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We use all atom molecular dynamics simulations to investigate the influence of 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIMPF6) ionic liquid on the structure and transport
properties of poly(ethylene oxide) (PEO) polymer electrolytes doped with LiPF6 salt. We observe
enhanced diffusivities of the Li+, PF−6 , and BMIM+ ions with increasing loading of the ionic liquid.
Interplay between the different ion-ion and ion-polymer interactions is seen to lead to a destabiliza-
tion of the Li–PF6 coordination and increase in the strength of association between the Li+ cations
and the polymer backbone. As a consequence, the polymer segmental relaxation times are shown
to be only moderately affected by the addition of ionic liquids. The ionic-liquid induced changes in
the mobilities of Li+ ions are seen to be correlated to polymer segmental relaxation times. However,
the mobilities of BMIM+ ions are seen to be more strongly correlated to the BMIM–PF6 ion-pair
relaxation times. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976131]

I. INTRODUCTION

Recently, significant interest has arisen in ionic liquids
(ILs) for a variety of applications such as gas storage, photo-
voltaics, heat transfer fluids, energy storage, and batteries.1–3

Such an interest stems from the novel physical properties of
ILs such as low vapor pressure, high thermal stability, and
nonflammability. In particular, ILs possess excellent ionic
conducting properties at ambient temperatures and are being
explored for battery applications as an additive to polymer-salt
binary electrolytes which often possess requisite mechanical
strengths but lack the desired room temperature conductiv-
ities.4–9 On one hand, introduction of ILs to such polymer
electrolytes increases the number of inherent charge carriers
and thereby contributes to the conductivity of the electrolyte.
Additionally, it is also believed that ILs act as plasticizers
and accelerate the polymer dynamics and thereby increases
the conductivity of the electrolyte.10,11 Consistent with the
latter hypothesis, experiments have reported5,12–16 that the
addition of ILs such as N-methyl-N-propylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR13TFSI) and 1-
butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6)
in binary poly(ethylene oxide) (PEO)-salt electrolytes results
in increased ionic conductivity and wider electrochemical sta-
bility. In a different context, Li et al.17 synthesized gel poly-
mer electrolytes containing different loadings of BMIMPF6.
They also observed increased conductivity with increasing
IL content and demonstrated a corresponding acceleration in
polymer dynamics reflected in the decreased glass transition
temperature.

Motivated by the above experimental interest, a number
of computer simulation studies, especially atomistic molecular
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dynamics (MD) simulations, have examined the fundamental
mechanisms underlying the physical properties of mixtures
of polymers and ionic liquids. For instance, Yethiraj and co-
workers18 studied the conformational properties of isolated
PEO chain in 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIM–BF4) ionic liquid using atomistic simulations. They
found that the BMIM–BF4 acts as a good solvent for the poly-
mer chain and leads to an expanded conformation of PEO.
Recently, Raju et al.19 used MD simulations to study the effect
of alkyl chain length on the structure and dynamic properties
of PEO dispersed with N-alkyl-N-methylpyrrolidinium TFSI
(PEO-CnMPyTFSI, n = 1, 3, 6, 9) electrolytes. They reported
an increased ion-pairing in polymer-IL electrolyte and higher
diffusivity of ions in the polymer-IL mixture compared to pure

IL system. Heuer and co-workers10,11 studied the properties
of PEO-LiTFSI polymer-salt electrolytes with the addition of
PYR13TFSI ionic liquid. They observed increased lithium ion
mobilities, which they rationalized as a consequence of IL
induced changes in polymer dynamics. In a series of articles,
Costa et al.20–22 reported the results of MD simulations of PEO
mixed with ILs and, in some cases, with additional salt. Their
studies characterized the equilibrium coordination behavior
of the different atoms and the dynamical properties of such
mixtures.

Despite the extensive amount of simulation studies in
the context of mixtures of polymer and ILs, some unresolved
issues remain.10,11,22 Specifically, while computer simulations
have elucidated the influence of ILs on the polymer seg-
mental dynamics and ionic mobilities, there are far fewer
studies which have analyzed the correlation between such
characteristics and their IL loading dependencies. Moreover,
while the influence of the ILs has been studied, there is
much less information on the temperature dependence of the
different mechanisms underlying the influence of ILs. The
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latter considerations are especially motivated by the fact that
experiments have noted that introduction of ILs leads to larger
relative increases in ionic conductivities at lower temperatures
when compared to higher temperatures.5,13 Finally, much of
the simulation studies have concerned with TFSI based ILs
and salts. There is less clarity on the universality of the mech-
anisms and the ion coordination behaviors in the context of
blends based on other ILs and anions.

Motivated by the above issues, in this study we used atom-
istic computer simulations of ternary polymer-salt-IL mix-
tures of 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIMPF6) ionic liquid with poly(ethylene oxide) poly-
mer electrolytes doped with LiPF6 to address the following
questions:

• What is the influence of ILs on the coordination of the
lithium ion with the anion and the polymer backbone?
• What are the influences of the loading of the IL and

temperatures upon the ionic mobilities of the ternary
electrolyte?
• What are the time scales/mechanisms underlying the

transport properties of the cations and anions of the IL?

