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Abstract

We perform all-atom molecular dynamics simulations of lithium triflate in 1,2-
dimethoxyethane using six different literature force fields. This system is representative
of many experimental studies of lithium salts in solvent and polymers. We show that
multiple historically common force fields for lithium ions give qualitatively incorrect
results when compared with experiments and quantum chemistry calculations. We
illustrate the importance of correctly selecting force field parameters and give recom-

mendations on force field choice for lithium electrolyte applications.

Introduction

Lithium-ion batteries are ubiquitous in our daily lives. These batteries require conductive
electrolytes, which are usually composed of organic solvents and sometimes polymers.!?
Unfortunately, some of these electrolytes are flammable and can also allow the growth of
dendrites that can cause batteries to fail.®> Polymer electrolytes often reduce flammability
and dendrite growth, but are usually less conductive than organic solvents, especially at
low temperature.? To create better electrolytes for lithium ion (Li") conduction, we must
understand how Li™ interacts with and moves through polymers and solvents.

Various experimental techniques such as impedance spectroscopy,*® Raman®® and IR

'and NMR 216 have given insights about the motion

spectroscopy,?1? neutron scattering,
and local environment of Li* dissolved in polymers and solvents. These techniques give data
that are averaged over many lithiums in a sample that can often be very heterogeneous.
It is not usually possible from existing experimental techniques to quantitatively determine
the contributions to experimental observations from lithium in different environments. For
example, IR and Raman spectra usually contain many overlapping peaks, some of which are
due to solvent molecules bound to lithium while other peaks are due to free solvent in a bulk

environment. Accurately determining the quantity of each type of molecule from the spectra

alone is usually not possible.



Atomistic molecular dynamics (MD) simulations are a complementary technique to the
previously listed experiments and can give insights at the level of individual atoms and
reveal heterogeneity in a sample.!™!® MD simulations have already been used to understand
trends in Lit transference number, !*?° the effect of different polymer backbones on lithium

21224 and motion of Li™ through ionic liquids.?*?” For the previous example of

diffusivity,
determining populations of free versus bound solvent molecules in solution it is trivial to
count each in an MD simulation.

One key choice in conducting a molecular dynamics simulation is the force field (FF)
which determines how atoms interact. For lithium ions in solution there are a multitude
of published force fields with fixed charges available. Here, we compare a set of these force

fields and find a wide variation in results. These results help determine which FF is best

and will aid in the development of Li* electrolytes.

Computational Methods

We consider OPLS-style all-atom fixed-charge force fields.?® This type of force field contains
pairwise Lennard-Jones (LJ) and Coulomb interactions, and for polyatomic molecules the
FF also includes harmonic bonds, harmonic angles, and dihedral interactions.

To compare the performance of the force fields, we simulated a 1.23 molal solution of
lithium trifluoromethanesulfonate (triflate or Tf™) in 1,2-dimethoxyethane (DME, a.k.a.
monoglyme or G1). For Tf™ and DME we use literature values for all force field param-
eters.?93Y The force field parameters for Lit are discussed in the following section. All
simulations contained 500 Li™ atoms, 500 Tf~ molecules, and 4523 DME molecules.

Starting states were constructed at a density of 0.7 g/mL using a Monte Carlo approach
with the software EMC.3!32 Each solution was equilibrated in an NPT ensemble with a
Nosé-Hoover thermostat and barostat at 298 K and 1 atm for at least 20 ns. The density

was averaged during the last 5 ns, and the box size was adjusted to attain this average



density. The equilibrated density for each force field is given in Table S1. For all force fields,
the equilibrium density yielded a Li* concentration of 1 4 0.01 molar. The system was then
equilibrated for 10 ns in an NVT ensemble using a Nosé-Hoover thermostat at 298 K. Data
was collected for a subsequent 100 ns.

