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ABSTRACT: We report on the synthesis of poly(diethylene oxide-
alt-oxymethylene), P(2EO-MO), via cationic ring-opening polymer-
ization of the cyclic ether monomer, 1,3,6-trioxocane. We use a
combined experimental and computational approach to study ion
transport in electrolytes comprising mixtures of P(2EO-MO) and
lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. Mixtures
of poly(ethylene oxide) (PEO) and LiTFSI are used as a baseline.
The maximum ionic conductivities, σ, of P(2EO-MO) and PEO
electrolytes at 90 °C are 1.1 × 10−3 and 1.5 × 10−3 S/cm,
respectively. This difference is attributed to the Tg of P(2EO-MO)/
LiTFSI (−12 °C), which is significantly higher than that of PEO/LiTFSI (−44 °C) at the same salt concentration. Self-diffusion
coefficients measured using pulsed-field gradient NMR (PFG-NMR) show that both Li+ and TFSI− ions diffuse more rapidly in
PEO than in P(2EO-MO). However, the NMR-based cation transference number in P(2EO-MO) (0.36) is approximately twice
that in PEO (0.19). The transference number measured by the steady-state current technique, t+,ss, in P(2EO-MO) (0.20) is
higher than in PEO (0.08) by a similar factor. We find that the product σt+,ss is greater in P(2-EO-MO) electrolytes; thus,
P(2EO-MO) is expected to sustain higher steady-state currents under dc polarization, making it a more efficacious electrolyte for
battery applications. Molecular-level insight into the factors that govern ion transport in our electrolytes was obtained using MD
simulations. These simulations show that the solvation structures around Li+ are similar in both polymers. The same is true for
TFSI−. However, the density of Li+ solvation sites in P(2EO-MO) is double that in PEO. We posit that this is responsible for the
observed differences in the experimentally determined transport properties of P(2EO-MO) and PEO electrolytes.

■ INTRODUCTION

Rechargeable lithium-ion batteries are an important component
of the emerging clean energy landscape, currently being used in
both electric vehicles and grid storage. There is considerable
interest in finding a replacement for the flammable organic
liquids used in conventional lithium-ion batteries. An electro-
lyte system that has garnered considerable interest is poly-
(ethylene oxide) (PEO) mixed with lithium salts. The solubility
of alkali metal salts in PEO was first reported in the pioneering
studies of Fenton, Parker, and Wright.1 Since then, there have
been significant advances in our understanding of the factors
that affect the motion of Li+ ions in polymer electrolytes.
Spectroscopic studies and molecular dynamics (MD) simu-
lations reveal that Li+ is coordinated with ether oxygens on the
polymer chain, indicating that ion motion is inherently coupled
to polymer segmental motion.2−9 A consequence of this
coupling is that the ionic conductivity of polymer electrolytes is

a strong function of the glass transition temperature, Tg, which
governs segmental motion. Another important factor that
affects ion transport is solvation-site connectivity.10 This
parameter is obtained from MD simulations by calculating
the density of Li+ solvation sites that occur naturally in a given
polymer due to thermal fluctuations.
There have been numerous attempts to design and

synthesize polymer electrolytes that are more efficacious than
PEO.11−37 In all of these studies, ion transport is characterized
by measuring conductivity, σ, using ac impedance spectroscopy.
It is, however, known that the performance of an electrolyte in
rechargeable batteries depends on many more parameters.38 In
an important study, Bruce and Vincent conducted dc
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experiments on polymer electrolytes using symmetric lithium−
polymer−lithium cells.39,40 They noted that in the dilute limit
this approach gives the cation transference number. In
concentrated electrolytes, however, the relationship between
dc current in symmetric cells and the cation transference
number is more complex.41−43 Nevertheless, the apparent
transference number measured using the approach of Bruce and
Vincent, t+,ss, is an important attribute of battery electrolytes. It
is therefore not surprising that many papers on polymer
electrolytes report t+,ss.

44−50

The performance of an electrolyte in a battery depends on its
response to an applied dc potential. Predicting this response
requires complete characterization of the electrolyte, i.e.,
knowledge of three transport parameters, σ, D, and t+, where
t+ is the true transference number.38 In the absence of complete
characterization, the quantity that reflects the current obtained
under an applied dc potential is the product σt+,ss. When the dc
potential is initially applied, i.e., before concentration gradients
have been established, the initial current, i0, obtained through
an electrolyte is given by Ohm’s law

σ= Δ
i

V
l0 (1)

where ΔV is the dc potential and l is the thickness of the
electrolyte. The parameter t+,ss is defined as the fraction of the
initial current that is sustained at steady state

=+t
i
i,ss
ss

0 (2)

where iss is the steady-state current. Thus, the product σt+,ss is
proportional to the steady-state current obtained through an
electrolyte under a dc potential

σ =
Δ+ ⎜ ⎟⎛

⎝
⎞
⎠t i

l
V,ss ss

(3)

In this analysis, we restrict our attention to bulk (not
interfacial) properties. In addition to the three transport
parameters, interfacial impedance and exchange current
densities will also affect electrolyte performance in a battery.
However, these quantities are inherently dependent on the
composition of the solid−electrolyte interface (SEI) layer and
thus should be considered separately from bulk transport
properties.
In this paper we report on the synthesis of a new polymer

electrolyte, poly(diethylene oxide-alt-oxymethylene), referred
to as P(2EO-MO). The monomer comprises two ethylene
oxide moieties followed by a methylene oxide moiety,
polymerized by ring-opening cationic polymerization. Previous
studies of ethylene oxide-co-oxymethylene polymer electrolytes
have focused mainly on cross-linked systems.51−54 At least one
study has reported on ion transport in a linear version of these
copolymers; however, the conductivity measurements reported
were limited to low temperatures.55 Here, we characterize ion
transport in mixtures of P(2EO-MO) and lithium bis(trifluoro-
methanesulfonyl) imide (LiTFSI) salt at 90 °C. We use
transport measurements in PEO/LiTFSI electrolytes as a
baseline for comparison. The chemical formulas of the
polymers used in this study are shown in Figure 1. We
demonstrate that σt+,ss is larger in P(2EO-MO) than in PEO.
Pulsed-field-gradient NMR (PFG-NMR) experiments are used
to characterize the self-diffusion of ionic species in both
electrolytes. Calculations of solvation-site connectivity and

cation and anion self-diffusion coefficients using MD
simulations provide some insight into the molecular under-
pinnings of our experimental observations.

