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The preferred structures of lithium halides (LiX, with X = Cl, Br, I) in organic solvents have been the subject of
a wide scientific debate, and a large variety of forms has been isolated and characterized by X-ray
diffraction. The identified molecular scaffolds for LiX are diverse, often built on (LiX), rings with
a prevalence of rhomboidal arrangements and an appropriate number of solvent or Lewis base
molecules coordinating the lithium ions. Much less is known about the structures of LiX in solution,
limiting the understanding of the synergistic role of LiX in reactions with various organometallic
complexes, as prominently represented by the turbo Grignard reaction. Here, we trained a machine
learning potential on ab initio data to explore the complex conformational landscape for systems
comprising four LiX moieties in tetrahydrofuran (THF). For all the considered halogens a large number of
scaffolds were found at thermally accessible free energy values, indicating that LiX in solution are
a diverse ensemble constituted of (LiX),, moieties of various sizes, completed by the appropriate number
of coordinating THF. LiCl shows a preference for compact, pseudo-cubane LisCly(THF), structures,

coexisting with open rings. At concentrations close to the solubility limit, LICl forms hexagonal
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Accepted 8th November 2024 structures, in analogy with literature observations on pre-nucleating NaCl. LiBr tends to favour less

compact, more solvated aggregates. Lil significantly differs from the two other cases, producing highly
DOI: 10.1039/d4sc04957h solvated, monomeric, dimeric, or linear structures. This study provides a comprehensive view of LiX in

rsc.li/chemical-science organic solvent, revealing dynamical polymorphism that is not easily observable experimentally.

As research in this field continues to evolve, and the syner-
gistic interplay between LiX and organic reagents promises to
unlock new pathways in chemical synthesis, it becomes essen-

1 Introduction

Lithium halides (LiX) are important additives in organometallic

chemistry, serving as pivotal agents that can modulate the
reactivity and selectivity of organic reagents." The turbo
Grignard reagent stands out as an emblematic example wherein
the addition of lithium chloride empowers the performance of
the organomagnesium species, enabling accelerated reaction
rates, enhanced selectivity, and improved sensitivity.>* In fact,
the literature indicates that LiX play a vital role in a multitude of
chemical processes, establishing high-yield stereoselective
aldol reactions,*® enhancing the reducing strength of inorganic
salts,'*** controlling polymer properties,’**” and improving
permeation and separation rates of polymeric membranes.'*>*
Moreover, LiX constitute promising candidates for transition
metal-free cathodes in batteries.?***
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tial to gain a comprehensive understanding of the chemistry of
LiX. The task is challenging since numerous attempts to char-
acterize LiX in organic solutions have evidenced a remarkable
structural diversity. Depending on the conditions imposed,
a diversity of moieties with varying nature and degrees of
association can be expected.”®*® Accordingly, monomeric
forms,””** as well as dimers,******3* pseudo-cubanes,****
ladder-like structures,*>** bridged forms,* tetramers in double-
dimeric arrangement,*® polymers,**° and ionic species have
been detected (Fig. 1).>****° It is therefore evident that LiX do
not conform to a traditional identification as single, well-
defined structures. Rather, they comprise an ensemble of
morphologies that depend on the experimental conditions.
From this perspective, it is necessary to understand why such
a multitude of species exists. Despite the considerable body of
work on X-ray diffraction studies,**7***' there has been
a paucity of investigations into the structural features of the
species in solution, which represents the natural operating
environment of these compounds. Furthermore, the results of
these studies often differ. Lithium NMR spectroscopy
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Fig. 1 Lithium halide polymorphism. Representative conformations
that were detected experimentally for different lithium halides with
various O- and N-donor coordinating ligands.?*>-5! Hydrogens are not
displayed for clarity.

experiments suggest that LiCl in tetrahydrofuran (THF)
primarily exists as dimeric species, which can be deaggregated
to monomeric entities by excess hexamethylphosphoramide.*
In contrast, LiBr would predominantly exist as a monomer,**
while Lil would form a contact ion pair, as well as a mixture of
monomers and dimers.*> Another NMR study, also conducted in
THF, proposed that LiX were to exist as ion-separated species
regardless of the nature of the halide (X = Cl, Br, I).** Finally,
LiBr was reported to be a cubic tetramer in toluene.>* These
studies were often conducted under low concentration and
temperature conditions to minimize signal broadening due to
dynamic exchange.*® Therefore, even from solution studies, the
available information is often contradictory and does not reflect
the conditions that these species experience under operando
conditions. The aforementioned experimental challenges,
coupled with the lack of information on high concentration,
room temperature data, prompted our recent preliminary study
of the structure of LiCl in THF* with ab initio molecular
dynamics (AIMD).”® This study underscored the existence of
LiCl as a set of chemically distinct structures of high plasticity,
in agreement with structures detected in experimental studies.
The coexistence of species of different nature reflects stabili-
zation effects from the solvation of the Li atoms, with ethereal
solvent oxygens entering the coordination shell of lithium in
competition with the halide. This is analogous to our precedent
study on Grignard reagents, where solvent fluctuations were
reported to be the driving force for the dimerization and
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disproportion dynamics, producing the different species
involved in the Schlenk equilibrium.*” Our investigation also
evidenced how the LiCl structure is prone to perturbation by
Lewis acid/base interactions with organometallic species like
Grignard derivatives. In particular, basic MgCl, is capable of
disintegrating the tetrameric pseudo-cubane Li,Cl, cluster and
forming species made of connected LiCl and Li,Cl, with
appropriate increased solvent coordination. This initial study
thus established the existence of a vast conformational land-
scape dependent on the solvation state of the Li atoms.
However, due to the high computational cost associated with
AIMD simulations, a more complete characterization of the
chemical space was unattainable, even when coupled with
enhanced sampling approaches.

