Science Advances
RAYAAAS

Supplementary Materials for

Study of self-assembly behavior and ionic conductivity of conjugated liquid
crystals with T-shaped facial-polyphilic structure

Ziwel Liu et al.

Corresponding author: Christopher K. Ober, cko3@cornell.edu; Paul F. Nealey, nealey@uchicago.edu;
Fernando A. Escobedo, fel3@cornell.edu

Sci. Adv. 11, eadt8303 (2025)
DOI: 10.1126/sciadv.adt8303

This PDF file includes:

Supplementary Text
Figs. S1to S12
Tables S1 to S13
References



S1 Materials Synthesis and Characterization

S1.1 Materials

N-bromosuccinimide (NBS), 2-hexylthiophene, 3-thiopheneethanol, 2-thiopheneboronic acid
pinacol ester were purchased from AK Scientific, Inc. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane, n-butyllithium solution (1.6 M in hexane), poly(ethylene glycol) methyl ether (MW
~ 550), 1-bromodecane, tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) were purchased
from Sigma-Aldrich. Potassium carbonate (K2COs) and organic solvent such as hexane, ethyl
acetate (EtOAc), tetrahydrofuran (THF), and methanol (MeOH) were purchased from Fisher. 1,2-
dimethoxyethan (DME) was purchased from Honeywell. All reagents and solvents were used as
received unless otherwise noted. Anhydrous THF was freshly distilled from sodium and
benzophenone prior to use. NBS was recrystallized in water and stored in refrigerator before use.

S1.2 Synthetic procedures

Synthesis of EOn.1-tosylate (1)

EO2-tosylate (n = 3) was provided by our collaborator from University of Washington. EO3-
tosylate (n = 4) was synthesized according to our previous work (26). The synthetic procedure of
EO9-tosylate (n ~ 10) is described here: To a 500 mL round bottom flask with a magnetic bar,
poly(ethylene glycol) methyl ether (MW ~ 550, 20 mmol, 1.0 eq) dissolved in 30 mL THF was
added. Sodium hydroxide (70 mmol, 3.5 eq) was dissolved in 20 mL H20 and then added slowly
to the flask. After the reaction mixture was cooled down to 0 °C in an ice bath, p-toluenesulfonyl
chloride (24 mmol, 1.2 eq) dissolved in another 30 mL THF was added dropwise to the mixture
under vigorous stirring. The reaction mixture was stirred at 0 °C for 2 h, and then at room
temperature for 12 h. After completion of the reaction as indicated by TLC, the reaction mixture
was poured to 5 wt% hydrochloric acid aqueous solution, and the product was extracted with
dichloromethane (30 mLx3). The organic layer was then washed successively with saturated
sodium bicarbonate solution (50 mLx3) and water (50 mLx3) and dried over anhydrous
magnesium sulfate. After solvent evaporation, compound 1 was obtained as a slight yellow liquid
without further purification, yield 70%.

'H NMR (300 MHz, CDCls, §): 7.80 (d, J = 9 Hz, 2H; Ar H), 7.35 (d, J = 9 Hz, 2H; Ar H), 4.14
(t, J =4.83 Hz, 2H; CH>), 3.63 (m, 52H, (CH2)n), 3.55 (m, 2H; CH2), 3.37 (s, 3H; CH3), 2.44 (s,
3H; CHya).



13C NMR (CDCls, 75 MHz, 8): 145.13, 133.27, 130.14, 128.31, 72.21, 71.06, 70.87, 69.56, 68.99,
59.39, 50.72, 31.36, 21.98.

Synthesis of 2,5-dibromo-3-thiophenemethanol / 2,5-dibromo-3-thiopheneethanol (2)
2-thiophenemethanol (or 2-thiopheneethanol) (20 mmol, 1.0 eq) was dissolved in 100 mL THF
and cooled down to 0 °C in an ice bath. NBS (50 mmol, 2.5 eq) was added to the solution
portionwise. The reaction was stirred at 0 °C for 1 h, and then at room temperature for 5 h before
quenched with 10 wt% sodium hydroxide aqueous solution. The crude product was extracted with
ethyl acetate (30 mLx3) and the combined organic layer washed with water (50 mLx3), then dried
over MgSOs. The solvent was evaporated, and the product was purified by column
chromatography on silica gel with hexane: EtOAc = 5:1 (v/v) as eluent to give compound 2 as dark
red liquid.

2,5-dibromo-3-thiopheneethanol (yield 83.7%), *H NMR (400 MHz, CDCls, §): 6.87 (s, 1H; Th
H), 3.82 (t, J = 8.60 Hz, 2H; CH>), 2.80 (t, J = 8.62 Hz, 2H; CH>).
2,5-dibromo-3-thiophenemethanol (yield 82.3%), *H NMR (400 MHz, CDCls, 8): 7.02 (s, 1H; Th
H), 4.55 (d, J = 6.04 Hz, 2H; CH)).

Synthesis of 2,5-dibromo-3-EOx-thiophene (3)

To a dry round bottom flask, sodium hydride (60 wt% in mineral oil, 20 mmol, 2.0 eq) and 30 mL
anhydrous THF were added. The reaction mixture was stirred under Argon atmosphere at room
temperature for 30 min. Compound 2 (10 mmol, 1.0 eq) was then added dropwise via a syringe
and the mixture was stirred vigorously at room temperature for 1 h. Compound 1 (12 mmol, 1.2
eq) was added to the reaction mixture slowly and stirred at room temperature overnight. After
completion of the reaction as indicated by TLC, the reaction mixture was quenched with 60 mL
H20 and vigorously stirred for 30 min. The crude product was extracted with ethyl acetate (30
mLx3) and then washed with water (50 mLx3). The solvent was evaporated after dried over
MgSOa, and the crude product was purified by column chromatography on silica gel with hexane:
EtOAc = 1:1 (v/v) as eluent to give compound 3 as a yellow liquid.

n = 3, (2,5-dibromo-3-EO3-thiophene, yield 70%), *H NMR (400 MHz, CDCls, 5): 6.99 (s, 1H;
Th H), 4.60 (s, 2H; CH>), 3.70-3.65 (m, 6H; CH>), 3.58 (m, 2H; CH>), 3.37 (s, 3H; CH3).

n = 4, (2,5-dibromo-3-EO4-thiophene, yield 65%), *H NMR (400 MHz, CDCls, 8): 7.01 (s, 1H;
Th H), 3.68 (m, 12H; CHz), 3.58 (m, 2H; CHz), 3.39 (s, 3H; CHa), 3.00 (t, 2H; CH>).



n ~ 10, (2,5-dibromo-3-EOQ10-thiophene, yield 35%), *H NMR (400 MHz, CDCls, 8): 6.98 (s, 1H;
Th H), 3.63 (m, ~ 50H; CH>), 3.54 (m, 2H; CH>), 3.37 (s, 3H; CH3), 3.01 (t, 2H; CH2). *C NMR
(CDCl3, 75 MHz, 8): 139.58, 131.21, 111.53, 110.25, 72.21, 70.86, 67.21, 59.35.

