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Abstract: Classical molecular dynamics simulations with polarizable force field have been
performed for solid electrolytes based on poly(ethylene oxide) or pentaglyme and alkali metal
iodides Mel (Me = Li, Na, K, Rb and Cs) in order to study salt precipitation process. Monitoring of
structural changes has shown that the tendency for ion aggregation increases with the radius of the
cation and with increasing temperature, in qualitative agreement with available experimental data.
Analysis of estimated ion diffusivities and conductivities of studied electrolytes has revealed that
simulations overestimate correlation between movements of oppositely charged ions compared to
experiment. Possible improvements in simulation setup and directions for future more detailed
studies have been proposed.
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1. Introduction

Solid polymer electrolytes (SPEs) have been the subject of intense research. Interest in these
systems is motivated by their properties and prospective applications in batteries, solar cells and
electrochemical devices. Electrolyte of such a type consists of a polymer matrix loaded with an
inorganic salt. Among most frequently studied systems are alkali metal salts (mainly lithium or
sodium) dissolved in poly(ethylene oxide) (PEO) or poly(propylene oxide) [1].
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Research effort is focused on better understanding physical origin of observed properties, in
particular these related to charge transport, and to optimize electrolytes for practical applications.
Technologically relevant are mostly systems containing high amount of dissolved salt and therefore
high concentration of solvated ions. However, depending on electrolyte composition and temperature,
salt precipitation may occur in SPEs [2]. From technological point of view this is an undesirable
phenomenon, but investigations of this process may provide better understanding of interactions
between ions and polymer.

Systematic experimental studies of salt precipitation were performed for alkali metal iodides
Mel (Me = Li-Cs) in PEO between 40 and 200 °C [2]. Tendency to ion aggregation increases with
the cation radius and temperature. It has been found that for PEO/Lil and PEO/Nal electrolytes
conductivity increases with temperature whereas conductivity of systems with heavier ions decreases
above a critical temperature and is the lowest for PEO/Cs systems. More detailed analysis of ion
migration was performed in [2] for PEO/RDbI electrolyte. Ion transport and ion pairing was then
studied for PEO/Nal systems in the range of concentration and temperatures where precipitation does
not occur [3].

Theoretical modeling of PEO-based electrolytes was focused mainly on systems with lithium
salts. Quantum chemical calculations provided information on Li" interactions with model solvent
molecules (usually simple ethers or oligoglymes) [4—8] and classical molecular dynamics (MD)
simulations were used to study the structure and transport properties of PEO/Li" electrolytes [9—16].
Studies involving other alkali cations and PEO-type solvent are less common [17-19]. Owing to
increasing interest in electrolytes for sodium ion batteries several quantum chemical and MD studies
on systems with Na' cation have been reported recently [20—24]. Simulations of polymer electrolytes
are focused on conditions of technological relevance, i.e. on systems with low degree of ion
aggregation. However, from methodological point of view, it is important to test theoretical
approaches also on systems exhibiting less common properties. In such a way methodology used in
simulations may be validated and information on its performance at extreme conditions provides
better insight into the physics of observed processes making possible improvements of simulation
protocols or parameterization with prospective benefits for routine modeling of common systems.

Availability of experimental data on salt precipitation in PEO/Mel electrolytes offers a
possibility to validate computational simulations on these model systems. In this work we want to
assess the performance of a polarizable force field for PEO-based electrolytes on model systems of
the kind investigated experimentally in [2], in order to check whether classical MD simulations can
describe properly ion association process and its dependence on temperature and electrolyte
composition. Based on quantum chemical calculations, parameterization of the force field will be
adjusted and results of simulations will be analyzed to track the ion aggregation and estimate
diffusivity and conductivity of electrolyte.

2. Calculations

Gaussian 09 rev. D.01 [25] was used for all quantum-chemical (QC) calculations in this work.
Optimized structures were found for Me'-I" ion pairs and Me" complexes with oligoglyme molecules
in vacuum. MP2 methodology with def2-TZVP basis set was used in geometry optimizations and
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calculations of binding energies. Outermost core orbitals were included in MP2 calculations (FC1
option in Gaussian 09). Different Me" coordination numbers (CNs) were modeled in Me-oligoglyme
complexes: CN = 1, 2 and 3 in Me'-diglyme structures and CN = 4, 5 and 6 in the complexes with
tri-, tetra- and pentaglyme, respectively (Cf. plots of K-oligoglyme complexes in the Supplementary
Information in Figure S1).

