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ABSTRACT: Molecular dynamics (MD) simulations using many-body polarizable force field were performed
on comb-branched poly(epoxide ether) (PEPE) polymer electrolytes doped with lithium bistrifluoromethane-
sulfonamide (LiTFSI) salt as a function of temperatures from 333 to 423 K at ether oxygen (EO) to lithium ratio
of 20. MD simulations predicted electrolyte conductivity in good agreement with experiments. The fraction of
solvent-separated ions and lithium cation environment for PEPE/LiTFSI were similar to those found for the
linear poly(ethylene oxide) (PEO)/LiTFSI electrolyte. The Li+ cations had the highest probability to be coordinated
by EOs near the PEPE polymer backbone and the lowest probability being coordinated by EO’s at the end of
side chains. Segmental dynamics of the backbone was slower by 2 orders of magnitude compared to the dynamics
of side-chain ends. The Li+ self-diffusion coefficient was approximately an order of magnitude lower than the
TFSI- anion self-diffusion coefficient. Visualization of the lithium motion revealed that the most mobile Li+

cations moved by hopping from a side chain to another without being complexed by the backbone. The influence
of the backbone-Li+ interactions and the backbone stiffness on ion transport was investigated in MD simulations
performed on the PEPE/LiTFSI-like electrolytes with the same PEPE architecture but a very stiff backbone that
does not complex lithium cations. The ion transport in these model electrolytes was compared to that of the
original PEPE/LiTFSI electrolyte.

I. Introduction
Solid polymer electrolytes (SPEs) and gel electrolytes are

being widely investigated for use in various types of lithium
batteries.1 SPEs combine ease of fabrication, good electrochemi-
cal stability, low flammability, and toxicity with the ability to
form good interfacial contact with electrodes during charge-
discharge cycles and eliminate a need for a separator. Despite
these advantages over liquid electrolytes, current SPEs exhibit
low ambient temperature conductivity, low lithium transference
numbers, and high interfacial impedance, preventing them from
being used in batteries for consumer electronics and automotive
applications.1,2 Plasticizing SPEs with traditional carbonate
solvents, forming gel electrolytes, has resulted in improved ion
transport but poor mechanical properties and high solvent
volatility.1

Comb-branched polymer architectures are convenient for
optimization of the SPE properties because they prevent polymer
crystallization if relatively short side chains are used,2,3 allow
separate optimization of the backbone properties from those of
side chains with a wide variety of chemistries available, and
offer a potential for an anion attachment to side chains in order
to achieve single-ion conducting behavior.4-8 Experimental
investigations of comb-branched polymer architectures concen-
trated on PEO-grafted polymethacrylates,9 polyphosphazene
with oligoether side chains,10-13 and other comb-branched
polymers with oligoether side chains2,3,14 with polyepoxide,
polyacrylate, or polyvinylbenzyl backbones.15-17 Importantly,
comb-branched structures allow optimization of the charge-
transfer process that often leads to reduced interfacial impedance
compared to linear PEO-based SPEs.9,18,19

Molecular dynamics (MD) simulation studies overwhelmingly
concentrated on understanding of the structure-transport rela-
tionship and the mechanisms of Li+ transport in linear
polyethers,20-35 partly because this task was challenging in itself
due to complicated transport mechanism and long characteristic

time scales associated with a lithium motion in a polymer. Only
recently, long (∼50 ns) simulations with accurate force fields
allowed detailed quantification of the mechanisms contributing
to the Li+ transport in linear PEO-based polymer electrolytes.36

Simulations of the lithium salts in comb-branched polymer
structures are limited to a few publications37,38and were focused
on extracting structural information from relatively short (<1
ns) trajectories. Balbuena’s group38 performed subnanosecond
simulations of polyphosphazene with oligoether side chains that
qualitatively predicted the Li+ preference to be complexed by
the backbone. However, the electrostatic interactions had to be
decreased by a factor of 3 in her simulations to speed up Li+

dynamics because Li+ was not moving during subnanosecond
simulations at 393 K when the original force field was used.37

Her simulations were too short to discern details of the Li+

transport mechanism despite facilitated ion dynamics achieved
by reducing all electrostatic interactions. Our simulations
presented below indicate that the Li+ residence time near side
chains is 33 ns at 393 K, thus requiring simulations for tens of
nanoseconds in order to observe Li+ exchanges between side
chains at this temperature and to extract a reliable Li+ self-
diffusion coefficient. Aabloo’s group39 has looked at local
mobility of the ether oxygen atoms for comb-branched polymers
without lithium salt as it is relevant to the Li+ transport in such
polymer hosts.