The equations of motion were integrated using a two-level rRESPA3? scheme, with a 0.5
fs time step for bonds and a 1 fs time step for angles, pair and electrostatic interactions.
Electrostatic interactions were treated with a PPPM method with an accuracy of 1074, All

simulations were conducted using LAMMPS. 34

Results and Discussion

For Li* there are three force field parameters to be determined: the Lennard-Jones diameter
(o) and energy (€), and the atomic charge. Although the lithium ion formally carries a +1
charge, all-atom MD force fields include an implicit partial screening of charges, and it has
been shown theoretically and in silico that using partially reduced charges is the correct
way to model ions with fixed charge.3®3° There are also a variety of explicitly polarizable
force fields available,%®#? but these have increased computational cost compared to fixed-
charge force fields, so we focus solely on determining viable fixed-charge force fields and defer
comparison of polarizable force fields to future work.

Notably, many fixed-charge force fields were developed with full charges on ions and did
not use charge scaling. Regardless of the charge used in the original parameter set, in this
study we follow the electronic continuum model and use a lithium ion charge of +0.78 for
all simulations.?” The partial charges on Tf~ have also been scaled by 0.78 to match the
lithium charge. In the SI we compare the results from simulations with full charges for the
Li* and counter ions to those with charges scaled from 1.0 to 0.78.

We now discuss various force fields that employ different LJ parameters for Lit. Of the

force fields for Li* considered in this work, the FF developed by Aqvist*® is the oldest and



was developed by performing free energy perturbations on ions in SPC and TIP3P water.
Aqvist compared the hydration free energy from experiments and the FF to verify accuracy.
The OPLS force field parameters were developed in a manner similar to those of Aqvist, but
instead used TIP4P water and also tried to optimize the ion-water solvation distance.** The
Soetens, Millot and Maigret (SMM) force field was developed for lithium ions in ethylene car-
bonate (EC) and used Hartree-Fock calculations to compute association energies which the
FF was parameterized to match.*> The FF by Wu and Wick was parameterized to match
the binding energy of Li* with dimethyl ether computed via ab initio simulations.*6 The
Garcia-Melgarejo, Alejandre, Ninez-Rojas (GMANR) force field is based on that of Wu-
Wick, but with scaled ion charge and LJ radius.?® The Madrid force field was developed for
ions in TIP4P /200547 water and was parameterized to fit solution density and other struc-
tural data.*® We choose this set of FFs to study, because some are developed for nonaqueous
solutions, which is the focus of our simulations. We note that there are additional Li* FFs

available, most of which were developed for ions in water.4?:>

Table 1: Lithium force field parameters, Li*-ligand association times 7 (in ns),
and Li* and DME diffusion constants D (in A?/ns)

Name Year | o (A) € (i%l) TOME,1 TDME2 Tri—1  Tre-2 | Duiv Dpue
OPLS* 2006 | 2.870 0.0005 - 30.65 - 491 | 41.7 88.7
AqViSt43 1990 | 2.126  0.0183 - 39.17 - 6.40 | 41.2 89.4
Wu-Wick? 2010 | 1.400 0.4000 4.43 15.33 1.67 14.07 | 46.5 110.0
SMM 45 1998 | 1.460 0.1910 3.59 1537 1.28 14.57 | 475 112.0
Madrid*® 2019 | 1.440 0.1040 3.40 40.09 1.17 31.96 | 45.7 115.6
GMANR?® 2020 | 1.092  0.4000 - >100 - >100 49.4 108.7

The force field parameters for Lit are given in Table 1 along with quantities to be
discussed later. From Table 1 it may seem apparent that some of the FFs are similar and
others are quite different just based on the LJ parameters. However, in solution LiT is more
likely to be interacting with solvent or counterions rather than other lithium ions. For many
commonly used solvents for Li* salts, such as carbonates and ethers, the solvent oxygen (O)

has been shown to coordinate to LiT. The total pair interaction potential between Li™ and



a DME oxygen (i.e. LJ plus the electrostatic interaction with ion charges scaled by 0.78) is
plotted in Figure 1. The LJ interaction between LiT and oxygen uses parameters that are
the geometric average of the parameters from the Li™-Li" interaction and the oxygen-oxygen
interaction, as is the norm for OPLS-style FFs. The Madrid FF originally did not use this
mixing scheme, but rather used fit values for the LJ parameters for interactions between
atoms of different types. For the sake of transferability, we use geometric mixing here, even
for the Madrid FF.

