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ABSTRACT: The mechanisms of lithium cation (Di and bis(trifluoromethane)sulfonamide anion (TFESI
transport in poly(ethylene oxide) (PE®, = 2380) melts were examined using molecular dynamics (MD)
simulations over a wide range of salt concentrations and temperatures. MD simulations using a quantum-chemistry-
based many-body polarizable force field yielded ion self-diffusion coefficients, electrolyte conductivity, ion
aggregation, and the coordination environment ofibigood agreement with experiment. Lithium transport was
found to arise from a combination of the subdiffusive Inhotion along PEO chains, motion together with PEO
segments and intersegmentat lliops from one PEO segment to another. The rate of intersegmental hops was
found to correlate well with times at which Limotion crosses over from subdiffusive to diffusive behavior. The
contribution of Li" motion along PEO chains to the totalfLiransport was found to be approximately equal to
the contribution from Lt moving together with PEO segments. Diffusion of both bind TFSt was found to

be strongly coupled to PEO ether oxygen atom displacements and PEO conformational dynamics.

I. Introduction F F
. . | . N oo T
Lithium secondary batteries are primary candidates for use O // \\/C
in electric and hybrid-electric vehicles. Use of lithium metal as F/ //S\ /S\\ \F
an anode material offers the highest theoretical energy density O N )

for secondary lithium batteries. Unfortunately, liquid electrolytes  rigyre 1. Structure of bis(trifluoromethane)sulfonamide (TSinion.
cannot be used with the lithium metal anode because of dendrite
growth during chargedischargé. Solid polymer electrolytes  |argely dissociate in PEO matrices. While the ambient temper-
(SPE) formed by dissolving lithium salts in a polymer matrix  atyre conductivity of PEO-based/LiTFSI SPEs remains below
exhibit significantly slower dendrite growth or can .inhibit it acceptable levels, these materials are among the promising
completely. They also combine ease of fabrication, good geyveloped to date, and an increased fundamental understanding
electrochemical stability, low flammability, and toxicity with ¢ cation and ion transport in PEO/LITFSI could play an
the ability to form good interfacial contact with electrodes during jmportant role in development of improved SPEs.
charge-discharge cycles and eliminate a need for a sepatator. Molecular dynamics (MD) simulations are, in principle, well
Despite many advantages over liquid electrolytes, SPEs exhibitgitad for exploring transport mechanisms in SPEs. However,
low ambient temperature conductivity and low transference | hile a number of MD simulation studies of PEO-based SPEs
numbers, preventing them from being used in batteries for paye peen reported, most could not provide reliable predictions
consumer electronics and automotive applicatins. of electrolyte conductivity and ion transport, thus prompting

The first suggested SPE's consisted of linear PEO doped with questions about conclusions drawn from these simulation studies
lithium salts. Many variations of the polymer chemistry and regarding transport mechanisaisl’ Several events that can
architecture have been explored including introduction of contribute to the Li transport were observed in these simulation
oxymethylene groups in the PEO chéi,use of block  studies, namely, Li moving along the PEO chains (but was
copolymers; use of comb-branch polymets radiation cross-  not observed in ref 16), licomplexing and decomplexing with
linking of PEO? and addition of nanoparticlés? Years of anions, and L occasionally hopping from one PEO chain to
extensive investigations of SPEs have led to important insight another. The relative importance of these mechanisms has not
into the structure and transport characteristics of these materialsheen assessed and remains unclear. We previously skbwed
Importantly, traditional lithium salts (LiBE LiPFs, Li-triflate) that cations that hopped from one PEO chain to another and/or
have been found to aggregate extensively in SPE matrices. Theaxtensively moved along PEO chains generally exhibited higher
extent of aggregation increases with increasing salt concentrationmobility that those that underwent limited hopping along PEO
and temperature and is found to be dependent on the size ofchains, thus indicating that hopping along PEO chains noticeably
anion. Large anions with delocalized charge tend to have lower contributes to Lt diffusion. However, our simulationd,while
binding to Li* and yield more free (uncomplexed by anion) |onger than previous studiéal3were not sufficiently long to
Li* cations available for charge transport. The bis(trifluo- allow quantification of the relative importance of various
romethane)sulfonamide anion (TF$ls one of the most popular  mechanisms to the titransport.
large anions, and it is shown in Figure 1. LiTFSI was found to  |n this work we demonstrate that sufficiently long MD

simulations utilizing a recently developed quantum chemistry-
t Department of Materials Science & Engineering. based many-body polarizable force fildan accurately predict
* Department of Chemical Engineering. Lit local environment, ion self-diffusion coefficients, and
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Table 1. Length of MD Simulations, Fraction of Free lons, Degree of
lon Uncorrelated Motion (o), and Rate of Intersegmental Hopping
(1/Tintersegment hoa