■ EXPERIMENTAL SECTION
Polymer Synthesis. The synthesis of P(2EO-MO) has been

previously reported.56−58 Step-growth polymerization between dieth-
ylene glycol and paraformaldehyde results in the synthesis of an
oligomer with a number-averaged molecular weight, Mn, of 1 kg/mol.
The oligomer was heated to 150 °C under vacuum, depolymerized,
and redistilled to yield the cyclic ether monomer, 1,3,6-trioxocane.
P(2EO-MO) was synthesized using 2 mol % of BF3·OEt2 as the
initiator and dichloromethane (DCM) as the solvent at room
temperature, as shown in Figure 2. The reaction, which was allowed

to proceed for 2 h, resulted in an equilibrium between high molecular
weight polymer and oligo-macrocycles. The oligo-macrocycles were
removed by precipitation in hexanes. The yielded polymer has an
alternating sequence of MO and 2EO units, and no regio-defects are
observed based on 13C NMR; this alternating structure is caused by
high reactivity of the acetal group in the monomer. The final Mn of the
polymer was 55 kg/mol with a polydispersity index of 2.2, according to
gel permeation chromatography (GPC). This chain length was
significantly higher than that calculated based on the monomer-to-
initiator ratio, suggesting that not all initiators participated in the
polymerization. A similar discrepancy between experimental and
theoretical Mns has been reported by Chien and co-workers56 in
polymerizing 1,3,6-trioxocane in toluene with the BF3·OEt2 catalyst.
The Supporting Information contains a more rigorous description of
the synthesis procedure, including NMR spectra and GPC traces of
P(2EO-MO).

Electrolyte Preparation. The polymers used in this study are 100
kg/mol PEO, purchased from Sigma-Aldrich, and 55 kg/mol 2EO-
MO, synthesized according to the procedure outlined in the Polymer
Synthesis section. The conductivity59,60 and Li+ diffusivity61 measured
in PEO/LiTFSI mixtures have been shown to be independent of chain
length above 5 kg/mol. Thus, we expect no significant difference in
electrolyte properties to arise from the difference in Mn of our
polymers.

Electrolytes were prepared by mixing polymer with lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) salt purchased from
Novolyte. All materials (PEO, P(2EO-MO), and LiTFSI) were
thoroughly dried prior to use and maintained in an argon environment
with H2O and O2 levels kept below 2 and 5 ppm, respectively. The
polymers were dried at 90 °C under vacuum in the glovebox
antechamber for 24 h. The salt was dried at 120 °C under vacuum in
the glovebox antechamber for 3 days. Electrolytes were prepared by
dissolving dry polymer and LiTFSI salt into tetrahydrofuran (THF) at
55 °C until completely dissolved. The THF was evaporated, leaving
behind a homogeneous polymer/salt mixture. After 12 h of drying on
the hot plate at 55 °C, the electrolytes were transferred to the glovebox
antechamber to dry under vacuum at 90 °C for 24 h to remove any
excess THF. The salt concentration in the electrolyte is described as r,

Figure 1. Structures for polymers used in this study.

Figure 2. Synthesis of P(2EO-MO).
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defined as the molar ratio of lithium ions to oxygen atoms on the
polymer: r = [Li+]/[O]. Electrolytes were prepared at r = 0.01, 0.02,
0.04, 0.06, 0.08, 0.10, 0.12, and 0.14 for each polymer.
Differential Scanning Calorimetry. Inside of a glovebox, each

sample was prepared by depositing 2−5 mg of electrolyte into a
hermetically sealed aluminum pan. Differential scanning calorimetry
(DSC) was performed on each sample in a TA Instruments DSC
Q200. The following temperature scan was used, beginning at room
temperature: heat to 120 °C at 20 °C/min, cool to −90 °C at 5 °C/
min, and heat to 120 °C at 20 °C/min. The resulting DSC curves of
PEO and P(2EO-MO) electrolytes are shown in the Supporting
Information. The glass transition temperature, Tg, and melting
temperature, Tm, of each electrolyte were obtained from the second
heating scan. Both measurements were reproducible within 1 °C.
Electrochemical Measurements. All electrochemical measure-

ments were performed on a VMP3 potentiostat (Bio-Logic). For each
measurement, data from three samples were averaged, and the error
bars signify the standard deviation of these measurements.
Ac impedance spectroscopy was used to determine the ionic

conductivity of the electrolytes. Stainless steel symmetric cells were
prepared by pressing viscous electrolytes into a 3.175 mm diameter
hole in a 508 μm thick silicone spacer, which was then pressed
between two 200 μm thick stainless-steel shims used as electrodes.
The electrolyte thickness was determined by measuring the total cell
thickness using a micrometer and subtracting the thickness of the
electrodes. Aluminum tabs were fastened to the electrodes using
Kapton tape. The cell was hermetically sealed in Showa-Denko pouch
material, leaving the tab ends exposed. This sample configuration
allows for electrochemical measurements to take place outside of the
glovebox while still maintaining an air- and water-free environment.
Once removed from the glovebox, each cell was placed in a custom-

built heating stage to determine the ionic conductivity in the
temperature range of 25−110 °C. Complex impedance measurements
were taken with the frequency range of 1 Hz−1 MHz at an amplitude
of 80 mV. The low-frequency minimum on the Nyquist impedance
plot was taken to be the electrolyte bulk resistance, Rb, which was used
along with electrolyte thickness, l, and electrolyte area, a, to calculate
the electrolyte conductivity, σ, according to eq 4.