The organization of the rest of the paper is as follows:
In Section II, we describe details of the interaction poten-
tials, system setup, and different measures used to quantify our
results. In Section III A, we present the results for ion associ-
ation behavior including lithium ion coordination with anions
and polymer, and BMIM+ interaction with polymer segments.
Sections IIIB and III C contain results for the ion mean squared
displacements, ionic diffusivities, polymer, and ion-pair relax-
ation times. This is followed in Section III D by a discussion on
the mechanisms underlying ionic mobilities in polymer-salt-
IL electrolytes. In Section IV, we present a brief summary of
our results.

II. SIMULATION DETAILS

A. Interaction potentials and force fields (FFs)

We used the following potential to describe the interac-
tions in PEO–LiPF6–BMIMPF6 ternary electrolytes:

U(r) = Ubonded(r)
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where Ubonded(r) refers to the bonded interactions and has
contributions arising from all intramolecular bonds, angles,
and torsions. The bond and angle interactions were modeled
with harmonic potentials and the torsions were modeled with
the optimized potentials for liquid simulations (OPLS) tor-
sion potential. The non-bonded interactions Unb(r) included
12-6 Lennard-Jones potential and Coulomb potential with fij

= 0.5 for 1-4 interactions which are bonded. The geometric
combining rules ǫ ij =

√
ǫ iiǫ jj and σij =

√
σiiσjj were used to

calculate interaction parameters for cross-terms in the non-
bonded potential. Lennard-Jones interactions were truncated
at 10 Å and tail corrections to the pressure and energy was
included.

The force field (FF) parameters for PEO and IL were
obtained from the optimized potentials for liquid simulations–
all atom (OPLS-AA) FF set developed by Jorgensen23 with
improved intramolecular parameters from Acevedo.24 In ear-
lier studies, the OPLS-AA force fields have been widely used
to simulate the properties of pure ILs and polymers.18,25,26

While the OPLS-AA force fields have been found to repro-
duce accurately many of the structural properties in such sys-
tems,24 the dynamic properties of pure ILs have been found to
be underestimated due to the absence of polarization effects
induced by ions. While recent work has suggested alternatives
using fully polarizable force fields for ILs,26–31 such an effort
proves to be computationally expensive for studying polymer-
IL mixtures. To overcome such issues, several researchers have
proposed a scaling of the partial atomic charges, parametrized
either based on ab initio quantum level calculations or empir-
ically, for the force field parameters for the ionic species.32–38

For instance, Maginn and co-workers32,37,39 proposed a scaling
of anionic and cationic charges and used such FFs to accurately
estimate the shear viscosity and self-diffusion coefficient of
ILs. Müller-Plathe and van Gunsteren40 considered scaling
of partial charges on the ions and successfully reproduced
the experimental results for the ionic diffusivities.26,39,41–45

Recently, Costa et al.22 considered various FFs and observed
that the use of reduced charges in the FFs yields results in
better accordance with experiments.

Based on the success of the above studies,33–35,43,44 in our
present work we used a uniform scaling factor of 0.8 on the
charges of cation and anion of the IL, similar to the procedure
adapted in previous reports. To provide support for the adopted
scaling factor, we performed a geometry optimization of sin-
gle isolated IL pair using the density functional theory (DFT)
method46,47 with B3LYP/6-311** basis set.48,49 From the fit-
ting of electrostatic potential around the ionic pair, we obtained
the net charge of the anion or cation to be 0.827 e, which is
close to the factor of 0.8 we chose for our studies. Optimized
geometry and the distribution of electrostatic potential around
the BMIMPF6 complex obtained from DFT calculations were
shown in Figure 1. In addition to the scaling of charges on
BMIM+ and PF−6 ions, we also reduce the partial atomic charge
of Li+ ions by a factor of 0.8 to ensure consistency with the
reduced charge on the anions. For selected parameters, we also
studied the transport properties using unscaled charges on the
ions. We found that while the force field with full charges
resulted in slower mobilities of ions, the qualitative trends
were similar to those observed with the scaled charge force
fields (the corresponding results are presented in Figure S1 of
the supplementary material).

B. System setup

The initial configurations of binary electrolytes of pure

IL and pure PEO systems were prepared using PACKMOL
software.50 For pure IL, 256 pairs of BMIM+ cations and
PF−6 anions were randomly inserted in a simulation box corre-
sponding to a low density. Similarly, pre-equilibrated configu-
ration of a single poly(ethylene oxide) chain with the chemical
structure of H–[CH2–O–CH2]55–H equivalent to a molecular
weight of 2.425 kDa was solvated with an appropriate number
of Li+ and PF−6 ions to obtain a desired salt concentration of
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FIG. 1. (a) Optimized molecular structure of a single iso-
lated BMIMPF6 ion-pair and (b) the distribution of elec-
trostatic potential around optimized ion-pair calculated
using density functional theory (DFT) at B3LYP/6-311**
theory level.48,49 The value of the electrostatic potential
is minimum in blue colored grids and maximum in red
colored grids.

EO:Li = 15:1. Periodic boundary conditions were applied in
all the three directions. To build the ternary electrolyte system
at different loadings of IL, a sufficient number of ion-pairs
were randomly distributed in the polymer-salt binary mixture.
System details such as the number of ionic species at various
loadings of the IL and corresponding equilibrium densities at
different temperatures are provided in Table I.

