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We present a theoretical study combining molecular dynamics (MD) simulations with an analytical lithium ion transport model
[Maitra and Heuer, Phys. Rev. Lett. 2007, 98, 227802] to highlight a novel strategy to increase the lithium mobility in polymer
electrolytes based on poly(ethylene oxide) (PEO). This is achieved by using a pyrrolidinium-based ionic liquid (IL) where the cation
has been chemically functionalized by a short oligoether side chain [von Zamory et al., Phys. Chem. Chem. Phys. 2016, 18(31),
21539] as an additive. Since the oligoether moieties at the pyrrolidinium cations form pronounced coordinations to the lithium ions for
sufficiently long side chains, the ions can be detached from the PEO backbone. In this way, a fundamentally new lithium ion transport
mechanism is established (shuttling mechanism), in which the lithium dynamics is decoupled from the polymer dynamics, the latter
typically being slow under experimental conditions. Based on our simulations, we incorporate this novel mechanism into our existing
model, which accurately reproduces the observed lithium dynamics. We demonstrate that the use of oligoether-functionalized IL
additives significantly increases the lithium diffusivity. Finally, we show that for experimentally relevant electrolytes containing long
polymer chains, an even stronger increase of the lithium mobility can be expected.
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Motivation

Solid polymer electrolytes (SPEs) are promising candidates for
lithium metal batteries, which are optimal energy storages to power
electric vehicles due to their high specific capacity.1,2 Apart from elec-
tromotive applications, high energy densities are also beneficial for
portable electronic devices. Typically, SPEs consist of an amorphous
polymer matrix, as for instance poly(ethylene oxide) (PEO), and a dis-
solved lithium salt such as lithium bis(trifluoromethane)sulfonimide
(LiTFSI).3–6 However, the main disadvantage of contemporary SPEs is
that, at ambient temperatures, their conductivity is too low for an effi-
cient use in modern energy storages. Consequently, lithium metal bat-
teries typically operate at rather elevated temperatures (70◦C–90◦C),
requiring the stabilization of the temperature (in case of electric ve-
hicles also while being plugged to facilitate fast charging and a quick
start of the vehicle).

Apart from other approaches,7–10 the addition of an ionic liq-
uid (IL) as an additive has been proposed to overcome this
deficiency.11–13 This strategy is mainly motivated by the fact that ILs
typically exhibit a wide electrochemical stability window and a low
volatility/flammability,14–16 making them ideal additives for battery
electrolytes.

However, despite these efforts, the increase of the lithium dif-
fusivity is still rather modest, as the lithium ions tend to stick to
the slow PEO chains despite the larger fraction of anions that can
in principle also coordinate to the lithium ions. That is, although
Raman measurements indicated an increased coordination between
lithium ions and TFSI anions,12 our previous molecular dynamics
(MD) simulations17,18 of PEO/LiTFSI electrolytes mixed with N-
methyl-N-propyl pyrrolidinium TFSI (Pyr13TFSI) revealed that TFSI
coordinates lithium only partially, while the remainder of the lithium
coordination sphere is comprised of PEO oxygens. Consequently,
virtually all lithium ions remain coordinated to PEO. Thus, rather
than a decoupling of lithium ions from the slow polymer chains, the
increase of the lithium diffusivity observed experimentally and nu-
merically can be attributed to the plasticizing of the polymer host due
to the IL.17 Since the lithium ions move cooperatively with the PEO
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segments to which they are attached, also the lithium dynamics17 is en-
hanced. Moreover, the IL suppresses the crystallization of PEO at low
temperatures, so that the detailed ion transport mechanism remains
qualitatively unaffected.19

In this work, we use a theoretical approach combining both MD
simulations and analytical modeling in order to demonstrate a novel
route for increasing the lithium diffusion in polymer electrolytes
via IL additives that can facilitate both enhancement mechanisms
sketched above, that is plasticizing and decoupling of lithium ions
from PEO. This is achieved by employing a chemically function-
alized IL, in which one of the alkyl substituents (e.g. the propyl
substituent in Pyr13) has been replaced by a short oligoether chain
comprising m monomers. These N-alkoxylether-N-methyl pyrroli-
dinium ILs (denoted as Pyr1mEO in the following, see Figure 1) have
recently been introduced as a novel concept to deliberately switch
from a TFSI-based lithium coordination to a oligoether-based coordi-
nation in experiments.20 In the present case, the length m of the oli-
goether side-chain provides a control parameter to tune the decoupling
strength (here, we compare m = 1 and m = 4). By this approach, the

Figure 1. Chemical compounds employed in this study: poly(ethylene
oxide) (PEO, upper left) with N = 64 monomers, lithium
bis(trifluoromethane)sulfonimide (LiTFSI, upper right), and the cation of the
IL N-alkoxylether-N-methyl pyrrolidinium TFSI (Pyr1mEOTFSI, bottom) with
m = 1 and m = 4 monomer(s).
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plasticizing effect is maintained, while at the same time the side chains
can detach the lithium ions from the PEO backbone, thus decoupling
the lithium dynamics from the polymer dynamics. Once a lithium ion
is detached from PEO, it can migrate much faster due to the large
center-of-mass mobility of the IL cations as compared to the slow dif-
fusivity of the (typically long) PEO chains. In this way, the IL cations
serve as a “shuttle” transporting the lithium ions over larger distances.

