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ABSTRACT: Establishing general structure—property relation-
ships for polymer electrolytes is crucial to enable design of
improved materials to advance solid-state energy storage. We
report the relationship between dielectric constant, glass transition
temperature, and ionic conductivity for polyether-based electro-
lytes with dielectric constants of the polyether host within the
range 7—35 at 60 °C. The ionic conductivities of the polyether and
lithium Dbis(trifluoromethylsulfonyl)imide mixtures ranged from
1077 to 107* S/cm. In this higher-dielectric-constant regime, here
defined as a polymer with a dielectric constant greater than that of
poly(ethylene oxide) (ca. 9.0), the glass transition temperature
increased with dielectric constant while ionic conductivity
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decreased. These results complement a recent report on the low-dielectric-constant regime, where the ionic conductivity was
limited by the dielectric constant and ion dissociation. In the high-dielectric-constant regime explored here, segmental dynamics are
slowed due to stronger polymer—polymer and polymer—ion interactions, resulting in decreased ionic conductivity and associated
increase in neat polymer glass transition temperature. The disparate chemical structures of the polymers of this study, along with the
results of past coarse-grained molecular dynamics simulations, support the generality of these conclusions and speak to the difficulty
of identifying a single molecular characteristic leading to the design of high-conductivity polymer electrolytes. Widely used
poly(ethylene oxide) represents a near-optimal balance between the low- and high-dielectric-constant regimes. To improve upon the
ionic conductivity limitations of polymer electrolytes, single-component polymer hosts are unlikely to resolve the trade-off between
the need for ion dissociation while retaining rapid segmental dynamics.

B INTRODUCTION

Advances in battery technology facilitate the transition to
renewable energy. To that end, polymer electrolytes can
simplify battery design while increasing safety and longevity by
enabling new battery chemistries."” The disadvantage of
polymer electrolytes originates from the high viscosity and
slow segmental dynamics of polymers compared to those of
small molecule electrolytes. This decreased ionic mobility in
the polymer electrolyte host presents a significant fundamental
challenge.

Current electrolytes in lithium-ion batteries contain a blend
of a high-polarity, high-viscosity cyclic carbonate (e.g., ethylene
carbonate) that increases ion solubility and a low-polarity
linear carbonate (e.g., dimethyl carbonate) with a low viscosity
that increases ion mobility.”* Solvents with dielectric constants
(¢) below S will typically not fully dissolve lithium salts,
leading to ionic aggregates with poor conductivities.” A pure or
blend polymer electrolyte may allow improvement in ionic
conductivity as the dielectric constant is increased.” However,
previous computational work from our group predicted that
increases in ionic conductivity with dielectric constant reach an

© 2022 American Chemical Society

W ACS Publications 6730

optimum as strengthening polymer—polymer and polymer—
ion interactions counter increased salt dissociation.®””
Experimental validation of this hypothesis could help narrow
the design parameters for a potential single polymer electrolyte
or enable the redirection of research efforts away from
traditional neutral polyether electrolytes based on a single
polymer host.

Research into polymer electrolytes began with the discovery
of ion conduction in poly(ethylene oxide) (PEO) in the
1970s.">"" PEO balances the dissociation of lithium salts while
maintaining rapid segmental dynamics at high temperatures
and is the most studied polymer electrolyte host.'”"> PEO
solvates lithium salts and exhibits conductivities over 107* S/
cm above 70 °C."* Room temperature ionic conductivity of
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PEO remains low (ca. 1077 S/cm) due to semicrystallinity,
which limits both the extent of amorphous material for
conduction and the mobility of polymer segments."> While this
limitation is not an issue at higher temperatures,16 significant
work remains for more relevant ambient temperature
applications. Work by Barteau et al. demonstrated the
applicability of glycidyl ether-based polymers, such as poly-
(allyl glycidyl ether) (PAGE), in polymer electrolyte
applications."* These materials maintained higher conductiv-
ities (ca. 107° S/cm) than PEO at room temperature due to
low glass transition temperatures and no semicrystallinity. The
atactic pendant allyl groups frustrate crystallinity in both
homopolymers of PAGE as well as copolymers of allyl glycidyl
ether and ethylene oxide. Other work explored PEO-like
materials such as (meth)acrylates with PEO side chains,"”"®
block copolymers containing PEO,"”~>* PEO blends with
poly(ether—acetals)*’ and other analogous polymers,”* and
different PEO molecular architectures.”>>* Work on blends of
PEO and polyacetals by Snyder et al. and Halat et al. have led
to the further development of polyether materials with higher
oxygen content to improve ion transport.29’30 To overcome the
shortcomings of polyether-based electrolytes, polymer electro-
lytes incorporating heteroatoms into the backbone and side
chains of the polymer with functional groups such as
carbonates, amines, and nitriles have also been synthesized
and studied.’** Others have explored the effects of adding
ionic liquid plasticizers to PEO to improve ionic conductiv-
ity.”>~*> Segalman and co-workers have recently exploited the
mechanism of superionic inorganic solid electrolytes within a
polymer electrolyte material to enable selective ion motion,
relying on ordered domains within polymer electrolytes to
rapidly transport ions in place of the bulk polymer domain.*

