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ABSTRACT: We use all-atom molecular dynamics simulations to
study the effect of polymer polarity, as quantified by the dielectric
constant, on the transport properties of lithium bis-
(trifluoromethylsulfonyl)imide (LiTFSI) doped polyethers. Our
results indicate that increasing the host dielectric constant leads to
a decrease in ionic cluster sizes and reduction in correlated motion of
oppositely charged ions. This causes the ionic conductivity to more
closely approach the Nernst-Einstein limit in which ionic conductivity
is only limited by the diffusivities of Li* and TFSI". We compare our
results to recent experimental observations which demonstrate similar
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qualitative trends in host polarity.

Polymeric battery electrolytes possess the potential to
supplant small-molecule organic liquid electrolytes because
of their greater electrochemical and mechanical stability.
However, in exchange for this stability, polymer electrolytes
typically have relatively low room-temperature ionic conductiv-
ities, which reduce the practically accessible battery energy and
power densities." Thus, since the discovery of poly(ethylene
oxide)’s (PEQ) ability to solvate sodium iodide over 40 years
ago,” a number of efforts have been undertaken to improve
polymer electrolyte conductivities via modifications of the host
polymer’s properties.”*~> Despite these efforts, PEO still
remains the state-of-the-art material for polymer electrolytes.
The potential design space of polymer electrolytes is large. In
spite of this complexity, a number of studies have probed the
correlation between polymer properties and the resulting
polymer electrolyte characteristics. For instance, several studies
have pointed to the important role of polymer segmental
dynamics, as measured by the glass transmon temperature (T,),
in influencing ionic conductivities.° > In other contexts, the
effect of the molecular weight of PEO chains on ionic
conductivity has also been explored. As the PEO molecular
weight was increased, codiffusion of ions with the polymer
chains slowed, thus reducing the ionic conductivity.”®
Recently, Barteau et al. studied ion transport in a
homologous series of polyether-based LiTESI electrolytes,"’
and found that ionic conductivities, measured via electro-
chemical impedance spectroscopy (EIS), surprisingly did not
correlate directly with either the host polymer or the electrolyte
T, (Figure S1). Instead, Barteau et al. found that ionic
conductivity exhibited a monotonic increase as a function of the
host polymer dielectric constant, a measure of host polarity
(Figure 1A). Moreover, their results from pulsed-field gradient
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nuclear magnetic resonance spectroscopy (PFG-NMR) meas-
urements showed that the diffusivities of Li* and TFSI” did not
match the trends of the ionic conductivity and instead exhibited
a minimum at some intermediate dielectric constant (Figure
1B).

The above findings suggest that there may exist an as-yet
unexplored regime in which ionic conductivity of the polymer
electrolyte is sensitive to the host polymer polarity and that the
latter parameter may provide an independent means to
modulate the ionic transport properties overcoming the
intrinsic effect of polymer host segmental dynamics. We posit
that ionic aggregates, some of which are potentially neutral and
noncontributing to the ionic conductivity, constitute a
significant fraction of ionic species in electrolytes whose hosts
possess a low dielectric constant."*™'® As the host polymer’s
polarity increases, we expect such ionic aggregates to
“dissociate”, leading to increasingly independent ion diffusion.
Since the overall ionic conductivity is related to the product of
the dissociated ion concentration and their mobilities, it may be
influenced by the host polymer dielectric constant even when
the individual ion mobilities exhibit little dependence on
polymer polarity.

In this report, we further explore the microscopic effects of
polymer polarity on ionic coordination as it relates to ionic
conductivity. We performed atomistic molecular dynamics
simulations of some of the polyether/LiTESI electrolytes
explored by Barteau et al, viz, poly(allyl glycidyl ether)
(PAGE), poly(ethyl glycidyl ether) (PEGE), poly(isopropyl
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Figure 1. (A) Ionic conductivity and (B) ionic diffusivities from
Barteau et al."> Polymer identities in (A) correspond with those in
Figure 2.

glycidyl ether) (PiPGE), and poly(n-butyl glycidyl ether)
(PnBGE). In addition, we simulated poly(ethylene oxide)
(PEO) and poly[(ethylene oxide)-co-(allyl glycidyl ether)]
(PEOCcAGE) (depicted in Figure 2). We sought to correlate the
structural (total free ion fraction) and dynamical (degree of
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Figure 2. Comparison of computationally calculated (red) and
experimental (black) dielectric constants in order of increasing
simulated dielectric constant.

independent ion motion «) properties resulting from LiTFSI
salt doping. Together, our results explain the influence of
polymer dielectric constant on ionic conductivity at molecular
resolution in low-dielectric polyether electrolytes.

