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ABSTRACT: Molecular dynamics simulations have been performed on solutions of low molecular weight
poly(ethylene oxide) (PEO) and Lil at 363 and 450 K for compositions ether oxygen:Li (EO:Li) = 48:1,
15:1, and 5:1. An explicit atom quantum chemistry based force field has allowed us to make quantitative
predictions of polymer dynamics, ion mobilities, and complex lifetimes in these solutions. In the more
dilute PEO/L.il solutions we found dynamical behavior consistent with a separation of the solutions into
salt-rich and polymer-rich (PEO-like) domains. Dihedrals with oxygen atoms bound to Li" cations
(complexed dihedrals) were found to have significantly slower conformational dynamics than those
dihedrals not bound to Li* cations (uncomplexed dihedrals). In the dilute solutions, the dynamics of the
complexed dihedrals were found to be only weakly dependent on composition, and the dynamics of the
uncomplexed dihedrals were found to resemble closely those of pure PEO. For the EO:Li = 5:1 system,
the conformational dynamics of both complexed and uncomplexed dihedrals were dramatically slower
than in the more dilute solutions, and it was no longer possible to observe dynamical behavior consistent
with separate salt-rich and polymer-rich domains. A slowing down of polymer chain dynamics with
increasing salt concentration, characterized by a significant increase in the Rouse time and a significant
decrease in the polymer self-diffusion coefficient, was also observed. Chain dynamics exhibited behavior
consistent with salt-rich and PEO-rich domains for EO:Li > 15:1. The slowing down of chain dynamics
was found to be correlated with an increase in the torsional correlation time due to restriction of the
conformational space available for complexed dihedrals, resembling behavior seen in simulations of
polymer melts approaching the glass-transition temperature. The ether oxygen—cation bond was found
to be quite labile, with an average lifetime of approximately 100—200 ps, while cations translate the
length of a polymer chain on a nanosecond time scale. Despite the high lability of the ether oxygen—
cation bonds, interchain hopping events were rare, with an estimated frequency of 1 interchain hop/
cation/10—100 ns. For systems with Rouse times less than the hopping time, we found the ion mobilities
to be highly correlated with the polymer center-of-mass motion. For the EO:Li = 5:1 solutions with much
longer Rouse times and a lightly cross-linked system, some decoupling of the ion motion from polymer
motion, indicative of a change in mechanism, was observed. Finally, in contrast to previous simulations,
conductivities and ion self-diffusion coefficients were predicted to within 1 order of magnitude of

experimental values for similar systems.

I. Introduction

Polymer electrolytes are of interest for use in second-
ary batteries, variable transmission windows, and dis-
plays. They combine ease of fabrication, low flamma-
bility, and toxicity with the ability to form good interfacial
contact with electrodes.’?2 Poly(ethylene oxide) (PEO)
is one of the most widely studied polymer hosts for
polymer electrolytes. There is also increasing interest
in the use of low molecular weight PEO as a nonvolatile
plasticizer in host polymers such as poly(vinylidene
fluoride),® cross-linked PEO,* and photopolymerized
oligo(ethylene glycol),3 with dimethyl acrylate.> Hence,
a better understanding of the structure and dynamics
of PEO—salt complexes could play a key role in the
development of improved polymer electrolytes.

Molecular dynamics (MD) simulations can be a pow-
erful tool for obtaining new insight into polymer elec-
trolytes by providing atomistic detail of both structure
and dynamics. The primary limitations in applying MD
simulation techniques to the study of polymer electro-
lytes are the accessible time scales and the accuracy of
the potential energy functions used to describe intramo-
lecular and intermolecular interactions. Experimental
studies of the molecular weight dependence of the
conductivity of polymer electrolytes® and theoretical
treatments®” indicate that, for polymer/alkali salt sys-
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tems with polymer host chains below the entanglement
molecular weight, the Rouse time is the relevant time
scale in determining conductivity. Hence, it is highly
desirable to perform MD simulations on polymer elec-
trolytes with trajectories comparable to the Rouse time
(rr) of the simulated systems. While previous MD
simulations of PEO/Lil®°® and PEO/Nal® melts have
provided insight into the dynamics of these systems, the
short trajectories (<tgr) and qualitative nature of the
potentials employed precluded the authors from making
guantitative predictions of dynamic properties of the
systems, including conductivities. In our study, much
longer trajectories have been generated, and the PEO
chain length and simulation temperatures were chosen
so as to make the relevant time scales accessible.

In our previous paper!! we examined the structural
and conformational properties of PEO/Lil solutions as
a function of salt concentration and temperature. These
simulations were performed at temperatures above the
melting point of PEO using relatively low molecular
weight PEO chains (12 repeat units, My, = 540 Da). The
simulations were performed using a quantum chemistry
based potential’®213 that has been demonstrated to
accurately reproduce the energetics of LiT—ether inter-
actions, the solvation environment of Li* cations,** and
the conformations®® and dynamics!® of the pure PEO
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melts. In this paper, we examine in detail the dynamics
of the PEO/L.il solutions as a function of salt concentra-
tion and temperature. Because ion conductivity in
polymer electrolytes occurs in the amorphous phase,!’
MD simulations performed at temperatures above the
melting point of the polymer, such as those reported
here, can provide valuable insight into the conforma-
tional and dynamic properties of PEO—salt systems
relevant to their room-temperature application.

In section 11 we briefly describe the potential functions
and simulation methodology employed. In section 11 we
investigate the influence of salt on polymer conforma-
tional dynamics and polymer chain dynamics. The latter
are accessible from our simulations because of our use
of ensembles of low molecular weight chains. In section
IV we investigate the dynamics of oxygen—cation bond-
ing and cation—anion bonding. Section V explores ion
mobilities and the conductivity of the solutions. The
ability of our simulations to reproduce available experi-
mental data on related systems is evaluated. Finally,
in section VI the influence of salt on polymer dynamics
and the relationship between polymer dynamics and ion
mobilities are summarized and discussed.

