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ABSTRACT: The development of technologies for nuclear reactors based on molten salts has seen
a big resurgence. The success of thermodynamic models for these hinges in part on our ability to
predict at the atomistic level the behavior of pure salts and their mixtures under a range of
conditions. In this letter, we present high-energy X-ray scattering experiments and Molecular
Dynamics simulations that describe the molten structure of mixtures of MgClz and KCI. As one
would expect, KCIl is a prototypical salt in which structure is governed by simple charge
alternation. In contrast, MgCl> and its mixtures with KCI display more complex correlations
including intermediate-range order and the formation of Cl-decorated Mg?" chains. A thorough
computational analysis suggests that intermediate-range order beyond charge alternation may be
traced to correlations between these chains. An analysis of the coordination structure for Mg** ions
paints a more complex picture than previously understood, with multiple accessible states of

distinct geometries.
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Driven by the challenge to find sustainable and safe sources of energy, molten salts have re-
emerged as potential coolants in nuclear reactors five decades since the concept was successfully

demonstrated.!”® Because of their minimal vapor pressure!®!3

when compared to water, such
systems present many advantages including their potential operation near ambient pressure.
Chloride-containing molten salts are intriguing and potentially advantageous for certain

applications, '

including the development of new generation fast-spectrum molten salt reactors,
where chloride salts are preferentially used over fluorides because of their higher atomic weight
and reduced moderating capacity.2*?! Consequently, mixtures of MgCl, with KC1 and/or NaCl are
considered to be promising media for Pu(U)Cls-based fuel salts.?* 22 There are engineering models
that predict bulk thermodynamic properties of molten salts;?*>* yet, major gaps still exist in our
understanding of ionic coordination numbers used as input in these models, intermediate range
order, and molten salt interactions with materials in general. The reason why understanding
structure (including intermediate range order and coordination environments) is important to
thermodynamics, has to do with the activity coefficients and chemical/electrochemical potentials
of the ions.>>*” Specifically, the expectation is that order on multiple scales will affect Lewis
acidities or basicities of the ions due to long-range Coulombic interactions; as an example, whereas
MgCl: readily dissolves UOz, CaClz does not.?’

Early pioneering works on pure MgCl2 molten salt exist, and particularly relevant and

noteworthy are the neutron scattering study by Biggin et al.?8

and the theoretical work by Wilson
and Madden.?’ In the latter, insightful were arguments on whether models including covalent

bonding were necessary to capture correct inter-ionic distances or if these could be properly



recovered by the inclusion of ionic polarizabilities. Using a simple but very effective polarizable
ion model that succeeded where other shell-based models or rigid ion models did not, the authors
were able to create a generic description of divalent molten salts. A few early Raman spectroscopy

studies?-37

are also very important, as they attempted to describe the type of associations and
geometries present in the molten states of MgClz and its mixtures with KCl. As will become
apparent during the presentation of our X-ray scattering and simulation results, many of the earlier
findings and their interpretation still hold valid, but other concepts accepted as facts for decades
may need further scrutiny. For example, the accepted concept of tetrahedral coordination
associated with Mg?" in the molten state, as well as the concomitant interpretation of intermediate-
range order based on it, require revisiting. This is to be expected, as pioneering scattering
experiments were limited in the range of momentum transfer (q) values they could probe.
Synchrotron X-ray scattering data on molten MgCl2-KCI mixtures (15% MgCl2-85% KCl, 35%
MgCl2-65% KCl and 50% MgCl2-50% KCI mole fractions) were collected at 1073 K using a
customized furnace (Figure 1a) specifically constructed to hold a sample in quartz capillaries at
high temperature. Figure 1b provides a comparison between X-ray structure functions (S(q))
against those derived from our ab-initio molecular dynamics (AIMD) and polarizable ion model
(PIM)*-40 molecular dynamics (MD) (section 1 in the SI, and in particular Figures S.1 through
S.7, describe in detail our experimental setup and protocols; section 2 provides details of our
computational protocols). In addition, Figure S.8 shows experimentally derived structure functions
in their full reciprocal space range up to 20 A!. For pure MgCl: in the molten state, we also provide

in Figure S.9 a comparison between our simulation results and data digitized and reanalyzed based

on the original neutron data by Biggin et. al..?® In all cases, our S(q) derived from MD simulations



agrees reasonably well with that obtained from the scattering data providing confidence in our

analysis of structural correlations based on them.
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Figure 1. (a) Furnace used for the high-temperature X-ray scattering experiments: (1) X-ray
entrance port, (2) sample port, (3) heating wire, (4) thermocouple port. (b) The structure functions
for three different MgCl2-KCI mole fractions of molten salts: 15% MgCl2-85% KCI (black), 35%
MgCl2-65% KCI (blue) and 50% MgCl2-50% KCI (red). X-ray scattering measurements (solid
lines), AIMD simulations (dots), and PIM simulations (dashes) at 1073 K. Total and partial
subcomponents of S(q) from our PIM simulations at 1073 K for (c) pure KCl, (d) 15% MgCl
mixture, () 50% MgCl> mixture and (f) pure MgCla. An inset in (c) highlights the charge-
alternation region. Structure functions in (c) through (f) are shown in a limited q range since q
values beyond 4 A™! correspond to approximate real space distances (2m/q) shorter than a typical

inter-ionic distance.