salt equilibration production fraction 1/
concentration temp run run of free Tintersegment hop
(EO:Li) (K) length (ns) length (ns) ions o (ns?)
39 423 5 8 0.91 0.90 0.053
39 393 3 16 0.96 0.91
20 423 5 27 0.86 0.92 0.047
20 393 3 50 0.93 0.94 0.02
20 363 7 36 0.92 0.93
20 333 3 10 0.92 0.95
10 423 3 18 0.70 0.85 0.051
10 393 5 10.5 0.70 0.80
7.5 423 3 11 0.65 0.77 0.041
7.5 393 2 7.3 0.66 0.79

electrolyte conductivity in PEO/LITFSI SPEs. We have chosen
a relatively long PEON!,, = 2380, 54 repeat units) in order to
allow sufficient diffusion of Li" along polymer chain to occur
but short enough to allow equilibration of global polymer
conformation within a reasonable time frame. Moreover, ion
self-diffusion and electrolyte conductivity in PE®I{ ~ 2500
g/mol) are very similar to those of amorphous high molecular
weight PEO-based electrolytes, indicating that the transport

mechanism gleaned from our simulations using 54 repeat units

PEO is expected to be similar to that in high molecular weight
electrolytes. Our goal is to perform simulations that are long
enough and utilize the accurate many-body polarizable force
field in order to be able to provide definitive answers about a
mechanism of the L and TFSt transport in PEO/LITFSI
SPEs.

II. Molecular Dynamics Simulations Methodology

A version of the molecular dynamics simulation package
Lucretiug® that includes many-body polarization was used for
all MD simulations. The three-dimensional, periodic cubic
simulation cell consisted of 9 or 10 methoxy-terminated PEO
(My, = 2380) chains and 14, 27, 48, 65 LiTFSI, corresponding
to salt concentrations of ether oxygen (EO)#i39, 20, 10,
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development and validation. Namely, the PEO/LITFSI force
field is a part of a set of classical many-body polarizable force
fields that were developed fon-alkanes, perfluoroalkanes,
polyethers, ketones, and linear and cyclic carbon&tBépole
atomic polarizability terms were used to capture many-body
polarizable effects and were parametrized on the basis of
molecular interactions with test charges. Partial charges were
fitted to the electrostatic potential around a molecule. The
repulsion-dispersion contribution to the nonbonded energy is
determined on the basis of quantum chemistry dimer energies
of model compounds and empirical thermodynamic liquid-state
properties. Bonding and bending parameters were determined
from vibrational frequencies and equilibrium geometries of
model compounds. The torsional parameters were fit to obtain
the best description of conformational energetics of model
compounds obtained from ab initio quantum chemistry calcula-
tions. Molecular dynamics simulations with these force fields
accurately predicted structural, dynamic, and transport properties
of liquids and unentangled polymer melts and their solutions
with LITFSI.

[ll. Structural Properties

lon aggregation in PEO/LITFSI has been studied by Raman
spectroscopy at 343 and 2942K Analysis of the 740 cmt
Raman mode of TFSI indicated an estimated fraction of
complexed TFSI anions (by Li") in PEO/LITFSI of less than
7% for EO:Li > 8 and~24% for EO:Li= 6 at 343 and 294 K,
indicating no change in ion aggregation with decreasing
temperature. In MD simulations we defined a cation or anion
to be free if there are no k:*Nyesi~ approaches closer than 5
A (the position of the minimum after the first peak of the"Li
--N radial distribution function). The fraction of free ions shown
in Table 1 for all simulated systems agrees well with analysis
of Raman spectroscopy studies.

The Li* cation environment in PEO/LITFSI, EO:l= 7.5:1
has been studied in recent neutron diffraction isotopic substitu-
tion (NDIS) experiments at 296 R.NDIS experiments revealed
a first Li—O structural peak at 2.% 0.05 A and 4.9 oxygen

and 7.5, respectively. All SPEs were created in the gas phaseatoms in the first coordination shell of Lat room temperature.

corresponding to a cell (linear) dimension-e150 A. The cell

Long polymer relaxation times at low temperature prevent us

was shrunk to the size corresponding to a density that yieldedfrom obtaining an equilibrated Li environment at room
an average pressure of 1 atm over 1 ns at 450 K. Simulationstemperature. However, as ion aggregation of PEO/LITFSI does

