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Experimental and computational methods.

UV spectra was recorded using UV-vis spectrophotometer (V-730, Jasco) to investigate gelation
kinetics. The two polymer solutions (i.e., 10 wt% TetraPEG-MA and TetraPEG-SH in
LiTFSA/BN solutions with a fixed Li salt/Opgg ratio of 1:10, 1:4, or 1:1) were mixed and stirred
for 30 s, and then poured into a quartz cell of 0.2 cm thickness. The time dependences of the UV
spectra were measured at a time interval of 600 s. The absorbance at 300 nm (A4300), which is
attributed to the unreacted MA terminals within the TetraPEG-MA, was monitored as a function
of reaction time (¢). Using the 4300, the concentration of unreacted MA was plotted as a function
of gelation time (7). A300 at the i-th time point, £, is given as 4300, = &300l[-MA]i, where &300 is the
molar absorption coefficient of MA and / is the cell thickness. The concentration of the cross-
linking MA-S bond ([MA-S];) is described by [MA—S]; = [-MA]ini — [-MA];, where [-MA]ini is
the initial concentration of MA groups. Thus, the following equation is obtained: [MA-S]; =
[~MA Jini — 4300, /€300 [. As established in our previous studies, ! the PEG-based gelation (i.e., tetra-
PEG-MA + tetra-PEG-SH — tetra-PEG-MA-S-tetra-PEG) proceeds as a following second-order
rate equation:

<: ) d[—MA]> =k_'[-MA][-SH]

d [MA-S]

dt dt

where kg’ is an apparent reaction rate constant and [-SH]wwl, i 1S the total concentration of the
unreacted SH groups at the i-th time point. Based on the rate equation, we performed a least-
squares fitting analysis by minimizing the error square sum, U = Z([MA-S];, exp — [MA—=S];, caic)?.

Stretching measurements were performed using mechanical testing apparatus (STB-1225S, A&D
Company) at a constant velocity of 30 mm min’'. The dumbbell-shaped TetraPEG electrolytes
with Li/Opgc = 1:10, 1:4, and 1:1 were prepared and the size of a rectangular portion was measured
using vernier caliper. The ionic conductivity was measured by AC impedance spectroscopy using
a frequency response analyzer (SP-150, Bio-Logic), which is measured in frequency range of 1
MHz to 1 Hz at 278 to 338 K. The measurements were performed using CR2032 coin-type cells
equipped with two parallel stainless-steel (SUS316L) electrodes in a thermostatically controlled
container. The sample cell was thermally equilibrated in the container at 333 K at least 1 h before
the measurements. Raman spectroscopy was performed using a dispersion Raman spectrometer
equipped with a 532.2-nm wavelength laser at 298 K. Cyclic voltammetry (CV) measurements
(SP-150, Bio-Logic) were conducted using CR2032 coin-type cells with Ni as the working
electrode and Li foil as the counter electrode at a scan rate of I mV s,

High-energy X-ray total scattering (HEXTS) measurements were conducted at ambient
temperature using an X-ray diffraction apparatus (BL04B2 beamline at Spring-8, JASRI, Japan).?
Monochromatized 61.4 keV X-rays were obtained using a Si(220) monochromator. The observed
X-ray scattering intensities were corrected for absorption, polarization, and incoherent scattering



to determine coherent scattering intensities, lon(g).*¢ The experimental X-ray structure factor,
S¢*P(q), per stoichiometric volume was expressed as follows:

