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We use atomistic simulations to probe the ion conductivities and mechanical properties of poly-
ethylene oxide electrolytes containing Al2O3 nanoparticles. We specifically study the influence of
repulsive polymer-nanoparticle and ion-nanoparticle interactions and compare the results with those
reported for electrolytes containing the polymorph β-Al2O3 nanoparticles. We observe that incorpo-
rating repulsive nanoparticle interactions generally results in increased ionic mobilities and decreased
elastic moduli for the electrolyte. Our results indicate that both ion transport and mechanical prop-
erties are influenced by the polymer segmental dynamics in the interfacial zones of the nanoparticle
in the ion-doped systems. Such effects were seen to be determined by an interplay between the
nanoparticle-polymer, nanoparticle-ion, and ion-polymer interactions. In addition, such interactions
were also observed to influence the number of dissociated ions and the resulting conductivities.
Within the perspective of the influence of nanoparticles on the polymer relaxation times in ion-doped
systems, our results in the context of viscoelastic properties were consistent with the ionic mobilities.
Overall, our results serve to highlight some issues that confront the efforts to use nanoparticle
dispersions to simultaneously enhance the conductivity and the mechanical strength of polymer
electrolyte. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4946047]

I. INTRODUCTION

The design of polymer electrolytes often revolves around
the goal of achieving simultaneously enhanced conductivities
and mechanical strengths in the same material. Indeed,
electrolytes possessing high conductivities but low mechanical
strengths exhibit undesirable features such as dendrite
formation of the metallic lithium anode which leads to short
circuit of the electrodes.1 Unfortunately, however, factors
that enhance the mechanical strength of a material often
lead to a deterioration of the conductivity and vice versa.2–4

Hence, there is an outstanding interest in strategies which can
simultaneously enhance both the conductivity and mechanical
strength of the electrolyte material.

In the above context, polymer nanocomposites (PNCs),
i.e., polymer electrolytes containing nanoscopic ceramic
particles, have recently attracted the attention of scientific
community.5–16 Such interest partially stems from reports
of enhanced conductivities resulting from the addition
of nanoparticles such as TiO2, SiO2, Al2O3 to polymer
electrolytes (SPEs).9–11,17 Complementing such findings,
addition of similar nanofillers to polymer matrices has
been shown to lead to significant enhancements in the
elastic modulus and mechanical properties of the matrix.18–20

Together, such observations have piqued an interest in the
exploration of the strategy of dispersing nanoparticles as a
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means to simultaneously achieve the high mechanical strength
and conductivity desired in polymer electrolytes.

A number of recent reports have shed light on the
different mechanisms underlying ion transport and mechanical
properties of PNCs.5,11,12,16,21–28 Such studies have identified
that among the different parameters, nanoparticle surface
chemistry serves as a key factor in influencing both of
these properties. For instance, Wieczorek et al.29 studied
the effect of alumina halides and α-Al2O3 nanoparticles on
the properties of polymer electrolytes and correlated their
conductivity observations to the strength of Lewis acid-
base interactions of the nanoparticles with ions. Recently,
Maranas and co-workers30 studied the effect of the surface
chemistry of the nanoparticles and found that nanoparticles
possessing acidic surface sites result in higher conductivities
when compared with nanoparticles containing (roughly) equal
numbers of acidic and basic surface sites. Similarly, in the
context of mechanical properties, a number of studies have
suggested that (for conditions below the percolation threshold
of the nanoparticles) the enhancements in elastic moduli arise
as a result of polymer-bridged nanoparticle networks formed
due to the enthalpic interactions between the polymer and the
nanoparticle surfaces.31–34 Together, such findings have raised
the question “can the nanoparticle surface chemistry be tuned
to facilitate simultaneous enhancements in the conductivity
and mechanical strength of the polymer electrolytes?”

In an effort to clarify the role of nanoparticle surface
chemistry upon ionic mobilities, in recent studies we probed
the influence of various polymorphs of Al2O3 nanoparticles
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on the transport properties of ions in polyethylene oxide
(PEO) melt solvated with LiBF4 salt.35,36 While a number of
mechanisms were unearthed, the primary mode of influence
of the nanoparticles was shown to be through their impact
on polymer segmental dynamics. Such effects were in-turn
shown to be mediated by an interplay of both the nanoparticle-
polymer and nanoparticle-ion interactions. Similar results
have also been reported by others for other PNC and
nanoparticle-free polymer electrolyte systems.25,26,37–39

While the above-discussed studies have contributed
fundamental insights, nevertheless, there is still a lack
of understanding on general strategies and/or nanoparticle
chemistries which lead to an enhancement of the ionic
conductivities in PNCs above that of the pristine polymer
electrolyte. Motivated by such considerations, the present
study seeks to understand the features of nanoparticle
surface chemistry which promote an enhancement of the
ionic mobilities and conductivities of polymer electrolytes.
In pursuit of such an objective, we were particularly
inspired by a number of other simulation studies which
have demonstrated that the presence of repulsive interactions
between the polymer and surfaces or nanoparticles can lead to
an acceleration of the polymer segmental dynamics.25,26,40,41

When considered in conjunction with our findings identifying
polymer segmental dynamics as a key factor underlying the
influence of nanoparticles on ion transport, such results
suggest that the nanoparticle chemistries which embody a
repulsive component underlying the nanoparticle-polymer and
nanoparticle-ion interactions may potentially lead to a robust
strategy to achieve conductivity enhancements. Despite the
intuitive nature of such a proposal, some unresolved questions
confront such an idea:

1. In our earlier studies35,36 we demonstrated that the
polymer segmental dynamics and ion mobilities were
influenced by an interplay of both the polymer-nanoparticle
and ion-nanoparticle interactions. Within this picture, an
outstanding question is whether incorporating repulsive
polymer-nanoparticle and ion-nanoparticle interactions
would necessarily promote acceleration of polymer
segmental dynamics and ion mobilities.