In recent years, machine learning potentials (MLPs) have
become a popular solution for mitigating the computational
cost associated with traditional ab initio methods.*®* In this
approach, MLPs, typically neural networks, are parameterized
to predict forces of quantum calculations with speed-ups of two
to three orders of magnitude. From pioneering MLPs based on
invariant features, such as the Behler-Parrinello networks,*® or
kernel-based approaches like the Gaussian Approximation
Potential (GAP),** to more recent equivariant graph neural
networks, such as NequIP and MACE,**** MLPs have demon-
strated their effectiveness in addressing a range of molecular
problems. In particular, DeePMD is a conceptual evolution of
the original network by Behler and Parrinello.®** It uses the
local geometric environment to create a local descriptor fol-
lowed by a feed-forward neural network to predict energies and
forces from ab initio calculations.** While DeepMD is one of the
most computationally efficient MLPs available, it has also
demonstrated an ability to reliably reproduce and predict the
structural and dynamic properties of molecular systems in the
condensed phase, including, but not limited to, the water phase
diagram,®*® combustion reactions,* and reactions at inter-
faces.”””* Electrolyte solutions have been studied for a long time
by ab initio molecular dynamics,””>*" as well as by classical or
polarizable force fields.**®* More recently, MLPs have been
effectively used to describe electrolyte systems,*°* in particular
molten salts,**” and to describe diffusion of ions in solid-state
electrolytes.?®*** MLPs have also been recently used to investi-
gate solvation effects, such as in works on solvation of ions'*
and on formation of carbonate.'”® MLPs have the advantage of
incorporating many-body polarization effects with quantum
mechanical accuracy, at much cheaper computational costs,
and without the need of explicit parametrization and calibra-
tion over mechanical polarization models. In this work, we
develop a MLP for LiX in THF (X = Cl, Br, I) to expand our
preliminary study on LiCI* to a more complete exploration of
the possible structures of LiX in THF at room temperature.

2 Results
2.1 Validation of MLP

The model is validated through a series of tests. First, we
compute the density of pure THF at room temperature (Fig. 2).
Relaxation of the isotropic pressure in the simulation box

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Validation of MLP. (Top, left) Density of a pure THF system. (Top,
right) Simulation box for a sample LizX4 system in THF; THF hydrogens
omitted for clarity. (Bottom) Radial distribution functions (RDFs) over
main atomic pairs.

results in a density within 1% of the AIMD value.'** Next, we
compute the radial distribution function (RDF) over main
atomic pairs of a sample Li,Cl, system in THF with the MLP,
and compare it to the AIMD reference. As illustrated in Fig. 2,
peak positions and probabilities are well reproduced across the
bond pairs, with minimal residues. Only peak positions for Li-O
interactions show a slight overestimation compared to the
AIMD reference. Lastly, we verify that the MLP reproduces the
AIMD Helmholtz free energy profiles as a function of the
solvation of Li (as defined in eqn (S2)}) for the three Li X,
systems with X = Cl, Br, I. The strategy and technical details for
the development of the MLP are provided in the ESL{

Overall, the MLP profiles match well with the AIMD equiva-
lents, and deviations mostly remain within the AIMD uncer-
tainty. The profiles are reported in Fig. 3 and S5-S7.}

2.2 Lithium chloride

When sampled over a comparable timescale of 25 ps, the MLP
closely follows the free energy profile of LiCl computed with
AIMD,* identifying weakly solvated, compact cubic structures

AA / kcal mol ~1
N (6, ] ~
wn o n

o
o
1

|
N
(S,
1

4 5 6 7
CN(Li-0)

Fig. 3 Time convergence of the Li4Cly Helmholtz free energy profile
obtained with the MLP. The AIMD reference computed at timescales of
25 ps from ref. 55 is plotted as a dashed line.
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as the most stable configurations (Fig. 3). These agree well with
species C4 and C5 previously characterized by AIMD, with
a slight lowering of the first minimum by about 0.5 kcal mol ™,
and an associated increase in the barrier between the two
species, although these differences fall within the uncertainty of
the AIMD profile (Fig. S51). As the simulation time increases,
the free energy computed by the MLP becomes increasingly
distinct from the AIMD profile in the region of higher solvation.
In particular, the plateaus at CN(Li-O) = 6.0 and CN(Li-O) = 7.0
evolve into distinct local minima with an associated decrease in
free energy. This behavior is governed by entropic effects, as
longer simulations allow for a broader sampling of the confor-
mational space and, thus, the identification of additional
distinct species characterized by the same total number of
coordinated THFs. The fact that this is observed only in the
higher solvation region highlights how the morphology of LiCl
can be effectively reduced to a combinatorial problem involving
the total connectivity of the system. The possible arrangements
of Li-Cl and Li-O(THF) links correlate with the number of
THFs, leading to an increased number of possible structures for
more solvated states. Because these species differ in the
arrangement of Li-Cl and Li-O(THF) links, while retaining the
same overall number of bonds, these species are essentially
isoenergetic. Given the multitude of combinations, the
restricted timescales accessible by AIMD limit access to statis-
tically prevalent morphologies, with a notable bias towards the
initial conformation. By employing an MLP, we reduce the
computational burden of these simulations by over two orders
of magnitude and enable a more comprehensive and unbiased
sampling of the conformational space.

To represent the different basins characterizing the system,
we opt for a two-dimensional free energy surface (FES). As
shown in Fig. 4, expanding the exploration of the conforma-
tional space in two dimensions permits the separation of
different basins otherwise convoluted in the one-dimensional
profile, allowing the characterization of both new and previ-
ously identified structures like C4, C5 and B6,”> and their
assignment to well-defined basins of the FES. The majority of
these structures retains the rhomboidal Li,Cl, subunit, which is
recognized as the fundamental unit of numerous LiX clus-
ters.?¢10414547.49 A second frequently encountered arrangement
is a hexagonal ring of alternating Li and Cl (like H6), as also
observed in some solid-state structures.* The low solvation
region is characterized by the two cubic structures C4 and C5,
arising from the cleavage of one Li-Cl bond in C4, in analogy to
the findings from the AIMD study.* As the lithium solvation
increases, the LiCl cubic cluster further degrades by cleaving
a second Li-Cl bond into two possible species: a cyclic R6
structure (if breaking non-adjacent edges of adjacent faces), and
a cis boat-type structure B6 (if breaking opposite edges of the
same face). No trans conformer of B6 type is detected, sug-
gesting a preference for the cis isomer.

