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ABSTRACT

A model system of single ion conducting network electrolytes with acrylic backbone,
ethylene oxide (EO) side chains, tethered fluorinated anions, and mobile Li cations was designed
and synthesized to investigate structure-property relationships. By systematically tuning four
molecular variables, one at a time, we investigated how crosslinker length, mol% of crosslinker
added, Li:EO ratio and side chain length affect conductivity, Tg and modulus. Ionic conductivity
at 90 °C varied by two orders of magnitude (and by three orders of magnitude at room temperature)
depending on the molecular details, while a 70 °C span in glass transition temperature (Tg) was
observed. The range of crosslinking which can be achieved without impacting conductivity was
also elucidated, and the modulus of the electrolyte can be increased by a factor of 8, up to 2.4 MPa,
without impacting ion transport. Changes in conductivity due to crosslink density and crosslinker
length are fully explained in terms of Tg shifts, while comonomer length cannot be accounted for

by such a shift. The best performing network exhibited 10 S/cm at high temperature, which is

comparable to other single ion conductors reported in the literature, while the modulus is higher
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due to crosslinking. Adding 10 wt.% propylene carbonate further increased this value to 10 S/cm.
This work provides insights on structure-property relationships of solid-state polymer electrolytes

which retain conductivity but can potentially help suppress dendrites.
Key words: Li" single ion conductors, crosslinked ionic polymers, solid state polymer
electrolytes, Li battery electrolytes, structure-property relationship
1. INTRODUCTION

As recognized by the 2019 Noble Prize, Li-ion batteries are an important part of our current
and future energy storage strategies. Despite a high theoretical specific capacity (3860 mAh/g),!"
the growth of metallic dendrites during prolonged cycling can lead to shorting, overheating, and
ignition of organic liquid electrolytes.*® Safety concerns have hindered the broad application of
such batteries and motivated the development of solid polymer electrolytes (SPE) which are in
principle safer and less flammable, albeit with typically much lower ionic conductivities. Despite
many publications on new SPEs, structure-property relationships are still being investigated to
understand how mechanical properties and conductivity (o) are impacted by polarity, the glass
transition temperature (Tg), crystallinity, alignment, and architecture.

Polymers networks containing ionic species have received attention as functional materials in
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liquid/gas separations,”’! soft actuators, ion exchange membranes, and electrolytes for
energy storage.’®3 In the context of lithium conduction, polyethylene oxide (PEO) networks with
added lithium salts have been investigated and it was shown that covalent crosslinking can
significantly reduce the crystallinity and increase the ionic conductivity.**® Dual ion conducting
electrolytes based on acrylates,?” polyethylene,?® polyacrylonitrile,*” epoxy,* and PEO networks*!-

43 with Li salts have also been investigated and often show dendrite suppression capabilities when

cycled with a Li electrode. These systems are effective presumably because the network must
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break for propagation of the dendrite fron
electrolytes are capable of dendrite suppression. In dual ion conductors, the transference number
of lithium (7.i") is usually less than 0.5, although the measurement and interpretation of these
values are still the subjects of much discussion.>*#7 According to the simulation work by Monroe
and Newman*, Li dendrites will not form when z.i" is equal to 1 due to the absence of
concentration gradients in the system and in particular at the dendrite front.>> 7 High transference
numbers are pursued by fixing the anions onto the polymer matrix, forming a single ion conductor.
Such single ion conducting gel systems (filled with electrochemically stable organic solvent) have
fLi" higher than 0.5 and they have shown better dendrite suppression capability.?® 45! Most
commonly, a derivative of trifluoromethane sulfonimide is tethered to a linear, random, or block

3154 or a network.?” 439 55 The advantages of a network structure and improved

copolymer,
transference number make crosslinked Li* single ion conductors an attractive candidate for safer
solid state electrolyte with improved dendrite suppression capability. Although block copolymers
can have higher modulus,>-3% 3¢ they also present tortuous pathways for ions and alignment may
be important for efficient conduction. To our knowledge, there is only one report of network Li"

single ion conductors without added solvent™ and there is still much unknown about basic

structure-property relationships.

A general tradeoff between ionic conductivity and mechanical strength is observed in linear
single ion conductors or polymerized ionic liquids (PILs). High Tg PILs have greater mechanical
stability but lower ionic conductivity due to lower segmental mobility.>” Many groups have noted
the important roles of polarity, ion concentration, polymer morphology and segmental dynamics
on conductivity in linear single ion conducting systems.?! "%, Prior works on single anion

conducting network polymers have investigated the roles of network versus linear architecture,*
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precise length of carbon spacers between network junctions,®!' crosslinking density, ionic

53.63-64 and ion concentration® on ion transport through changes in Tg and mechanical

interactions,
properties. However, there is still a need for systematic studies of Li" single ion conducting
networks with controlled architecture, charge density, and mechanical properties to understand

how performance is related to molecular structure. Studies without added solvent are necessary to

focus specifically on the role of the polymer chemistry and architecture.