Synthesis of 2-bromo-5-hexylthiophene (4)

2-hexylthiophene (40 mmol, 1.0 eq) was dissolved in 100 mL THF and cooled down to 0 °C in an
ice bath. NBS (40 mmmol, 1.0 eq) was added to the solution portionwise. The reaction was stirred
at 0 °C for 1 h, and then at room temperature for 5 h before quenched by 10 wt% sodium hydroxide
solution. The mixture was extracted with ethyl acetate (30 mLx3), the collected organic layer was
washed with water (50 mLx3), then dried over MgSOs. After the solvent was evaporated via
rotavap, and the crude product was purified by column chromatography on with pure hexane as
eluent to give compound 4 as colorless liquid, yield 90%.

'H NMR (400 MHz, CDCls, 8): 6.84 (d, J =4 Hz, 1H; ThH), 6.53 (d, J =4 Hz, 1H; Th H), 2.73 (t,
J = 7.75 Hz, 2H; Th-CH>), 1.62 (quintet, J = 7.37 Hz, 2H; Th-CH>-CH>), 1.30 (m, 6H;
(CH2)3), 0.89 (t, J =6.84 Hz, 3H; CH3). *C NMR (CDCls, 75 MHz, &): 147.98, 129.69, 124.66,
108.87, 31.86, 31.76, 30.67, 29.00, 22.90, 14.42.

Synthesis of 5-hexyl-2,2 -bithiophene (5)

To a 3-neck round bottom flask with a condenser, compound 4 (35 mmol, 1.0 eq), 2-
thiopheneboronic acid pinacol ester (42 mmol, 1.2 eq) and K>COs (105 mmol, 3.0 eq) were added
under Argon atmosphere. Pd(PPhs)s (0.35 mmol, 0.01 eq) was added and the flask was purged
Argon for 30 min. DME/H20 mixed solvent (120 mL:30 mL, v/v) was bubbled with Argon for 40
min then transferred to the 3-neck flask via canula. The reaction mixture was refluxed at 80 °C
overnight. The reaction was quenched by opening to air. The crude product was extracted with
ethyl acetate (40 mLx3), then the combined organic layer was washed with water (50 mLx3) and
dried over MgSOa. The product was purified by column chromatography on silica gel with pure
hexane as eluent to give compound 5 as a colorless liquid, yield 82%.

'H NMR (CDCls, 400 MHz, §): 7.17 (dd, J1 = 5.12 Hz, J, = 1.08 Hz, 1H; Th H), 7.10 (dd, J1 =
3.52 Hz, J2 =1 Hz, 1H; Th H), 7.00-6.98 (m, 2H; Th H), 6.68 (d, J = 3.56 Hz, 1H; Th H), 2.79 (t,
J=7.56 Hz, 2H; Th-Th-CH>), 1.68 (quintet, J = 7.5 Hz, 2H; Th-Th-CH,-CH>), 1.38-1.21 (m, 6H;
(CH2)3), 0.90 (t, J = 6.90 Hz, 3H; CHs). 3C NMR (CDCls, 75 MHz, 8): 145.71, 138.28, 135.04,
127.99, 125.01, 124.68, 123.70, 123.29, 31.93, 30.50, 29.11, 22.93, 14.46.



Synthesis of 5-bromo-5 -hexyl-2, 2 -bithiophene (6)

Compound 5 (20 mmol, 1.0 eq) was dissolved in 100 mL THF and cooled down to 0 °C in an ice
bath. NBS (21 mmol, 1.05 eq) was added to the solution portionwise. The reaction was stirred at
0 °C for 1 h, and then room temperature for 6 h before quenched with 10 wt% sodium hydroxide
aqueous solution. The crude product was extracted with EtOAc (30 mLx3), and the combined
organic layer was washed with water (50 mLx3) and dried over MgSOa.. The solvent was
evaporated, and the crude product was purified by column chromatography on silica gel with pure
hexane as eluent to give compound 6 as a white solid, yield 74%.

'H NMR (CDCls, 400 MHz, 8): 6.94 (d, J = 4 Hz, 1H; Th H), 6.92 (d, J = 4 Hz, 1H; Th H), 6.83
(d, J =4 Hz, 1H; Th H), 6.67 (d, J = 4 Hz, 1H; Th H), 2.78 (t, J = 8 Hz, 2H; Th-Th-CH), 1.67
(quintet, J = 7.46 Hz, 2H; Th-Th-CH,-CH,), 1.39-1.30 (m, 6H; (CH2)3), 0.89 (t, J = 8 Hz, 3H;
CHs). ¥C NMR (CDCls, 75 MHz, §): 146.29, 136.81, 130.80, 125.11, 124.02, 123.34, 110.43,
31.89, 30.49, 29.09, 22.91, 14.44.

Synthesis of 5-(5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5 -hexyl-2, 2 -bithiophene (7)

To a round bottom flask, compound 6 (10 mmol, 1.0 eq) and 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (20 mmol, 2.0 eq) were dissolved in anhydrous THF (50mL). The solution
was purged Argon for 30 min before cooling down to -78 °C in a dry ice/acetone bath. N-
butyllithium solution (12 mmol, 1.2 eq) was added dropwise via a syringe under vigorous stirring.
The reaction mixture was stirred at -78 °C for 30 min then room temperature for overnight. 10%
HCI was used to quench the reaction, and crude product was extracted with ethyl acetate (30
mLx3), washed with pure water (50 mLx3) and then dried over MgSO4. Column chromatography
was used to purify the product with hexane/ethyl acetate (20:1, v/v) as eluent to give compound 7
as a blue liquid, yield 52%.

'H NMR (CDCls, 400 MHz, &): 7.50 (d, J = 4 Hz, 1H; Th H), 7.16 (d, J = 4 Hz, 1H; Th H), 7.04
(d, J = 3.56 Hz, 1H; Th H), 6.68 (d, J = 4 Hz, 1H; Th H), 2.78 (t, J = 7.76 Hz, 2H; Th-CH>), 1.67
(quintet, J = 8 Hz, 2H; Th-CH2-CHy>), 1.34 (s, 12H; (CH3)4), 1.32-1.28 (m, 6H; (CH.)3), 0.88 (t, J
=8 Hz, 3H; CH2-CHs)

Synthesis of 5T/dC6/EOn
To a 3-neck round bottom flask, compound 7 (4.48 mmol, 2.8 eq), compound 3 (1.6 mmol, 1.0 eq)
and K>COs (9.6 mmol, 6.0 eq) were added. The flask was purged with Argon for 30 min before



Pd(PPh3)s (0.032 mmol, 0.02 eq) was added. The flask was purged with Argon for another 30 min.
A mixed solvent of DME/H,0 (40 mL/10 mL, v/v) was purged with Argon for 1 h before canula
transferred to the 3-neck flask. The reaction was refluxed at 80 °C overnight. The crude product
was extracted with ethyl acetate (30 mLx3) and the combined organic layer was washed with pure
water (30 mLx3) and then dried over MgSQO4. Column chromatography was used to purify the
product with hexane/ethyl acetate (3:1, v/v) as eluent to give the final product as a yellow solid
(for 5T/dC6/EO3 and 5T/dC6/EO4) after precipitated with methanol, filtered and dried in vacuum
oven or dark red liquid (for 5T/dC6/EO10).