Naturally, such a shuttling mechanism can in principle be estab-
lished by any low-molecular ether additive such as for example gly-
mes, given that the oligoether chain is sufficiently long to form a stable
coordination around the lithium ions. In the present article, however,
we focus on oligoether-functionalized IL cations, as ILs typically
display a low volatility which greatly improves battery safety, espe-
cially at elevated temperatures. Moreover, the use of a cationic carrier
molecule effectively results in the formation of divalent ions, which
might allow one to control the lithium deposition kinetics at lithium
metal anodes to a certain degree. Nonetheless, the conclusions of our
work can qualitatively be generalized to related additives.

This article is organized as follows: In Theoretical background
section, we describe the simulation methodology and our analytical
framework, followed by the discussion of the lithium coordination (in
particular with respect to its decoupling from PEO) in Lithium coordi-
nation section. In Lithium transport mechanism section, we determine
the characteristic time scales of the individual transport mechanisms,
which are used in Model predictions section for analytical predictions.
Finally, in Conclusions section we conclude.

Theoretical Background

MD simulations.—The simulations have been performed with the
Lucretius code using the APPLE&P polarizable force field.21–23 Both
systems contained 10 methoxy-terminated PEO chains with N = 64
monomers each as well as 64 LiTFSI and 128 Pyr1mEOTFSI ion pairs
(see also Figure 1), leading to an ether oxygen (EO) to lithium ratio
of EO : Li = 10 : 1. For the functionalized IL cation Pyr1mEO, two
different side-chain lengths, i.e. m = 1 and m = 4, have been simu-
lated. The lengths of the cubic simulation boxes were approximately
50 Å and 54 Å, depending on the value of m.

Electrostatic interactions have been treated by the Ewald sum-
mation technique with a cutoff radius of 14 Å, an inverse Gaussian
charge width of 0.21 Å−1, and 8 × 8 × 8 vectors for the part in
reciprocal space. Lennard-Jones interactions have been truncated at
14 Å, beyond which a continuum-model dispersion correction was
applied. The inducible dipoles were determined iteratively, where
dipole-dipole interactions were scaled to zero by a tapering function
between 13.5 Å and 14 Å.

The systems were equilibrated in the N pT ensemble at a temper-
ature of T = 423 K for about 80 ns using a reduced cutoff radius
of 10 Å and 3 × 3 × 3 reciprocal vectors for the Ewald summation,
followed by equilibration runs of roughly 10 ns with the ordinary
cutoff radius and number of reciprocal vectors (see above). Subse-
quently, production runs of 30 ns (m = 1) and 20 ns (m = 4) have
been performed in the N pT ensemble at 423 K. The temperature
and pressure were maintained by a Nosé-Hoover chain thermostat24

with a coupling frequency of 0.01 fs−1 and a barostat with coupling
frequency of 0.0005 fs−1. Periodic boundary conditions were applied
in all three dimensions. All bonds were constrained by the SHAKE
algorithm.25,26 A multiple-time-step integration scheme27,28 was used
to integrate the equations of motion, where a time step of 0.5 fs has
been used for bonds and angles. For torsions and nonbonded interac-
tions up to a distance of 7 Å, a time step of 1.5 fs was used, and finally,
for nonbonded interactions between atoms separated more than 7 Å,
a time step of 3 fs was used.

Analytical model.—To rationalize our findings from the MD simu-
lations, we employ an analytical lithium ion transport model,29 which
has already been successfully applied to ternary polymer electrolytes
of the type PEO/LiTFSI/Pyr13TFSI.17,18 This model is based on both

Figure 2. Sketch of the microscopic lithium transport mechanisms taken into
account by the analytical model.29 Each mechanism is quantified by a charac-
teristic time scale.

the Rouse model30,31 (taking into account the contribution of the poly-
mer dynamics) and the Dynamic Bond Percolation (DBP) model32

