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Abstract

Lithium ion-based batteries are ubiquitous in modern technology due to applica-
tions in personal electronics and high-capacity storage for electric vehicles. Concerns
about lithium supply and battery waste have prompted interest in lithium recycling
methods. The crown ether, 12-crown-4, has been studied for its abilities to form stable
complexes with lithium ions (Li*). In this paper, molecular dynamics simulations are
applied to examine the binding properties of a 12-crown-4Li" system in aqueous solu-
tion. It was found that 12-crown-4 did not form stable complexes with Li™ in aqueous
solution due to the binding geometry which was prone to interference by surrounding
water molecules. In addition, the binding properties of sodium ions (Na™) to 12-crown-
4 are examined for comparison. Subsequently, calculations were performed with the
crown ethers 15-crown-5 and 18-crown-6 to study their complexation with Lit as well.
It was determined that binding was unfavorable for both types of ions for all three
crown ethers tested, though 15-crown-5 and 18-crown-6 showed a marginally greater
affinity for LiT than 12-crown-4. Metastable minima present in the potential of mean
force for Na™t render binding marginally more likely there. We discuss these results in

the context of membrane based applications of crown ethers for Li™ separations.

Introduction

The transition to clean, renewable energy is a necessary task to both mitigate climate change
and secure future energy production. Global treaties, such as the Paris Agreement, represent
the commitment of a conglomerate of nations to work toward this end.! Efforts to reduce
fossil fuel use and carbon outputs have led to increased interest in the use of Li', particularly
in the context of lithium-ion batteries (LIBs) as clean, renewable energy storage systems.?
Historically, lithium has been obtained from continental brines in the Salar de Ata-
cama in Chile, the Andes Mountains in Argentina and other brine operations in Aus-

tralia, whose lithium mining accounts for 54% of the world lithium production.* Future



increase in lithium usage carries concerns about environmental effects and the stability of the
lithium supply chain.® Multiple potential sources should be explored, including the afore-
mentioned concentrated brines, along with less concentrated (but relatively lithium-rich)
seawater sources, and recycling of LIBs in electronic waste. Once spent, LIBs must be either
discarded or recycled;® disposal of LIBs carries environmental risks as LIBs may contain
toxic elements such as mercury, lead, cadmium, copper, and zinc whose introduction to
solid waste streams will have harmful effects on the environment.” Disposal of this waste
carries an opportunity cost as many of the minerals therein-lithium, copper,® nickel,” and
cobalt !%~are of high value for technology applications. It is therefore of interest to develop
technologies that can extract lithium selectively from other molecules and ions present in
each of these traditional and emerging sources.! Macrocycle chemistry represents a promis-
ing method to enhance separation techniques (both membrane-based and adsorption-based)
aimed at recovering or removing target metals?® from solution. Materials functionalized
with strong-binding structures are of obvious utility in adsorption processes, but favorable
binding in membrane separation processes can also induce mobility effects through the on-off
kinetics associated with solute-ligand interactions. For instance, surface functionalized using
favorable binding chemistries can be used to separate Li* ion from brines by slowing their
overall dynamics through the membrane using host-guest interactions. 6

The use of crown ethers as host molecules in functionalized membranes is one proposed
method to recover lithium. Crown ethers are a heterocyclic molecule containing ether groups
and are named according to the formula X-crown-Y, where X is the number of atoms in the
ring and Y is the number of oxygen atoms.!” Since their discovery, crown ethers have been
noted for their ability to form complexes with cations due to the electronegative cavity
at their center of mass (COM).'® Due to the variance in sizes between different cations
and different crown ether cavities, specific ions are hypothesized to have a greater affinity
to certain crown ethers.!® Cavity sizes of 12-crown-4, 15-crown-5 and 18-crown-6 are 3.228,

4.074 and 5.299 , where the lengths correspond to the minimum distance between two oxygen
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Figure 1: (a) Snapshot depicting the distance between Li™ and the center of mass of a
crown ether (12-crown-4), Arcoy. Panels (b) to (d) depict snapshots of Li* at the center
of mass of (b) 12-crown-4, (c) 15-crown-5 and (d) 18-crown-6. The color scheme for crown
ethers and Li" is as follows: oxygen is red, carbon is cyan, lithium is ochre and hydrogen is
white. See the methods section for a description of these parameters.

atoms located at para-position.?’ We illustrate hypothetical binding of a Li* ion to these
three crown ethers in Figure 1.