5T/dC6/EO3, yield 10%, 'H NMR (CDCls, 400 MHz, §): 7.18 (s, 1H; Th H), 7.11 (d, J = 4 Hz,
1H: Th H), 7.05 (t, J = 3.32 Hz, 2H; Th H), 7.00 (q, J = 4 Hz, 3H; Th H), 6.69 (m, 2H; Th H), 4.61
(s, 2H; Th-CHy), 3.72 (m, 4H; Th-CH20-(CH>)2), 3.68-3.66 (m, 2H; Th-CH20-(CH,)20-CHy),
3.58-3.55 (M, 2H; Th-CH20-(CH2),0-CH,-CHy), 3.38 (5, 3H; Th-CH20-(CH2)20-(CH2)20-CHs),
2.79 (t, J = 8 Hz, 4H; 2(Th-CHy)), 1.68 (quintet, J = 8 Hz, 4H; 2(Th-CH2-CHy)), 1.38-1.31 (m,
12H; 2(CHa-CH,-CHb)), 0.90 (t, J = 8 Hz, 6H; 2(CH3)). 13C NMR (CDCls, 75 MHz, §): 145.85,
145.75, 137.08, 132.82, 127.17, 126.34, 124.87, 124.34, 123.58, 123.54, 123.44, 70.60, 70.01,
69.52, 66.95, 65.68, 63.52, 31.56, 30.20, 28.75, 22.58, 14.10.

5T/dC6/EQ4, yield 12%, *H NMR (CDCls, 400 MHz, §): 7.04 (m, 4H; Th H), 6.98 (m, 3H; Th H),
6.68 (M, 2H; Th H), 3.74 (t, J = 6.92 Hz, 2H; CH), 3.66-3.60 (m, 10H; CH>), 3.52 (m, 2H; CH>),
3.35 (s, 3H; CHa), 3.05 (t, J = 7.04 Hz, 2H; CHy), 2.79 (t, J = 7.24 Hz, 4H; 2(Th-CH,)); 1.68
(quintet, J = 7.71 Hz, 4H; 2(Th-CH2-CHy)), 1.31 (m, 12H; 2(CH2-CH,-CH>)), 0.90 (t, J = 6.4 Hz,
6H; 2CHs). *C NMR (CDCls, 100 MHz, §): 145.77, 130.27, 129.93, 128.01, 126.63, 125.49,
124.87, 124.22, 123.71, 123.33, 71.47, 70.64, 67.49, 66.83, 59.87, 31.57, 30.20, 28.76, 22.58,
14.10.

5T/dC6/EO10, yield 10%, 'H NMR (CDCls, 400 MHz, §): 7.17 (s, 1H; Th H), 7.10 (m, 1H; Th
H), 7.05-7.03 (m, 2H; Th H), 6.99 (m, 3H; Th H), 6.68 (m, 2H; Th H), 3.70-3.63 (M, 58H; CH.),
3.37 (5, 3H; CHa), 2.79 (t, J = 7.66 Hz, 4H; 2(Th-CHy)), 1.66 (quintet, J = 7.24 Hz, 4H; 2(Th-CH,-
CH,)), 1.33 (m, 12H; CH,), 0.89 (t, J = 6.40 Hz, 6H; 2CHs). *C NMR (CDCls, 100 MHz, 5):
125.76, 125.54, 124.87, 124.76, 123.61, 72.20, 70.55, 31.55, 30.19, 28.74, 22.56, 14.08.
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Fig. S1. Synthetic procedures of T-shaped conjugated LCs 5T/dC6/EOn.

5T/dC6/EOn

S1.3 Characterization methods

Temperature-Dependent Wide-Angle X-ray Scattering. T-WAXS experiments were
performed with SAXSLAB (XENOCS)’s GANESHA equipped with a T-95 Linkam stage at the
University of Chicago X-ray facility. LC material was dissolved in THF, and the solution was
pipetted into a capillary. The solvent was then evaporated, and samples were measured in
transmission mode of WAXS as a function of temperature. The experiment was performed in high
vacuum (<10 Torr) to minimize damages to the sample and prevent extraneous scattering from
air. T-dependent WAXS measurements were performed at the ramping rate of 10K/min, which
was similar to the DSC measurement. Upon reaching the specific temperature the samples were
allowed to equilibrate for 5-10 min prior to X-ray exposure. The exposure time for each
measurement was 60-100s, and at each temperature the measurement was performed several times
to ensure that the sample had reached equilibrium. The diffraction intensity of the samples at each
temperature was extracted as a function of wave vector g using the SAXSGUI MATLAB program
developed by SAXSLAB. Appropriate background subtraction was performed prior to comparing
peak intensity at each temperature.

Grazing-Incidence Wide-Angle X-Ray Scattering. GIWAXS were performed at beamline 8-1D-
E of the Advanced Photon Source, Argonne National Laboratory with 10.86 keV (A = 1.1416 A)



synchrotron radiation. Samples were measured inside a low vacuum chamber (10 mbar) to
minimize concerns about radiation damages, samples’ moisture uptake, and extraneous scattering
from ambient air. For each sample, three data sets were taken from three adjacent spots on the
sample and then summed to enhance the signal-to-noise ratio. The samples were tilted at an angle
of incidence of 0.14° with respect to the incoming beam, which is above the estimated critical
angle of sample (= 0.13°) but below the critical angle of the Si substrates (= 0.17°) to probe the
whole film thickness. The scattering signal was recorded with a Pilatus 1MF pixel array detector
(pixel size = 172 um) positioned 228 mm from the sample. Each data set was stored as a 981x1043
32-bit tiff image with 20-bit dynamic range. The Pilatus detector has rows of inactive pixels at the
border between detector modules. To fill these gaps, after each measurement the detector was
moved to a new vertical direction and the measurement on each spot was repeated, then the gaps
were filled by combining the data from two detector positions. The signals were reshaped and
output as intensity maps in gr vs. ¢ space. We also performed detector nonuniformity, detection
efficiency, the polarization effect, and solid-angle variation for each image. All the GIWAXS data
processing and extraction were executed using the GIXSGUI package for MATLAB (66).

Peak shape analysis of GIWAXS patterns was performed on wedge cuts taken with an
angular breadth of 2°. Each wedge cut was first fit to an empirical baseline function to enable the
subtraction of the background intensity and amorphous scattering. The background-subtracted
wedge cut was then fit to a Voigt function to extract the peak position and the FWHM of the
reflections of interest. More details of peak shape analysis can be found elsewhere (67).

S1.4 Thermal behavior of 5T/dC6/EOn

Table S1. Thermal properties of 5T/dC6/EOn.

system 1% cooling 2" heating
5T/dC6/EO3 Iso 31 °C (29.61 kJ/mol or 41.52 J/g) Sm Sm 48 °C Iso
5T/dC6/EO4 Iso 20 °C (28.67 kJ/mol or 37.18 J/g) Sm Sm 35 °C Iso

5T/dC6/EO10 Iso -36 °C (32.01 J/g) Col Col 4 °C Iso

Note: transition temperatures (°C) are given as the maximum of the peaks detected by DSC
measurements on the 1% cooling and 2" heating at a scanning rate of 10 °C/min. The transition
enthalpies are in parentheses. Sm stands for smectic phase, Col for columnar phase, and Iso for
isotropic liquid.




...........................

Fig. S2. Thermogravimetric analysis (TGA) of neat 5T/dC6/EOn molecules. (A) 5T/dC6/EO3,
and (B) 5T/dC6/EO4. Decomposition takes place at 369.19 °C and 386.01 °C, respectively.