were first performed at 423 K. Aftee30—50% of the trajectory

not significantly change with temperature in MD simulations

at 423 K was generated, temperature was decreased to 393 Kand Raman experiments, it is reasonable to assume that'the Li
After ~30—50% of the trajectory at 393 K was generated, the environment at room temperature and 393 K are similar and
temperature was decreased to 363 K. Table 1 summarizes theur results at 393 K can be compared against room temperature
length of production and equilibration runs performed using NDIS experiments. From analysis of MD trajectories of PEO/
NVT and NPT ensembles, respectively. A simulation box had |iTFSI EO:Li = 7.5:1 at 393 K, we obtained the position of
linear dimensions«35—37 A. A Nose-Hoover thermostat and  the first Li—O peak at 1.97 A, in good agreement with NDIS
a barost&f were used to control the temperature and pressure, experiments. The average number of ether oxygen and TFSI
while bond lengths were constrained using the Shake algo- oxygen atoms complexing a ticatior?® were 3.85 and 0.5,
rithm 2! The Ewald summation method was used for treatment respectively, yielding a total of 4.6 oxygen atoms in the first
of long-range electrostatic forces between partial charges andcoordination shell of a L, again in good agreement with 4.9
between partial charges and induced dipoles for the many-bodyoxygen atoms found coordinating a*Lin NDIS experiment.
polarizable potential. A tapering functi&was used for scaling A detailed analysis of i complexation revealed a number
the induced dipoleinduced dipole interactions to zero at the of representative L coordinations as shown in Figure 2. The
cutoff of 10 A, with scaling starting at 9 A. A multiple time  most intriguing are the Li coordinations shown in Figure 2a,b
step reversible reference system propagator algorithm waswhere Lit cations are complexed by two PEO helixes and
employed? with a time step of 0.5 fs for bonding, bending, ordered into structures with two and even three lithiums located
and torsional motions, a 1.5 fs time step for nonbonded 4.5-5 A from each other. Such structures are not prevalent but
interactions within a 6.5 A sphere, and a 3.0 fs time step for are present sufficiently ofte20 + 10% of all Lit coordina-
nonbonded interactions between 6.5 and 10.0 A and thetions) and are observed for all salt concentrations except the
reciprocal space part of the Ewald summation. lowest salt concentration studied (EO=i39). The structures
While details of the force field development are given shown in Figure 2a,b resemble *Licomplexation patterns
elsewheré8 here we briefly summarize main features of its observed in PEO/LiXk (X = P, As, Sh) EO:Li= 6 crystaICDV
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Figure 2. Snapshots from simulations of PEO/LITFSI at 423 K (a, b, d) for EG:L20:1 and (c) for EO:Li= 10:1. Hydrogen atoms are not
shown for clarity. Only atoms within 4.0 A of eachLare shown. Crystal structure from X-ray diffraction measurements of PEO/LIBEFLi
= 6 from ref 29 is also shown for comparison.

phases obtained from X-ray diffraction experiments by Bruce’s structures when a PEO chain after wrapping around two lithiums
grou@’=2° and reproduced in Figure 2e for comparison. In turns back to form another helix and thus complete coordination
crystal structures “the Lii cations are arranged in rows, with  of the first Li*, as shown in Figure 2c.

each row located inside a cylindrical surface formed by two  Approximately 504+ 10% of Li* were complexed by two
PEO chains” (Figure 2e). The principal difference between the PEO segments, with the other 50% being complexed by a single
structures observed in MD simulations (Figure 2a,b) and those PEO segment, as shown in Figure 2d for all simulated
fitted to crystallographic data (Figure 2e) is that we observe a temperatures and concentrations. A segment is defined as a
Li ™ being wrapped around by two PEO helixes, whereas fits to continuous part of a PEO chain, i.e., a set of contiguous ether
crystallographic data yielded ticoordination by a nonhelical  oxygen atoms. For example, the'Lon the left in Figure 2c is
conformation that defines a half-cylinder. We also observed complexed by two segments of the same chain, aconfigur%’BQ/
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Figure 3. (a) Mean-square displacement (MSD) of LITFSI, and
PEO for EO:Li= 20 at 393 K and (b, c) only Liand a function of
temperature. Time axis in (c) is scaled by the scaling faa(fty, a(423
K) = 1.

that constitutes less than 10% offléoordinations. Snapshots
of a Li* coordinated with PEO and TFShknion at the same
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Figure 4. Self-diffusion coefficient for Li, TFSIT, and PEO from
MD simulations and pgf-NMR experimenrfsor EO:Li = 20.

regime, as shown in Figure 3b. Such simulations are extremely
expensive especially using the many-body polarizable potentials
as we employed thus posing significant difficulties in obtaining
Li* self-diffusion coefficient at low temperatures, where" Li
motion is subdiffusive on the scale of our simulations. However,
we found that L MSD(t) at various temperatures (Figure 3b)
nicely superimpose if the time axis is scaled by a temperature-
dependent shift factog(T), as shown in Figure 3c. Assuming
that the same temperature-dependent shift factor that applies in
the subdiffusive regime also applies in the diffusive regime,
the temperature-dependentLself-diffusion coefficients are
determined as

D(T) = D(423 K)/a(T) (2)
whereD(423 K) was obtained utilizing eq 1 ara(T) is the
temperature-dependent time-shift factor obtained by superim-
posing Li" MSD(t), as shown in Figure 3b,c. As expected from
previous simulations of polymer melts, at times scales less than
Rouse time (time of polymer coil reorientation45 ns for EO:
Li = 20 at 393 K), the PEO center of mass motion is
subdiffusive (MSD{) ~ t8), as seen from Figure 3a. Neverthe-
less, we extracted the PEO self-diffusion coefficients utilizing
eq 1 and its temperature dependence utilizing eq 2.

time are not shown because the frequency of their occurrence  Figyre 4 shows a comparison of thetLiTFSI-, and PEO

is low, and they do not follow well-defined patterns.