(accounting for random ion hopping processes within the polymer
matrix). In particular, three different microscopic transport mecha-
nisms typically found for PEO-based polymer electrolytes29,33–35 are
taken into account, of which one mechanism is composed of two sub-
contributions. To assess their individual impact on the overall lithium
dynamics, each mechanism is quantified by a characteristic time scale
(see also sketch in Figure 2): First, the lithium ions diffuse along the
backbone of the coordinating PEO chains. The time scale required
to explore the entire chain is denoted as τ1. Second, the PEO chains
themselves also display significant motion above their glass transition
temperature, transporting the coordinating lithium ions in this way.
For sufficiently short polymers, this motion consists of the center-of-
mass motion and the segmental dynamics of the chains, the former
becoming irrelevant in the limit of long chains. The segmental motion
is quantified by a relaxation time τ2, which can be identified as an
effective Rouse time, known from polymer physics.31 Third, a lithium
ion coordinating to a given PEO chain can be transferred to another
chain. The average residence time at a given chain is denoted as τ3.
Note that the last mechanism can be viewed as a renewal event within
the framework of the DBP model,32 after which the lithium dynamics
becomes uncorrelated to its past.

In case of the decoupling of lithium ions from the PEO chains, a
fourth mechanism emerges, in which the ion diffuses cooperatively
with a few IL molecules (that is IL anions and/or IL cations). How-
ever, since the ion dynamics becomes statistically uncorrelated after
being transferred from PEO to IL molecules or vice versa, a correc-
tion can be estimated in a straightforward manner. In particular, the
original and purely PEO-based lithium diffusivity DPEO

Li simply has to
be substituted by DLi = (1 − pIL) DPEO

Li + pIL DIL, where pIL denotes
the equilibrium fraction of lithium ions moving cooperatively with
the coordinating IL molecules, and DIL is the diffusivity of these ions
during that time. Note that on this level of description, the diffusivity
is independent of the time scale during which the individual lithium
ions are decoupled from the PEO chains.

Lithium Coordination

In classical PEO-based SPEs, the lithium ions are typically co-
ordinated by 4–6 EOs of the PEO backbone, where the latter wraps
helically around the ion.29,34,35 Alternatively, the lithium ions can also
be partly or entirely coordinated to the respective anions of the lithium
salt, depending on the salt’s tendency to form ion pairs or ion clusters,
which in turn affects the lithium dynamics36 (with TFSI being a weakly
coordinating anion, as also reflected by our previous simulations35).
Due to the choice of the conventional pyrrolidinium ion with alkyl
substituents in the ternary SPEs investigated so far experimentally14–16

and numerically,17,18 the IL cation is essentially non-coordinating.
In the present case, however, the EOs from the side chain of Pyr1mEO

can also coordinate to the lithium ions, and possibly even decouple
them from the PEO chains as motivated above. Therefore, we investi-
gate the lithium coordination structure in a first step. From the radial
distribution functions (RDFs) between lithium ions and the EOs of
the PEO backbone (see Figure S1 in the Supplementary Material),
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Figure 3. Probability distribution functions that a given lithium ion is coor-
dinated to nEO ether oxygen atoms of PEO (solid lines) and IL cations (i.e.
Pyr1mEO, dashed curves) for m = 1 and m = 4.

we observe a strong first peak that is only weakly dependent on m,
indicating that in both systems, significant coordinations between the
lithium ions and PEO are present. Also the respective RDFs between
lithium and the EOs from the Pyr1mEO side chains show a first coordi-
nation peak (Figure S1). However, a closer inspection reveals that this
peak is mainly visible for m = 4, indicating a pronounced coordina-
tion, while it is very small for m = 1, showing that for the latter, the
coordination is essentially unstable. The RDFs between lithium ions
and oxygen atoms from TFSI also show a distinct first peak, which is
slightly larger for m = 4, likely due to the larger molecular volume
of the IL cation giving rise to a slightly different normalization factor
of the two RDFs. In the following, we define a given Li+-EO pair
to be coordinated if their mutual distance is less than 3.5 Å, i.e. the
distance for which the minimum after the first coordination peak is
observed for all lithium-EO RDFs. Similarly, we define a lithium ion
and a TFSI molecule to be bound if their distance is not larger than
3.0 Å.

Figure 3 shows the probability distribution functions that a given
lithium ion is coordinated to nEO EOs, either from the PEO backbone
(solid lines) or the Pyr1mEO cations (dashed lines). The PEO curves
display a maximum centered around the typical coordination number
of nEO = 6. Interestingly, while the probability pIL = p(nEO = 0)
is marginal for m = 1, a significant fraction of lithium ions entirely
detached from PEO can be observed for m = 4 (see also detailed pIL-
values in Table I). This indicates that for the former, the side chain is
too short to form stable coordinations. However, we observe a minor
lithium decoupling due to the formation of short-lived coordinations
involving 2–3 TFSI anions rather than IL cations (note that only about
0.2% of all lithium ions are coordinated to EOs from Pyr1mEO for
m = 1). In contrast, stable coordinations between lithium and IL
cations and thus successful lithium decoupling can be observed for
m = 4. In total, the vast majority (99%) of PEO-coordinated lithium
ions binds to a single PEO chain only, which differs from the results of
our previous study,17 where significant amounts of ions coordinating
to two PEO chains were found. This difference can essentially be
related to the different EO : Li ratio (EO : Li = 20 : 1 in Ref. 17)
resulting in fewer free EOs required to bridge two chains, as well as
the stronger dilution of PEO in the present study, which both favors
locally compact coordination shells at a single chain. Finally, about
25% (m = 1) and 30% (m = 4) of all lithium ions are at least
partly coordinated by TFSI anions, either when being decoupled or
attached to PEO. This observation can again be rationalized by the