1. Force Field and Simulation Methodology

Molecular dynamics simulations were performed on
PEO/Lil melts composed of 32 PEO chains of 12 repeat
units with a structure H—[CH>OCH_]:,—H. Simulations
were performed for the pure PEO melt as well as the
systems having the following ether oxygen:Li (EO:Li)
ratios; EO:Li = 48:1, EO:Li = 15:1, and EO:Li = 5:1
(ratios were rounded). Simulations were performed at
363 and 450 K. A quantum chemistry based potential
function described elsewherel?~1318 was used. The bond
lengths were constrained using the Shake algorithm.1®
For most of the systems studied, the simulation trajec-
tories were 5 ns or longer. The simulation methodology,
including equilibration procedure, is described in detail
in a previous paper.!! The static properties of the
solutions as a function of salt concentration and tem-
perature have been previously published.!!

I11. Polymer Dynamics

It is known that addition of salt results in a slowing
down of polymer dynamics. For example, it has been
observed that the onset of the glass transition in PEO
and PPO based polymer electrolytes occurs at higher
temperature with increasing salt content.?°2! The slow-
ing down of polymer dynamics leads to a reduction in
ion mobilities and hence reduced molar conductivity
with increasing salt concentration.?2 It is therefore
important to understand both the influence of salt on
polymer dynamics and the relationship between poly-
mer dynamics and ion mobilities. While it is clear that
salt slows the polymer, the mechanism is uncertain. In
this section we examine the influence of salt on both
polymer conformational dynamics and polymer chain
dynamics.

A. Conformational Dynamics. 1. Overall Confor-
mational Dynamics. The average conformational tran-
sition time [Fyransition[s defined as the total trajectory time
divided by the average number of transitions per
dihedral, is a fundamental time scale in the consider-
ation of polymer dynamics. The conformational transi-
tion times for the PEO/L.il solutions as a function of salt
concentration and temperature are tabulated in
Table 1. While [@ransition[lincreases with increasing salt
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Table 1. Average Conformational Transition Time

B'transitionD(pS)
—C—0O— dihedrals —C—C— dihedrals

system 450 K 363 K 450 K 363 K
pure PEO 4.2 7.1 4.9 8.4
48:1 4.6 7.6 5.2 9.0
15:1 5.2 9.8 6.4 13.3
5:1 7.6 13.4 115 211
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Figure 1. Torsional autocorrelation function for C—0O dihe-

drals at 450 K. Time (t*) is given in reduced units (average
number of conformational transitions).

concentration as well as with decreasing temperature,
the influence of salt on the average conformational
transition time is not dramatic.

Conformational dynamics can also be investigated by
monitoring the torsional autocorrelation functions
(TACF). Let Hi(t) be the characteristic function of the
dihedral state i = {t,g*,g7} at time t. Hi(t) = 1 if the
dihedral is in state i at time t, and H;(t) = 0 otherwise.
Three autocorrelation (i = j) and three cross-correlation
(i = j) functions can be defined for each dihedral type
in the following way:8

[(H;(0) — H;0(H;(t) — IH;00
[H;(0) — 0H;0(H;(0) — IH;00

Py(t) = 1)

where [Tdenotes an ensemble average over all dihedrals

of this type. For the autocorrelation functions, eq 1

reduces to

[H,(0) Hy(H)— tH,8
H20— H,A

Pi(t) = @)

for equilibrated systems. After sufficiently long times,
H;(0) and Hj(t) are completely uncorrelated; hence, H;-
(0) Hi(t)O= H;3 and the TACF decays to zero. We also
define an average TACF for each dihedral type (—C—
C— or —C—0-) Pa(t),

Panlt) = sPy(t) + 841 Pgigi(t) + 55 Py o (1) (3)

where s; is the probability for the dihedral to be in the
state i = {t,g*,g"} and Pji(t) is the above-defined TACF.

The TACF (eq 3) as a function of t* for —C—0O—
dihedrals is shown in Figure 1 for each composition at
450 K. Here, t* is reduced time defined as the total time
divided by the average conformational transition time
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for a given system (Table 1) and hence is equal to the
average number of transitions per dihedral. The TACF
for the —C—C— dihedrals (not shown) exhibit similar
behavior. Figure 1 reveals that, even on a reduced time
scale, the TACF decays more slowly with increasing salt
concentration. While most of the decay of the TACF
occurs after only a few transitions, an increasingly large
fraction of the decay occurs over much longer time scales
within increasing salt concentration.

Comparing the TACF (Figure 1) and the conforma-
tional transition times (Table 1) for PEO, it can be seen
that the influence of salt is much greater on the TACF
than on the rate of conformational transitions. Similar
behavior is seen for pure PEO!® and polyethylene
melts?®> with decreasing temperature. To resolve the
apparent incongruity between the influence of salt on
the conformational transition time and the TACF, we
need to consider how the TACF decays. At short times,
all transitions for a given dihedral will contribute to the
decorrelation of H;(0) and H;(t) and hence the decay of
the TACF. However, in order for the TACF to completely
decay, each dihedral must explore all of conformational
space (i.e., each conformational state) with equilibrium
probability. Restrictions on the conformational space
available for dihedrals that result in repeated jumps
between two states, e.g., g™ and t, and that exclude the
third state do not strongly influence the total number
of transitions and hence the conformational transition
time. However, such restricted transitions are ineffec-
tive (after the initial decay) in decorrelating the con-
formational states as required for complete decay of the
TACF. Such nonergodic behavior has been observed in
pure polymer melts with decreasing temperaturel625
and is observed in our simulations of PEO/Lil with
increasing salt concentration, accounting for the greater
influence of salt on the TACF compared to the confor-
mational transition time.

2. Heterogeneity in Conformational Dynamics.
It is of interest to determine whether the influence of
salt on the conformational transition times in PEO
(Table 1) is homogeneous (effects all dihedrals equally)
or heterogeneous. We analyzed the number of confor-
mational transitions for each dihedral after a long
trajectory for each system. Results for the EO:Li = 48:1
system at 363 K over a 5.6 ns trajectory are shown in
Figure 2. Figure 2 indicates that while a majority of the
—C—C— dihedrals have undergone a similar number of
conformational transitions after 5.6 ns, or t* = 622,
there are many dihedrals that have experienced from 2
to 5 times fewer conformational transitions than aver-
age. These results are consistent with the interaction
model previously proposed for PPO—L.iX electrolytes.?324

The dynamically heterogeneous behavior seen in the
rate of conformational transitions motivated us to look
for other heterogeneities. The total complexation time
(the time a given dihedral spends complexed during the
trajectory) for the EO:Li = 48:1 system at 363 K is
shown in Figure 2 for a 5.6 ns trajectory. A dihedral is
considered complexed when any Li* cation is found in
the first coordination shell of one of its ether oxygen
atoms, i.e., within 4.0 A from an ether oxygen atom
belonging to the dihedral (O—C—C—0O or C—O—C-C).
We found that, as with the number of transitions, the
total complexation time of the dihedrals varies greatly,
even after times comparable to the Rouse time (5.4 ns
for this system, see below).
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Figure 2. Correlation between the conformational transition
rate (solid line) and the total complexation time (dotted line)
over the simulation run (5.6 ns) for each C—C dihedral. Results
for the PEOI/Lil system at 363 K and EO:Li = 48:1 are
presented. Noticeable periodicity in the conformational transi-
tion rate is due to a higher number of conformational transi-
tions of the C—C dihedrals near chain ends.