The above initial configurations were subjected to an
equilibration protocol described in our previous articles.51,52

After equilibration, ternary electrolyte systems having dif-
ferent weight percentages of IL were simulated at different
temperatures viz., 450 K, 425 K, 400 K, 375 K and 350 K.
Binary polymer-salt electrolyte systems were also simulated
at 325 K and 300 K for comparison with the ternary sys-
tem. All MD simulations were carried out using LAMMPS
simulation package53 at a constant number of particles, tem-
perature, and pressure (NPT) ensemble. A 20 ns trajectory was
obtained for each system for the analysis. For T = 425 K, we
simulated up to 50 ns at all loadings of IL into polymer-salt
mixture.

The trajectories obtained from atomistic MD simulations
were of the order of 20-50 nanoseconds (ns) in duration. How-
ever, much longer trajectories are desired for studying ion
diffusion properties in polymer matrices. To achieve this, we
used the trajectory extending kinetic Monte Carlo (TEKMC)
method to extend the trajectories proposed by Neyertz and
Brown.54 The idea behind TEKMC is to calculate the transi-
tion rate matrix for ions within the simulation box from MD
trajectories and use them in a kinetic Monte Carlo scheme
to evolve ionic species in time. Specifically, we map atom-
istic MD simulation box to a fictitious lattice framework with

a grid size Dgrid and analyze the input atomistic coordinates
separated by time interval tinput. The centers of mass of PF−6
and BMIM+ ions were considered for the analysis and assume
them to be point particles. Equilibrium MD trajectory was used
to identify all possible transition events of penetrant particles
(Li+, PF−6 and BMIM+ ions) between penetrant cells (say, i and
j) and calculate respective transition rate constants, {kij}, from
cell i to cell j. The transition rates between different cells were
averaged over the input atomistic simulation trajectory and are
treated as constants during the KMC simulations. Rate con-
stants calculated from equilibrium MD simulations were then
used to evolve ions in time using Bortz-Kalos-Lebowitz (BKL)
algorithm,55 thus allowing us to obtain a long time evolution
of ions.

The optimization of Dgrid and tinput was achieved by
matching the mean-squared displacement (MSD) for ions
obtained from TEKMC with that of MD for short time scales
at all temperatures and loadings of IL. The above procedure
is repeated for each ionic species separately since they exhibit
different diffusive characteristics and a separate optimization
is required. With the optimization performed and transition
rate matrix calculated, we extended atomistic trajectories for
Li+, PF−6 , and BMIM+ ions up to few microseconds (µs) in
which regime the MSDs are found to exhibit a clear diffusive
behavior.

C. Quantification measures

We used a variety of different static and dynamical
measures to characterize our results and understand the
mechanisms underlying ion transport in such ternary blends.

TABLE I. Simulation details of polymer-salt-IL ternary electrolyte with varying IL content and equilibrium
densities obtained at various temperatures. Values in parentheses indicate the standard deviation to the density in
units of 10☞3 g/cc.

ρ (g/cc)

wt. % #IL #Li+ #PF−6 #BMIM+ 350 K 375 K 400 K 425 K 450 K

0 0 73 73 0 1.184(6) 1.162(6) 1.140(7) 1.120(7) 1.097(7)
9 21 73 94 21 1.200(6) 1.179(6) 1.156(6) 1.134(7) 1.112(7)
17 42 73 115 42 1.199(5) 1.176(6) 1.154(6) 1.133(7) 1.111(7)
23 63 73 136 63 1.208(5) 1.182(6) 1.159(6) 1.138(6) 1.116(7)
29 84 73 157 84 1.210(5) 1.188(5) 1.164(6) 1.142(6) 1.120(7)
33 105 73 178 105 1.212(5) 1.190(5) 1.167(6) 1.145(6) 1.124(6)
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Most of the measures adopted are common in the literature
and have also been used in our earlier studies, and hence we
provide only a brief description below.51,56–58

1. Radial distribution functions

The ion coordination features were characterized by cal-
culating the radial distribution functions gAB(r) for different
ion-ion and ion-polymer atomic pairs, where A, B represents
particles of type A and B, respectively. The local environ-
ment around particles of type A is characterized in terms of
the coordination number of particles of type B as

CNB(r) = 4πρB

∫ r

0
r2gAB(r)dr, (2)

where ρB is the number density of particles of type B.

2. Cluster size distribution functions

Earlier studies have suggested that there is a strong ten-
dency for clustering of the cation-anion pairs in ILs.59–62 To
probe such features in our system, we employed a cluster anal-
ysis of the ion-ion and ion-polymer pairs using an approach
suggested by Ottino and co-workers.63 Briefly, ion-ion and
Li+–EO pairs in contact are identified to be “in-contact” when
they are found to be within the distance corresponding to the
first coordination shell of their radial distribution functions.
Such pairs are used to build a connectivity matrix of differ-
ent pairs of “associated” atoms. Such a connectivity matrix
is then transformed to account for the indirect contact among
the different ions and thereby identify the number of clusters
of specific size s. Explicitly, we compute N(s), the average
fraction of particles of size s,64–67

N(s) =
(

s/Np

)

n(s), (3)

where Np denotes the total number of particles and n(s)
represents the average number of the clusters.