While R6 and B6 occur in equal proportions, we note that R6
may be stabilized by the interaction with other compounds, as
already noted for the interaction of Li,Cl, with MgCl,.** Further
decomposition of the LiCl cluster leads to an ensemble of
bicyclic and bridged structures with different THF coordination
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Fig. 4 Helmholtz free energy surface of the conformational landscape of Li4Cly. The coordination number of Cl around Li, CN(Li—Cl), and the
squared coordination number of O around Li, CN?(Li—O), are used as collective variables for the FES. Mathematical definitions for the CVs are
reported in ESI.{ Side graphs report the projections of the FES onto the two respective axes. Representative structures corresponding to the
basins of the FES are shown in balls-and-sticks (Li in yellow, Clin cyan, and THF as transparent sticks).

states, namely R7 and R8 and in a 8:1 ratio. These bicyclic
species resemble LiCl structures observed in some crystal
structures.*® Further down the solvation pathway, the degraded
tetramer dissociates into a hexagonal and a monomeric unit,
subsequently releasing another monomer into a mixture of
lower molecular weight species. This corresponds to regions
about 8-10 kcal mol " higher in energy, confirming the pref-
erence of LiCl for tetrameric clusters in solution compared to
smaller aggregates.

2.3 Higher weight aggregates

Given the preference for compact species (C4, C5), or for species
that may condense into polymeric moieties (like B6),>**>4347:48
and given that LiCl is often used at a quasi-saturated concen-
tration (1 M versus an experimental solubility of =1.27 M),"** we
further investigate the likelihood of the formation of heavier
aggregates. To maintain a concentration of 1 M, we double the
simulation box, allowing for the presence of multiple Li,Cl,
tetrameric units that can interact with each other (second entry,
Table S27). The association of two tetrameric structures into an
aggregate of 8 Li and 8 Cl nuclei requires an energy of
3.1(2) kcal mol ™" and leads to a stabilization of 16.1(8) kcal-
mol !, while the addition of a third tetrameric structure has an
energy barrier of 3.4(3) kcal mol™' and leads to a further
stabilization of —10(1) kcal mol . These two larger aggregates
display units in hexagonal packing, as previously observed in

20358 | Chem. Sci., 2024, 15, 20355-20364

polymeric solvent-separated crystals of LiCl in tetramethylene-
diamine.*® Low molecular weight aggregates in hexagonal
packing have also been shown to form in the early stages of
NaCl crystallization, preceding rock salt (FCC) formation
(Fig. 5)."* These features suggest an initial nucleation stage of
LiCl at a concentration close to, but still lower than, the satu-
ration point. At the same time, quantum chemical calculations
yield energies consistent with those predicted by the MLP (Table
S31). While this confirms that the MLP is able to reproduce data
of the underlying quantum chemical quality, it also means that
any shortcoming in the same quantum data used for training is
inherited by the MLP. For larger aggregates containing several
halide nuclei, strong dispersion forces are hard to reproduce
accurately with density functional theory, even with dispersion
corrections.'””

2.4 Lithium bromide

The free energy surface of Li,Br, shows structures analogous to
those obtained for Li,Cl, with a preference for more solvated
species (Fig. 6). The tetrasolvated pseudo-cubane C4 appears as
a rather shallow metastable state, and there is a clear thermo-
dynamic preference for an open form of the cube, C5, with
a broken Li-Br bond and an additional THF at that lithium.
Analogously to LiCl, C5 further degrades through the cleavage
of a second Li-Br bond, resulting in cyclic R6 and a cis boat-like
structure B6 in a 6 : 1 ratio. As in the case of LiCl,*” the structural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 High aggregation states of LiCl. Computed binding affinities
(left) and reported structures in the literature (right): hexagonal LiCl
unit cells in polymeric solvent-separated crystals®® (right, top) and
wurtzite-like arrangement in pre-nucleating NaCl precipitates®©® (right,
bottom). The free energy profiles are a function of the distance
between the centres of mass of the two binding units (Li in yellow, Clin
cyan, and Na in purple; coordinating THF in the computed aggregates
omitted for clarity). The shaded regions indicate 95% confidence
intervals of estimated free energy profiles.

arrangement in B6 corresponds to the core unit for THF-
solvated crystalline LiBr polymers.** Further down the solva-
tion pathway, the FES of Li,Br, exhibits a greater propensity for
cyclic and bridged structures compared to LiCl. The obtained
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species correspond to the bromide analogues of bicyclic [4.2.0]
R7 and bridged R8 in a 1:1 ratio. Increasing solvation further
fragments the LiBr aggregate. Dimers of the type Li,Br,(THF),
are slightly less stable (by 4 kcal mol™') than any tetrameric
species, confirming a preference for larger aggregates in solu-
tion. We do not detect any monomer across the free energy
landscape, which are expected to occur at energies over
8 kecal mol .

2.5 Lithium iodide

Unlike LiCl and LiBr, where dimeric units are notably thermo-
dynamically disfavored compared to the tetrameric species, the
free energy landscape of Liyl, leads to the spontaneous degra-
dation of the tetramer into smaller moieties (Fig. 7).