3. Dynamics of Complexed and Uncomplexed
Dihedrals. It is clear from Figure 2 that there is a
strong correlation between the conformational transition
rate of a dihedral and its complexation with Li™ cations.
As cations often stay near a particular ether oxygen
atom for hundreds of picoseconds or longer (see for
example Figure 2), it is possible to calculate TACF (eq
3) for complexed and uncomplexed dihedrals individu-
ally. We found that the decay of the TACF from 1 to
0.1 for both complexed and uncomplexed —C—O— and
—C—C— dihedrals could be adequately characterized by
the Kohlrausch—Williams—Watts (KWW) expression:

Prww(t) = exp[—(t7)] (4)

Parameters of the KWW fits for the complexed and
uncomplexed dihedrals, as well as the fraction of each,
are given in Table 2. (Note that longer-time behavior of
the TACF cannot be well described by a KWW function.)
Comparison of the KWW parameters allows us to
examine quantitatively the influence of salt concentra-
tion and temperature on the conformational dynamics
of complexed and uncomplexed dihedrals, as well as to
compare the conformational dynamics of uncomplexed
dihedrals with those in pure PEO.

The principal relaxation time 7 is much longer for
complexed dihedrals compared to that for uncomplexed
dihedrals for all salt concentrations. The values of r and
B for both complexed and uncomplexed dihedrals exhibit
only weak dependence on salt concentration for EO:L.i
> 15:1, particularly at 450 K. For this concentration
range, the conformational dynamics of the uncomplexed
dihedrals closely resemble those of pure PEO. For EO:
Li = 5:1, the dynamics of the uncomplexed and com-
plexed dihedrals differ significantly from those found
at lower salt concentrations; the principal relaxation
times are longer, and the processes are broader. As
expected, the principal relaxation time increases with
decreasing temperature in all cases.

Division of the dihedrals into fast uncomplexed dihe-
drals and slow complexed dihedrals whose properties
(but not proportion) are independent of composition for
EO:Li = 15:1 is clearly reasonable. This is consistent
with our previous structural analysis of these systems
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Table 2. KWW Parameters for TACF for Uncomplexed and Complexed Dihedrals

uncomplexed dihedrals

complexed dihedrals

450 K 363 K 450 K 363 K
system dihedral  fraction 7 (ps) I} fraction 7 (ps) s fraction 7 (ps) p fraction 7 (ps) 15}
pure melt —C—O— 1.00 1.8 0.63 1.00 47 057 0.00 0.00
48:1 —C—0— 0.90 21 0.61 0.90 54 0.46 0.10 24 0.37 0.10 178 0.36
15:1 —-C—0- 0.68 19 059 0.58 83 0.37 0.32 26 0.37 0.42 406  0.34
5:1 —-C—0- 0.19 28 038 0.15 82 0.16 0.81 69 0.25 0.85 2700 0.22
pure melt —C—C-— 1.00 5.2 0.55 1.00 19 0.52 0.00 0.00
48:1 —C—C-— 0.89 5.8 0.54 0.89 24 0.49 0.11 22 0.53 0.11 174  0.57
15:1 —-C—C- 0.66 64 052 0.56 53 0.47 0.34 28 0.55 0.44 189  0.52
5:1 —C—C- 0.17 13 0.40 0.12 165 0.27 0.83 55 0.41 0.88 643 0.38
Table 3. Conformational Transition Rates (ns™1) for Uncomplexed and Complexed Dihedrals
uncomplexed dihedrals complexed dihedrals
t<g¥ gt gt t< gt gt gt
system dihedral 450 K 363 K 450 K 363 K 450 K 363 K 450 K 363 K
pure PEO —-C—0- 58 35 2.8 0.69
48:1 —-C—0- 56 34 2.7 0.67 25 12 0.27 0.07
15:1 —C—0— 56 31 2.6 0.54 25 14 0.21 0.04
5:1 —-C—0- 48 27 1.8 0.37 24 15 0.22 0.04
pure PEO —C—C- 50 29 2.8 0.62
48:1 —C—C-— 50 29 3.0 0.59 12 7.3 15 3.6
15:1 —-C—C- 48 25 2.7 0.56 12 6.6 12 5.3
5:1 —-C—C- 42 27 2.1 0.38 9.6 6.2 13 5.6
qis> 16 ; 10
where we found that for EO:Li = 15:1 t_he solu.tlons can ®— Complexed -C—C- dihedrals
be considered as a composite of salt-rich regimes and hedral
pure PEO-like domains. Structurally, the pure PEO- 8 O Uncomplexed -C—C- ditiedrals
like domains at EO:Li = 5:1 are much smaller than —A— Complexed -O—C- dihedrals
those found at lower concentrations, and this division 5 6 &+ Uncomplexed -O—C- dihedrals
is no longer valid. The same is seen dynamically for the E
high-salt content system. The EO:Li = 5:1 solutions are ER
saturated in the sense that the dynamics of both it
complexed and uncomplexed dihedrals are strongly 5 )
influenced by the fact that the majority of neighboring
dihedrals are complexed. As shown in Table 2, ap- 0
proximately 80% of the dihedrals are complexed at this
composition. It is worth noting that the dramatic ) . . . . . .
decrease in the f parameter at EO:Li = 5:1, indicative - ’
of increased conformational cooperativity, is consistent 0 20 40 60 80 100 120 140 160 180
with the behavior seen in simulations of pure polymers o, degrees

with decreasing temperature?® as the glass transition
is approached.