IV. Transport Properties

A. lon and PEO Self-Diffusion Coefficients. The self-
diffusion coefficientD is calculated using Einstein relation

MSD(t)0

i o —
D= {im DO =im

)
whereMSD(t) is mean-square displacement of a molecule cente
of mass during time, (JJdenotes an ensemble average, and
D2@PR1) is the time-dependent apparent diffusion coefficient. The
ion and PEO MSD for EO:Li = 20 at 393 K are shown in
Figure 3a. The TFSImotion is subdiffusive, i.e., MSID(~ t”
with y < 1, on subnanosecond time scale at 393 K. At times
longer than a nanosecond TFS$hotion becomes diffusive, and
its self-diffusion coefficient can easily be extracted by applying
eq 1 directly at all temperatures. The'lMSD(t) for EO:Li =

20 at 393 K is also shown in Figure 3a. The"Linotion is
subdiffusive for up to~30 ns. It is necessary to reach the
diffusive regime in order to accurately extract a diffusion

coefficient from MD simulations. As temperature decreases,
longer simulations are required in order to reach the diffusive to PEO M,, = 2380) used in MD simulations.

self-diffusion coefficients from our simulations with results of
pgf-NMR experiment® on PEOW,, = 2480 g/mol)/LiTFSI at
EO:Li = 20. MD simulations predictions deviate by less than
30% from experiments and exhibit nearly identical temperature
dependence. Similar agreement was observed for E©:10
concentration as a function of temperature (not shown). The
concentration dependence of the'land TFST self-diffusion
coefficients was measured in two pgf-NMR experiments

¢ performed on high molecular weight PEM{ = 5 x 106

g/moly° and lower molecular weight PE®A(, = 2480 g/mol§*

at 358 K. There is a noticeable difference between two sets of
experimental data shown in Figure 5. This difference can be
partially attributed to the difference in polymer molecular
weight. We compared ttiand TFST self-diffusion coefficients
extrapolated from our high temperature data for EG:LB9,

10, and 7.5 and interpolated for EO:ls= 20 with ion
self-diffusion coefficients from pgf-NMR in Figure 5. MD
simulations accurately predict decrease of the and TFSt
self-diffusion coefficients with increasing salt concentration and
are in better agreement with NMR results for the lower
molecular weight PEOM,, = 2480 g/mol) that is comparable

Ccbv
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10° g P C. Electrolyte Conductivity. lonic conductivity from MD
F o (Li) 0 simulations can be calculated using the Einstein relation (eq 3)
provided ion motion is diffusive

—W%— D(TFSI) 3
..... — — 14— EOrate ]

8
8
> £
&2 g 2 N
I s A=lim == Ri(t) — R(O)][R;(t) — R(0)]D (3)
=] o —_ A . —_ . . —_ .
= 1, o t—co 6thBTZZ'Z] ! : ) !
= 3 B
[ 1 £
a L e e e whereeis the electron charg¥,is the volume of the simulation
MD - filled symbols 4 o . , . ..
10 L NMR (Edman et al.) - open symbols o 2 box, kg is Boltzmann’s constant, is the temperaturé,is time,

E NMR (Hayamizu et al.) - x-hair symbols 1 z and z are the charges over ionisand j, Ri(t) is the
o1 displacement of the ion during timet, the summation is

0.00 0.05 0.10 0.15 ;
_ performed over all iond,IJdenotes the ensemble average, and
_ _ Li:EO o N is the total number of ions in the simulation box. The diagonal
Figure 5. Concentration dependence of the LTFSI self-diffusion terms in eq 3i(= j) yield contribution to ionic conduction from

coefficients from MD simulations and two pgf-NMR experiments of i ; i i ;
Edman et af and Hayamizy et & using PEOK, = 5 x 10° g/mol) ion self-diffusion. Off-diagonal terms arising from cations and

and PEOK, = 2480 g/mol), respectively, at 358 K. Concentration anions moving in the same direction (correlated ion motion)
dependence of the relative relaxation rate for EO relaxation is also decrease the total charge transport. The degree of uncorrelated

shown. of ion motion () is typically measured as ratio of the collective
(total) charge transport to the charge transport due to self-
B. Correlation of lon and Polymer Motion. The diffusion diffusion only (a limit of completely dissociated and uncorrelated

coefficients obtained from simulations and pgf-NMR experi- motion) and is given by eq 4
ments for both Lt and TFSt reveal the same decrease in
diffusion coefficients upon increasing salt concentration (Figure _ _ . _ 1 1