Recent work has focused on understanding the mechanism
of ion mobility in polymer electrolytes and structure—property
relationships governing ionic conductivity. Although it is
currently well recognized that low glass-transition temperature
and low viscosity are important for polymer electrolyte
applications, the role of polymer polarity is increasing in
awareness.” ” Hall et al. computationally explored how salt
concentration, ion solvation, and polymer characteristics such
as molecular weight influence ion transport in polymers.”’ =’
This work revealed that ion solvation governs ionic
conductivity and that an increase in salt concentration can
increase or decrease conductivity depending on the strength of
ion—ion interactions. Kellam et al. explored how the relative
population of free and associated anions in poly[bis(methoxy-
ethoxyethoxy)phosphazene] (MEEP) affected ionic conduc-
tivity.** At low salt concentrations, segmental dynamics limited
ion motion; however, at high salt loading, many ions existed in
neutral cation—anion contact pairs and anion triplets that
decreased ionic conductivity. These conclusions were also
drawn from computational work by Gudla et al. that explored
how ion-pair lifetimes for lithium salts in PEO affect
conductivity.*' Balsara and co-workers extensively studied
salt transport mechanisms in polymer electrolytes and the
factors that influence properties such as ionic conductiv-
ity. 2746

Here, we build upon on these important contributions and
our previous work that explored polymers with dielectric
constants lower than that of PEO (¢ < 9.0) in a homologous
series of poly(vinyl ether)s where conductivity was computa-
tionally predicted to be limited by salt dissociation in the
polymer matrix.”*” In this study, a homologous series of nine
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polyether derivatives of poly(allyl glycidyl ether) containing a
range of chemical functionalities on the polymer side chains
that extend into the high-polarity regime with dielectric
constants greater than that of PEO (& > 9.0) were synthesized.
The thermal and physical characteristics of the polymers were
measured along with ionic conductivity in polymer electrolyte
blends with lithium bis(trifltuoromethylsulfonyl)imide (LiTF-
SI). We observed a decrease in ionic conductivity of 3 orders
of magnitude with a nearly S-fold increase in dielectric
constant. As predicted via molecular dynamics simulations,
segmental dynamics limited ion transport as polymer—polymer
and polymer—ion interactions increased with increasing
dielectric constant. Maximum conductivity was achieved at
moderate polarities where ion dissociation was balanced with
rapid segmental dynamics.

B EXPERIMENTAL SECTION

Materials. N,N-Dimethyl-2-aminoethanol (Sigma-Aldrich,
>99.5%), N,N-dibenzyl-2-aminoethanol (TCIL, >98.0%), triethylalu-
minum (Sigma-Aldrich, 1.0 M in hexanes), triisobutylaluminum
(Sigma-Aldrich, 1.0 M in hexanes), allyl glycidyl ether (Aldrich,
>99%), potassium osmate dihydrate (Sigma, >98%), N-methyl-
morpholine N-oxide (Acros Organics, S0 wt % solution in water),
thionyl chloride (Alfa Aesar, >99%), triethylamine (Acros Organics,
99.7%), m-chloroperoxybenzoic acid (Acros Organics, 70—75%
stabilized with water), 3-(allyloxy)propane-1,2-diol (TCI America,
>99%), sodium hydride (Aldrich, 60% dispersion in mineral oil),
methyl iodide (Acros Organics, 99%), allyl alcohol (Aldrich, >99%),
acrylonitrile (Aldrich, >99%), sodium hydroxide (Sigma-Aldrich,
>97.0%), sodium thiosulfate pentahydrate (Fisher Chemical,
Certified ACS), calcium hydride (Acros Organics, ca. 93%), and
sodium sulfate (Fisher Chemical, Certified ACS) were all used as
received unless otherwise specified. Unless otherwise noted, all
solvents were ACS reagent grade and purchased from Acros Organics,
Fisher Scientific, or Sigma-Aldrich and used without further
purification. CDCl;, CD,Cl,, and DMSO-d4s were purchased from
Cambridge Isotope Laboratory. Lithium bis(trifluoromethane)-
sulfonimide (LiTFSI) salt was purchased from MilliporeSigma and
stored and used in an inert nitrogen glovebox.

Polymer Characterization. '"H NMR spectroscopy was per-
formed on a 400 MHz Agilent NMR spectrometer at room
temperature and referenced to the residual solvent signal of CDCl,
(726 ppm), CD,Cl, (5.33 ppm), or DMSO-d¢ (2.50 ppm).
Differential scanning calorimetry (DSC) was performed on a
DSC250 (TA Instruments) with a RCS90 electric chiller attachment.
2.0—5.0 mg of each polymer was placed in an aluminum Tzero pan
with a Tzero hermetic lid. The DSC runs were done under a nitrogen
flow. The samples were heated from —90 to 40 °C at 10 °C/min, held
at 40 °C for 1 min, cooled to —90 °C at 10 °C/min, and then held at
=90 °C for 1 min. This was repeated two more times but to 20 °C
instead of 40 °C. The third heating and cooling ramps were at 5 °C/
min. The glass transition temperature was measured by using the third
heating scan. Size exclusion chromatography (SEC) was performed
on an Agilent system with a 1260 Infinity isocratic pump, degasser,
and thermostated column chamber held at 30 °C. An Agilent PLgel
10 um MIXED-B column with an operating range of 500—10000000
g/mol relative to polystyrene standards was used. This system was
equipped with an Agilent 1260 refractometer and Infinity Bioinert
multidetector suite featuring dual-angle static and dynamic light
scattering detection. Chloroform was used as the mobile phase. FTIR
was run in transmission mode on a Thermo Scientific Nicolet 6700
with a spectral resolution of 0.482 cm™. 128 scans were collected for
each spectrum.