Further investigation of the conformational dynamics
of complexed and uncomplexed dihedrals was carried
out by monitoring their conformational transition rates,
shown in Table 3. While the dynamics of dihedrals upon
complexation with Li* cations are, in most cases, slowed
by an order of magnitude or more from the point of view
of the TACF (Table 2), the rate of conformational
transitions is reduced only by a factor of 3 or less in
most cases and, in some cases, actually increases. In
addition, unlike the TACF, the conformational transi-
tion rates for the complexed dihedrals in the EO:Li =
5:1 solutions do not differ significantly from those for
the lower salt content systems. This behavior is congru-
ent with the influence of salt on the overall conforma-
tional transition rates and TACF discussed above and
indicates that the primary effect of salt on polymer
conformational dynamics is to restrict conformational
space for complexed dihedrals, as opposed to reducing
the rate of conformational transitions.

It is also worth noting that salt has a much greater
effect on the rate of g* <> g™ transitions than on t < g*
transitions, as can be seen in Table 3. The rate of g* <~
g™ transitions increases dramatically upon complexation
for —C—C-— dihedrals and decreases upon complexation

Figure 3. Helmholtz free energy as a function torsional angle
relative to the trans state for complexed and uncomplexed C—
C and C—O dihedrals for salt concentration EO:Li = 15:1 at
450 K.

for —C—O— dihedrals. In Figure 3, the relative free
energy, AA(¢), of complexed and uncomplexed —C—C—
and —C—O— dihedrals is shown for the EO:Li = 15:1
at 450 K. Here,

p(180)
P(e)

where p(¢) is the probability of finding the complexed
or uncomplexed —C—C— or —C—O— dihedral with
torsional angle ¢, kg is the Boltzmann constant, and T
is temperature. The strong interaction of Li* cations
with ether oxygen atoms effectively reduces the cis
barrier and the energy of the gauche state relative to
the trans state for the complexed —C—C— dihedrals and
hence results in a dramatic increase in the rate of g* <
g™ transitions. Unlike the strong effect of Li™ complex-
ation of —C—C-— dihedrals, relative free energies for C—
O dihedrals change little upon complexation, resulting
in approximately the same ratio of g* < g¥ conforma-

AA($) = A@) — Aans = ks T In ®)

rans
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Figure 4. Width of the torsional transition rate spectrum for
C—O0 dihedrals. Time (t*) is given in reduced units (average

number of conformational transitions). The solid line with a
slope of —1 represents Poisson behavior.

tional transitions to t < g* transitions for complexed
and uncomplexed dihedrals.

4. Distribution of Conformational Transition
Rates. We see that addition of salt not only results in
an increase in the conformational transition time (Table
1) but also effects heterogeneity in the transition rates
(Figure 2). The latter can be investigated quantitatively
by comparing the width of the distribution of confor-
mational transition rates o(t) for a particular dihedral
type, defined as

[n(t) — y(HD°0
mh,(t) 3

o(t) = (6)

where n;(t) is the number of conformational transitions
of the dihedral i after time t and [denotes an average
over all dihedrals of the same type, as a function of
composition and temperature. Figure 4 shows o(t) for
—C—O-— dihedrals for the various compositions and
temperatures investigated.

If a system exhibits homogeneous conformational
dynamics, meaning that the probability that a given
dihedral will be the next to undergo a transition is the
same as that for all other dihedrals, conformational
transitions will follow Poisson statistics. In this case,
o(t) = 1/m(t)0= 1/t*, and o(t) approaches zero at long
time. The results for a simulation of a pure melt of 54
repeat unit PEO chains at 450 K closely resemble
Poisson statistics, as shown in Figure 4, for times up to
t* = 100. For the pure melt of 12 repeat unit PEO chains
at 450 K, greater deviation from Poisson statistics is
seen, indicating a more dynamically heterogeneous
system. This heterogeneity is due to the increased
importance of chain end effects for the shorter chains:
dihedrals near the chain ends undergo transitions more
rapidly than those in the chain center, and consequently
o(t) decays to a nonzero value at long time. However,
the initial slope for the pure 12 repeat unit melt at 450
K is close to unity, indicating Poisson-type behavior.
Hence, we consider the pure melt of 12 repeat unit PEO
at 450 K as a baseline in examining the influence of
salt and temperature on conformational dynamics.

Figures 4 shows increased deviation from Poisson
statistics with increasing salt concentration. Similar
behavior is seen for the pure melt with decreasing
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temperature.3® The long-time tail in the width of the
distribution of conformational transition rates (com-
pared to the pure 12 repeat unit melt at 450 K) indicates
that some dihedrals have much slower conformational
dynamics than the average dihedral on the time scale
of 1000 conformational transitions. Hence, o(t) serves
as a time-dependent measure of the heterogeneity of
conformational dynamics in the system illustrated
qualitatively in Figure 2 for a single system at a single
time. A concentration/temperature correspondence can
be seen in Figure 4. For example, the EO:Li = 5:1
system at 450 K exhibits similar behavior in its confor-
mational dynamics to the EO:Li = 15:1 system at 363
K (see also Table 1). Concentration/temperature cor-
respondence in the PEO/L.il solutions is further explored
in section VI.

B. Polymer Chain Dynamics. Above we considered
the influence of salt on polymer conformational dynam-
ics. Here, we investigate chain dynamics of PEO as a
function of salt concentration. The self-diffusion coef-
ficient of species i is given as?®

. R3MO
Di = 1Im —%; )

where R;j(t) is the displacement of the center-of-mass of
species i during time t. Here, the species can be either
an ion, a complex, or a polymer chain. The brackets
indicate an ensemble average. For polymers, it is also
instructive to monitor the end-to-end vector autocorre-
lation function given as

Py(t) = [&(t)-e(0)0 (8)

where e(t) is a unit vector lying along the end-to-end
vector for a given chain. For unentangled polymer
chains, the Rouse model yields?”

8
Py(t) = Z —— exp[—tp*/rg] (9)
p=£35.. p’n®

where tr is the Rouse time, or longest relaxation time,
of the chains. The center-of-mass diffusion coefficients
and Rouse times (from fitting eq 9 to the end-to-end
vector ACF) for PEO as a function of composition and
temperature are shown in Table 4. The end-to-end
vector ACF are well described by eq 9, indicating that
application of the Rouse model to the unentangled PEO/
salt solutions is reasonable.