A model single ion conducting polymer network platform was designed such that systematic
control of the mole percent of crosslinker (from 1-50 mol%), the length of the crosslinker (11, 17,
or 35 atoms), the lithium to ethylene oxide (Li:EO) ratio (1:20 to 1:100), and the length of the side
chain (11 or 19 atoms) was achieved. Changes in these molecular parameters elicit a three orders
of magnitude difference in ionic conductivity (at room temperature, solvent free) and a 70 °C shift
in Tg. In lightly crosslinked networks, the modulus of the electrolyte can be increased by a factor
of 8 without sacrificing conductivity. A Tg-normalization of conductivity can account for changes
in percent of crosslinker and the length of the crosslinker but cannot account for changes in the
side chain length or Li:EO ratio. The observed structure-conductivity trends provide insight into

the rational design of single ion conductors for a broad range of energy applications.
2. EXPERIMENTAL SECTION

Oxalyl chloride (>99%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), 3-sulfopropyl
acrylate potassium salt, sodium bicarbonate (>99.7%), 3-sulfopropyl methacrylate potassium salt
(98%) sodium chloride (=99%), magnesium sulfate (>99.5%), potassium carbonate (99.99%),
dimethyl sulfoxide (anhydrous, >99%), acryloyl chloride (>97%), methacryloyl chloride (97%,
200 ppm monomethyl ether hydroquinone as stabilizer), butylated hydroxytoluene (BHT, >99%)),

lithium perchlorate (>99.99%), tetraethylene glycol (=99%), 2,2’ azobis(2-methylpropionitrile)



(AIBN, 98%) were purchased from Sigma Aldrich and used as received. Dichloromethane (DCM,
HPLC), acetonitrile (MeCN, anhydrous, 99.8%), triethylamine (TEA, >99.7%) were purchased
from Sigma Aldrich and stored with activated molecular sieves to remove water.
Trifluoromethanesulfonamide (>98%), hexaethylene glycol monomethyl ether (>96%), triethylene
glycol monomethyl ether (>98%) were purchased from Tokyo Chemical Industry Co., LTD (TCI)
and used without further purification. Dodecaethylene glycol (=95%) was purchased from JenKum
Technology and used as received. Hexaethylene glycol (=96%) was purchased from Alfa Aesar
and used without purification. Hexanes (Hex, >98.5%, with 4.2% methylpentanes), Ethyl acetate
(EtOAc, >99.5%), Methanol (MeOH, HPLC grade) were purchased from Fischer Chemical and

used as received.

2.1. Synthesis of monomers and crosslinkers

2.1.1. Synthesis of the ionic monomer
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Figure 1. Synthesis of monomers for crosslinked Li* conducting electrolytes. An ionic monomer,
crosslinker, and commoner were polymerized and are named based on the mole percent of crosslinker
added (¢/%), the crosslinker length (x), comonomer side chain length (y), and salt content in terms of
Li:EO ratio. A photo shows the general appearance of the electrolytes.



The synthesis of 3-sulfonyl(trifluoromethane sulfonyl) imide propyl acrylate ionic
monomer was performed following a literature procedure®® with a minor modification in
purification conditions (Figure 1). In a 300 mL, oven dried round bottom flask a solution of DMF
(1.5 mL, 19.4 mmol) in anhydrous MeCN (90 mL) was cooled to 0 °C under N2 atmosphere.
Oxalyl chloride (7.2 mL, 84.2 mmol) was added into the reaction flask drop-wise as gas bubbles
exited from the reaction mixture. The mixture was then stirred for 1 hr at room temperature while
white precipitates formed. Potassium 3-sulfopropyl acrylate (15.05 g, 64.8 mmol) was then added into
the reaction flask under a positive pressure of N2 at 0 °C. With the evolution of HCI gas, the mixture
was stirred for 3 hrs at 0 °C and 2 hrs at room temperature to form 3-(chlorosulfonyl) propyl acrylate.
In a separate dry round bottom flask, a solution of trifluoromethanesulfonamide (8.00 g, 53.7 mmol)
and anhydrous triethylamine (20.2 mL, 145.0 mmol) in 30 mL anhydrous MeCN was well mixed and
transferred to the 3-(chlorosulfonyl) propyl acrylate reaction flask via cannula while both mixtures were
cooled to 0 °C under N2. The reaction mixture was allowed to reach room temperature and stirred
for an additional 18 hrs. Vacuum filtration was used to remove salts from the reaction after
completion, and MeCN was removed using rotary evaporation. The remaining crude mixture was
dissolved into DCM and washed with a saturated NaHCO3 solution, 1 M HCI and brine. The
organic phase was dried over MgSO4 and concentrated to afford a brown oil. Product was
confirmed by 'HNMR. The resulting ammonium ionic monomer from the previous step (64.8 mmol)
was dissolved into 200 mL MeCN followed by the addition of K2COs3 (17.9 g, 129.6 mmol). The
reaction was allowed to stir at room temperature for 5 hrs. The excess K2COs was filtered off via vacuum
filtration and the filtrate was collected and concentrated to obtain a brown solid. Recrystallization of the
crude product was done in MeCN and yielded a white/light brownish powder. '"H NMR (500 MHz,