Broadband Dielectric Spectroscopy. Dielectric constant
measurements were performed with a broadband dielectric
spectrometer (BDS) from Novocontrol. The instrument has a high-
resolution dielectric Alpha analyzer (frequency range 10~°—10” Hz)
and can achieve a temperature range from —160 to 400 °C via liquid
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nitrogen and activated heaters. The temperatures within the cell and
the Alpha analyzer are controlled by WinDETA software. A parallel-
plate oriented sample cell for viscous samples was used for the
dielectric measurements. The viscous polymer samples were loaded
on a gold-plated lower electrode with a diameter of 40 mm with a
smaller gold-plated electrode with a diameter of 20 mm placed on top.
Teflon spacers of known surface area and thickness were placed
between the electrodes used to control the thickness of the polymer
sample. The measurement cell was kept closed by tightening the cell
closing plate with spring force. Samples were measured from 1072 to
10" Hz and in a temperature range of 0—60 °C. The dielectric
constant values were gathered by taking the average value of the
plateau region of the measured real permittivity as a function of
frequency. The plateau would occur typically at frequencies of 10'—
10° Hz.

General Procedure for Polymer/Salt Blends Preparation.
The polymers were brought into a dry nitrogen glovebox and dried in
vacuo at room temperature for 1 day. Room temperature was above
the glass transition temperature of all samples. Approximately 0.2 g of
polymer was added to a tared scintillation vial with a stir bar. The vial
containing polymer was then dried again in vacuo overnight and
reweighed. The dry weight was used to calculate the amount of
LiTFSI needed to be at 25 wt % salt. After the corresponding amount
of LiTFSI was weighed and added to the vial, ca. 0.2 mL of THF was
added to the vial, which was then allowed to stir at room temperature
for 48 h. The sample was then dried in vacuo at room temperature
until it reached the weight before solvent was added.

Electrochemical Impedance Spectroscopy. All data were
collected on a BioLogic MTZ-35 impedance analyzer with an
intermediate temperature system utilizing a through-plane con-
ductivity cell. The electrode plates as well as the sample chamber
were brought into the glovebox with a Teflon washer with the same
diameter as the electrode. The Teflon washer served to contain the
polymer electrolyte and fix the distance between the electrodes. The
washer was placed on one electrode, dry polymer electrolyte was
added to fill the washer, and the other electrode was placed on top
and screwed in place. The electrode assembly was placed into the
sample holder and sealed before being brought out of the glovebox.
The EIS probes and temperature probe were then inserted into the
sample holder. The sample chamber was finally placed into an
insulated temperature stage. Each experiment was run in a frequency
range that encompassed the full data set at all temperatures. The
sample was equilibrated for an hour at each temperature before data
collection on heating and cooling. The washer inner diameter (0.75
mm) and thickness (0.48 mm) were used for the sample dimensions
when calculating ionic conductivity.

Synthesis of 3-(2,3-Dimethoxypropoxy)prop-1-ene. To a
stirred solution of 3-(allyloxy)propane-1,2-diol (5.00 g, 1.0 equiv, 37.8
mmol) in dry THF (150 mL) chilled to 0 °C was added 3.34 g of 60%
NaH stabilized in mineral oil (2.2 equiv, 83.3 mmol). The solution
was allowed to stir for 30 min, at which point all gas evolution had
ceased. Next, 9.42 mL of methyl iodide (4.0 equiv, 151.3 mmol) and
613.2 mg of tetrabutylammonium bromide (0.05 equiv, 1.9 mmol)
were added to the reaction flask, which was allowed to warm to room
temperature overnight. The next day, the reaction was quenched with
100 mL of water and extracted with diethyl ether (3 X 100 mL). The
organic layer was dried over Na,SO,, filtered, and concentrated in
vacuo. The crude product was then purified by using silica gel
chromatography (isocratic elution of 9:1 hexanes/EtOAc) to give the
product (5.03 g, 83% isolated yield) as a clear oil. "H NMR (400
MHz, CDCL,) &: 5.97—5.84 (m, 1H), 5.33—5.12 (m, 2H), 4.01 (dt, J
= 5.6, 1.5 Hz, 2H), 3.58—3.45 (m, SH), 3.47 (s, 3H), 3.38 (s, 3H).
13C NMR (400 MHz, CDCl;) &: 134.82, 117.20, 79.41, 72.53, 69.72,
59.41, §8.09.