It is the goal of the present simulation study to test the ability
of the recently derived quantum-chemistry-based force field40,41

to be able to accurately predict ion transport in comb-branched
poly(epoxide ether) (PEPE)-based polymer electrolytes and to
perform simulations long enough to be able to extract mecha-
nisms of the Li+ transport in the PEPE comb-branched polymer
host. The Li+ environment and transport mechanisms are
compared with those from our previous simulations of the linear
PEO/LiTFSI.36 Influence of the Li+-backbone interactions and
the backbone stiffness on Li+ transport will be studied in
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additional MD simulations performed on the PEPE/LiTFSI-like
electrolyte with the same PEPE architecture but a very stiff
backbone that also does not complex lithium cations.

II. Molecular Dynamics Simulation Methodology

MD simulations were performed on comb-branched poly-
(epoxide ether)s (PEPE) with the structure shown in Figure 1.
The PEPE host was doped with LiTFSI corresponding to ether
oxygen (EO):Li ) 20 salt concentration. Simulations were
performed at temperatures from 333 to 423 K, as shown in Table
1. A version of the MD simulation package Lucretius42 that
includes many-body polarization was used for all MD simula-
tions. The many-body force field previously developed40,41was
used. The three-dimensional, periodic cubic simulation cell
consisted of 21 LiTFSI+ 3 PEPE5 chains with 141 EO groups
per PEPE5 chain. All electrolytes were created in the gas phase
corresponding to a cell (linear) dimension of∼180 Å. The cell
was shrunk to the size corresponding to a density that yielded
an average pressure of 1 atm over 1 ns at 423 K simulations
using a Brownian dynamics. Simulations were first performed
at 423 K. After approximately 40-60% of the trajectory at
423 K was generated, the temperature was decreased to 393 K.
The same procedure was repeated at 363 and 333 K. Table 1
summarizes the length of the production and equilibration runs
performed using NVT and NPT ensembles, respectively.

A Nośe-Hoover thermostat and a barostat were used to control
the temperature and pressure with the associated frequencies
10-2 and 10-3 fs-1.43 Bond lengths were constrained using the
Shake algorithm.43 The Ewald summation method43 was used
for treatment of long-range electrostatic forces between partial
charges and between partial charges and induced dipoles for
the many-body polarizable potential. The Ewald convergence
parameterR was set to 8 Å. The number of reciprocal space
vectors was set to 6.3 A tapering function was used for scaling
the induced dipole-induced dipole interactions to zero at the
cutoff of 10 Å, with scaling starting at 9 Å. A multiple time
step reversible reference system propagator algorithm44 was
employed, with a time step of 0.5 fs for bonding, bending, and
torsional motions, a 1.5 fs time step for nonbonded interactions
within a 6.5 Å sphere, and a 3.0 fs time step for nonbonded
interactions between 6.5 and 10.0 Å and the reciprocal space
part of the Ewald summation. Coordinates were stored every 1
ps.

We also performed MD simulations of the PEPE5/LiTFSI
electrolyte utilizing a modified Li‚‚‚C* repulsion parameters
of 958610 exp(-3.8r) (kcal/mol) compared to the original force
field values of 95861 exp(-4.346r) (kcal/mol), where C* is
the carbon atom connecting a side chain to the backbone andr
is the Li‚‚‚C distance in angstroms. The increased Li‚‚‚C*
repulsion parameters prevent Li+ cations from being complexed
by the backbone ether oxygen atoms. The influence of the
backbone stiffness was investigated by increasing the barriers

for the conformational transitions of the-O-C-C-O- and
-C-C-O-C- dihedrals by 5 kcal/mol. The length of these
simulations is also summarized in Table 1.

III. Electrolyte Density and Li + Environment

The densities of the PEPE5/LiTFSI electrolyte predicted by
MD simulations are shown in Table 1. Comparing the PEPE5/
LiTFSI densities with those for the linear PEO(Mw ) 2380)/
LiTFSI electrolyte at the same salt concentration36 indicates that
the densities of the linear and comb-branched SPEs differ by
less than 1%. The similarity of densities indicates that the free
volume is similar in these two electrolytes.