relatively low EO : Li ratio, as the limited number of coordinating
EOs is compensated by enhanced TFSI coordinations despite being a
weakly coordinating anion. Due to the evident decoupling for m = 4,
significant dynamical contributions of these ions to the overall lithium
diffusion coefficient can be expected, requiring an adaption of the
transport model, as discussed in Model predictions section.

Lithium Transport Mechanism

Intersegmental transfer.—We start our analysis with the determi-
nation of the mean residence time that a given lithium ion remains
coordinated to a given PEO chain, denoted as τ3. It has to be mentioned
within this context that in the experimentally relevant long-chain limit
(N → ∞), the transition of lithium ions between different chains
or their decoupling from the latter is vital for the macroscopic long-
range transport, as the center-of-mass diffusion becomes negligible in
this case. Therefore, these events can be considered as renewal events
within the framework of the DBP model,32 as the dynamics before
and after such a transfer is uncorrelated,29 and the lithium ions can
migrate over macroscopic distances in this way.

In case that all lithium ions are coordinated to PEO chains, the
average residence time can be estimated by the rate τ−1

3 of ion transfers
between two distinct PEO chains,29

1

τ3
= Ntrans

tsim NLi+
, [1]

where Ntrans denotes the number of these transfer events, tsim the total
simulated time, and NLi+ the number of lithium ions in the simulation
box. However, due to the fact that a certain fraction of lithium ions is
coordinated by IL molecules only (in particular for m = 4), one has
to use a corrected expression instead:

1

τ3
= N PEO

trans

(1 − pIL) tsim NLi+
[2]

Here, the reduced or effective time (1 − pIL) tsim accounts for the fact
that not all ions are coordinated to PEO (given by pIL, see Table I),
and N PEO

trans contains only those transfer events in which a lithium ion is
detached from PEO, irrespective if it is transferred to another chain or
IL molecules. The resulting values are listed in Table I. We observe
that τ3 is about 20% shorter for m = 4 than for m = 1 due to
the enhanced decoupling of lithium ions by Pyr1mEO ions, resulting
in both a slightly larger number of free PEO segments required to
receive an ion as well as an increased decoupling frequency. It is
worth noting that the τ3-values are significantly larger than in our
previous study17 (τ3 ≈ 17 − 24 ns), which can be understood by
the lower fraction of free EOs (required to receive a lithium ion) for
a ratio of EO : Li = 10 : 1 (as opposed to EO : Li = 20 : 1 in
Ref. 17). In addition, the PEO volume fraction is slightly lower by
about 15–30% for the present systems, rendering the encounter of two
PEO segments necessary for a transfer less likely.

Motion along the backbone.—Next, we characterize the diffusion
of the lithium ions along the polymer chains. As time evolves, a
coordinating monomer may detach from the lithium ion, whereas
another monomer from the other end of the coordinating PEO strand
(typically 4–6 monomers, see Figure 3) attaches to the ion. In this way,
the lithium ion performs a random-walk-like motion along the polymer
backbone. In order to quantify this motion, we define the average
monomer index n of the coordinating PEO strand as an effective
coordinate. The mean squared displacement (MSD) 〈�n2(t)〉 along

Table I. Structural parameters pIL and 〈R2
g〉, time scales τ1, τ2 and τ3 defined by the transport model, mean lifetime of pure lithium-IL complexes

τIL, and various diffusion coefficients as extracted from the simulation data or calculated by the transport model (see text for further explanation).

m pIL [%] 〈R2
g〉 [Å2] τ1 [ns] τR [ns] τ2 [ns] τ3 [ns] τIL [ns] DPEO [Å2/ns] DIL [Å2/ns] DLi(N = 64) [Å2/ns] DLi(N → ∞) [Å2/ns]

1 1.4 239 481 49 53 96 3 2.5 13.4 3.3 1.1
4 16.0 240 455 39 48 78 17 2.8 11.6 4.9 2.8
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Figure 4. Mean squared change 〈�n2(t)〉 of the average monomer index n of
the PEO strand coordinating to a given lithium ion as a function of time t . The
dashed curves indicate the functions 〈�n2(t)〉 = c tα that have been fitted to
the data in the range from 0.1–1 ns.

this coordinate is shown in Figure 4. Based on this definition, the
diffusion coefficient D1 related to the diffusion along this effective
coordinate can in principle be computed from the MSD by the Einstein
relation

D1 = lim
t→∞

〈�n2(t)〉
2 t

. [3]

Subsequently, τ1 can be obtained from the transport model via 29

τ1 = (N − 1)2

D1 π2
, [4]

with N − 1 being the largest accessible distance for which the entire
polymer chain has been explored by the ion.