It has been hypothesized, due to the relative size of metal cation species, that selective ion
binding will result for the cation which best matches the size of the electronegative cavity; in
a separations context, this effect should alter ion binding and effective transport, potentially
enabling lithium recovery. Because the cavity size of crown ether 12-crown-4 corresponds to
the size of the Lit, 12-crown-4 has garnered interest as a potential host for Li*.?! This work
was supported by an initial set of density functional theory calculations that lend significant
credence to the idea,? as do observations of improved alkali-metal ion separations when
including CEs in non-aqueous environments.??2> However, some other studies reveal that
such size-matching predictions are not always realized.?®2" As the prevailing theory behind
this work is done in vaccum, and experiments are typically done in a solvent, there is potential
for discrepancies that can be resolved by appealing to molecular simulations.

A key quantity for determining the efficacy of separations involving host—guest binding
(both adsorption and membrane-based separations) involves the partitioning of solute from
the feed solution to the functionalized material (adsorbing surface or membrane). This par-
tition is linked by fundamental thermodynamics to the binding affinity of a solute molecule

to the host material. For example, in the context of adsorption processes, Eugene et al.?®



proposed a multiscale materials-process targeting framework that links molecular, device,
and system design decisions to set material property targets that can be used to rapidly
screen candidate sorbents. The molecular properties enter this multiscale model through the
Langmuir isotherm, which relates the equilibrium loading ¢ of solute on the sorbent to the

concentration of solute in the effluent solution C' by

_ _KaQC "
q 1+ KqC

This isotherm is described by two parameters the equilbrium binding constant, Ky, and
saturation capacity, (). The dissociation constant Ky is related to the standard binding free

energy AGp;,q by ™

AGyna = —kpT log (KaC”) . (2)

where C° is the standard concentration of 1 M. In most studies, either the value of Ky or
the value of AGY,, , is reported, and these quantities are prominent in the design of new
adsorptive materials.

Studies on Li* binding to crown ethers in water have been relatively scarce, with only a
handful of existing experimental studies. One study® determined AG},,4 = 0.5522kJ mol™*
of Li* (from LiCl) to 12-crown-4 using dipole-dipole relaxation time measurements in DHO
(semiheavy water) solutions at 303.15 K, indicating that binding is unfavorable. Another
study focused on the use of electromotive force measurements to determine the Ky of crown
ether complexes.?! The measurements showed no formation of the 12-crown-4/Li" complex
and no AGy, 4 value is reported. In the literature, this is typically reported as AG};,q4 =
0, though this is inconsistent with the definition of binding free energy from statistical
mechanics,®? where AG;, 4 = 0 would indicate roughly equal preference for the bound and
unbound states at 1 M concentration. Additionally, some limited studies exist exploring the

binding of Li* to 15-crown-5 and 18-crown-6. Nuclear magnetic resonance techniques have



been applied in which the chemical shift was used to determine the fraction of crown ethers
bound and unbound to cations in various solvents.?? The addition of Li* in water, however,
did not significantly change the chemical shift, indicating a weak interaction between the
crown ether and Li" ion. As a result, the log K4 values were reported as ~ 0 for 12-crown-4,
15-crown-5, and 18-crown-6. Ion-transfer polarography, a method in which the current is
measured as the voltage is varied, determined the K4 of Lit and 18-crown-6 to be unity,
again corresponding to a log (K4) value of zero.?* A study using calorimetric titrations,
however, indicated favorable binding for Li* to 18-crown-6 and reported the value of log K4
to be greater than one.3® In more recent, collaborative work between molecular simulation
and experiment studying Li* transport through functionalized polymer membranes, stronger
evidence was seen for Na¥ binding to crown ethers relative to Li™, and moreover, when Li*
did bind, it was observed to be multiply coordinated by crown ethers.3¢3? There are also
other studies in which Li™ binding is reported in methanol.*°

In this work, we use atomistic molecular simulations of crown ethers and ions in wa-
ter to explore this binding affinity explicitly and understand the reasons behind the wide
discrepancy between intuitive understanding of selective binding to crown ethers and ob-
served binding affinity values. We focus on calculations of AGY; 4, and compute the binding
energies of 12-crown-4, 15-crown-5 and 18-crown-6 to both Li* and Na™ using Molecular
Dynamics (MD) simulations and umbrella sampling to provide more theoretical information
for the decision-making process of designing functionalized materials for lithium recovery.
Importantly, rather than simply report on binding between crown ethers and LiT, we also
explore binding of Na*t, an ion which commonly occurs in brines alongside Li* and serves to
provide a point of comparison for the efficacy of Lit binding. To determine error bars on the
binding energies, the decorrelation time was estimated by averaging positional autocorrela-
tion functions over the ensemble of umbrellas. Upon completion of the umbrella sampling
runs, the free energy profile was generated using the weighted histogram analysis method