) . . o=lim a(t) = = > zz[IRi(t) —
5). Because the salt in this electrolyte is almost completely tvco0 (D + D* )N 6t 4
dissociated, the decrease in cation and anion self-diffusion ' R (O)[R.(t) — R(0)]0(4)
coefficients with increasing salt concentration is not due to ion ! ] ]

aggregation. To check f_or coupling bet_ween ion mation a_nd Thus,o. = 1 corresponds to uncorrelated ion motion, while
polymer segmental motion, we determined the concentration _ 0 if all cations move only together with anions. The ionic
dependence of the characteristic rate for polymer Segmemalconductivity is also frequently expressed as

relaxation by scaling time axis of the EO MSPét various
concentrations in order to superimpose them. The characteristic 1= aNez(D+ + D)V T (5)
time (inverse rate) for polymer segmental motion can also be

thought of as a time for polymer backbone atoms to undergo a Equation 5 was used to obtain degree of ion correlation from a
certain mean-square displacement, say 30td break out of  combination of pgf-NMR and conductivity measurements.
the cage imposed by neighbor packing. The concentration Values ofa. = 1 and 1.2 for PEO/LITFSI, EO:Li= 10 and
dependence of the relative polymer segmental relaxation rateEQ:Li = 20 at 333 K, respectively, were obtained, indicating
is also shown in Figure 5, and it is remarkably similar to complete salt dissociation. A value of 1.2 is unphysical because
concentration dependence of the diffusion coefficients of both o cannot be greater than 1.0. The fact that it is 20% large than
ions, indicating that both cation and anion motion are strongly the physical value of 1.0 indicates the combined error bars of
coupled to local polymer relaxation. This observation runs pgf-NMR and conductivity measurements is at least 20%.

counter to often-used argumefitshat anion dynamics is We obtaineda. for PEO/LITFSI from eq 4. The resulting
decoupled from those of the polymer matrix and is governed degrees of uncorrelated ion motion)(are given in Table 1.
by free volume. As expected from the large fraction of free ionds quite large

and is very close to the fraction of free ions obtained from
structural analysis, indicating that that motion of cations and
anions separated by solvent molecules (PEO) is largely uncor-
related. Finally, the conductivity of PEO/LITFSI was calculated
o ; o from eq 5. The salt concentration dependence of the PEO/
= 20:1 at 393 K with PEO backbone barriers increased by 1.3 | ity conductivity from MD simulations is in good agreement

kecal/mol for 7.5 ns and compared M3p(for ions from with results of two experimental measuremefif§as seen from
simulations using the original barriers. We found that an increase Figure 6.

in PEO conformational barriers slowed down TF3ind Li*

motion by 3.2 and 2.9 times, respectively, while increasing the V. lon Transport Mechanism

polymer segmental relaxation time by a factor of 3.5, clearly Having validated the Li coordination and ion transport
demonstrating that motion of both cation and anion motion are properties for the PEO/LITFSI SPEs predicted by MD simula-
strongly coupled polymer conformational dynamics. This be- tjgns through comparison with experiment, we are now in a
havior is different from that observed for small{QH, He, position to explore mechanisms of ion transport in detail. We
etc.) penetrant permeation, where it is believed that the primarily proceed with analysis of the titransport mechanism in the
mechanism of motion is hopping from one preexisting free following order. First, we identify possible contributions to the
volume (void) to another without requiring substantial polymer L+ transport; second, we quantify each of them and incorporate

MD simulations offer a possibility to check how cation and
anion motion is connected to segmental polymer dynamics by
artificially increasing barriers for polymer conformational
transitions. We performed simulations of PEO/LITFSI EO:Li

relaxation®*34Instead, the observed behavior of TF& similar them in a microscopic model that will allow us to predict overall
that observed for larger molecules in rubbery polyrifefs.g., Li™ transport by combining various transport mechanisms.
bisphenol A) that show coupling of the penetrant hopping and Finally, we utilize this model to better understand the importance
the dynamics of the polymer matrix. of each mechanism to the overall*Liransport.

Ccbv
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Figure 6. Concentration dependence of conductivity from MD
simulations at 393 K and experiments by Lascaud &t falt PEOM,

= (3.9-4.5) x 10° g/mol)/LiTFSI and Hayamizy et &F. for PEOM,

= 2480 g/mol)/LiTFSI.

A. Evolution of Li * Coordination with Time. We begin
by investigation of changes in ticoordination as a function
of time for each Li. Changes in Li coordination are
conveniently monitored utilizing the coordination plots shown
in Figure 7. Here all EO are numbered consecutively from one
end of PEO chain to the other for all chains. 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. To improve clarity of the plot and remove EO
that participate in complexation for a very brief period of time,
we show in Figure 7 only EO involved in complexing a‘Li
for at least 50 ps out of each 100 ps interval. Contiguous PEO
segments involved in complexation of a'ldation are separated
from each other by dashed lines in Figure 7. Oxygen atom from
TFSI™ anions involved in complexing ttiare marked analo-
gously to complexed EO and are shown in Figure 7.

In our simulations we observed various changes it Li
coordination with time that potentially can contribute to"Li
transport. Such events can be divided into four categories: (a)
A Li™ moving along PEO chains (Figure 7a). (b) A*Li
undergoing intersegmental hops that occur very fast (in a fraction
of a nanosecond, Figure 7a;at45 ns). In our simulations most
of the intersegmental [fihops resulting in LT changing chains
and, therefore, intersegmental hops are equivalent to interchain
hops. (c) Changes in ticoordination from being complexed
by a single PEO segment to being complexed by two PEO

segments and remaining complexed by two PEO segments forFigure 7. Plots of evolution of the Li local environment with time
for 3 Li* cations. Ether oxygen (and TFSbxygens) atoms complexed