S2 Computational modeling and molecular dynamics (MD) simulation

A coarse-grained (CG) model and an all-atom (AA) model of 5T/dC6/EOn were used to simulate
the molecular self-assembly and the Li-ion transport, respectively. LAMMPS simulation package
(60, 61) with GPU acceleration (62, 63) was used to run MD simulations, and VMD (64) was used

for visualizations.
S2.1 All-atom force field parameter

For the AA representation of 5T/dC6/EOn, 5T is modeled based on Misra’s work (26) with
modified partial charges and bonded parameters following the similar procedure, and the alkyl and
oligo(ethylene oxide) (EOn) segments are modeled using the OPLS-AA force field (59). Also, the
Li-ion is modeled by the OPLS-AA force field. To introduce the AA force field, different atom
types are illustrated in Fig. S3 with their relative positions within the molecule. Each atom type is
represented by a combination of the chemical element symbol and a unique letter for differentiation,
and each atom is represented by its type and ID. For example, “Ca2” stands for the carbon atom of
atomType=CA and atomID=2. For clarity, we omit most of the hydrogen atoms, though the full
list of atoms can be found in Table S2-S4 with their partial charges. The rule of thumb to learn
the position of hydrogen atom is the following: the atomID of each hydrogen atom follows right
after the atom it attached. For example, “Has” attaches to “Caz2”, “Hcss” and “Hcs7” attach to “Cras™.

Nonbonded potentials are described by the sum of the LJ potentials for the van de Walls
interactions and the Coulombic potentials for the electrostatic interactions with parameters listed

in Table S5,
Usang = 46 |[=2] = (2] [+ —2 S1
AA-NB €ij [(ﬁj) <Tij 4meory; (S1)

where rij is the distance between atom i and j, aijj is the van de Walls diameter and «jj is the well-

depth parameter both defined by the atom types, gi and g; are partial charges of atom i and j, &o is
the vacuum permittivity. The geometric mixing rules are used for the cross terms of LJ potentials,

0y =\0ugj; , €= Jeu€; (52)
Bonded interactions usually include the bond stretching interactions (1-2 interaction for atoms
separated by one chemical bond), the angle bending interactions (1-3 interaction for atoms
separated by two bonds) and the torsional rotation interactions (1-4 interaction for atoms separated
by three bonds). The bond stretching and angle bending interactions are described by the harmonic
form with parameters listed in Tables S6 and S7,



Ubond = Ky (r —15)? (S3)
Uangle = Ko (8 — 60)? (54)
where Ky is the bond spring constant, ro is the equilibrium bond distance, r is the separation
distance between two bonded atoms, Ky is the angle spring constant, 6o is the equilibrium angle
value, and 4 is the bending angle formed by three consecutive bonded atoms. Torsional potentials

are described by the following two function forms,
3

1
Utors—opLs = EKn[l + (_1)n+1 COS(Tl¢)] (S5)
n=1
4
Utors—MultiHarmonic = z Cn cos™ ¢ (S6)
n=0

where K, and Cn are constant coefficients, ¢ is the dihedral angle formed by four consecutive
bonded atoms. Only the torsional potentials with non-zero parameters are listed in Table S8 and
S9. In addition, LJ and Coulombic potentials are turned off for atoms separated by one and two
bonds, and computed with the strength scaled to 0.5 for atoms separated by three bonds. The LJ
potentials are truncated at 12 A with the tail-correction. The Coulombic potentials are calculated
using the particle-particle particle-mesh method with a real-space cutoff of 10 A and a tolerance
of 10,
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Fig. S3. Reference labels for atom types in the AA force field for 5T/dC6/EOn molecules. (A)
5T/dC6/EQ3, (B) 5T/dC6/EO4 and (C) 5T/dC6/EO10. Atoms of different types in our AA model
are labeled with different letter subscripts. Each atom is also labeled with a numerical subscript to
indicate its atomlID. Note that the numerical subscript is not consecutive, and missing numbers
represent omitted hydrogen atoms for clarity.



Table S2. Full list of atoms in 5T/dC6/EO3 and Li-ion with partial charges.

ID atom g¢g/e |ID atom g¢g/e |ID atom g¢g/e |ID atom g/e
1 CS 0.100 |25 HA 0.150 [ 49 CT 0.14 |73 HC 0.06
2 CA -0210[26 CS 0.100 |50 HC 0.03 |74 HC 0.06
3 HA 0.180 |27 ST -0.120|51 HC 0.03 |75 HC 0.06
4 CA -0210|28 CS -0.112 52 OS -040 |76 CT 0.05
5 CS 0.100 29 CA -0280|53 CT 0.1 |77 HC 0.06
6 ST -0.120|30 HA 0.170 | 54 HC 0.03 | 78 HC 0.06
7 CS 0080 |31 CA -0.022|55 HC 003 |79 CT -0.12
8§ CA -0210]32 HA 0.137 |56 HC 0.03 |80 HC 0.06
9 HA 0.180 |33 CS -0.050|57 CT 0.05 |8 HC 0.06
10 CA -0.170 | 34 ST -0.023 |58 HC 006 |8 CT -0.12
11 HA 0150 |35 CT 030 |59 HC 0.06 |8 HC 0.06
12 CS 0.100 |36 HC 003 |60 CT -0.12 |8 HC 0.06
13 ST -0.120 37 HC 003 |61 HC 006 |8 CT -0.12
14 CS -0.112 |38 OS -040 |62 HC 006 |8 HC 0.06
15 CA -0280(39 CT 014 (63 CT -0.12 |87 HC 0.06
16 HA 0.170 |40 HC 0.03 |64 HC 0.06 |8 CT -0.12
17 CA -0.022|41 HC 003 |65 HC 0.06 | 8 HC 0.06
18 HA 0.137 |42 CT 014 (66 CT -0.12 |90 HC 0.06
19 CS -0.050|{43 HC 003 |67 HC 0.06 |91 CT -0.18
20 ST -0.023 |44 HC 003 |68 HC 0.06 |92 HC 0.06
21 CS 0080 |45 OS -040 |69 CT -0.12 |93 HC 0.06
22 CA -0210|46 CT 0.14 |70 HC 0.06 | 94 HC 0.06
23 HA 0.180 |47 HC 0.03 |71 HC 0.06

24 CA -0.170 |48 HC 003 |72 CT -0.18

1 Li 1.0




Table S3. Full list of atoms in 5T/dC6/EO4 with partial charges.