Synthesis of 2-((2,3-Dimethoxypropoxy)methyl)oxirane. To
a stirred solution of 3-(2,3-dimethoxypropoxy)prop-1-ene (6.02 g, 1.0
equiv, 37.6 mmol) in 120 mL of dichloromethane at 0 °C was added
11.09 g of m-chloroperoxybenzoic acid (mCPBA) (1.2 equiv, 45.0
mmol) slowly. The reaction was then allowed to warm to room
temperature and stirred overnight. After all of the starting alkene had
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been consumed, as determined by 'H NMR spectroscopy, the
reaction was filtered to remove insoluble m-chlorobenzoic acid. The
crude product was then purified by using silica gel chromatography
(isocratic elution of 7:3 hexanes/EtOAc) to give the product as a clear
oil. '"H NMR (400 MHz, CDCl,) &: 3.73 (dddt, J = 11.6, 2.9, 2.0, 0.4
Hz, 1H), 3.63—3.34 (m, 6H), 3.42 (dd, ] = 1.9, 0.6 Hz, 3H), 3.32 (dd,
J = 1.1, 0.6 Hz, 3H), 3.13—3.07 (m, 1H), 2.75 (ddd, ] = 4.9, 4.1, 0.6
Hz, 1H), 2.56 (dtd, ] = 5.2, 2.7, 0.5 Hz, 1H). *C NMR (400 MHz,
CDCLy) &: 79.30, 7225, 72.23, 71.06, 70.97, 59.35, $8.03, 50.87,
50.84, 44.27, 44.24. m/z HRMS calculated for [M + Na]*: 199.09;
found: 199.09.

Synthesis of CEGE (2-Cyanoethyl Glycidyl Ether). 3-
(Allyloxy)propanenitrile was prepared according to a reported
procedure.48 m-Chloroperoxybenzoic acid (mCPBA, 50.0 g, 0.290
mol) was dissolved in CH,Cl, (600 mL) at room temperature. 3-
(Allyloxy)propanenitrile (24.0 g, 0.216 mol) was added dropwise to
the solution of mCPBA through an addition funnel. The mixture was
stirred at room temperature for 2 days. The reaction mixture was then
filtered, and the filtrate was washed with a saturated aqueous Na,S,0;
solution. The organic solution was then separated and washed with a
mixture of a saturated NaHCOj solution and a NaOH (5 wt % in
water) solution (v/v = 1:1) three times and with brine once. Excess
CH,Cl, and unreacted 3-(allyloxy)propanenitrile were removed by
rotary evaporation. The crude product was further purified by
distillation with from CaH, under vacuum reduced pressure to yield
the product (13.3 g, 0.104 mol, 48%), and stored in a N,-filled
glovebox. '"H NMR (500 MHz, CDCl,) &: 3.88 (dd, ] = 11.8, 2.6 Hz,
1H), 3.74 (ddt, ] = 31.9, 9.5, 6.3 Hz, 2H), 3.41 (dd, J = 11.8, 6.0 Hz,
1H), 3.20—3.14 (m, 1H), 2.84—2.79 (m, 1H), 2.66—2.60 (m, 3H).
13C NMR (400 MHz, CDCl,) &: 117.77, 71.71, 65.82, 50.50, 43.81,
18.78. m/z HRMS calculated for [M + Na]*: 150.05; found: 150.0S.

General Procedure for Synthesis of Polymers. All polymer-
izations were performed under an inert atmosphere in a glovebox as
reported previously.*”*® In general, a scintillation vial was first
charged with a stir bar and the appropriate monomer.
Dimethylaminoethoxymono (u-alkoxo)bis(isobutylaluminum) or
dibenylaminoethoxymono(u-alkoxo)bis(isobutylaluminum) was then
added to the vial in the correct ratio with the monomer to target a
polymer with a molecular weight of 10000 g/mol. The vial was then
capped and allowed to stir at 60 °C for 2 days or until conversion
plateaued as measured by 'H NMR spectroscopy. After this, the
reactions were removed from the glovebox, diluted with dichloro-
methane, and washed twice with a mixture of 0.1 M HCI in methanol
and water (v/v = 1:9) followed by one wash with distilled water. The
dichloromethane was then removed via rotary evaporation, and the
sample was allowed to dry on a Schlenk line overnight. The cleaned
polymers were then characterized by 'H NMR spectroscopy and SEC.

Poly(allyl glycidyl! ether) (PAGE). "H NMR (400 MHz, CD,CL,) §:
7.67—7.18 (m, 10H), 5.90 (ddt, J] = 17.3, 10.6, 5.4 Hz, 76H), 5.26
(dq, J = 17.3, 1.7 Hz, 89H), 5.15 (dq, ] = 104, 1.6 Hz, 86H), 3.97 (dt,
] = 5.5, 1.6 Hz, 214H), 3.67—3.41 (m, SS0H).

Poly(cyano ethyl glycidyl ether) (PCEGE). '"H NMR (400 MHz,
CD,CL,) 6: 7.76=7.11 (m, 10H), 3.98—3.39 (m, S42H), 2.62 (t, ] =
6.0 Hz, 157H).

Poly(2-((2,3-Dimethoxypropoxy)methyl)oxirane) (PdMGE). 'H
NMR (400 MHz, CDCl;) &: 4.01—3.39 (m, 200H), 3.44 (s, 60H),
3.35 (s, 60H), 1.77 (broad s, 6H).

