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ABSTRACT: Polymer electrolytes are of interest for applications in # <5 Ay N —
energy storage. Molecular simulations of ion transport in polymer ‘ / el ; S;'agllgj
electrolytes have been widely used to study the conductivity in these ( . . Exp

materials. Such simulations have generally relied on classical force fields. A
peculiar feature of such force fields has been that in the particular case of
lithium jons (Li"), their charge must be scaled down by approximately
20% to achieve agreement with experimental measurements of ion
diffusivity. In this work, we present first-principles calculations that serve ) L
to justify the charge-scaling factor and van der Waals interaction s &j
parameters for Li* diffusion in poly(ethylene glycol) (PEO) with : A

Iog(DLi+)

1T

bistriflimide (TFSI”) counterions. Our results indicate that a scaling

factor of 0.79 provides good agreement with DFT calculations over a relatively wide range of Li" concentrations and temperatures,
consistent with past reports where that factor was adjusted by trial and error. We also show that such a scaling factor leads to
diffusivities that are in quantitative agreement with experimental measurements.

P olymer electrolytes represent an important class of solid-
state electrolytes for applications in energy storage.'”
Over the past decade, various studies of polymer electrolytes
have relied on molecular dynamics (MD) simulations with
pairwise additive force fields to arrive at a detailed picture of
molecular structure, mobility, and diffusion in such materi-
als.*™®

Past studies of Li" transport in polymers with classical
nonpolarizable force fields have recognized that Li* are
overstabilized by water when their full charge of +le is
assigned to them. This overly strong binding leads to
properties that deviate from the experimental measurements.
Several studies have addressed this issue by scaling down the
Li* charge by a factor in the range from 0.7 to 0.8.~"? Such
charge-scaled models have also been considered in other
contexts of ionic solvation,'*?°™>* and for some cases, intuitive
physical pictures have been advanced. Kann and Skinner,” for
example, proposed a scaled-ionic-charge model for aqueous
salt solutions and attributed the use of a scaling factor to the
need for a phenomenological electronic continuum that
compensates for the inability of nonpolarizable water models
to reproduce experimental dielectric constants, as initially
suggested by Leontyev and Stuchebrukhov.*

In the particular case of Li* transport in polymer melts, the
scaling of ionic charge is significant enough to impact both the
ion coordination and its dynamics.”'”'** In practice, past
studies have arrived at numerical values of the scaling factor by
a trial-and-error approach.” Several works have sought to
determine the magnitude of the scaling factor by relying on
quantum-mechanical calculations and have reported scaling
factors in the range of 0.55—0.8."”""'* One possible cause for
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this broad range could be the sensitivity of the electrostatic
potential charge analysis® to the specific structures or
environment of interest. The physical basis of the scaling has
sometimes been interpreted through the concept of charge
transfer.'' Our preliminary Bader analysis® on a periodic
simulation cell with a Li*:EO ratio of 1:10 (here the Li*:EOQ
ratio stands for the ratio of number of Li* over number of PEO
oxygen atoms in the system; see the Supporting Information
for details of a Bader charge analysis), however, suggests that
Li* carries +0.9¢ on average, which is larger than the commonly
applied charge-scaling factors. We thus assume that an
optimum scaling factor might have to implicitly consider
multiple effects including charge transfer, induced polarization,
and the conditions of nonpolarizable force field parametriza-
tion.'*"** Additionally, in the case of polymer electrolytes,
the van der Waals parameters that are commonly used (which
generally adopt a Lennard-Jones (LJ) form) are often not
specifically developed for the case of ion transport in polymers.
In simulations of proteins and biomolecules, it is commonly
acknowledged that the use of “non-bonded fix” (known as
NBFIX or CUFIX) parameters””*® improves bonded inter-
actions and free energies, and the LJ parameters can be
improved along such lines.
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In this work, we focus on the Li*—TFSI"—PEO system
(Figure 1), which can be viewed as a well-studied prototype for
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Figure 1. Structural formulas of PEO and Li*—TFSI™ ions.

polymer electrolytes. We start from the existing OPLS force
field,” ™" which is widely used for simulations of ionic liquids
and polymer melts. That force field is then modified as follows:
first, the charge on each of the atoms of the Li"—TFSI™ salt is
scaled by a uniform factor. Second, we modify the L]
parameters between the Li—O types for Li*—PEO and Li'—
TFSI™ interactions. An alternative strategy, where the charges
on both ions and polymers are scaled, has been proposed in
previous works.'"””” Here we note that in the case of ion-
binding proteins, scaling the partial charges on both the ion
and the protein was found necessary to capture the
thermodynamics.”> Because we want to preserve a description
in terms of the original OPLS force field, which is used
extensively to calculate the bulk properties of liquids from
molecular parametrizations,” we chose not to pursue such a
strategy in this work. In our case, the five new parameters
required by the force field are obtained through an adapted
force matching technique,” which refines the force field
iteratively by performing classical MD simulations, with force
matching referenced to first-principles quantum-mechanical
calculations. A full description of the method and additional
technical details are provided in the Methods section and the
Supporting Information.