ID atom q/e |[ID atom q/e |ID atom q/e | ID atom ql/e
1 CS 0100 |27 ST -0120|53 HC 003|799 CT -012
2 CA -0210/28 CS -0112 |54 HC 0.03|8 HC 0.06
3 HA 0180 |29 CA -0280|55 OS -040|81 HC 0.06
4 CA -0210{30 HA 0170 (56 CT 014 |8 CT -0.18
5 CS 0100 31 CA -0022|57 HC 003|833 HC 0.06
6 ST -012032 HA 0137 |58 HC 003|844 HC 0.06
7 CS 008033 CS -0050|59 CT 014 |8 HC 0.06
8 CA -0210|34 ST -0023|60 HC 0.03|8 CT 0.05
9 HA 0180 3 CT 004 |61 HC 0.03]| 87 HC 0.06
10 CA -0170|36 HC 006 |62 OS -040| 8 HC 0.06
11 HA 0150 (37 HC 006 |63 CT 011 |8 CT -0.12
12 CS 0100 |38 CT 014 |64 HC 003 |9 HC 0.06
13 ST -0120(39 HC 003 |65 HC 003 |91 HC 0.06
14 CS -0112 |40 HC 003 |66 HC 003]92 CT -012
15 CA -0280|41 OS -040 |67 CT 005|093 HC 0.06
16 HA 0170 |42 CT 014 |68 HC 006 | 94 HC 0.06
17 CA -0.022 |43 HC 003 |69 HC 006 |9 CT -012
18 HA 0137 |44 HC 003 |70 CT -012| 9 HC 0.06
19 CS -0050 |45 CT 014 |71 HC 006 |97 HC 0.06
20 ST -0.023|46 HC 003 |72 HC 006 |98 CT -0.12
21 CS 0080 |47 HC 003 |73 CT -012|99 HC 0.06
22 CA -0210{48 OS -040 |74 HC 0.06 |100 HC 0.06
23 HA 0180 |49 CT 014 |75 HC 0.06 |101 CT -0.18
24 CA -0170|{50 HC 003 |76 CT -0.12|102 HC 0.06
25 HA 0150 {51 HC 0.03 |77 HC 0.06 |103 HC 0.06
26 CS 0100 |52 CT 014 |78 HC 0.06 |104 HC 0.06




Table S4. Full list of atoms in 5T/dC6/EO10 with partial charges.

ID atom g¢/e |ID atom g¢g/e | ID atom g¢g/e | ID atom g¢g/e

[a—y

CcS 0.100 |38 CT 014 |75 HC 003|112 CT -0.12
CA -0210|39 HC 003|776 OS -040|113 HC 0.06
HA 0.180 | 40 HC 003 |77 CT 0.14 |114 HC 0.06
CA -0210|41 OS -040| 78 HC 0.03 115 CT -0.12
CS 0100 |42 CT 014 |79 HC 0.03 |116 HC 0.06
ST -0.120 43 HC 003 |8 CT 0.14 |117 HC 0.06
CS 0.080 |44 HC 003 |8 HC 0.03 118 CT -0.12
CA -0210|45 CT 0.14 | 82 HC 0.03 119 HC 0.06
HA 0.180 | 46 HC 003 |8 OS -040|120 HC 0.06
10 CA -0.170 | 47 HC 0.03 | 8 CT 0.14 |121 CT -0.12
11 HA 0.150 | 48 OS -040| 8 HC 0.03 | 122 HC 0.06
12 CS 0.100 | 49 CT 0.14 | 8 HC 0.03 | 123 HC 0.06
13 ST -0.120 | 50 HC 0.03 |8 CT 0.14 |124 CT -0.18
14 CS -0.112 |51 HC 0.03 |8 HC 0.03 |125 HC 0.06
15 CA -0280|52 CT 0.14| 8 HC 0.03 126 HC 0.06
16 HA 0.170 | 53 HC 0.03 | 90 OS -040]127 HC 0.06
17 CA -0.022 |54 HC 003 |91 CT 0.14 128 CT 0.05
18 HA 0.137 |55 OS -040| 92 HC 0.03 |129 HC 0.06
19 CS -0050|56 CT 0.14 |93 HC 0.03 130 HC 0.06
20 ST -0.023 |57 HC 003|944 CT 0.14 131 CT -0.12
21 CS 0.080 | 58 HC 0.03 |95 HC 003|132 HC 0.06
22 CA -0210]59 CT 0.14 |9 HC 0.03 133 HC 0.06
23 HA 0.180 | 60 HC 0.03 |97 OS -040]|134 CT -0.12
24 CA -0.170 |61 HC 0.03 |98 CT 0.14 135 HC 0.06
25 HA 0.150 | 62 OS -040| 99 HC 0.03 |136 HC 0.06
26 CS 0.100 |63 CT 0.14 |100 HC 0.03 | 137 CT -0.12
27 ST -0.120 | 64 HC 0.03 | 101 CT 0.14 | 138 HC 0.06
28 CS -0.112 | 65 HC 0.03 |102 HC 0.03 |139 HC 0.06
29 CA -0280166 CT 0.14 /103 HC 0.03 |140 CT -0.12
30 HA 0.170 | 67 HC 0.03 | 104 OS -0.40|141 HC 0.06
31 CA -0022 |68 HC 003|105 CT 0.11 [142 HC 0.06
32 HA 0.137 |69 OS -040|106 HC 003 143 CT -0.18
33. CS -0050 (70 CT 0.14 |107 HC 0.03 | 144 HC 0.06
34 ST -0.023 |71 HC 0.03 |108 HC 0.03 |145 HC 0.06
35 CT 004 (72 HC 0.03 {109 CT 0.05 146 HC 0.06
36 HC 006 |73 CT 0.14 | 110 HC 0.06
37 HC 006 |74 HC 0.03 |111 HC 0.06
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Table S5. Nonbonded potential parameters for 5T/dC6/EOn.

atom m/(g/mol) ai/A cil (kcal/mol) | atom m/(g/mol) ai/A el (kcal/mol)
CS 12.011 3.55 0.070 CT 12.011 3.50 0.066
CA 12.011 3.55 0.070 HC 1.008 2.50 0.030
HA 1.008 2.42 0.030 (O8] 15.999 2.90 0.140
ST 32.060 3.55 0.250 Li 6.941 2.87 0.0005

Table S6. Harmonic bond stretching potential parameters for 5T/dC6/EOn.

bond  Kp/(kcal-mol*-A?) ro/A | bond  Kp/(kcal-mol*-A?) ro/A
CA-CS 456.892 1.374 | CA-CT 317.000 1.501
CA-HA 307.105 1.084 | CT-HC 340.000 1.090
CA-CA 392.459 1.433 | CT-0S 320.000 1.410
CS-ST 209.200 1.734 | CT-CT 268.000 1.529
CS-CS 322.168 1.450 | CS-CT 265.260 1.501

Table S7. Harmonic angle bending potential parameters for 5T/dC6/EOn.

angle Ko/ (kcal-mol™-rad?) 0ol ° angle Ko/ (kcal-mol™*-rad?) 0ol °
CA-CS-ST 58.576 111.588 | CA-CT-HC 37.500 110.700
CA-CS-CS 52.718 128.421 | CA-CT-0OS 58.350 112.700
CS-CS-ST 52.718 120.381 | HC-CT-HC 33.000 107.800
CS-CA-HA 29.288 123.496 | HC-CT-0OS 35.000 109.500
CA-CA-CS 58.576 113.625 | CT-OS-CT 60.000 109.500

CA-CA-HA 29.288 122.873 | CT-CT-0OS 50.000 109.500
CA-CA-CT 70.000 122.763 | CT-CT-HC 37.500 110.700
CS-CA-CT 70.000 125.380 | CS-CT-HC 37.500 110.700
CS-ST-CS 61.923 91.739 | CS-CT-CT 58.350 112.700
CA-CS-CT 29.288 123.496 | CT-CT-CT 58.350 112.700
CT-CS-ST 29.288 120.366 | CA-CT-CT 58.350 112.700




Table S8. OPLS torsional potential parameters for 5T/dC6/EON. Ky: kcal-mol ™.