In our simulations, a starting pseudo-cubane type C4 struc-
ture promptly breaks down to form species of lower molecular
weight through the transient formation of non-bridging moie-
ties. Thus, the characterization of a tetrameric LiyI,(OEt,)s**°
out of diethyl ether is an example of the difference in structural
preference in the crystalline state and in solution. Such non-
bridging moieties are observed to initiate the separation into
dimers D4 already along the one-dimensional profile at the
short AIMD timescales, indicating a preference for smaller
aggregates (Fig. S7t). While dimeric moieties can also exist in
a more solvated form (D5), where one Li-I bond is cleaved to
accommodate an additional THF at the lithium, the closed-ring
dimers remain more favored. Various mixtures of dimers and
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Fig. 6 Helmholtz free energy surface of the conformational landscape of LisBrs. The coordination number of Br around Li, CN(Li—Br), and the
squared coordination number of O around Li, CN?(Li-O), are used as collective variables for the FES. Mathematical definitions for the CVs are
reported in ESI.{ Side graphs report the projections of the FES onto the two respective axes. Representative structures corresponding to the
basins of the FES are shown in balls-and-sticks (Li in yellow, Br in orange, and THF as transparent sticks).
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monomers are found further down the FES, where the frag-
mentation into monomeric species occurs beyond a barrier of
7 keal mol .

2.6 Discussion

The distinct free energy landscapes of the lithium halides
underscore the structural analogies and disparities between the
various halides. In general, computational models predict
multiple structures to be accessible to Li,X, regardless of the
nature of the halide. As expected, increasing the solvation of
Li,X, weakens or cleaves Li-X bonds. The solvent enters the first
coordination sphere of lithium, mostly forming standard THF-
Li terminal bonds; but THF may also assume bridging positions
between two accessible lithium atoms, leading to a very high
diversity of structures. In all cases, solvent substitution tends to
follow a dissociative mechanism, with an initial elongation of
the Li-X bond followed by the coordination of a THF, even
though long-living under-coordinated Li intermediates are not
observed during MD simulations. The preference for compact
species like the pseudo-cubane declines from Cl to Br to I. The
fact that the crystallization of the pseudo-cubanes Li,X,(S)4 (S =
solvent) have been characterized for the three halides by X-ray
diffraction for S = Et,O solutions®>***° illustrates the insight-
ful comment by D. Seyferth that aggregates found in the crys-
talline state may not survive in solution.'” Additionally, the
observation of pseudo-cubanes in the solid state for all three

20360 | Chem. Sci,, 2024, 15, 20355-20364

halides suggests that their absence in solution, particularly for
iodide, is not due to an intrinsic destabilization for the heaviest
halide. Instead, there is a solvent- or dynamic-driven preference
for more solvated and, thus, smaller aggregates. Another
marginal difference between the calculated and observed
structures is that the ladder-type structure was not identified as
a possible structure in solution while it has been reported for
[LiCl(pyridine)],,"*° LiyBry(2,6-dimethylpyridine)s** and
[LiI(THF)],..*® Calculations identify only the boat form B6 for X =
Cl and Br, a structure also observed in the crystalline state for
[LiCI(THF)],*” and [LiBr(THF)],.** Numerous factors determine
the diversity in the aggregate sizes. Since many structures are
common for the three halide systems, a reasonable hypothesis
is to consider that the variation of the entropy term does not
depend significantly on X. Therefore, one can focus on the
enthalpic contribution. One noticeable difference between the
three Li-X species is that the Li’*-X°" charge polarization
decreases from Cl to Br to I as shown for any given structure in
Table 1 and Fig. S8.1 Furthermore, this charge polarization is
larger in smaller aggregates and in more open species where
fewer halides are bonded to a given lithium. In particular, there
is a significantly larger charge polarization in the LiX monomer
relative to the Li,X, dimer. Cleaving an Li-X bond is systemati-
cally associated with coordinating an additional THF to Li.
Thus, the replacement of a Li---X interaction by a Li-THF
coordination is likely to be energetically more favorable when

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Halogen atomic charges, computed with the CM5 method,*°®
for different Li coordination spheres in LiX salts (Li in yellow, X in black,
and THF as transparent sticks)

Ha-Li Ho-Li Ms-Li
Cl —0.633 —0.491 —0.425
Br —0.608 —0.453 —0.372
I —0.593 —0.425 —0.302

the Li-X ionic character is minimized because the Li-X and Li-
(THF) bond characters would be more similar. This favors the
cleavage of Li-X and the increased solvation for heavier halides,
as reported by the different solvation of the three halides salts
(Fig. 8). It should be kept in mind that the solvent also has
a stabilizing influence on the halide, which increases from Cl to
Br to I. The dispersion interaction energy between THF and X is
evaluated in the case of monomeric Li-X, yielding —7(3), —14(3),
—18(4) keal mol ™" for X = Cl, Br, I, respectively (Fig. S9 and
Table S5t). Dispersion interaction has no preferential direc-
tionality and its increase is mostly due to the higher polariz-
ability of the heavier halides. The outcome of these effects is
that a LiX aggregate with greater ionic character within the Li-X
bond tends to prefer polynuclear forms with numerous Li---X
interactions. In contrast, with heavier X and an associated less
ionic character of the Li-X bond, the Li---X interaction is more in
competition with Li---THF coordination supplemented by X:--
THF interplays, and the fragmentation of the polynuclear
aggregates into smaller units becomes more favorable.
However, this fragmentation reaches a limit since the Li-X ionic
character is higher in smaller units. This is why the monomer is
not found on the free energy maps as an accessible species, on
its own, within the energy range considered in the study, the

10 LiCl
LiBr
8 Lil
< 9]
P
4_
2 4
0_
0.5 1.0 1.5 2.0 2.5
Li-THF,

Fig.8 Probability distribution function (P(x)) of the stoichiometric ratio
(x) of coordinating THFs at the Li centres for various lithium halides.
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exception being for X = Iwhere it occurs at higher energy (A4 =
5 kcal mol") and thus in a relatively smaller concentration. For
the other halides, the dimeric species is the smallest aggregate
identified as energetically accessible. Finally, it is interesting to
remember that the solubility of LiX in organic solvents
increases from Cl to Br to L."**> While this study does not
address the topic of solubility of these ionic salts, the parallel
between our results and the trend in solubility is enthralling.
Certainly, the favored fragmentation of large aggregates
participates in the solubilization of LiX.