General Procedure for the Complete and Partial Epoxidiza-
tion Poly(allyl glycidyl ether). For fully epoxidized PAGE,
poly(glycidyl glycidyl ether) (PGGE), 843 g of 75% mCPBA
stabilized with water (39.3 mmol, 1.3 equiv) was added to a stirred
solution of PAGE (3.01 g, 26.4 mmol of AGE repeat units, 1.0 equiv)
in DCM (30 mL) over the course of 10 min. The reaction was
allowed to stir for 48 h. Once the epoxidation reaction had reached
100% conversion, as confirmed by "H NMR spectroscopy, the
reaction mixture was filtered and washed with a saturated solution of
sodium bicarbonate (4 X 100 mL). The combined organic phases
were then dried over Na,SO,, filtered, rotary evaporated, and dried in
vacuo overnight. For each partially epoxidized PAGE sample (33, 66,
and 85%), the corresponding percentage of mCPBA was added to the
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reaction mixture with all other procedural steps identical. For 100%
PGGE, 'H NMR (400 MHz, CDCl;) §: 3.81—3.74 (m, 1H), 3.69—
3.54 (m, SH), 3.42—3.34 (m, 1H), 3.14 (s, 1H), 2.83—2.73 (m, 1H),
2.63-2.56 (m, 1H).

General Procedure for Upjohn Dihydroxylation of Poly(allyl
glycidyl ether). Upjohn dihydroxylation was employed to partially
functionalize PAGE for further synthesis of copolymers using
previously reported procedures.’’ For the conversion of 50% of the
allyl groups to the corresponding vicinal diol, the following procedure
was used. 2.02 g of PAGE was first dissolved in a mixture of 80 mL of
acetone and 20 mL of water. 2.05 mL of S0 wt % N-methylmorpho-
line N-oxide in water (0.5 equiv) and 130 mg of K,0sO,, (0.02 equiv)
were then added to the reaction mixture. The reaction was stirred for
2 h, after which it was quenched with the addition of 2.0 mL of
saturated Na,SO;. The reaction was then rotary evaporated to remove
the acetone, diluted with an additional 20 mL of water, and extracted
with diethyl ether (3 X 25 mL). The aqueous phase was then dialyzed
against DI water for 3 days and lyophilized. Conversion of the allyl
groups, as determined by 'H NMR spectroscopy, was 53%. 'H NMR
(400 MHz, DMSO-dy) §: 5.87 (ddt, J = 16.5, 10.4, 5.2 Hz, 1H), 5.19
(dd, J = 45.5, 13.9 Hz, 2H), 4.56 (s, 1H), 4.44 (s, 1H), 4.01—3.88 (m,
2H), 3.64—3.22 (m, 15H).

General Procedure for the Synthesis of Poly(allyl glycidyl
ether-co-propylene sulfite glycidyl ether). The reaction of
partially hydroxylated PAGE with thionyl chloride was employed to
synthesize poly[(allyl glycidyl ether)-co-(propylene sulfite glycidyl
ether)] as reported previously.** Briefly, 920 mg of 53% hydroxylated
PAGE (0.102 mmol of polymer, 1.0 equiv) was dissolved in 75 mL of
dry THF and cooled to 0 °C. 1.23 mL of triethylamine (8.8 mmol, 86
equiv) was then added, after which SOCL, (620 uL, 8.5 mmol, 84
equiv) in 10 mL of dichloromethane was added slowly to the reaction,
which was then allowed to stir for 1 h. The reaction flask was then
allowed to warm to room temperature for 30 min, at which point 100
mL of water was added to the reaction slowly to quench any
remaining SOCL,. The reaction was then extracted with chloroform (3
X S0 mL), after which the combined organic layers were dried over
Na,SO,, filtered, and dried in vacuo. Complete conversion of the
dihydroxyl starting material to the corresponding cyclic sulfite was
confirmed with "H NMR spectroscopy and IR spectroscopy. 'H NMR
(400 MHz, CDCl,) &: 5.86 (ddt, ] = 16.3, 10.8, 5.5 Hz, 1H), 5.19 (dd,
J =38.7,13.9 Hz, 2H), 5.04 and 4.28 (each s, 1H), 4.76—4.58 (broad
m, 1H), 4.52 (q, ] = 8.7 Hz, 1H), 3.96 (d, ] = 5.5 Hz, 2H), 3.87-3.33
(m, 10H).

B RESULTS AND DISCUSSION

A homologous series of polyether derivatives of poly(allyl
glycidyl ether) (PAGE) were synthesized by using a mono(u-
alkoxo)bis(alkylaluminum) initiator/catalyst system as re-
ported previously.””* Nine polymers and copolymers with
constitutional repeat units shown in Scheme 1 were
synthesized with a target molecular weight of 10000 g/mol.
Polymer characteristics are shown in Table 1. The polyether
series spans a range of polarity and oxygen content, which was
enabled by functional group identity and incorporation onto a
unified polyether backbone. The material compositions were
chosen to vary the bulk physical properties such as dielectric
constant and the glass transition temperature (T,). All
polymers were synthesized in 1-3 steps from commercially
available precursors. The poly(dimethoxy glycidyl ether)
(PAMGE) and poly(cyanoethyl glycidyl ether) (PCEGE)
were polymerized from their respective monomers. Poly-
(glycidyl glycidyl ether) (PGGE) and the copolymers of PAGE
with PGGE and poly(sulfite glycidyl ether) (PSGE) were
synthesized via postpolymerization modification of PAGE as
detailed in the Experimental Section.