2. In an earlier study, we used coarse-grained simulations
to probe the transport of penetrants in PNCs.42 In such
a situation, we observed that the diffusion of penetrants
was dominated by the so-called “filler” effect, in which the
particles act as obstructions for the penetrant diffusion.
Interfacial effects, driven by the polymer-nanoparticle
interactions, were shown to play only a limited role in
modulating the penetrant mobilities even in situations
involving repulsive polymer-nanoparticle interactions.
Closely related to this is the fact that a number of prior
studies have indicated that there exists only a small range
of repulsive polymer-nanoparticle interactions wherein a
stable dispersion of the nanoparticles can be achieved in
the polymer matrix.

3. While the ionic conductivity and diffusion coefficient of
the ions are intimately related in the limit of infinitely
dilute solution of the ions, at higher salt concentrations,
ion correlation effects become important in influencing the

conductivities. However, there is little understanding on
the influence of nanoparticle-polymer and nanoparticle-
ion interactions upon such characteristics and the resulting
impact on the conductivity.27,43–46 These considerations
raise the question whether indeed the polymer segmental
dynamics can be altered sufficiently within this range of
repulsive interactions to enhance the ionic conductivities
over and above that of the pristine polymer matrix.

4. Unlike the case of ion-free PNCs, which have been exten-
sively studied,18,31–33,41,47–49 the mechanical properties of
ion-doped PNCs are expected to reflect the combined
influences of polymer-ion, polymer-nanoparticle, and ion-
nanoparticle interactions. An outstanding question is the
impact of the proposed nanoparticle interactions upon the
mechanical properties of the PNCs.

Motivated by the above issues, in the present work, we
extend the results of our recent studies35,36 to probe the
influence of repulsive polymer-nanoparticle interactions upon
both the ionic mobilities and the rheological characteristics.
In the present work, we adopt the all atom level parametrized
force field used in our earlier work for modeling the polymorph
corresponding to β-Al2O3 nanoparticles.35,36 We modify such
force-fields to include repulsive interactions representative of
the strategy of coating the nanoparticles with neutral ligands
or polymer grafts.27,44–47,49,50 However, instead of modeling
such surface functionalization in an atomistically realistic
manner, we adopt an empirical repulsive potential which
can be systematically varied to study the issues discussed
above. Within such a framework, we examined a class of
interaction potentials with varying strengths of interactions
(see Section II B for details) and probed their influence upon
the mobilities and mechanical properties. Unfortunately, the
time scales underlying atomistic simulations do not allow for
an accurate characterization of the thermodynamic stability
of the polymer-nanoparticle mixture. However, in our test
simulations, when the strength of repulsion was increased
beyond a critical value, the simulations, as reflected in the
overall system densities, became unstable (see Section IV and
Figure S2 of the supplementary material51 for a discussion
of these analyses), and such observations were deemed
symptomatic of being thermodynamically immiscible. Using
such designed force fields we sought to answer the following
questions:

1. Does incorporating additional repulsive interactions
between the polymer, ion, and nanoparticles enhance the
ionic mobility?

2. Are the ionic mobilities in such designed PNC systems
still correlated to polymer segmental dynamics (i.e., what
is the importance of the “filler effect”)?

3. What is the influence of the repulsive interactions on the
correlated ion motion and the conductivity?

4. What is the influence of the polymer-nanoparticle and
ion-nanoparticle interactions upon the overall viscoelastic
properties of the PNC?

Computer simulations using atomistic force fields enable
studies in which the interactions can be varied in a systematic
manner to probe the properties of polymer electrolytes.
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Unfortunately, however, atomistic simulations are typically
expensive for study of mechanical properties and mobilities,
thereby rendering it prohibitive to study a wide range of
particle volume fractions. To overcome such challenges, we
adopt a few methodological innovations arising from our
earlier studies.35,39,48,52–54 For the studies of ion mobilities, we
use the methodology of trajectory extending kinetic Monte
Carlo (TEKMC)55 to study the long-time diffusivity of ions
in PNC matrices. Such a methodology was adopted in our
prior studies and the results were shown to correspond to
those arising in long-time atomistic simulations.35,39,53,54 For
studying the viscoelastic properties,56,57 we draw upon our
earlier findings which indicated that at low particle volume
fractions, the changes in the viscoelastic properties of PNCs
can be obtained by probing the polymer contribution to
the rheology arising from relaxation spectra of the normal
modes of the polymer chains in the PNC systems.48,52 To
maintain brevity, we present the details of the accompanying
methodologies in the supplementary material.51

The organization of the rest of the paper is as
follows: In Section II, we describe the force field for
PEO-LiBF4, interactions of β-Al2O3 with PEO-LiBF4, and
the modifications we incorporate to accommodate repulsive
nanoparticle interactions. This is followed by a description
of the test simulations for different force fields and the
rationale for the choice of interactions accompanying our
studies. In Section III, we present results for the polymer
segmental dynamics in ion-free systems, the mean squared
displacement (MSD) and diffusivity of ionic species in the
modified nanoparticle system. This is followed by a discussion
of the mechanisms of ion transport in polymer nanocomposites
by considering polymer segmental dynamics in ion-doped

systems and its correlation with ion mobilities. Subsequently,
we present the ionic conductivity results and discuss the
underlying mechanisms. The viscoelastic properties of the
polymer nanocomposites are discussed in Section III E. Finally
we present a brief summary in Section IV.

II. COMPUTATIONAL METHODS

A. Interaction potential, system setup, and analysis

Details of the simulation methodology, such as the
initial system setup, equilibration, force fields for PEO-LiBF4

electrolyte have been outlined in our previous articles and are
adopted for the present study.35,36 To maintain brevity, here
we only briefly summarize the relevant simulation details.

