeric and networked structures.

Related PIM-MD studies of NaCl – UCl3 report the onset of substantial uranium-chloride con-

nectivity above approximately x(UCl3) = 0.25 and the development of a three-dimensional

polyhedral network above approximately x(UCl3) = 0.40 [81]. Comparable structural heterogen-

eity and network disruption by NaCl have been demonstrated in NaCl – LaCl3 melts [34]. The broad

positive maxima near trichloride fractions of 0.6–0.7 are therefore consistent with a composition

range in which network connectivity and its thermal reorganisation are particularly sensitive to

temperature. The subsequent decline towards the rare-earth-rich limit reflects the approach to an
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already established trichloride network. For the binary systems, CE
p must finally approach zero at

each pure-component limit by definition. This structural explanation is evaluated further using the

RDF, coordination-number and speciation results rather than being inferred from CE
p alone.

The Redlich–Kister correlations reproduce the binary sign changes and broad maxima while

satisfying the pure-component limits. Their residual root-mean-square errors are approximately

0.26 Jmol−1K−1
for NaCl – CeCl3 and 0.45 Jmol−1K−1

for NaCl – NdCl3, comparable to or smal-

ler than the uncertainties of the direct points. The ternary fourth-order interpolation also provides

an adequate covariance-aware fit, with a goodness-of-fit probability of 0.67, a reduced χ2
of 0.59

and a maximum direct residual of 0.36 Jmol−1K−1
. The fitted curves are therefore suitable for

interpolation within the simulated composition ranges, although the direct PIM-MD values remain

the primary evidence.

For reactor applications, neglecting CE
p would introduce errors of up to approximately 4.3%

in the mixture heat capacity around the positive maxima. Heat capacity determines the sensible-

heat inventory and contributes to the volumetric thermal inertia of a fuel or coolant salt. It

is therefore required in calculations of startup, normal heat removal and transient temperature

response. Accurate composition-dependent values are especially important for fuel salts whose

composition evolves during operation. The close agreement with the actinide benchmarks supports

the use of these lanthanide systems for non-radioactive screening and model development. However,

the remaining differences in CE
p demonstrate that actinide properties should not be replaced by ideal-

mixture estimates or transferred from a simulant without a composition-dependent uncertainty

assessment [86, 87].

5.4 Mixing Enthalpy and MIVM Analysis
The mixing enthalpies of the two binary systems and the equal-Ce/Nd ternary composition path

are shown in Figures 5.16 to 5.18. Both binary systems are exothermic at every investigated interior

composition, with the pure-component endpoints fixed by definition at ∆Hmix = 0; all directly

simulated states along the equal-Ce/Nd ternary path are likewise negative. The results therefore

show strongly non-ideal, exothermic mixing over the sampled mixed-composition states. The binary

minima are broad and occur at approximately x(LnCl3) = 0.4–0.5. At 1100 K, the minimum values

are approximately −11.24 kJmol−1
for NaCl – CeCl3 and −11.71 kJmol−1

for NaCl – NdCl3, both

near a trichloride fraction of 0.4. Along the equal-Ce/Nd ternary path, the minimum at the same

temperature is approximately −11.48 kJmol−1
at a total trichloride fraction of 0.4. At 900 K,

the Ce-containing binary and the ternary path instead exhibit a nearly flat minimum extending

from approximately 0.4 to 0.5; the statistical uncertainties do not support interpreting this small

displacement as a sharp composition transition.

The negative sign shows that the enthalpy of the mixed liquid is lower than the mole-fraction-

weighted enthalpy of its pure liquid components. The microscopic origin is not a direct attractive

bond between the positively charged Na and lanthanide cations. Rather, mixing redistributes chloride

ions and creates energetically favourable, chloride-mediated unlike-cation environments while

reorganising the lanthanide–chloride coordination network. This interpretation is supported by the

PMF-derived MIVM inputs, but no single sign test onB12 orB21 is sufficient to determine the mixing

enthalpy because the complete MIVM expression combines directional interaction, coordination
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and molar-volume terms. The εij values are therefore best interpreted as state-dependent effective

PMF-well energies, rather than bare pair-potential parameters or isolated chemical-bond energies.

The construction of the PMF-derived interaction parameters and the associated sensitivity treatment

are documented in Section 4.6.2.

Early calorimetric studies of charge-asymmetric rare-earth chloride mixtures also reported

exothermic mixing and commonly discussed the behaviour in terms of stabilised chloro-complex

environments [20, 26]. Modern structural studies provide a less restrictive interpretation. In

LaCl3 – NaCl, Emerson et al. [34] showed that NaCl acts as a spacer salt and that the trivalent

cation occupies an exchanging ensemble of coordination environments rather than one unique,

long-lived complex. The present results are consistent with this picture: exothermicity arises from

the collective redistribution of chloride, changes in local packing and polarisation, and the formation

of chloride-mediated unlike environments, without requiring one discrete stoichiometric species to

dominate the liquid.

The location of the minimum follows from the balance between the energetic benefit of unlike

local environments and the number of such environments present in the mixture. For a binary

system, the mixing enthalpy may be written as

∆Hmix = x(1− x)λ(x), (5.2)

where x = x(LnCl3) and λ(x) is a composition-dependent interaction parameter. If λ were

constant, the factor x(1 − x) would place the minimum at x = 0.5. The simulated curves are

shifted toward the NaCl-rich side because the effective interaction parameter is more negative in

that region. At very low lanthanide content, individual lanthanide-centred environments can be

strongly stabilised by the surrounding NaCl-rich liquid, but too few trivalent centres are present for

this local stabilisation to dominate the molar enthalpy. At high lanthanide content, the number

of trivalent centres is large, but the liquid increasingly resembles the connected structure of the

pure trichloride and the number of unlike Na–Ln environments decreases. Near x(LnCl3) ≈ 0.4,

NaCl remains the majority component while the lanthanide population and chloride-connected

network are already extensive. This composition therefore maximises the product of the number of

favourable unlike environments and their energetic benefit.

This interpretation is consistent with the structural crossover identified in Section 5.1. The rapid

increase in polymeric lanthanide populations between total trichloride fractions of approximately

0.2 and 0.4 occurs in the same broad composition interval as the most exothermic mixing. The

coincidence does not prove that polymerisation alone causes the enthalpy minimum, but it shows

that the minimum appears where local chloride coordination and intermediate-range connectivity

are changing most strongly. The position near 0.4 should consequently not be interpreted as proof

of a liquid compound with a fixed 3NaCl : 2LnCl3 stoichiometry. It instead marks the optimum

balance between dilution, chloride-mediated unlike ordering and recovery of the trichloride network.

Temperature has a smaller effect than composition. In NaCl – CeCl3, the minimum becomes less

negative from approximately −12.28 kJmol−1
at 900 K to −11.09 kJmol−1

at 1200 K. The ternary

minimum changes from approximately −12.08 to −11.28 kJmol−1
over the same temperature

interval. This weakening is consistent with thermal disorder reducing the persistence of composition-
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specific local ordering. The NaCl – NdCl3 minima vary more weakly, from approximately −12.05 to

−11.50 kJmol−1
, and the differences between 1000 and 1100 K are comparable with the statistical

uncertainties. The Nd-containing system is therefore described as exhibiting weak temperature

dependence, rather than a strictly monotonic change at every adjacent temperature.
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Figure 5.16. Mixing enthalpy of NaCl – CeCl3. Direct PIM–MD values at 1100 K are compared with the

calorimetric description of Papatheodorou and Kleppa [26] at 1118 K, the independently parameterised

PMF-informed MIVM, and the benchmark-calibrated MIVM. The calibrated curve uses the experimental

mixing enthalpy during parameter estimation and therefore represents a semi-empirical reproduction rather

than an independent validation.

The direct PIM–MD calculations reproduce the negative sign and the broad intermediate-

composition minimum observed experimentally, but systematically overpredict the magnitude of the

exothermicity. For NaCl – CeCl3, the 1100 K simulated minimum is approximately −11.24 kJmol−1
,

compared with an experimental minimum near −8.16 kJmol−1
at 1118 K. For NaCl – NdCl3, Gaune-

Escard et al. [20] summarize the broad experimental minimum as approximately −5.7 kJmol−1
near

x(NdCl3) = 0.4, while the most negative individual point among the 16 tabulated measurements

used in the present benchmark is −6.74 kJmol−1
at x(NdCl3) = 0.499. The simulated 1100 K

minimum is approximately −11.71 kJmol−1
. The temperature differences of 18 and 24 K are too

small to explain discrepancies of this magnitude, particularly because the simulated temperature

dependence is weak. The results therefore indicate systematic over-stabilisation of mixing by the

direct simulation route, potentially arising from the force field, the pure-component reference

enthalpies, or the reduction of a complex many-body liquid to finite sampled state points.

The PMF-informed MIVM provides an independent structure-to-thermodynamics test. Its

parameters are obtained through the sequence

gij(r) −→ wij(r) = −RT ln[gij(r)/gij,∞] −→ εij −→ Bij −→ ∆Hmix. (5.3)
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Figure 5.17. Mixing enthalpy of NaCl – NdCl3. Direct PIM–MD values at 1100 K are compared with the

16 calorimetric measurements of Gaune-Escard et al. [20] at 1124 K, a shape-preserving guide through

the experimental values, the PMF-informed MIVM, and the MIVM curve calibrated against the complete

experimental dataset.

The conversion from the RDF to the PMF is a statistical-mechanical definition; the principal

approximation is the subsequent replacement of the complete, composition-dependent PMF profile

by a single value at its first minimum. A PMF is an effective free-energy profile for a selected pair in

the environment of the surrounding liquid. It therefore contains averaged contributions from local

packing, ionic ordering, many-body electronic polarisation, entropy and the remaining degrees

of freedom of the melt. A single first-minimum value cannot retain the width of the PMF basin,

competing coordination environments, longer-range correlations or the composition dependence

of oligomeric and network structures.

The effect of this reduction is amplified by the exponential MIVM definition

Bij = exp

[
−εij − εjj

RT

]
. (5.4)

A relatively small error in either the unlike or like PMF energy therefore changesBij multiplicatively

and can shift the magnitude and asymmetry of the complete mixing-enthalpy curve. The PMF-

informed calculations capture the exothermic sign, general curvature and intermediate-composition

minimum, but remain less exothermic than the direct PIM–MD results and do not reproduce the

experimental magnitude consistently.