Selected parameters of optimized structures (distances and binding energies for Mel or Me'-
oligoglyme complexes) are presented in the Supplementary Information in Tables S1, S2 and S3.
With the radius of the Me" cation increasing from Li" to Cs’, the Me-I and Me-O distances increase
and the binding energy is reduced.

Molecular dynamics simulations were performed using Tinker v.5.1 package [26]. The
polarizable force field for PEO employed here in MD was the same as the parameterization described
in Reference [27]. Bonded parameters for oligoglymes and PEO were based on the APPLE & P
(atomistic polarizable potential for liquids, electrolytes & polymers) parametrization [28]. Non-
bonded parameters (Lennard-Jones potential, polarizabilities and partial charges) were adapted from
an earlier work on PEO-based electrolytes [15]. The parameterization of PEO and oligoglyme
molecules was supplemented by van der Waals parameters and polarizabilities of Me" and I" ions
taken from the polarizable Amoeba potential [29] parameters. This set of parameters will be referred
here as FFO force field.

To assess the performance of the force field parameterizaton, molecular mechanics with FF0
field was used to compute geometries and binding energies for the same set of structures as studied
earlier in QC calculations. Results are presented in the Supplementary Information in Tables S2 and
S3. FFO underestimates the Me'-I" distances for smaller ions (Li and Na) and overestimates the
binding energy of Mel. This overestimate is particularly significant for Lil in which case the
difference between QC and FFO0 values exceeds 40 kcal/mol. On the other hand, FFO underestimates
Me" binding to glymes, yielding too large distances and too small energetic effect; the differences
between QC and FFO0 again are the largest for Li and Na. Moreover, test MD runs for Lil solution in
pentaglyme indicated that large polarizability of I" ion (7.25 A’) causes the “polarizability
catastrophe” leading to increasing induced dipole moments and nonphysically short Li-I distances.
These results show that polarizability of the anion is one of key parameters of the force field
controlling the dynamics of ion aggregation.

Therefore, a modified parameterization of the force-field was developed. The polarizability of I
anion was reduced to 5.5 A’. Additionally, parameters of the Lennard-Jones potential for the Me™-I"
and Me"-O pair interactions were modified in order to achieve simultaneously the best reproduction
of Me-I and Me-O distances and Mel or Me'-glyme binding energies in molecular mechanics
geometry optimizations. Resulting parameterization was labeled FF1; the list of modified
interactions is shown in Table S4, calculated structural parameters and energies are collected in the
Supplementary Information in Tables S2 and S3. The agreement between QC data and FF1 results,
although still not perfect, is significantly better than between QC and FFO, except binding energies of
Li" and Cs" to pentaglyme (CN = 6). In general, the FF1 field overestimates binding of Me" to the I
ion and underestimates the effect of Me" interaction with oligoglyme molecule. It turned out that all
efforts to further improve the agreement between QC and FF1 energies degrade the agreement
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between optimized structures of Me -oligoglyme; therefore the final FF1 parameterization was
chosen as a compromise between reproduction of binding energies and the geometries of complexes.

Molecular dynamics simulations were performed for series of PEO structures with dissolved
Mel salt, Me = Li, Na, K, Rb and Cs. Each simulation box contained 6 CH;s-terminated PEO chains
of 50 repeat units. Amorphous structures constructed in our earlier work on PEO [15] by Polymer
Builder and Amorphous Cell from Materials Studio [30] were reused as initial structures. Each
structure was loaded by 10 Mel ion pairs, yielding the ratio [Me]/[O] = 1:30, cAForresponding to
(PEO)3oMel electrolyte of Reference [2]. Additionally, as a test to check the effect of low weight
oligoglymes, structures of 15 Mel pairs in 75 pentaglyme molecules ([Me]/[O] = 1:30) were prepared
using Packmol software [31]. The (PEO);oMel and pentaglyme/Mel samples contained 2132 and 3330
atoms, respectively. The size of the simulation cell depended on the temperature and for (PEO);oMel
was between 27 and 28.4 A, whereas for pentaglyme/Mel systems it varied between 31.9 and 33.8 A.