From Figure 4 we observe that the motion along the backbone
is still subdiffusive with a dependence of roughly 〈�n2(t)〉 ∝ t0.8

throughout the entire accessible time scale, making the direct estima-
tion of D1 impossible. Therefore, one would ideally determine D1 at
t = τ3 to capture the total number of PEO monomers a given lithium
ion has traveled while being coordinated to a particular chain. Unfor-
tunately, this time scale exceeds the length of our simulations, which is
why we extrapolated the scaling 〈�n2(t)〉 ∝ t0.8 observed in Figure 4
to t = τ3 in order to estimate D1(t = τ3) and, correspondingly, τ1

(Table I). We deem the error related to the extrapolation to be minor,
as a comparative (and just as approximative) determination of the D1

at t ≈ 5 ns, related to the upper time range in Figure 4, yields values
of τ1 = 288 ns for m = 1 and τ1 = 286 ns for m = 4. Despite
the large deviation from the respective values in Table I, τ1 is still
significantly larger than τ2 (see below) and τ3 for both m-values, so
that the quantitative impact of this mechanism on the overall lithium
dynamics is marginal for either fitting scheme.

In total, we observe only a minor effect of m on τ1 (Table I). The
slightly lower value for m = 4 can essentially be attributed to the
implicit dependence of τ1 on τ3 due to the extrapolation. Consistently,
〈�n2(t)〉 is basically identical for both m. Compared with the elec-
trolytes from our previous publications17,18,35 with EO : Li = 20 : 1
(τ1 ≈ 130–150 ns), this mechanism is significantly hampered due
to the reduced number of free monomers and the associated crowd-
ing of the PEO chains by lithium ions. Similar issues have also been
discussed in Ref. 18, where larger τ1-values have been found if the
EO : Li ratio is lowered (here, values of up to τ1 ≈ 300 ns have been
found for EO : Li = 8 : 1 and N = 54, thus roughly falling into the
same range as the values in Table I).

Cooperative dynamics with the polymer chains.—Finally, we
study the cooperative motion of the lithium ions with the polymer
segments. To this end, we compute the MSD 〈�R2

EO(t)〉 of the EOs
of PEO and of the respective attached lithium ions in the center-of-
mass frame of the polymer chains (Figure 5). For the PEO monomers,
we distinguish between average monomers (black solid lines) and
monomers bound to lithium ions (black dashed lines). In the latter
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Figure 5. Mean squared displacement 〈�R2
EO(t)〉 of the ether oxygens of

PEO (relative to the center of mass of the chains) as a function of time t for
(a) m = 1 and (b) m = 4. A distinction has been made between average
monomers (black solid lines), monomers bound to a lithium ion (black dashed
lines), and the respective attached ions (red solid line). The gray dashed curves
show the Rouse fits (Equation 5) for the bound PEO monomers that have been
applied in the range of 0.1–0.6 ns. The respective fits for the average ether
oxygens (not shown) have been applied in the range of 0.1–1 ns.

case, only observations in which the monomer was bound to the same
ion throughout the entire observation time t have been considered, the
same condition has been applied for the computation of the MSD of
the attached lithium ions (red lines). For both m, we observe a subdif-
fusive Rouse-like motion of the PEO monomers irrespective of their
coordination type (that is bound to a lithium ion or not). The dynamics
of the attached lithium ions is slower than that of the EOs on short
time scales (up to about 1 ns), which can be rationalized by the fact
that the latter experience additional dynamical contributions due to
the internal degrees of freedom of the PEO backbone. On larger time
scales, however, the motion of the ions becomes comparable to that of
the coordinating EOs. For this reason, the Rouse-type motion of the
bound PEO segments can also be utilized to quantify the dynamics of
the attached lithium ions.

To extract the corresponding time scale τ2, the Rouse expression
for the segmental MSD,

g2(t) = 12〈R2
g〉

π2

N−1∑
p=1

[
1 − exp

(
− t p2

τ2

)]
p2

, [5]

has been fitted to the data (dashed gray curves in Figure 5). Here,
〈R2

g〉 is the mean squared radius of gyration of the polymer chains
characterizing their average coil size, which was extracted from the
numerical data (see Table I). Interestingly, the ratios of the mean
squared end-to-end vector and 〈R2

g〉 are close to six, indicating that
the chain structure is approximately Gaussian despite the pronounced
coordination of lithium ions to the chains or the presence of the IL,
thus additionally validating our analysis in terms of the Rouse model.