3. Mean-squared displacements and diffusivity

The transport properties of both the cations and anions
were probed by calculating the MSDs at various temperatures
and weight percentages of the IL. The MSDs were then used
to calculate the diffusion coefficient (Dα) of ionic species α
using Einstein relation,

Dα = lim
t→∞

1
6t

〈

(

Rα(t) − Rα(0)
)2

〉

. (4)

4. Polymer segmental dynamics

To probe the segmental dynamics of the PEO chains,
we calculated the autocorrelation function of dihedral angle
involving C–O–C–C atoms using68,69

Cφφ(t) =
〈cos φ(t) cos φ(0)〉 − 〈cos φ(0)〉2

〈cos φ(0) cos φ(0)〉 − 〈cos φ(0)〉2
, (5)

where φ(t) is the dihedral angle involving C–O–C–C atoms
in PEO chain at time t. The results of Cφφ(t) were fitted to
a Kohlrausch-Williams-Watts (KWW) stretched exponential
function of the form, exp(−(t/t∗) β) (where t∗ and β are fitting

parameters), and the mean relaxation time, τ of the polymer
segments is evaluated as

τ ≡ 〈τ〉 =
∫ ∞

0
exp

[
−
(

t

t∗

)β
]

dt = t∗Γ

(

1 +
1
β

)

(6)

where Γ denotes the Gamma function.

5. Normal mode analysis (NMA)

In addition to the dihedral angle relaxations, we also car-
ried out a normal mode analysis (NMA) of the chain dynam-
ics to provide an independent quantification of the polymer
dynamics. For this purpose, the atomistic coordinates of PEO
chain was converted to a bead-spring coarse-grained model
wherein each CH2–O–CH2 monomer is represented as a single
bead. Subsequently, we obtained the normal modes by explic-
itly diagonalizing the matrix of chain coordinates (relative to
their center-of-mass) in our trajectories.70 For a melt of unen-
tangled homopolymer chains, the normal modes are referred to
as the Rouse modes,71–73 and the corresponding autocorrela-
tion function is expected to decay exponentially.71–73 However,
in our simulation results, the decay of correlation functions
was found to be a stretched exponential due to the presence of
various intra- and intermolecular interactions. Such autocorre-
lation functions were fitted to a stretched exponential function
and corresponding mean relaxation time for the respective
modes were discerned. We consider the relaxation time cor-
responding to N ☞ 1 mode (where N represents the number
of beads) to compare with the results extracted from dihedral
correlation functions.

6. Ion-pair relaxation times

To probe the structural relaxation of BMIM–PF6 ion-
pairs, we computed the corresponding ion-pair autocorrela-
tion function, R(t). For this purpose, we defined a correlation
function R(t) as

R(t) =
〈h(t)h(0)〉
〈h(0)h(0)〉

, (7)

where the population variable h(t) is assigned a value unity
if an ion-pair which is present at initial t = 0 remains intact
at time t. In the above equation, the angular brackets repre-
sent an ensemble average which includes averaging over all
BMIMPF6 ion-pairs as well as all possible time origins. The
cutoff distances defining the ion-pairs were identified as 5.5 Å
based on the first coordination shell for the distribution of
PF6 and BMIM ions. The ion-pair structural relaxation times
τBMIM–PF6 were then estimated as the mean relaxation times
obtained by fitting R(t) to a stretched exponential function.

III. RESULTS AND DISCUSSION

A. Coordination between cations, anions,
and polymer backbone

The structural aspects of ternary electrolyte systems with
different amounts of ionic liquid loadings were investigated
by calculating the radial distribution functions (RDFs) and
corresponding coordination numbers (CNs) for the lithium-
anion and lithium-polymer atomic pairs. Results of RDFs for
atomic pairs Li–P and Li–EO at different loadings of IL are
presented in Figures 2(a) and 3 respectively for 425 K.
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FIG. 2. (a) Radial distribution function of anion-Li ions at various loadings of
the IL at 425 K. Coordination number for lithium ions in the first and second
coordination shells is shown in insets. (b) Fraction of free Li+ and PF−6 ions
in ternary electrolyte as a function of the loading of IL at 425 K.

1. Lithium ion coordination with anions

From the results displayed in Figure 2(a), it is seen that
the peak of gP–Li(r) in both first and second coordination
shells decreases monotonically with the loading of IL, an indi-
cation that the addition of IL leads to weaker cation-anion
interactions. The coordination numbers of Li+ ions around P
atoms of PF−6 anion (CNLi) in both coordination shells nor-
malized with those of polymer-salt binary mixture (CN0) are
shown in insets to Figure 2(a). Consistent with the trends
seen in gP–Li(r), as the loading of IL increases, a monotonic
decrease in CNLi is observed. These results can be under-
stood by noting that the additional BMIM+ and PF−6 ions
supplied by the increased loading of ILs are expected to
compete with the coordinated LiPF6 ion-pairs present in the
original salt. Such interactions are expected to weaken the
Li–PF6 association affinity and manifest as the observed re-
duced coordination.