The goal of this work is to study the ion pairing process in the electrolyte, therefore it is
important that the ions are distributed rather uniformly in the initial structures, with cations and
anions separated. Otherwise, the ion pairs already present at the start of the simulation may affect the
paring dynamics. Therefore, to break the ion pairs in the initial system, a short NV7 MD run was
performed with the electrostatic interactions switched off and the temperature raised to 500 K. Two
different frames from this trajectory were selected to initiate two independent runs for (PEO);Mel
electrolytes; a single trajectory was simulated for each pentaglyme/Mel system.

Molecular simulations were run in the NpT ensemble, with p = 1 atm and five different
temperatures for each system: 7'= 40, 65, 100, 150 and 200 °C. The Bussi-Parrinello thermostat and
Berendsen barostat were used with 0.1 ps of the coupling time for the temperature bath. Equations of
motion were integrated by Beeman algorithm with 1 fs time step. Ewald summation was used for
electrostatic interactions. Polarization effects were treated within an iterative procedure used to
achieve self-convergence of mutual interactions between induced dipoles. To prevent over-
polarization the Thole scheme of short-polarization damping [32] was applied. After 15 ns (for
pentaglyme/Mel) or 20 ns (for (PEO);Mel) of the equilibration stage the MD trajectory was
collected in 5 ps intervals for another 40 or 50 ns for pentaglyme and PEO systems, respectively.

3. Results
3.1. Electrolyte structure and ion aggregation

Densities of all systems were calculated as averages over the MD trajectory after the
equilibration stage. Results are displayed in Figure 1 and numerical values are collected in the
Supplementary Information (Table S5). Within investigated temperature range, density decreases
almost linearly with temperature. Density of the electrolyte loaded with Mel salt increases in the
order Li < Na < K < Rb < Cs with small differences (up to 0.02 g/cm’) for Li, Na and K and major
increase for Cs and Rb. Systems based on pentaglyme have densities about 0.1 g/cm’ lower than
corresponding PEO electrolytes. The density of (PEO)3oNal at 40 °C is 1.24 g/cm’ and agrees well
with the value 1.26 g/cm’ reported in [3], given that the experimental density presumably was
measured at lower temperature.
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Increasing radii of Me" ions result in increasing distances to I” anions or to oxygen atoms from
PEO chains or pentaglyme molecules. Radial distribution functions (RDFs) for Me-O and Me-I atom
pairs are displayed in Figures S2 and S3. Position of the first maximum in Me-O RDF increases from
Li" to Cs™: the maximum appears at 2, 2.4, 2.8, 2.95 and 3.15 A for Li", Na’, K", Rb" and Cs’,
respectively. In the Me-I RDF the maximum is located at 2.6, 2.9, 3.35, 3.6 and 3.7 A for Me"
changing from Li" to Cs’, respectively. In both cases, peaks in RDFs for heavier cations are lower
and wider than for Li" and Na".

1.4

Figure 1. Densities of electrolytes averaged over the last 5 ns of the MD trajectory. Solid
lines and filled symbols: (PEO);Mel systems, broken lines and open symbols:
pentaglyme/Mel systems.

Even a short glimpse at the evolution of the structure of the system recorded during MD run
reveals that Me" cations and 1™ anions initially dispersed in the electrolyte as separated ions, form
pairs and then larger ion aggregates within first few nanoseconds of simulation. Aggregation
proceeds further during the simulation and its speed apparently depends on the cation and
temperature. In Figure 2 sample snapshots of the system close to the end of simulation are presented
for selected cations and temperatures. At 40 °C ion aggregates are the smallest. Increase of the
temperature to 100 or 200 °C reduces the number of aggregates and increases their size. At 200 °C
the number of aggregates is the largest in electrolytes with Lil and Nal. On the other hand, at highest
temperature all ions in KI, RbI (not shown in Figure 2) and Csl-based systems form a single
crystallite.