The materials were characterized by using nuclear magnetic
resonance (NMR) spectroscopy, size exclusion chromatog-
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Scheme 1. (a) Synthesis of Polyethers Using
Dibenzylaminoethoxymono-g-oxobis(triisobutylaluminum)
Catalyst Initiator; (b) Postpolymerization Modification of
PAGE to Form a Variety of Polar Repeat Unit Structures
(a) MOB-initiated polymerization of glycidyl ethers
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raphy (SEC), broadband dielectric spectroscopy (BDS),
differential scanning calorimetry (DSC), and electrochemical
impedance spectroscopy (EIS). A representative SEC trace and
"H NMR spectrum are shown in Figure 1 for poly(cyanoethyl
glycidyl ether) (PCEGE). For polymers synthesized via
postpolymerization modification of PAGE, the starting degree
of polymerization of the PAGE precursor and the degree of
functionalization and formula weights of each compositional
repeat unit are used to calculate the molecular weight of the
final polymer. The glass transition temperatures (T,) of the
pure polymers and mixtures with 25 wt % LiTFSI are shown in
Table 1. PAGE had the lowest T, at —76.8 °C, and PGGE had
the highest T, at —30.7 °C. We chose 25 wt % LiTFSI as the
salt loading throughout this study because it was previously
shown to be the near-optimum salt loading for PAGE."*
Because of the variation in the different functional groups in
this study and the incorporation of different heteroatoms in
some of the polymers, using metrics such as molar oxygen:-
lithium ratios would require significantly different amounts of
LiTFSI in each sample. A single salt loading was chosen as the
basis for comparison.

The dielectric constant (g) is related to the thermal
fluctuations of polarization in a polar liquid. We take the
dielectric constant as a measure of the polarity of the
electrolyte polymer host without salt. The Kirkwood model
relates the molecular characteristics of a polar liquid to the
characteristics of the intrinsic dipoles. N is the number of
dipoles in volume €. The orientational correlations are

https://doi.org/10.1021/acs.macromol.2c00639
Macromolecules 2022, 55, 6730—6738


https://pubs.acs.org/doi/10.1021/acs.macromol.2c00639?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00639?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Table 1. Polymer Characterization Data

polymer M," (kg/mol) I8 (°C)
PAGE 8.8 —76.78 + 0.13
PAMGE 4.0 —69.19 + 0.08
P(GGE,3;-co-AGE, ;) 9.2 —63.31 + 0.14
P(GGE,¢-co-AGE,,) 9.6 —48.61 + 0.68
P(GGE,gs-co-AGE ;5) 9.9 —47.03 £ 045
PGGE 10.0 -30.73 + 1.58
P(SGEq39-co-AGE,) 1.2 —4522 + 0.36
P(SGE;-co-AGE, 4,) 12.1 —42.08 + 0.51
PCEGE 11.0 —37.69 + 0.24

T, (°c)® € ionic conductivity (mS/cm)?

—54.70 + 0.10 748 + 0.11 0.182

—49.54 + 0.06 10.78 + 0.16 0.114

—45.48 + 1.43 10.91 + 0.05 0.0994
—31.36 + 1.01 11.44 + 0.03 0.0747
—36.57 + 1.05 14.51 + 0.38 0.0234
—17.00 + 2.18 16.22 + 0.34 0.0128
—40.70 + 1.32 20.24 + 0.05 0.0535
—25.10 + 0.69 22.63 + 1.11 0.0427
—24.79 + 0.59 34.51 + 1.23 0.0363

“Number-average molecular weight determined by end-groug analysis using "H NMR spectroscopy for homopolymers and percent conversion of
functional groups from precursor polymers for copolymers. ~Glass transition temperature measured with 25 wt % LiTFSI. “Dielectric constant of
the pure polymer measured by broadband dielectric spectroscopy taken as the average of the plateau region of the real permittivity as a function of
frequency at 60 °C. “Tonic conductivity measured by EIS at 60 °C with 25 wt % LiTFSL

BN~ b OJ\H

a b n
b0
b\ c

CN

M, = 11.0 kDa 157

=110

542

1

T T
18 20 22

T
16
Retention Time (min)

DCM L

a
222 J i
T T T \ T T 1
8 7 6 5 4 3 2

ppm

Figure 1. Representative 'H NMR spectrum and size exclusion
chromatograph (inset) for polyethers synthesized for this study.
Shown is PCEGE with M,, = 11.0 kg/mol and D = 1.10 measured by
multiangle light scattering (dn/dc = 0.0477 mL/ g). The integrations
of each resonance peak are shown on top of the corresponding peak.

captured in the Kirkwood g-factor (gy), ¢ is the dipole moment
of a molecule in the liquid, and f is 1/kT.>
4npNu’g, _(e-1)(e+1)
Q € (1)

Equation 1 was derived by Kirkwood using Onsager’s local
field approach and can be used to express € in a short-range
orientational correlation function.””> Equation 1 can be
solved for the dielectric constant . Of the two solutions, one
represents the physically meaningful expression (2) which can
be used to fit and interpret the dielectric constant data.