The absolute bond lengths and the expected slight short-
ening of Li-X bond distances upon opening the pseudo-cubane
seen experimentally for X = Cl are satisfactorily reproduced.
The Li-Cl distance in Li,Cl,(THF), was reported to be 2.308(3)
and 2.342(3) A.** In the pseudo-cubane structure, the Li-Cl bond
distance was also estimated to be between 2.357(10) and
2.441(12) A.*' This agrees well with calculated Li-Cl distances of
2.3(2) and 2.4(2) A for the dimer and tetramer, respectively. The
Li-Br bond distance was found to be around 2.53 A in the
broken cube polymer [(LiBr)(THF)],,** and was mentioned to be
slightly longer in different tetrameric species,** fitting well
a value of 2.6(4) A in our simulations. In the dimeric form, the
computed distances of 2.5(2) A are consistent with reported
values of 2.51(2)-2.55(2) A."** For Li-1, distances of 2.741(7) A in
the monomer®” and between 2.787(7) and 2.825(7) A in the
cubane® are also in good agreement with our data (2.7(2) and
2.8(2) A, respectively).

The calculations reported here suggest that lithium halides
are present in solution in a wide number of species. Their shape
and relative abundances are strongly determined by the solvent,
even if the nature of X tends to direct the systems towards
compact species (X = Cl) or small and open species (X = I).
Other solvents, like diethyl ether, are likely to yield similar
global energy patterns, but different in their quantitative
details. Adding other salts can also have drastic effects, as
indicated in our early finding that MgCl, dismantles a pseudo-
cubane LisCl; into a globally open structure.”® Thus, these
lithium salts have geometrical features that are almost entirely
determined by their environment.

3 Conclusions

This study reveals the considerable variety of structural forms
that are energetically accessible for lithium halides (LiX, with
X = Cl, Br, I) in THF solution. This profusion is due to the
intricate pattern governed by the flexibility of the coordination
sphere of lithium, the solvent dynamics, and the competition
between intramolecular and intermolecular interactions. The
wide exploration of the chemical space was made possible only
by using an MLP trained on a comprehensive set of AIMD data.
In particular, the MLP enabled the investigation of extended
timescales with remarkable computational efficiency. These
extended time scales were essential in the discovery of possible
highly solvated and flexible species. Exploration of the chemical
space revealed several key findings. The LiCl species were found
to have the largest variety of forms. This free energy surface is
essentially flat, containing the emblematic relatively poorly
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solvated pseudo-cubane and diversely less compact and more
solvated species made generally of connected rings of size often
larger than four. Additionally, high-weight aggregates of LiCl
were studied, where calculations revealed the preference for
connected hexagonal units resulting from merging several
pseudo-cubanes. The agreement with available experimental
structures supports our methodological approach for modeling
lithium chloride in solution. Similar calculations for lithium
bromide and lithium iodide also showed a great diversity of
structures, with a clear tendency to prefer less compact, smaller
and more solvated LiX aggregates in which Li---X intra-
molecular interactions are replaced by THF coordination. The
structural preferences are proposed to be related to the ionicity
of the Li-X bond, which is qualitatively described by the atomic
charges. The ionic character decreases from ClI to Br to I, and
increases as the size of the LiX aggregates shrinks, with
a substantial rise from dimer to monomer. As it is easier for
THF to cleave a less ionic Li-X bond, this accounts well for the
observed trends. It also accounts for the fact that monomeric
LiX is not found to be energetically accessible except for I.

The key result of this study is to establish that a solution of
LiX in THF is an ensemble of numerous structures coexisting in
relatively similar concentrations. Fishing out a given species by
adding a given Lewis base is just picking out the species that fit
the additive. However, validating its presence does not address
the other aggregates that also exist. There are in fact many
fishes made from LiX swimming together in a pool of THF.

Data availability

Data supporting this article are available in the ESI.{ Simulation
data presented in this work are openly available at the GitHub
repository https://github.com/Cascella-Group-UiO/
Publications.

Author contributions

M. C. and O. E. conceptualized the project. S. L. B. wrote the
code that automatized active learning iterations for MLPs used
in this work. M. d. G., S. L. B., and S. H. H. E. calibrated the
machine learning potential. M. d. G. ran all the simulations,
analyzed the data, and wrote the first draft of the manuscript.
All authors contributed to writing and reviewing the final
version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Research Council of Norway
through the Centre of Excellence Hylleraas Centre for Quantum
Molecular Sciences (Grant 262695), and the Pioneer Research
Grant MetalSynergy (Grant 314009). Authors acknowledge the
the Norwegian Supercomputing Program (NOTUR) for
computing hours and storage facilities (Grants NN4654K,

20362 | Chem. Sci, 2024, 15, 20355-20364

View Article Online

Edge Article

NS4654K, 465000259) and for access to LUMI supercomputer
(Grant 465000259). MdG and SHHE also thank the EuroHPC
Joint Undertaking for computer time (Grant EHPC-REG-
2023R02-064). The authors thank Marco Bortoli and Cyriac
Barra for useful discussions.