DMSO-ds) & (ppm): 6.33 (d, 1H, -CH=CH>-), 6.18 (dd, 1H, -CH=CH>-), 5.93 (d, 1H,-CH>=CH>-),



3.05 (t, 2H, -CH2CH2-0-), 2.01 (q, 2H,-CH2CH2-0O-). *C NMR (500 MHz, DMSO-ds) & (ppm):

165.84, 132.02, 128.71, 70.23 (q, CF3), 63.02, 51.71, 23.98.

Synthesis of a methyl methacrylate (MMA) version of the ionic monomer followed the above
procedure with 3-sulfopropyl methacrylate potassium salt as the starting material. The final
product was a white powder (35 % yield). 'H NMR (500 MHz, DMSO-ds) & (ppm): 6.04 (s, CH2=C,
1H), 5.67 (s, CH2=C, 1H), 4.17 (t. CH2-O, 2H), 3.06 (quint,CH2-S, 2H), 2.00 (t, C-CH2-C, 2H),
1.87 (s, C-CHs, 3H). '*C NMR (500 MHz, DMSO-ds) & (ppm): 165.63, 131.82, 130.84, 129.66,

128.38, 69.93, 69.90, 68.38, 63.62.

2.1.2. Synthesis of EO crosslinkers with x =4, 6, 12

As shown in Figure 1, an EO12 crosslinker was formed starting with dodecaethylene glycol
(1.05g, 5.39 mmol) deoxygenated under nitrogen in a round bottom flask. Anhydrous
triethylamine (1.309g, 12.94 mmol) and anhydrous DCM (18 mL) were added to the flask.
Acryloyl chloride (1.17g, 12.94 mmol) was added dropwise to the flask with constant stirring at
0 °C. The reaction proceeded 18 hrs at room temperature and the completion was confirmed by
TLC. After that, DCM and excess acryloyl chloride were evaporated and the crude product was
purified by column chromatography (5% MeOH in EtOAc, Rf = 0.3). 200 ppm butylated
hydroxytoluene (BHT) was added before vacuum drying at room temperature overnight. The final
product is a colorless oil. '"H NMR (500 MHz, CDCl3) & (ppm): 6.32 (d, 2H, -CH>=CH>-), 6.18
(dd, 2H, -CH2>=CHz2-), 5.93 (d, 2H,-CH>=CHz-), 4.22 (t, 4H, -CH2CH2-0-), 3.62 (m, 4H, -CH2CH>-
0-), 3.48 (m, 40H,-CH2CH2-0-)."3C NMR (500 MHz, DMSO-de) & (ppm): 165.92,132.13, 128.67,

70.24, 68.69, 63.93.

The EO6 and EO4 crosslinkers followed the same synthetic procedure with different starting



materials (hexamethylene glycol and tetraethylene glycol) and column condition: EO4 (20% Hex
in EtOAc), EO6 (100% EtOAc). The EO6 crosslinker is a colorless oil. 'H NMR (500 MHz, CDCl3)
3 (ppm): 6.43 (d, 2H, -CH>=CH2>-), 6.19 (dd, 2H, -CH>=CH>-), 5.95 (d, 2H,-CH>=CH2>-), 4.32 (t,
4H, -CH2CH2-0O-), 3.7 (m, 20H, -CH2CH2-O-). '3C NMR (500 MHz, DMSO-ds) & (ppm): 165.92,
132.13, 128.68, 70.24, 68.69, 63.93,60.22 21.22, 14.55. The EO4 crosslinker is a colorless oil. 'H
NMR (500 MHz, DMSO-ds) & (ppm): 6.34 (d, 2H, -CH2=CHz-), 6.20 (dd, 2H, -CH2=CHz-), 5.96
(d, 2H,-CH2=CHz-), 4.22 (t, 4H, -CH2CH2-0-), 3.65 (m, 4H, -CH2CH2-0O-), 3.53 (m, 8H,-CH2CHa-

O-). PC NMR (500 MHz, DMSO-ds) & (ppm): 165.92, 132.12, 128.67, 70.23, 70.21, 68.69, 63.92.