The benchmark-calibrated MIVM agrees more closely with calorimetry because its most sens-

itive interaction parameters are adjusted directly against the quantity being reproduced. In the

present implementation, the PIM–MD-derived coordination numbers Zi and molar volumes Vm,i

are retained, whereas B12 and B21 are fitted to the binary calorimetric mixing enthalpies. These

fitted parameters act as effective quantities that absorb deficiencies associated with the simpli-
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fied MIVM functional form, composition-dependent PMFs, many-body polarisation, imperfect

first-shell reduction, finite RDF sampling and possible force-field errors. Goncharov et al. [72]

recently reported the same distinction for a molten LaCl3 – (LiCl – KCl) system: direct AIMD and

PIM–MD mixing enthalpies did not reproduce calorimetry, whereas a hybrid MIVM formulation

using structural information and experimentally benchmarked interaction parameters recovered

the measured behaviour.

The superior agreement of the calibrated curves must consequently not be interpreted as evidence

of greater independent predictive power. The PMF-informed MIVM is independently parameterised

from atomistic structural and volumetric information and tests whether those descriptors alone

are sufficient to predict the macroscopic mixing energetics. The benchmark-calibrated MIVM is

a semi-empirical representation and is expected to reproduce the measurements used during its

calibration. Presenting both models is nevertheless useful: their difference quantifies the effective

correction required to reconcile the structure-based description with calorimetry. The same hybrid

logic could be valuable for data-sparse actinide salts, but only after independent validation of

parameter transferability; no actinide MIVM calculation is claimed in the present work.
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Figure 5.18. Direct PIM–MD and full three-component PMF-informed MIVM mixing enthalpies for

NaCl – CeCl3 – NdCl3 along the equal-Ce/Nd composition path. Here, x(LnCl3) = x(CeCl3) + x(NdCl3)
and x(CeCl3) = x(NdCl3). Solid curves span the directly simulated interval, whereas dashed portions

toward the pure-component limits are model extrapolations.

The ternary system follows the same overall composition dependence as the two binaries, and

its direct PIM–MD values lie between the corresponding Ce- and Nd-containing binary trends.

Within the present PIM–MD/MIVM model, this behaviour is consistent with Na–Ce and Na–Nd

chloride-mediated environments providing the dominant binary-like contribution, while no large

additional Ce–Nd stabilisation is resolved along the investigated path. The full three-component
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PMF-informed MIVM reproduces the negative sign and broad minimum but, as in the binaries,

underestimates the magnitude of the direct exothermicity.

No ternary calorimetric dataset was used in this work. The ternary treatment must therefore

remain labelled PMF-informed rather than experimentally calibrated. In addition, the simulations

cover only the equal-Ce/Nd section of the composition space and cannot establish the behaviour

over the complete ternary triangle. The dashed end regions in Figure 5.18 are extrapolations of the

MIVM model and must not be interpreted as additional simulated states. Within these limits, the

ternary results indicate approximately binary-additive energetics along the investigated path and

provide a consistent bridge between the binary calorimetric comparisons and the mixed-lanthanide

structural analysis.

5.5 Thermal Conductivity
The thermal conductivity was evaluated using the structural-coherence model introduced in

Chapter 4, in which the ability of the liquid to store thermal energy, the propagation speed of

collective disturbances and the spatial extent of structural correlations are represented through

Cp,vol, vs and ℓsc, respectively. The model links the RDF-derived coherence length to an effective

energy-carrier mean free path and has recently been applied to dissociated, complex-forming and

actinide-bearing molten salts [45]. Accordingly, the results below should be interpreted as physically

informed model predictions rather than direct Green–Kubo evaluations of the heat current. This

distinction is important because local complex formation and chemical disorder can modify thermal

transport in multicomponent ionic liquids [88].

5.5.1 Binary Melts and Actinide Benchmarks

The calculated NaCl – CeCl3 conductivities span approximately 0.218–0.870 W/(mK) and show

a strongly non-linear composition dependence, including a broad low-conductivity intermediate-

composition region rather than a simple linear mixing response (Figure 5.19). At 900 K, adding

only x(CeCl3) = 0.10 lowers the predicted conductivity from 0.870 to 0.355 W/(mK), and the

minimum of 0.280W/(mK) occurs at x(CeCl3) = 0.20. The minimum remains near 0.20 at 1000 K

but shifts towards x(CeCl3) = 0.40 at 1100 and 1200 K. Beyond the minimum, the conductivity

generally recovers towards the CeCl3-rich endpoint. Most mixed compositions also display a

negative temperature dependence, although the behaviour is not strictly monotonic at every state

point.

The intermediate-composition minimum is not assigned to one rigid stoichiometric complex.

Instead, it marks a balance between two structural limits. In the NaCl-rich region, the introduction

of strongly coordinating Ce
3+

centres rapidly disrupts the comparatively long-ranged collective

environment of the carrier salt. At higher CeCl3 content, chloride-sharing Ce-centred environments

become sufficiently abundant for a more connected trichloride-like liquid to develop, allowing partial

recovery of the structural coherence length. The location of the minimum therefore corresponds to

the composition range in which the NaCl-like transport network has already been strongly disrupted

but the Ce-rich network has not yet recovered comparable coherence. The shift of the minimum

towards larger x(CeCl3) at higher temperature is consistent with stronger thermal disordering,
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such that a larger trichloride population is required before the Ce-rich recovery becomes apparent.

This is a structure-consistent interpretation rather than proof of a unique microscopic mechanism.

At x(MCl3) = 0.40, NaCl – CeCl3 follows the same negative temperature dependence as the

NaCl – UCl3 results supplied by Ter Veer et al. [84] (Figure 5.20). The Ce-containing values are

higher than the U-containing benchmark by approximately 8.7–21.2% over 900–1200 K, with a

mean absolute relative difference of 13.9%. This agreement supports trend-level thermal-transport

similarity within the common PIM–MD/structural-coherence framework, but it does not establish

absolute experimental accuracy.

Available measurements for molten CeCl3 – NaCl provide a more demanding absolute test.

Bobrova and Dokytovich [89] reported thermal conductivities for CeCl3-alkali-chloride melts that

increase with temperature, whereas the present SCM estimates are predominantly decreasing. The

direct comparison is shown in Figure 5.20. At 1173 K, the calculated values are approximately

60–67% below the reported correlations at the intermediate experimental compositions and approx-

imately 35% below the pure-CeCl3 value. These discrepancies are much larger than the numerical

post-processing sensitivity of the present workflow. The comparison therefore sets a clear boundary

on the model: the SCM is useful here for relative composition and analogue trends, but the available

NaCl – CeCl3 measurements do not validate its absolute conductivity scale.
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Figure 5.19. Predicted NaCl – CeCl3 thermal conductivity at 900, 1000, 1100 and 1200 K from the structural-

coherence model. The pure-NaCl points at 900 and 1000 K are metastable-liquid simulations below the

experimental melting temperature. Connecting lines are guides to the eye.

The NaCl – NdCl3 system exhibits the same broad response (Figure 5.21). The predicted val-

ues span 0.211–0.810 W/(mK), with a sharp decrease on introducing NdCl3, minima within

x(NdCl3) = 0.20–0.40, and recovery towards pure NdCl3. The minimum occurs at 0.30, 0.40, 0.20

and 0.30 at 900, 1000, 1100 and 1200 K, respectively. The absence of a single fixed minimum composi-

tion shows that thermal conductivity is controlled by the product of several composition-dependent

quantities rather than by one structural descriptor alone.
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Figure 5.20. Validation of the structural-coherence thermal-conductivity estimates. Panel (a) compares the

present NaCl – CeCl3 calculation with the NaCl – UCl3 PIM–MD/SCM benchmark of Ter Veer et al. [84] at

x(MCl3) = 0.40. Panel (b) compares the 1173 K composition dependence with the experimental NaCl – CeCl3

data of Bobrova and Dokytovich [89]; the pure-NaCl reference point follows the recommended molten-NaCl

correlation of Chliatzou et al. [90]. The experimental comparison is the principal absolute test of the SCM

values in this thesis.

The component decomposition clarifies the dominant origin of the U-shaped binary trend. The

composition-weighted coherence length decreases from about 6.0 Å in pure NaCl to approximately

2.8–3.0 Å over the intermediate composition range, before increasing to approximately 6.5 Å in

pure NdCl3. The volumetric heat capacity changes comparatively little, while the adiabatic sound

velocity provides an additional, but less uniformly non-linear, contribution. The conductivity

minimum therefore appears where the coherence of the NaCl-rich liquid has been lost and the

connected Nd-rich environment has not yet fully developed. Supporting plots of Cp,vol, vs and ℓsc,

together with the sensitivity analysis, are provided in the appendix. The heavier trivalent cations

also contribute indirectly through the sound-speed factor: from vs = (ρκS)
−1/2

, an increase in

mass density tends to reduce vs if the adiabatic compressibility does not compensate. This is not a

standalone cation-mass law, because κS and local chemistry vary at the same time. In the present

decomposition, the pronounced U-shaped composition response is therefore attributed primarily

to the non-linear change in ℓsc, with vs providing a secondary thermodynamic modulation. The

interpretation is deliberately liquid-state based; the SCM does not require literal crystal phonons or

a phonon-scattering mechanism.

At x(MCl3) = 0.40, the Nd-containing predictions remain above the NaCl – PuCl3 benchmark

of Ter Veer et al. [84] but reproduce its negative temperature dependence (Figure 5.21b). The relative

difference is approximately 8.5–17.5%, with a mean absolute relative difference of 12.0%. As for

the Ce–U comparison, the agreement is therefore strongest at the level of temperature dependence

and order of magnitude. It supports the use of NdCl3 as a qualitative thermal-transport analogue

for PuCl3, while retaining a systematic positive bias in the predicted conductivity.

Same-system experimental evidence is available, but substantially sparser than for the Ce

binary. Dokutovich et al. [25] measured the thermal conductivity of pure NdCl3 and an equimolar

0.5NdCl3−0.5NaClmelt, together with selected KCl- and CsCl-containing mixtures. The accessible

published record establishes these measured state points and their temperature-dependent character,

but does not provide a sufficiently detailed numerical table for a traceable composition-resolved
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curve to be reconstructed here without introducing unverifiable digitisation. The experiment is

therefore retained as a same-system validation anchor rather than converted into an artificial

continuous benchmark.

This limitation also constrains how literally the exact positions of the predicted Nd conductivity

minima should be interpreted. The broad intermediate-composition suppression and the coherence-

length response are numerically robust to the production-window and RDF-smoothing tests in

Section A.4, but the individual minimum at each temperature remains an SCM model prediction

rather than an experimentally established stoichiometric feature.