From Figure 1b we see that for the most part, the agreement between AIMD results and
experiments is excellent above 1.5 A!, but box size limitations restrict their accuracy at lower q
values. Instead, using larger simulation boxes with the PIM model affords reasonable reproduction
of experimental features across the full range of relevant q values. By partitioning S(q) into
different ionic subcomponents (Figures 1c through 1f), we can interpret the underlying molten salt
structure. In order to trace how the scattering profile changes upon the addition of MgClz to the
mixture, we focus first on the partitions of S(q) for pure KCI (Figure 1c). The total S(q) shows
prominent peaks above 2 A! that in this case more or less mimic the behavior of the K-Cl cross
S(q) subcomponent. These peaks correspond to what in prior work we have labeled adjacency
correlations.*'*? Since it is opposite-charge ions that are most commonly found at close contact
distance, it is not unexpected that adjacency correlations may be dominated by the K-Cl

subcomponent of S(q).



The most important characteristic of all molten salts is charge alternation, which always
manifests in partitions of S(q) as positive-going peaks in the case of same-charge ions and negative
going peaks (which we have termed in prior work “antipeaks*44) for opposite-charge ions. In a
simple prototypical salt like KCIl, one always expects two peaks (corresponding to positive-
positive and negative-negative correlations) and one antipeak (corresponding to positive-negative
correlations) at about the same q value. This pattern can be clearly observed in Figure 1c slightly
above 1.5 Al where the K-K and CI-CI correlations appear as peaks but the K-Cl correlation
appears as an antipeak.

We emphasize that this pattern is the hallmark of all molten salts (and ionic liquids in general),
however, it is often concealed in the total experimental S(q) because of perfect cancellations of
peaks and antipeaks. For example, in the total S(q) for KCl, the charge alternation peak is
completely missing. This is not because positive-negative ion alternation is absent in the melt but
instead because of perfect cancellations or what is commonly referred to as “lack of contrast”. This
is the reason why simulations are so important in revealing the underlying bulk phase structure.

We now focus on the pure salt MgClz, for which partial subcomponents of S(q) are depicted in
Figure 1f. For MgCla, the charge alternation pattern is present at about 2 A, This is obvious from
the CI-Cl and Mg-Mg peaks at the q range where one observes the Mg-Cl antipeak. At larger q
values, we still have the adjacency correlations whereas at smaller q values we have a feature
below 1 A!, which is commonly referred to as a prepeak or a first sharp diffraction peak. #1-4>43

Whereas the pattern in the subcomponents of S(q) for charge alternation is quite universal and
simple to detect, determining the origin of the prepeak is very challenging. Notice that in contrast
to the case for KCI where the charge alternation peak is completely masked in the total S(q), it is

instead prominently present for MgClz. This has no special meaning, since both salts are dominated



by charge alternation —this is just a contrast issue. However, there is a cautionary tale here; without
computationally splitting S(q) into subcomponents it would have been easy to mistakenly assume
that the adjacency peak in the experimental S(q) above 2 A™! for KCI had the same origin as the
charge alternation peak at the same q range for MgCl. This would have been wrong.

Figures 1d and le show a much more complex situation since multiple ions are present in the
high-temperature melt. Yet, the pattern of adjacency and more interestingly charge alternation
(peaks for same-charge ions K-K, Mg-K, CI-Cl and antipeaks for the opposite-charge ions K-ClI
and Mg-Cl) can be easily identified, each of them slightly shifted due to the different ionic sizes.
Similar to pure MgClz, the 50% mixture also displays a clear prepeak below 1 A!. Figure S.10 in
the SI shows the progression of the total S(q) across a larger mole fraction range highlighting the
development of the prepeak at low q values as the mole fraction of MgClz becomes dominant.

Because the prepeak reveals patterns on longer length scales (low q) instead of shorter-range
alternations, it is perhaps more illustrative to begin our description in real space. Figures 2a through
2c¢ show snapshots from simulation where the mole fraction of MgClz is 15%, 50% and 100%.
Highlighted as blue isosurfaces is a 3D Fourier expansion of the density*® of Mg?* ions. Whereas
the choice of isovalue is somewhat arbitrary, it is clear from this figure that at low mole fraction,
Mg?" ions appear disconnected. As the mole fraction increases to 50%, short Mg?* chains or
clusters are formed and at 100% mole fraction these chains become longer.