Inspired by the success of the two-body approximation
to polarization interactions parameterized by Borodin and
Smith,25,26,58,59 we use the following interaction potential to
describe PEO-LiBF4-nanoparticles system:

U(r) = Ubonded(r) + A exp (−Br) −
C

r6
+

q1q2

4πϵ0r
−

D

r4
, (1)

where Ubonded(r) describes the contribution arising from
bonds, angles, and torsions in the PEO. The non-bonded
interactions are modeled with second to fifth terms and
include the Buckingham potentials (the second and third
terms) and the Coulomb potential (4th term). The last term
in Eq. (1) represents a two-body, mean-field like dipole

polarization interaction. The force field parameters for PEO-
LiBF4-nanoparticle electrolyte were borrowed from Refs. 26,
38, and 58 and the static partial atomic charges for atoms in
Al2O3 nanoparticles were obtained from Ref. 60.

Our simulations considered the PEO matrix containing
40 chains with chemical structure of H-[CH2-O-CH2]55-H
(Mw = 2.425 kg/mol) solvated with 147 Li+ and BF−4 ions
to obtain a desired salt concentration of EO:Li=15:1. The
roughly spherical Al2O3 nanoparticles of diameter 14 Å
were dispersed in the bulk PEO-LiBF4 melt to generate
PNC systems containing 5 and 10 weight percent (wt. %) of
the nanoparticles. The PNC systems were simulated at three
different temperatures, 500 K, 425 K, and 350 K to understand
the thermal effects. All MD simulations were performed
using LAMMPS61 package at constant number of particles,
temperature, and pressure (NPT) ensemble to generate a
trajectory of 20 ns in each case. The static and dynamic
properties (excepting the ion mobilities) were calculated using
the last 15 ns of the MD trajectory. For accurate estimation of
the diffusivity of ionic species, we extend the MD trajectories
to longer time scales using TEKMC simulations35,36,39,53–55

and the details are given in section V of the supplementary
material.51

For analyzing the simulation results, we used a variety of
static and dynamical measures to understand the mechanisms
underlying ion transport in polymer nanocomposites.35,36

Many of these measures are quite standard in such
simulation studies and include characteristics such as the
radial distribution functions and mean-squared displacements.
To characterize the polymer segmental dynamics, we use
the autocorrelation function of dihedral angle involving
C–O–C–C atoms, which we denote as Cφφ(t).25,50,51,62,63 We
extracted a time scale from the relaxation of Cφφ(t) by fitting
to a stretched exponential function. In many instances, we
also isolate the interfacial effects of the nanoparticles by
characterizing the dynamical features in the regions in the
proximity to the nanoparticle surface (denoted as “Near” in
our results) and in the bulk (denoted as “Far” in our results).
For the characterization of viscoelastic properties of the PNC,
we rely on the approximation that at low volume fraction of
nanoparticles, the viscoelastic response can be obtained as a
product of a geometric (hydrodynamic) contribution arising
from the particles and a polymer component reflecting the
changes in the polymer relaxation.64,65 To obtain the latter, we
effected a normal mode analysis of the trajectories and extract
the relaxation spectra of the polymers.48,52,56,57 To maintain
brevity of the text, we relegate the details of the different
characterization measures to the supplementary material.51

We note that our simulations were performed by keeping
the position of the nanoparticles fixed.35,36 This is expected
to be a reasonable approximation since the diffusivities of
the nanoparticles are typically much smaller compared to
those of polymers and ions in the electrolyte. Nevertheless, to
quantify and understand the influence of the dispersion of the
nanoparticles, we considered three different distributions of
nanoparticle positions for 5 wt. % and 10 wt. % of the loadings.
The results of ionic diffusivities and polymer dynamics for
different configurations were found to be identical within the
error bars (displayed in the results for the temperature of
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425 K in Figures 5, 6, 9, and 10). These results confirm that
our results are not influenced significantly by the fixing of the
locations of the nanoparticles.

B. Modeling of SR-Al2O3 nanoparticle interactions

Our objective was to probe the influence of repulsive
nanoparticle-polymer interactions upon the conductivities and
mechanical properties of the PNCs. Unfortunately, atomistic
computer simulations of such characteristics are expensive and
preclude a comprehensive study for a wide range of interaction
potentials. Instead of pursuing such an effort, we adopted a
framework in which we used short time atomistic simulations
to investigate the influence of a class of force fields with
varying interaction strengths. Among the force fields which
resulted in stable configurations (over 10 ns trajectory), for
further studies we adopted the specific interactions (which
will be denoted henceforth as SR-Al2O3) which exhibited
the fastest ion dynamics as quantified through their mean-
squared displacements. While this protocol may not allow us
to address all intricacies arising from the interplay of different
interactions, nevertheless, the chosen interactions furnish a
satisfactory approach to address majority of the issues raised
in the Introduction.