We applied the fit, given by Equation 5, to both the MSD of the
average EOs, yielding the global polymer relaxation time or Rouse
time τR, and to the MSD of the bound monomers, resulting in the
effective Rouse time τ2 relevant for the lithium motion. The latter fit
curves are shown as gray dashed lines in Figure 5, the corresponding
values for τR and τ2 are shown in Table I. As can be seen from Figure 5,
the fits agree quantitatively from a few hundred picoseconds on. On
shorter time scales, the MSD of the segments is mainly governed
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by the chemical details of the backbone, which is not captured by the
simplistic Rouse model. We observe that both τR and τ2 are smaller by
respective amounts of about 20% and 10% for m = 4 than for m = 1.
This can be interpreted as an effect of the larger number of free PEO
segments, as also reflected by the larger decrease for τR than for τ2.
In total, the τ2-values are comparable to those of our previous study17

(τ2 = 68 ns for the largest IL fraction, EO : Li = 20 : 1, and N =
54) despite the larger chain length and the reduced number of free PEO
segments in the present study, as the IL amount per PEO monomer
exceeds the values of the previous compositions. Therefore, although
the PEO chains are rather crowded, the accompanying slowdown can
apparently be overcompensated by the addition of sufficiently large
fractions of IL (see also discussion in Ref. 18). Consequently, we
observe a net plasticizing, which is also reflected by the fact that
τ2 	 τ1 (Table I).

Of course, in the limit of short chains, the center-of-mass diffusion
of the PEO chains significantly contributes to the overall polymer dy-
namics, and thus also to the diffusion of the attached lithium ions. The
respective diffusion coefficients DPEO for the PEO chains are given in
Table I. Since the center-of-mass motion is uncorrelated to the internal
segmental dynamics to a good approximation, its contribution to the
lithium diffusion can simply be modeled as an additive term (although
this assumption is not strictly fulfilled for polymer melts37,38).

Model Predictions

Reproduction of the lithium dynamics.—Before applying our
transport model to the limit of long chains (N → ∞), which are
typically employed in experiments, we reproduce the empirically ob-
served lithium MSD in a first step (denoted as gLi) in a first step.
Since the lithium motion at the PEO chains is uncorrelated to the mo-
tion in the IL-rich regions due to the renewal property of the transfer
processes,29,32 the lithium ion dynamics can effectively be modeled as
a random walk with a random change in direction after each transfer
process.35 Between two subsequent transfer processes separated by
the waiting time t̃ , the mean squared step length of this random walk
is given by a Rouse-like expression of the type

g12(t̃) = 12〈R2
g〉

π2

N−1∑
p=1

[
1 − exp

(
− t̃ p2

τ12

)]
p2

, [6]

which is characterized by a combined relaxation rate τ−1
12 = τ−1

1 +τ−1
2

due to both the diffusion along the backbone and the segmen-
tal motion29 (in contrast to g2 in Equation 5, which only con-
tains the polymer contribution). In the following, we assume that
the distribution function p(t̃) of the individual residence times t̃ is
exponential,29,35 allowing us to calculate both the probability that k
transfer processes have occurred during observation time t and the
respective t̃-values. By averaging over all k-values with a reason-
ably high probability and a large number of independent random
walks, we obtain the lithium MSD 〈�R2

RW(t)〉 arising from all three
PEO-based transport mechanisms. As an alternative to this numer-
ical average, an analytical expression can be obtained by integrat-
ing Equation 6 over the exponentially distributed waiting times, i.e.
〈g12(τ3)〉 = (1/τ3)

∫ ∞
0 dt̃ exp (−t̃/τ3) g12(t̃), leading to

〈g12(τ3)〉 = 12〈R2
g〉

π2

N−1∑
p=1

1

p2

[
1 − 1

p2 τ3
τ12

+ 1

]
. [7]

Here, the brackets 〈. . .〉 of 〈g12(τ3)〉 indicate the average over all
possible residence times, which depends on the mean τ3 (see Ref. 29
for further details).