As we expected, the self-diffusion coefficient of PEO
decreases with increasing salt content and decreasing
temperature. Comparing with Table 1, the influence of
salt on the polymer self-diffusion coefficient is much
greater than on the conformational transition time.
Similarly, the Rouse time increases dramatically with
increasing salt concentration. Unlike the case for con-
formational transitions, the influence salt on both the
self-diffusion coefficient and Rouse time is much greater
at the lower temperature. Conversely, it is apparent
that the effect of decreasing temperature on the chain
dynamics increases dramatically with increasing salt
concentration. This behavior is consistent with the
experimentally observed increase in the polymer glass
transition temperature with increasing salt concentra-
tion.20.21

It is also possible, for some of the simulated systems,
to look at the dynamics of complexed and uncomplexed
chains individually. A chain is considered to be com-
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Table 4. Polymer Mobilities

overall complexed uncomplexed
D (1077 cm?/s) 7R (NS) D (107 cm?/s) D (107 cm?/s)
system 450 K 363 K 450 K 363 K 450 K 363 K 450 K 363 K
pure PEO 31 8.4 0.5 2.2 n/a® n/a n/a n/a
48:1 19 4.9 0.7 54 9.5 1.0 21 51
15:1 10 0.7 1.0 11.5 7.9 0.5 13 1.2
15:1 X-linked® 2.0 n/s¢ n/a n/s n/a n/s n/a n/s
5:1 0.3 0.045 33 250 d

a Not applicable. ? Cross-linked system, see text. ¢ Not simulated. 4 Not calculable.

plexed when four or more of its oxygen atoms are
complexed with Li* cations. The self-diffusion for com-
plexed and uncomplexed chains (chains with three or
fewer oxygen atoms complexing Li* cations) are given
in Table 4 for the 48:1 and 15:1 systems at 450 and 363
K. For both temperatures the self-diffusion coefficient
of the complexed chains shows only a weak dependence
on salt concentration. This is consistent with the divi-
sion of the dilute (EO:Li = 15:1) solutions into salt-rich
domains and pure polymer-like domains discussed in
our previous paper.! Complexed chains reside in salt-
rich domains whose structure and, apparently, confor-
mational (see above) and chain dynamics are nearly
independent of composition in the dilute regime. The
self-diffusion coefficient of the uncomplexed chains
shows a strong composition dependence in the dilute
regime, despite the fact that the conformational dynam-
ics of these chains closely resemble those of pure PEO.
For EO:Li = 15:1, the uncomplexed chains are much
more likely to interact with the dynamically slower salt-
rich domains, subsequently slowing their center-of-mass
displacement relative to uncomplexed chains at EO:Li
= 48:1 without perturbing their conformational dynam-
ics.

IV. Lifetime of Ether Oxygen—Li* Cation and
I"—Li* Bonds

It was shown in our previous work!! that a Li™ cation
is solvated in the PEO host by means of a PEO segment
(commonly containing six ether oxygen atoms) wrapping
around the cation. The coordinating oxygen atoms tend
to exclude I~ anions from the Li* coordination shell; the
stronger the Lit/PEO segment interaction, the lower the
probability of 1~ anions participating in the solvation
of the cation and hence the greater the probability of
free cation formation. But strong Li"/PEO segment
interactions may also restrict Li* cation motion. For
example, nonlabile cation/polymer bonding results in
essentially zero cation conductivity for systems above
the entanglement molecular weight.®

The lifetime of the EO—Li* cation bond is a good
indicator of the lability of the Li*/PEO segment interac-
tions. An EO—Li* bond is considered to exist as long as
the ether oxygen remains continuously within the first
coordination shell (4.0 A) of the cation. Only those ether
oxygen atoms, however, that reached the position of the
first peak of the Li—O radial distribution function (2.1
A) inside the Li* cation coordination shell were consid-
ered to form a stable EO—Li* bond and therefore were
included in the statistics. The probability of a LiT—EO
bond having lifetime longer than 7 j+—go is shown in
Figure 5 at 450 K. Probabilities of Li*—EO bond
lifetimes are similar for all compositions, with a slight
increase in the probability of long-lived Lit—EO bonds
at high salt concentration. The majority of Lit—EO
bonds last less than 100 ps, indicating that the bonds

probability
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Figure 5. Probability of Li*—EO bond lifetime at 450 K.
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Figure 6. Average lifetime of the Li*—EO bond as a function
of salt concentration at 363 and 450 K.

are quite labile. The average bond lifetime of the Li*—
EO bond is shown in Figure 6. The lifetime of the Li™—
EO bond increases with increasing salt concentration
and decreasing temperature, thus correlating with the
slowing down of conformational dynamics at high salt
concentrations and low temperatures.

The average lifetime of the 1-—Li™ (r;-.;) bond was
calculated analogously to the lifetime of the Li*—EO
bond 7. j+—go0. At 450 K and low salt concentration (EO:
Li = 48:1 and EO:Li = 15:1) 7,—; was found be of the
order of 700—800 ps, and at high salt concentration (EO:
Li =5:1) 7,—j = 500 ps. The drop in the average lifetime
of the I"—Li™ bond at high salt concentration is con-
nected to the increased competition of 1~ anions for Li™
due to the formation of larger ionic aggregates.
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Table 5. lon Mobilities, Conductivity, and Transfer Number

D (107 cm?/s)

Lit - collective o (10~* S/cm) t,a
system 450 K 363 K 450 K 363 K 450 K 363 K 450 K 363 K 450 K 363 K
pure PEO
48:1 11.0 2.6 115 2.8 0.30 0.27 0.7 0.8
15:1 6.4 0.61 6.7 0.71 0.34 0.23 2.2 2.0 ~0.1 ~0.1
15:1 (cross-linked) 3.0 3.2 0.25 1.6 ~0.1
EO:Li=5:1 0.30 0.045 0.29 0.045 0.03 0.002 0.5 0.05 ~0.5 ~0.5
a Transfer number, see eq 12.
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Figure 7. Ether oxygen atoms and I~ anions in the first
coordination sphere (4.0 A) of a Li* cation. Results for a 5.6
ns trajectory of EO:Li = 15:1 system at 450 K are presented.
The abscissa shows the relative position (index) of the 10 EO
atoms involved in complexation, all of which belong to the
same PEO chain. The I~ index is arbitrary.