(WHAM) using Grossfield’s implementation. *®



Methods

Structure files for the crown ether molecules were downloaded from the Automated Topol-

961 Each crown ether molecule was then parameterized using

ogy Builder (ATB) repository.
Antechamber, a package in the AmberTools21 software suite.%? Initial configurations for the
simulations were generated by constructing (8nm)3 MD simulation boxes comprising one
crown ether molecule, one Li* ion placed in the COM of the crown ether, one Cl~ ion placed
in the vicinity of a corner of the box, and enough water molecules to give each species a
concentration of 3.2mM making sure the water density is within 1% its experimental value.
Then, the total energy of the initial system was minimized using the steepest descent al-
gorithm before subsequent equilibration and production runs. The general AMBER, Force
Field (GAFF) parameters,%6* were used for describing bonded and nonbonded interactions
in crown ethers, with TIP3P used for water, and the appropriate Joung-Cheatham param-
eters% for the nonbonding interactions of ions.

All simulations were performed using GROMACS 2018.3.5¢°™ The long-range electro-
static interactions were employed through a fast smooth Particle-Mesh Ewald technique
with a ratio of the box dimensions and the spacing of 0.16 nm and an interpolation order
of 4. The short-range cutoff distances of van der Waals and Coulombic interactions were
both set to 1.2 nm. The bonds involving hydrogen atoms were constrained using the Parallel
LINear Constraint Solver (P-LINCS) algorithm ™ with 4 as the highest order in the expan-
sion of the constraint coupling matrix and 1 iteration to correct for rotational lengthening.
For all MD simulations, the leap-frog algorithm was used to integrate Newtons equations
of motion. Simulations were performed in the canonical (NVT) ensemble using a Bussi-
Donadio-Parrinello thermostat™ at 300 K. During the simulations, the coupling constants
for the thermostat was set to 0.1 ps. Periodic boundary conditions were applied.

In molecular simulations, the time scale needed to visit more than one metastable state
(e.g., one in which a guest particle is bound to a host molecule) is often longer than the ones

used for simple MD. To improve sampling of those states the umbrella sampling technique



is used by adding a bias potential to the Hamiltonian of the system so that a collective
variable corresponding to any structural parameter that could be measured throughout a
simulation is held at selected target values. An added benefit of umbrella sampling is the
ability to reconstruct a Potential of Mean Force (PMF, here equivalent to the free energy
F(Arcowm) measured along a reaction coordinate Arcoym). To initialize configurations for
umbrella sampling, a 1 fs timestep MD simulation was run at equilibrium for 40, 20 and
60 ns for the 12-crown-4, 15-crown-5 and 18-crown-6, respectively. The different simulation
times were chosen in order to ensure the system reached configurations with different crown
ether COM-Li*" distances between 0 and 4nm to perform umbrella sampling runs. These
configurations were distributed on the Arcom domain in two groups: one set is evenly
spaced on the interval from 0.0 to 4.0 nm with a spacing of 0.2 nm (twenty-one independent
configurations) to cover the entire simulation box and a second set focused on the “binding”
domain from 0.0 to 0.5 nm with a spacing of 0.025 nm (eighteen additional configurations
since 0.0, 0.2and 0.4nm are already part of the first group) to ensure features in this region
are accurately captured. Each individual configuration was then again equilibrated for 1
ns with a timestep of 1 fs before recording statistics for umbrella sampling. Free energy
calculations with umbrella sampling were used to determine the PMF of the systems. The
reaction coordinate selected for the PMF was the center-of-mass distance between the crown
ethers and Li". K4 can be determined from the PMF by computing the ratio of partition

integrals over the bound and unbound states: "

chro _ fbound EXp (_}};7(16)) dg

I, anbound €XP ( _Rf) )3

where & = Arcoum. For the purposes of numerical integration, we shift F'(£) such that

(3)

F(§) := 0 at its lowest point when the ion is bound, provided there is a well-defined bound

state. Note that the unbound state is defined to be volume-corrected to 1 M concentration. "

Each umbrella production run was performed for 400 ns with a timestep of 2 fs. The um-