The different test force fields considered in this study are
denoted as FF1(SR-Al2O3), FF2, FF3, FF4, and FF5 and the
interactions corresponding to β-Al2O3 are denoted as FF0.
Parameters for all of these force fields and partial atomic
charges are provided in the supplementary material.51 The
force field for SR-Al2O3 nanoparticles is used for all the
results presented in Secs. III and IV and is displayed in Figure
S1 of the supplementary material for OAl and Al atoms in
Al2O3 nanoparticles.51 Briefly, in SR-Al2O3, the interactions
between the nanoparticles and BF−4 anions were unchanged
from those of β-Al2O3 interactions. However, the dispersion
interaction parameter C in Eq. (1) for β-Al2O3 nanoparticles
was set to zero, while the short range repulsive interactions
were increased through the parameter B in Eq. (1). We note
that similar refinements of the force-field have also been
effected in other contexts.25,26,40,41,66

Among the other force fields examined, FF2 is closely
related to the interactions described by SR-Al2O3(FF1)
and the remaining set of FFs are closely related to the
interactions described by β-Al2O3(FF0). Explicitly, FF2
incorporates slightly increased repulsive interactions between
the BF−4 anions and the nanoparticles compared to those
of SR-Al2O3. FF3 includes increased short-range repulsion
between Li+ ions and OAl atoms of the nanoparticles as well
as reduced repulsion of the F atoms of BF−4 anions with
the OAl atoms compared to the corresponding interactions
describing β-Al2O3 nanoparticles. Similarly, FF4 includes
repulsion of EO of the polymer with the nanoparticles in
addition to FF3 above. Lastly, FF5 incorporates only the
repulsion of Li+ ions with the nanoparticles compared to that of
β-Al2O3 nanoparticles. The non-bonded interaction potential
that includes short range Buckingham potential as well as
the long-range electrostatics for the above described FFs have
been shown in Figure 1. In Section IV and Figure S2 of the
supplementary material,51 we present a detailed discussion

of the stability issues associated with such interactions and
a rationalization for considering the indicated sets of force
fields for probing the mobility of the ions.

Test simulations were effected to choose the force field
that resulted in the fastest ion mobilities. Such simulations
were performed at a nanoparticle loading of 5 wt. % and
EO:Li=15:1 at 500 K. Before the production runs with
the set of FFs discussed in Section II B, we started
with the appropriately equilibrated configuration of the
polymer nanocomposite. The interactions of SR-Al2O3 and
β-Al2O3 were then modified to represent the interactions
corresponding to FF2, FF3, FF4, and FF5, respectively.
Figure 2 displays the MSDs of ions obtained from a 10 ns
NPT-MD simulation with the FFx (x = 2, 3, 4, and 5).
For comparison, we also display the results obtained in the
presence of β-Al2O3 and SR-Al2O3 nanoparticles. It is seen
that the SR-Al2O3 nanoparticles result in the most accelerated
dynamics of both ions among the force fields considered.
However, with FF2, the MSD of Li+ ions was observed to be
close to the case of SR-Al2O3 in the subdiffusive regime but
lesser at longer time scales. We speculate that for such a case,
the BF−4 ions repelled from the nanoparticles with FF2 tend to
form ion-clusters with Li+ ions. On the other hand, dynamics
of ions and polymers with FFx (x = 3, 4, and 5) are close
to the case of β-Al2O3 nanoparticles. The MSD of Li+ ions
with FF3 seems to be higher than that with FF4 and FF5 in
the subdiffusive regime. However, we are unable to generate
longer trajectory with FF3 due to large displacement of the
BF−4 ions in a single MD step (caused by large repulsion) even
with small time steps. The MSDs in FF4 are higher compared
to those seen in FF5, and can be attributed to the stronger
repulsive interactions in the FF4 case.

Based on the above results, we adopted the force field
corresponding to SR-Al2O3 nanoparticles as providing the
optimal balance of stability of the system and enhancements
in the mobility of the ions. The results presented in Secs. III
and IV correspond to such a force field.

III. RESULTS AND DISCUSSION

A. Polymer dynamics in ion-free systems

The present work is based on the hypothesis that inclusion
of nanoparticles with repulsive interactions within polymer
electrolytes will lead to an acceleration of polymer dynamics
and a corresponding increase in the mobility of the ions. As
a first step towards examining the validity of this proposal,
we probed the influence of the nanoparticles on the polymer
dynamics in the ion-free systems.

In Figure 3, we display the polymer segmental relaxation
correlation function Cφφ(t) for the ion-free PNC system at
425 K and compare it against the corresponding results for
the pure PEO system. We observe that the polymer segmental
relaxations are indeed accelerated in the nanoparticle filled
systems when compared to the pure PEO system. These effects
are directly seen in the monotonic decrease of the average
relaxation times with increasing particle loading displayed
in the inset of Figure 3. Moreover, the relaxation dynamics
of polymer segments in the vicinity of the nanoparticles
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FIG. 1. Approach to the modeling of the non-bonded interactions Unb(r ) between Al2O3 nanoparticles and PEO-Li+ melt by SR-Al2O3(FF1), FF2, FF3, FF4,
and FF5 force fields with respect to β-Al2O3. We note that the force fields for β-Al2O3 and SR-Al2O3 are denoted as FF0 and FF1, respectively, and shown in
Figure S1.51 (a) FF2. (b) FF3. (c) FF4. (d) FF5.

(“Near” region in the figure) is seen to be faster than those
in the further regions (“Far” in the figure). These results
confirm that the acceleration in polymer segmental dynamics
arises as a consequence of the interfacial interactions in the
polymer-nanoparticle system.

In summary, we observe that the form of the interaction
potential we have adopted does lead to an acceleration
in the polymer segmental dynamics. This confirms the
first hypothesis underlying our work that chemistries
embodying repulsive polymer-nanoparticle interactions can

FIG. 2. MSD of ions with various test force fields SR-Al2O3(FF1), FF2, FF3, FF4, and FF5 force fields with respect to the original force fields for
β-Al2O3 nanoparticles. (a) Li+. (b) BF−4 .
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FIG. 3. Dihedral autocorrelation function for PEO chains in the “Near” and
“Far” zones at 5 wt. % nanoparticle loading, 425 K for the ion-free system.
The inset displays the corresponding polymer mean relaxation times.

indeed accelerate the polymer segmental dynamics as
compared to the pristine polymer matrix.