V. lon Mobility and Conductivity

lon Mobility and Correlation with Polymer Mo-
tion. lon self-diffusion coefficients (defined by eq 7) are
important indicators of ion mobility. The cation and
anion self-diffusion coefficients are given in Table 5. The
self-diffusion coefficient for Lit at 363 K for the 15:1
system is of the same order of magnitude as that
obtained from PFG NMR measurements of a PEO/
LiCF3SO3 system at the same temperature,®28 indicat-
ing reasonable agreement between simulation and
experiment.

The strong correlation between ion self-diffusion and
polymer self-diffusion is clearly demonstrated when the
self-diffusion coefficients of the ions are compared with
those of the polymer in Table 4. The ion self-diffusion
coefficients are somewhat lower than those of polymer
for EO:Li = 15:1 solutions, perhaps due to the high
mobility of uncomplexed chains. For the EO:Li = 5:1
solutions, all chains are complexed, and the ion mobility
appears to be equal to or even greater than that of the
polymer. It should be kept in mind that the uncertain-
ties in results reported for the EO:Li = 5:1 solutions at
363 K are relatively large, as the Rouse time is
considerably longer than the simulation trajectory.

The correlation between polymer center-of-mass mo-
tion and ion motion indicates that despite the highly
labile nature of the cation/polymer bond, as discussed
above, the cation has a strong tendency to move with a
particular polymer chain. This is demonstrated in
Figure 7. Here, it can be seen that, during the 5.6 ns
duration of the simulation, a particular cation moves
from one end of a PEO chain to the other several times
but does not jump from one chain to another. After

time, ps

Figure 8. Mean-square displacements of ions, ion aggregates,
and complexed PEO as a function of time. Results are shown
for the EO:Li = 15:1 system at 363 K. X denotes the possibility
of having one or more ions belonging to a given aggregate.

about 1.5 ns, the I~ anion involved in complexing Li™*
cation diffuses away and is replaced by the other anion.

Mobility of lonic Aggregates. The binding of the
anion to the polymer is significantly weaker than that
of the cation.'® Hence, on first glance it is surprising
that the anion motion is apparently as strongly cor-
related with the polymer motion as that of the cation.
However, the self-diffusion coefficients given in Table
5 consider all anions, most of which are bound to cations
in pairs and larger complexes. It is therefore instructive
to look at the mobilities of free ions, ion pairs, and other
complexes individually. The charged complexes contrib-
ute to the overall ionic conductivity, while the neutral
complexes (e.g., pairs) do not (see below). We define Li™
cations and I~ anions as free when they do not have
any other ions within 4.0 A2 A Li—I ion pair is
considered to form if the cation and anion are within
4.0 A of each other and no other ions are within 4.0 A
from either of them. Li*—(17)—Li* and I"—(Li*)—1~ and
higher aggregates are defined analogously. The PEO/
Lil system at 363 K and salt concentration of EO:Li =
15:1 has a sufficient number of free ions, ion pairs, and
aggregates in order to individually monitor their mean-
square displacements, which are shown in Figure 8.
Qualitatively similar results were obtained for the other
simulated temperatures and concentrations, but the
paucity of free ions at 450 K and the small number of
ions for the EO:Li = 48:1 solutions precluded us from
analyzing temperature and concentration behavior of
the diffusion of each species.

Somewhat unexpectedly, free Li* cations and 1=—
(LiT)—1~ aggregates have approximately the same mo-
bility and hence are shown as a combined curve in
Figure 8. Free I~ anions have the highest mobility as a
consequence of their weak interaction with the polymer
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Figure 9. Collective ion diffusion coefficients (Dcu) and
average ion diffusion coefficients as a function of salt concen-
tration at 363 and 450 K. The average ion diffusion coefficient
is the mean of the Li* and I~ self-diffusion coefficients.

host. The mobilities of Li—I pairs, and aggregates
involving two or more Li atoms, were the lowest. Hence,
we find Dy~ > D+ = Di—wit)-1 > Dvii = Daggregates of two-
Liand more. The near equal mobility of Li* cation and
I=—(Li")—1~ aggregates (note that the latter cluster is
much larger) is due to a much weaker I=—(Li")—1"—
PEO interaction than for free Li*™—PEO interactions,
resulting in a partial decoupling of I7—(Li™)—1~ motion
from the polymer motion. In fact, Li* cations in I7—(Li™)—
I~ clusters tend to be coordinated by only three ether
oxygen atoms, while free Li™ cations are most probably
coordinated by six contiguous ether oxygen atoms.
Decoupling of ion motion from polymer motion is further
discussed in section VI.

Collective Motion and Conductivity. The self-
diffusion coefficients of the ions do not yield the con-
ductivity of the system, as they do not reflect correlated
motions of cations and anions. For example, a cation—
anion pair moving together would contribute to the self-
diffusion coefficients of both species but would contrib-
ute nothing to the charge flux or conductivity. To
monitor net charge transport, we calculated a collective
ion diffusion coefficient Dcon, which reflects net ion
transfer?é

NLi Ny

1
Deon = {L’D m ;;ZiZjRi(t)-Rj(t) (10)

Here, i and j refer to cations and anions, respectively,
and z is the charge of the ion in the electron charge
units, and Ng;, N, are the number of Lit* cations and 1~
anions in the system. The conductivity of the system is
given by the relation?®

_ ez(NLi + N

VkBT DcoII (11)
where V is the volume of the simulation cell, T is
temperature, t is time, and e is an electron charge. The
collective diffusion coefficients and conductivities for the
various systems are given in Table 5. The large differ-
ence between uncorrelated and collective ion self-
diffusion coefficients shown in Figure 9 indicates that
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cation and anion motions are highly correlated. The ion
self-diffusion coefficient shows almost exponential de-
crease with increasing salt concentration, while the
collective ion diffusion coefficient does not exhibit
significant changes upon salt concentration increase
from EO:Li = 48:1 to EO:Li = 15:1, while on further
addition of salt it drops dramatically.