The MMA version of EO12 crosslinker was synthesized using the above procedure but with
methacryloyl chloride as the reactant. The crude product was purified with flash column
chromatography (5% MeOH in EtOAc, Rr = 0.1) to yield a colorless oil. '"H NMR (500 MHz,
CDCl3) 8 (ppm): 6.13 (s, CH2=C, 2H), 5.57 (s, CH2=C, 2H), 4.29 (t, CH2-0O, 4H), 3.64 (m, CHo-
CH2-0, 44H), 1.95 (s, C-CH3, 6H). '3C NMR (500 MHz, DMSO-ds) & (ppm): 171.95, 166.99,
136.28, 135.82, 126.29, 103.80, 81.44, 70.32, 70.25, 70.22, 68.72, 68.68, 64.62, 64.21, 30.57,

25.30, 24.66, 18.45, 18.35.
2.1.3. Synthesis of EO comonomers with y =3, 6

Triethylene glycol monomethyl ether (10.26 g, 61.23 mmol) was deoxygenated under
nitrogen in a round bottom flask. Anhydrous triethylamine (15.02 g, 146.95 mmol) and anhydrous
DCM (180 mL) were added to the flask. Acryloyl chloride (6.857 g, 73.48 mmol) was added
dropwise to the flask with constant stirring. The reaction proceeded 18 hrs at room temperature.
Next, DCM and excess acryloyl chloride were evaporated, and the crude product was purified by

column chromatography (50% EtOAc in Hex, Rr=0.7). 200 ppm BHT was added before vacuum



drying at room temperature for 24 hrs. The final product is a colorless oil. 'H NMR (500 MHz,
DMSO-de) & (ppm): 6.33 (d,1H,-CH2=CHz-), 6.19 (dd,1H,-CH2=CH>-), 5.95 (d,1H,-CH2=CH2>-),
4.22 (t, 2H, -CH2CH2-0O-), 3.64 (m,2H,-CH2CH2-0O-), 3.52 (m,6H,-CH2CH2-O-), 3.42 (m,2H,-
CH2CH2-0-), 3.23 (S,3H,-CH3). *C NMR (500 MHz, DMSO-ds) & (ppm): 165.92, 132.13, 128.68,

71.72,70.25, 70.18, 70.06, 68.69, 63.92 58.51.

Synthesis of EO6 comonomer followed a similar path except hexaethylene glycol
monomethyl ether was used. The crude product was purified by column chromatography (100%
EtOAc, Rr = 0.4) to yield a colorless oil. 'H NMR (500 MHz, CDCl3) & (ppm): 6.43 (d,1H,-
CH>=CH>-), 6.15 (dd,1H,-CH>=CH>-), 5.84 (d, 1H,-CH2=CH>-), 4.31 (t, 2H, -CH2CH2-0O-), 3.74
(M,2H,-CH2CH2-0O-), 3.65 (M, 18H,-CH2CH2-0O-), 3.55 (M,2H,-CH2CH»-0O-), 3.37 (S,3H,-CH3).
13C NMR (500 MHz, DMSO-ds) & (ppm): 165.93, 132.14, 128.68, 71.74, 70.26, 70.19, 70.04,

68.69, 63.94, 58.51.

The MMA version of the EO3 comonomer was synthesized following the above procedure
with methacryloyl chloride as the reactant. The crude product was purified with flash column
chromatography (50% EtOAc in Hex, Rr= 0.1) to yield a colorless oil (28%). 'H NMR (500 MHz,
CDCl) & (ppm): 6.13 (s,CH2=C, 1H), 5.57 (s,CH2>=C, 1H), 4.29 (t,CH2-O, 2H), 3.75 (t,CH2-CH2-
O, 2H), 3.66 (m,CH2-CH-0O, 6H), 3.54 (m,CH2-CH-O, 2H), 3.38 (s,0-CH3, 3H), 1.95 (s,C-CH3,
3H). *C NMR (500 MHz, DMSO-ds) & (ppm): 170.32, 170.30, 166.50, 135.82, 135.36, 125.78,
125.76, 125.75, 124.90, 103.30, 80.96, 71.27, 69.85, 69.73, 69.60, 68.24, 64.12, 63.72, 58.02,

30.95, 30.08, 24.82, 24.16, 22.06, 20.72, 20.70, 17.95, 17.94, 17.84, 14.05.
2.2. Synthesis of crosslinked Li* single ion conducting electrolyte

As one example, to synthesize a 1% 12,6, 1:30 network, EO6 monomer (0.25 g, 0.7135 mmol),