The two remaining contributions arise from the center-of-mass
motion of the PEO chains and the free diffusion of lithium ions not
bound to PEO. As discussed above, the center-of-mass motion of
PEO is independent from the internal polymer dynamics, thus simply
constituting an additive contribution characterized by DPEO, which can
easily be determined from the simulation data (Table I and Figure S2
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Figure 6. Lithium mean squared displacement 〈�R2
Li(t)〉 as extracted from

the simulations (solid lines) and the predictions of the lithium transport model
gLi(t) (dashed curves) as a function of time t for m = 1 and m = 4.

in the Supplementary Material). In principle, the same approach can
be applied to capture the effect of the free lithium ions, however, it
has to be assured that the ions remain decoupled sufficiently long
to become diffusive. In analogy to Equation 2, we define τ−1

IL =
N IL

trans/(pILtsim NLi+ ) as the average time during which a lithium ion is
solely coordinated by IL cations or TFSI anions. The resulting values
are reported in Table I. Consistent with the static probability pIL, the
average residence time in the IL-rich regions is rather short for m = 1
(TFSI coordinations only), while τIL is significantly larger for m = 4
(coordinations by Pyr1mEO and TFSI). Nonetheless, for both m, the
IL-coordinated lithium ions become diffusive from roughly 1 ns on
(see Figure S2 in the Supplementary Material), which is shorter than
the τIL in Table I. Therefore, we define DIL as an effective diffusion
coefficient of the lithium ions detached from PEO (Table I).

Since both types of motion discussed above are uncorrelated to the
dynamics due to the three transport mechanisms, we finally arrive at

gLi(t) = (1 − pIL)
[〈�R2

RW(t)〉 + 6DPEOt
] + pIL 6DILt. [8]

The resulting curves are shown in Figure 6 together with the lithium
MSD 〈�R2

Li(t)〉 extracted from the simulation data. We observe that on
time scales of up to about 10 ns, both model curves agree reasonably
well with the actually observed lithium MSDs. On larger time scales,
however, the statistics of the simulation curves deteriorates. Nonethe-
less, the model allows us to estimate the diffusion coefficients DLi

from the diffusive regime starting from a few ten nanoseconds on
(Table I).

When comparing DLi for m = 1 and m = 4, one notices that the
latter is larger by as much as 50%, reflecting the decoupling by the
IL cation with the longer alkoxylether chain. On short time scales,
however, the lithium ions are only marginally faster for m = 4, as
most lithium ions (that is 84%) are still coordinated to their initial
PEO chain, and did not yet undergo a transfer process. Although
the remaining fraction of free lithium ions displays diffusive motion
from approximately 1 ns on, the ions coordinated to PEO move faster
for short t due to the internal degrees of freedom of the polymer
chains despite being subdiffusive. Thus, in the short-time regime, the
dynamical impact of the former is rather minute. Contrarily, in the
long-time limit, the relative contribution of the IL-based transport to
the overall DLi-value is as large as 38% for m = 4, while it is only
about 6% for m = 1. As discussed in Lithium coordination section,
the IL cation with a single EO only is not capable to detach the lithium
ions from the PEO chains. The remaining increase of DLi for m = 4
as compared to m = 1 can be attributed to the slightly smaller values
for τ2 and τ3, as well as the slightly larger center-of-mass diffusion
(Table I). Of course, for short chains, the center-of-mass contribution
of PEO is dominating the overall MSD (relative contributions of 74%
for m = 1 and 48% for m = 4).

Implications for experiments.—Finally, we use the transport
model to compute DLi in the experimentally relevant long-chain limit
(i.e. N → ∞) by relying on simple scaling arguments from poly-
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mer theory.31 In particular, from Equation 4, one has τ1 ∝ N 2, and
from the Rouse model, one expects the same scaling for τ2, that is
τ2 ∝ N 2.31 Finally, since the transfer processes only involve two local
PEO segments, one has τ3 ∝ N 0.

Of course, for the scaling of τ2, entanglement effects may in princi-
ple become relevant, leading to a stronger dependence of the segmental
relaxation time on N .31 However, if τ3 is shorter than the entanglement
time τe, i.e. the time scale from which the chains experience the tube
constraint and perform reptation dynamics, entanglement effects are
irrelevant for the lithium motion. From experiments, one finds values
between 75 monomers39 and 225 monomers40 for the entanglement
length Ne of PEO, leading to estimated τe = τR(Ne) of 60–550 ns
based on the τR-values in Table I. Thus, according to these estimates,
τ3 and τe might in principle fall into the same range. However, one ad-
ditionally has to keep in mind that the above considerations are valid
for pure PEO melts, whereas in the present case, the melt is diluted
by IL and lithium salt. When reducing the volume concentration c
of the PEO monomers, one expects an increase of the entanglement
length as N ′

e = Ne c−2, and, consequently, τ′
e = τe c−4.41 For m = 1,

the monomer volume fraction is only 38% of the respective value of
pure PEO,18 for m = 4 it is reduced even stronger down to 30% of
the original volume fraction. As a consequence, the τ′

e increase by
respective factors of about 50 and 120 as compared to the bare τe.
This steep dependence clearly demonstrates that entanglement effects
can safely be ignored for the electrolytes investigated in the present
study.