How is it possible that small dipositive ions become sufficiently close to form networks? Figure
S.11 shows real space radial distribution functions for the different ions. A key qualitative aspect
of these distributions was already understood and nicely highlighted in the early work by Wilson
and Madden — the first peak in g(r) for Mg-Mg overlaps with that for CI-C1.*° The significant

polarizability of chloride ions is crucially important to achieve this. Without polarizability, the



distance between two dipositive ions should be significantly larger than between two CI ions. If
shorter distances between dipositive ions were physically disallowed, the chains of Mg?* ions
decorated by CI” anions that we observe could not form and each Mg?* would necessarily form its
own distinct “complex” with CI" ions. Since at lower Mg>" mole fractions our molten salt mixtures
do not show a prepeak in S(q), it would be intuitive to assume that the prepeak has to do with the
formation of networks. In other words, in situations such as Figure 2a where each Mg?" ion is fully
solvated by counterions without other Mg?" nearby, there is no prepeak. This is correct, but the

origin of the prepeak is more nuanced.
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Figure 2. (a) through (c) Snapshots at 15%, 50% and 100% in MgClz from our larger PIM box
simulations at 1073 K. CI', green; K*, red; Mg?*, blue spheres (enclosed inside blue isosurfaces).
Ton radii are depicted not to scale to better highlight the Mg?" network extent. Notice that snapshots

match the behavior seen in the first peak of the Mg-Mg pair distribution functions in Figure S.12,



were low intensity is associated with low Mg?*" mol fraction and the absence of networks. (d)

through (f) are examples of ion pair interactions with important contribution to the prepeak.

To get at the origin of the prepeak we resort to computing S(q) as a sum over ionic pairs instead
of the Fourier transform of the pair distribution functions g(r). For a given simulation frame we
can inquire which pair of ions contributes significantly to S(q) while also being at distances
approximately resonant with the Bragg condition d = 2m/q (see section 2.3 in reference*’ and in
particular equation 6). We find that many of the important contributions to the prepeak satisfying
the Bragg condition come not from in-chain correlations --the blue isosurfaces in Figures 2b and
2c--, but instead from correlations between ions that are part of or that decorate different but
adjacent networks (in some cases correlations are between a network and a single Mg?* complex
that does not belong to the same network); examples are shown in Figures 2d, 2e and 2f. Put
differently, networks exist when the prepeak occurs, but it is not necessarily the in-network
correlations but instead the across-network correlations that may be most important. More intense
prepeaks are associated with a larger density of such across network spatial correlations which
become a repetitive pattern in the liquid as can be seen from Figure 2c.

The behavior in the liquid phase is somewhat reminiscent of what one observes in the case of
crystalline MgCla. Figure 3a overlays the simulated coherent X-ray intensity derived from S(q) in
the molten phase with the Bragg peaks in the solid; Figures 3b through 3e show examples of
planes associated with the type of interactions we have described in this letter (as well as prior
publications*!> 4+ 48-30) a5 adjacency correlations, charge alternation and the prepeak. We see from
Figure 3b that the (0 0 3) plane —the lowest q peak in the crystal phase— is related to the distance
between parallel magnesium networks decorated by chloride ions. This is essentially the same

qualitative behavior we observe for the prepeak, which is the lowest q peak in the molten phase.
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Obviously, the crystal networks are parallel and infinitely long, whereas in the melt they are shorter
and randomly oriented as can be gleaned from Figure 2. Yet, the origin of the prepeak in the melt

appears also to be associated with between-network interactions.
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Figure 3. (a) Powder diffraction peaks from reference for MgCl> at room temperature as
compared with the coherent intensity for molten MgCl> at 1073 K from our larger box PIM
simulations. (b) (0 0 3) (¢) (1 0-2) (d) (1 0 1) and (e)(1 0 4) Bragg planes in the MgCl> crystal.
The first set of planes exemplifies across network --prepeak behavior--, the second two are
examples of charge alternation behavior, whereas the last set of planes exemplify what in the

molten state we would call adjacency correlations.