EO12 crosslinker (0.0057 g, 0.0087 mmol), ionic monomer (0.053 g, 0.146 mmol), 2,2’ azobis(2-
methylpropionitrile) (AIBN, 0.0014 g, 0.0088 mmol) and anhydrous DMF (93 pL) were well
mixed in a 5 mL vial. After deoxygenating with nitrogen for 1 hr, the vial was brought into the
glovebox. The solution was cast into a custom glass mold which is made of two glass slides, one
layer of Kapton spacer (150 um thick) and vacuum grease as a seal. The glass mold was heated at
70 °C for 24 hrs. The crosslinked network was then carefully peeled off from the mold and
submerged into a solution of lithium perchlorate (0.155 g, 1.46 mmol) in 50 mL 1:1 MeOH: H2O.
The ion exchange proceeded two days with constant stirring and fresh salt solution was switched
after the first 24 hrs of ion exchange. Next, excess salt solution was removed by washing the
network with fresh 1:1 MeOH:H20 solution. The salt removal was confirmed by measuring the
ionic conductivity of the wash solution until it read < 0.5 puS/cm. The network was then vacuum
dried at 80 °C for 24 hrs before stored in glovebox for further use. For other samples, the mol% of
crosslinker added (c/%), comonomer (c0%) and ionic monomer (im%) can be calculated based on

following two formulas:
im% + cl% +co% =100%

im% _ L
(x —1)cl% +y*co% EO

Where x is the number of EO repeating units of crosslinker, and y is the number of EO repeating
units of comonomer. When calculating the total EO units, oxygens from esters are excluded for
consistency between the comonomers (y) and crosslinker (x-1). By fixing ¢/%, the percentages of
crosslinker and commoner can be easily calculated to reach a given Li:EO ratio. The synthetic
procedure for all networks is identical except the PMMA version of the network uses all MMA

type monomers.
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2.3. Nuclear magnetic resonance spectroscopy

Solution state 'H and '*C NMR was done in the NMR 1lab of School of Chemical Sciences(SCS)
at UIUC with Carver B500, UIS00NB or VXR500 (500-MHz) at 23 °C. Solid state *C NMR was
done in the NMR lab of School of Chemical Sciences at UIUC using Varian Unity Inova
instrument (UI300WB, 300 MHz) via direct polarization magic angle spinning (DPMAS) method
at 10 kHz spinning frequency with 5600 scans, and 5 s cycle delays (di = 5 s). A pseudo Ti
measurement was done with di =1, 5, 10 and 20 s to ensure 5 s is sufficient for all '>C nuclei to

relax.

2.4. Thermal characterization.

Differential scanning calorimetry samples were prepared and sealed with Tzero pans in the
glovebox to minimize the influence of moisture. The Tgs of the network were measured using a
DSC (Q2500, TA instruments) from -100 °C to 50 °C at a heating/cooling rate of 10 °C/min. The
half-point of ACp was used to determine the Tgs of the samples. The thermal stability of each
network was measured using a TGA (Q50, TA instruments) from 20 °C to 600 °C at a heating rate

of 10 °C/min. The degradation temperature is defined where 5 wt.% of the mass sample is lost.
2.5. Elemental analysis

Inductively coupled plasma mass spectrometry was done by submitting dry samples (packed
and sealed in the glovebox) to the SCS Microanalysis Laboratory at UIUC (PerkinElmer Optima

8300). The ratio of Li to K allows us to quantify the ion exchange.
2.6. Mechanical Characterization

Rectangular samples of the networks were loaded onto a Dynamic Mechanical Analyzer (Q800,

TA instruments). To remove the water absorbed from air during loading, samples were first heated
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to 120 °C and held at 120 °C for 30 mins. Samples were then cooled to room temperature with dry
Na2. A controlled force experiment was done with pre-loading force of 0.001 N to obtain a stress
vs. strain curve. The Young’s modulus of the network samples was reported based on the slope of

the linear region of the stress vs. strain curves.

2.7. Electrochemical Characterization

The ionic conductivities of the network electrolytes were measured using electrochemical
impedance spectroscopy. A 4 mm diameter circular disk was punched from the synthesized
network sheet and placed between two polished stainless-steel electrodes with one layer of Kapton
as the spacer. The impedance spectrum was measured using a Biologic SP300 potentiostat at
controlled temperature with constant dry N2 flow in a heating chamber. The thickness was checked
before and after the measurement to ensure no significant deformation of the network. The
impedance data was processed to make a plot of real (¢”) and imaginary (¢ ) conductivities versus
frequency. The network ionic conductivity was taken where tan 6 = ¢’/ ¢” is at a maximum,

corresponding to a plateau in the real conductivity.

The Li+ transference number is measured by potentiostatic polarization experiments in
CR2032 coin cells assembled with symmetric metallic Li electrodes and a network polymer as the
electrolyte. Coin cells were conditioned at 90 °C at a current density of 0.02 mA/cm? for 6 cycles
to ensure stable SEI formation. Polarization was induced by applying a 40 mV potential for 1 hr.
Impedance was measured before and after polarization, where a 20 mV bias was applied for the
post polarization measurement. The impedance was then fit using EC-Lab software to extract

resistance values used in the following equation used for calculating transference number:

Iy \AV — IR
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3. RESULTS AND DISCUSSION