Conductivity. Conductivities determined from eq 11
are given in Table 5. We were unable to find experi-
mental studies of the conductivity of PEO/Lil solution
for low molecular weight at high temperatures (above
the PEO melting point) for the concentration range
explored in our simulations. Experimental data are
available, however, for high molecular weight PEO/L.l
systems. It is instructive to compare our conductivity
values for our low molecular weight PEO/Lil system at
363 K with the experimental values for high molecular
weigh (5 x 10° Da) PEO/Lil system at 357 K.30 For EO:
Li = 25:1 a value of 3 x 1074 S/cm and for EO:Li = 11:1
a value 1 x 10™* S/cm were obtained. In another
experimental study®! at EO:Li = 4.5:1 at 363 K for Lil
salt/high molecular weight PEO a conductivity of 1.5 x
105 S/cm was obtained. These results are in satisfac-
tory agreement with the conductivity values obtained
from our simulations. Taking into account that conduc-
tivity usually increases with decreasing molecular
weight,622:32 conductivity from our simulations appears
to be about an order of magnitude lower than experi-
ment after molecular weight correction. In addition,
Table 5 indicates a maximum in conductivity as a
function of composition occurring around EO:Li ~ 15:
1, consistent with experiment.3°

Li* Transfer Number. It is important to understand
which ionic species (Li* or 17) dominate in the charge-
transfer process. We define the Li* transfer number t;
in the following way

D" — Dy

t, =05+ LD (12)

coll

where D+ and Dy- are the self-diffusion coefficients of
Li* cation and I~ anion, respectively, and Dy is the
collective ion diffusion coefficient defined above. At the
lowest salt concentration (EO:Li = 48:1) accurate de-
termination of the ion self-diffusion coefficient is pre-
cluded by the small number of ions in the system and
therefore poor statistics, while at the highest salt
concentration ions move very slowly, which decreases
absolute values and therefore increases relative error
in the determination of self-diffusion coefficients. For
both cases, the uncertainty in (Dpj+ — D;7)/Deo is large.
Therefore, we consider the Li* transfer number (shown
in Table 5) only qualitatively. At low salt concentration
charge transfer is dominated by the anion, while at high
salt concentration (EO:Li = 5:1) charge is approximately
equally transferred by cations and anions. In experi-
mental measurements of the Li* transfer number in a
high molecular weight PEO/L.il solution at 343 K, the
Li*™ charge transfer number was found to drop quickly
with decreasing salt concentration, exhibiting a mini-
mum value of about 0.15 between 10 and 20 mol % of
Lil.3° These results are in a qualitative agreement with
our simulations.

V1. Discussion

Our simulations reveal a dramatic influence of salt
on polymer dynamics and an intimate relationship
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Figure 10. Equivalent PEO melt temperatures for various
dynamic properties of the PEO/Lil solutions as a function of
salt concentration at 450 K. Transition rates and torsional
correlation times are for the C—0O bond.

between polymer and ion motions. Here, we summarize
our results and discuss possible mechanisms for these
effects.

A. Influence of Salt on Polymer Dynamics. We
observed a reduction in both conformational and chain
dynamics for the polymer with increasing salt concen-
tration. Salt has a relatively small influence on the rate
of conformational transitions but a dramatic influence
on the torsional autocorrelation function. At lower salt
concentrations (EO:Li = 15:1), the reduction in the rate
of conformational dynamics is mainly due to complex-
ation of PEO dihedrals with Lit cations. At high
concentration (EO:Li = 5:1), both complexation and
increased conformational cooperativity play a role in
slowing conformational dynamics. Chain dynamics (self-
diffusion coefficient and the Rouse time) are also
dramatically influenced by salt. Possible mechanisms
for the slowing of polymer chain dynamics include the
reduction in the rate of conformational transitions
observed for complexed dihedrals, restriction of confor-
mational space available to complexed dihedrals, and
the formation of transient cross-links between chains.
Similar effects on polymer dynamics observed with
increasing salt concentration are seen in pure polymer
melts with decreasing temperature.162533 Because of the
apparent similarity in the effect of temperature and salt
on polymer dynamics, we have explored the concept of
temperature/concentration correspondence in order to
gain insight into the influence of salt on polymer
dynamics.

The rate of conformational transitions in pure PEO
melts exhibits Arrhenius behavior over a wide temper-
ature range, while the Rouse time exhibits Vogel—
Fulcher behavior.16:33 Exploiting these characteristics,
we have determined the temperature at which pure
PEO has the same rate of conformational transitions
and the temperature at which pure PEO has the same
Rouse time as the PEO/Lil solutions at 450 K as a
function of composition. These results are shown in
Figure 10. Similar behavior is seen at 363 K. The figure
clearly demonstrates that the influence of salt is much
greater on chain dynamics (Rouse time) than on the rate
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of conformational transitions, particularly at high salt
concentration. Therefore, we cannot attribute the in-
crease in Rouse time with increasing salt concentration
exclusively, or even largely, to a reduction in the rate
of conformational transitions. This is consistent with
simulations of pure melts near the glass transition
temperature.16.33

In simulations of pure PEO melts, it was seen that
the temperature dependence of the torsional correlation
time (time integral of the TACF) and that of the Rouse
time showed similar Vogel—Fulcher behavior.1632 This
would lead us to anticipate much closer temperature/
concentration correspondence for the TACF and the
Rouse time than was observed for the conformational
transition rate and the Rouse time. However, the
dynamic heterogeneity introduced in the system by
having both complexed and uncomplexed dihedrals
significantly increases the torsional correlation time,
precluding us from elucidating meaningful temperature/
concentration correspondence for the torsional correla-
tion time for the overall TACF. To avoid this problem,
we can investigate the behavior of the TACF for the
complexed and uncomplexed dihedrals individually and
determine an average equivalent PEO temperature by
weighting the equivalent temperatures for the com-
plexed and uncomplexed torsional correlation times by
their respective fraction (Table 2). The torsional cor-
relation times were estimated from the KWW fits to the
TACF for the complexed and uncomplexed dihedrals
(Table 2).

The temperature/concentration correspondence seen
in Figure 10 indicates that the decrease in the rate of
chain dynamics with increasing salt concentration is
strongly correlated with an increase in the torsional
correlation time. Similar behavior is seen in pure PEO
melts,3® where conformational space available to a
dihedral is restricted on increasingly longer time scales
with decreasing temperature. This restriction is a
consequence of the increasingly cooperative nature of
transitions required for a given dihedral to visit all
conformations as the system vitrifies.2>33 For the poly-
mer/salt solutions, restriction of conformational space
can be associated with the limited number of polymer
conformations that can effectively complex a Li* cat-
ion.™! This restriction becomes more extreme at high salt
concentration due to the involvement of most neighbor-
ing dihedrals in cation complexation.