To cover the range of common experimental conditions, we
performed the parametrization at two different temperatures,
300 and 373 K, with two different Li*:EO ratios, 1:10 and 1:20,
respectively. The optimization process is summarized in Tables
1, S1, S2, and S3. For all parametrization runs, the initial trial

Table 1. Optimization of Parameters at a Li":EO Ratio of
1:10 and a Temperature of 300 K*

iteration 1 2 3 4 S 6 7
scaling factor 1.0 0.81 0.78 0.79 0.79 0.78 0.78
€Li—0(PEO) 0.05 0.05 0.05 0.05 0.06 0.06 0.06
0L o(rEO) 248 243 241 242 241 240 240
€Li—O(TFST) 0.06 0.07 0.07 0.07 0.07 0.07 0.07
OLi—O(TFSI) 2.51 2.35 2.32 2.33 2.32 2.31 2.31
obj funct (%) 23.7 13.0 10.7 10.7 10.7 10.7 10.9

“The objective function is defined as the mean-squared difference
between force field forces and reference over the mean-squared forces,
as shown in eq 1 in the Supporting Information. The units of € and &
shown here are kcal/mol and A. The optimization processes for the
other Li*:EO ratios and temperatures are shown in Tables S1—S83.

values are taken from the existing OPLS force field, where the
charges on Li* and TFSI™ are set to +1e and —1le, respectively.
To focus on nonbonded interactions, only the forces on Li" are
matched in the force matching steps. The objective function is
therefore defined as the mean-squared difference between
force field forces and the reference, normalized by the mean-
squared reference forces. In the first iteration, the objective
function is in the range between 20% and 40% among the four
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different parametrization conditions. The resulting charge-
scaling factor becomes ~0.8, and the L] radii decrease slightly
for all parametrization conditions. The parameters tend to
stabilize after the first iteration and converge within several
iterations, with the objective functions also stabilizing at 10%—
12%. The most notable result from the parametrization is that
the scaling factor converges to ~0.8 for all cases, which is
consistent with the value that is commonly applied in the
literature simulations. In addition, the converged L] parameters
are relatively uniform. We gathered all the reference frames
and forces from the last iteration of all 4 cases and performed a
combined run of force matching. This combined run yielded
consistent results with each individual parametrization
condition, with the scaling factor converging to 0.79 and an
overall objective function of 11.1%. Therefore, we consider this
final set of parameters to be generally applicable in the Li*:EOQ
range that was covered in the optimization process.

We carried out MD simulations with the parameters
obtained above to benchmark the diffusion properties captured
by this model. We performed MD simulations of Li*—TESI™—
PEO systems at Li":EO ratios of 1:10 and 1:18 and compared
our results to available experimental reports.**** As shown in
Figure S1 and Table S8, simulations spanning several hundreds
of nanoseconds are necessary to approach the diffusive regime
for Li*, even at elevated temperatures. The comparison
between simulation and experimental diffusion coefficients is
shown in Figure 2. Figure 2a shows the salt diffusion
coefficient at Li":EQ = 1:18, where the experimental value
falls between the original and charge-scaled results. Note that
the molecular weight of the simulated PEO has a molecular
weight (MW = 1582) below the entanglement MW (MW =
2000)*°7** and is expected to lead to slightly higher
diffusivities'>***? than those measured for entangled polymers
(MW = 600,000). Figure 2b shows the Li* diffusion
coefficients at Li":EO = 1:10. The simulated PEO in this
case has lower MW than that used in experiments (MW =
2480)** and is expected to predict slightly higher diffusivities.
Our results show that the diffusivities are slightly under-
estimated by the charge-scaled model, but they still represent a
significant improvement over the original OPLS force field, by
approximately one order of magnitude. Overall, the charge-
scaled model provides significantly better agreement with
experimental measurements than the original OPLS, consistent
with existing reports.””'" We also calculated the diffusion
coefficients with a charge-scaling factor of 0.79, but without
modifying the L] parameters of the original OPLS force field.
The results are shown in Figure 2b, labeled as “scaled-only”.
The diffusion coefficients with and without modified LJ
parameters are very similar, confirming that the diffusivity of
Li* is dominated by electrostatic interactions.