Figure 1 plots the Li*-O interaction for the six force fields. The electrostatic attraction
between the Li™ and oxygen completely outweighs the attractive 7% term in the LJ interac-
tion. Thus all the force fields have similar behavior for » > 2A. The differences between
force fields come from the r'2 term in the LJ potential, which begins to counter the attrac-
tive electrostatic term at about 7 = 2A. The exact value of r at which this occurs varies
between force fields. The position and depth of the local minimum is set by the length
scale at which the r'2 repulsion counters the attractive electrostatics and is controlled by the
combined parameter ec'?. This is why the depth and distance of the Li"-O energy minimum

are correlated in Figure 1.

20
TSE —OPLS SMM
ic/ 0 1 - - Aqvist Madrid
© Wu-Wick — GMANR
T —20 -
o
()
£ —40-
Q
+ —60 -
L
1 2 3 4

Figure 1: Total pair interaction between LiT and DME oxygen.

The energies at the local minimums in Figure 1 are large, on the order of 50 kcal/mol,

compared to the thermal energy of 0.6 kcal/mol at 298 K. The potential is for a Li* and
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oxygen in vacuum so the Coulomb interaction is unscreened and strong. In solution, dielectric
screening can reduce the interaction strength at large distances. The difference in energy
between two configurations determines the thermodynamic transition between the states and
these energies in solution are smaller than the energy to separate a LiT and an oxygen in
vacuum. Thus the energy for a Lit to change association from one oxygen to another is
much less than that indicated by the minimum in the potential.

Molecular dynamics simulations of 1M solutions of LiTf in DME were performed using
the different force fields listed in Table 1. The simulations yield substantially different local
solvation structures for LiT, which is one of the base criteria for a good parameterization and
clearly indicates that some of the FFs are not viable for this system. The radial distribution
functions (RDFs) between Li* and all other elements are presented in Figure S1. For all force
fields considered, Lit is surrounded by a primary solvation shell of oxygens. We examine
the first oxygen solvation shell in Figure 2, which shows the gp;+ o(r) RDF as well as the
neighborship ordered peaks underlying the RDF.?! The average number of oxygens in the
first solvation shell is also listed in the figure. This number was determined by integrating
the RDF up to its first local minimum.

The Aqvist and OPLS FFs have approximately six oxygens coordinating the Li™ and also
have the largest Lit LJ radius of all FFs considered. The GMANR FF only has 4 oxygens
in the primary solvation shell, and has the smallest Lit LJ radius. The three other FFs
(SMM, Wu-Wick, Madrid) all have 4-5 oxygens in their first solvation shell and also have
intermediate LJ radii. Changing the Li™ LJ radius can clearly lead to qualitative differences
in simulation results.

Various experiments including electrospray ionization mass spectrometry (ESI-MS),52:53
time-of-flight neutron diffraction, ' IR spectroscopy, >!Y Raman spectroscopy, % ® and NMR 1214
have been used to estimate the number of solvent or anion atoms that coordinate lithium in
non-aqueous solution at intermediate concentration. Unfortunately there is not a consensus

value for the Li* coordination number and values in the range 4-6 have been reported.



The Lit coordination number has also been calculated with ab initio quantum chemistry

methods. 14425458 DFT calculations for Li* in water and carbonates find the most optimal

coordination of Li™ by oxygen is 4.%9 61
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Figure 2: Radial distribution function between Li* and oxygen (red) and neighborship-
ordered radial distribution functions (numbered curves). Average oxygen number (ng) in
the first solvation shell is indicated with text.