σ = l
aRb (4)

The inner diameter of the spacer, 3.175 mm, was used to calculate a.
Thickness, l, was taken to be the final thickness of the electrolyte,
measured after conductivity experiments were completed.
Steady-state current measurements were performed on lithium

symmetric cells using a Biologic VMP3 potentiostat. A more detailed
description of this experiment is provided in ref 42. Lithium symmetric
cells were prepared by pressing electrolyte into a 508 μm thick silicone
spacer and then sandwiching between two lithium electrodes (MTI
corporation). Nickel tabs were used as electrical contacts. The
assembly was vacuum sealed in a laminated aluminum pouch material
(Showa-Denko) and then transferred to a heating stage at 90 °C for
electrochemical measurements. Cells were annealed for 4 h then
conditioned for five cycles at a low current density of 0.02 mA/cm2 to
introduce a stable interfacial layer. The cell was then polarized at
constant potential, ΔV, for 4 h, and the steady-state current, iss, was
recorded. Cell resistances were measured by performing ac impedance
spectroscopy before polarization and during steady state. This
experiment was repeated using ΔV = 10, −10, 20, and −20 mV,
and the results were averaged to ensure that the ion transport
characteristics were independent of the sign and magnitude of ΔV.
Ohm’s law is used to determine current in the absence of

concentration gradients

= Δ
+Ωi

V
R Ri,0 b,0 (5)

where Ri,0 and Rb,0 are the interfacial and bulk electrolyte resistances
measured prior to polarization. We use this approach to calculate the
initial current, iΩ, resulting from an applied potential, ΔV.

The steady-state current transference number defined by the work
of Bruce and Vincent39,40 is calculated using eq 6.

=
Δ −
Δ −+

Ω

Ω
t

i V i R

i V i R

( )

( )
i

i
,ss

ss ,0

ss ,ss (6)

PFG-NMR Measurements. PFG-NMR was performed on PEO
and P(2EO-MO) electrolytes with salt concentrations of r = 0.08 at
temperatures of T = 60, 70, 80, and 90 °C for PEO and T = 90, 100,
110, and 120 °C for P(2EO-MO). NMR measurements were
performed on a Bruker Avance 600 MHz instrument fitted with a Z-
gradient direct detection broad-band probe and a variable temperature
unit. Temperature was calibrated using the chemical shift separation of
−OH resonances and −CH2− resonances of 20% ethylene glycol in
dimethyl sulfoxide for the measurements performed between 60 and
120 °C. Diffusion measurements were performed on the isotopes of
7Li and 19F, which produced peaks around 233 and 565 MHz,
respectively, to track the lithium- and fluorine-containing salt species.
The 90° pulse lengths were optimized for each sample to achieve
maximum signal amplitude. A stimulated echo bipolar gradient pulse
sequence was used to measure the self-diffusion coefficients, Di. The
attenuation of the echo E was fit to eq 7

= γ δ δ− Δ−E e g D ( /3)i
2 2 2

(7)

where γ is the gyromagnetic ratio, g is the gradient strength, δ is the
duration of the gradient pulse, Δ is the interval between gradient
pulses, and Di is the self-diffusion coefficient. Diffusion time intervals
were chosen based on appropriate signal decay and T1 relaxation
times. Parameters used for acquisition were diffusion intervals Δ =
0.4−0.5 s (7Li) and 0.5 s (19F) and pulse lengths = 10−40 ms (7Li)
and 5−10 ms (19F). For each diffusion measurement, 32 experiments
of varying gradient strength up to 0.33 T/m were performed, and the
change in amplitude of the attenuated signal was fit to obtain the
parameter Di. All measured signal attenuations were single-exponential
decays, and the errors in the fits were less than 2%.

Molecular Dynamics (MD) Simulations. All MD simulations
were performed within the LAMMPS software suite.62 All simulations
utilized an adapted Trappe-UA force-field that has been reported
previously63 and employed periodic boundary conditions, particle−
particle−particle−mesh (pppm) evaluations of long-range interactions
beyond a 14 Å cutoff, a Nose−́Hoover barostat with 1000 fs relaxation,
and a Nose−́Hoover thermostat with 100 fs relaxation (NPT).
Equations of motion were evolved using the velocity-Verlet integrator
and a 1 fs time step. Intramolecular Lennard-Jones interactions for
atom pairs connected by fewer than four bonds were excluded during
the MD simulations, and electrostatic 1−4 interactions were scaled by
0.5, conforming with Trappe-UA definitions.

Four separate trajectories were run for each polymer at each salt
concentration. Each trajectory included a single polymer chain with a
mass of approximately 20 kg/mol that was initialized using a protocol
to randomize chain orientation and avoid configurations with
significant overlap between atoms. Ions were added to random
positions in each simulation box at a level consistent with the reported
r values. The simulations were initially relaxed at constant NVE with
constrained atom displacements of 0.1 Å for 10 ps, followed by five
cycles of box compression/expansion between number densities of
0.045 and 0.09 atoms/Å3 at 2000 K, with each compression/expansion
being linearly applied over a 10 ps interval. The simulations were
subsequently equilibrated at a temperature of 400 K and a pressure of
1 atm for 10 ns before running long-time scale production runs of 150
ns.