. . at each time interval of 100 ps for longer than 50 ps with a given Li
ns). (d) Decomplexing from PEO segments and complexing by are marked with the filled symbol. Dashed lines separate strands of

multiple nanoseconds (Figure #c< 4 ns and 6 ns<t < 10

complexed EO  complexed Oy,

complexed EO

complexed O -

complexed EO

20 ¢ Li(1)
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a Li:EO=20, 393 K

0 5 10 15 20 25 30 35 40 45 50
time (ns)

b Li:EO=20,393 K
Li(#2)

0 5 10 15 20 25 30 35 40 45 50

time (ns)

Le EO:Li=10,423 K
Li(#3)

0 2 4 6 8 10 12 14 16 18
time (ns)

TFSI™ anions (without PEO) with a subsequent jump to another continuous ether oxygen atoms.

PEO segment within a few nanoseconds. The events of types

a—c were found for all electrolyte concentrations, whereas Li* that fumped =
events of type d were found only for the highest salt concentra- 600 | peoyohains.,~ "~ ]
tions (EO:Li= 10 and 7.5). Intriguingly, we often find a TFSI 500 | // _ 7
anion approaching a ti at the moment when the cation < 400 | V A complexcd
undergoes intersegmental jump as shown in Figuré Zal0, & 300} / /.:\ﬂ'mcsf:ﬁ TXSESY
42.5, and 45 ns, indicating that TFShnions may play an = 200 | /

important role in promoting Ui intersegmental hopping. Figure /[y s ___ Li' complexedy
7b shows that some tications complexed by two PEO 102 " . ‘h”amlemo

segments for very long time (as much as our simulation time)
and exhibited only quite limited motion along PEO chains.
Contrasting parts a and b of Figure 7 highlights significant

700

0 10 20 30 40
t (ns)

heterogeneity of L motion on the scale of our simulations Figure 8. Mean-square displacements of the' ldations that have
(50 ns) as some [iundergo multiple changes of its coordina- hOtPPEd I‘ZO{“ one PEolsegg‘ﬁm to ano:her gégnghanalymsa 2’?3 '—'t
: : : . cations that were complexe y one or two chains an 10 NO
tion, v.vhereas others (Figure 7b) basically do not change their undergo any intersegmental jumps during analysis for E&:120 at
coordination on the scale of 50 ns at 393 K. _ 393 K.

At the next step, we examine possible correlation between
types of Lit coordination and Li transport probed through its

by one PEO segment and two PEO segments without undergo-
MSD. Figure 8 presents tiMSD for the Li" that are complexed

ing intersegmental hopping during time of the analysis. &\6\/
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Figure 9. (a) The EG-Li* residence time ACF calculated directly
from MD simulations and the model for ttransport for EO:Li= 39,
20, 10, and 7.5 at 423 K. (b) The EQi* residence time ACF for
EO:Li = 20:1 at 423 from MD and from the model with various
intersegmental jump rates.

observe that on average'Ltoordinated by two PEO segments
move slower than the ticoordinated by one PEO segment
because Lfi coordination by two PEOs reduces its motion along
PEO chain and together with it and*Ltations do not move

inside structures shown in Figure 2a,b that is an envisioned Li

transport mechanism in crystalline SPES? The Li* that are

Macromolecules, Vol. 39, No. 4, 2006
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Figure 10. Two types of Li" motion present in a microscopic model.

segment j, time -+ At

C. Li* Transport Microscopic Model. We have developed
a microscopic model for i transport that includes the
underlining motional mechanisms for ‘Litransport and can
reproduce the EOLi™ residence time distribution and i
MSD(t) obtained from molecular dynamics simulations. In the
model an ensemble of cations occupying coordinating sites on
polymer chains is simulated, typically 1500 Li*. Each Li
occupies four coordinations sites. Each cation is allowed to move
along chains containing 54 coordination sites, thus mimicking
54 repeat unit PEO. [fialso hops from one segment of a PEO
chain to another segment of typically a different PEO chain
with the probability given in Table 1 and characteristic hop
length extracted from simulations and discussed below. Motion
along the polymer chains as well as intersegmental (interchain)
hopping is carried out utilizing Monte Carlo moves, as illustrated
in Figure 10.

Two types of lithiums exist in the model: (a) free*Land
(b) Li* complexed with anions. The probability of a'Lio be
free is taken from Table 1. Each freetLis not allowed to
approach another free ticloser than six coordinating sites
because each free'Lhas six EO (modeled as coordinating sites)
in its large (extended) coordination shelli(go < 3.8 A). A
complexed by a TFSI anion typically has two fewer EO
coordinating it; therefore, we do not allow a'Ltomplexed by

complexed by one PEO segment and undergo intersegmentafN anion to approach anotherléomplexed by another anion
hops during analysis moved the fastest as seen from Figure 8closer than four coordinating sites. The closest allowed approach

B. Cation Motion along the Chain. We just discussed that
Li™ motion along PEO is one of mechanisms contributing to
the total Li* transport. We do not know, however, how
important this contribution is, and we wish to quantify it. It is
cumbersome to count tihopping events along PEO directly
as a Li" moves back and forth along PEO chains. However,
we can easily calculate the Liresidence time autocorrelation
function (ACF) next to ether oxygen atoms and use this
information to determine the tidiffusion coefficient along PEO
chains. The EGLi* residence ACF time is given by eq 6

Peo-(i(t) = [H(t)*H(O)D (6)

whereH(t) is 1 given EO has a [iin its first coordination

between the complexed and fre€’lis five coordinating sites.