Figure 3 shows characteristic snapshots of Lit and the coordinating oxygens and molecules
for various FFs. Figure 3a shows that the 6-coordinated Lit from the OPLS FF tends to
form an octahedral arrangement and Figure 3b shows that these oxygens belong to DME
molecules that are bidentate coordinated to the Li*. A similar configuration of bidentate
DME around the Li" is observed in Figure 3f for the GMANR FF, but with only two DME
molecules. These oxygens form a tetrahedral arrangement around the Li™ as shown in Figure
3e. For the SMM FF, the Li" is coordinated by 5 oxygens in a distorted square pyramid
structure. Four of the oxygens are part of bidentate DMEs that coordinate the Li, while the

fifth oxygen belongs to a Tf~ counter ion that also coordinates to the LiT. Tetrahedrally
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coordinated Li* were also observed in simulations with the SMM FF, so the average number
of coordinating oxygens (ng) = 4.7 reflects a mix of Li* with four or five oxygens in the

solvation shell.

OPLS SMM GMANR

Figure 3: Snapshots of Li* coordinated by oxygen (top row) and full molecules (bottom
row) in the first solvation shell. Atoms are color coded: Li* (purple), oxygen (red), carbon
(grey), sulfur (yellow), hydrogen (white), and fluorine (blue).

These differences between FFs can be further quantified by comparing the fraction of
Lit that are coordinated to a counterion versus completely solvated. We classify the Li™
into three types of environments: solvated ions, close ion pairs (CIPs), and aggregates. A
solvated Lit is completely coordinated by solvent (in this case DME), such as in Figure 3b
and f. A CIP consists of a pair of Li* and Tf~ with at most 3 A separation between the
Lit and a Tf™ oxygen atom and that are otherwise completely surrounded by solvent. An
aggregate is an assembly of three or more ions with the same LiT-oxygen separation criteria
as CIPs. Aggregates can consist of one Lit and two Tf™, two Lit and one Tf™, or any
other higher order product. The fraction of Li" that participate in each type of coordination
environment is shown in Figure 4. Again we find that the choice of FF substantially affects
a structural property of the system.

The Aqvist, OPLS, and GMANR FFs, which result in an even coordination number for
Lit, form mostly solvated Li*. In contrast, the SMM, Wu-Wick, and Madrids FFs, which
result in 4-5 oxygen neighbors coordinating Li*, form mostly CIPs and aggregates. This is

because two bidentate DME molecules do not form a complete solvation shell. A third DME
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would only be able to form a monodentate association, which we conjecture is less stable
than a monodentate LiT-Tf™ association. Thus it is favorable to form Li*-Tf™ associations
which leads to mostly CIPs and aggregates in solution.

Raman and IR spectroscopy indicate that LiTf in DME mostly forms CIPs and ag-
gregates. %279 Recent simulations using quantum chemistry calculations and atomistic MD
simulations also indicate that triflate has a strong association with LiT and is expected to
form stable ion pairs.% The SMM, Wu-Wick, and Madrid FFs form mostly CIPs and ag-
gregates while the other force fields favor solvated ions; therefore, the SMM, Wu-Wick, and
Madrid FFs better match the experiments.

The difference in amount and type of CIPs and aggregates formed can be important
to electrolyte properties. CIPs in principle do not contribute to conductivity because they
are net neutral. Similarly, aggregates can conduct Li* if they have a net-positive charge,
be non-conducting if they are net-neutral, or be anti-conductive for Li' if they have a net-
negative charge.!%%” In practice, the lifetime of associations between ions is also important
to conductivity, as ions can attach or detach from aggregates. We now turn to this issue of

dynamics.
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Figure 4: Fraction of lithium ions that are fully solvated (solv, blue), in a close ion pair
(CIP, yellow) or are in an aggregate (agg, red).

We first evaluate the Lit-DME association lifetime and Li*-Tf™ association lifetime by
fitting the intermittent association correlation functions® " to double exponential functions

and extracting relaxation times, which are listed in Table 1. Most entries have two relaxation
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times 7, because their association curves exhibit two separate time scales for the dissociation
of solvent from Li*. This behavior is perhaps due to the bidentate association of DME with
Lit. For the OPLS and Aqvist FFs, a single exponential was sufficient so only one time scale
is listed. For the GMANR FF, the association time was too long to reliably fit from the 100
ns simulations. Figures S3 and 5S4 show the plots of the intermittent association function
between Li" and DME oxygens and Li™ and the Tf™ sulfur, respectively.