Diffusivities were calculated for each ion according to the Einstein
equation

=
⟨| − |⟩

→∞
D

t
t

r r
lim

d ( ) (0)
6 di

t

i i
2

(8)

where Di is the diffusion coefficient for ion, i, and the term in
parentheses is the mean-squared displacement (MSD) evaluated at
time t.
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Chemically Specific Dynamic Bond Percolation (CS-DBP)
Simulations. CS-DBP is a methodology for calculating the long-time
scale ion diffusivity using a coarse-grained description of ion hopping
in terms of the ion solvation sites.63 Here, we use the CS-DBP
methodology to calculate and compare the Li+ ion solvation site
distributions in PEO and P(2EO-MO). Sites are generated via trial
insertions of the ion into a previously equilibrated polymer simulation,
followed by short trajectories to evaluate the stability of the solvation
site. Specific details of the protocol can be found in ref 63. The
prerequisite MD simulations for CS-DBP were initialized identically to
the dilute concentration long-time scale MD simulations for the Li+

ion, including four separate trajectories for each polymer. Each
simulation was equilibrated for 10 ns at 400 K followed by an
additional 10 ns trajectory that was used as an input for the CS-DBP
site finding simulations. The reported site densities for each polymer
reflect the average over four snapshots and reflect the outcome of
approximately 5000 trial insertions of the Li+ ion into each polymer.

■ RESULTS AND DISCUSSION

Electrolyte Characterization. DSC was performed on
PEO/LiTFSI and P(2EO-MO)/LiTFSI electrolytes to inves-
tigate the effect of salt on the thermal properties of the
polymer. Figure 3a shows the Tg and Tm obtained in PEO
electrolytes as a function of salt concentration, r, where r =
[Li+]/[O]. We find that the Tm of PEO/LiTFSI decreases with
increasing salt concentration up to r = 0.08; no Tm is observed
from r = 0.1−0.16, indicating that PEO electrolytes in this
regime are fully amorphous. DSC measurements of Tg in PEO/
LiTFSI exhibit a nonmonotonic dependence on r, increasing
from r = 0.01 to 0.06, decreasing from r = 0.06 to 0.1, and
finally increasing from r = 0.1 to 0.16. For highly crystalline
polymers, it has been suggested that segmental motion in the
amorphous regions is restricted by the surrounding crystalline
regions, and this leads to a measured Tg that is higher than what
is representative of the bulk-amorphous phase.64,65 We attribute
the nonmonotonic dependence of Tg at r ≤ 0.08 to this effect.
The Tg of the amorphous phase in this regime is thus calculated
by extrapolating the least-squares linear fit of the Tg measured
in the amorphous electrolytes (r ≥ 0.1). This fit is shown as the
black dotted line in Figure 3 and is in the form of Tg(r) = mr +
b, where m = 198.9 °C and b = −59.9 °C. Using this equation,
we obtain a Tg = −60 °C for r = 0, which is in agreement with
the Tg of neat PEO. Our approach for determining Tg at low
salt concentrations is also consistent with observations in
noncrystalline polyether-based electrolytes that exhibit a

monotonic increase in Tg with increasing salt concentra-
tion.10,12,17,30,34,51,66

Figure 3b shows the Tg of P(2EO-MO)/LiTFSI electrolytes
along with those obtained for PEO/LiTFSI using the analysis
described above. We note that P(2EO-MO) electrolytes are
noncrystalline above r = 0.02; thus, measured Tgs are presented
in Figure 3b. Both polymers exhibit a Tg in the vicinity of −60
°C in the neat state. As r is increased, the Tgs of both
electrolytes increase monotonically. This observation is
commonly attributed to the physical cross-linking of the
polymer chains mediated by solvated ions in the electrolyte.
Interestingly, P(2EO-MO) exhibits a more dramatic increase in
Tg with increasing r compared to PEO. This suggests
fundamental differences in the mechanism of ion solvation in
P(2EO-MO) and PEO electrolytes. In the following section, we
use MD simulations to study the solvation of Li+ and TFSI−;
these results provide insight into the concentration dependence
of Tg in our electrolytes.
Ionic conductivity, σ, of PEO/LiTFSI and P(2EO-MO)/

LiTFSI at 90 °C is shown as a function of r in Figure 4. Both
electrolytes exhibit a nonmonotonic dependence on r, reaching

Figure 3. (a) Glass transition temperature (left axis) and melting temperature (right axis) of PEO/LiTFSI electrolytes. The black dotted line shows a
linear fit of Tg from r = 0.1 to r = 0.16. (b) Glass transition temperature of PEO and P(2EO-MO) as a function of LiTFSI salt concentration.

Figure 4. Ionic conductivity of PEO and P(2EO-MO) electrolytes as a
function of LiTFSI salt concentration. These data are measured at 90
°C.
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a maximum conductivity at r = 0.08. The maximum
conductivity of PEO is 1.5 × 10−3 S/cm, while that of
P(2EO-MO) is 1.1 × 10−3 S/cm. The conductivity of PEO
remains above that of P(2EO-MO) for all salt concentrations in
this study. This difference is especially significant at the most
dilute salt concentration (r = 0.01) and in the highly
concentrated regime (r = 0.10−0.14). The differences of
PEO and P(2EO-MO) conductivity at high salt concentrations
may be attributed to the differences in the glass transition
temperatures, Tg, of the electrolytes. In simple electrolytes, one
expects conductivity to increase linearly with salt concentration
due to the increase in charge carrier concentration. In polymer
electrolytes, ion transport is closely coupled to segmental
relaxation of polymers,61,67,68 which slows down with added salt
due to associations between ions and the polymer segments.
The trade-off between these two effects results in a conductivity
maximum (e.g., Figure 4). The glass transition temperature is a
simple measure of segmental relaxation. The Tg of P(2EO-MO)
increases rapidly with salt concentration relative to PEO,
resulting in a sharper conductivity peak. On the basis of the
data in Figure 4, one might conclude that PEO/LiTFSI is a
more efficacious battery electrolyte than P(2EO-MO)/LiTFSI.
The discussion below critically examines this statement.
Conductivity is dependent on a number of factors including

segmental motion of the polymer chains, the numbers of ions
in the electrolyte, and the mobility of the ions. In an attempt to
decouple the effect of segmental motion on conductivity, we
use the Vogel−Tammann−Fulcher (VTF) equation69

σ =
−

−
−

⎛
⎝⎜

⎞
⎠⎟AT

E
R T T

exp
( )