Notes and references

1 S. D. Robertson, M. Uzelac and R. E. Mulvey, Chem. Rev.,
2019, 119, 8332-8405.

2 A. Krasovskiy and P. Knochel, Angew. Chem., Int. Ed., 2004,
43, 3333-3336.

3 A. Krasovskiy, B. F. Straub and P. Knochel, Angew. Chem.,
Int. Ed., 2006, 45, 159-162.

4 R. G. Kelleher, M. A. McKervey and P. Vibuljan, J. Chem.
Soc., Chem. Commun., 1980, 486-488.

5 D. Chen, L. Guo, S. R. S. Saibabu Kotti and G. Li,
Tetrahedron: Asymmetry, 2005, 16, 1757-1762.

6 H. Hagiwara, H. Inoguchi, M. Fukushima, T. Hoshi and
T. Suzuki, Synlett, 2005, 2388-2390.

7 H. Hagiwara, H. Inoguchi, M. Fukushima, T. Hoshi and
T. Suzuki, Tetrahedron Lett., 2006, 47, 5371-5373.

8 M. Majewski, I. Niewczas and N. Palyam, Synlett, 2006,
2387-2390.

9 G. Wang, B. Wang, S. Qi, J. Zhao, Y. Zhou and ]. Qu, Org.
Lett., 2012, 14, 2734-2737.

10 N. D. Hann, J. Polym. Sci., Polym. Chem. Ed., 1977, 15, 1331~
1339.

11 R. A. I. 1. Craig, R. C. Smith, J. L. Roizen, A. C. Jones,
S. C. Virgil and B. M. Stoltz, J. Org. Chem., 2018, 83, 3467-
3485.

12 H.-M. Huang and D. J. Procter, Angew. Chem., Int. Ed., 2017,
56, 14262-14266.

13 H. C. Brown and S. Krishnamurthy, Tetrahedron, 1979, 35,
567-607.

14 Y. Gan, D. Dong and T. E. Hogen-Esch, Macromolecules,
1995, 28, 383-385.

15 Y. Sato, A. Ito, S. Maeda and M. Yamaguchi, J. Polym. Sci.,
Part B: Polym. Phys., 2018, 56, 1513-1520.

16 S. Xu, Y. Fang, Z. Chen, S. Yi, X. Zhai, X. Yi, ]J. He, Y. Song
and Q. Wang, Polym. Compos., 2019, 40, 4608-4618.

17 R. A. Saari, R. Maeno, W. Marujiwat, M. S. Nasri,
K. Matsumura and M. Yamaguchi, Polymer, 2021, 213,
123193.

18 A. Idris, I. Ahmed and M. A. Limin, Desalination, 2010, 250,
805-809.

19 A. Lopatina, M. Esmaeili, I. Anugwom, M. Manttéri and
M. Kallioinen-Ménttéiri, Membranes, 2023, 13, 198.

20 G. Arthanareeswaran, T. K. Sriyamuna Devi and D. Mohan,
Sep. Purif. Technol., 2009, 67, 271-281.

21 A. Bottino, G. Capannelli, S. Munari and A. Turturro,
Desalination, 1988, 68, 167-177.

22 J. Lee, B. Park, J. Kim and S. B. Park, Macromol. Res., 2015,
23, 291-299.

23 J. Xu, T. P. Pollard, C. Yang, N. K. Dandu, S. Tan, J. Zhou,
J. Wang, X. He, X. Zhang, A.-M. Li, E. Hu, X.-Q. Yang,
A. Ngo, O. Borodin and C. Wang, joule, 2023, 7, 83-94.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://github.com/Cascella-Group-UiO/Publications
https://github.com/Cascella-Group-UiO/Publications
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04957h

Open Access Article. Published on 12 November 2024. Downloaded on 1/21/2026 3:02:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

24 S. K. Sandstrom and X. Ji, Joule, 2023, 7, 13-14.

25 F. Neumann, F. Hampel and P. von Ragué Schleyer, Inorg.
Chem., 1995, 34, 6553-6555.

26 A. Harrison-Marchand and F. Mongin, Chem. Rev., 2013,
113, 7470-7562.

27 H. No6th and R. Waldhor, Z. Naturforsch., B, 1998, 53, 1525-
1527.

28 C. L. Raston, B. W. Skelton, C. R. Whitaker and A. H. White,
J. Chem. Soc., Dalton Trans., 1988, 987-990.

29 H. Riffel, B. Neumiiller and E. Fluck, Z. Anorg. Allg. Chem.,
1993, 619, 1682-1684.

30 C. L. Raston, W. T. Robinson, B. W. Skelton, R. C. Whitaker
and A. H. White, Aust. J. Chem., 1990, 43, 1163-1173.

31 G. Becker, B. Eschbach, O. Mundt, M. Reti, E. Niecke,
K. Issberner, M. Nieger, V. Thelen, H. N6th, R. Waldhor
and M. Schmidt, Z. Anorg. Allg. Chem., 1998, 624, 469-482.

32 W. C. Patalinghug, C. R. Whitaker and A. H. White, Aust. J.
Chem., 1990, 43, 635-637.

33 C. L. Raston, B. W. Skelton, C. R. Whitaker and A. H. White,
Aust. J. Chem., 1988, 41, 1925-1934.

34 D. Barr, M. ]J. Doyle, R. E. Mulvey, P. R. Raithby, D. Reed,
R. Snaith and D. S. Wright, J. Chem. Soc., Chem. Commun.,
1989, 318-319.

35 S.R. Hall, C. L. Raston, B. W. Skelton and A. H. White, Inorg.
Chem., 1983, 22, 4070-4073.

36 F. E. Hahn and S. Rupprecht, Z. Naturforsch., B, 1991, 46,
143-146.

37 A. Schmuck, D. Leopold, S. Wallenhauer and K. Seppelt,
Chem. Ber., 1990, 123, 761-766.

38 S. H. Bauer, T. Ino and R. F. Porter, J. Chem. Phys., 1960, 33,
685-691.

39 M. Brym, C. Jones, P. C. Junk and M. Kloth, Z. Anorg. Allg.
Chem., 2006, 632, 1402-1404.

40 N. W. Mitzel and C. Lustig, Z. Naturforsch., B, 2001, 56, 443
445.

41 D. Barr, W. Clegg, R. Mulvey and R. Snaith, J. Chem. Soc.,
Chem. Commun., 1984, 79-80.

42 C. L. Raston, C. R. Whitaker and A. H. White, Inorg. Chem.,
1989, 28, 163-165.

43 D. Hoffmann, A. Dorigo, P. von Ragué Schleyer, H. Reif,
D. Stalke, G. M. Sheldrick, E. Weiss and M. Geissler,
Inorg. Chem., 1995, 34, 262-269.