2

brella bias used a spring constant of 62.3584 kJ mol~'nm~2, chosen to balance confinement



with overlap between neighboring umbrellas. Umbrella sampling was implemented using the
open-source, community-developed PLUMED library, ™ version 2.5.0.™ Upon completion of
the umbrella sampling runs, for each run, correlation time was determined by estimating the
autocorrelation function of the collective variable over time and then fitted to an exponen-
tial function. The decorrelation time was used to subsample the datasets for Monte Carlo
bootstrap error analysis. Then, the free energy profiles were generated using Grossfield’s

implementation of the WHAM method.®®

Results and Discussion

To ensure that sufficient decorrelated statistics are gathered in our simulation runs, we
compute a set of time-correlation functions of the distance between LiT and the various

crown ethers, defined by the relation

=,(t) = Lol (4)

where the subscript ¢ denotes averaging over the trajectory within umbrella i. These are
plotted for LiT systems in Figure 2. These suggest that most systems exhibit rather swift
decorrelation on the scale of the simulation. We can reduce this to a single representative
timescale using the averaged form Z(t) = % ZZN:1 =;(t) which suggests systems are typically
decorrelated by a time 7 = 2000 ps. The value of 7 is subsequently used in the WHAM
algorithm.

The PMFs calculated are expressed as a Helmholtz free energy, AF(Arcy), and are
plotted in Figure 3. Note that this differs slightly from the Gibbs energy that is the natural
measurement in constant-temperature, constant-pressure experiments, as the Helmholtz free
energy is measured in systems in which the volume and temperature are held constant.
When the product of pressure and volume is essentially constant over the domain of the CV,

AG(Arcy) will be approximately the same as the AF we calculate here.” Thus for systems
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Figure 2: Time-correlation functions, Z(t), of the distance between Li* and (a) 12-crown-4,
(c) 15-crown-5 and (e) 18-crown-6 for different Arcy values. Panels (b), (d) and (f) corre-
spond to the average of the time-correlation functions, =(¢), in (a), (c) and (e), respectively.

in which pressure and volume changes are can be justified as sufficiently small on average
over the course of a simulation, as was verified for these systems, the differences between
AG and AF are negligible.

Referring to our calculated PMF's, a striking feature is immediately evident in each of the
calculations of crown-ether-Li* binding which contradicts with many accounts in the pub-
lished literature (cf. Table 1 and Ref.?®)—while metastable states exist in the small Arcoy
region, there is not a stable binding basin to compete with the entropy of the separated state.
Put simply, these PMFs predict that under reasonably dilute conditions, Li* will not bind
to to crown ethers. This is not to state that some marginally favorable conditions do not
exist; favorable energetic interactions between the Lit ion and oxygens in the crown ether
lead to a collection of metastable states. Indeed, the Li" ion demonstrates three metastable

states between Arcom of 0.0 and 1.0 nm with 12-crown-4.
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Similarly, the interactions with both 15-crown-5 and 18-crown-6 exhibit reasonably deep
metastable minima, with 18-crown-6 giving the deepest binding energies. While Li* exhibits
a binding mode to 12-crown-4, selectivity with respect to other ions must be considered.
The PMF calculations performed with Na® are shown in Figures 3 (d-f). By contrast, Na™
exhibits what appears to be marginally better binding affinity, particularly for 12-crown-
4 and 15-crown-5; a deep metastable minimum appears for Nat-12-crown-4 interactions
(Fig. 3(d)), while a global minimum with limited entropy appears in the PMF for Na®™—15-
crown-5 interactions (Fig. 3(e)). Association constants and binding energies published in
the literature for Na™—crown ether complexes are shown in Table 2. When integrated over
the regions close to zero (effectively the “bound” regime) and the entropically dominated
(“unbound”) regime none of the alkali metal ion—crown ether systems analysed exhibits
favorable binding at standard 1M concentration. The standardized AGy, 4values resulting
from our PMF calculations are shown in Table 3. From this we must conclude that no
binding between crown ethers and Li™ in aqueous solution is indicated by these simulations.

Note that there are a few potential criticisms to these conclusions that we should address.
The first is that we have explored only one force field (GAFF%); it is possible that others
are better at representing the interaction between crown ethers and alkali ions. We note
that recent simulations examining crown-ether inclusions in separation membranes using
the OPLS force field found unexpectedly poor binding for Lit-crown-ether complexes. 3639
The typical simulations were performed in a more concentrated environment where multiple
crown ether molecules could complex to a Li™ ion, and some binding was observed, but was
weaker than anticipated based on the prevailing literature. This supports the hypothesis
that, at least among classical fixed-charge, non-polarizable models, this result will generalize.
A second potential criticism is that proper resolution of the hard Li* binding to crown
ether is likely to influence the local electronic environment significantly, and a polarizable