In analogy to Equation 8, we define the overall diffusion constant
as

DLi = (1 − pIL)
〈g12(τ3)〉

6 τ3
+ pIL DIL, [9]

where 〈g12(τ3)〉 is the residence-time-averaged MSD the lithium ions
bound to PEO experience (Equation 7). As before, for DIL the values in
Table I have been used. For the sake of simplicity, we assume that DIL

is independent of N . Corrections to this approximation can in principle
be incorporated into the model, but do not alter our conclusions quan-
titatively or provide any new insights (rather, further computationally
expensive large-scale simulations would be required).

The predicted DLi-values for N → ∞ are summarized in Table I.
Here, the increase of DLi for m = 4 when compared to m = 1 (factor
of 2.5) is much more pronounced than for N = 64 despite lower
absolute values resulting from the vanishing center-of-mass motion of
PEO. While the relative dynamical contribution of decoupled lithium
ions is minor for m = 1 (16%), it constitutes the main part for m = 4
(66%). In total, these findings demonstrate that the use of alkoxylether-
functionalized ILs as additives in SPEs indeed increases the lithium
mobility significantly for sufficiently large m. This effect becomes
especially pronounced in the limit of long or crosslinked chains, for
which the contribution of DPEO is negligible. For these reasons, we
expect that the use of an ether-functionalized IL with a sufficiently
long side chain will clearly improve the performance of SPEs in
experiments.

Conclusions

In this article, we presented a theoretical study combining MD
simulations with an analytical lithium ion transport model29 in order
to point out a new approach to increase the lithium diffusivity in
ternary polymer electrolytes. This is achieved by a using a chemically
functionalized IL, in which the pyrrolidinium cation bears a short
oligoether substituent,20 which for a sufficient number of monomers
can coordinate to the lithium ions and even detach them from the
PEO backbones. In this way, a novel lithium transport mechanism
is introduced (coined as shuttling mechanism), as the lithium ions
become dynamically decoupled from the slow polymer chains. This
contrasts the microscopic transport mechanism in conventional SPEs,
where all ion transport processes occur at the PEO chains.

It turned out that for a side-chain length of m = 1 monomer,
no stable coordination between lithium ions and the IL cation can

be established, while for m = 4, about 16% of the lithium ions
were decoupled from PEO. In a first step, the PEO-based transport
mechanisms were quantified by our previously developed model.29 In
particular, the lithium motion along the PEO backbone is essentially
negligible due to the low ratio of ether monomers and lithium ions,
leading to the crowding of the PEO chains that hinders the ions to
diffuse along the backbone. Contrarily, the IL plasticizes the PEO
matrix, as the segmental relaxation of the polymers takes place on
substantially shorter time scales (see also our previous work17). In
total, we observed only minor effects of the side-chain length of the
IL cations on these two intramolecular mechanisms based on PEO.

The main impact of the IL on the lithium dynamics stems from
the dynamical decoupling of the lithium ions from the PEO chains. In
addition to the ordinary lithium transitions between two PEO chains
observed previously,17,35 a significant amount of lithium ions migrates
through the electrolyte while being only coordinated by IL cations and
anions for m = 4 in the present case. Since the typical residence time
in the IL-rich regions is on the order of a few ten nanoseconds, the
dynamical contribution of these ions can readily be incorporated into
our transport model via an additive correction term based on the ef-
fective diffusion coefficient of the respective ions. In total, the relative
contribution of these free ions to the overall lithium diffusion coef-
ficient is 38% for the numerically investigated PEO chain length of
N = 64 monomers, while it becomes even larger in the experimen-
tally relevant long-chain limit (66%). In the latter regime, the lithium
diffusivity is even 2.5 times larger when using pyrrolidinium cations
with four ether monomers than for essentially non-coordinating pyrro-
lidinium ions with a single monomer only. For these reasons, the use of
chemically functionalized ILs indeed seems to be a fruitful approach
to overcome the current limitations of SPEs.

Finally, one may wonder about appropriate lengths of the side
chain, i.e. the proper choice of m in experiments. In particular, the
impact on the lithium diffusivity is expected to be optimum if, on one
hand, the diffusion constant DIL is still sufficiently close to that of the
bare IL, and, on the other hand, the decoupling expressed by pIL is
as large as possible. The latter aspect suggests the use of even larger
oligoether substituents. Since for m = 4 the diffusion constant DIL is
only slightly reduced as compared to m = 1, one may indeed expect
that the optimal value is significantly larger than 4. An experimental
study, using different values of m together with further simulations, is
already underway. In general terms, we would like to stress that molec-
ular dynamics simulations may both rationalize and predict transport
properties of electrolytes. This type of information may serve as an
essential input in the modeling of batteries, as pioneered by Newman
already a long time ago.42–44
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