B. Ion mobilities

In Figure 4, we present results for the MSD of Li+ ions
in the presence of SR-Al2O3 nanoparticles dispersed in PEO-
LiBF4 electrolyte at EO:Li=15:1 and 425 K and compare
with the corresponding results in nanoparticle-free melt.
Also shown for comparison are the MSD results obtained
in our previous work35 for Li+ ions in the presence of
β-Al2O3 nanoparticles dispersed in PEO-LiBF4 electrolyte
at the same nanoparticle loading. When we compare the
results for SR-Al2O3 with β-Al2O3 nanoparticles, we observe
a significant increase in the MSD of Li+ ions in the former
case. Moreover, it is seen that the MSDs in the presence of
SR-Al2O3 nanoparticles exhibit a monotonic increase with
increasing particle loading.

FIG. 4. MSD of Li+ ions obtained from MD simulations in the pres-
ence of SR-Al2O3 nanoparticles at a loading of 5 and 10 wt. % at 425 K
and EO:Li=15:1 salt concentration. Corresponding data in the presence of
β-Al2O3 nanoparticles are from our previous work.35

FIG. 5. Diffusion coefficient of Li+ cations and BF−4 anions. Data for
β-Al2O3 are taken from our previous work.35 Error bars at 425 K and 5 wt. %
are comparable to the size of the symbol and lines are guide to the eye.

Figure 5 compares the corresponding diffusivities for
cations and anions as a function of the loading of the
SR-Al2O3 nanoparticles at different temperatures. Results for
DLi+ and DBF

−

4
in the presence of β-Al2O3 nanoparticles

(adopted from our previous work35) are also shown for
comparison. From Figures 5(a)-5(c), we observe that the
diffusivity of Li+ ions increases with increasing temperature,
a result broadly consistent with the expectation of increased
polymer segmental mobilities at higher temperature. Secondly,
we observe that the mobilities of the anions are higher than
that of cations, a result also in agreement with our earlier
study and other reports.35,58

In comparing the ionic diffusivities to nanoparticle-free
PEO-LiBF4 melt (0 wt. %) at the temperature of 350 K, we
observe that there is a slight enhancement in the mobilities
for 5 wt. % loading followed by a slight lowering (relative
to the nanoparticle-free melt) at 10 wt. %. In contrast, for
temperatures 425 K and 500 K, we observe a monotonic
increase in the mobilities with particle loading. However,
for all the temperatures, the diffusivities of the cations in
SR-Al2O3 systems are seen to be higher than the corresponding
values in β-Al2O3 nanoparticles. The trends for the diffusivity
of the anions indicate a more complex behavior, and are
nonmonotonic at 350 K and 500 K. However, the diffusivities
of the anions in SR-Al2O3 systems are still seen to be larger
than the corresponding values in β-Al2O3 systems.

A number of conclusions and questions can be inferred
from the above results. It is evident that the ion diffusivities
in SR-Al2O3 systems are always higher than those in
β-Al2O3 polymer electrolytes. This confirms our initial
hypothesis that the inclusion of repulsive interactions between
the polymer and nanoparticles does indeed enhance the
ion mobilities. Moreover, it is clear that the addition of
SR-Al2O3 nanoparticles can, in some parameter ranges,
enhance the ionic mobilities above that of the nanoparticle-
free polymer electrolytes. Surprisingly, however, in contrast
to the monotonic behavior noted for the polymer segmental
dynamics in Section III A, the ion diffusivities are seen
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to exhibit nonmonotonic dependence on particle loading at
some temperatures. Moreover, for certain parameters, the ion
mobilities are lower than the values for nanoparticle-free
electrolyte. The mechanisms underlying such behavior will
constitute the discussion in Sec. III C.

C. Polymer segmental dynamics in ion-doped
systems

In our previous article we demonstrated that as a
consequence of the interplay of interactions between polymer,
ions, and the nanoparticles, polymer dynamics in ion-doped

systems can exhibit different characteristics when compared to
the behavior in ion-free nanoparticle-filled systems. Moreover,
ion mobilities in PNC systems were found to correlate
more closely to the polymer segmental relaxation times in
the ion-doped polymer systems rather than the dynamics
in pure polymer systems. Motivated by such findings, we
investigated the polymer dynamics in the ion-doped polymer
nanocomposites.

In Figure 6, we present results for the polymer segmental
relaxation times in ion-doped SR-Al2O3 nanoparticle systems
and compare with the corresponding behaviors in ion-free

SR-Al2O3 systems. Overall, we observe that the segmental
relaxations are significantly hindered in the ion-doped systems
when compared to ion-free systems. Such differences in the
relaxation times are consistent with the results of other
studies,67–69 and can be understood to be a result of the
slowing of the polymer segments induced by coordination
with the ionic groups. However, in comparing the particle
loading dependencies of polymer dynamics in ion-doped

and ion-free systems, we observe that the mean relaxation
time of PEO chains (at 425 K) exhibits a less pronounced
dependence on particle loading in the ion-doped systems. To
gain further insights into such differences, we probed the
spatial dependence of the polymer segmental relaxations, and
in Figure 6(b) display the ratio of the segmental relaxations in
the “near” and “far” regions. At 5 wt. % loading, we observe
that the relative values of the interfacial and bulk dynamics
are comparable for ion-doped and ion-free systems. However,

FIG. 6. (a) The mean segmental relaxation time of the ion-doped and ion-free

systems and (b) corresponding behavior in interfacial zone at 425 K.

FIG. 7. Partial radial distribution functions for nanoparticle-polymer atomic
pairs and the corresponding coordination number for ion-free and ion-doped

systems in the presence of SR-Al2O3 and β-Al2O3 nanoparticles. The results
for the β-Al2O3 nanoparticles were adapted from our previous work.35

at 10 wt. % loading, we observe that the relative polymer
dynamics is slower in the interfacial regions of the ion-doped
systems.