4nNE g + kyTQ + 8k’ T°Q + (47Ni'g, + kyTQ)
e =
4, TQ
)
In previous simulation results by Wheatle et al., two regimes

of behavior were elucidated for polymer electrolytes with
varying polarity polymer hosts.” In the low-dielectric-constant
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regime, ionic conductivity was limited by dielectric constant
and salt dissociation and had no relationship to glass transition
temperature or segmental dynamics. At higher polarity (i.e.,
higher dielectric constant), the ionic conductivity decreased as
the dielectric constant increased. Stronger polymer—polymer
and ion—polymer interactions led to higher glass transition
temperatures and slower segmental dynamics. An optimum
was encountered at intermediate polarity where ion dissocia-
tion was balanced against rapid segmental dynamics. All
materials in this study explore the high-dielectric-constant
regime. The low-dielectric-constant regime considered pre-
viously used a homologous series of poly(vinyl ether)s.*” The
hypothesis that dielectric constant and segmental dynamics
limit ionic conductivity would be supported if ionic
conductivity decreased with increasing polymer glass transition
temperature and/or dielectric constant, and it would further be
supported by correlation between dielectric constant and T,
both with and without salt. All of the polymers studied here
had relatively low glass transition temperatures (<—30 °C) and
were viscous liquids at ambient conditions.

The dielectric constants (¢) of the neat polyethers were
measured by broadband dielectric spectroscopy. The dielectric
constants were determined by calculating the average of the
plateau region (107>—107 Hz) of the real permittivity. Figure 2
shows the dielectric constants as a function of temperature for
each polyether. As expected, PAGE had the lowest dielectric
constant of ca. 7.0 at 60 °C. For the series of partially to fully
epoxidized PAGE polymers (P(GGE-co-AGE)), the dielectric
constant increased with increasing level of PGGE incorpo-
ration. Interestingly, the PAMGE, which has a higher oxygen
content than any of the P(GGE-co-AGE) polymers, had a
lower dielectric constant than P(GGEgs-co-AGE;s) and
PGGE. The ether dipole moments may partially cancel one
another in the PAMGE material, resulting in a lower dielectric
constant. The polymers containing cyclic sulfite esters had
higher dielectric constants than the epoxide- and ether-
containing polymers. Finally, PCEGE, with a significantly
more polar side chain than the other samples exhibited the
highest dielectric constant of ca. 35 at 60 °C. The data points
for each polymer show good agreement with the Kirkwood
model.

Polymer electrolytes were prepared under a dry, inert
nitrogen atmosphere. LiTFSI was added to a few hundred
milligrams of the polymers at a loading of 25 wt % salt (in neat
polymer). The samples were mixed with ca. 0.2 mL of dry
THF at room temperature for 2 days, at which point they
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Figure 2. Dielectric constant measured for the series of polymers from
0 to 60 °C in increments of 10 °C and a frequency range of 1072—10’
Hz at each temperature. Data points were fitted with the Kirkwood
model to guide the eye (eqs 1 and 2). Nonvisible error bars are
smaller than data points.

appeared homogeneous. The samples were then dried in vacuo
until the THF had been removed as measured gravimetrically.
A single, well-defined T, was observed for each sample both
with and without salt, further indicating good polymer/salt
miscibility, and in each case the T, of the polyether with added
LiTFESI was higher than that of the neat polymer.

The ionic conductivities of the polyether/salt mixtures were
measured by using electrochemical impedance spectroscopy
(EIS). The sealed, temperature-controlled sample stage was
loaded with polymer/salt mixtures under an inert nitrogen
atmosphere. The samples were allowed to thermally equilibrate
for 1 h prior to each measurement at each temperature. Figure
3 shows the ionic conductivity (¢) of each sample as a function
of temperature at 30—90 °C. The conductivities are plotted
according to the Arrhenius format of ¢ vs 1000/T (K) and fit
to the Vogel-Tamman—Fulcher (VTF) equation. The
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Figure 3. Conductivity data collected from 30—90 °C for each
polymer with 25 wt % LiTFSI and fitted with the VTF equation. The
ionic conductivities varied over nearly 3 orders of magnitude for the
range of polymers over the temperatures measured.
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measured conductivities span nearly 3 orders of magnitude
from ca. 107 to 107> S/cm.

Previous computational and experimental work provide a
framework to understand how ionic conductivity relates to
correlations between the dielectric constant and glass
transition temperature and how these two dynamic properties
(¢, Ty) are interrelated and affect ionic conductivity in different
parametric regimes.””*’ The comparative experimental data
for the series of nine polyethers are shown in Figure 4. On the
basis of the molecular dynamics simulation studies by Wheatle
et al,, in the range of dielectric constants the present polymer
series encompasses, we expected that the ionic conductivity
would no longer be limited by ion dissociation. Consequently,
ionic conductivity was expected to decrease with increasing
dielectric constant as polymer—polymer and polymer—ion
interactions slow the rate of segmental dynamics.” The prior
computational and experimental work demonstrated that ionic
conductivity increased with increasing dielectric constant in
the low-dielectric-constant regime until an optimum at a
dielectric constant of ca. 9.0. Further increases in dielectric
constant were predicted by simulation to decrease ionic
conductivity.