We find that the Li+ local environment in the PEPE5/LiTFSI
electrolyte is also almost identical to that observed in previous
simulations36 of PEO(Mw ) 2380)/LiTFSI SPEs. Specifically,
the Li+ cations have on average 4.3( 0.2 ether oxygen (EO)
atoms within 2.8 Å. When the radius of the Li+ coordination
shell is extended to 4 Å to include loosely coordinated EO
atoms, each Li+ is coordinated by about six EO atoms in accord
to coordinations found in glyme2/LiTFSI crystal structures.45

A more detailed analysis of the Li+ complexation that is done
separately for EO atoms depending on their position in the chain
is shown in Figure 2. We enumerated EO atoms based on their
proximity to the backbone. The EO belonging to the PEPE5

backbone is labeled as EO0, the first EO in the side chain
adjacent to the backbone is denoted as EO1, etc. The last EO
located at the side-chain end is labeled as EO6. We observe
that the Li+ cations have the highest probability to be coordi-
nated by EOs from the comb-branch polymer backbone and
the one adjacent to it denoted as EO0 and EO1. The lowest
probability for the Li+ coordination is found to the EOs from
side-chain ends (EO6). These results are in accord with our
previous reports,46 indicating that in linear polyethers Li+ cations
have the highest probability to be located in the middle of a
chain and the lowest probability to be coordinated by chain ends.
Interestingly, quantum chemistry calculations,38 MD simula-
tions,38 and experiments11 of bis(methoxyethoxyethoxy)phos-
phazene (MEEP) also showed the Li+ preference to be
coordinated by backbone atoms: the nitrogen in the case of
MEEP.

The fraction of Li+ cations separated from the TFSI- anions
by oligoether chains, denoted asRs, is summarized in Table 1.
We observe a high degree of the cation-anion separation
(dissociation), 79-95%, and essentially no difference between
results for PEPE5/LiTFSI and PEO/LiTFSI.33,36 The degree of
dissociation increases with decreasing temperature and is higher
than the values observed at similar salt concentration for other
anions in previous simulation of Li-salt doped oligoether
electrolytes.31,36,46-49

IV. Transport Properties

A. Ion and Solvent Self-Diffusion Coefficients.The self-
diffusion coefficient Di for speciesi was calculated using
Einstein relation43 for the TFSI- anion and Li+ cation at 423 K.

where MSDi(t) is mean-square displacement of a molecule
center-of-mass during timet, 〈 〉 denotes an ensemble average,
andDi

app(t) is the time-dependent apparent diffusion coefficient.
The Li+ and TFSI- MSDi(t) are shown in the Supporting
Information. At 423 K the Li+ motion is subdiffusive, i.e., MSDi-
(t) ∼ tγ with γ < 1, on a time scale of tens of nanoseconds and

Figure 1. Chemical structure of the simulated isotactic PEPE5 comb-
branched polymer doped with LiTFSI.

Di ) lim
tf∞

Di
app(t) ) lim

tf∞

〈MSDi(t)〉
6t

(1)
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is similar to the previously shown data for PEO/LiTFSI.36 In
contrast, the TFSI- anion diffuses relatively rapidly and becomes
diffusive on the time scale of a few nanoseconds in accord to
previous results for PEO/LiTFSI.36 As temperature decreases,
longer simulations are required in order to reach the diffusive
regime. Such simulations are very expensive using the many-
body polarizable potentials we employed, thus posing significant
difficulties for obtaining the ion self-diffusion coefficient at low
temperatures. In order to estimate the ion self-diffusion coef-
ficient as accurately as possible at low temperatures, we fol-
lowed our previous work36,50and assumed that MSDi(t) at dif-
ferent temperatures can be superimposed by scaling the time axis.
The self-diffusion coefficients of all ions are determined as

whereDi(423 K) was obtained utilizing eq 1 at 423 K andai(T)
is the temperature-dependent time-shift factor obtained by

superimposing MSDi(t). Figure 3 shows a comparison of the
Li+ and TFSI- self-diffusion coefficients for PEPE5/LiTFSI with
the results of previous simulations36 for PEO(Mw ) 2380)/
LiTFSI at the same salt concentration. The TFSI- anion self-
diffusion coefficients are very similar for the linear and comb-
branched polymer electrolyte, while the Li+ self-diffusion
coefficient is a factor of 2.5-5 slower for PEPE5/LiTFSI
compared to PEO/LiTFSI. We attribute the lower Li+ self-
diffusion coefficient in the comb-branched electrolyte to the slow
mobility of Li+ cations coordinated with the slowly relaxing
backbone, as will be demonstrated below.