To obtain more quantitative assessment of ion aggregation process, changes in the number of
ion clusters during the MD simulation were computed for all systems. An aggregate was defined as a
set of ions such that each ion has at least one other ion of the aggregate within a threshold distance.
With such a definition a single ion separated from all other ions by the distance larger than the
threshold value counts as an aggregate, therefore maximum number of ion clusters in the sample can
reach 2xN, where N is the number of Mel ion pairs, i.e., 20 and 30 for (PEO)3;Mel and
pentaglyme/Mel systems, respectively. Threshold distances depended on the system and were set to
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the distance at which the Me-I RDF becomes negligibly small above its first maximum, i.e., 3.1, 3.5,
4.0,4.5and 4.5 A for Li", Na", K", Rb" and Cs", respectively.

T=40

T=200

Figure 2. Sample snapshots of the ion aggregates in (PEO);oMel electrolytes at the end
of MD simulation. Polymer chains in the plot have been wrapped into the simulation box.

Mean values of the number of aggregates N,q for (PEO)3;Mel electrolytes (averaged over
last 5 ns of two trajectories) are collected in Table 1. Changes in the number of ion clusters during
MD run for (PEO)30Mel and pentaglyme/Mel at T = 40, 100 and 200 °C are displayed in Figures 3
and 4. Plots for two other temperatures are available in the Supplementary Information as Figures S4
and S5 and tabulated data for pentaglyme/Mel are collected in Table S6.

Table 1. Average number of ion aggregates and its standard deviation during last 5 ns of
MD simulations for (PEO);oMel electrolytes.

T, °C Li Na K Rb Cs

40 9.00+0.02  6.00+0.01 570+0.29 505+0.16 5.04+0.15
65 6.00+0.02  4.06+0.16 4.51 +0.06 2.25+0.27 1.86 +0.32
100 6.00+0.01  2.50+0.01 2.50 +0.01 1.03+0.11 1.40 + 0.20
150 2514006  1.66+0.24 1.01 +0.01 1.00 £ 0.01 1.01 +0.08
200 3.00£0.01 2.11+021 1.00 + 0.01 1.00 £ 0.01 1.01 +0.02

AIMS Materials Science
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a) 40 °C

b) 100°CI)

time, ns

Figure 3. Changes in the number of ion aggregates Ng, in the sample during MD
simulations of (PEO)3;oMel electrolytes at (a) 40 °C, (b) 100 °C, (c) 200 °C. Moving
average has been used to smooth the plot.
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— Li
— Na

— Rb
— Cs

time, ns

Figure 4. Changes in the number of ion aggregates Ng in the sample during MD
simulations of pentaglyme/Mel electrolytes at (a) 40 °C, (b) 100 °C, (¢) 200 °C. Moving
average has been used to smooth the plot.

At T =40-100 °C average number of ion aggregates in PEO/Lil system is noticeably larger than
in other PEO-based electrolytes. At elevated temperatures number of aggregates decreases and
reaches one (single crystallite) in the systems with KI, Rbl and Csl, but remains larger than one in
electrolytes loaded with Lil and Nal. It may be noted in Figure 3 that at higher temperatures the
number of aggregates remains approximately constant after about 30 ns, while some systematic
decrease is still observed at 40 °C, especially for Me = Rb or Cs.

Similar trends (decrease of Ny With increasing temperature and/or cation radius) are visible for
pentaglyme/Mel systems in Figure 4; note that the total number of ions in these systems is larger
than in the PEO-based, therefore the same number of aggregates in PEO or pentaglyme electrolytes
indicates higher degree of ion paring in the pentaglyme samples. The changes in the initial part of the
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trajectory are faster; this observation may be attributed to lower viscosity of the electrolyte based on
low-weight solvent compared to PEO systems and faster ions movement in the former. In
pentaglyme electrolytes with KI, Rbl and Csl all ions precipitated as a single aggregate even at
100 °C. On the other hand, number of ion clusters in Lil and Nal electrolytes at T > 100 °C is larger
than one and seems to be stable after 25 ns; behavior of analogous PEO-based systems is similar.
This suggests that at the highest studied temperatures we reached the numbers of aggregates close to
equilibrium, but the length of the trajectories was probably too short to reach this stage at 40 °C.