Since they correspond to typical distances between Mg?" ions when there are CI™ ions between
them, we see from Figure 3¢ and 3d that planes (1 0 1) and (1 0 -2) match what we have described
in the melt as the charge alternation peak. Whereas from Figure 3e we see that (1 0 4) is part of
the family of planes we have described in the melt as adjacency correlations representing the

typical structural interactions between ions that are in contact.
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In the early literature on MgCly, 2831 33, 35, 52-57

significant attention was given to the issue of
nearest-neighbor coordination of Mg?*. Even then, it was clearly understood that this quantity was
ill-defined in the sense that it significantly depended on the criterion used to define the limits of
integration for the pair distribution function.® For example, for NaCl, Biggin and Enderby
proposed that this number was 3.9 + 0.2 for one method and 5.3 + 0.4 for a different method.>? In
the case of MgCly, their originally reported coordination number for Mg** (by defining the
criterion of the maximum r for integration as the minimum of value of the function (r*g(r))

assuming this function is symmetric about its first maximum) was 4.3 + 0.3. In their study,?® g(r)

was derived from back Fourier transformation of their neutron scattering data.
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Figure 4. (a) Free energy profiles (W(n)) highlighting structural elements in coordination number
space obtained from first principles and PIM simulations at 1073 K. The free energies
(W(r, ngpareq)) for (b) 15% and (c) 50% of MgCl.,, as a function of inter Mg-Mg distance and
number of shared chloride ions. For consistency, all results are based on our smaller box
simulations (see figure on right of Table S2 showing negligible dependence on box size for the

free energy).

Whereas those isotopically-labeled neutron scattering studies were truly pioneering, the inverse
Fourier transformation to generate pair distribution functions was necessarily limited by the
maximum q value experimentally accessible. Prior work suggests that truncation may lead to
shorter and broader first g(r) peaks, which is problematic for the definition of coordination number.
3960 In subsequent studies citing the Biggin and Enderby experiments, the 4.3 + 0.3 coordination
number for chlorides around a magnesium cation was commonly assumed to be 4.2% 3:57-61-62 Thig
supported some early Raman studies implying tetrahedrality in the molten state for this salt.3>=%
3536 This was quite exciting at the time, since it implied that the molten state was quite different in
terms of coordination number when compared to the crystal where coordination is by 6 chloride
ions.

Our first principles and classical polarizable simulations which (1) match well our X-ray
scattering data for the MgCL-KCl mixtures, and (2) also match well the original Biggin and
Enderby neutron scattering data®® (see Figure S.9 in the SI) paint a slightly different story. Figure
4a shows that a significant fraction of the Mg?* ions are in a four-coordinated, tetrahedral
geometry. This is particularly the case when the mole fraction of Mg?" is low. However, the four-
coordinate structure does not appear to be the most populous state at larger MgCl2 mole fractions.

Instead, the five-coordinate structure is the most likely and we also observe a fraction of six-
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coordinate structures as well (probability values are provided in Table S2). These results support
reverse Monte Carlo studies by Mcgreevy where the distribution of Cl- around Mg?* was described
as an octahedron with one CI missing.*® The four-, five- or six-coordinated ions should not be seen
as complexes in isolation since many are part of chloride-decorated magnesium chains such as
depicted in Figure 2, particularly at higher mole fractions. This is emphasized in Figures 4b and
4c where a 2-D free energy landscape is shown as a function of the number of chloride ions shared
by magnesium ions and as a function of their interionic distance. From Figure 4b we see that at
low magnesium mole fraction the most likely state is consistent with Mg?" ions that are far apart
and share no anions. The reader is encouraged to see this in the context of Figure 2a and the fact
that at low Mg?* mole fraction there is no prepeak in S(q) (see Figure 1). Instead, Figure 4c shows
a prominent minimum at short Mg-Mg distance consistent with the first peak in the Mg-Mg pair
distribution function in Figure S.12. Associated with this free energy minimum are two chloride
ions shared by the pair of Mg" ions. These chlorides are commonly seen at the waist of adjacent
magnesium ions forming chains in Figure 2b.

In conclusion, our experimental and computational studies highlight that molten mixtures of
MgCl, and KCl display complex structural behavior on multiple length-scales. At short range, the
coordination number of anions and local structure around Mg?* is dependent on the fraction of
MgClz. At intermediate length scales, dependent on the mole fraction of Mg?* ions, these can be
mostly dissociated or form anion-decorated networks. The proximity of Mg?* networks, linked to
their high density, appears to be associated with the occurrence of a prepeak in the X-ray and
neutron scattering structure function. In a way, although the coordination numbers are different,
the behavior of pure MgClz in the crystal and molten states are related in that the lowest q peak is

influenced by structural correlations across Mg?* networks. Since we see a mol fraction dependent
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coordination number for Mg?”, it would not be surprising if this occurred also for other divalent
cationic solutes or even nuclear fuel such as such as UCls, PuCls, UCl4. Such behavior could have
implications not only for the thermodynamics of the mixture but also for other properties including
the reactivity of multivalent ionic solutes. In other words, changes in salt mol fraction could not
only affect thermal or transport properties but also possibly solute chemistry.
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