The association time between LiT and Tf™ is shortest for the OPLS and Aqvist FFs,
which have the weakest interaction between Li™ and oxygen. For the FFs with stronger Li*-
O interactions, the Lit-Tf ™~ association time is longer. Figure S5 plots the association times
against the LiT-O interaction minimum energy. The Li"-Tf™ association time follows a clear
monotonic trend with more negative interaction energy corresponding to longer association
times.

The Lit-DME association does not follow a monotonic trend, however. In particular, the
Lit-DME associations last six times longer than the Li"-Tf™ association for the Aqvist and
OPLS FFs, whereas for the SMM, Wu-Wick, and Madrid FFs, the Lit-DME association is
at most 25% longer than the LiT-Tf™ association. We speculate that for the Aqvist and
OPLS FFs the solvation shell of three bidentate DMEs around Li* confers extra stability,
which leads to longer LiT-DME associations than Li*-Tf~. For the SMM, Wu-Wick, and
Madrid FFs the solvation shell is more heterogeneous as seen in Figure 3 and there is no
extra stability for DME in the solvation shell.

Table 1 also lists the diffusion coefficients of Lit and DME for each force field. The
force field parameters used in this study for pure DME lead to a lower DME diffusivity (215
A?/ns) than that measured in experiments (315 A2/ns).'® Consequently, the diffusivities of
ions in solution are also lower than those measured experimentally. Nevertheless we can still
make comparisons between the force fields.

For all FFs the lifetime of Li*-O associations is long enough that vehicular motion of Li™

with its shell of solvent (and possibly counterions) is the dominant transport mode. The FF
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with the highest Li* diffusivity is GMANR, which is somewhat surprising given that it leads
to the longest association times, but the solvation shell is the smallest for GMANR. Given a
diffusion mechanism of solvation shell motion, the smallest shell will diffuse fastest according
to Stokes-Einstein theory. The Aqvist and OPLS FFs yield the lowest diffusivity for both
Li" and DME. We attribute this to the large solvation shell around the Li* for these FFs.
Additionally, the DME molecules bound to Lit cannot move as quickly as free DME
in bulk solvent, which depresses the diffusivity for DME in solution. NMR experiments
have measured the diffusion constant of pure DME and DME in a 1M LiTf solution.!®6
The ratio of solution diffusion constant to pure diffusion constant Dpwmg soi/ DoME, pure 18 0.51.
The SMM, Wu-Wick, Madrid, and GMANR FFs all yield values of Dpug sol/ DpME pure 11t the
range 0.51 to 0.54, which is good agreement with experiments. The Aqvist and OPLS FFs
on the other hand yield a value of Dpyg sol/ Dome,pure = 0.4, which represents a significant
devation from experiments. We remind the reader that only the Li" LJ parameters have
changed when comparing FFs, not any parameter related to DME, so the differences in

DpmE sol/ DouvEe pure between FFs comes from the interactions of DME with Lit.

Conclusions

We have shown that only changing the Lennard-Jones parameters for Li* yields strong
variations in the structure and dynamics for a nonaqueous solvent. Thus, care must be
taken in choosing force-field parameters for ions even within a fixed charged force field. Of
the force fields considered here, the Aqvist and OPLS models overestimate the degree of
lithium solvation in DME and underestimate the transport rate. The GMANR force field
appears to underestimate the degree of solute pairing and ion aggregation. The remaining
three FFs, SMM, Wu-Wick, and Madrid, produce similar results and are in reasonable
agreement with experiments with regard to solvation structure, ion pairing and aggregation,

and Li* dynamics. We encourage future simulators to employ one of these FFs and make
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careful consideration of other FF parameters in the future.
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