FIG. 3. Radial distribution function of Li–EO atoms at various loadings of
the IL. Coordination number for EO atoms in first and second coordination
shell are shown as insets.

A direct consequence of the decreased coordination of
lithium ions around PF−6 anions is the enhancement in num-
ber of mobile ions in ternary electrolytes as quantified by the
fraction of free Li+ and PF−6 ions shown in Figure 2(b). A free
ion is the one which is not found within the first coordina-
tion shell of any of its counterions (a counterion for Li+ is
PF−6 and vice-versa) in the system. With increasing loading
of IL, the PF−6 ions which are already coordinated to Li+ ions
are expected to be influenced by the ion-ion interactions from
the added BMIM+ ions, resulting in increased free Li+ (and
consequently free PF−6 ) ions.

2. Lithium ion coordination with polymer chains

Previous reports in the context of binary polymer-salt elec-
trolytes have demonstrated that the motion of lithium ions in
PEO electrolytes is primarily assisted by hopping along the
polymer backbone, which in turn is facilitated by the coor-
dination of the Li+ ions with EO atoms.74–76 To study the
influence of IL on such features, we probed the influence of
added IL on the lithium ion association with polymer backbone
by calculating gLi+–EO(r) and CN.

In the results displayed (corresponding to T = 425 K) in
Figure 3, at 0 wt. % loading of IL (corresponding to the binary
PEO-salt mixture) the location of the first peak in gLi–EO(r) is
observed at 2.1 Å, in excellent agreement with earlier reports of
atomistic simulations and neutron diffraction experiments.11,77

More pertinently, the height of peak in gLi–EO(r) is seen to
increase with the loading of IL, thereby revealing a stronger
association of lithium ions with the polymer backbone. Such
results can be rationalized by noting that with the increased
loading of IL, there is a weakening of the Li–PF6 coordination
(see Figure 2(a)) which effectively frees up the Li+ ions to
associate more strongly with the EO atoms.

Interestingly however, the number of coordinated EO
atoms around Li+ ions (CNEO) is seen to decrease slightly
in the first coordination shell, and a more significant reduc-
tion is seen in the second coordination shell with the loading
of IL. While on the first sight, gLi–EO(r) and the CNEO results
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FIG. 4. Fraction of free Li+ and PF−6 ions in ternary electrolyte as a function
of the loading of IL at different temperatures.

appear to contradict each other, such results can be rational-
ized by noting that the overall density of lithium ions and EO
decreases with the loading of IL (see Table I). Since the CNEO

reflects both the density of the system and the gLi–EO(r), the
density effects dominate the coordination behavior.

3. Effects of temperature on lithium ion environment

Temperature effects on Li+ ion environment were probed
by calculating the number of free Li+ and PF−6 ions at differ-
ent temperatures. The results, displayed in Figure 4, indicate
that the number of free ions decrease with increasing temper-
ature. While such results may seem surprising at first sight,
they are however consistent with the non-trivial observations
reported in earlier simulation studies78–80 and experiments81,82

for polymer-salt binary electrolytes. At a physical level, these
results can be understood as a consequence of the ion solva-
tion effects of PEO chains. Explicitly, due to the increased
thermal motion at higher temperatures, the ion solvation effi-
ciency of PEO and the association of lithium ions with EO
atoms are expected to reduce with increase in temperature.79

The lithium ions which are liberated from polymer backbone
can form ion-pairs with anions and manifest as the reduced
free ions.

Further insights into the temperature effects on lithium
solvation can be drawn through the analysis of clusters between

Li+ and PF−6 ions and Li+ and EO atoms (presented in Figure 5).
Therein, it is observed that with increase in temperature, the
formation of higher order Li–PF6 clusters is promoted at the
expense of lithium ion association with the polymer backbone.
Such results are consistent with the physical hypothesis pro-
posed above and serve to rationalize the results presented in
Figure 4.

4. BMIM cation-polymer interactions

In Figure 6, we display the results for the coordination
between the BMIM cation and the polymer backbone and the
influence of simultaneous presence of salt and IL. In the con-
text of a binary mixture of PEO and IL in the absence of
salt (indicated as “No LiPF6” in Figure 6), we observe that
while there is coordination between the cation and the poly-
mer backbone, the peak intensity is however much weaker
relative to the association seen between Li+ and EO (see
Figure 3) and occurs at a farther distance of around 4.0 Å. These
results reveal that the BMIM cation polymer interactions,
albeit existent, are much weaker relative to the Li+-polymer
interactions.

In ternary mixtures containing both salt and IL and with
increasing loading of IL, we observe that there is a decrease
in the peak intensity of coordination between BMIM and the
polymer backbone. Such a behavior is suggestive of weaker
BMIM+–EO interactions and can be rationalized based on
the presence of the more preferential cations (Li+) which
compete with BMIM+ ions. In addition, in the presence of
LiPF6, the BMIM+ cations have additional PF−6 anions to
interact, which also serves as an additional source of mit-
igation of the coordination between BMIM+ ions and the
backbone.