We performed all simulations employing the LAMMPS
simulation package'” and modeled each system with the OPLS-
AA force field parametrization.””~*> We simulated two system
classes: melts of all polymer hosts for 30 ns at 373 K and
LiTFSI-doped polymer electrolytes with a concentration ratio
[O]/[Li] = 16 for 100 ns at 373, 425, and 475 K. The neat
simulations were used to determine the neat host dielectric
constant, while the electrolyte simulations were used for the
remainder of this study. The simulations at 373 K were
primarily used to compare to experimental results; the higher
temperature simulations were used for better statistics and to
determine consistency in observed trends at 373 K. The details
of the simulation methodology, force fields, and subsequent
analyses are presented in the Supporting Information.

To validate our simulations, we compare the trends in the
neat dielectric constant predicted by simulation to those
determined experimentally. The dielectric constants from
simulation at 373 K were calculated according to eq S4.”
Experimental dielectric constants were determined using EIS
data from Barteau et al,,'” the analysis of which is discussed in
full in the Supporting Information. The dielectric constants
calculated by both simulation and experiment are compared in
Figure 2. We find that the force fields employed in the
simulations qualitatively capture the experimentally observed
trends. Although the simulation results differ from the
experimental data between one and two units for all polymers,
we do not necessarily anticipate quantitative agreement with
experiments due to the lack of polarizability in our force
fields.”* 7

Shown in Figure 3A—B are the resulting diffusivities for 373,
425, and 475 K for Li* and TFSI", respectively (the time
dependence of the MSDs is presented in Figure S4 in the
Supporting Information). In general, the diffusivity for TFSI™ is
seen to be higher than Li* for all temperatures, consistent with
both prior computational”® and experimental’®*’ studies.
Interestingly, both Li* and TFSI™ diffusivities exhibit a
nonmonotonic dependence on the host polymer’s dielectric
constant. We recall (Figure 1B) that a similar trend was
observed in the PFG-NMR-based experimental results of
Barteau et al."” In Figure 3C, we present an explicit comparison
of the diffusivities calculated from simulation at 373 K to those
measured in experiments as a function of the experimentally
measured dielectric constants. The results demonstrate that the
simulations qualitatively reproduce the observed trends in the
experimental data for Li* and TFSI™ diffusivities, which
suggests that our simulations may provide molecular-level
insight into the observed experimental trends.

To validate our hypothesis regarding the influence of ion
aggregates and correlated motion, we quantified correlated ion
motion by calculating the degree of independent ion motion

(), defined as
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Figure 3. Diffusivities for Li* (A) and TFSI™ (B) for 373, 425, and 475
K and (C) diffusivities for low dielectric constant polymers predicted
by both simulation (T = 373 K) and measured by experiment (T =
297 K) as a function of the experimentally measured dielectric
constant.

» 1,(t), and N, are, respectively, the charge of species i,
the position of species i, and the number of ions. This value is
the ratio of Nernst-Einstein ionic conductivity (oyg) and the
true ionic conductivity (c); a value of unity indicates that all
ions move independently of each other, while a value of zero
indicates that all ions move together. In the Supporting
Information, we discuss in-depth the challenges underlying
computing « in simulations and detail the procedure adopted in
our work. In short, we calculated « as a time series for short

where z, r
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time scales and took the average @ as the degree of independent
ion motion.

The degrees of independent ion motion that we calculated
are in agreement with those reported in other simulations. In
Figure 4, we depict @ as a function of the dielectric constant.
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Figure 4. @ as a function of simulated dielectric constant at 425 K,
demonstrating an increase in uncorrelated ionic motion with polymer
polarity (see Figure S8 for analogous curves for 373 and 475 K).

Typical values reported using similar procedures to that
discussed in the Supporting Information are in the range of
0.55-0.75,™ 0.63—0.69,”" 0.63—0.76,”” and 0.5—0.8** for ionic
liquids and 0.36—0.58 for PEO-nanoparticle-composite-based
electrolytes.”” The values obtained for our simulation range
from 0.3 to 0.6, indicating moderately correlated ionic motion,
where a moderate fraction of oppositely charged species moves
in concert. Overall, we observe that as the neat polymer host
polarity increases the degree of independent ion motion
increases. These results broadly confirm the hypothesis
proposed in beginning of this letter and indicate that the
influence of the polymer host’s dielectric constant arises from
its role in reducing correlated motion between ions.