3.1. Molecular design and structural characterization of network electrolytes

Polymer networks were synthesized from PEO functionalized acrylate and diacrylate
monomers, which were copolymerized with the trifluoromethane sulfonimide (TFSI) monomer
(Figure 1), as confirmed by NMR (Figure 2). Acrylates were systematically investigated rather
than methacrylates or styrenics because they have lower Ty due to the absence of a-methyl groups
on the backbone or -7 interactions.®® The tethered anion of the ionic monomer makes this system
a single cation conductor, while TFSI is bulky and charge delocalized, which weakens the
electrostatic interactions with Li cations.®’® A polar PEO chemistry further improves ion
solvation and increases conductivity.”- 97" In contrast to prior work on a Li conducting gel** 4%
or networks®>, our acrylic EO monomers were synthesized to have precise lengths of crosslinker
and comonomer rather than using commercially available EO diacrylates with a chain length
distribution. By tuning the molar ratio between the crosslinker and comonomer, control of

—
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Figure 2. Solution phase '*C NMR of ionic monomer (top) and EO3 comonomer (middle) in DMSO-ds.
Solid state °C NMR of 24% 4,3 1:20 network electrolyte (bottom) after curing shows the complete
consumption of double bonds. The remaining peaks are in good agreement with the proposed network.
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crosslinking density was achieved. The TFSI monomer content allows for systemically varying
the ion concentration. The networks are named based on the mole percent of diacrylate crosslinker
in the network (c/%), length of EO in the crosslinker (x), the length of EO on the comonomer (),

and the Li:EO ratio.

After the network was cured, Fourier-transform infrared spectroscopy (FTIR) and '*C solid
state (SS) NMR were used to characterize the extent of the reaction. A complete disappearance of
the C=C peaks at 127 and 133 ppm in *C solid state NMR (Figure 2) compared to the monomers
indicates that all of the vinyl groups have reacted within the resolution of this technique. Carbonyl
peaks also shifted downfield from 165 ppm (monomers) to 173-177 ppm (final network) as the
electron rich double bond adjacent to the C=0 was reacted. Other peaks in the *C NMR including
60-80 ppm (carbons in EO repeat units), and 35-45 ppm (methylene carbons in the backbone)
agree with the proposed network structure. The consumption of acrylate monomer was also

confirmed through the disappearance of terminal C=C bond stretches (900 cm™, and 1600-1700

Table 1. Summary of network electrolytes with varied mol% of crosslinker added (c/%), crosslinker
length (x), comonomer side chain (y), and Li:EO ratio. Average backbone atoms between junctions was
calcuated based on the mol% of crosslinker and length of the crosslinker. Glass transition temperatures
(Ty) , 5% degradation temperature (Tq4), conductivity at 90 °C and extent of ion exchange are also
reported.

Average backbone

Entry Sample atoms between Tg(°C) T4 (°C) o (at 50 °C) lon exchange

junctions 10 sicm extent
1 50% 4,3 1:20 9 17 309 0.68 96.3%
2 24% 4,3 1:20 1 -2 303 1.98 96.5%
3 24% 6,3 1:20 14 -9 303 3.8 94.6%
4 8% 6,3 1:20 22 -25 297 7.6 91.8%
5 24% 12,3 1:20 23 -19 304 9.1 90.7%
6 8% 12,3 1:20 31 -27 301 13.2 98.4%
7 4% 12,3 1:20 44 -29 298 141 90.8%
8 2% 12,3 1:20 69 -31 297 15.2 94.6%
9 1% 12,3 1:20 119 -33 295 13.3 95.1%
10 1% 12,3 1:30 119 -41 302 11.2 95.1%
1 1% 12,3 1:40 119 -45 304 9.7 95.5%
12 1% 12,3 1:50 119 -48 309 7.8 93.4%
13 1% 12,3 1:100 119 -53 312 3.2 95.8%
14 1% 12,6 1:30 119 -48 301 59.0 97.5%
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cm™') in FTIR spectra of cured networks (Figure S2). After network formation, ion exchange was
performed to replace K with Li" using a 10-fold molar excess of LiClO4. Control experiments
compared the ionic conductivity and Tg of network samples after ion exchange durations of 24 and
48 hrs and showed no difference within error indicating an efficient exchange (Figure S3). The
exchange was also quantified via mass spectroscopy by calculating the mole percent of Li" relative
to the total moles of Li" and K (Table S1). In all cases, > 90% ion exchange extent was achieved
as shown in Table 1. Each network was analyzed in terms of conductivity and Tg, with repeat
measurements on independently prepared batches showing excellent agreement (Figure S4). A
summary of all the network electrolytes is compiled in Table 1. The samples are named in terms
of the 4 design variables: c/%, x, y, and Li:EO ratio. Because the crosslinkers have variable lengths,
we have also calculated the average number of backbone atoms between crosslinks. All of the
network electrolytes are transparent and self-standing as shown in Figure 1. As reported in Table
1, all the networks have good thermal stability (Ta ~ 300 °C) which is well above the temperatures
used for processing and conductivity measurements. All samples were vacuum dried at 80 °C for