5.5.2 Equal-Ce/Nd NaCl–CeCl3 –NdCl3 Path

Along the equal-Ce/Nd ternary path, x(CeCl3) = x(NdCl3), the predicted conductivity is both

lower and substantially flatter than the complete binary curves, forming a broad low-conductivity

response across the investigated composition path (Figure 5.22). Across the 36 simulated states,

λ ranges from 0.192 to 0.339 W/(mK). At 1100 K, for example, the conductivity changes only

from 0.268 at x(LnCl3) = 0.10 to 0.228 W/(mK) at x(LnCl3) = 0.90, with comparatively small

intermediate variations. The predominantly negative temperature dependence is retained, but the

strong trichloride-rich recovery observed in the binaries is absent.

This difference follows directly from the structural-coherence decomposition. The ternary

coherence length remains within approximately 2.68–2.94 Å over the investigated path. For scale,

the pure-NaCl binary endpoint provides a substantially longer-coherence reference of about 6 Å in

the same analysis framework. The ternary coherence length itself increases only modestly with

total lanthanide content and never approaches the values above 6 Å reached as the binary systems

approach their pure trichloride endpoints. Simultaneous Ce and Nd populations therefore preserve

a chemically heterogeneous chloride environment while the composition path never becomes a

single-cation trichloride liquid. The accompanying decline in sound velocity at high x(LnCl3) then

suppresses the recovery that would otherwise follow from the modest increase in ℓsc.

The ternary behaviour is consequently consistent with sustained disruption of collective energy-

transfer pathways by mixed Ce- and Nd-centred coordination environments. This statement

remains deliberately cautious. The statistical analysis shows that structural descriptors correlate

with conductivity, but do not necessarily provide independent predictive power after temperature

and curved composition dependence are controlled. The 900 K temporal-persistence analysis

reported in Section 5.6.3 shows smoothly increasing bridge recurrence with total lanthanide content

and no exceptional stabilisation of mixed Ce–Cl–Nd linkages. That dynamical evidence is consistent

with a heterogeneous but labile network; it does not, however, identify a unique energy-transport

mechanism because no heat-current correlation was evaluated. Moreover, no directly usable

experimental thermal-conductivity dataset was identified for the target ternary system, so the

prediction is validated only indirectly through the binary and actinide comparisons.

Taken together, the three systems show that adding a trivalent chloride strongly reduces

the thermal conductivity of NaCl-rich melts, while the subsequent high-composition response

depends on whether a coherent single-trichloride environment can develop. The binary systems

display intermediate-composition minima followed by recovery towards their pure trichlorides.

The equal-Ce/Nd ternary path retains short coherence lengths and therefore lacks an equivalent
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(a) Composition dependence of NaCl – NdCl3.
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Figure 5.21. Predicted thermal conductivity of NaCl – NdCl3. Panel (a) shows the composition dependence

at 900, 1000, 1100 and 1200 K. Panel (b) compares the present NaCl – NdCl3 results with the NaCl – PuCl3

PIM–MD/SCM benchmark supplied by Ter Veer et al. [84] at x(MCl3) = 0.40. Connecting lines are guides

to the eye.
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(a) SCM thermal conductivity.
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Figure 5.22. Equal-Ce/Nd NaCl – CeCl3 – NdCl3 SCM response at 900, 1000, 1100 and 1200 K, augmented

with the pure-NaCl endpoint from the NaCl – NdCl3 SCM workflow as a scale reference. Panel (a) shows

thermal conductivity and panel (b) shows ℓsc. The pure-NaCl 900 and 1000 K points are metastable-liquid

simulations below the experimental melting temperature; the endpoint is included to quantify the coherence

loss, not as an additional ternary simulation. Detailed numerical sensitivity is retained in Section A.4.
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recovery. The Ce–U and Nd–Pu comparisons support relative simulant behaviour within the

common modelling framework, but the substantial underprediction of the available NaCl – CeCl3

measurements demonstrates that absolute accuracy remains model dependent. The conductivity

results are therefore most defensibly used to compare composition trends, temperature responses

and simulant behaviour, with the component decomposition and numerical sensitivity retained in

the appendix.

5.6 Molten Salt Viscosity
The viscosity discussion is based exclusively on the final 5 ns production trajectories. Equilibrium

Green–Kubo viscosity is particularly sensitive to slowly relaxing stress fluctuations, so a small

formal spectral uncertainty does not by itself demonstrate trajectory convergence [64, 78]. The

protocol in Section 4.7.4 therefore combines trajectory-length, shifted-window and spectral-cutoff

tests. State points satisfying the primary criteria, or confirmed through the additional sensitivity

checks, are treated as reportable and shown as ordinary points. State points for which convergence

was not demonstrated remain provisional and are shown with crossed markers. The complete

diagnostic classifications are retained in Section A.5.

5.6.1 Binary NaCl–NdCl3

Five-Nanosecond Viscosity Trends

The corrected NaCl – NdCl3 production dataset contains all 44 combinations of 11 compositions and

four temperatures. Of these, 40 state points satisfy the adopted reporting protocol. Convergence

was not demonstrated for x(NdCl3) = 0.30 and 0.90 at 900 K, x(NdCl3) = 0.70 at 1000 K, and

pure NdCl3 at 1100 K. The remaining states are reportable, including those confirmed through

additional trajectory-window and spectral-sensitivity checks.

The complete four-temperature dataset shows a consistent macroscopic response: viscosity

decreases with temperature and increases broadly as NdCl3 replaces NaCl (Figure 5.23). At 900 K the

viscosity increases from 1.513± 0.028 mPa s for pure NaCl to 9.113± 0.367 mPa s for pure NdCl3.

At 1000 K, the corrected dataset spans 1.387 ± 0.029–5.909 ± 0.207 mPa s, while at 1200 K the

corresponding range is 0.923± 0.017–3.350± 0.101 mPa s. The stronger composition contrast at

lower temperature is consistent with slower structural rearrangement in the more highly connected

trichloride-rich liquid.

The corrected 1000 K series provides an important consistency check because it fills the only

previously missing temperature slice. Six compositions required additional shifted-window analysis.

The initially cutoff-sensitive x(NdCl3) = 0.60 state was confirmed as stable by the shifted-window

test, whereas x(NdCl3) = 0.70 retained substantial time-window dependence and is therefore kept

provisional. The other sensitivity-checked 1000 K states remain suitable for reporting. Thus the full

four-temperature dataset supports the same broad composition and temperature trends without

relying on interpolation of the corrected state points.

Small neighbouring decreases occur at a few compositions, but the accepted uncertainties and

convergence checks do not support interpreting them as resolved local extrema. At 900 K, for

example, the decrease from x(NdCl3) = 0.70 to 0.80 is only 0.158 mPa s (z = −0.47), while the
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Figure 5.23. Composition dependence of the 5 ns NaCl – NdCl3 shear viscosity at 900–1200 K. Error bars

denote the reported SporTran uncertainty. Crossed markers identify the four provisional states for which

convergence was not demonstrated. Lines connect only reportable values and are guides to the eye.

two small decreases at 1200 K remain below two combined standard uncertainties. The defensible

result is therefore a broad composition-driven rise in viscosity rather than a sequence of established

intermediate-composition maxima and minima.

Experimental Validation and Pu Benchmark

The available reference evidence was used at two distinct levels. The pure NdCl3 endpoint was

compared with the same-system experimental correlation of Potapov and Sato [65], whereas the

mixture comparison with NaCl – PuCl3 from Ter Veer et al. [66] tests simulant behaviour at the

matched trichloride fraction x(MCl3) = 0.37. The present NaCl – NdCl3 values at x = 0.37 were

obtained by the local interpolation in Equation (4.48); only temperatures for which both x = 0.30

and 0.40 states are reportable are included.

Table 5.2. Same-system experimental validation and matched-composition Pu benchmark for the 5 ns

NaCl – NdCl3 viscosity. The pure-NdCl3 reference is the correlation of Potapov and Sato [65]; its 1000 K value

is a short 25 K extrapolation below the reported measurement range. The x = 0.37 NaCl – PuCl3 values are

from Ter Veer et al. [66]. The relative difference is defined by Equation (4.50).

Benchmark x(MCl3) T / K ηthis / mPa s ηref / mPa s δη / %

Pure NdCl3, experiment 1.00 1000 5.909± 0.207 6.271 −5.8

NaCl – PuCl3, PIM-MD 0.37 1000 2.972± 0.068 4.412± 0.642 −32.6

NaCl – PuCl3, PIM-MD 0.37 1100 2.292± 0.049 2.863± 0.393 −19.9

NaCl – PuCl3, PIM-MD 0.37 1200 1.776± 0.033 2.362± 0.318 −24.8
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Figure 5.24. Composition dependence of the 900 K NaCl – NdCl3 temporal descriptors for x(NdCl3) = 0.60–

1.00. Persistence error bars denote variability across nine sequential 0.5 ns windows and are not independent-

replica uncertainties.

The reportable pure-NdCl3 value at 1000 K is 5.8% below the short extrapolation of the experi-

mental correlation. At 1100 K the simulation value would differ from the experimental correlation

by only 2.1%, but that state is provisional and is therefore not used as primary validation evidence.

These endpoint comparisons support the absolute viscosity scale of the Nd model but do not validate

the complete binary composition dependence.

At x(MCl3) = 0.37, the reportable Nd/Pu comparisons give relative differences of −32.6, −19.9

and −24.8% at 1000, 1100 and 1200 K, respectively, corresponding to a descriptive MARD of 25.8%.

The lanthanide values are lower at all three retained temperatures. When the reported uncertainties

of both datasets are combined, the 1000 K difference exceeds two combined standard uncertainties,

whereas the 1100 and 1200 K differences do not. The result therefore supports broadly comparable

temperature dependence but not quantitative Nd/Pu equivalence in viscosity at this composition.

Temporal Persistence of the Nd-Centred Network

The macroscopic viscosity trend is consistent with the progressive development of an Nd-centred,

chloride-mediated network. Increasing x(NdCl3) changes the Nd–Cl coordination environment and

increases the prevalence of shared-chloride Nd–Nd connections, linking the transport response to

the connectivity trends discussed in Section 5.1. Similar relationships between first-shell dynamics,

trivalent-cation network formation and shear relaxation have been identified in related alkali–

trivalent halide mixtures [33].

Direct dynamical support was obtained from the dedicated 900 K analysis for x(NdCl3) = 0.60–

1.00. Each exact 5 ns trajectory was evaluated over nine sequential, non-overlapping 0.5 ns windows

spanning 0.2–4.7 ns. The analysis quantified continuous and intermittent Nd–Cl contact persistence,

Nd–Nd shared-chloride linkage persistence, topology-resolved lifetimes and linkage-event rates.

These windows are blocks of one trajectory rather than independent replicas.