Closer look into the data reveals that in most cases where there is more than one ion cluster in
the sample, the aggregates are electrically neutral (of course this is the sole possibility in structures in
which all ions have aggregated into a single crystallite). Only at lowest temperatures in the
electrolytes with Lil and Nal one or two pairs of charged aggregates appear during the MD run. For
low temperatures and light cations also the short events (lasting not longer than the time separation
between consecutive frames of the trajectory) of appearing and disappearing pair of charges are more
probable than for elevated 7 and/or higher ions. Ion pairing into stable neutral aggregates in most
systems will significantly reduce conductivity of the electrolyte.

The number of ions in the sample is constant, therefore the average size of aggregates is
inversely proportional to Nage. In order to check the size-distribution of the aggregates we counted
the number of aggregates of given size at the end of the MD trajectories. Sample data for Li" and
different temperatures or for 65 °C and different ions are presented in the Supplementary Information
in Figures S6 and S7. The size of aggregates increases with temperature or with the radius of the
cation. It may be noted that only for low temperatures there are some odd-sized (i.e. charged)
aggregates present in the system.

The difference in the degree of aggregation for different cations arises most likely from
different relative strength of Me™-I" and Me'-O interactions. Calculated binding effects of Me" ion to
the I" anion and to the oligoglyme molecule (Tables S1 and S3) become smaller with increasing
cation size. However, the decrease for Me'-O interactions is faster than in the case of cation-anion
pairs: the binding effect of the glyme calculated quantum-chemically for the CN = 6 decreases by
about 65 kcal/mol when Li" changes to Cs’, whereas the binding effect of the ion pair decreases only
by 41 kcal/mol. Therefore for larger cations formation of ion pairs and aggregates becomes more
favorable. On the other hand, the effect of increasing aggregation at elevated temperature is related to
the entropy. When aggregates are formed, there are less cation-glyme interactions, therefore the
dynamics of the polymer (or the glyme) increases and the aggregation increases entropy of the
system. For larger temperatures the —7TAS contribution to the Gibbs free energy of aggregation
becomes more negative, i.e. more stabilizing.

3.2. Transport properties

To relate structure of the electrolyte and degree of ion pairing to observed transport properties,
diffusion coefficients and electrical conductivities were estimated for studied electrolytes based on
ion displacements recorded during MD simulations.

Diffusion coefficient of ion i was calculated using Eq 1 from the slope of the time dependence
of its mean square displacement (MSD):
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.1 2
D, =tim—(R () -R, O (1)

Conductivity of the system can be calculated using Eq 2 from the Einstein formula as [33]:
A=lim— 6th Zz,z,< R,())~R,(O)][R, ()~ R, (0)]) @)

In the above formulas ¢ stands for time, V is the volume of the simulation box, kg stands for the
Boltzmann’s constant, 7" is the temperature, e is elementary charge, z; and z; are the charges of ions 7

and j, R/(¢) is the position of i-th ion at time ¢ and the brackets < > denote the ensemble average.

The conductivity is related to the collective ion diffusion coefficient [33] via Eq 3:
.1
D, = gn;a;zizj (IR,()-R,(OIIR, (1)~ R, (0)]) (3)

N 1is the total number of ions in the system. Collective ion diffusion coefficient D, would
reduce to the average of anion and cation diffusion coefficients D,z = (D- + D;)/2 if there is no
correlation between movements of different ions, i.e. when the off-diagonal terms in Eq 3 are
negligibly small. Ratio Dcoi/Dave may therefore serve as an estimate of the degree to which the cation
and anion motions are correlated.

Accurate estimates of transport properties require long simulation times and sufficient averaging.
In the long-time limit the mean square displacements of ions should be proportional to time: MSD ~
t* with the exponent o = 1. This is the normal diffusion regime observed when the particle has no
memory of its previous positions. For many systems at shorter times anomalous diffusion with a < 1
occurs before system reaches the normal diffusion limit. This happens in particular for polymer
electrolytes, because ions are trapped in local energy minima and therefore their positions are
correlated at short time scales. Only in the long time limit the ions are able to overcome energy
barriers and their motions follow a random walk.

In the modeling of transport properties of electrolytes long simulation times are therefore
needed not only to enable sufficient averaging over time intervals used to calculate MSD but also to
reach the normal diffusion regime in which conditions to apply Eq 1 are fulfilled. For the purpose of
estimating diffusion coefficients averaging the data over all ions in the sample improves statistics
and reduces the noise. On the other hand, conductivity is a collective property and increasing the
number of ions in the sample does not improve statistics for collective diffusion coefficient.
Therefore Do and conductivity exhibit substantially larger statistical noise than D or D_.