The Li* transference number, which is a measure of the
contribution of Li* diffusion to the overall ionic conductivity, is
calculated here for the case 1:18, where experimental data are
available. We find a decrease in the Li* transference number
from 0.28 to 0.21 after the charge-scaling model is applied.
Note that both estimates are within the range of the
experimentally reported value, 0.24.> This decreasing trend
is consistent with a previous report.'" Since only the charges
on the ions are scaled, the electrostatic stabilization between
Li"* and its anion is weakened more significantly than that
between Li" and the polymer, thereby leading to a decreasing
trend. This is also an indication that further scaling of the ion
charge would lead to larger disagreements with experiment.
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Figure 2. (a) Salt diffusion coefficient for Li*:EO = 1:18 and (b) Li" diffusion coefficient for Li*:EOQ = 1:10 from MD simulations, with

. . 34,35
comparisons to experimental data.””

are shown in Table S8.

The corresponding mean-squared displacement plots are shown in Figure S1, and the convergence behaviors

Table 2. Final Set of Parameters Developed in This Work”

parameter value
scaling factor 0.79
€Li—0(PEO) 0.06
OLi—O(PEO) 2.39
€Li—O(TESI") 0.07
OLi—O(TFSI") 2.31
obj funct (%) 11.1

“The units of € and ¢ shown here are kcal/mol and A.

We performed a conformational analysis of the arrangement
between Li* and the oxygen atoms from PEO and TFSI™. The
radial distribution functions (RDFs) at 300 K are shown in
Figure 3. At both 1:10 and 1:18 concentrations, the positions
of the first coordination shells between Li* and PEO or TFSI™
oxygens differ by less than 0.2 A after charge scaling, which is
relatively minor. Charge scaling mainly affects peak heights.
After the charge scaling, Li ions coordinate stronger with PEO
oxygens and weaker with TFSI™ oxygens. By accumulating the
coordination numbers from the integrated RDFs for the 1:10
case, we find that the Li'=PEO oxygen coordination numbers
are 3.03/4.20 for the original/charge-scaled models, and the
Li*—TESI” oxygen coordination numbers are 2.37/1.13,
summing up to 5.40/5.33 as total oxygen coordination. For
the 1:18 case, the numbers are 4.53/5.32, 1.21/0.10, summing
up to 5.74/5.42. In both cases, we employed a first solvation
shell cutoff distance of 2.7 A. This analysis indicates that for
each Li*, the number of oxygens it coordinates to remains
approximately unchanged in the different models, but they
coordinate more with the PEO oxygens in the charge-scaled
model. The total oxygen coordination numbers are in line with
previous neutron diffraction isotopic substitution (NDIS)
experiments at 296 K, for the Li*—TFSI"—PEO system with a
EO:Li ratio of 7.5:1, where a total of 4.9 oxygen atoms were
observed within the first coordination shell.*® For comparison,
a previous simulation study using a many-body polarizable
force field reported a total oxygen coordination number of 4.6
at an EO:Li ratio of 7.5:1 and a temperature of 395 K.*'

The Li ions adopt three common conformational states: Li*
aggregates (LAG), contact ion pairs (CIP), and solvent
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separated ion pairs (SSIP), corresponding to Li* that only
coordinate to TFSI™, coordinate with both TFSI™ and PEO,
and only coordinate to PEQ.”** The conformational
representations are listed in Figure 4a—c. We analyzed the
frequency of speciation for the three coordination states, and
the results at 300 K are shown in Figure 4d. Unsurprisingly,
Li*s in the 1:18 case coordinate less with TFSI™ compared to
the 1:10 case, due to an overall lower ion concentration and
less saturated PEO coordinating sites. Between the models, the
charge-scaled model predicts a significant increase of the SSIP
state, from 0.18 to 0.59 for the 1:10 case and 0.31 to 0.85 for
the 1:18 case. While direct comparison to experiment is
challenging, a recent study of Li* diffusion in fluoroether
solvents indicated that a scaling factor of 0.8 yielded the best
agreement with experimental conformational data, outperform-
ing both cases with no scaling factor and those with different
scaling factors.” This additional evidence suggests that the
charge-scaling factor identified here enhances the predicted
solvation structure in Li* electrolyte systems. In addition to the
300 K case, the same conformational analysis was performed at
333 K (Figure S2), and the results were consistent with those
at 300 K.