The uninterrupted lifetimes change only modestly: continuous Nd–Cl persistence increases from

14.40 to 15.54 ps and continuous Nd–Nd shared-chloride persistence from 14.94 to 16.62 ps between

x = 0.60 and 1.00. The intermittent response is substantially stronger. Nd–Cl persistence increases

from 54.08 to 71.29 ps and Nd–Nd shared-chloride persistence from 79.19 to 115.49 ps, corresponding

to endpoint increases of approximately 31.8% and 45.8%. Simultaneously, the topology-switching rate

rises from 4.255 to 6.079 ps−1Nd−1
while formation and breaking rates remain closely balanced.
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Figure 5.25. Composition dependence of the NaCl – CeCl3 shear viscosity obtained from 5 ns trajectories

at 900–1200 K. Error bars denote the reported SporTran uncertainty. Crossed markers identify the two

provisional states for which convergence was not demonstrated. Lines connect only reportable values and

are guides to the eye.

The combined picture is therefore not one of structural freezing. Nd-rich melts exhibit in-

creasingly recurrent chloride-mediated connectivity over long times while retaining rapid local

topological rearrangement. This behaviour is consistent with the broad viscosity increase, but it

does not establish a unique causal relation between any individual persistence time and the Green–

Kubo coefficient. Detailed window-level diagnostics and the finite-lag limitations are reported in

Section A.5.2.

5.6.2 Binary NaCl–CeCl3

Five-Nanosecond Viscosity Trends

The NaCl – CeCl3 production dataset contains all 44 combinations of four temperatures and 11 com-

positions. Of these, 42 satisfy the adopted reporting protocol. Convergence was not demonstrated

for x(CeCl3) = 0.50 at 1000 K and x(CeCl3) = 0.40 at 1100 K; all other states are reportable,

including estimates confirmed through additional sensitivity checks.

Viscosity decreases monotonically with temperature at every composition and increases broadly

with CeCl3 content (Figure 5.25). At 900 K it rises from 2.180 ± 0.055 mPa s for pure NaCl to

9.188± 0.332 mPa s for pure CeCl3; at 1200 K, the corresponding range narrows to 0.911± 0.014–

3.068±0.076 mPa s. Four neighbouring composition intervals show numerical decreases, but none

reaches |z| ≥ 2. They are therefore treated as unresolved local irregularities rather than established

viscosity minima.

The Ce and Nd binaries share the same dominant temperature and composition responses, but

their curves are not identical. At 900 K the Ce series lies above the Nd series at every matching

composition, whereas the differences narrow and can change sign at higher temperature. This
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reinforces the broader conclusion that the two lanthanides are useful comparative model systems

but are not dynamically interchangeable merely because they have the same formal charge.

Experimental Validation and U Benchmark

The Ce-containing system was assessed in the same two-level manner. The pure CeCl3 endpoint

was compared with the same-system measurements of Potapov and Sato [65], while the matched-

composition NaCl – UCl3 PIM-MD results of Ter Veer et al. [66] test Ce/U simulant behaviour at

x(MCl3) = 0.37. As for the Nd/Pu comparison, the present x = 0.37 values were interpolated

only when both bracketing lanthanide states were reportable.

Table 5.3. Same-system experimental validation and matched-composition U benchmark for the 5 ns

NaCl – CeCl3 viscosity. The pure-CeCl3 reference at 1100 K is within the measurement range of Potapov and

Sato [65]. The x = 0.37 NaCl – UCl3 values are from Ter Veer et al. [66]. The 1100 K Ce/U comparison is

omitted because the required x(CeCl3) = 0.40 state is provisional.

Benchmark x(MCl3) T / K ηthis / mPa s ηref / mPa s δη / %

Pure CeCl3, experiment 1.00 1100 3.847± 0.107 4.115 −6.5

NaCl – UCl3, PIM-MD 0.37 900 5.182± 0.133 6.364± 0.908 −18.6

NaCl – UCl3, PIM-MD 0.37 1000 3.200± 0.072 3.926± 1.062 −18.5

NaCl – UCl3, PIM-MD 0.37 1200 1.737± 0.030 1.996± 0.549 −13.0

At the pure endpoint, the 1100 K simulation gives 3.847 ± 0.107 mPa s compared with

4.115 mPa s from the experimental correlation, a difference of only −6.5% at a temperature inside

the measured range. This provides a direct same-system check of the Ce viscosity scale, while still

not constituting validation of the entire binary composition curve.

At x(MCl3) = 0.37, the Ce/U PIM-MD differences are −18.6, −18.5 and −13.0% at 900, 1000

and 1200 K, giving a descriptive MARD of 16.7%. All three differences remain within two combined

standard uncertainties of the reported values. A further independent actinide check is provided by

the 63:37 mol% NaCl – UCl3 rolling-ball measurements of Termini et al. [68]. The three measurements

clustered average 5.333 mPa s with a sample standard deviation of 0.178 mPa s, compared with the

interpolated 900 K Ce value of 5.182±0.133 mPa s, a difference of −2.8%. At the same composition

and temperature scale, the Ter Veer et al. [66] U PIM-MD value is approximately 19.3% above the

experimental mean. This comparison shows that part of the Ce/U PIM-MD difference also reflects

uncertainty in the actinide model benchmark itself. The close experimental agreement at this single

state is encouraging evidence for Ce as a U viscosity simulant, but it is not extrapolated to untested

compositions.

Temporal Persistence of the Ce-Centred Network

A corresponding 900 K temporal analysis was performed for the Ce-rich range x(CeCl3) = 0.60–

1.00 using sequential 0.5 ns windows of the 5 ns trajectories. The continuous Ce–Cl contact

persistence remains in a relatively narrow band of approximately 13.6–14.7 ps, while continuous

Ce–Ce shared-chloride linkage persistence spans approximately 15.1–17.1 ps. Neither quantity

increases monotonically with Ce content.
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Figure 5.26. Continuous persistence within the Ce-rich NaCl – CeCl3 trajectories at 900 K. Points show

the across-window means and error bars the corresponding within-trajectory variability. The windows are

sequential portions of one trajectory and are not independent replicas.

This result complements the static connectivity analysis. The Ce-rich network is persistent on

picosecond timescales, but the absence of a monotonic increase in these continuous lifetimes shows

that the broad rise in viscosity cannot be reduced to a single local bond or linkage lifetime. Instead,

the viscosity trend is consistent with the collective development of the connected network reported

in Section 5.1, while the temporal data show that the network remains dynamically labile. This is

also consistent with the unresolved nature of the small local viscosity decreases.

5.6.3 Equal-Ce/Nd NaCl–CeCl3 –NdCl3 Path

Five-Nanosecond Viscosity Along the Equal-Ce/Nd Path

The ternary calculations follow the equal-Ce/Nd path x(CeCl3) = x(NdCl3), with x(LnCl3) =

x(CeCl3) + x(NdCl3) = 0.10–0.90. Nine compositions were simulated at each of the four tem-

peratures. Of the 36 state points, 34 are reportable; convergence was not demonstrated only for

x(LnCl3) = 0.50 and 0.80 at 900 K.

Viscosity decreases monotonically with temperature at every composition and generally in-

creases with total lanthanide-chloride content (Figure 5.27). Between x(LnCl3) = 0.10 and 0.90, the

viscosity increases by factors of 3.53, 3.12, 2.86 and 2.84 at 900, 1000, 1100 and 1200 K, respectively.

The only numerical decrease occurs at 900 K between x(LnCl3) = 0.70 and 0.80, where the change

from 9.421 to 8.533 mPa s corresponds to z = −1.77 and the x = 0.80 endpoint is itself provisional.

It is therefore not an established non-monotonic feature.

The completed 1000 K Nd dataset also removes the previous asymmetry in the binary–ternary

comparison. Using the arithmetic mean of the matching Ce and Nd binary viscosities only as a

descriptive reference, the mean absolute deviation of the ternary values over matching reportable

state points is approximately 4.4% at 1000 K, compared with approximately 3.2% at 1100 K and

3.5% at 1200 K. At 900 K the corresponding deviation is larger, approximately 15.1%, including a

ternary value 30.3% above the binary mean at x(LnCl3) = 0.70. The low-temperature ternary

curve therefore shows the largest departure from this simple binary reference, without implying a

thermodynamic ideal-mixing law for viscosity.
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Figure 5.27. Composition dependence of the 5 ns NaCl – CeCl3 – NdCl3 viscosity along the equal-Ce/Nd path

at 900–1200 K. Here, x(LnCl3) = x(CeCl3) + x(NdCl3) and x(CeCl3) = x(NdCl3). Error bars denote the

reported SporTran uncertainty. Crossed markers denote the two provisional 900 K states.

Temporal Persistence of the Ternary Network

The ternary structural hypothesis was tested with the final time-resolved analysis of the 900 and

1000 K trajectories for x(LnCl3) = 0.40–0.90. Each 5 ns trajectory contains 1001 saved frames

separated by approximately 5 ps. Temporal stability was assessed using five non-overlapping 1 ns

blocks, and the persistence functions were integrated to a maximum lag of 500 ps. Continuous and

intermittent Ce–Cl–Ce, Ce–Cl–Nd and Nd–Cl–Nd bridge persistence were evaluated using the

accepted first-shell distance definitions. “Continuous” therefore means continuously present at the

saved-frame resolution.

Across both temperatures, the three bridge classes vary smoothly with composition. The final

block-resolved analysis does not identify a special persistence anomaly at x(LnCl3) = 0.80, so

the unresolved 900 K viscosity decrease is not accompanied by a corresponding temporal-network

signature. The mixed Ce–Cl–Nd bridge also remains comparable in persistence to the two like-

cation bridge classes rather than showing exceptional stabilisation. The ternary liquid is therefore

best described as one dynamically connected mixed network, with no evidence for a uniquely

long-lived cooperative Ce–Nd bridge.

The five blocks belong to the same trajectory and are not independent replicas. Their variation

quantifies within-trajectory temporal stability, and the finite-window integrals are treated as

integrated persistence times rather than complete infinite-time lifetimes. These results provide

structural support for the broad viscosity trend without assigning the macroscopic shear response

to one bridge lifetime. Supporting protocol details are given in Section A.5.4.
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5.6.4 Cross-System Synthesis

The final 5 ns campaign provides broad and internally consistent transport coverage across all

three melts. Of 124 viscosity state points, 116 satisfy the adopted reporting protocol: 40 of 44 for

NaCl – NdCl3, 42 of 44 for NaCl – CeCl3, and 34 of 36 along the ternary path. Across all three systems,

viscosity decreases with temperature and increases broadly as trivalent chloride replaces NaCl; the

comparatively small number of provisional points is retained explicitly rather than obscured by

interpolation.