The above results broadly point to fundamental
differences in the interfacial behavior of the ion-doped and ion-

free PNC systems. To understand the mechanisms underlying
such results, we probed the structure of the polymer segments
“near” the nanoparticle in both ion-free and ion-doped systems
(shown as g(r) and n(r) in Figure 7). For comparison, we
also display the corresponding g(r) and n(r) in the presence
of β-Al2O3 nanoparticles (adapted from our earlier work,
Ref. 35) as dashed lines. In comparing the ion-free and
ion-doped systems in SR-Al2O3 systems, we observe that the
polymer segments are distributed closer to the nanoparticle
surface for the ion-doped systems. To rationalize such trends,
in Figure 8 we observe that while the Li+ cations are repelled
from the particles (most easily seen by comparing the results
for β-Al2O3 with SR-Al2O3 nanoparticles), the distribution of
BF−4 anions is only slightly influenced by the force field and
instead is seen to exhibit a peak near the nanoparticle surface.
It now becomes evident that such an anion distribution when
coupled with the interactions between the polymer segments
and the BF−4 anions acts as an additional (effective) attraction
between the polymer and the nanoparticles in ion-doped

systems and leads to the differences noted in the polymer
segment distributions.

The above structural characteristics also serve to
rationalize the differences in the behaviors of interfacial
dynamics between the ion-doped and ion-free systems. Indeed,
due to the enhanced density of the polymer segments near
the nanoparticles in ion-doped systems (relative to ion-free

systems) the dynamics of polymer segments are expected
to be slower near the surfaces. Moreover, we expect the
averaged polymer segmental dynamics to reflect a competition
between the effects of the repulsive interactions present
in SR-Al2O3 systems and the anion-induced attractions to
the particle surface. At lower temperatures, we expect the
latter to dominate and result in slower polymer dynamics
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FIG. 8. Radial distribution functions, g (r ), and the corresponding coordi-
nation numbers, n(r ), for various atomic pairs representing partial ((a)-(d))
ion-nanoparticle and ((e)-(f)) polymer-nanoparticle interactions at 500 K.
Bold lines indicate PEO-LiBF4 dispersed with SR-Al2O3 nanoparticles and
dashed lines indicate PEO-LiBF4 dispersed with β-Al2O3 nanoparticles. Data
for β-Al2O3 are adapted from our previous work35 and shown for comparison.

and cation mobilities. At higher temperatures, we expect the
repulsive interactions to dominate and accelerate the overall
polymer dynamics (albeit, to a lesser extent relative to ion-

free systems) and cation mobilities. The anion mobilities
are, however, expected to reflect an interplay between the
nanoparticle-anion interactions and the polymer segmental
dynamics and hence is likely to exhibit a more complex
trend for different temperatures and particle loadings. Such
considerations rationalize the results presented in Figure 5.

A question that arises from the above results is “what is
the origin of the anion distributions around the nanoparticles?”
We believe that such effects arise partially due to our
adopted force field in which the repulsive component of
interactions of the cation and the polymer segments with the
nanoparticle were tuned to favor accelerated cation mobilities.
However, to maintain stability of the system within such
a framework, the nanoparticle-anion interactions had to be
correspondingly modulated, which leads to the observed
structure for anions. While the results observed are likely
specific to our force fields, nevertheless, we do believe that
our observations highlight some considerations that transcend
the adapted interactions. Indeed, the message that emerges is
that while it may be possible to tune the nanoparticle surface
chemistry to accelerate the ion and polymer dynamics, there
is however a limited range over which such modulations
are possible while still maintaining a thermodynamically
stable polymer-nanoparticle mixtures. Moreover, while the
nanoparticle itself may possess repulsive interactions with
the polymer, it is evident that the interplay of nanoparticle-
polymer and nanoparticle-ion interactions proves more critical
in influencing the structural and dynamical characteristics for
the polymer segments in ion-doped systems.

Finally, we address the question whether the ionic
mobilities in the SR-Al2O3 PNC system (Figure 5) are
correlated to the polymer segmental dynamics in ion-doped

systems. In Figure 9, we display the ionic mobilities obtained

FIG. 9. Correlation between polymer dynamics and diffusion of ions: D of
Li+ ions shown as filled symbols with bold lines and τ−1 shown as open
symbols with dashed lines as a function of the temperature at various loading
of the nanoparticles at EO:Li=15:1. Error bars at 425 K and 5 wt. % are
smaller than the size of the symbol.

from our simulations and the (inverse) polymer segmental
mobilities as a function of the temperature (the results for other
salt concentrations and anions are shown in supplementary
material Figure S451). It is observed that there is indeed a
very good correlation between the changes in the polymer
segmental mobilities in the ion-doped systems and the
corresponding effects on anionic and cationic mobilities.
These results conclusively indicate that the influence of
the nanoparticles upon the ionic mobilities can in-turn be
attributed to the changes in the polymer segmental dynamics
arising from the introduction of nanoparticles in the ion-doped

systems.35

In our previous article, we demonstrated that the above
correlation between the polymer segmental dynamics and
the ion mobilities was a direct result of the changes in the
residence times of the ions in coordination with the polymer
segments. To probe if a similar mechanism is operative
for the force-fields considered herein, we calculated the
residence time autocorrelation function R(t) as a function
of the distance from the nanoparticles.58,70 To maintain
brevity, we discuss the results in the supplementary material
(Figure S5).51 Briefly, the results presented therein confirm
that the changes in the polymer segmental relaxation times are
reflected qualitatively in the residence time correlations of the
ions. Explicitly, we show that the residence time correlations
in SR-Al2O3 nanoparticle systems decay much faster than
those in β-Al2O3 nanoparticle systems. Moreover, while the
residence time correlations near the particles were found to be
altered, the results the bulk regions corresponding to the zones
away from the particles showed little differences between the
particle-free PEO and filled systems.