Within the time scale of MD simulations reported in this work the long time regime of ion
movements could be reached only in some samples. Moreover, electrolyte structure undergoes
significant changes at the beginning of simulation related to ion aggregation and this part of the
trajectory should not be used in calculations of diffusion. This further limits the length of useable
trajectory. Computed estimates of transport properties are therefore subject to significant statistical
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errors. Nevertheless, selected data are described in this section to present some general trends. Last
20-40 ns of MD trajectories were used to calculate MSDs.

In Figure 5 MSD of anions and cations are displayed for selected temperatures and two systems:
(PEO)3oNal and (PEO)3;oRbl. In many PEO-based electrolytes anions diffuse faster than metal
cations because the latter are coordinated to the oxygen atoms from polymer backbone. This trend of
D_ exceeding D, was also observed in experimental studies [2]. In general, this is not the case in our
MD simulations. The largest difference between Me" and I” diffusion was found for (PEO)3(Nal at
40 °C. As readily seen in Figure 4; at 65 °C anions in (PEO)3;0Rbl move only a little faster than
cations. In other systems MSDs for anions and cations are almost the same, as shown in two
examples for 7= 200 °C in Figure 5. This result is related to the structure of electrolyte: as described
in the preceding section, in most samples the ions form neutral aggregates and practically there are
no free ions. Therefore diffusivity of anions and cations is limited by the diffusion of the whole
aggregate or ion pair and is the same for positive and negative ions. In fact, upon strong aggregation
conditions, the estimated values of diffusion coefficients may be viewed as the diffusion coefficients
of the aggregates.

Based on the displacements of ions shown in Figure 5, the diffusion coefficients in (PEO)soNal
were estimated as Dy =9 % 10 and Dy = 1.5 x 1078 ¢cm?/s at 40 °C and Dn, = D; = 6 x 107 ¢cm?/s at
200 °C. From Figure 12 of Refenerce [3] follows that true diffusivities obtained from experimental
data of Na and I ions are less than 10° and about 10”7 cm?/s, respectively, at 40 °C and about 10
and 10° cm?s at 200 °C. Therefore at both temperatures experimentally determined diffusion
coefficient for the anion is about an order of magnitude larger than for the cation, which is not seen
in MD-based data for the reason described above.

40 T T T 1500 T T
a) PEO/Nal A b) Na*

1000 b

T=200°C
| 1 1
10 20 30 40
time, ps
T T T T
40| PEO/RbI | Rb*
c) d)r r
30 - 1000~ -
<
2
220l B
500 -
101 -
T=65°C T=200°C
0 | 1 | 0 | 1 1
0 10 20 30 40 0 10 20 30 40
time, ps time, ps

Figure 5. Mean square displacements (MSD) of Me" and I” ions during MD simulations
of (PEO)3¢Nal at (a) 40 °C and (b) 200 °C or (PEO)3;RbI at (c) 65 °C and (d) 200 °C.

AIMS Materials Science Volume 7, Issue 5, 632—-649.



643

Because in almost all studied systems diffusivity of anions and cations is the same, only average

mean square displacements are displayed in Figures 6 and 7 to show the temperature dependence of

diffusion for (PEO)3;oMel electrolytes (plots for selected pentaglyme/Mel systems are available in the

Supplementary Information in Figure S8). MSD plots vs. time are approximately linear only for

(PEO)3oLil electrolyte or for other cations at low temperatures. For other systems lines bend down or

exhibit a noise indicating that the linear regime of normal diffusion had not been reached and/or the

averaging over time intervals is still insufficient.
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Figure 6. Averages of mean square displacement of cations and anions in (PEO)3;oMel
electrolytes; Me = (a) Li, (b) Na, and (c) K.
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Figure 7. Averages of mean square displacement of cations and anions in (PEO)3;yMel
electrolytes; Me = (a) Rb, and (b) Cs.