The structural and temporal analyses provide a consistent but qualified microscopic interpret-

ation. Increasing trivalent-chloride content promotes shared-chloride connectivity and network

formation, while the time-resolved analyses show that these networks remain dynamic. In the

Nd-rich binary, intermittent recurrence strengthens markedly even as topology switching becomes

faster. In the Ce-rich binary, continuous local persistence stays within a relatively narrow range

rather than increasing monotonically. In the ternary, mixed Ce–Cl–Nd bridges have persistence

comparable to the two like-cation bridges and show no special anomaly at the provisional 900 K

viscosity dip. Together these observations support a network-relaxation interpretation of the broad

viscosity trends without implying that a single RDF feature, coordination number or linkage lifetime

uniquely determines viscosity.

The external comparisons add a property-specific validation layer to this numerical result.

The reportable pure-CeCl3 and pure-NdCl3 reference comparisons differ from the corresponding

experimental correlations by about 6% in magnitude, while the matched x(MCl3) = 0.37 actinide

comparison is closer for Ce/U than for Nd/Pu over the retained temperatures: the descriptive

MARD is 16.7% for Ce/U and 25.8% for Nd/Pu. The additional published 63:37 mol% NaCl – UCl3

measurement near 901 K is within 2.8% of the interpolated 900 K Ce result. These comparisons do

not establish universal surrogacy, but they show that the lanthanide systems reproduce the viscosity

scale and thermal response of relevant actinide salts to a useful, property-dependent degree.

Four of the eight provisional viscosity states occur at 900 K. This clustering is consistent with

the phase-state context rather than being attributable only to the spectral estimator. The NaCl–rare-

earth phase-diagram comparisons presented by Alders et al. [17] show that at 900 K the equilibrium

single-liquid field spans only part of the binary composition range. Some low-temperature states,

particularly on the trichloride-rich side, therefore have a reduced thermal margin to the liquidus

or represent metastable-liquid extensions and may relax more slowly. Proximity to the liquidus

cannot explain every provisional point, however, and the viscosity analysis itself does not constitute

evidence of crystallisation. It is treated as a plausible physical contributor to the greater low-

temperature convergence sensitivity.

The completed four-temperature Nd dataset also makes the viscosity comparison substantially

more balanced than in the earlier draft. Remaining limitations are now local rather than dataset-

wide: eight of the 124 state points remain provisional, the actinide viscosity benchmark is restricted

to one mixture composition, the dedicated temporal analyses cover selected temperature and

composition ranges, and the within-trajectory windows or blocks are not independent replicas.

These qualifications constrain the precision of the mechanistic interpretation but leave the dominant

temperature, composition and cross-system trends well supported.
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6.1 Conclusions
This thesis establishes an internally consistent atomistic description of molten NaCl – CeCl3,

NaCl – NdCl3 and the equal-Ce/Nd path through NaCl – CeCl3 – NdCl3 using Polarizable Ion Model

molecular dynamics. Its principal contribution is the systematic comparison of thermophysical,

thermodynamic, structural and transport responses over a common 900–1200 K grid, supported

by explicit convergence tests and a property-specific assessment of lanthanide–actinide analogy.

The resulting dataset resolves clear composition–structure–property trends while also identifying

where model or reference limitations remain. The research questions posed in Section 1.4 are

answered below.

RQ1: Composition- and temperature-dependent property behaviour

Both binary melts show systematic and physically consistent bulk-property trends. Density increases

as CeCl3 or NdCl3 replaces NaCl and decreases with temperature, while molar volume increases

with trichloride content and thermal expansion. Heat capacity also increases smoothly with trichlor-

ide fraction, from approximately 72.4 Jmol−1K−1
for NaCl to approximately 141 Jmol−1K−1

for the pure rare-earth trichlorides. Viscosity decreases with temperature and increases broadly

with trichloride content. The structural-coherence thermal-conductivity model instead predicts

a pronounced composition minimum in the two binaries, followed by recovery towards the pure

trichlorides.

The binaries are not ideal mixtures. Excess molar volume changes sign between the NaCl-rich

and trichloride-rich regions, excess heat capacity changes from slightly negative to positive values,

and direct PIM-MD mixing enthalpies are negative throughout the investigated interior composition

range. At 1100 K, the direct mixing-enthalpy minima occur near a trichloride fraction of 0.4 and are

approximately −11.24 kJmol−1
for NaCl – CeCl3 and −11.71 kJmol−1

for NaCl – NdCl3. These
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excess quantities provide clearer evidence of non-ideality than the smooth total density, molar-

volume and heat-capacity curves.

RQ2: Evolution of microscopic liquid structure

The simulations show a hierarchical structural response to increasing trichloride content. Ce- and

Nd-centred chloride first shells remain distinct, consistent with their different ionic sizes and the

lanthanide contraction. Their coordination-number distributions are broad rather than fixed at one

integer value. As the rare-earth concentration increases, chloride sharing becomes more common,

isolated or finite coordination environments merge, and the rare-earth substructure develops

into an extensively connected network. The mean first-shell coordination number approaches a

plateau before network connectivity stops evolving, demonstrating that local coordination and

intermediate-range topology are related but non-equivalent descriptors.

Along the equal-Ce/Nd ternary path, separate Ce–Cl and Nd–Cl first shells are retained while

Ce–Ce, Ce–Nd and Nd–Nd connections become part of one mixed chloride-mediated network. The

ternary therefore does not behave as two spatially independent binary subnetworks. At representat-

ive 1100 K states, the Ce–Ce:Ce–Nd:Nd–Nd linkage fractions remain within 1.40 percentage points

of the 25:50:25 random-pair expectation, providing no evidence for a strong preferential Ce–Nd

association. Mixed Ce–Cl–Nd bridges are a normal constituent of the connected structure. In the

final block-resolved temporal analysis at 900 and 1000 K, their persistence remains comparable to

the like-cation bridges and no composition-specific anomaly is identified at x(LnCl3) = 0.80.

RQ3: Microscopic interpretation of macroscopic trends

The strongest structure–property relation is the composition-driven change from relatively isolated

trivalent coordination environments in NaCl-rich melts to a connected chloride-sharing network at

higher trichloride content. This structural crossover occurs in the same broad composition region

as several non-linear macroscopic responses, including the mixing-enthalpy minimum and the

onset of strong viscosity growth. The correspondence supports a common physical interpretation

based on chloride redistribution, increasing rare-earth connectivity and more collective structural

rearrangement. It does not justify assigning a macroscopic property to one RDF peak, one average

coordination number or one linkage class.

The time-resolved viscosity analyses make this distinction more precise. In Nd-rich NaCl – NdCl3

at 900 K, intermittent Nd–Cl persistence increases from 54.08 to 71.29 ps between x(NdCl3) = 0.60

and 1.00, while intermittent Nd–Nd shared-chloride persistence increases from 79.19 to 115.49 ps.

At the same time, the topology-switching rate increases from 4.255 to 6.079 ps−1Nd−1
. The Nd-

centred network therefore becomes more recurrent on longer timescales while remaining locally

labile. In the Ce-rich binary, continuous Ce–Cl and Ce–Ce persistence remains within relatively

narrow picosecond ranges rather than increasing monotonically with composition, again indicating

a connected but dynamically rearranging liquid. The ternary analysis provides a complementary

result: the mixed Ce–Cl–Nd bridge is not exceptionally long lived relative to the two like-cation

bridge classes. Together these observations support a network-relaxation interpretation of the broad

viscosity trends without claiming that one persistence time uniquely determines the Green–Kubo

coefficient.
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For thermal transport, the structural-coherence decomposition attributes the binary minima

mainly to a loss of coherence length when trivalent cations are first introduced into the NaCl-rich

liquid, followed by recovery as a single-trichloride-like environment develops. The equal-Ce/Nd

ternary path retains shorter coherence lengths and lacks the same high-composition recovery. This

mechanism is physically consistent with the structural data, but remains a model interpretation

because the microscopic heat-current correlation was not calculated.

RQ4: Agreement with reference evidence and model limitations

PIM-MD performs best for several equilibrium and structural trends. The binary density and molar-

volume calculations follow the available same-system reference descriptions closely, while the heat-

capacity curves are very close to the supplied actinide PIM-MD benchmarks: the root-mean-square

differences are approximately 0.67 Jmol−1K−1
for the Ce/U comparison and 0.98 Jmol−1K−1

for Nd/Pu. The structural simulations also reproduce the expected Ce–Cl/Nd–Cl distinction and

the composition-driven development of shared-chloride networks.

The strongest systematic model discrepancy occurs in mixing enthalpy. The direct simula-

tions reproduce the exothermic sign and broad intermediate- composition minimum observed

calorimetrically but predict substantially more negative values. The 1100 K NaCl – NdCl3 min-

imum of approximately −11.71 kJmol−1
, for example, is considerably more exothermic than the

experimental broad minimum reported near −5.7 kJmol−1
. The independently parameterised PMF-

informed MIVM preserves the sign and general curvature but does not eliminate the magnitude

discrepancy. By contrast, the binary benchmark-calibrated MIVM reproduces the calorimetric

curves more closely because its directional interaction parameters are fitted to those data; this

improvement is therefore semi-empirical rather than an independent validation. The defensible

conclusion is that the atomistic model captures the form of non-ideal mixing more reliably than its

absolute energetic strength, while the calibrated MIVM quantifies the effective correction needed

to recover experiment.

The structural-coherence thermal-conductivity calculation has an even clearer boundary of

validity. It reproduces useful relative trends and gives Ce/U and Nd/Pu comparisons of similar

order, but direct comparison with the NaCl – CeCl3 measurements of Bobrova and Dokytovich [89]

shows underprediction of approximately 60–67% at representative intermediate compositions near

1173 K. The binary minima are dominated in the model decomposition by the loss of structural

coherence length, while the sound-speed term supplies a secondary thermodynamic modulation.

These conductivities must consequently be treated as model-derived trend estimates rather than

validated absolute predictions.

The viscosity campaign provides both a strong numerical result and targeted external validation.

The final analysis uses exact 5 ns production trajectories throughout and combines trajectory-

length, shifted-window and spectral- sensitivity tests before a state is accepted for reporting. This

protocol yields 40 reportable states out of 44 for NaCl – NdCl3, 42 of 44 for NaCl – CeCl3, and 34 of

36 along the ternary path, so 116 of 124 state points are supported for quantitative reporting. At

the pure endpoints, the reportable 1100 K CeCl3 viscosity differs from the experimental correlation

of Potapov and Sato [65] by −6.5%, while the reportable 1000 K NdCl3 value is −5.8% below

a short 25 K extrapolation of the corresponding correlation. In addition, the interpolated 900 K
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NaCl – CeCl3 viscosity at x(CeCl3) = 0.37 is only 2.8% below the published 63:37 mol% NaCl – UCl3

rolling-ball measurement near 901 K reported by Termini et al. [68]. These checks strengthen the

absolute transport scale while leaving the broad-composition binary and ternary curves primarily

as converged model predictions.