The above picture of temperature/concentration cor-
respondence does not invoke transient cross-links to
account for the influence of salt on polymer chain
dynamics. However, transient cross-links are quite
common in our systems. These cross-links consist either
of a Li* cation being complexed by oxygen atoms from
two chains, or of LiT—I~—Li* complexes, which pre-
dominately involve two chains. At 450 K, approximately
half of the I~ anions are involved in transient cross-
links, while direct Li* cross-links are rare. At 363 K,
the increase in the number of free ions results in an
increase in direct Li* cross-links and a decrease in Lit—
I—Li* complexes. Consequently, the total number of
cross-links/ion is not dramatically dependent upon the
composition or temperature.

The influence of these cross-links on chain dynamics
is difficult to quantify. The lifetime of Lit—1~ bonds is
around 400—600 ps at 363 K and 100—150 ps at 450 K
(see section V). These times are much shorter than the
Rouse times for the PEO chains, even for the lowest salt
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concentration. The lifetime of the direct Li* cross-link
depends strongly upon concentration—it is on the order
of a nanosecond for EO:Li = 15:1 and 50 ps for EO:Li =
5:1. The short lifetime at high salt concentration is due
to increased competition of the Li™ cations for ether
oxygen atoms. The lifetime of the direct Li* cross-links
is much shorter than the Rouse time at higher salt
concentration and lower temperature. We therefore
believe that while it is likely that transient cross-links
do influence chain dynamics, they are not the dominant
in determining the influence of salt on the polymer.

B. Mechanisms of lon Motion. The strong coupling
of the polymer center-of-mass and ion motions for our
low molecular weight PEO chains is discussed above.
It has been observed experimentally that while the
mobility of Li* in PEO decreases with increasing mo-
lecular weight,® the effect saturates at a molecular
weight corresponding to approximately the entangle-
ment molecular weight. This has been interpreted in
terms of a change in mechanism from diffusion of the
cation with the polymer chain for low molecular weight
to a mechanism dominated by interchain (or interseg-
ment) hopping when the polymer center-of-mass motion
becomes sufficiently slow, the so-called dynamic bond
percolation theory.” Here, we examine our simulations
in order to determine whether our results are consistent
with these mechanisms.

1. Transient Cross-Links and Interchain Hop-
ping. It has been widely accepted!? that the Li* cation
can be complexed by two PEO chains (or two different
segments of a long PEO chain), thus serving as a
transient cross-linking center between these two chains.
As mentioned above, such direct Li* transient cross-
links have been observed in our simulations. The
formation of such a cross-link is a necessary but not
sufficient condition for a cation to transfer from one
chain to another, i.e., for an interchain hop to occur. We
found interchain hopping events to be rare. In our
simulations, cation interchain transfer was observed
only among a fraction of direct Li™ transient cross-links
with a lifetime longer than 500 ps. On the basis of the
required lifetime of the transient cross-link, the rarity
of such long-lived cross-links, and the fraction of such
cross-links that result in an interchain hop, we estimate
a frequency of 1 interchain hop/cation/10—100 ns.
Conversely, we can consider each Li™ cation as undergo-
ing an interchain hop every 10—100 ns.

2. Decoupling of Polymer/lon Motion. Referring
to Tables 4 and 5, we can see that the self-diffusion
coefficient for Lit and I~ are around 50%—60% of that
of the polymer center-of-mass for EO:Li = 15:1 at both
450 and 363 K. As mentioned above, the larger self-
diffusion coefficient for uncomplexed chains may ac-
count for the fact that the self-diffusion coefficient of
the polymer is somewhat larger than that of the ions.
In any event, for these concentrations, where the
estimated interchain hopping time is greater than the
Rouse time, the ion mobility and polymer mobility are
strongly coupled. For the EO:Li = 5:1 system, g is
comparable to (450 K) or longer than (363 K) the
estimated interchain hopping time. For these solutions,
the ion self-diffusion coefficient is equal to (450 K) or
even greater than (363 K) that of the polymer, indicating
a partial decoupling of the polymer and ion motions.

A thorough investigation of the influence of molecular
weight on ion mobility is of great interest but is beyond
the computational scope of this work. However, to
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investigate possible decoupling of ion and polymer
motions at higher molecular weight, we performed
limited simulations on our EO:Li = 15:1 system with
two random cross-links per chain. Such a system
resembles a highly branched PEO chain having 384
repeat units. The PEO self-diffusion coefficient, as well
as the cation and anion diffusion coefficients and
conductivity for this system at 450 K, are given in
Tables 4 and 5, respectively. The “apparent” self-
diffusion coefficient of the polymer decreased by a factor
of 5,3 while those for the ions decreased by a factor of
2, upon cross-linking. The conductivity decreased only
by 30% despite the severe slowing of polymer motion.
Hence, increasing molecular weight leads to a partial
decoupling of the motion of the ions from that of the
polymer chain similar to that seen with increasing salt
concentration.

For a 20:1 PEO/LiICF3SO3 system at 363 K,® ion
diffusion is observed experimentally to be independent
of molecular weight for My > 3200 Da (the entangle-
ment molecular weight) and to increase with decreasing
molecular weight for My < 3200 Da. Assuming the
applicability of the dynamic bond percolation theory,
and that the Rouse model provides a good description
of unentangled polymer dynamics in the polymer/salt
solutions, the time scale for interchain hopping must
be smaller than zr for the 3200 Da system. We can
estimate the Rouse time for our EO:Li = 15:1 PEO/L.Il
solution at 3200 Da and 363 K as 7r = (3200/540)? x
11.5 ns = 400 ns. This time should be similar to the
Rouse time for the 20:1 PEO/LiICF3SO3; system at the
same temperature and molecular weight. The Rouse
time is longer (400 ns) than the estimated interchain
hopping time (10—100 ns); this supports the dynamic
bond percolation mechanism for ion diffusion in high
molecular weight PEO and indicates that our simulation
based estimate for the interchain hopping time is
reasonable.
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