Average diffusion coefficients D,, = (D; + D_)/2 estimated from average MSDs are collected in

Table 2; the errors of calculated values are quite large and reach 30-40% for higher

temperatures/larger cations. It is clear from Figures 6 and 7 and numerical data from Table 2 that for

all PEO/Mel electrolytes the increase of temperature leads to substantial increase of diffusivity.

Diffusion coefficients at 200 °C are almost two orders of magnitude larger than at 40 °C. For given

temperature, diffusivity decreases with increasing radius of Me" ion. Lower viscosity of electrolytes

with pentaglyme results in increased diffusivity of ions: diffusion coefficients for pentaglyme/Mel

typically are about one or two orders of magnitude larger than corresponding (PEO);Mel system.
For PEO/Lil and PEO/Nal the diffusion coefficients exhibit Arrhenius relationship with
changing temperature: D,, ~ Cexp(-E/RT) as shown in Figure S9 in Supplementary Information. Fit

to the data yields E, between 7.4 and 7.9 kcal/mol. For heavier cations the fitting was not attempted

because of larger uncertainties of diffusion coefficients.

Table 2. Average ion diffusion coefficients D,, (in cm?s) estimated from MD

simulations for (PEO);oMel electrolytes.

T, °C Li Na K Rb Cs

40 1x10°8 1x10°8 6x10"° 9x107° 9x107°
65 4x10°8 2x10°8 2x10°8 2x10°8 2x10°
100 1x1077 7 %1078 7x1078 3x10°® 5%x10°°
150 2x 107 2x 107 7x107° 7x10° 4%10°
200 8§ x 107’ 7 %107 2x107 6x 10"’ 4% 107
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Collective mean displacements of ions in electrolytes with Nal and Rbl are shown in Figure 8;
data for different cations in PEO and pentaglyme are presented in Supplementing Information in
Figures S10 and S11. Collective displacements are similar for both systems and decrease with
temperature. This decrease may seem surprising at the first glimpse, because the MSDs for
individual ions increase with temperature. It is the consequence of increasing ion aggregation: when
the ions of opposite charge move together in pairs, their contributions to D.,; cancel in Eq 3. It is
readily seen that the collective ion displacements are reduced by several orders of magnitude with
respect to average MSDs shown in Figures 6 and 7; providing additional evidence that motions of
ions with different charges are strongly correlated. MSD,,/MSD,, ratio is the largest for highest
temperatures suggesting that this correlation increases with temperature. It should be also noted that
values of MSD, are significantly smaller in pentaglyme electrolytes compared to PEO, and this
observation, together with the fact that individual diffusivities are larger in pentaglyme, leads to the
conclusion that in pentaglyme the correlation between ion movements becomes extremely strong.
With our knowledge on the structure of simulated electrolytes we may attribute this fact to the degree
of ion aggregation which increases with temperature and is generally larger in pentaglyme solutions.

PEO/Nal
—

PEO/RbI
LB

e

| L | L | L | L
0 10 20 30 00 10 20 30
time, ns time, ns
pentaglyme/Nal pentaglyme/Rbl
: - - 4 - -
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Figure 8. Collective mean displacements of ions in (a) PEO/Nal, (b) PEO/RbI, (c)
pentaglyme/Nal, and (d) pentaglyme/Rbl electrolytes.

Using the collective ion displacements we calculated conductivities of selected systems shown
in Figure 8. For (PEO)30Nal conductivity was estimated as 2.5 x 10>, 1.4 x 10> and 1.1 x 10°° S/cm
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at T = 40, 65 and 200 °C, respectively. Conductivity of (PEO)3RbI is 2.6 x10> at 65 °C and
3.7x107° S/cm at 200 °C. Note that decrease of the conductivity of electrolytes with temperature is
faster than decrease of collective MSDs, because temperature appears in the denominator in the Eq 2.

4. Discussion

Changes in the structure of the electrolyte and the trends observed in ion aggregation in the
results of MD simulations are in general agreement with experimental findings of Ref. [2] that
increasing cation size in the series of Mel iodides and high temperatures increase the tendency for
salt precipitation in PEO-based electrolytes. Results showed that after few nanoseconds most ions
formed ion pairs or larger aggregates.