RQ5: Property-specific lanthanide–actinide simulant behaviour

The present results support a firmer but explicitly property-specific answer: lanthanide trichlorides

can serve as experimentally accessible simulants for actinide trichlorides, but they are not universally

interchangeable substitutes. Nd provides a particularly close representation of Pu at the level of

average metal–chloride coordination: the composition-dependent Nd and Pu curves are nearly

coincident in the supplied PIM-MD comparison, although the Nd-rich shared-chloride network

remains somewhat more corner dominated. Ce shows a larger offset from U in average coordination

number but a close endmember balance among corner-, edge- and face/higher-order sharing. Both

analogue pairs also reproduce similar broad excess-volume and heat-capacity trends.

Viscosity reinforces the property dependence rather than reproducing the same ranking as local

structure. At the matched composition x(MCl3) = 0.37, the retained Ce/U comparisons with Ter

Veer et al. [66] have a descriptive MARD of 16.7%, compared with 25.8% for Nd/Pu. The published

63:37 mol% NaCl – UCl3 rolling-ball result of Termini et al. [68] is also within 2.8% of the interpolated

900 K Ce value. Thus Ce is the closer viscosity analogue to U for this particular benchmark

composition, even though Nd is the closer Pu analogue for average first-shell coordination. The

structural-coherence Ce/U and Nd/Pu thermal-conductivity comparisons show similar temperature

responses within the common modelling framework, but the failure to reproduce available Ce

experiments prevents those analogue comparisons from being promoted to absolute validation.

Surrogate selection must therefore be made for the target property, composition and temperature,

and for structure even the length scale of interest.

RQ6: Behaviour of the equal-Ce/Nd ternary path

The ternary path is neither a completely independent new liquid regime nor a trivial ideal inter-

polation of the two binaries. Its total density, molar volume and heat capacity evolve smoothly

between the binary limits, and its direct mixing enthalpy lies between the corresponding Ce-

and Nd-containing trends. No large additional energetic stabilisation attributable uniquely to the

simultaneous presence of Ce and Nd is resolved along the investigated path.

More sensitive quantities reveal additional ternary effects. The direct excess molar volume

differs more strongly from the binary-derived Redlich–Kister–Muggianu representation than the

total molar volume does, and the structural-coherence thermal conductivity remains flatter and

lower than the full binary curves. Structurally, the melt forms one mixed Ce/Nd network. The

species-resolved linkage fractions are approximately consistent with stochastic Ce/Nd pairing,

and the final block-resolved temporal analysis finds the Ce–Cl–Nd bridge persistence comparable

to the two like-cation bridge classes rather than exceptionally stabilised. The available evidence

therefore does not support a special cooperative mixed-cation linkage as the origin of the ternary

response. The scientifically defensible result is that mixed Ce and Nd environments modify sensitive
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excess and transport quantities while remaining broadly compatible with a continuously evolving,

dynamically labile shared-chloride network.

Taken together, the results answer the overarching research question positively but selectively:

Ce- and Nd-based chloride melts are defensible non-radioactive simulant systems for targeted

actinide-relevant measurements and model development, provided that the surrogate is chosen for

the property of interest rather than assumed to be universally equivalent. The strongest support

is obtained for volumetric behaviour, heat capacity, local/network structure and the converged

viscosity trends, for which the new experimental and matched-composition actinide comparisons

also support the transport scale. The energetic and thermal-conductivity discrepancies identify

the properties for which force-field or post-processing refinement is still required. This property-

resolved conclusion provides a more useful basis for future molten- salt modelling than unqualified

one-to-one replacement of an actinide by a lanthanide.

6.2 Limitations
The principal limitations define the transferability of these conclusions. First, the 2000-ion cell size

was selected as a physics–cost compromise and was not subjected to a separate finite-size scaling

study. This leaves a finite-size contribution to the uncertainty of long-wavelength and transport

properties, although the consistent cell size across systems supports relative comparisons.

Second, the PIM is a fixed-valence classical model. It includes induced polarisation but not

explicit charge transfer, redox chemistry or electronic state changes. The Ce–Nd cross interaction in

the ternary is additionally an interpolated modelling choice rather than a parameter fitted to direct

ternary data. Smooth behaviour and binary-limit consistency support its use along the investigated

path, but they do not constitute an independent validation of the cross interaction.

Third, several 900 K rare-earth-rich simulations correspond to homogeneous liquid trajectories

with a small or negative equilibrium margin to the liquidus. Phase-diagram comparisons presented

by Alders et al. [17] show that the equilibrium single-liquid region at 900 K spans only part of the

relevant binary composition range. These states therefore provide near-liquidus or metastable-liquid

property extensions and should not be interpreted as phase-stability predictions. The concentration

of several provisional viscosity points at 900 K is consistent with slower relaxation near this phase

boundary, but it is not evidence of crystallisation and does not explain every convergence-sensitive

state. The thesis does not construct a new phase diagram or perform a CALPHAD assessment.

Fourth, experimental validation is property dependent. The binary volumetric and mixing-

enthalpy evidence is substantially stronger than broad-composition viscosity evidence. The viscos-

ity validation added here consists of pure CeCl3/NdCl3 endpoint measurements and a published

63:37 mol% NaCl – UCl3 actinide measurement, while the wider Ce/U and Nd/Pu PIM-MD compar-

ison is restricted to x(MCl3) = 0.37. No direct thermophysical or transport dataset was located for

the target ternary path. Consequently, the ternary results remain predictions constrained by binary

evidence and internal consistency rather than directly validated measurements.

Fifth, thermal conductivity was obtained from the structural-coherence model because a validated

microscopic heat-current series was not available. The large discrepancy with the NaCl – CeCl3

measurements shows that this post-processing route introduces model uncertainty larger than
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its numerical window sensitivity. The conductivity trends remain useful for relative structure–

transport comparison, but their absolute values should not be used as experimentally validated

design data.

Sixth, the viscosity coverage is broad but not complete in a statistical sense. Eight of the

124 final 5 ns state points remain provisional because convergence was not demonstrated: four

in NaCl – NdCl3, two in NaCl – CeCl3 and two along the ternary path. The dedicated temporal

analyses also cover selected composition and temperature ranges rather than every state point. Their

windows or blocks are portions of single trajectories and are therefore within-trajectory stability

diagnostics rather than independent replicas. In the Nd temporal dataset, the associated coordination

audit additionally shows a systematic 0.15–0.19 offset from the accepted RDF reference. These

qualifications restrict the precision of the mechanistic interpretation but do not alter the dominant,

converged temperature and composition trends. Although trajectory-length and spectral-estimator

sensitivities were assessed extensively, the 5 fs stress-sampling interval was not independently

tested against finer output intervals. A future 1–2–5 fs comparison would provide a direct sampling-

frequency sensitivity test.

Finally, Redlich–Kister, Muggianu, MIVM and structural-coherence quantities are post-

processing models rather than additional MD observations. Their interpolated extrema, extrapol-

ated regions and fitted parameters inherit model form uncertainty in addition to MD sampling

uncertainty. The thesis therefore treats direct state-point simulations as the primary evidence and

uses these models to organise, interpolate or interpret that evidence within their tested domains.

6.3 Recommendations
The highest-priority continuation is now independent replication of a small number of representative

viscosity states, with emphasis on compositions that retain the greatest window sensitivity. Such

replicas would provide a direct estimate of between-run variability and test whether the present

within-trajectory convergence diagnostics are conservative. A focused stress-output sensitivity

test at 1, 2 and 5 fs intervals would complement that replication without requiring a new broad

state-point campaign.

A second priority is targeted validation of the most consequential model uncertainties. Direct

measurements of viscosity for finite-composition NaCl – CeCl3 and NaCl – NdCl3, and thermo-

physical measurements along at least part of the NaCl – CeCl3 – NdCl3 path, would provide much

stronger tests than further comparison with related systems. For mixing enthalpy, additional high-

quality calorimetry would help distinguish force-field over-stabilisation from reference-state and

model-reduction effects.

For thermal conductivity, a dedicated microscopic heat-current implementation for the polar-

izable multicomponent potential should be formulated and validated before direct Green–Kubo

calculations are attempted. Comparison of that route with the structural-coherence estimates and

with experiment would separate deficiencies of the PIM from deficiencies of the coherence model.

The ternary model should also be extended beyond the equal-Ce/Nd line. A limited but stra-

tegically selected two-dimensional composition design would be more informative than simply

increasing the number of points along the same pseudo-binary path. This extension should include
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the NaCl-free CeCl3 – NdCl3 edge, particularly the 50:50 Ce/Nd composition, because that state is

not contained in the present dataset and cannot be inferred as a new MD result from the equal-

Ce/Nd path. Compositions near the onset of network polymerisation, the strongest excess-volume

deviations and the low-temperature transport crossover should receive priority. Species-resolved

temporal persistence at multiple temperatures would then test whether the recurrent, labile network

behaviour identified at 900 K is general or restricted to the Nd-rich low-temperature regime.

Finally, the Ce–Nd cross interaction should be tested directly against first-principles forces or

energies for mixed Ce/Nd chloride configurations. Such a calculation would address a genuine model-

transferability uncertainty without expanding the thesis into unrelated methodology. Together with

a small finite-size study for representative transport states, this would provide the most direct route

from the present internally consistent dataset towards a more predictive model of multicomponent

actinide-relevant chloride melts.
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A.1 Supporting Structural Results
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Figure A.1. Binary metal–chloride coordination-number distributions at 1100 K. Cell values denote percent-

age occurrence.

117



Supplementary Simulation Information

2 4 6 8 10
r / Å

0

2

4

6

8

10

g i
j(r

)

(a) Ce3 + -Cl

2 4 6 8 10
r / Å

0.0

0.5

1.0

1.5

2.0

2.5

3.0

(b) Ce3 + -Ce3 +

2 4 6 8 10
r / Å

0.0

0.5

1.0

1.5

2.0

2.5

3.0

(c) Cl -Cl

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

x(
Ce

Cl
3)

(a) NaCl – CeCl3.

2 3 4 5 6 7
rNd3 + Cl  / Å

0

2

4

6

8

10

g(
r)

(a)

4 5 6 7 8
rNd3 + Nd3 +  / Å

0.0

0.5

1.0

1.5

2.0

2.5 (b)

3 4 5 6 7 8
rCl Cl  / Å

0.0

0.5

1.0

1.5

2.0

2.5
(c)

0.0

0.2

0.4

0.6

0.8

1.0

x(
Nd

Cl
3)

(b) NaCl – NdCl3.