torsion K1 K, Ks torsion K1 K, Ks

CA-CT-OS-CT  0.650 -0.250 0.670 | HC-CT-CT-HC  0.000  0.000  0.300
HC-CT-OS-CT  0.000 0.000 0.760 | CS-CT-CT-HC  0.000 0.000  0.366
CT-CT-OS-CT  0.650 -0.250 0.670 | CS-CT-CT-CT 2732 -0.229 0.485
HC-CT-CT-OS  0.000  0.000 0.468 | CT-CT-CT-HC  0.000  0.000 0.300
OS-CT-CT-OS  -0.550 0.000 0.000 | CT-CT-CT-CT  1.300 -0.050 0.200
CA-CT-CT-HC  0.000 0.000 0.366 | CA-CT-CT-OS 2732 -0.229 0.485

Table S9. Multi-harmonic torsional potential parameters for 5T/dC6/EON. K,: kcal-mol ™.

torsion Ko K1 K> Ks K4

CA-CA-CS-ST | 7.2500 0.0000 -7.2500 0.0000 0.0000
CA-CA-CS-CS | 7.2500 0.0000 -7.2500 0.0000 0.0000
CA-CS-ST-CS | 7.2500 0.0000 -7.2500 0.0000 0.0000
CS-CS-ST-CS | 7.2500 0.0000 -7.2500 0.0000 0.0000
CA-CS-CS-CA | 0.1042 -0.0396  -0.7177 0.1355 -0.2130
CA-CS-CS-ST | 0.1276 0.0000 -0.9179 0.0000 0.0000
ST-CS-CS-ST | 0.1042 -0.0396  -0.7177 0.1355 -0.2130
CS-CA-CA-CS | 7.2500 0.0000 -7.2500 0.0000 0.0000

S2.2 Coarse-grained force field parameter

A CG model in our previous study (68) was adopted to simulate 5T/dC6/EOn, where three types
of CG beads were defined to discriminate the interaction strength between molecular segments.
To develop this model, the bonded interactions were parameterized by reproducing the
intramolecular bond and angle distributions from the reference atomistic simulations, and the
nonbonded interactions were obtained by fitting the experimental saturated liquid densities in the
vapor-liquid equilibrium of target molecules. For the CG representation of 5T/dC6/EOn shown in
Fig. S4, each thiophene ring is modeled by a single type TH bead (69), and the alkyl and EOn
segments are modeled by a chain of type AK and EO beads, respectively, based on a regular three-
to-one scheme (70), where one CG bead contains three heavy atoms with their accompanying
hydrogen atoms. For simplicity, a single EO bead representing four heavy atoms is used to
accommodate the specific structure bridging 5T and EOn segments in 5T/dC6/EO4 and
5T/dC6/EO10.



@ Type THbead
. Type EO bead

. Type AK bead

Fig. S4. Reference labels for bead types in the CG force field and related mapping scheme
for 5T/dC6/EOn molecules. (A) 5T/dC6/EO3 and (B) 5T/dC6/EO4.

Nonbonded interactions between CG beads are described by the Lennard-Jones (LJ)
potential with parameters listed in Table S10,

O-.. 12 O-.. 6
Ucg-nB = 4€j5 [(r”) - <r_u) ] (87)
ij ij

where rij is the distance between bead i and j, ajj is the van de Walls diameter and ej is the well-
depth parameter both defined by the bead types. All beads are neutral with modified masses to
reflect their corresponding groups of atoms. To better capture the driving force of the self-assembly,
a modified Lorentz-Berthelot mixing rule (71-73) is used for the cross-species LJ potentials in the
CG model,

0ij = %(O'ii +o5;) €= 1 -0 Jeqe; (S8)
For the cross-species energy parameter, «ij, a binary coefficient { is introduced to control the
miscibility between different segments of 5T/dC6/EOn. The coefficient { was determined by
fitting the corresponding radial distribution function (RDF) obtained from the AA simulation of
binary mixtures (68). The cross-species LJ potentials with optimized coefficients {'are summarized
in Table S11. Bonded interactions among CG beads only include the bond stretching and angle
bending interactions also described by the harmonic form in Equation S3 and S4 with parameters
listed in Tables S12 and S13. Note that the angle type, EO-TH-TH, refers to the bending angle
formed by the following CG beads, 4-5-10, using their bead IDs illustrated in Fig. S4A. There is



no additional interaction for the bending angle formed by beads of 6-5-10. In addition, the

nonbonded interactions are truncated and shifted to 0.0 at 12 A, which are turned off only for atoms

that are directly bonded.

Table S10. Nonbonded parameters for CG model of 5T/dC6/EOn.

CG bead type i

m/(g/mol) @il A

6i / (kcal/mol)

TH
EO
AK

82.120 4.83
44.053 4.28
42.081 4.55

1.04
0.50
0.58

Table S11. Cross-species LJ potential parameters for CG model of 5T/dC9/EQS.

CGheadtypei CGbeadtypej | ¢ aij | A cij | (kcal/mol)
EO TH 0.16 4.555 0.6057
AK TH 0.14 4.690 0.6679
AK EO 0.10 4.415 0.4847

Table S12. Harmonic bond stretching potential parameters for CG model of 5T/dC6/EOn.

bond Ko / (kcal-mol?-A2) ro/ A
AK-AK 8.735 3.68
AK-TH 17.709 3.75
TH-TH 89.012 3.89
EO-TH 13.512 3.88
EO-EO 5.286 3.25

Table S13. Harmonic angle bending potential parameters for CG model of 5T/dC6/EOn.

angle Ko/ (kcal-mol?-rad?) 0! °
AK-AK-TH 3.787 160
AK-TH-TH 5.757 168
TH-TH-TH 21.948 165
EO-TH-TH 12.766 127
EO-EO-TH 3.644 136
EO-EO-EO 2.187 145




S2.3 Simulation protocols for the self-assembly of 5T/dC6/EOn

Given the current hardware and computational budgets, the CG model was employed to study the
self-assembly of 5T/dC6/EOn. The CG simulation was performed in the cubic simulation box with
the periodic boundary conditions and was integrated by the velocity-Verlet algorithm with the
integration step size of 1 fs. The Nose-Hoover thermostat and barostat with a damping parameter
of 100 fs and 1000 fs were used to maintain the constant temperature and pressure, respectively.
To find ordered structures, a simple quench process was performed in the isothermal-isobaric
ensemble (NPT) at 1 atm over a range of temperatures. The system was initially simulated at a
relatively high temperature to reach a well-equilibrated isotropic state. The system was then cooled
down stepwise by AT = 10 K over a period of 2 ns and equilibrated at this decreased temperature
for another 20 ns, whose final configuration was used as input for the next quench step. After
several quench steps, the system reached the lower temperature and often formed an ordered phase.