The apparent lithium transference numbert+
app was calcu-

lated as

t+
app values of 0.07-0.1 were obtained for PEPE5/LiTFSI,

consistent with the experimentally measured51 apparent lithium
transference values 0.05-0.08 for the similar polyether-based
hyperbranched network SPEs doped with LiTFSI at EO:Li)
17 salt concentration and are indicative that, unfortunately, a
dominant fraction of the charge transport is due to TFSI- anion
motion in comb-branched electrolytes. The PEPE5 self-diffusion
coefficient of PEPE5 polymer host is estimated to be more than
an order of magnitude lower than that for the Li+, indicating
that the PEPE5 chains are essentially immobile in comparison
with the Li+ cations and the contribution from the Li+ motion
together with the PEPE5 chain center of mass to the Li+ transport
is negligible; thus, we expect the Li+ self-diffusion coefficient
from our simulations to be similar to the one for high molecular
weight polymeric electrolytes.

B. Correlation of Ion Motion and Electrolyte Ionic
Conductivity. Ionic conductivity is the long time limit of
apparent conductivityλapp(t) and is calculated using the Einstein
relation43

wheree is the electron charge,V is the volume of the simulation
box,kB is Boltzmann’s constant,T is the temperature,t is time,
zi andzj are the charges over ionsi and j in electrons,Ri(t) is
the displacement of the ioni during timet, the summation is
performed over all ions,〈 〉 denotes the ensemble average, and
N is the total number of ions in the simulation cell. Determining
the long-time limit ofλapp(t) using eq 4 is problematic even at
high temperatures where the diffusion coefficients can be

Table 1. Length of MD Simulations, Electrolyte Density, Fractions of Free Ions (r(Li +-N) > 5 Å), and Degree of Ion Uncorrelated Motion (rd)

temp (K) equilibration run length (ns) production run length (ns) density (kg m-3) fraction of free ions (Rs) Rd

original force field
423 3 38 1144 0.80 0.83

393 2 24 1170 0.88 0.86

363 2 30 1198 0.89 0.90

333 2 8 1227 0.94 0.95

increased Li+-(polymer backbone repulsion)
393 1 6 1170 0.81

stiffened PEPE5 backbone with the increased Li+-(polymer backbone) repulsion
423 1 5 1144 0.67
393 1 29 1170 0.86 0.80

363 1 4.5 1198 0.91

Figure 2. Running coordination number of EO within radiusr of a
Li + for PEPE5/LiTFSI at 393 K. Plots for the EO groups with various
proximity to the PEPE5 backbone are shown. The EO0 belongs to the
backbone and EOn (n > 0) belong to the PEPE5 side chains, wheren
is the repeat units number from the backbone.

Figure 3. Ion self-diffusion coefficients for PEPE5/LiTFSI and linear
PEO/LiTFSI from simulations36 and experiments.3,14,57The linear PEO
Mw ) 2380 for MD and 2480 for experimental samples.57

Di(T) ) Di(423 K)/ai(T) (2)
t+
app)

DLi+

DLi+ + DTFSI-

(3)

λ ) lim
tf∞

λapp(t) ) lim
tf∞

e2

6tVkBT
∑
i,j

N

zizj〈([Ri(t) -

Ri(0)])([Rj(t) - Rj(0)])〉 (4)
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accurately determined becauseλapp(t) has poorer statistics and
a higher uncertainty compared to MSD(t).