Leon(q)
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where #; and fi(q) correspond to the number and atomic scattering factor of atom i, respectively,
and N is the total number of atoms in the stoichiometric volume. The radial distribution function,
G***(r) was obtained by the inverse Fourier transform of $*P(g):
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where pp corresponds to the number density of atoms, gmax corresponds to the maximum value of
g (25 A~ in this study) and W(q) corresponds to Lorch window function.
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The MD simulations were performed with the GROMACS 2018.8 program under the NTP
ensemble condition controlled by the Nose-Hoover thermostat” ® (at 298 K and 1 atm). To ensure
the random starting configuration, firstly, we mixed Li*, TFSA", and PEG (M, = 600) molecules
at high temperature and pressure (1000 K and 1000 atm, respectively) for 1 ns. The composition
(i.e., the number of LiTFSA ion pair and PEG in a cubic cell is listed in Table S1. The resulting
box size at the equilibrium state are also listed in Table S1. The total simulation time was set as
15.0 ns for all the systems examined. The X-ray weighted structure factors SMP(g) and radial
distribution functions GMP(r) were obtained by analyzing the data collected at 0.1 ps intervals
during the last 500 ps. CLaP and OPLS-AA force fields, including intermolecular Lennard-Jones
(LJ) and coulombic interactions and intramolecular interactions with (1) bond stretching, (2) angle
bending, and (3) torsion of dihedral angles, were used for TFSA and PEG (see Table S2).°"!! The
LJ parameter for Li ions (see the Li salt/carbonate solvent system'?) was used. The LJ parameters
and partial charges used in this work are listed in Table S2. The SMP(q) functions were calculated
using the trajectory from the MD simulations as follows:
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where n; and N are the number of i atoms and the total number of atoms in the simulation box,
and g;MP(r) is the atom-atom pair correlation function between atoms i and j. The GMP(r) was
obtained from the calculated SMP(g), conducting a similar procedure to that of HEXTS.

Determination of u values.

The density of the cross-linking points (x) was estimated by using polymer concentration (c¢) and
p values, which was based on the tree-like theory.!’ According to the tree-like models, the
relationship between ¢ and p is described as follows. P(FA") is the probability that a chain does
not yield to an infinite network; P(Fa°") = (1/p — 3/4)"2 — 1/2. P(X,) is the probability that tetra-
arms become n-arm cross-linking points. Thus, P(X3) and P(Xs) can be estimated using the
following equations; P(X3) = 4C3 P(FAY)[1-P(Fa®)]? and P(Xs) = 4Ci[1- P(Fa*"Y)]*.
Consequently, the density of the cross-linking points (u) is given by the following equation: y =
c(P(X3) + P(X4)), where ¢ values are the concentration of tetra-arm polymer (TetraPEG). In this
work, we used the experimental p values determined from (1) kgel’ value and (2) second-order rate
equation (i.e., 95 wt% for all TetraPEG electrolytes with Li/Opec = 1:10, 1:4, and 1:1). The u
values were thus calculated to be 4.3 x 1072, 2.7 x 1072, and 9.6 x 107> cm?® mol™! for Li/Opkg =
1:10, 1:4, and 1:1 systems, respectively.



Table S1. The composition (i.e., the number of polymer, cation, and anion) and box length of the
systems in the simulation box.

linear PEG

Type (My: 600) Li TFSA™ Box length / A
Li/OpeG = 1:10 172 223 223 58.88
Li/OpeG = 1:4 135 439 439 60.64
Li/OpeG = 1:1 66 860 860 64.04

Table S2. Force field parameters for PEG,!*'"' TFSA~,° and Li* '? used in the MD simulation.

labeling c (A) ¢ (kcal mol™) q (e)

Hp 2.50 0.030 0.03

Cp 3.50 0.066 0.14

PEG Co 3.50 0.066 0.11

Ce 3.50 0.066 -0.18

Op 2.90 0.140 -0.40

F 2.95 0.053 -0.16

C 3.50 0.066 0.35

TFSA~ 0] 2.96 0.210 -0.53

S 3.55 0.250 1.02

N 3.25 0.170 -0.66

Li* Li 1.46 0.191 1.00
Bond K: (kcal mol™' A2) req (A)
Hp — Cp 340.0 1.090
Cp—Op 320.0 1.410
Cpr—Cp 310.0 1.526
Co —Hp 340.0 1.090
Co - Op 320.0 1.410
Cpr—Ckg 310.0 1.526
Ce—Hp 340.0 1.090
F-C 883.6 1.323
C—s 470.8 1.818
S-0 1274.1 1.442



S—-N 744.0 1.570
Angle Ky (kcal mol™! rad?) Ocq (deg)