S2.4 Simulation protocols for the Li-ion transport in 5T/dC6/EOn

Since atomistic details are desired to study the Li-ion transport, the AA model was employed to
simulate 5T/dC6/EOn and Li-ions. The AA simulation was performed in the periodic box and
integrated by the velocity-Verlet algorithm with the integration step size of 1 fs. The Nose-Hoover
thermostat and barostat with a damping parameter of 100 fs and 1000 fs were used to maintain the
constant temperature and pressure, respectively. Initial AA configurations of 5T/dC6/EOn were
converted from well-equilibrated CG ones generated from the self-assembly simulations using the
backmapping method (74-79). Li-ions were then randomly added into 5T/dC6/EOn at a ratio of r
= [Li*)/[EQ] = 0.05. The mixture of Li-ions and 5T/dC6/EOn molecules was first equilibrated in
the isothermal-isobaric ensemble (NPT) at the designated temperature and 1 atm for 5 ns, and
further equilibrated in the canonical ensemble (NVT) at the same temperature for 5 ns using the
average box size calculated from the last 4 ns of the NPT run. Taking the resulting equilibrated
configuration as a starting structure, the Li-ion transport was then studied upon the application of
an external electric field for good statistical sampling. A production run of 120 ns was performed
in the NVT ensemble at the designated temperature with a unidirectional electric field of 0.5 V/nm

along x-axis.



S3 Self-assembly of 5T/dC6/EOn in CG simulations

The self-assembly of 5T/dC6/EOn was simulated by the CG force field using a quenching process.
At lower temperatures, 5T/dC6/EO3 and 5T/dC6/EO4 were found to form a lamellar phase, while
5T/dC6/EO10 were found to form a column phase. In these ordered structures, rigid 5T segments
align roughly in the same direction. To measure the structural order of 5T segments, the nematic

order parameter, P> (80) is calculated by

b 1i(3| ; 1)_ 15:(3 , 1) 59)
z—m;?xN.1 5w nl* =5 —maxN.1 5 C0S” P — -
1= =

where N is the number of molecules, ui = (uix, Uiy, Uiz) is the end-to-end unit vector of the 5T
segment, n is a unit vector (“director”’) for which P2 is maximized, ¢i is the angle between u; and
n. This nematic director, n, can be found from the following second order tensor,

N
1 3 1
Qmn = Nz (Eui,mui,n - Edmn> y MmN =XY,Z (s10)
i=1

where omn is the Kronecker delta function. The nematic director is the eigenvector associated with
the largest eigenvalue of Qmn. P2 takes on a value between O for a disordered phase and 1 for a
nematic phase. Then, P> can be used to give an approximation of the transition temperature
between the isotropic state and these ordered structures of 5T/dC6/EOn (Fig. S5).
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Fig. S5. Nematic order parameter as function of temperature for 5T/dC6/EOn in CG
simulations.

To obtain the diffraction pattern from an AA configuration, the structure factor, S(q), is

calculated by



S(q) = (ij(q) cos(q - R,-)) + (%}fj(q) sin(q - Rj)> (S11)
j

where g is the scattering vector with a magnitude of g, fj(q) is the atomic form factor of atom j, and
R; is the position vectors of atom j. Due to the periodic boundaries, the scattering vector is restricted
to integer numbers of wavelengths within the simulation box. For a cuboid simulation box we used,
the box vectors in real space (Lx, Ly, L) and in reciprocal space (L« Ly, L;") are given by

L [Ly 0 0
Lyf=]|0 L, 0 (512)
L] [0 0 L,

L, 1/L, 0 0

L |=2r| 0 1/L, O (513)

L, o 0 1/,

where Ly, Ly and L; are box lengths in the x-, y- and z-axis. Accordingly, the scattering vector can

be constructed using three integer numbers (ny, ny, n;) and the reciprocal box vectors,

n n n
nxnynz = Nxly + nyLy, +n,L; = 2m =, ned , — (S14)
Ly L, L,

Each scattering vector actually defines one specific periodic symmetry by constructing a set of

parallel planes with the same normal vector of gnxny,nz and the equal interplanar spacing of dnx,nynz,

am (S15)

dnx,ny,nz =
| Anxnynz |

In principle, given a scattering vector, atoms located exactly in the corresponding set of parallel
planes will create constructive inference for X-rays, while atoms located in between these planes
will generate different degrees of destructive inference with the largest degree being the atoms at
the exact middle of two adjacent parallel planes. Despite different atomic form factors, the X-ray
diffraction at a given scattering vector will have complete constructive interference with a strong
intensity when all the atoms are placed in the corresponding set of planes, while the diffraction
will have complete destructive interference with no intensity when half of the atoms are placed in
the corresponding parallel planes and half located in the middle of any two adjacent parallel planes.
Therefore, to connect atomistic packing details with the diffraction pattern, different sets of parallel
planes related to diffraction peaks are drawn along with the AA configuration.

For the diffraction pattern shown in Fig. 3A, the set of parallel planes related to the peak
at gr~ 0.33 A1 align well with the center of each EOn cluster (Fig. S6A), indicating the embedded
periodic symmetry among these clusters, and the intermediate intensity is on account of the



destructive interference made by the rest 5T and alkyl segments. Moreover, parallel planes related
to diffraction peaks between gr =~ 1.32 Atand gr = 1.39 A show a good alignment with the
longitudinal direction of 5T segments (Fig. S6B-D), making a considerable contribution to the
constructive interference. Accordingly, by assigning proper Miller indices for these three
diffraction peaks, the packing of 5T segments alone can be roughly represented by a 2D centered
lattice with a parallelogrammatic unit cell.

A

Fig. S6. Periodic symmetry of 5T/dC6/EO3 configuration. For clarity, only 5T and EO3
segments are shown. Groups of equally spaced parallel lines in blue represent different sets of
parallel planes related to the scattering vector of (A) gr = 0.335 A, (B) gr = 1.329 A%, (C) qgr =
1.378 At and (D) gr = 1.383 AL, In (B)—(D), the unit cell of 5T packing is drawn with red lines.



S4 Li-ion transport in 5T/dC6/EOn with AA simulations

S4.1 Mobility of Li-ions and oxygen atoms

A simulation trajectory can track all motions of Li-ions and 5T/dC6/EOn molecules. To better
capture Li-ion migration, any drift motion of 5T/dC6/EOn molecules needs to be separated by
subtracting the total center of mass (COM) of the host 5T/dC6/EOn molecules from atomic
coordinates in each frame of a trajectory. Under the electric field, the charged Li-ion is expected
to yield a linear response behavior (Ohm’s law) (52), reaching the regime of MSD ~ t2. Our
simulation results at 300 K (Fig. S7) show that slopes of Li-ion MSDs on a log-log scale are less
than unity after 60 ns due to the slow dynamics and isolated EO domains in the ordered structures
(Fig. 2). Thus, long expensive simulations are required at low temperatures to observe important
transport events, e.g., Li-ion hopping between EO segments. To provide necessary mechanistic
insights of the Li-ion transport, our simulations were mainly performed at 400 K with disordered
structures for better sampling.

A B 1.0
Li* in 5T/dC6/EON Li* in 5T/dC6/EOn
— EO3 — EO3
1L
10 EO4 0.8¢ EO4
—— EO10 — EO10
<t 0.6
oy )
=Y
wn oL
s 10 0.4
0.2} /‘/
'___7————’/-/
101 . . . . . . . ‘
1073 1072 10T 10° 10! 102 1073 1072 1077 10° 10" 102
At/ ns At/ ns

Fig. S7. Li-ion transport in 5T/dC6/EOn at 300 K. (A) MSD curves, (B) their apparent power-
law exponents.