Conductivity can be decomposed into an “ideal” conductivity
that would be realized if ion motion were uncorrelated, denoted
λuncorr(t), and the degree to which ion motion is in fact
uncorrelated, orRd. The degree of uncorrelated ion motion is
given as the ratio of the collective (total) charge transport (λ)
to the charge transport due to self-diffusion only (λuncorr)

Hereni is the number of atoms of typei ) (Li+ or TFSI-), n
) nLi+ + nTFSI-. The degree of ion uncorrelated motionRd ) 1
corresponds to completely uncorrelated ion motion, whileRd

) 0 if all of the cations only move together with anions.
TheRd(t) were calculated using eq 6 and are shown in Table

1 as the averaged values for the time scale where we feel that
adequate statistics is present for accurate determination ofRd-
(t), which is typically up to a few nanoseconds. We find that
the length of the simulation run needs to be at least one but
preferably 2 orders of magnitude longer than the time where a
reliable estimate of theRd(t) andλ are possible in accord with
conclusions of the study investigating accuracy viscosity predic-
tions as a function of the length of the simulation trajectory.52

The Rd values are similar to theRs (dissociated ion pairs from
the structural analysis) indicative of good correlation between
the fraction of free (uncomplexed by a counterion) ions and
uncorrelated ion motion in the PEPE5/LiTFSI electrolyte at EO:
Li ) 20 salt concentration. Next, we assumed that theRd values
from the nanosecond regime are similar to those at long times.
This assumption allows us to estimate electrolyte conductivity
usingRd and ion self-diffusion coefficients from eqs 5 and 6.
Predicted conductivity is shown in Figure 4 along with data
for linear PEO/LiTFSI from MD simulations and experi-
ments.3,53 MD simulation predictions of PEPE5/LiTFSI are in
good agreement with experimentally measured values in Kerr’s
group3 for the higher molecular weight samples. As Li+ motion
together with a polymer host gives a negligible contribution to
conductivity in our simulations of PEPE5/LiTFSI and the chain
end contribution to polymer local relaxation is also negligible
for the simulated molecular weight, we expect very little changes

of the PEPE5/LiTFSI conductivity with the increase of the
polymer molecular beyond the simulated value, in agreement
with experimental evidence for similar molecular weight linear
polymer electrolytes.53 Thus, the comparison between MD
predictions and experiments is meaningful. Conductivity of
PEPE5/LiTFSI is slightly lower than conductivity of low
molecular weight PEO-doped LiTFSI as a result of a lower
cation diffusion shown in Figure 3.

V. Lithium Transport Mechanism

MD simulations present a unique opportunity for detailed
analysis of the Li+ transport mechanism. We begin by inves-
tigation of the changes in Li+ coordination as a function of time
for each Li+. Changes in the Li+ coordination are conveniently
monitored utilizing the coordination plots shown in Figure 5.
Here we follow the technique introduced by Mu¨ller-Plathe et
al.;20 specifically, all EO that are complexed by a Li+ cation
(r(Li+-O) < 2.8 Å) are numbered consecutively from one end
of a PEPE5 chain to the other. If at any given time a Li+ is
coordinated by a specific EO, this EO is marked as a complexing
EO for that cation and is shown in the plot as a filled symbol.
In order to improve clarity of the plot and remove EO that
participate in complexation for a very brief period of time, we
show in Figure 5 only EO involved in complexing a Li+ for at
least 50 ps out of each 100 ps interval. The EO groups belonging

Figure 4. Ionic conductivity for PEPE5/LiTFSI and PEO/LiTFSI from
simulations36 and experiments.3,14,57 The linear PEOMw ) 2380 for
MD and 2480 for experimental samples.57

λuncorr
app ) lim

tf∞
λuncorr

app (t) ) lim
tf∞

e2

6tVkBT
∑

i

n

zi
2〈[Ri(t) -

Ri(0)]2〉 )
e2

VkBT
(nLi+ DLi+

app + nTFSI-DTFSI-
app ) (5)

Rd ) λ
λuncorr

) lim
tf∞

Rd(t) ) lim
tf∞

λapp(t)

λuncorr
app (t)

(6)

Figure 5. Plots of evolution of the Li+ local environment with time
for 2 Li+ cations. Ether oxygen (and TFSI- oxygens) atoms complexed
at each time interval of 100 ps for longer than 50 ps with a given Li+

are marked with the filled symbol. Dashed lines separate ether oxygen
belonging to the same side chain.
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to the same side chain are marked by dashed lines. The EO
groups belonging to the PEPE5 backbone are marked on the
left side of Figure 5. The oxygen atoms from TFSI- anions
involved in complexing Li+ are marked analogously to the
complexed EO and are shown in Figure 5.