24 hrs and stored in an argon glovebox to minimize the effect of water.
3.2.Effect of polymer backbone

We first compared a methyl methacrylate (MMA) network with an otherwise identical methyl
acrylate (MA) system using monomers shown in Figure 3a. The two 1% 12,3 1:30 networks were
synthesized with the same procedure and as expected,”' the MMA network has a higher Tg of -
16 °C compared to -41 °C for the MA electrolyte. As shown in Figure 3b, the MA electrolyte
shows an order of magnitude higher ionic conductivity across the whole temperature range. After
normalizing the conductivity to Tg, the data essentially overlap. Thus, we only pursued MA

electrolytes for the remainder of this study.
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Figure 3. a) Glass transition temperatures of 1% 12,3 1:30 electrolytes with PMA and PMMA
backbones. b) Ionic conductivity of the 1% 12,3 1:30 electrolytes on a raw and Tg-normalized scale
reveal that the effect of backbone can be explained by the T, difference.

3.3. Effect of crosslinker length (x) on conductivity
For networks with the shortest EO crosslinker (x = 4), entries 1-2 in Table 1, crosslinker
are necessary to withstand swelling during ion exchange (Figure S5). Such network samples
possess relatively high Tgs and the lowest ionic conductivities measured. Entries 3-6 contain EO
crosslinkers (x = 6 or 12) and had 24 mol% or 8 mol% crosslinker, while the length of comonomer

(v =3) and Li:EO ratio (1:20) were held constant. Upon switching to longer crosslinkers (x = 6 or
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Figure 4. a) lonic conductivity of samples with constant 24 mol% crosslinker, comonomer length y
=3, and Li:EO = 1:20 as a function of crosslinker length x. b) T,-normalized conductivity reveals
that the effect of x can be explained in terms of T shifts.

12), smooth and flexible networks were able to be synthesized at low crosslinker (< 8 mol%). As
shown in Figure 4a, when the crosslinking is fixed at 24 mol% the conductivity systematically
increases across the whole temperature range as x increases from 4 to 12. The change is as large
as an order of magnitude, and this trend is directly related to the 17 °C decrease in Tg as shown in
the Tg-normalized plot (Figure 4b) where the data overlaps. By increasing the length of the
crosslinker from 4 to 12, the average backbone length between crosslinking junctions doubled
resulting in a large drop in Tg. A similar trend is also observed in 8% crosslinking density

electrolytes where a longer crosslinker shows higher conductivity due to lower Tg (Figure S6).

3.4. Effect of mol % of crosslinker (c/%) on conductivity and modulus
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In entries 5-9 of Table 1, the variables x, y, Li:EO have been fixed to systematically investigate
the role of crosslinker loading. For the 12,3 1:20 networks, the c/% was decreased from 24% to 1%
corresponding to an increase in the average number of backbone atoms between crosslinks from
23 to 119. Although Ty systematically decreases (Table 1), the magnitude of decrease eventually

plateaus. Conductivity increases significantly by lowering c/% from 24% to 8% (Figure 5a). We
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Figure 5. a) lonic conductivity of c1% 12,3 1:20 network electrolytes only varying the crosslinking density
as a function of temperature. b) Linear region of stress-strain curves measured on ¢l% 12,3 1:20 networks.
¢) Young’s modulus of cl% 12,3 1:20 networks have a linear relationship with respect of crosslinking
density. d) lonic conductivity is invariant up to 8% crosslinking while modulus greatly increases.

note this is in qualitative agreement with prior work on PEO-polyurethane and PEO-acrylate
networks with added LiTFSI salt where the ionic conductivity increased with decreasing
crosslinker loadings.”>”* Similar trends have been observed in TFSI" single anion conducting
network systems.'®7* At 8 mol% crosslinking and below, the conductivity is essentially invariant
while a 24 mol% crosslinker sample begins to show a reduction. A normalized plot superposes the
data as shown in Figure S7 indicating this is primarily a Tg effect. Figure 5b shows the linear

region of the stress-strain curves of these networks which exhibits a linear relationship between
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Young’s modulus and crosslinking density as expected (Figure 5c). An important implication is
that ionic conductivity only drops slightly for networks with 1 to 8 mol% crosslinker, yet the
modulus increases by a factor of 8 (Figure 5d). In comparison with a linear block copolymer single
ion conductor, conductivities are generally reported above 80 °C where the modulus is in the kPa
range.>* The present crosslinked electrolytes can be as high as 2.4 MPa before impacting the
conductivity. This provides a model system to deconvolute the roles of conductivity and modulus

on electrolyte performance. This is also a useful design principle to improve the mechanical

properties of network polymer electrolytes without impacting the ionic conductivity.