model (classical drude,®*#1 AMOEBA,%%%% or ab-initio MD®) is necessary to resolve this

effect. This is a distinct possibility, but one which must be considered, as no calculations
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have to-date considered the effects of polarization on Li*—crown ether binding in aqueous
solution. However, given the prior results compiled in Table 1, the anticipated effects are
likely to be minimal — no significant binding to isolated crown ethers has been observed
experimentally. Though some studies using functionalized nanoparticles or brushes with
crown-ether moieties have seen modest binding,?® their interpretation has been predicated on
a 1:1 binding mechanism which the fundamental studies (including this one) do not support
in an aqueous environment. Finally, the point may be raised that applications of crown
ethers (e.g.) in adsorption or membrane separation processes will need to examine binding
within an effectively more concentrated environment. This can have the effect of turning
the metastable minima observed in Fig. 3 into stable minima by increasing their depth via
multiple coordination and limiting entropic competition. It must be kept in mind there that
lithium still exists in relatively dilute concentration, meaning the log K4 may shift toward
slightly more favorable values due to these effects (see, e.g., Ref.3®), but that does not make
binding a favorable outcome on the scale necessary for engineering applications.?® Moreover,
the primary competitor of Li* in many aqueous sources (Na') is orders of magnitude more
abundant?®® while concomitantly exhibiting more favorable binding according to our PMFs.
Essentially, we anticipate that CEs are non-functional for adsorption separations, while any
effects observed on the relative mobility of Li™ and other ions in the solution are likely

insufficient for performing meaningful separations in the aqueous phase.

Conclusion

Motivated by their potential use in lithium resource recovery, we have in this work performed
atomistic simulations investigating the binding between alkali metal ions and crown ethers in
aqueous solvent. Surprisingly, we found no evidence for favorable formation of Li*—crown-
ether complexes, and only weak association in Na®—crown-ether complexes. While these

calculations are limited by the choice of a fixed-charge, all-atom model, taken alongside
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Figure 3: PMFs of the distance between Li™ and (a) 12-crown-4, (b) 15-crown-5 and (c)
18-crown-6 and Nat and (d) 12-crown-4, (e) 15-crown-5 and (f) 18-crown-6 for different
Arcom values.

mixed-to-negative findings regarding binding in the experimental literature, we anticipate
a more detailed model will change the results quantitatively, but not qualitatively. The
message from this work is clear; crown ether-based technologies for chelation of Li* are not
feasible based on 1:1 binding assumptions. Indeed, it is observed that neither Li* nor Na*
bind well to crown-ethers, with deeper metastable minima occurring for Nat. It remains
possible that crown-ether—like environments can take advantage of favorable enthalpic asso-
ciation between Li™ and ether oxygens through multivalent binding or local solvation prefer-
able to water—such multiple-association is supported by simulations.?¢3° This presents a

compelling hypothesis to be tested in future research.
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Table 1: Association constants and binding energies found in the literature for
LitT—crown ether complexes

Crown ether Kq or AGY,4 Reference
12-crown-4  AGyp,q = 0.5522kJ mol !4 30
12-crown-4 log K4 = —0.55%2 43
12-crown-4 K4 =0 (no binding)** 31

33
33
33

12-crown-4 log K4 ~ 0 (no binding)*
15-crown-5 log K4q ~ 0 (no binding)
18-crown-6 log K4 ~ 0 (no binding)

18-crown-6 log Kq = 0 (no binding) 4 34
18-crown-6 log K4 > 147 3
12-crown-4  AGp,,q = —120.15kJ mol !4 20
15-crown-5  AGY, 4 = —141.36kJ mol ™! 20
18-crown-6  AG;,.4 = —91.99kJ mol™* 20
12-crown-4 log Kq = 1.98,1.77% 38

Table 2: Association constants and binding energies found in the literature for
Na*™—crown ether complexes

Crown ether Kq or AGY, 4 Reference
18-crown-6 log Kq = 1.18°° 13
12-crown-4 K4 = 0 (no binding)*! 31
15-crown-5 Kq=474+0.3% 31
18-crown-6 K4 =6.64+0.3% 31
15-crown-5 Ky=50+1% %5
18-crown-6 Ky=63+1% 55
18-crown-6 log Kgq > 157 35

Table 3: Standard Gibbs free energy of binding for Lit and NaT-crown ether
complexes

Crown ether AGy, 4(kJmol™), Lit  AGy;, 4(kJmol™t), Na*

12-crown-4 21.5141 19.8825
15-crown-5 19.1929 17.2118
18-crown-6 17.4659 21.7413
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