Figure 5 shows the evolution of a Li+ coordination shell over
time for two lithium cations that have quite different local
mobility. The Li+ cation examined in Figure 5a changes side
chains multiple times during a part of the simulation, while the
Li+ shown in Figure 5b does not significantly change its
coordination over time. Contrasting Figure 5a with 5b highlights
significant heterogeneity of Li+ motion on the scale of our
simulations (∼20 ns) at 393 K as some Li+ undergo multiple
changes of its coordination, whereas others (Figure 5b) basically
do not change their coordination on the scale of 20 ns. We
observe that the fast Li+ (Figure 5a) displacement is∼5 times
larger than that for the Li+ shown in Figure 5b after 20 ns. We
notice that the common feature of the low mobility lithiums is
their complexation with the PEPE5 backbone, while fast lithiums
typically hop from a one side chain to another without being
complexed by the PEPE5 backbone. In order to understand the
origin of such behavior, we characterized the conformation
relaxation of the PEPE5 comb-branched polymers as a function
of proximity to the backbone via calculation of the-O-C-
C-O- torsional autocorrelation function (ACF) given by

where φn-m(t) is the -On-C-C-Om- dihedral angle, the
subscriptsn andm indicate dihedral number that is a function
of its proximity to the PEPE5 backbone,t is time, and the
brackets denote an ensemble average over all dihedrals of type
i. The -On-C-C-Om- torsional angles correspond to pairs
of EO atoms (n, m) from Figure 2. The torsional ACF functions
are shown in Figure 6. The decay of the torsional ACFs is
depends strongly on the position in PEPE5 chain. We have
chosen a time where a torsional ACF reaches 0.2 as a
characteristic relaxation time of the dihedral and plotted it in
Figure 7. The-On-C-C-Om- dihedral autocorrelation time
is the longest for the backbone dihedrals (O0-C-C-O0 or
0-0). It is more than 2 orders of magnitude longer than the
relaxation time for the dihedrals in the middle of side chains
and the average value for the-O-C-C-O- relaxation in a
linear PEO/LiTFSI electrolyte at the same temperature and salt
concentration. The torsional autocorrelation times for the-O0-

C-C-O1- and -O1-C-C-O2- dihedrals are also 1-2
orders of magnitude longer compared to the relaxation times
for the dihedrals in PEO/LiTFSI, while the relaxation times for
the dihedrals from O2-C-C-O3 to O4-C-C-O5 are very
similar to those for the-O-C-C-O- dihedrals in PEO/
LiTFSI. The O5-C-C-O6 dihedral at the chain end shows the
fastest relaxation as expected. We note that because of low
lithium salt concentration EO:Li) 20 the majority of dihedrals
are not complexed by Li+ cations, indicating that the relaxation
times shown in Figure 7 are dominated by the relaxation of
dihedrals not complexed by Li+ cations.

The correlations of ion dynamics with the glass transition
temperature is widely known from experiments and is indicative
of the coupling between ion transport and polymer relaxation.2

MD simulations have also shown that the slowing down of
conformational relaxation directly translates into slowing down
of the Li+ and TFSI- dynamics.54 Thus, the slower by orders
of magnitude relaxation of dihedrals near the PEPE5 backbone
is expected to result in a significant slowing down of the Li+

dynamics for the cations that are complexed by the backbone
groups. Two strategies for improving ion transport could be
envisioned: the first one is to increase dynamics of the dihedrals
near a backbone as realized in MEEP comb-branched poly-
mers10-13 and siloxanes with oligoether side chains.55,56 The
second strategy is to prevent Li+ cations from being complexed
by the slow-moving backbone. The drawback of the first strategy
is the degradation of the polymer mechanical properties, while
the second strategy results in losing some solvating groups.

VI. Influence of the Li +-Backbone Interactions and
Backbone Stiffness on Ion Transport

Additional MD simulations were performed at 393 K with
the increased repulsive interactions between the Li+ and
backbone carbon atoms as described in the MD Methodology
section. The resulting running coordination numbers of EOs near
a Li+ are shown in Figure 8. No Li+ are coordinated by
backbone atoms as expected due to increased Li+-backbone
carbon repulsion. The fraction of the Li+ coordinating EO1 is
significantly reduced compared to results of the simulations
utilizing the original force field and shown in Figure 2. The
Li+ self-diffusion coefficient for the PEPE5/LiTFSI electrolyte
with the repulsive Li+-backbone interactions is∼30% higher
than the Li+ diffusion for the PEPE5/LiTFSI simulated with the
original force field. It is a modest improvement but could be
easily achieved by incorporation less polarizable or less polar
groups in the comb-branched polymer architecture.