Closer inspection of the statistics of aggregate size and charge as well as estimates of electrical
conductivity reveals, however, significant differences between simulations and experiment. The
effect of ion aggregation seems to be overestimated in molecular dynamics. Except for PEO/Lil and
PEO/Nal systems at lowest temperatures all ions are present only in electrically neutral pairs or
larger aggregates. Even in the systems with Li" and Na" percentage of free ions is very small and in
the (PEO)3oNal system is lower than free-ion fraction reported in [3].

As a consequence of practically complete pairing of ion charges, calculated diffusion
coefficients do not differ between Me" and I because all ions move together as a whole aggregate.
Larger diffusivity of I observed experimentally requires that a fraction of anions is free and moves
independently of free cations (which move slower because of their interactions with oxygen atoms
from PEO).

Another difference with respect to the experiment is the fact that conductivities do not depend
much on the salt and for all Me cations decrease with increasing temperature. In experiment such
conductivity decrease is observed for K™ and heavier cations as the effect of salt precipitation. This
feature is qualitatively reproduced in simulations, but for systems with Lil and Nal molecular
dynamics does not agree with experimental observation of monotonic conductivity increase with
temperature. This disagreement again may be attributed to negligibly low fraction of free ions and
too strong aggregation in MD simulations. Indeed, diffusivities increase with the temperature and it
is the very strong correlation between ion movements (resulting from aggregation into electrically
neutral clusters) which reduces collective ion displacement and the conductivity to too low values.

Origin of this problem may be the force field parameterization. As described in the section
discussing the force field, even the improved FF1 overestimates Me -1  pairing simultaneously
underestimating Me " interactions with polymer. Therefore the tendency of salt ions to aggregate is
too strong and can not be compensated by Me-PEO interactions. Overestimated ion aggregation
reduces strongly the conductivity, leading to the nonlinearity of the MSD curves for individual ions
and, in particular, for non-linear collective mean displacements. The natural route to improve the
computational description of ion pair formation in PEO loaded with Mel will be therefore an attempt
to develop a better force field. It is also desirable that the parameterization (including effects of
polarizability) is less computationally expensive and the software enables parallelization making
possible simulations of larger systems for longer times. Increasing system size will improve statistics
of free ions, pairs and aggregates affected by finite system size, while long simulation time will help
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to reduce the noise in calculated mean square displacements and will make possible to observe
infrequent events contributing to conductivity such as dissociation of the aggregate. Faster
simulations will make possible additional averaging over several systems, which together with
increased length of trajectories will help to reduce the nonlinearity observed in the mean
displacement curves. The results obtained in this work suggest that MD with improved
parameterization could be capable of proper description of ion aggregation. Improved analysis of the
statistics of ion aggregates, stability of ion pairs and ratio of free ions would provide additional
insights into the ion transport at microscopic level.

5. Conclusion

Computational modeling of salt precipitation in a series of solid polymer electrolytes containing
alkali metal iodides was performed. Existing parameterization of a polarizable force field for
PEO/(lithium salt) was modified on the basis of quantum chemical calculations to improve
description of interactions of metal ion with iodide anion and polymer molecule. Analysis of the
force field indicated that large polarizability of I anion is a factor contributing largely to ion pairing
process. Molecular dynamics simulations were performed for systems with Mel (Me = Li—Cs) salts
and temperature ranging from 40 to 200 °C.

Analysis of changes in the structure of the electrolyte during simulation revealed increasing
tendency for ion aggregation and salt precipitation for heavier cations and at elevated temperature in
qualitative agreement with experimental data [2] suggesting that molecular dynamics can reproduce
interactions between ions and polymer in PEO loaded with iodides. Diffusivities of ions estimated
from MD data increase with temperature and in most cases are equal for cations and anions due to
ion pairing. Except systems with light cations at low temperatures practically all ions precipitate in
the form of electrically neutral aggregates. For all salts the conductivity decreases with temperature
(despite increasing diffusivities) as an effect of strong correlation between movements of oppositely
charged ions. Some of these results are in disagreement with experiment; a possible reason of this
discrepancy may originate from the deficiencies of the force field.

Therefore simulations with improved force field, aiming at larger systems and longer simulation
times are planned for future studies, in particular for PEO/Nal and PEO/RbI systems for which more
detailed analysis of experimental data [2,3] is available.
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