5. Summary of key findings on ion
association behaviors

In summary, analysis of the ion-ion and ion-polymer radial
distribution functions in the ternary salt-polymer-IL mixtures
leads to the following conclusions: (i) addition of IL promotes
a stronger association between the Li+ ions and the poly-
mer backbone at the expense of Li–PF6 association; (ii) the
temperature dependence of Li–PF6 coordination behavior is
indicative of a larger number of free Li+ ions at lower temper-
atures; and (iii) the coordination between BMIM+ ions and the
polymer backbone is much weaker relative to the Li+ cations,

FIG. 5. Temperature effects on ion
clustering phenomena of (a) Li–PF6
clusters and (b) Li–EO clusters in
ternary polymer-salt-IL electrolytes at 9
wt. % of IL loading. The corresponding
total free Li, PF6 and Li, EO (denoted as
N(1)) are shown in insets to the figures,
respectively.
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FIG. 6. Radial distribution functions representing weaker BMIM cation-
polymer interactions at different loadings of IL into polymer-salt electrolyte.

and becomes more mitigated with an increase in the loading
of the IL.

B. Ion mobilities in ternary blend electrolytes

In this section, we report our simulation results for the
mobilities of the cations and anions in the ternary blend elec-
trolytes. The mean squared displacements (MSDs) of different
ionic species are displayed in Figure 7 for various loadings of
the ionic liquid content at T = 425 K. Consistent with exper-
imental observations on conductivities, ionic mobilities are
seen to be the highest for the pure IL and are lower in the salt-
free polymer electrolyte (indicated as “9 wt. %, No LiPF6”
in the Figure). When LiPF6 salt is additionally present, we
observe a further reduction of the ionic MSDs relative to the
pure IL mobilities. The MSDs of ionic species are however
observed to increase with the loading of BMIMPF6 IL in the
polymer-salt electrolyte. The corresponding diffusivity values
displayed in Figure 7(b) indicate that the BMIM+ cation dis-
plays highest diffusion coefficient in the ternary electrolyte
followed by PF−6 and Li+ ions. Such results are consistent with
the relative trends reported in other studies in the Li+ doped
PYR14TFSI electrolytes.83–89

In Figure 8, we display the diffusion coefficient of the
individual ionic species as a function of the loading of IL. For
Li+ and PF−6 ions, we normalize the diffusivities by their val-
ues in IL-free polymer-salt electrolyte; whereas, for BMIM+

ions, we present diffusivities normalized by their values at the
lowest loading of IL probed (9 wt. %). Overall, we observe a
monotonic increase of the diffusivities of all the ionic species
with the loading of IL. However, the relative increase of the
diffusivities is observed to depend on the ionic species. Explic-
itly, the IL-induced increase of the diffusion coefficients of
BMIM+ and PF−6 ions is seen to be slightly larger compared to
the corresponding increase for Li+ ions.

C. Effect of ILs on polymer segmental dynamics

A number of previous studies have considered binary
polymer-salt electrolytes and have established that the motion
of ions in such systems is facilitated primarily by the dynamics
of polymer segments.9,58,74,75,90–92 Not surprisingly, in seek-
ing to rationalize the changes in the conductivities arising as a
consequence of the introduction of IL in such binary polymer-
salt systems, simulations and experiments have implicated
the changes in the dynamics of polymer segments as the
main mechanism underlying such effects.5,10–16 As a first step
towards unraveling the mechanisms underlying our results for
the ionic mobilities, we quantify the changes in the poly-
mer dynamics arising from the introduction of ILs. Towards
this objective, the changes in polymer dynamics were charac-
terized by analyzing the relaxation of the correlation func-
tion (Cφφ) of the dihedral angle formed by the backbone
C–O–C–C atoms and through normal mode analysis (see
Section II C).

In Figure 9(a), we first present a general discussion of the
underlying trends by displaying Cφφ calculated for pure PEO,
PEO-9 wt. % IL, polymer-salt, and polymer-salt-IL systems
at 425 K. The pure PEO is seen to exhibit the fastest polymer
dynamics among the different electrolyte systems considered
in our simulations. When LiPF6 salt is added (in the absence
of IL), a significant slowing of the polymer segmental motion
and relaxations are observed. Interestingly, the addition of IL
to pure PEO is also seen to slow polymer dynamics relative to
the pure PEO electrolyte. However, the retardation of polymer

FIG. 7. Mean squared displacement
(MSD) of ions in pure IL, polymer-
IL and polymer-salt-IL electrolytes for
(a.1) Li+ ions, (a.2) BMIM+ ions, and
(a.3) PF−6 ions at various loadings of the
ionic liquid and 425 K. A small por-
tion of the mean-squared displacements
is enlarged to display the variations as
a function of the loading of the IL. (b)
A comparison of the MSDs of all ionic
species at a loading of 17 wt. % and
425 K.
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FIG. 8. Normalized diffusion coefficient of ionic species in polymer-salt-IL
electrolyte obtained from atomistic simulations for (a) Li+ ions, (b) BMIM+

ions, and (c) PF−6 ions as a function of the IL loading at different temperatures.

dynamics due to the IL is seen to be substantially weaker
compared to that resulting from LiPF6 salt.