D. Ionic conductivity of nanocomposites

In this section, we address the influence of the presence
of repulsive nanoparticle-polymer interactions upon the ionic
conductivities. We recall that ionic conductivity and diffusion
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coefficient of the ions are closely related quantities in the
situation of infinitely dilute solution of the ions. However,
for higher salt concentrations, ion correlation effects such as
ion-pairing renders the ionic conductivities to be different
from the behaviors exhibited by ionic mobilities. Since ionic
conductivity is often the property of interest in polymer
electrolytes, it is of relevance to address the influence of the
nanoparticle interactions upon such characteristics.

Figures 10(a)-10(c) display ionic conductivities (σ) as a
function of the loading of SR-Al2O3 nanoparticles at various
temperatures. We observe that the conductivity broadly
mirrors the qualitative trends observed in the context of ion
diffusivities and exhibits enhanced values (relative to particle-
free polymer electrolytes) in some regimes of temperature
and particle loadings. For all cases, the conductivities in
SR-Al2O3 systems are seen to be higher than the corresponding
values in β-Al2O3 systems. However, the enhancements in the
conductivity are themselves seen to be more moderate relative
to the effects seen in the context of cation diffusivities. In
Section III B (Figure 5) we observed that while the cation
mobilities exhibited (mostly) monotonic enhancements with
particle loadings, the anion mobilities were enhanced in some
regimes and lowered in others. Since the conductivity is
influenced by the combined values of the cation and anion
diffusivities, the magnitudes of change in conductivities can
be rationalized to be a consequence of the behaviors exhibited
by the individual ion mobilities.

While a major contribution to the changes in the ionic
conductivities is expected to arise from the influence of the
nanoparticles on the ion mobilities, additional mechanisms
may manifest through the changes in the degree of ion
“correlations.” We explicitly characterize this effect in
Figures 10(d)-10(f), through the parameter71–74 ᾱ (see the
supplementary material51 Section 1) which embodies the
degree of ion correlations. Explicitly, a value of ᾱ = 1
signifies uncorrelated motion of the ions and corresponds

FIG. 10. ((a)-(c)) Ionic conductivity and ((d)-(f)) degree of uncorrelated ion
motion for the PEO-LiBF4 electrolyte as a function of the nanoparticles load-
ing at different temperatures. Data for PEO-LiBF4 electrolyte with dispersed
β-Al2O3 nanoparticles are adapted from our previous work35 and lines are
guide to the eye.

to the situation of maximum conductivity, whereas ᾱ = 0
corresponds to the case in which cations and anions move
together as ion-pairs giving rise to zero overall conductivity.
From the results displayed, we observe that with increased
particle loading there is a slight enhancement of ᾱ. These
trends can be understood by observing that the radial
distribution function plots (Figure 8) displayed differences
in the distributions of the anion and cation around the
nanoparticle. Explicitly, while cations displayed a depletion
around the particles, the anions were not comparably depleted.
As a consequence of such differences, there is expected to be
an extra dissociation of the salt arising from the presence of
nanoparticles and a corresponding increase in the uncorrelated
motion of the ions.

The above results suggest that multiple mechanisms un-
derlie the influence of the interactions between nanoparticles
and the polymer/ions upon the conductivity of the electrolyte.
On the one hand, the nanoparticle-induced modulation of the
combined cation and anion diffusivities plays an important
role. Moreover, the differences in the ion distributions around
the nanoparticles influences the degree of dissociation of ions
and thereby the degree of correlation in the ion motion.

E. Viscoelastic properties

Sections III A–III D demonstrated that the ion mobilities
and conductivities of polymer electrolytes can indeed be
enhanced by introducing nanoparticle surface chemistries
which embody repulsive interactions with the polymer
segments and cations. In this final section, we present
results for the changes in the viscoelastic properties which
result from the introduction of such nanoparticles. In
Section I of the supplementary material,51 we discuss the
methodology48,56,57,75,76 and the approximations64,65 used to
effect the computation of such properties.

The rheological properties G′(ω) and G′′(ω) for the PNC
systems are presented in Figures 11 and 12, respectively. In
all cases, we have considered ion-doped systems and have
compared the nanoparticle-free systems (corresponding to

FIG. 11. Storage modulus, G′, of the polymer nanocomposite with the load-
ing of SR-Al2O3 and β-Al2O3 nanoparticles for different temperatures.
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FIG. 12. Loss modulus, G′′, of the polymer nanocomposite.

0 wt. %) with the PNC systems containing either SR-Al2O3 or
β-Al2O3 nanoparticles. Broadly, it is observed that the
frequency dependent elastic response exhibits characteristics
of a Rouse-like polymer melt, with G′(ω) ∼ ω2 at low
frequencies, followed by an intermediate frequency regime
with G′(ω) ∼ ω1/2. Such trends are consistent with the short
chain lengths considered in our simulations.

To gain further insights into the modulation of rheological
properties arising from the introduction of nanoparticles, we
employ an idea inspired by the classical time temperature
superposition principle. As a first step, we normalize the
data for G′(ω), G′′(ω) to a target reference temperature
T0 = 350 K using the time temperature superposition idea.
Subsequently, based on the hypothesis that the main influence
of nanoparticles on the rheological properties arises through
the modulations of polymer dynamics, we employ a “time-
particle loading superposition analysis,” in which the vertical
(moduli) axis is shifted by a factor (denoted as bW and
indicated in Table I) which depends only on the particle
loading. Under such shifts (Figures 13 and 14), we observe
that G′(ω) and G′′(ω) for SR-Al2O3 and β-Al2O3 nanoparticles
do individually collapse to a universal function. Except
for the small deviations observed at higher frequencies in

G′′(ω), which are likely due to the strong interfacial effects
arising from the nanoparticle-polymer and nanoparticle-ion
interactions, we observe the rheological results obey the
superposition hypothesis to a very good approximation.
Hence, we use the shift factor bW as a measure to discuss the
influence of the nanoparticles on the mechanical properties.