1/2 a

0 (9)

to fit our temperature-dependent conductivity data. In this
equation, σ is expressed in terms VTF parameters, A and Ea, the
universal gas constant, R, and the reference temperature, T0.
We take T0 to be 50 °C below the concentration-dependent Tg
of the electrolyte (Figure 4b), in accordance with previous
literature.70,71 In Figure 5a we plot σ versus 1000/(T − Tg +
50) for PEO and P(2EO-MO) at r = 0.08, the concentration at
which both polymers experience a maximum conductivity.
Here, we are only interested in observing the temperature
dependence of fully amorphous electrolytes; we have thus
excluded the data for PEO when T ≤ 40 °C, the melting point

of PEO/LiTFSI at r = 0.08. All temperatures for P(2EO-MO)
are included, as this electrolyte has no detectable melting
temperature. Both data sets are approximately linear, indicating
good agreement with the VTF equation. Comparing con-
ductivity at a set T − Tg, referred to as reduced temperature
allows us to account for differences in Tg in P(2EO-MO) and
PEO electrolytes. We find that the conductivity of P(2EO-MO)
is higher than that of PEO at all values of 1000/(T − Tg + 50).
Thus, differences in conductivity between these two polymers
are not simply explained by differences in segmental motion,
i.e., differences in Tg. Instead, our data suggest the mechanism
of ion transport in P(2EO-MO) is fundamentally different from
that of PEO.
To extend this analysis to all salt concentrations in our study,

we calculate a reduced conductivity, σr, for each electrolyte at a
fixed temperature (110 K) above the Tg of the electrolyte

σ = +
−− ⎛

⎝⎜
⎞
⎠⎟A T

E
R

( 110 K) exp
(160 K)r g

1/2 a

(10)

Equation 10 is obtained by substituting T = Tg + 110 K in eq 9,
where Tg is dependent on the salt concentration of the
electrolyte (Figure 4b). The parameters A and Ea are obtained
by least-squares fits through the temperature-dependent
conductivity data; these values are given in Table 1. When
compared at the same r, there is good agreement between Ea in
PEO and P(2EO-MO) electrolytes, indicating that the VTF

Figure 5. (a) Vogel−Tammann−Fulcher plot of conductivity at r = 0.08. (b) Reduced conductivity of PEO and P(2EO-MO) calculated according to
eq 10, where T = Tg + 110 K or 1000/(T − Tg + 50) = 6.25.

Table 1. VTF Fit Parameters Obtained from a Least-Squares
Fit to the Temperature-Dependent Conductivity Data of
Each Electrolyte According to Eq 9

PEO P(2EO-MO)

r Ea (kJ/mol) A (S K1/2/cm) Ea (kJ/mol) A (S K1/2/cm)

0.01 7.8 1.1 9.0 0.8
0.02 8.1 2.6 10.7 9.4
0.04 8.4 4.6 9.4 6.9
0.06 8.7 7.1 10.4 29.6
0.08 9.9 18.4 10.2 65.4
0.10 9.2 11.6 9.9 47.1
0.12 9.2 12.2 8.9 17.4
0.14 9.1 13.8 8.7 15.1
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lines are nearly parallel (Figure 5a). Thus, our choice of 110 K
as the reduced temperature is arbitrary; any value of T − Tg
would lead to a qualitatively similar dependence of σr on r.
Figure 5b shows σr in PEO and P(2EO-MO) electrolytes as a
function of r. At low salt concentrations (r < 0.06) PEO has a
higher reduced conductivity compared to that of P(2EO-MO),
while above r = 0.06 σr in P(2EO-MO) electrolytes surpasses
that of PEO. Reduced conductivity has been studied for a
number of different electrolytes,10,60,72,68 and P(2EO-MO)/
LiTFSI is the first system to exhibit a σr greater than that of
PEO/LiTFSI. A greater reduced conductivity could be
attributed to improved lithium mobility, improved anion
mobility, or a larger degree of dissociation between ions,
leading to a greater number of effective charge carriers in the
system. More information is required to identify which case
applies to P(2EO-MO) electrolytes at high salt concentrations.
Self-diffusion coefficients of the lithium- and fluorine-

containing species (DLi and DF) were measured using 7Li and
19F pulsed-field gradient NMR (PFG-NMR). If the salt were
fully dissociated, then DLi would reflect the self-diffusion of the
cation while DF would reflect the self-diffusion of the anion.
Figure 6a shows DLi and DF for PEO/LiTFSI and P(2EO-
MO)/LiTFSI electrolytes at r = 0.08. In both polymers, DF is
greater than DLi, suggesting the anion is diffusing faster than the
cation at a given temperature. This finding is consistent with
previous reports of PFG-NMR of PEO electrolytes.73−77 The
slow diffusion of Li+ is often attributed to the strong
interactions with the oxygens on the polymer, whereas the
anion moves freely. We find both DF and DLi are greater in
PEO than in P(2EO-MO), likely due to the higher Tg of
P(2EO-MO) (−12 °C) compared to that of PEO (−44 °C) at
r = 0.08. The Tg of an electrolyte is related to segmental
motion; slow segmental motion often leads to slow ion
diffusion, as seen in P(2EO-MO).
Following the same approach used in the conductivity

analysis, we decouple the effect of segmental motion on DLi and
DF using the diffusivity form of the VTF equation

=
−

−

⎛
⎝⎜

⎞
⎠⎟D BT

E
R T T

exp
( )i

1/2 a

0 (11)

where all parameters are introduced in eq 9 apart from B, the
VTF parameter for diffusivity, analogous to A in eq 9. The

values of B and Ea obtained by least-squares fits of the diffusivity
data are given in Table 2. The Ea values obtained from

diffusivity reported in Table 2 are in agreement with those
determined from conductivity reported in Table 1. Figure 5b
shows DLi and DF versus reduced temperature for both
polymers at r = 0.08. When differences in Tg are accounted
for, DF in PEO and P(2EO-MO) are comparable. Thus, the
diffusion coefficient of the anion is mainly governed by the Tg
of the electrolyte and is not strongly dependent on the
chemistry of the monomer. On the other hand, even when
differences in segmental motion are accounted for, DLi in
P(2EO-MO) remains above that of PEO (Figure 6b). Faster
Li+ diffusivity may be attributed to either (1) an increase in
solvation-site density which increases the rate of hopping
between solvation sites or (2) a difference in the solvation
environment of the ion which results in weaker ion-polymer
interactions. In discussions below, we use simulations to
address this issue.
Using the parameters given in Table 2, we calculate a

reduced self-diffusion coefficient, Dr,i, for each electrolyte where
the temperature is defined to be 110 K above the Tg of the
electrolyte.