To better quantify the impact of charge scaling on the
thermodynamics, we calculated the averaged interaction
energies between a Li* and the rest of the system at 300 K
(Table S9). The calculations yield —201.5 + 26.8/-206.2 +
23.2 kcal/mol for Li":EO = 1:10/1:18 before scaling and
—1289 + 17.2/-1329 + 12.3 with the charge-scaled
parameters. Previous first-principles calculations reported
129.8" and 149.6"* kcal/mol, in good agreement with the
charge-scaled results. An energy decomposition suggests that
the absolute values of electrostatic interaction energies
decrease by ~70—75 kcal/mol out of a total of ~210 kcal/
mol after the scaled-charge parameters are applied, while the
changes in the van der Waals interaction energies represent
only 0—1 kcal/mol out of a total of 6—7 kcal/mol. This result
further confirms that the interaction between Li* and its
surroundings is dominated by Coulombic interactions and
demonstrates the significant impact of charge scaling on Li*
thermodynamics.
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Figure 3. Radial distribution functions (RDFs) between Li* and PEO oxygens (a, b) and TFSI™ oxygens (¢, d) at Li*:EO ratios of 1:10 (a, c) and

1:18 (b, d). The results at 333 K are shown in Figure S2.

Overall, we have reported an optimization procedure for
charge scaling in force fields for Li* transport. Rather than
empirically matching experimental data, our scaling factor is
obtained through an optimized force matching to first-
principles calculations, thereby providing a connection to the
underlying molecular interactions. Our results suggest that a
scaling factor of 0.79 is applicable for Li":EO ratios ranging
from 1:18 to 1:10, and we provide the corresponding LJ
parameters for Li—oxygen interactions. The benchmark of the
force field for both diffusion and conformation provides good
agreement with experiments. The force matching protocol
adopted in this study is transferable to other Li* transport
problems in the context of polymer electrolytes. The general
convergence of an optimized charge-scaling factor across
different conditions suggests that the charge-scaling approach
provides—a useful and practical strategy to incorporate
polarization effects. Compared with other more elaborate
polarizable models, this approach reduces computational costs
while reproducing dynamics and conformational properties in
atomistic simulations of ionic transport in polymers.

B METHODS

In this work, we apply a modified version of the adaptive force
matching approach reported by Wang and co-workers® to justify the
use of a scaled-charge model for Li ion in polyelectrolytes. The
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approach can be summarized as follows: To initiate the simulation, a
set of trial parameters are introduced to perform classical MD
simulations on a trial system. From the MD trajectory, frames are
extracted for force calculations with hybrid quantum mechanics/
molecular mechanics (QM/MM) calculations, where the atoms of
interest and their surroundings are selected as the QM region.
Afterwards, force matching is applied to minimize the differences
between the forces calculated by the force field and the QM/MM
reference, which generates a new set of trial force field parameters
from an optimization process. The new parameters are then applied
for a new MD run, followed by a new set of QM/MM calculations
and force matching. By repeating this process iteratively, an optimized
set of parameters is eventually found. This method has been
successfully applied to develop accurate force fields for ion solvation
in water and several other systems.”>*>*¢

In our practice, the protocol is modified to better overcome the
slow relaxation of polymers. First, instead of one trial system being
used for the MD simulation, we used five parallel replicas with
different starting conformations. Second, an additional annealing run
for each replica at 500 K was performed between iterations. Third, To
accurately represent the Li*:EO ratios, we apply full QM calculations
with periodic boundary conditions, instead of QM/MM. The
technical details of the MD simulations, the optimization process,
and the first-principles calculations are discussed in the Supporting
Information.

From MD simulations, the diffusion coefficient (D) is extracted
using the Einstein relation, given by

https://doi.org/10.1021/acsmacrolett.4c00368
ACS Macro Lett. 2024, 13, 1258—1264
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Figure 4. Snapshots of three most common conformational states (a—c) and the frequency speciation at 300 K (d) from MD simulations. The
snapshots shown in (a—c) correspond to Li* aggregates (LAG), contact ion pairs (CIP), and solvent separated ion pairs (SSIP), corresponding to
Li's that only coordinate to TFSI™, coordinate with both TESI” and PEO, and only coordinate to PEO. The Li* and coordinating oxygens are
highlighted with spherical representations. For clarity, only the polymer chains or TESI™ that coordinate with Li* are shown in the snapshots. The
color representations for the elements are Li = orange, O = red, C = cyan, N = blue, F = pink, S = yellow, and H = silver. The frequency speciation

at 333 K is shown in Figure S2.

|1 2

b tlirf,‘o[st (ar(ty) ] (1)
Here (Ar(t)?) is the mean-squared displacement. In practice, we
found that trajectories spanning several hundreds of nanoseconds are
required to reach the diffuse regime (see Figure S1). In this work, the
apparent diffusion coeflicients at ¢ 250 ns are applied to
approximate the true values. The error is estimated by the difference
between t = 150 and 250 ns (Table S8). The transference number of
Li* can be calculated from the diffusion coefficients of the ions with
the following:

Dy,

i

=
Dy; + Dygg

(2)
Here Dy; and Dy are the diffusion coefficients of Li* and TFSI™.

B ASSOCIATED CONTENT

Data Availability Statement
Example inputs of the adaptive force matching applied are
available at https://github.com/liangdy93/chg _scaling.git.
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