3.5. Effect of Li:EO ratio on conductivity
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Figure 6. a) Ionic conductivity of network electrolyte 1% 12,3 Li:EO only varying the Li:EO ratio
(1:20 to 1:100). b) Conductivity at room temperture is non-monotonic, while ¢) at high temperature
increasing ionic content increases conductivity. d) Normalized conductivity of 1% 12,3 Li:EO
networks reveals that T, alone cannot superpose the data.
The role of the Li:EO ratio was investigated (entries 10-13 Table 1) with fixed ¢/%, x, and y

networks. As shown in Figure 6a, a more complex conductivity trend is observed across a wide

range of temperatures, despite the fact that T monotonically increases (from -53 to -33 °C) with
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higher Li concentration (1:100 to 1:20 Table 1). At 25 °C a non-monotonic trend is observed with
a maximum at 1:40 Li:EO ratio, similar to what has been observed in the literature with both PEO-

30,37, 69,7275 and single ion conducting polymers.3>33 ¢ This is attributed to a

salt systems
competition between ion concentration and ion mobility as segmental dynamics will be more
important close to Tg. At high temperature (90 °C, Figure 6c¢), the conductivity monotonically
decreases as total ion concentration decreases since all systems are at a temperature far above Tg
where segmental dynamics plays a less important role. In a Tg-normalized plot (Figure 6d),
conductivity decreases monotonically as the Li:EO ratio decreases from 1:20 to 1:100 across the
entire temperature range. Such an observation is useful in designing electrolytes at different

working temperature. At higher temperature, more ionic monomer will improve the conductivity

whereas at lower temperature, fewer charges can lower Ty which ultimately improves conductivity.
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3.6. Effect of comonomer length (y) and plasticizer
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Figure 7. a) Ionic conductivity for fixed 1% 12, y 1:30 networks with two different comonomer lengths
y. (b.) Normalized ionic conductivity shows that the enhancement is not simply a T, effect and is
attributed to improved ion solvation.

The final molecular variable we investigated was the role of comonomer length y for fixed
cl%, x, Li:EO networks. An increase in ionic conductivity across the whole temperature range is
observed (Figure 7a) as y increases from 3 to 6, accompanied by a 7 °C change in Tg. As shown in
the Tg normalized ionic conductivity plot (Figure 7b), a significant increase in conductivity of the
EO6 electrolyte persists suggesting that the Tg difference is not the main reason for the
conductivity increase. For salt-in-polymer systems, a longer PEO side chain (6-7 EO repeat units)
showed ~ 3 times higher ionic conductivity compared to the shorter (3 EO repeat units) side chain
polymer.”” It is also known that the addition of 12-crown-4 ether into Li single ion conductor

increases ionic conductivity due to better solvation provided by the crown structure.”® In our case,

longer EO6 side chains provide a more stable coordination environment for Li* solvation and
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increase conductivity.”

A conductivity on the order of 6x10~ S/cm at high temperature is comparable to other
reports of Li* single ion conductors.? 3253 76.80-84 [n many cases, small molecule organic solvent
is added to boost the performance and form a gel electrolyte.?® *- 8% 3 As shown in Figure S8, we
have also measured ionic conductivity of the 1% 12,3 1:20 network electrolyte swollen with
propylene carbonate (PC). At high temperature (90 °C) the ionic conductivity exceeds 10 S/cm
and a preliminary transference number test indicates it is essentially a single ion conductor with t*

= 0.85 (Figure S11). Future work will investigate if such networks may be sufficient to suppress

dendrites with and without solvent present.
4. CONCLUSION

In summary, a series of Li" single ion conducting networks consisting of acrylate polymer
backbone and EO side chains was designed and synthesized. By precisely controlling the
molecular parameters, a detailed structure-property relationship of these network electrolytes was
mapped out. It was shown at low crosslinking density (< 8 mol%), the modulus of the electrolyte
can be increased by 8 times without sacrificing ionic conductivity, which can provide insights for
the design of dendrite suppressing electrolytes. A maximum in the conductivity was observed at
room temperature due to a competing effect of polymer dynamics and effective ion concentration,
while far above Tg a monotonic increase of conductivity with respect to Li" concentration was
observed. Increasing the length of side chain from 3 to 6 EO units can also lead to a substantial
increase in conductivity even after normalizing for Tg, and it is important to understand how
relatively small changes in chemistry lead to such changes. In terms of our design variables c/%,
x, ¥, and Li:EO, Tg can account for conductivity changes when x and ¢/% are varied. In contrast,

T, alone cannot account for changes in y and Li:EO. The best performing network electrolytes
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studied have ionic conductivity on the order of 10~ S/cm at high temperature which is comparable
to other single ion conductors reported in the literature. Doping the network with 10 wt.%

propylene carbonate increased this value to 10 S/cm.
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SUPPORTING INFORMATION

Detailed characterization data of monomers and Li" conducting polymer network is documented

in the Supporting Information.
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