= +
−⎛

⎝⎜
⎞
⎠⎟D B T

E
R

( 110 K) exp
(160 K)ir, g

1/2 a

(12)

In PEO Dr,Li = 1.9 × 10−8 cm2/s and Dr,F = 1.0 × 10−7 cm2/s,
while in P(2EO-MO) Dr,Li = 5.1 × 10−8 cm2/s and Dr,F = 1.4 ×
10−7 cm2/s. The differences in Dr,Li provide insight into the
observation that reduced conductivity of P(2EO-MO) is higher
than that of PEO at r = 0.08 (Figure 5b).

Figure 6. (a) Self-diffusion coefficients of lithium- and fluorine-containing species in PEO and P(2EO-MO) at r = 0.08. (b) Same data plotted as a
function of reduced temperature.

Table 2. VTF Fit Parameters Obtained from a Least-Squares
Fit to the Temperature-Dependent Diffusivity Data for Both
Electrolytes According to Eq 11

PEO P(2EO-MO)

Ea (kJ/mol) B (cm2/(K1/2 s)) Ea (kJ/mol) B (cm2/(K1/2 s))

DLi 11.0 4.0 × 10−6 9.3 2.9 × 10−6

DF 9.7 7.9 × 10−6 8.8 5.4 × 10−6
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Using the self-diffusion coefficients measured at 90 °C
(Figure 6a), we can calculate the transference number obtained
by PFG-NMR using eq 13.

=
++t

D
D D,NMR

Li

Li F (13)

We find that t+,NMR in PEO is 0.19 while t+,NMR in P(2EO-MO)
is 0.36.
The transference number obtained from the steady-state

current technique, t+,ss, measured at 90 °C is shown as a
function of r in Figure 7. The t+,ss of both PEO and P(2EO-

MO) electrolytes decreases with increasing salt concentration:
P(2EO-MO) has a local minima at r = 0.04 while PEO
decreases monotonically. The t+,ss of P(2EO-MO) is approx-
imately double that of PEO at all values of r in this study. This
finding is consistent with our measurements of t+,NMR in
P(2EO-MO), which was also found to be twice that of PEO.
The value of t+,ss is lower than that of t+,NMR in both electrolyte
systems, consistent with previous reports of these quantities in
PEO electrolytes.42,76−78 The fact that t+,ss and t+,NMR differ
substantially from each other indicates that ion dissociation in
our electrolytes is complex. We note that t+,ss nor t+,NMR should
be interpreted as approximations of the true transference
number; only in the dilute limit wherein ion-pairing and ion-
clustering are absent, the transference numbers determined by
the steady-state current method and NMR would be identical
to the true transference number.41−43

A simple measure of the efficacy of a polymer electrolyte is
the product σt+,ss. This metric has been reported previously for
PEO78 as well as newly designed polymer electrolyte
systems.49,79 Figure 8 shows σt+,ss as a function of salt
concentration in PEO and P(2EO-MO) electrolytes. We find
that P(2EO-MO) exhibits a σt+,ss that is higher than PEO from
r = 0.02 to r = 0.1. In this regime of salt concentration, P(2EO-
MO) is expected to sustain higher steady-state currents in
battery applications.
Molecular Dynamics and Coarse-Grained Simulations.

Molecular dynamics (MD) simulations were used to shed light
on the molecular origin of the experimental observations
described above. Both PEO and P(2EO-MO) electrolytes were

studied at r = 0.002, 0.01, 0.02, and 0.06. In addition, the dilute
electrolyte was examined by considering a single anion or
cation in the simulation box. All simulations were performed at
400 K using a previously reported simulation protocol.10,63

These simulations were used to characterize the solvation
environment of Li+ and TFSI− ions in our electrolytes. The
radial distribution functions (rdfs) gLi−O(r) and gN−Li,C(r) were
parsed from each simulation where “O” includes both the
polymer and anion oxygens, “N” is the anion nitrogen atoms,
“C” corresponds to the CH2 united atoms, and “Li” is the
lithium ions. In the dilute systems, the labels “O” and “C” refer
exclusively to the polymer ether oxygens and CH2 united
atoms, respectively. The radial distribution functions were
calculated according to eq 14

∑ ∑
π

δ= − | − |α β
α β α β

−
∈ ∈

α β

g r
V

r rN N
r r r( )

4 d
( )

i

N

j

N

i j2
(14)

where V is the volume of the simulation, Nα and Nβ are the
number of particles in each set, 4πr2dr is the volume in each
shell, r is the position of each atom, and the summations run
separately over the two sets of atoms. Each rdf in was parsed
from 50 ns of trajectory data, using frames spaced by 100 ps.
The Li+ solvation structures in PEO and P(2EO-MO)

electrolytes are characterized using gLi−O (Figure 9a), which
gives the radial distribution of oxygens surrounding the lithium
ion. The electrolytes exhibit similar Li+ solvation structures that
are independent of salt concentration. In both PEO and
P(2EO-MO), Li+ is surrounded by six oxygen atoms in the first
solvation shell, represented by a strong peak at 2 Å. The
agreement between the dilute and concentrated electrolytes
indicates that Li+ solvation is dominated by oxygens on the
polymer; there is minimal anion presence in the first solvation
shell, suggesting weak ion pairing in both systems. The main
difference between our two polymers is that the 2 Å peak in
gLi−O of P(2EO-MO) is slightly broader, resulting in a smaller
peak height. Thus, the oxygens in the P(2EO-MO) solvation
shell are slightly more distributed in terms of distance from Li+.
The significance of this observation is unknown. These
solvation structures can be visualized in Figure 9b, which

Figure 7. Transference number obtained using the steady-state for
PEO and P(2EO-MO) as a function of LiTFSI salt concentration.
These data are measured at 90 °C.