As efficient Li+ transport in PEPE5/LiTFSI does not involve
the comb-branched polymer backbone, one envisions that it is
possible to improve mechanical properties of the SPE by using

Figure 6. -On-C-C-Om- torsional ACF for PEPE5 comb-branched
polymer doped with LiTFSI salt (EO:Li) 20) at 393 K, wheren and
m denote proximity of the oxygen atom to the backbone with O0 being
the oxygen at the backbone and O6 being the oxygen atom at the side
chain end.

Pi(t) )
〈cos(φn-m(t)) cos(φn-m(0))〉 - 〈cos(φn-m(0))〉2

〈cos2(φn-m(0))〉 - 〈cos(φn-m(0))〉2

(7)

Figure 7. -On-C-C-Om- torsional autocorrelation time (forP(t)
) 0.2)) for PEPE5/LiTFSI and PEO(Mw ) 2380), EO:Li ) 20 at
393 K.
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a stiff backbone that does not solvate (coordinate) Li+ cations
without significant degradation of the charge transport. To
investigate this supposition, additional MD simulations with a
very stiff backbone and the increased Li+-backbone repulsion
were performed. The backbone was stiffened by increasing
barriers for the backbone C-O-C-C and O-C-C-O dihe-
drals by 5 kcal/mol. The Li+ complexation by EO groups was
similar to that shown in Figure 7. The characteristic relaxation
times for the O-C-C-O dihedrals are shown in Figure 8.
Increasing backbone barriers slows down backbone relaxation
by more than 2 orders of magnitude, while the side-chain
dihedrals slow down only by a factor of 2-4 compared to the
original PEPE5/LiTFSI electrolyte. The ion self-diffusion coef-
ficients for electrolytes the stiff PEPE5 polymer host and original
one are shown in Figure 9. In the stiff PEPE5/LiTFSI electrolyte
both Li+ and TFSI- ions move a factor of 2( 0.3 slower
compared to the original PEPE5/LiTFSI. Thus, slowing down
of the backbone dynamics by 2 orders of magnitude leads to
only a modest slowing down of ion dynamics. These results
are in qualitative agreement of the experimental study of the
influence of the backbone properties on conductivity of comb-
branched polymers with oligoether side chains done by Kerr’s
group.14

VII. Conclusions

MD simulations utilizing recently developed many-body
polarizable force fields accurately predicted conductivity of the
PEPE5/LiTFSI comb-branched polymer electrolyte as a function
of temperature at EO:Li) 20 salt concentration. As found for
linear PEO/LiTFSI electrolytes at EO:Li) 20, the fraction of
the solvent separated ion pairs was quite high (0.8-0.95),
suggesting that most of the charge transport is due to ions
uncomplexed by a counterions. The Li+ self-diffusion coefficient

was found to be roughly an order of magnitude lower than the
TFSI- anion self-diffusion coefficient, indicating that most of
the charge transport is due to anion.

The conformational relaxation of the comb-branched polymer
backbone was up to 2 orders of magnitude slower compared to
the relaxation of the middle of side chains, which was in turn
quite similar to the relaxation of in the linear PEO-doped
LiTFSI. Because of the slow backbone relaxation, the Li+

cations complexed by the PEPE backbone exhibited slower
dynamics compared to other Li+ cations that moved from the
PEPE side chain to a side chain without being complexed by
the backbone groups. Forcing Li+ cations not to be solvated
(coordinated) by the backbone resulted in an improvement of
the Li+ transport by 30%.

An additional electrolyte that has a stiff backbone with
barriers for the backbone group conformation transitions raised
by 5 kcal/mol and Li+ cations not solvated (complexed) by the
backbone was investigated. In this electrolyte ions move only
a factor of 2( 0.3 slower compared to the original PEPE5/
LiTFSI electrolyte despite slower by 2 orders of magnitude
backbone dynamics in the former. Thus, only a modest slowing
down of ion dynamics is observed with a dramatic stiffening
of a polymer chain, suggesting a possibility for a partial
decoupling of electrolyte mechanical properties and ion trans-
port. Such electrolytes might present a compromise for improv-
ing electrolyte mechanical properties accompanied by a modest
loss of conductivity.
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