2 3 4 5 6 7 8 9 10
r / Å

0

2

4

6

8

10

g i
j(r

)

(a) Ce3 + -Cl

2 3 4 5 6 7 8 9 10
r / Å

0.0

0.5

1.0

1.5

2.0

2.5 (b) Ce3 + -Nd3 +

2 3 4 5 6 7 8 9 10
r / Å

0

2

4

6

8

10

g i
j(r

)

(c) Nd3 + -Cl

2 3 4 5 6 7 8 9 10
r / Å

0.0

0.5

1.0

1.5

2.0

2.5 (d) Cl -Cl

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

x(
Ce

Cl
3)

+
x(

Nd
Cl

3)

(c) Equal-Ce/Nd NaCl – CeCl3 – NdCl3 path.

Figure A.2. Supporting composition-dependent RDFs at 900 K. These low- temperature results provide the

structural extreme complementary to the 1100 K comparison in the main text.
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Figure A.3. Supporting composition-dependent RDFs at 1200 K. Together with Figure A.2, these data show

the low- and high-temperature structural limits of the investigated range.
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(d) NaCl – NdCl3 linkage fractions.

Figure A.4. Supporting binary cluster-size and shared-chloride connectivity results over 900–1200 K.
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A.2 NPT Window and Volume-Property Verification
The density, molar-volume and excess-molar-volume datasets were all calculated from defined

late-time portions of the NPT trajectories. The workflows were developed at different stages of the

project, so the verification was matched to the analysis actually used rather than rewritten as an

artificially identical procedure. This preserves the methodological sequence of an initial operational

choice followed by progressively stronger statistical diagnostics.

Table A.1. Verified production-window and uncertainty treatment for density, molar volume and excess

molar volume.

System Production interval State-point assessment Excess-volume
representation

NaCl – NdCl3 State-specific retained

start, constrained to leave

at least 250 ps

Statistical inefficiency, effective

sample size, residual-trend,

alternative-cutoff, split-half and

block checks; all 44 states passed

Shared-endpoint

covariance propagated

to GLS; order checked

with AICc and leave-

one-composition-out

prediction

NaCl – CeCl3 First 1000 saved box

records removed

uniformly

Direct instantaneous-density

averaging and reported

trajectory variability over the

prescribed common interval

Predefined

three-coefficient

unweighted

Redlich–Kister

description

Equal-Ce/Nd

ternary path

First 10% removed

uniformly

Mean volume and density

evaluated over the prescribed

common interval; conventional

state-point standard error

retained

Fixed-order

ordinary-least-squares

binary descriptions

with symmetric

Muggianu interpolation

For the Nd workflow, density was evaluated as the direct mean of mcell/V (t), and molar

volume as the direct mean of NAV (t)/Nsalt over the same retained samples. The independent

reconstruction Mmix/ρ differed from the direct molar-volume average by at most 0.0096%, providing

a numerical consistency check. The state-point standard error used for inverse-variance weighting

was sj = max(sACF, sblock).

For the Ce and ternary workflows, fixed family-wide windows were applied to all temperatures

and compositions. These analyses do not claim the full state-specific correlation-aware diagnostic

suite used for Nd; instead, the uniform rule prevents post hoc selection of favourable regions and

records the uncertainty estimator actually used by each verified notebook. Consequently, all three

datasets are statistically assessed, while the depth of the assessment is reported transparently.
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A.3 Heat-Capacity Window Verification
The retained enthalpy interval was selected separately for each simulation family because the

archived time series and the observed equilibration behaviour differed. Ordinary least squares

using production-average temperatures was the primary estimator. Inverse-variance weighted fits,

nominal thermostat temperatures, quadratic fits and leave-one-temperature-out linear fits were

used only as sensitivity diagnostics.

Table A.2. Heat-capacity production windows and the evidence supporting their use.

System Retained interval Verification

NaCl – CeCl3 Final 50% All 44 states passed the final-window checks; the largest shift

between final-50% and final-60% estimates was 0.999 combined

standard errors

NaCl – NdCl3 Final 60% Candidate retained fractions of 40, 50, 60 and 70% were

examined; final 60% was the earliest common interval for

which all 44 states satisfied the adopted checks

Equal-Ce/Nd ternary

path

Final 60% Compared with final 50% and an automatic correlation-aware

retained start; maximum shifts were 0.903 reference standard

errors and 1.637 automatic-window standard errors, with none

exceeding two

The ternary archive did not contain a separate temperature time series. Production-average

temperatures were therefore reconstructed from the saved kinetic energy using the same degrees-of-

freedom convention throughout the analysis. This distinction is retained explicitly because nominal

thermostat temperatures and realised production-average temperatures are not identical statistical

inputs.
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A.4 Thermal-Conductivity Sensitivity Verification
The structural-coherence workflow was initially established for NaCl – CeCl3 using a uniform 20%

discard. The final binary workflow applied the same operational choice to all 44 Ce and all 44

Nd state points, leaving 8001 of 10001 saved NPT records per state. As the analysis was extended

to NaCl – NdCl3 and the equal-Ce/Nd ternary path, the workflow was refined by repeating the

thermophysical post-processing after discarding 10, 20, 30 and 40% of each trajectory and by testing

4, 5, 8 and 10 contiguous blocks for the fluctuation-derived isothermal compressibility.

Table A.3. Maximum relative variation of selected thermal-conductivity inputs across the tested discard

fractions, measured relative to the primary 20% result.

Quantity Ternary maximum NaCl–NdCl3 maximum

Density 0.114% 0.162%

Molar volume 0.114% 0.162%

Cp 0.357% 0.314%

αV 1.47% 1.97%

vs 6.30% 9.90%

κT 12.23% 15.28%

The small changes in density, molar volume, heat capacity and thermal expansion show that the

main thermophysical trends are insensitive to the precise retained fraction. The larger response of

κT and the derived sound speed is expected for a fluctuation-based estimator and was retained as a

diagnostic rather than hidden. The full 10–40% numerical comparison was performed for the Nd

and ternary workflows; the Ce workflow is described as the initial operational application of the

common 20% convention and is not assigned sensitivity values that were not separately calculated.

The RDF contribution was also tested using the unsmoothed distributions and Savitzky–Golay

windows of 11, 21 and 31 points. The maximum range in the composition-weighted coherence length

was approximately 3.00% for the ternary system and 5.97% for NaCl – NdCl3. These checks confirm

that the reported structural-coherence trends do not arise from one arbitrary smoothing window.

As a scale reference for the main-text interpretation, the pure-NaCl endpoint has a coherence length

of about 6 Å in this workflow, whereas the intermediate binary region is typically about 2.8–3.0 Å

and the investigated equal-Ce/Nd ternary states remain within approximately 2.68–2.94 Å. This

comparison is used only to illustrate the magnitude of the coherence loss; it is not an independent

validation of the SCM transport coefficient.
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A.5 Supporting Viscosity Analyses

A.5.1 Five-Nanosecond NaCl–NdCl3 Convergence Diagnostics

The final NaCl – NdCl3 production dataset contains 44 state points over 900, 1000, 1100 and 1200 K.

The primary viscosity estimate at each state is the complete 5 ns SporTran result at TSKIP = 12.

Convergence was assessed using cumulative 3, 4 and 5 ns estimates at TSKIP = 11, 12 and

13, followed by shifted-window diagnostics for states requiring additional checks. The resulting

classification contains 40 reportable states and four Review states: 900 K at x(NdCl3) = 0.30 and

0.90, 1000 K at x(NdCl3) = 0.70, and 1100 K at x(NdCl3) = 1.00.

The corrected 1000 K slice was independently processed using the same methodology. All 11

state points completed, all 99 trajectory-length/TSKIP calculations passed numerically, and all 33

independently recomputed 5 ns values reproduced the preceding dense-scan results. Six states then

underwent targeted shifted-window analysis using the 0–3, 1–4, 2–5, 0–4 and 1–5 ns windows

at TSKIP = 11, 12 and 13. All 90 calculations completed and all 36 prefix-reproduction checks

passed. The x(NdCl3) = 0.60 state was confirmed stable, while x(NdCl3) = 0.70 retained a

16.1% controlling window-sensitivity metric and therefore remains non-converged. The remaining

sensitivity-checked states are retained as reportable with their detailed classification recorded in

the table below.

Table A.4. NaCl–NdCl3 5 ns viscosity values and reporting status over the complete 900–1200 K dataset.

Pass and Caution states are reportable; Review states are retained as non-converged provisional values.

T / K x(NdCl3) η / mPa s u(η) / mPa s Status

900 0.0 1.513 0.028 Pass

900 0.1 1.855 0.042 Pass

900 0.2 2.552 0.072 Pass

900 0.3 3.606 0.130 Review

900 0.4 3.695 0.112 Pass

900 0.5 3.981 0.116 Caution

900 0.6 5.314 0.193 Caution

900 0.7 6.597 0.250 Pass

900 0.8 6.439 0.225 Caution

900 0.9 8.358 0.336 Review

900 1.0 9.113 0.367 Pass

1000 0.0 1.387 0.029 Pass

1000 0.1 1.760 0.038 Pass

1000 0.2 2.214 0.057 Caution

1000 0.3 2.532 0.065 Pass

1000 0.4 3.160 0.094 Pass

1000 0.5 3.655 0.100 Caution

1000 0.6 4.021 0.113 Pass

1000 0.7 4.917 0.158 Review

Continued on next page

124



A.4 Thermal-Conductivity Sensitivity Verification

Table A.4. NaCl–NdCl3 5 ns viscosity values and reporting status over the complete 900–1200 K dataset.

Pass and Caution states are reportable; Review states are retained as non-converged provisional values.