44 F. Durant, Y. Gobillon, P. Piret and M. van Meerssche, Bull.
Soc. Chim. Belg., 1966, 75, 52-69.

45 A.]. Edwards, M. A. Paver, P. R. Raithby, C. A. Russell and
D. S. Wright, J. Chem. Soc., Dalton Trans., 1993, 3265-3266.

46 C. Eaborn, A. Farook, P. B. Hitchcock and J. D. Smith, Acta
Crystallogr., Sect. C, 1997, 53, 1387-1388.

47 M. R. Kopp and B. Neumiiller, Z. Naturforsch., B, 1999, 54,
818-820.

48 G. Linti, A. Rodig and W. Kostler, Z. Anorg. Allg. Chem.,
2001, 627, 1465-1476.

49 T. Chivers, A. Downard, M. Parvez and G. Schatte, Inorg.
Chem., 2001, 40, 1975-1977.

50 H. Hope, D. Oram and P. P. Power, J. Am. Chem. Soc., 1984,
106, 1149-1150.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

51 N. H. Buttrus, C. Eaborn, P. B. Hitchcock, J. D. Smith,
J. G. Stamper and A. C. Sullivan, J. Chem. Soc., Chem.
Commun., 1986, 969-970.

52 H.]. Reich, J. P. Borst, R. R. Dykstra and P. D. Green, J. Am.
Chem. Soc., 1993, 115, 8728-8741.

53 I. Fernandez, E. Martinez-Viviente, F. Breher
P. S. Pregosin, Chem.-Eur. J., 2005, 11, 1495-1506.

54 S. Desjardins, K. Flinois, H. Oulyadi, D. Davoust,
C. Giessner-Prettre, O. Parisel and J. Maddaluno,
Organometallics, 2003, 22, 4090-4097.

55 M. de Giovanetti, S. H. Hopen Eliasson, A. C. Castro,
O. Eisenstein and M. Cascella, J. Am. Chem. Soc., 2023,
145, 16305-16309.

56 R. Car and M. Parrinello, Phys. Rev. Lett., 1985, 55, 2471~
2474.

57 R. Peltzer, O. Eisenstein, A. Nova and M. Cascella, J. Phys.
Chem. B, 2017, 121, 4226-4237.

58 J. Behler, J. Chem. Phys., 2016, 145, 170901.

59 M. Ceriotti, C. Clementi and O. Anatole von Lilienfeld, J.
Chem. Phys., 2021, 154, 160401.

60 J. Behler and M. Parrinello, Phys. Rev. Lett.,, 2007, 98,
146401.

61 A. P. Bartok, M. C. Payne, R. Kondor and G. Csanyi, Phys.
Rev. Lett., 2010, 104, 136403.

62 S. Batzner, A. Musaelian, L. Sun, M. Geiger, J. P. Mailoa,
M. Kornbluth, N. Molinari, T. E. Smidt and B. Kozinsky,
Nat. Commun., 2022, 13, 2453.

63 1. Batatia, D. P. Kovacs, G. Simm, C. Ortner and G. Csanyi,
Advances in Neural Information Processing Systems, 2022,
pp. 11423-11436.

64 J. Zeng, D. Zhang, D. Lu, P. Mo, Z. Li, Y. Chen, M. Rynik,
L. Huang, Z. Li, S. Shi, Y. Wang, H. Ye, P. Tuo, J. Yang,
Y. Ding, Y. Li, D. Tisi, Q. Zeng, H. Bao, Y. Xia, J. Huang,
K. Muraoka, Y. Wang, J. Chang, F. Yuan, S. L. Bore,
C. Caj, Y. Lin, B. Wang, J. Xu, J.-X. Zhu, C. Luo, Y. Zhang,
R. E. A. Goodall, W. Liang, A. K. Singh, S. Yao, ]J. Zhang,
R. Wentzcovitch, J. Han, J. Liu, W. Jia, D. M. York, W. E,
R. Car, L. Zhang and H. Wang, J. Chem. Phys., 2023, 159,
054801.

65 Z.Guo, D.Lu, Y. Yan, S. Hu, R. Liu, G. Tan, N. Sun, W. Jiang,
L. Liu, Y. Chen, L. Zhang, M. Chen, H. Wang and W. Jia,
Proceedings of the 27th ACM SIGPLAN Symposium on
Principles and Practice of Parallel Programming, 2022, pp.
205-218.

66 L. Zhang, H. Wang, R. Car and W. E, Phys. Rev. Lett., 2021,
126, 236001.

67 S. L. Bore and F. Paesani, Nat. Commun., 2023, 14, 3349.

68 F. Sciortino, Y. Zhai, S. L. Bore and F. Paesani, chemRxiv,
2024, preprint, DOI: DOI: 10.26434/chemrxiv-2024-dqqws.

69 J. Zeng, L. Cao, M. Xu, T. Zhu and J. Z. H. Zhang, Nat.
Commun., 2020, 11, 5713.

70 M. F. Calegari Andrade, H.-Y. Ko, L. Zhang, R. Car and
A. Selloni, Chem. Sci., 2020, 11, 2335-2341.

71 M. Y. Yang, U. Raucci and M. Parrinello, Nat. Catal., 2023, 6,
829-836.

72 R. Vuilleumier and M. Sprik, J. Chem. Phys., 2001, 115,
3454-3468.

and

Chem. Sci., 2024, 15, 20355-20364 | 20363


https://doi.org/10.26434/chemrxiv-2024-dqqws
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04957h

Open Access Article. Published on 12 November 2024. Downloaded on 1/21/2026 3:02:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