Figure 8. Product of conductivity (Figure 4a) and steady-state current
transference number (Figure 7) as a function of LiTFSI salt
concentration at 90 °C.
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displays snapshots of typical solvation environments of Li+ in
dilute electrolytes. One notable difference in the two polymers
is that two-chain solvation structures predominate in P(2EO-
MO), whereas a majority of one-chain solvation structures are
observed in PEO.80 The reason for the two-chain motif in
P(2EO-MO) is clearly the structure of the monomer: the
presence of two oxygen atoms separated by a single methylene
unit is inconsistent with the spacing requirements of typical
solvation of Li+ by ether oxygens. This precludes the possibility
of solvating the ion with oxygens from one chain as is the case
with PEO. We posit that the two-chain motif is responsible for
the rapid increase seen in the experimentally measured Tg in
P(2EO-MO)/LiTFSI with increasing salt concentration,
relative to PEO (Figure 3b).
The TFSI− environment is examined in Figure 9c, which

shows gN−Li,C for PEO and P(2EO-MO). These distribution

functions are characterized by one weak shoulder at 6 Å
corresponding to 10−12 weakly associated CH2 groups. The
fact that gLi−O and gN−Li,C are identical in dilute and
concentrated electrolytes indicates that both Li+ and TFSI−

are surrounded primarily by polymer chains; the ions are well
dissociated in both systems. This is confirmed by Li-TFSI rdf
provided in the Supporting Information. Typical solvation
structures for the TFSI− ion are shown in Figure 9d. The
arrangements of polymer chains around the central TFSI− ion
are more or less random for both electrolytes.
Next, we calculate the Li+ solvation-site density, ρLi, in both

polymers; ρLi is the number of solvation sites per unit volume,
as defined in ref 10. The solvation-site distributions are
generated using the chemically specific bond percolation (CS-
DBP) methodology by analyzing the nascent Li+ solvation sites
that are transiently formed during polymer fluctuations.63

Figure 10 shows the solvation sites in PEO and P(2EO-MO) at

a simulation temperature of 400 K (equilibration is challenging
at lower temperatures). P(2EO-MO) exhibits approximately a
2-fold increase in ρLi (20 sites/nm3) relative to PEO (12 sites/
nm3). Differences in ion transport properties (conductivity,
diffusivity, and transference number) in PEO and P(2EO-MO)
will be affected by differences in solvation-site density. In
particular, the increase in solvation-site density is consistent
with the experimentally observed increase in Dr,Li and σr;
holding other factors constant, increased ρLi has been found to
correlate with increased Li+ transport.10

The self-diffusion coefficients of both Li+ and TFSI− in
electrolytes were determined from all-atom MD simulations
described in the context of Figure 9. The coefficients are
obtained from the mean-squared displacements of each ion. At
the two salt concentrations studied (r = 0.02 and r = 0.06),
both Li+ and TFSI− diffusivities are suppressed in P(2EO-MO)
relative to PEO by approximately a factor of 2. For example, at r
= 0.06, in P(2EO-MO) Li+ diffusivity is 8.15 × 10−8 cm2/s
while TFSI− diffusivity is 4.89 × 10−7 cm2/s, leading to t+,MD =
0.14. In PEO at r = 0.06, Li+ diffusivity is 1.26 × 10−7 cm2/s
while TFSI− diffusivity is 9.23 × 10−7 cm2/s, leading to t+,MD =
0.12. This is also observed experimentally. The cation
transference numbers determined by MD simulations are
likewise qualitatively consistent with the NMR measurements.

■ CONCLUSIONS
In this study, we report on the synthesis and characterization of
a new polymer electrolyte, P(2EO-MO). Our characterization
work includes both experimental and computational techni-
ques. P(2EO-MO) was synthesized using cationic ring-opening

Figure 9. Comparison of ion solvation structures in PEO (left) and
P(2EO-MO) (right). (a) Li+ radial distribution functions at different
salt concentrations. (b) Representative solvation structures for Li+ in
dilute electrolytes. (c) TFSI− radial distribution functions at different
salt concentrations. (d) Representative solvation structures for TFSI−

in dilute electrolytes. Atoms within 5 Å of Li+ and 6 Å of nitrogen,
sulfur, or fluorine are shown in the solvation structures of Li+ and
TFSI−, respectively. Note: “r” in each legend refers to the salt
concentration.

Figure 10. Comparison of CS-DBP solvation-site densities at 400 K.

Macromolecules Article

DOI: 10.1021/acs.macromol.7b02706
Macromolecules 2018, 51, 2847−2858

2854

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02706/suppl_file/ma7b02706_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b02706


polymerization of the cyclic ether monomer, 1,3,6-trioxocane.
Electrolytes were prepared by mixing P(2EO-MO) with lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) salt at a wide
range of salt concentrations, r = 0.01−0.14, where r = [Li+]/
[O]. We use the PEO/LiTFSI system as a baseline. The ion
transport characteristics of the two electrolytes of interest are
compared in Table 3.
Table 3 contains a summary of the experimental results for