(continued)

T / K x(NdCl3) η / mPa s u(η) / mPa s Status

1000 0.8 5.517 0.177 Pass

1000 0.9 5.721 0.206 Caution

1000 1.0 5.909 0.207 Caution

1100 0.0 1.151 0.022 Pass

1100 0.1 1.418 0.029 Pass

1100 0.2 1.729 0.039 Pass

1100 0.3 2.119 0.053 Pass

1100 0.4 2.366 0.066 Pass

1100 0.5 2.603 0.064 Pass

1100 0.6 2.914 0.076 Pass

1100 0.7 3.404 0.111 Pass

1100 0.8 3.862 0.113 Pass

1100 0.9 3.799 0.096 Pass

1100 1.0 4.324 0.128 Review

1200 0.0 0.923 0.017 Pass

1200 0.1 1.052 0.018 Pass

1200 0.2 1.394 0.029 Pass

1200 0.3 1.539 0.032 Pass

1200 0.4 1.878 0.044 Pass

1200 0.5 1.808 0.040 Pass

1200 0.6 2.429 0.064 Pass

1200 0.7 2.353 0.053 Pass

1200 0.8 2.717 0.066 Pass

1200 0.9 3.165 0.089 Pass

1200 1.0 3.350 0.101 Pass

A.5.2 NaCl–NdCl3 Temporal-Persistence Verification at 900 K

A dedicated temporal analysis was performed for the five Nd-rich compositions x(NdCl3) = 0.60–

1.00 at 900 K. Each exact 5 ns trajectory was evaluated over nine sequential, non-overlapping 0.5 ns

windows spanning 0.2–4.7 ns. The primary persistence metrics and topology populations are listed

in Table A.5. Values are means across the nine windows; the windows are blocks of one trajectory

and are not independent replicas.
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Table A.5. Composition-resolved 900 K NaCl – NdCl3 temporal-persistence results. Persistence values are

1/e times in ps. The topology-switching rate is in ps−1 Nd−1
. Corner, edge and face columns are percentages

among linked Nd–Nd pairs.

x(NdCl3) Nd–Cl cont. Nd–Cl int. Nd–Nd cont. Nd–Nd int. Switch rate Corner / % Edge / % Face / %

0.60 14.404 54.081 14.944 79.190 4.255 45.883 43.792 10.325

0.70 14.635 59.476 16.069 93.127 4.909 46.161 43.419 10.420

0.80 14.596 63.592 16.176 102.800 5.274 47.369 42.986 9.645

0.90 15.498 68.306 16.979 108.151 5.788 47.811 42.562 9.627

1.00 15.543 71.290 16.616 115.493 6.079 48.977 42.032 8.991
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All continuous and intermittent 1/e crossings were reached within the 250 ps maximum lag.

The uninterrupted Nd–Cl and any-link Nd–Nd persistence increase by approximately 7.9% and

11.2% between x = 0.60 and 1.00, respectively, whereas the corresponding intermittent increases

are approximately 31.8% and 45.8%. The topology-switching rate simultaneously increases by

approximately 42.9%. These trends support an increasingly recurrent but dynamically labile Nd-

centred network.

All 225 continuous persistence integrals reached the adopted convergence condition, whereas

only 46 of the 225 intermittent integrals did so within 250 ps; the remaining 179 are finite-lag partial

integrals. The main Results discussion therefore uses the fully reached 1/e persistence times rather

than treating the partial integrals as infinite-time lifetimes. The window-resolved mean Nd–Cl

coordination numbers also differ from the accepted RDF reference by approximately 0.15–0.19 at

every composition; these temporal CN values are therefore not used as an independent absolute

coordination benchmark.

A.5.3 Five-NanosecondNaCl–CeCl3 Convergence and Temporal-Persistence Cov-
erage

The complete NaCl – CeCl3 viscosity dataset contains 44 state points, of which 42 are reportable. The

two Review states exhibit different forms of residual sensitivity. At 1000 K and x(CeCl3) = 0.50, the

complete 5 ns estimate increases markedly relative to the shorter trajectory prefixes. At 1100 K and

x(CeCl3) = 0.40, the complete trajectory is locally spectral-cutoff stable but the long contiguous

windows are not mutually consistent.

Table A.6. NaCl–CeCl3 5 ns viscosity values and reporting status. Pass and Caution states are reportable;

Review states are retained as non-converged provisional values.

T / K x(CeCl3) η / mPa s u(η) / mPa s Status

900 0.0 2.180 0.055 Pass

900 0.1 2.516 0.061 Pass

900 0.2 3.434 0.106 Caution

900 0.3 4.847 0.184 Caution

900 0.4 5.325 0.173 Pass

900 0.5 6.749 0.240 Pass

900 0.6 8.527 0.338 Pass

900 0.7 7.868 0.295 Caution

900 0.8 8.137 0.277 Pass

900 0.9 9.830 0.390 Caution

900 1.0 9.188 0.332 Pass

1000 0.0 1.461 0.031 Pass

1000 0.1 1.897 0.042 Pass

1000 0.2 2.427 0.065 Pass

1000 0.3 2.964 0.089 Caution

1000 0.4 3.301 0.095 Pass

Continued on next page
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Table A.6. NaCl–CeCl3 5 ns viscosity values and reporting status. Pass and Caution states are reportable;

Review states are retained as non-converged provisional values. (continued)

T / K x(CeCl3) η / mPa s u(η) / mPa s Status

1000 0.5 4.291 0.147 Review

1000 0.6 4.191 0.119 Pass

1000 0.7 4.965 0.161 Pass

1000 0.8 5.857 0.185 Pass

1000 0.9 5.896 0.204 Caution

1000 1.0 6.001 0.193 Pass

1100 0.0 1.141 0.019 Pass

1100 0.1 1.359 0.025 Pass

1100 0.2 1.662 0.039 Pass

1100 0.3 2.038 0.053 Pass

1100 0.4 2.401 0.058 Review

1100 0.5 2.802 0.072 Pass

1100 0.6 3.112 0.092 Pass

1100 0.7 3.392 0.095 Pass

1100 0.8 3.636 0.091 Pass

1100 0.9 4.054 0.131 Caution

1100 1.0 3.847 0.107 Pass

1200 0.0 0.911 0.014 Pass

1200 0.1 1.160 0.027 Caution

1200 0.2 1.413 0.035 Caution

1200 0.3 1.549 0.035 Pass

1200 0.4 1.817 0.040 Caution

1200 0.5 2.081 0.049 Pass

1200 0.6 2.309 0.059 Pass

1200 0.7 2.365 0.053 Pass

1200 0.8 2.860 0.073 Pass

1200 0.9 2.917 0.072 Pass

1200 1.0 3.068 0.076 Pass

The Ce-rich temporal analysis covers x(CeCl3) = 0.60–1.00 at 900 K using sequential 0.5 ns

windows from the 5 ns trajectories. Continuous Ce–Cl contact persistence lies between approxim-

ately 13.6 and 14.7 ps, while continuous Ce–Ce shared-chloride linkage persistence lies between

approximately 15.1 and 17.1 ps. The composition dependence is not monotonic, which supports

use of these quantities as dynamical descriptors rather than as a single-parameter explanation of

viscosity. The main-text persistence figure reports the across-window means and within-trajectory

variability.
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Figure A.5. Viscosity estimates obtained from the first 3, 4 and 5 ns of the two NaCl – CeCl3 trajectories

classified as Review. The values are retained as provisional estimates but are not treated as converged results.

A.5.4 Five-Nanosecond Ternary Viscosity and Persistence Coverage

The ternary viscosity table uses x(LnCl3) = x(CeCl3) + x(NdCl3) along the equal-Ce/Nd path.

The four Caution states are convergence-acceptable but retain moderate finite-trajectory sensitivity.

The two 900 K Review states are provisional.

Table A.7. NaCl–CeCl3–NdCl3 5 ns viscosity values along the equal-Ce/Nd path. Pass and Caution states

are reportable; Review states are retained as non-converged provisional values.

T / K x(NaCl) x(CeCl3) x(NdCl3) η / mPa s u(η) / mPa s Status

900 0.90 0.05 0.05 2.560 0.068 Pass

900 0.80 0.10 0.10 3.277 0.093 Pass

900 0.70 0.15 0.15 3.997 0.122 Pass

900 0.60 0.20 0.20 5.101 0.167 Pass

900 0.50 0.25 0.25 6.353 0.247 Review

900 0.40 0.30 0.30 6.548 0.225 Pass

900 0.30 0.35 0.35 9.421 0.385 Pass

900 0.20 0.40 0.40 8.533 0.321 Review

900 0.10 0.45 0.45 9.045 0.329 Pass

1000 0.90 0.05 0.05 1.777 0.038 Pass

1000 0.80 0.10 0.10 2.266 0.057 Pass

1000 0.70 0.15 0.15 2.969 0.087 Pass

1000 0.60 0.20 0.20 3.224 0.089 Pass

1000 0.50 0.25 0.25 3.830 0.118 Pass

1000 0.40 0.30 0.30 4.407 0.134 Pass

1000 0.30 0.35 0.35 4.768 0.151 Caution

Continued on next page
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Table A.7. NaCl–CeCl3–NdCl3 5 ns viscosity values along the equal-Ce/Nd path. Pass and Caution states

are reportable; Review states are retained as non-converged provisional values. (continued)

T / K x(NaCl) x(CeCl3) x(NdCl3) η / mPa s u(η) / mPa s Status

1000 0.20 0.40 0.40 5.378 0.169 Pass

1000 0.10 0.45 0.45 5.550 0.180 Pass

1100 0.90 0.05 0.05 1.390 0.027 Pass

1100 0.80 0.10 0.10 1.621 0.037 Pass

1100 0.70 0.15 0.15 1.957 0.043 Pass

1100 0.60 0.20 0.20 2.341 0.064 Caution

1100 0.50 0.25 0.25 2.749 0.077 Caution

1100 0.40 0.30 0.30 3.006 0.077 Pass

1100 0.30 0.35 0.35 3.117 0.083 Pass

1100 0.20 0.40 0.40 3.565 0.095 Pass

1100 0.10 0.45 0.45 3.978 0.115 Pass

1200 0.90 0.05 0.05 1.115 0.022 Pass

1200 0.80 0.10 0.10 1.331 0.032 Pass

1200 0.70 0.15 0.15 1.483 0.028 Pass

1200 0.60 0.20 0.20 1.787 0.043 Pass

1200 0.50 0.25 0.25 1.933 0.040 Pass

1200 0.40 0.30 0.30 2.292 0.057 Pass

1200 0.30 0.35 0.35 2.435 0.054 Caution

1200 0.20 0.40 0.40 2.594 0.058 Pass

1200 0.10 0.45 0.45 3.169 0.086 Pass

The final temporal-persistence analysis covers 900 and 1000 K for x(LnCl3) = 0.40–0.90. Each

trajectory contains 1001 saved frames with a frame spacing of approximately 5 ps. Temporal

stability was assessed using five non-overlapping 1 ns blocks, with persistence functions integrated

to a maximum lag of 500 ps. Continuous and intermittent Ce–Cl–Ce, Ce–Cl–Nd and Nd–Cl–Nd

bridge persistence were evaluated using the accepted first-shell distance definitions. Continuous

persistence is continuous at the saved-frame resolution; a short break and reformation between

adjacent 5 ps frames cannot be detected. The five blocks belong to one trajectory and are not

independent replicas.

The final analysis shows smooth composition dependence at both temperatures, with no

composition-specific temporal anomaly at x(LnCl3) = 0.80 and no exceptional stabilisation of the

mixed Ce–Cl–Nd bridge relative to the two like-cation bridge classes. Finite-window integrals are

therefore reported, where used, as integrated persistence times rather than complete infinite-time

lifetimes. These conclusions are used as association-level structural evidence and not as proof of a

unique causal mechanism for viscosity.
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