The above results can be understood on the basis of the
coordination between the ions and the polymer backbone seen
in the results discussed in Section III A. Explicitly, in the
context of Figure 3, strong Li+ ion association with poly-
mer backbone EO atoms was seen. Such a strong coordination
can be expected to hinder the mobility of the polymer back-
bone and reflect in slower polymer relaxations as seen in
Figure 9(a).11,21,75 In the context of the mixture of PEO and
IL (“No LiPF6” in Figure 9), we observed that while there
is coordination between EO and BMIM+, the peak intensity
was much lower and revealed that the BMIM cation polymer
interactions were much weaker relative to the Li+-polymer
interactions. Such results rationalize the relatively weak influ-
ence of the IL on the polymer relaxations seen in “No LiPF6”
systems in Figure 9(a).

In the presence of both salt and IL, three factors come
into play: (i) From the results displayed in Figure 6, it is

evident that in the presence of IL and salt, there is a decrease
of the peak of BMIM cation-polymer coordinations relative
to the salt free case. Therein, such results are argued to be a
reflection of the stronger competing interactions facilitated by
the Li+–EO pairs; (ii) as was seen in Figure 3, the addition
of ILs to the binary salt results in an increase in the peak of
the g(r) between Li–EO pairs, which suggests stronger asso-
ciations between the Li+ cations and the polymer backbone
in ternary blend electrolytes; and (iii) increasing the loading
of IL leads to a decrease in the density of Li–EO pairs and
an increase in BMIM–EO pairs. From the results displayed in
Figure 9(a), it is evident that the polymer relaxation dynam-
ics is seen to be only slightly faster than those seen in binary
PEO+LiPF6 systems. These results are suggestive of the fact
that the reduced density of Li–EO pairs offset the changes in
Li–EO coordination brought about by the IL.

The trends discussed above in the context of Cφφ are quan-
tified in Figure 9(b) for the polymer relaxation times τ as a
function of the loading of IL. Consistent with our discussion
above, it is seen that the polymer relaxation times decrease with
increased loading of ILs. Such results are consistent with the
previous reports from experiments14,15 and simulations.10,11

However, in almost all cases, it is seen that the acceleration
in polymer dynamics brought about by the ILs is relatively
weak and is less than 15% relative to their values in the IL free
case.

Together, the above results indicate that while ILs do
act similar to plasticizers and accelerate polymer dynamics
in ternary blend electrolytes, the mechanisms underlying are
more complex. Indeed, it was seen that the polymer dynamics
by itself is slowed by the addition of IL in the absence of the
salt. However, the combined effects of reduction in the density
of Li+–EO pairs and the weaker association between BMIM+

ions and EO, are seen to result in faster polymer dynamics in
ternary blend mixtures (relative to binary salt-electrolyte sys-
tems). Even in such a case, the quantitative influence of ILs is
seen to be mitigated in ternary polymer-salt-IL mixtures due
to the increased association between the Li and the polymer
backbone.

D. Correlation between ion mobilities and polymer
segmental dynamics

In this section, we examine the correlations between the
IL induced modifications to the ionic mobilities (Figure 8) and

FIG. 9. (a) Dihedral autocorrelation
functions for various polymer elec-
trolytes revealing the role of ionic
species in influencing the polymer
dynamics. (b) Polymer segmental relax-
ation time τ in ternary electrolytes
with the loading of IL calculated using
the dihedral angle (DACF) and nor-
mal mode (NMA) correlation functions,
where τ0 is the corresponding value in
IL-free polymer-salt binary electrolyte.
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FIG. 10. Diffusion coefficient of (a) Li+

ions and (b) BMIM+ ions versus poly-
mer segmental relaxation time in ternary
electrolytes at different loadings of IL.

the changes in polymer segmental relaxation times presented
in Sec. III C. For this purpose, in Figure 10(a) we consider
the results for the diffusivities (DLi) at different loadings of
ILs and compare their dependence (after shifting by a multi-
plicative factor to account for the changes in the density of the
ion hopping sites) on the polymer relaxation time τ at differ-
ent temperatures. Such an examination makes no assumptions
regarding the dependence of DLi itself on τ, and instead only
concerns with the question whether the dependence of DLi on τ
remains the same at different loadings of IL. If confirmed, such
a result would suggest that the IL-induced changes in the poly-
mer segmental relaxation times constitute the main mechanism
underlying the influence of IL on Li+ ion mobilities.

From the results displayed in Figure 10(a), it is seen that
indeed to a good approximation, the ion mobilities at differ-
ent loadings of ILs fall onto a single universal function of the
polymer relaxation times τ. Such results are qualitatively con-
sistent with the findings of Diddens and Heuer10,11 (albeit, with
a different IL and salt combination) who demonstrated that the
IL-induced modifications to the polymer motion in-turn influ-
ence the dynamics of intra- and interpolymer ion hopping.
While they stopped short of examining whether a quantitative
correlation can be drawn between τ and the diffusivities, our
results in Figure 10(a) confirm such features.

Based on the weak coordination behavior between
BMIM+ and EO units, the motion of BMIM+ ions is expected
to be less sensitive to the polymer dynamics. In Figure 10(b),
we display a comparison between D and τ for the BMIM+

ions in a framework similar to the one depicted for Li+ ions.
While the results for BMIM+ ions appear qualitatively similar

to those depicted in Figure 10(a), there is evidently more scat-
ter in Figure 10(b) reflecting the weaker correlation between
the changes in IL-induced BMIM+ ion mobilities and the
corresponding modifications to the polymer relaxation times.