The inverse of shift factor, bW , quantifies the magnitude
by which the elastic moduli change at a specified loading
relative to the particle-free electrolyte. We observe that b−1

W

monotonically decreases with particle loading in the case of
SR-Al2O3 nanoparticles, which indicates a lowering of the
mechanical strength relative to the pure polymer electrolyte.
Moreover, we observe that such reductions become more
significant at higher temperatures. In contrast, we observe that
b−1
W

monotonically increases with particle loading in the case
of β-Al2O3 nanoparticles, corresponding to an increase in the
modulus. The temperature dependence of bW is seen to be
more modest in such cases. The shift factor aT corresponds
to the frequency shifts of the relaxation spectra arising
from the introduction of nanoparticles. It is seen that aT
monotonically decreases with particle loading in the case of
SR-Al2O3 nanoparticles, whereas, in contrast, we observe that
aT increases for β-Al2O3 nanoparticles.

The above results are broadly consistent with the
trends presented earlier regarding the influence of the
respective nanoparticle chemistries upon the polymer
segmental relaxation times. Explicitly, in such a context,
SR-Al2O3 nanoparticles were found to accelerate the polymer
dynamics, which reflects in the observed reduction of both
aT and b−1

W
with particle loading. However, the surprising

aspect in the above results is the more tangible magnitudes
and the monotonic nature of the influence of nanoparticles
upon the rheological properties which contrasts with the
smaller magnitudes and the often nonmonotonic trends
observed in the context of ion mobilities. To rationalize
such differences, in the supplementary material, we display
the spectrum of normal mode relaxations resulting in context
of SR-Al2O3 nanoparticles (Figure S7).51 Therein, we observe
that with increased particle loading there is a monotonic
shift in the time scales of the entire relaxation spectra of the
normal modes. Based on such results, we speculate that ion
mobilities sample only the short time dynamics of the polymer

TABLE I. Inverse of the vertical shift factors, b−1
T

and b
−1
W

, for the polymer nanocomposite showing the relative
decrease/increase of the modulus with the addition of nanoparticles.

SR-Al2O3 β-Al2O3

T (K) 0 5 10 0 5 10

b
−1
T

350 1 1 1 1 1 1
425 1.164 85 1.154 38 1.146 94 1.164 85 1.158 78 1.200 52
500 1.312 52 1.280 23 1.199 73 1.312 52 1.292 69 1.283 23

b
−1
W

350 1 0.979 27 0.945 67 1 1.026 30 1.053 46
425 1 0.970 47 0.931 14 1 1.020 95 1.085 72
500 1 0.955 18 0.864 41 1 1.010 79 1.029 96

aT

350 1 0.737 40 0.551 43 1 1.085 16 1.000 00
425 0.174 38 0.106 81 0.098 06 0.162 57 0.138 91 0.247 03
500 0.041 47 0.038 70 0.023 32 0.051 41 0.045 26 0.071 96
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FIG. 13. Master curve for the storage modulus, G
′, of the polymer matrix to a target temperature 350 K with the loading of (a) SR-Al2O3 and (b)

β-Al2O3 nanoparticles.

FIG. 14. Master curve for the loss modulus, G′′, of the polymer matrix to a target temperature 350 K with the loading of (a) SR-Al2O3 and (b) β-Al2O3 nanopar-
ticles.

segments, and are hence influenced only to a small extent by
the localized changes which occur in the interfacial zone of
the nanoparticles. In contrast, the relaxation spectra of the
polymer modes average the dynamics of the entire polymer
conformations, such that localized disturbances to polymer
dynamics can exert a more significant overall influence upon
the relaxation times.

IV. CONCLUSIONS

Using all atom molecular dynamics and subsequent
trajectory-extending kinetic Monte Carlo simulations, we
studied the effect of nanoparticle-polymer/ion interactions
upon the conductivity and viscoelastic properties of PEO-
LiBF4 electrolyte. The main conclusions which arise from
this work are that the inclusion of repulsive nanoparti-
cle/polymer/ion interactions does lead to an increase in the
mobilities of the ions and the conductivities relative to the
β-Al2O3 nanoparticles. However, our results indicate that
relative to the particle-free PEO systems the increases in the
ion mobilities were more modest and in some cases addition
of nanoparticles results in a lowering of such properties. Our

results indicate that the mobility of the ions are still correlated
to the polymer dynamics in the ion-doped PNC systems. More
interestingly, our results suggest that the mobility of polymer
segments in the ion-free systems to be different from those in
the ion-doped systems and it is the latter which determines
the ion mobilities.

Our results in the context of viscoelastic properties were
broadly consistent with the ionic mobilities when viewed
in the perspective of the influence of nanoparticles on the
polymer relaxation times. However, in contrast to the modest
influence of the interfacial zones upon the ionic mobilities, the
nanoparticles were found to exert a more significant influence
on the rheological properties and polymer relaxation spectra.

Overall, our results highlight that similar mechanisms,
influenced by nanoparticle-polymer, nanoparticle-ion, and
ion-polymer interactions, underlie the changes in the
rheological properties and ionic mobilities resulting from
the introduction of nanoparticles in polymer matrix. As a
consequence, particle chemistries which increase (decrease)
the ion mobilities also lower (increase) the mechanical
strengths and vice versa. It is to be noted, however,
that our results are specific to the system of spherical
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or almost spherical nanoparticles dispersed in amorphous
polymer melts. In contrast, the properties of PNCs containing
anisotropic fillers and/or crystalline polymers are likely to
be influenced by other mechanisms, and hence such systems
may provide an avenue to simultaneously enhance both the
mechanical strengths and the conductivities.
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