PEO and P(2EO-MO) electrolytes at r = 0.08. DSC
measurements of both polymers exhibit Tgs in the vicinity of
−60 °C in the neat state; P(2EO-MO), however, has a much
more precipitous increase in Tg with salt concentration. For
example, at r = 0.08 the Tg of P(2EO-MO)/LiTFSI (−12 °C)
is significantly higher than that of PEO/LiTFSI (−44 °C) at
the same salt concentration (Table 3). The conductivity of our
electrolytes is affected by Tg. The σ of PEO at 90 °C is 1.5 ×
10−3 S/cm while that of P(2EO-MO) is 1.1 × 10−3 S/cm. To
gain an understanding of transport of individual ions in these
systems, we used PFG-NMR to measure the self-diffusion
coefficients of Li- and F-containing ions in our electrolytes.
Table 3 shows that both ions exhibit higher diffusivity in PEO.
Based on this set of information, most studies would conclude
that PEO is the superior choice for a battery electrolyte.
However, more complete characterization indicates that this is
not true. Transference number measurements using the steady-
state current technique show that P(2EO-MO) has a t+,ss that is
approximately double that of PEO. This is qualitatively
consistent with the transference number determined from
PFG-NMR (Table 3). The steady-state dc current obtained in
an electrolyte is governed by the product σt+,ss, which is higher
in P(2EO-MO) compared to PEO. In other words, batteries
made with P(2EO-MO) electrolytes are expected to be more
efficacious compared to those made with PEO. We hope to
demonstrate this in future studies.
Atomistic MD simulations were used to analyze the solvation

structure of the Li+ and TFSI− ions in PEO and P(2EO-MO)
for a range of r; results confirmed that differences in transport
properties could not be attributed to differences in solvation
structure. The main difference is that P(2EO-MO) preferen-
tially solvates Li+ using a two-chain solvation motif, whereas
PEO has contributions of both one-chain and two-chain
solvation. The consequence of this two-chain solvation in
P(2EO-MO) may be the rapid increase in Tg with salt
concentration. The density of Li+ solvation sites, ρLi, calculated
from simulations was higher in P(2EO-MO) relative to PEO
(Table 3). We posit that differences in experimentally
determined ion transport properties in the two electrolytes
are primarily due to this effect. The diffusion coefficients of Li+

and TFSI− obtained using simulations are qualitatively
consistent with experimental data. The simulations do capture
the fact that the transference number of P(2EO-MO)
electrolytes is higher than that of PEO electrolytes.

The ratio of transport properties of the two polymers of
interest are also reported in Table 3. We see that conductivity
and diffusion coefficients (in both experiments and simu-
lations) are affected by Tg; transport parameters in P(2EO-
MO) are lower than those in PEO, and all the ratios are less
than unity. On the other hand, the transference numbers
determined by NMR, electrochemical methods, and MD
simulations appear to be governed by factors other than Tg,
as they are greater in P(2EO-MO). The same can be said for
solvation-site density.
Our work demonstrates that the discovery of new electro-

lytes is facilitated by the use of complementary experimental
and theoretical approaches.
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experiment simulations

Tg (°C) σ (S/cm) DLi (cm
2/s) DF (cm

2/s) t+,NMR t+,ss σt+,ss (S/cm) ρLi (nm
−3) DLi (cm

2/s) DF (cm
2/s) t+,MD

P(2EO-MO) −12 1.1 × 10−3 3.8 × 10−8 9.7 × 10−8 0.36 0.20 2.2 × 10−4 20 8.2 × 10−8 4.9 × 10−7 0.14
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■ ABBREVIATIONS

PEO poly(ethylene oxide)
P(2EO-MO) poly(diethylene oxide-alt-oxymethylene)
LiTFSI lithium bis(trifluoromethanesulfonyl)imide
SEI solid−electrolyte interface
NMR nuclear magnetic resonance spectroscopy
PFG-NMR pulsed-field-gradient NMR
GPC gel permeation chromatography
DCM dichloromethane
THF tetrahydrofuran
DSC differential scanning calorimetry
pppm particle−particle−particle−mesh
MSD mean-squared displacement
CS-DBP chemically specific dynamic bond percolation
rdf radial distribution function
Tg glass transition temperature (°C)
Tm melting temperature (°C)
Mn number-averaged molecular weight (kg/mol)
σ conductivity (S/cm)
σr reduced conductivity (S/cm)
D salt diffusion coefficient (cm2/s)
Di self-diffusion coefficient (cm2/s)
DLi lithium self-diffusion coefficient (cm2/s)
DF fluorine self-diffusion coefficient (cm2/s)
Dr,i reduced self-diffusion coefficient (cm2/s)
Dr,Li reduced lithium self-diffusion coefficient (cm2/s)
Dr,F reduced fluorine self-diffusion coefficient (cm2/

s)
t+ true cation transference number
t+,ss transference number obtained using stead-state

current method
t+,NMR transference number obtained using pulsed-field

gradient NMR
t+,MD transference number obtained using MD simu-

lations
i0 initial current (mA/cm2)
iΩ initial current determined by Ohm’s law (mA/

cm2)
iss steady-state current (mA/cm2)
ΔV dc potential (mV)
Rb bulk electrolyte resistance (Ω cm2)
Ri,0 initial interfacial resistance (Ω cm2)
Rb,0 initial bulk electrolyte resistance (Ω cm2)
r moles of Li+ per mole of ether oxygens
l electrolyte thickness (cm)
a electrolyte area (cm2)
t time (s)
T temperature (°C)
E attenuation of the echo
γ gyromagnetic ratio
δ duration of gradient pulse (s)
Δ interval between gradient pulses (s)
T0 reference temperature (°C)
A VTF prefactor for conductivity (S K1/2/cm)
B VTF prefactor for diffusivity (cm2/(s K1/2))
Ea effective activation energy (kJ/mol)
R universal gas constant (kJ/(mol K))
gLi−O lithium−oxygen radial distribution function
gN−Li,C nitrogen−lithium,carbon radial distribution func-

tion
ri position of the atom (Å)
V volume of the simulation cell (nm3)

Nα number of particles in α
Nβ number of particles in β
ρLi Li+ solvation-site density (nm−3)
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Goḿez Ribelles, J. L. Glass transition and structural relaxation in semi-
crystalline poly(ethylene terephthalate): A DSC study. Polymer 2002,
43, 4111−4122.
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