73 M. E. Tuckerman, D. Marx and M. Parrinello, Nature, 2002,
417, 925-929.

74 A. Pasquarello, K. Laasonen, R. Car, C. Lee and
D. Vanderbilt, Phys. Rev. Lett., 1992, 69, 1982-1985.

75 S. Raugei and M. L. Klein, J. Am. Chem. Soc., 2001, 123,
9484-9485.

76 S. Raugei and M. L. Klein, J. Chem. Phys., 2002, 116, 196-
202.

77 K. Leung and C. M. Tenney, J. Phys. Chem. C, 2013, 117,
24224-24235.

78 K. Leung, J. Phys. Chem. C, 2013, 117, 1539-1547.

79 K. Leung and J. L. Budzien, Phys. Chem. Chem. Phys., 2010,
12, 6583-6586.

80 K. Goloviznina, A. Serva and M. Salanne, J. Am. Chem. Soc.,
2024, 146, 8142-8148.

81 R. M. Peltzer, J. Gauss, O. Eisenstein and M. Cascella, J. Am.
Chem. Soc., 2020, 142, 2984-2994.

82 M. Cascella, L. Guidoni, A. Maritan, U. Rothlisberger and
P. Carloni, J. Phys. Chem. B, 2002, 106, 13027-13032.

83 R. Spezia, V. Migliorati and P. D'Angelo, J. Chem. Phys.,
2017, 147, 161707.

84 M. Salanne, Phys. Chem. Chem. Phys., 2015, 17, 14270-
14279.

85 Z. Li, R. Bouchal, T. Mendez-Morales, A.-L. Rollet, C. Rizzi,
S. Le Vot, F. Favier, B. Rotenberg, O. Borodin, O. Fontaine
and M. Salanne, J. Phys. Chem. B, 2019, 123, 10514-10521.

86 R. Berthin, A. Serva, O. Fontaine and M. Salanne, J. Phys.
Chem. Lett., 2022, 14, 101-106.

87 W. Zhou, Y. Zhang and M. Salanne, Sol. Energy Mater. Sol.
Cells, 2022, 239, 111649.

88 N. Dubouis, C. Park, M. Deschamps, S. Abdelghani-Idrissi,
M. Kandug, A. Colin, M. Salanne, J. Dzubiella, A. Grimaud,
B. Rotenberg and A. C. S. Cent, Sci, 2019, 5, 640-643.

89 X. Lian and M. Salanne, J. Chem. Phys., 2023, 159, 144705.

90 F. Wang and ]. Cheng, Chin. J. Struct. Chem., 2023, 42,
100061.

91 F. Wang, Y. Sun and J. Cheng, J. Am. Chem. Soc., 2023, 145,
4056-4064.

92 J..X. Zhu and ]J.
arXiv:2407.17740.

Cheng, arXiv, 2024, preprint,

20364 | Chem. Sci., 2024, 15, 20355-20364

View Article Online

Edge Article

93 M. Bu, W. Liang, G. Lu and ]. Yu, Sol. Energy Mater. Sol.
Cells, 2021, 232, 111346.

94 X. Li, T. Xu and Y. Gong, Phys. Chem. Chem. Phys., 2024, 26,
12044-12052.

95 A. Bin Faheem and K.-K. Lee, J. Phys. Chem. C, 2024, 128,
2163-2178.

96 Y. Guo, X. Sun, H. Jiao, L. Zhang, W. Qin, X. Xi and Z. Nie,
Phys. Chem. Chem. Phys., 2024, 26, 6590-6599.

97 L. C. Gegentana, L. Zhou and X. Du, Ionics, 2024, 30, 285-
295.

98 A. Marcolongo, T. Binninger, F. Zipoli and T. Laino,
ChemSystemsChem, 2020, 2, €1900031.

99 H.-X. Li, X.-Y. Zhou, Y.-C. Wang and H. Jiang, Inorg. Chem.
Front., 2021, 8, 425-432.

100 T. Hu, J. Tian, F. Dai, X. Wang, R. Wen and S. Xu, J. Am.
Chem. Soc., 2022, 145, 1327-1333.

101 S. C. Selvaraj, V. Koverga and A. T. Ngo, J. Electrochem. Soc.,
2024, 171, 050544.

102 S. L. Foley and M. Deserno, Biophysical Approaches for the
Study of Membrane Structure—Part B: Theory and
Simulations, Academic Press, 2024, vol. 701, pp. 83-122.

103 P. M. Piaggi, J. D. Gale and P. Raiteri, arXiv, 2024, preprint,
arXiv:2409.18562.

104 D. J. Metz and A. Glines, J. Phys. Chem., 1967, 71, 1158.

105 R. M. A. L. E. Schultze and D. J. Bauer, Separation of lithium
chloride from impurities, US Pat., 4588565, 1986.

106 F. Giberti, G. A. Tribello and M. Parrinello, J. Chem. Theory
Comput., 2013, 9, 2526-2530.

107 M. Doemer, 1. Tavernelli and U. Rothlisberger, J. Chem.
Theory Comput., 2013, 9, 955-964.

108 A.V.Marenich, S. V. Jerome, C. J. Cramer and D. G. Truhlar,
J. Chem. Theory Comput., 2012, 8, 527-541.

109 D. Seyferth, Organometallics, 2009, 28, 1598-1605.

110 F. Durant, J. Verbist and M. van Meerssche, Bull. Soc. Chim.
Belg., 1966, 75, 806-823.

111 V. L. Mikheeva, S. M. Arkhipov and A. E. Pruntsev, Bull
Acad. Sci. USSR, 1975, 24, 1535-1536.

112 N. Xin, Y. Sun, M. He, C. J. Radke and J. M. Prausnitz, Fluid
Phase Equilib., 2018, 461, 1-7.

113 R. Amstutz, J. D. Dunitz, T. Laube, W. B. Schweizer and
D. Seebach, Chem. Ber., 1986, 119, 434-443.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc04957h

	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h

	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h
	Morphology of lithium halides in tetrahydrofuran from molecular dynamics with machine learning potentialsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc04957h