There was a weak and generally decreasing trend in ionic
conductivity vs polymer dielectric constant in the higher-
polarity regime as shown in Figure 4a. However, as shown in
Figure 4b, there was a stronger correlation between ionic
conductivity and glass transition temperature than between
ionic conductivity and dielectric constant. Ionic conductivity at
60 °C was highest for the lowest-T, polymer, PAGE, and
decreased by an order of magnitude with a ca. 40 °C increase
in T, This trend was similarly apparent when ionic
conductivity at 60 °C (333 K) was plotted versus T — T,
(Figure 4c). The ionic conductivity increased with T — T,
however, there was significant variability at lower values, which
was likely due to the significant chemical diversity in the series
of materials. The notion that low T, is required for high ionic
conductivity is true only for high-dielectric-constant polymer
hosts. For materials with lower dielectric constant, ion
dissociation is limited by polarity, and ionic conductivity
increases with dielectric constant. The T, should be far below
the use temperature to maintain rapid segmental dynamics;
however, T, is otherwise not a governing parameter. To
complicate interpretation, a correlation also exists between
dielectric constant and T, with higher dielectric constants
leading generally to a higher T, values (Figure 4d). This result
can be rationalized based on the predictive simulations of
Wheatle et al.” which showed that, regardless of the specific
chemical makeup of the polymer, increasing dielectric constant
led to stronger polymer—polymer and polymer—ion inter-
actions. These stronger interactions would be expected to
increase T, with or without ions, which we observe here in our
homologous series of high-polarity, low-T, polyethers.

To put these results into a broader context, the previous
report by Imbrogno et al.”’ experimentally validated the
coarse-grained simulations by Wheatle et al.” in the low-
dielectric-constant regime by demonstrating increases in ionic
conductivity with increasing dielectric constant. The current
work provides additional experimental validation of the coarse-
grained simulation predictions by extending further into the
higher-dielectric-constant regime where conductivity is ex-
pected to decrease with increasing dielectric constant. The
ionic conductivity reaches an optimum at a dielectric constant
of ca. 9 for a polymer electrolyte host. At this point, ion
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Figure 4. (a) Ionic conductivity at 333 K vs dielectric constant at 333 K. (b) Neat polymer T, and ionic conductivity at 333 K vs polymer with 25
wt % LiTFSI T, All glass transition temperatures increased with the addition of 25 wt % LiTFSL (c) Ionic conductivity at 333 K vs T — T, for
polymers with 25 wt % LiTFSL. (d) Dielectric constant at 333 K vs T, for polymers with 25 wt % LiTFSL. Dotted lines are drawn to guide the eye.

dissociation is balanced by rapid segmental dynamics. With
further increases in dielectric constant, ionic conductivity
decreases due to increasing polymer host T,. This decrease in
conductivity was shown in simulation to arise from stronger
intra- and interchain polymer interactions, slowing polymer
segmental dynamics and restricting the movement of ions
solvated in the polymer matrix. The coarse-grained simulations
incorporated only the dipole moment of the monomers
comprising the polymer chains without the specific chemical
makeup of the repeat units. The validation of the coarse-
grained simulation using experimental data from a variety of
different polymers with different side chain functionality
supports the generality of this physical insights reported
here. Our results, when combined with the low-dielectric-
constant regime results of Imbrogno et al,"” suggest that the
results of Wheatle et al.” are generalizable to single polyether-
based electrolyte systems with nonspecific interactions
between the polymers and dissolved ions. With this conclusion
in mind, future development of polymer electrolytes with
neutral polymer hosts should focus on polymer blends or
copolymers that can potentially provide both high polarity and
rapid segmental dynamics or alternative strategies beyond
single-component, neutral polymer hosts.

Bl CONCLUSIONS

Predictive molecular dynamics simulations by Wheatle et al.
presented two regimes of structure—property relationships
governing ionic conductivity in single polymer electrolytes.”
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The low-dielectric-constant regime was explored in previous
experimental works by Imbrogno et al, which demonstrated
increasing ionic conductivity in polymer electrolytes with
increasing polymer dielectric constant.”” In the high-dielectric-
constant regime of this study, ionic conductivity decreased
with increasing polymer dielectric constant. At the crossover
between these regimes an optimum occurs in ionic
conductivity at a dielectric constant near that of amorphous
poly(ethylene oxide) as ion dissociation is balanced by rapid
segmental dynamics. To experimentally probe the high-
dielectric-constant regime, we synthesized nine polyethers
with dielectric constants ranging from 7 to 35 at 60 °C and
observed the expected decrease in ionic conductivity from 1073
to 1077 S/cm accompanied by an increase in glass transition
temperature as polymer—polymer and polymer—ion inter-
actions become stronger. To improve the ionic conductivity of
polymer electrolytes, single-component polymer hosts are
unlikely to resolve the trade-off between the need for ion
dissociation and rapid segmental dynamics required for rapid
ion diffusion to give high ionic conductivity. Blends of polymer
hosts that combine high-polarity and low-viscosity components
may ameliorate the transport limitations that arise in high-
polarity polymer hosts.
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