The acceptance probabilities for motion of a cation along a
polymer chain was varied until the EQLi ™ residence time ACF
from MD simulations and from microscopic model were in good
agreement, as shown in Figure 9a. The resulting diffusion
coefficients for Li* motion along PEO are given in Table 2.
Note that it is important to include tiintersegmental hopping
in the microscopic model in order to be able to describe the
EO—Li* residence time ACF at long times, because the model
without Li* intersegmental hoppingidersegment hog= 0 in Figure
9b) clearly predicts much higher probability of long residence
times. Reduction of the intersegmental jump ratgntgsegment hop
= 0.023 ns? (by a factor of 2 fronTintersegment hog= 0.047 NSt)
leads to a noticeably slower decay of the EIO" residence

shell (2.8 A and 0 otherwise). Representative residence timeime ACF fort > 10 ns that the ACF. Analysis of tidiffusion
autocorrelation functions are shown in Figure 9. Integrals from along a chain indicates that it travels on average from 11 to 16

zero to infinity of stretched exponential fits to the EQi "

residence time autocorrelation functions yield-H0" residence
times from 4.5 to 14.5 ns for EO:ls+ 39 and EO:Li= 7.5 at
423 K. These residence times indicate that & ldation

PEO repeat units before it undergoes an intersegmental jump
with the longer distances corresponding to low salt concentra-
tion.

completely changes its coordination by ether oxygens on a 10 We are ultimately interested not in the*Ldiffusion along

ns time scale at 423 K. As a Liis typically coordinated by
4-5 ether oxygen atoms, we estimate that it takd® ns for

a cation to move 45 repeat units along a PEO. The™Li
diffusion coefficient for its motion along PEO is obtained below
by applying a microscopic model of a'tiransport.

PEO but in the contribution of this mechanism td Idisplace-

ment in the SPEs. A relationship between the average physical
distance between any atoiinandj (R;) of the same PEO chain

and the number of bond§ ¢ j|) comprising the chain segment
between these atoms needs to be established in order to C(&BQ}T
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Table 2. Parameters for the Microscopic Model of Li* Transport?

salt conc. a coeff from theat®¢fit to the Li* MSD diffusion coeff along PEO length of intersegmental
(EO:Li) temp (K) together with a PEO segment{fs 0 chains (repeat unit¥hns jump (A)
39 423 0.783 9.50 5.8
20 423 0.580 9.50 5.8
20 393 0.350 5.10 7.0
10 423 0.488 7.00 5.8
7.5 423 0.396 6.00 5.0

aThe rate of intersegmental jumps and fraction of free ions are shown in Table 1.

the number of repeat units a'Liraveled with its mean-squared chains and undergoes intersegmental hops, but no movement
displacement. For this purpose we utilize the relationship with PEO segments is allowed; (d) ‘Limoves only by
intersegmental hops with no motion along PEO or with PEO

IZRUZD= Cli — j||2 @) segments. For scenario (a), the ldiffusion coefficient is equal
to the diffusion coefficient of the host polymer chains, which
wherel? is the mean-squared bond length (2.0% AndC, (n is essentially zero for high molecular weight entangled or cross-

= |i — j|) is the characteristic ratio of PEO that depends linked polymers. The diffusion coefficients obtained from the

relatively weakly upon both and salt concentration. We have ~Microscopic model for the latter three scenarios are shown in
shown previously that characteristic ratio decreases with Figure 12. Atlow salt concentrations the contribution fror Li
increasing salt concentratidfye observed the same tendency diffusion along PEO chains to total Lidiffusion is ap-
here as wellC, as a function of calculated eq 7 was used in Proximately equal to the contribution fromLdiffusion together

a model to obtain lithium mean-squared displacements for its With @ PEO segment. As salt concentration increases the
diffusion along PEG® As Li* diffusion along a polymer yields ~ contribution from cation diffusion along PEO chains decreases
the number of bonds Litraveledn ~ t°5, one obtains fromeq ~ More rapidly than that from Lidiffusion with a PEO segment

7 that Li* diffusion along an infinitely long PEO chain is Pbecause fewer coordinating sites (free EO) are available for the
subdiffusive with MSD~ t05 at the limit of long times. cation, thereby increasing the need for coordinated cation motion

The motion of Li* together with a polymer segment and the @long the polymer chain. Finally, if only intersegmental hops
distance a Lf travels when it undergoes an intersegmental hop are allowed for the Li diffusion, the diffusion coefficient is
are additional quantities needed for the macroscopic model that*10% of the magnitude of the total diffusion coefficient,
can be extracted from molecular dynamics simulations. We indicating that displacement of the cation by lhotion along
found that when a cation is complexed by a PEO segment thatPEO and/or with PEO segments between segmental hops is also
during the time during which its coordination does not change essential for achieving fast Litransport.
the cation motion can be described as M8DB¢ at®®. This
scaling corresponds to that observed for monomers in the
subdiffusive regime in numerous simulations of polymer niélts.
Table 2 summarized theecoefficient (fromat®6) obtained from 600
and fits to MD data.