Hp — Cp — Hp 35.0 109.5
Cr—Cp—-0Op 50.0 109.5
Cr—0Opr-Cp 60.0 109.5
Hp-Cpr-Cp 50.0 109.5
Hp—Cp—-Op 50.0 109.5
Hp — Co— Hp 35.0 109.5
Hp — Co—Op 50.0 109.5
Co—-0p-Cp 60.0 109.5
Hp — Ce— Hp 35.0 109.5
Cp—Ce—Hp 50.0 109.5
Op—Cp—-Ck 50.0 109.5
Hp - Cp—Ckg 50.0 109.5
F-C-F 186.7 107.1
F-C-S 165.9 111.8
C-S-0 207.9 102.6
C-S-N 195.0 100.2
O-S-N 188.6 113.6
S-N-S 160.4 125.6
0-S-0 231.6 118.5

Torsion

Vi (kcal mol™)

V2 (kcal mol™)

V3 (kcal mol™)

Hp - Cp—-Cp—Hp
Op—-Cp—-Cp—Hp
Cp—Cp—0pr—-Cp
Hp —Cp—Op—-Cp
Hp - Ceg—Cp—Hp
Op—Cp—Ce—Hp
Cpr—0p—-Cp—-Cg
Hp —Co—-0Op—-Cp
Co-0p—-Cp-Cp

0.000
0.000
0.650
0.000
0.000
0.000
0.650
0.000
0.650

0.000
0.000
-0.250
0.000
0.000
0.000
-0.250
0.000
-0.250

0.318
0.468
0.670
0.760
0.318
0.468
0.670
0.760
0.670



Op—Cp—Cp—0Op 1.740 -0.157 0.279

Co—-0Op—-Cp—Hp 0.000 0.000 0.760
F-C-S-0 0.000 0.000 0.347
F-C-S-N 0.000 0.000 0.316
C-S-N-S 7.833 -2.490 -0.764
O-S-N-S 0.000 0.000 —0.004

PEG TFSA-
He. H H
Hp Op F’\c/ P F'\C/ P H \\ -~ \// F
ST e e S N
R >
Hp Hp Hp F F

Table S3. The fitting parameters based on the VTF equation for TetraPEG solid electrolytes with
LiTFSA/Opgg=1:10, 1:4 and 1:1.

Type ov/mS cm™! B/K To /K
Li/Opgc = 1:10 161 641 215
Li/Opec = 1:4 177 806 214
Li/Oprg = 1:1 150 1050 206
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Figure S1. Chemical structures of TetraPEG-MA and TetraPEG-SH.
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Figure S2. Raman spectra observed for the TetraPEG electrolytes with Li/Opeg = 1:10 (green),
1:4 (blue), and 1:1 (red), together with that for neat BN (black).
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Figure S3. Time-dependent UV-vis spectra for the TetraPEG gelation in LITFSA/BN solutions

with Li/Opeg = (a) 1:1, (b) 1:4, and (c) 1:10. The total polymer content in the solution was fixed at
10 wt% for all systems.
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Figure S4. The reaction efficiency (p) calculated using the kg’ values for the TetraPEG gelation
in LiTFSA/BN solutions with Li/Opeg = 1:10 (green), 1:4 (blue), and 1:1 (red).
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Figure S5. G**P(r) profiles obtained from HEXTS measurements for the TetraPEG electrolytes
with Li/Opeg = (a) 1:10, (b) 1:4, and (c¢) 1:1, together with those for the LITFSA/PEG electrolytes
using linear PEG (My = 600).
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Figure S6. S°P(q) profiles obtained from HEXTS measurements for the TetraPEG electrolytes
with Li/Opeg = () 1:10, (b) 1:4, and (c¢) 1:1, together with those for the LiITFSA/PEG electrolytes
using linear PEG (M, = 600).
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Figure S7. 5°°(q) and SMP(q) profiles obtained from HEXTS measurements (open circles) and
MD simulations (solid lines) for the LITFSA/PEG electrolytes using linear PEG with Li/Opgg =
(a)1:10, (b) 1:4, and (c) 1:1.
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Figure S8. Coulombic efficiencies of the TetraPEG electrolyte with Li/Opeg = 1:4. The efficiency
values were calculated using the integrated reductive and oxidative currents in the CV profile.
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Figure S9. Cyclic voltammograms for the Ni electrode in the TetraPEG electrolytes with Li/Opgg
=(a) 1:10 and (b) 1:1 at 333 K; scan rate: 1.0 mV s’
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