Dynamics of 5T/dC6/EOn was also studied at 400 K focusing on the mobility of oxygen
atoms due to their strong interaction with Li-ions. Oxygen atoms move faster than Li-ions at
intermediate times, which are expected to be surpassed by Li-ions at long times due to their smaller
power-law exponents (Fig. S8A-B). Further comparisons are made on the apparent oxygen
diffusivity evaluated at 60 ns for different chain positions with index-1 being the oxygen closest
to 5T core (Fig. S8C). The increased mobility is observed for the oxygen close to the free end of



the EOn sidechain. 5T/dC6/EO4 exhibits the slowest oxygen mobility consistent with the Li-ion
results. In 5T/dC6/EQ3, faster oxygen mobilities for all three positions are likely related to smaller
molecular shape with easier intermolecular motion. In 5T/dC6/EO10, faster oxygen mobilities
close to the chain end are likely related to larger domains of flexible EO10 chains with more free

volumes to explore.
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Fig. S8. Transport properties simulated at 400 K. (A) MSD and (B) apparent power-law
exponent for Li-ions and oxygen atoms. Curves for Li-ion and oxygen are marked by full/dashed
lines, respectively, and molecular systems given different colors. (C) Apparent oxygen diffusivity
computed at 60 ns as a function of the position along the EOn segment.

S4.2 Li-ion solvation shell

The Li-ion solvation motif is denoted by the number of oxygen atoms, EOn segments and
5T/dC6/EOn molecules participating in the solvation shell. Interestingly, most observed motifs
have the same number of segments and molecules, which is likely due to the steric constraint posed
by short EOn segments in our studied molecules. However, one exceptional case of 6-2-1 is
identified in 5T/dC6/EO10 with very low frequency, where a Li-ion is coordinated by six oxygen
atoms from two noncontiguous segments but within the same molecule (Fig. S9A). Motifs with
unequal number of segments and molecules are expected to exhibit greater prevalence as the length
of EOn segment increases. In addition, oxygen atoms in the Li-ion solvation shell were classified
based on their positions in the EOn segment with index-1 being the oxygen closest to 5T core (Fig.
S9B). In 5T/dC6/EQ3, oxygen atoms at different positions exhibit very similar probabilities to
participate in the solvation shell, as every oxygen of a given segment is indispensable to form 6-
2-2 motif. In 5T/dC6/EO4, three oxygen atoms with index 2—4 coordinate the Li-ion with roughly
the same probability, while index-1 oxygen shows a much lower probability likely due to its

stronger surrounding crowding from rigid 5T core. In 5T/dC6/EO10, a gradual trend of increasing



probability is observed along the EOn segment with decreasing crowding from 5T core, and the
maximum probability occurs at index-8 where the oxygen exhibits adequate flexibility and a high

statistical permutation to form the solvation shell (51, 81).
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Fig. S9. Li-ion solvation shell. (A) Representative snapshot of 6-2-1 motif. Li-ions are colored in
white, carbon atoms in gray, oxygen atoms in red, and sulfur atoms in yellow. For clarity, hydrogen
atoms are omitted, and the 5T/dC6 backbones are cropped and shown partially transparent. (B)
Solvation probability of oxygen atoms around Li-ions as a function of the position along the EOn
segment.

Individual Li-ion solvation shell can be examined to provide some complementary details
of direct hopping events. Given a Li-ion, changes in its solvation shell can be illustrated by tracking
the indices of constituent oxygen atoms at different times in a simulation trajectory. A bar plot is
used to mark the duration of specific oxygen atoms in the solvation shell, where some bars are
intermittent due to the back-and-forth movement of a Li-ion along EOn segments. For clarity,
oxygen atoms coordinating a Li-ion for a very brief period, less than half of a 0.4 ns interval, are
excluded from this analysis as simulation fluctuations. For a specific Li-ion in 5T/dC6/EO3 (Fig.
S10), interchain hopping usually changes half of oxygen atoms in the solvation shell, i.e., replacing
one coordinating EO3 segment by a free one, and sometimes a three-chain motif was observed as
the transition state for a short period. Similar interchain hopping events were observed in
5T/dC6/EO4 as well but with lower frequencies. For a certain Li-ion in 5T/dC6/EO10 (Fig. S11),
intrachain hopping is very common across different motifs, where the Li-ion drifts along the EO10
segment. Interchain hopping often undergoes a two-chain motif, where one chain gradually leaves
the solvation shell. Sometimes, a sudden jump from one chain to another was also observed in

simulations.
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Fig. S10. Evolution of an individual Li-ion solvation shell in 5T/dC6/EO3. Oxygen atoms in
the shell are drawn by bars to indicate their residence time, and a single color is used for oxygen
atoms from the same molecule. Oxygen atoms are differentiated by their molecular index (mID)
and the relative position (oPos) along the EOn segment with index-1 being the closest to 5T core.
Snapshots at representative times marked by vertical lines in the bar plot are shown to illustrate
the solvation shell before and after certain hopping events highlighted in gray shade to roughly
indicate their durations. Li-ions are colored in white, carbon atoms in gray, and sulfur atoms in
yellow. For illustration, oxygen atoms from different molecules are colored consistently with the
bar plot. For clarity, hydrogen atoms are omitted, and 5T/dC6 backbones are cropped and shown
partially transparent.
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S4.3 Solvation sites in ion-conducting EOn domains

Solvation site is defined as the centroid of a set of six or more oxygen atoms if each of which is
also within a threshold distance of rsie = 3.4 A around the centroid. In a simulated configuration,
each oxygen atom is labeled consecutively with a unique index to form a set of {Oi}. In principle,
the complete list of solvation sites in a configuration can be obtained by enumerating all the
combinations of six or more atoms from {Oi} while determining whether they satisfy the definition
of solvation site. In practice, for algorithm efficiency, some necessary conditions are used to
quickly eliminate invalid atom combinations. It is readily to see that the maximum distance
between two oxygen atoms to form a solvation site is twice the threshold distance, 2rsit, where the
solvation site is placed exactly at the middle of two atoms. Given an oxygen atom referred as
“center”, O, its neighbor list is built containing all the other oxygen atoms within 2rsit,

0;(neighbor) = {Ojii Jifryj < erite} (S16)
where rjj is the distance between atom O; and O;. Apparently, solvation sites can only be formed
by combinations of “center” atom with its neighbor atoms. For each oxygen atom, enumerate all
the six-or-more-atom combinations using itself and its neighbor list, and examine their validity for
the solvation site. To illustrate the validity check, take a general proposed six-atom combination
as an example, “Oi+0j1-Oj2-0j3-0js-Ojs”, where O; is the center oxygen atom and Oj; to Ojs are
five oxygen atoms in its neighbor list. A quick screening is initially performed to only select
combinations satisfying that each atom is also in the neighbor lists of the rest five atoms, e.g., Oj1
in Oj2(neighbor), Oj1 in Ojs(neighbor) and so on. Then, for these selected combinations, the
centroid of six atoms is calculated along with the atom-centroid distances to finally determine
whether they satisfy the definition of solvation site. When all valid solvation sites are found, an
additional check confirms that the oxygen-atom-combination of any solvation site is not a subset
of the atom-combination associated with another site, such that each site corresponds to a unique
list of atoms.

3

According to the radial autocorrelation function of solvation site for “unique” atoms
(RACF-STunique) in Equation 6, any site within a distance from the reference site is examined, and
the one giving the maximum value is selected. To better understand this parameter, Fig. S12 shows
RACF-ST of some individual reference sites, and these plots only change values at the distance

where new neighboring sites are included, leading to a stepwise shape.
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