Finally, the length for the intersegmental hops was estimated
from the difference between the MSD for the'lthat undergoes
intersegmental jumps minus the MSD for the Ithat does not 200 F
undergo any intersegmental hops and only moves together with
and/or along a PEO chain. The intersegmental hop lengths were 0 E
found in the range from 5 to 8 A. The electrolytes at lower 0 5 10 15 20
temperatures and lower salt concentrations tend to have longer

intersegmental jump lengths. Note that our estimates of the
g jump g Figure 11. Li*™ mean-square displacement (MSD) calculated directly

!ntersggmental jump length ,are S'm'la,r to the Va'fﬂ@ 8 found from MD simulations and the microscopic model for ltransport for
in ab initio quantum chemistry studies of the intersegmental go:Lj = 39, 20, 10, and 7.5 at 423 K.

Li ™ transfer between two PEO segmett3he intersegmental

800

—— model
|——— MD

400 |

MSD (A%

-~ .
=~ salt concentration

increase
1

t (ns)

hopping lengths used in the microscopic model are given in I —@— total

Table 2. L -~O-- no Li" hopping along PEO
Simulations of a Lt diffusion using developed microscopic (L T¥mno Li" motion together

model with parameters given in Table 2 yielded total MSD- Q with PEO segments

(t) shown in Figure 11. Good agreement between model g F @2~ only intersegmental hopping

predictions and simulation data is observed. We would like to 3.0 (@

point out that the ¥ MSD from the model exhibits a - = ‘—-~‘_& """"""" o)

subdiffusive behavior for times shorter than an average inter- 5 0.1 TT-vw

segmental hopping time and crosses over to the diffusive regime a .

after than. [A= Ao B—_ A
Having validated this microscopic model, we can analyze in I

detail the contributions of each mechanism to cation diffusion. 0.01 : ! ! . .

We have examined four scenarios offLdiffusion: (a) Li" 0.02 0.04 006 008 0.10 012 0.14

moves with PEO segments and along PEO chains but no salt concentration (Li:EO)

intersegmental hopping IS allowed; (b)'Lmoves with PEO Figure 12. Macroscopic Li diffusion coefficient from the model with
segments and undergoes intersegmental hops, but no movemeRfarious contributions to the titransport included for EO:L 20 salt

along PEO chains is allowed; (c)timoves only along PEO  concentration. CDV
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1000 g range of salt concentrations and temperatures. Because of the
F O mOdel ; extensive validation, we have significant confidence in the
100 ¥ S L‘g;;igg“:;fl‘;a‘ ® mechanisms of ion transport observed in our simulations.
N’\v? i R We found that the Li transport arises from a combination
g 10F of a subdiffusive LI motion along PEO chains (MSB t°9),
- i a Li* motion together with PEO segments (MSbt%-6for t <
o 1 ] Rouse time), and ti intersegmental hopping from one PEO
A segment to another. A timoves 1114 PEO repeat units on
0.1 average in between intersegmental hops. At low salt concentra-
001 F o L tions (EO:Li < 20) Li* hopping along PEO chains has a similar

contribution to the overall i transport as a Li transport

together with PEO segments. Lithium intersegmental hops are
r central to viable LT transport because without them the lithium

Figure 13. Dependence of the tidiffusion coefficient on the reduced  diffusion coefficient would be equal to that of PEO chains. The

intersegmental hopping rate)(r = r/r(for EO:Li = 20 at 393 K) for rate of intersegmental hops wa#®.05 and~0.02 ns! at 423

the microscopic model. The Lidiffusion occurring only by interseg- 54 393 K| respectively, correlating well with times, where

mental hopping without motion with or along PEO is also shown. L ! ! e

lithium motion undergoes a crossover from the subdiffusive to

0.1 1 10 100 1000

X FOLi0 the diffusive regime.
v diffusion The concentration dependence of the local relaxation of PEO
(O EO-Li' residence time segments is very similar to the concentration dependence of
10' | the Li* and TFSt self-diffusion coefficients, indicating that
o : local polymer relaxation is coupled with dynamics of botH Li
k3 Q and TFST. We have further confirmed coupling of the PEO
Q conformational dynamics with the transport of both' land
, TFSI™ ions by raising barriers for PEO conformational transition
10 §° that decreased the polymer segmental dynamic¢sahd TFST
L L L L diffusion to the same extent, confirming that dynamics not only
2426 28 30 of Li* but also of a relatively large TFSknion is also coupled
1000/T (K™ to the polymer segmental relaxation.
Figure 14. Shift factora(T) accounting for temperature dependence
of the Li* self-diffusion coefficient and EOLi* residence times. Acknowledgment. The authors are indebted to a subcontract
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