As a first step toward understanding the equilibrium
characteristics underlying the influence of polymer dielectric
constant, we present the radial distribution functions g;_x(r)
and coordination number functions ny;_x(r) at 425 K (see
Figure S6 for results at 373 and 475 K), which provide the
details of the coordination environment about a typical Li* ion,
as functions of the dielectric constant. Figure SA,B depicts
guietesi(r) and ny_rpgi(7), respectively. As the dielectric
constant of the host polymer increases, the number of TFSI™
closely coordinated with Li* is seen to decrease. Furthermore,
gui—trsi(r) shifts from having two peaks within the first
solvation shell for low dielectric constant polymers to a single
peak at higher dielectric constant systems, suggesting two
possible coordination motifs within the first solvation shell.

Both backbone and side-chain ether oxygens compete with
TFSI™ to coordinate with Li*. Figures SC—F reveal the specific
coordination of ether oxygens to Li*. Both backbone (Figure
5C,D) and side-chain oxygens (Figure SE,F) are seen to have
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Figure 5. (A—F) Radial distribution (A, C, E) and coordination number (B, D, F) functions demonstrating competition between Li—TFSI and Li—
O coordination for 425 K. The curves’ colors match the dielectric constants of the polymers in Figure 2 (black = 6.218, red = 5.254, green = 3.760,
blue = 3.343, purple = 3.236, orange = 3.144). Insets represent the typical first solvation sphere of each coordinating species in the PAGE-based
electrolyte. See Figure S7 for a summary of coordination numbers in the first solvation sphere and Figure S6 for curves for 373 and 475 K.

similar cutoffs for their first coordination shells. However, more
backbone oxygens coordinate with Li* in comparison to side-
chain oxygens, suggesting a slight preference for backbone
oxygens relative to side-chain oxygens. Both oxygen types
however coordinate more closely to Li* than TFESI” by a
distance of approximately 2 A. In fact, nearly two ether oxygen
solvation shells are coordinated to a typical Li* at a distance
corresponding to the cutoff of the first Li*—TFSI~ solvation
shell. Together, these observations suggest that the ether
oxygens weaken Li*—TFSI™ interactions, which can be
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interpreted as a microscopic manifestation of electrostatic
screening that has been observed in a variety of polar media.
Given the above findings, we studied ion aggregation within
each electrolyte. According to the procedure outlined in the
Supporting Information, we generated the probability distribu-
tion p(n) of aggregates containing n mutually coordinated ions
(shown in Figure 6A). The majority of aggregates are either
free ions (free Li* or free TFSI™) or neutral LiTFSI pairs. In
combination, they form between 70% for PiPGE- and PnBGE-
based electrolytes and 93% for PEO-based electrolytes of all
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gsim

observed aggregates. By increasing the host polarity, the modulate the ionic transport properties and overcome the
formation of neutral LiTFSI pairs and higher-order aggregates intrinsic effect of polymer host segmental dynamics.
is suppressed, while free ions are liberated, signaling a

connection to the increase in independent ion motion with B ASSOCIATED CONTENT

dielectric constant (Figure 4). © Supporting Information

As a final step to establish the correlation between the static The Supporting Information is available free of charge on the
and dynamic characteristics, we calculated the total free ion ACS Publications website at DOI: 10.1021/acsmacro-
fraction as a measure of the ionic coordination structure lett.7b00810.
according to eq S13 and display it in Figure 6B. The striking Experimental ionic conductivity trends versus glass
correspondence in the qualitative trends as a function of the transition temperature, experimental dielectric spectro-
host dielectric constant exhibited by the free ion fraction and scopy data, simulation methodology and force field
degree of independent ion motion (@, Figure 4) clearly parameters, simulation analysis methodology, self-corre-
demonstrates that competitive Li*-ether oxygen coordination lated ionic mean-squared displacements, time-dependent
reduces ion-ion interactions. These weaker ionic interactions degree of independent ion motion for all temperatures
liberate both Li* and TFSI", subsequently leading to reduced and average degree of independent ion motion for 373
correlated motion between all ions. These findings explain the and 475 K, Li—X radial distribution and coordination
observations made by Barteau et al. and also suggest why PEO number functions for 373 and 475 K, Li—X coordination
remains to this day one of the best host materials for polymer number in the first solvation shell, and aggregate
electrolytes: Its approximate room-temperature dielectric distribution functions for 373 and 475 K (PDF)

constant of ca. 9" is higher than many contemporary materials
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