Other studies93–96 have suggested that the motion of
ion-pairs in such IL based systems is sensitive to the ion-
pair relaxation dynamics. Motivated by such findings, in our
work we determined the BMIM–PF6 structural relaxation
times using ion-pair correlation function, R(t), as discussed in
Section II C at different temperatures and IL loadings and dis-
play the corresponding results in Figure 11(a). It is seen that
increasing the loading of IL leads to a decrease in the relaxation
times, a trend which is consistent with the faster dynamics of
ion hopping that is likely to occur when there are more such
ion-pairs present in the system. Moreover, in contrast to poly-
mer relaxation times wherein different competing mechanisms
mitigated the effects of ILs, the changes observed in τBMIM–PF6

are seen to be considerably more significant.
In Figure 11(b) we depict a comparison between the dif-

fusivities of BMIM+ ions and the corresponding τBMIM–PF6 .
Therein, a near perfect correlation is observed, suggesting
that the diffusivities of the IL cations are strongly slaved to
cation-anion ion-pair relaxation times. Together, such results
suggest that the influence of IL on BMIM+ ion mobilities can
be rationalized as a consequence of the modulation of the ion-
pair relaxation times τBMIM–PF6 . Moreover, since the changes
in τBMIM–PF6 are found to be relatively larger in magnitude
compared to the polymer relaxation times, the increase in the
mobilities of the ions of IL are also more significant compared
to that of Li+ ions.

FIG. 11. (a) BMIM–PF6 ion-pair struc-
tural relaxation time calculated using
ion-pair correlation function, R(t) as a
function of the loading of IL at differ-
ent temperatures and (b) diffusion coef-
ficient of BMIM+ ions versus ion-pair
relaxation time in ternary electrolytes at
different loadings of IL.
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Together, the results presented in this section provide an
understanding of the mechanisms underlying the ion mobil-
ities presented in Section III B. Our results suggest that to
a good approximation, the IL-induced changes in the diffu-
sivities of Li+ ions arise primarily from the changes in the
polymer segmental dynamics. Since the modulations in the
latter were mitigated due to competing interactions, the corre-
sponding changes in Li+ ion mobilities were also only modest
(Figure 8). In contrast, the mobilities of BMIM+ ions were
found to be more strongly tied to the ion-pair relaxations.
Since the latter displays more significant changes with the
introduction of ILs, correspondingly the cations and anions of
the ILs displayed a stronger dependence on the loading of IL.
Moreover, since the ionic mobilities are correlated to distinct
time scales, such findings may help design polymer electrolyte
membranes which possess high ionic conductivities without
the concomitant reduction in mechanical strength.

IV. CONCLUDING REMARKS

To summarize, we used atomistic simulations to study
the mechanisms underlying the structure and ion transport
in ternary polymer electrolytes containing PEO–LiPF6 and
BMIMPF6 ionic liquids. Our study considered the effects of
both the loading of IL and temperature and presented results
on the radial distribution functions, coordination numbers,
polymer segmental relaxation, and ion-pair relaxation times.

Our results revealed that the addition of IL enhances
the association of Li+ ions with the polymer backbone and
weakens the coordination between Li+ and PF−6 ions. As a
consequence the fraction of free Li+ ions were seen to increase
with loading of IL. At lower temperatures, the fraction of free
Li+ ions were found to be enhanced to a larger extent relative
to the case of binary PEO-salt mixture. Such results provide
a qualitative rationalization of the more significant changes in
conductivity seen from adding ILs at lower temperatures.

An interesting outcome of our study was the demonstra-
tion that BMIM+ ions do not act as a plasticizer to the pure
polymer electrolyte. Instead, due to the weak coordination
between BMIM+ ions and the polymer backbone, the poly-
mer relaxation behavior in salt-free electrolyte was observed
to be slowed with the addition of IL. In the ternary poly-
mer electrolyte, the polymer relaxations were observed to be
accelerated relative to polymer-salt mixture. However, due to
the competing effects of the weaker coordination between IL
and polymer backbone, reduction in density of ion-pairs, and
the increased association of Li+ ions with the polymer back-
bone, the overall changes in the polymer relaxation times were
observed to be mitigated.

Our results indicated that the ionic mobilities increase
with the loading of IL. However, the relative enhancements in
the mobilities of PF−6 and BMIM+ ions were found to be more
significant compared to Li+ ions. Examination of the relation
between the diffusivities and the various relaxation times sug-
gested that Li+ ion diffusivities were strongly correlated to
polymer dynamics, and the BMIM+ diffusivities are less sen-
sitive to such time scales and were found to be more strongly
correlated to the relaxation dynamics of BMIM–PF6 ion-pairs.
These results suggest that distinct mechanisms underlie the ion

mobilities in such ternary blend polymer electrolytes and can
potentially pave the way for optimization of the conductivity
characteristics of such mixtures.

SUPPLEMENTARY MATERIAL

See supplementary material for comparison of the differ-
ences between the full charge model and charge scaled model
employed in our simulations.
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