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Table S1. TUPAC names, abbreviations, and formulas of solvents and salts used in this paper.

IUPAC name Abbreviation Formula Image
(e}
Ethylene carbonate EC C;H,0; o)]\o
A
(0]
N
Propylene carbonate PC C,H,O; 0" o
o
PR
Fluoroethylene carbonate FEC C,H,FO, °\_z’
F
o)
Vinylene carbonate VC C;H,0; o)ko
\—/
X
cis-Difluoroethylene . o o
Carbonate ClS'DFEC C3H2F203 H
F F
X
trans-Difluoroethylene trans-DFEC C,H,F,0, o o
carbonate \—(
F F
(0]
Difl thyl bonat DFEC C;H,F,0 Oko
ifluoroethylene carbonate ;H,F,0; L
F
o)
v-Butyrolactone GBL C,H,O, o: 7
o)
Dimethyl carbonate DMC C;HO, ~o )J\o -
o
Ethyl methyl carbonate EMC C,H;0, o o




Table S1. (continued)

bis(fluorosulfonyl)imide

IUPAC name Abbreviation Formula Image
‘ o
Diethyl carbonate DEC CsH,,0; ~ )J\o A~
Fluoromethyl methyl 7
carbonate MFDMC CH0:F \o)ko/\F
0
Bis(fluoromethyl) carbonate DFDMC C;H,0;F, N )J\o A~
Difluoromethyl fluoromethyl o F
carbonate TEDMC CH058, F/\O)J\O)\F
1,2-Dimethoxyethane DME C,H,,0, O
1,2-Diethoxyethane DEE C¢H,,0, \/o\/\o/\
O
Ethyl acetate EA C,H;0, )ko A~
o
Fl thyl acetat FEA C,H,O,F
uoroethyl acetate ,H,0, F\)J\o A
0
Ethyl 2-fluoroacetate EFA C,H,0,F )J\o ~F
0
Ethyl propionate EP CsH,,0, \)ko A~
. P
Lithium . . ®| FuI_F
hexafluorophosphate LiPFq LiPFs H F/E\F]
©
. . O
Lithium LiFSI LiC,NO,F,S, © F_Q_N_S_F]
1
o
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Fig. S1. Energy parity plots for single-molecule MD calculated with SevenNet.
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Fig. S2. Force parity plots for single-molecule MD calculated with SevenNet.
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Fig. S3. Classification of atom types in each solvent molecule.
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Fig. S4. Normal stress parity plots for pure solvents calculated with SevenNet.
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Fig. S5. Potential energy curves of EC dimers obtained from SevenNet compared to DFT
values according to the distance of (a) H-H, (b) O.-H, (¢) O-O., (d) O.-O,, (e) O.-H, (f)
0.-O,, (g) orthogonal orientation of dimer (C, and positional average of 4 hydrogen), and (h)

planar orientation of dimer (C, and C,).
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Fig. S6. Potential energy curves of DMC dimers obtained from SevenNet compared to DFT
values according to the distance of (a) H-H, (b) O.-H, (¢) O-O., (d) O.-O,, (e) O.-H, (f)
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Fig. S7. Solvation structures for Li(EC.);(PF,), Li(EMC,);(EMC,), and Li(EMC,),(PFy)

solvation types obtained by SevenNet, compared with DFT results.' (a) RDFs (solid lines) of

Li-O, and Li-O, and their CNs (dashed lines) for each solvation type. (b) Angular

distributions of O.—Li—O, and Li—O.—C, angles for each solvation type. Example structures of

each solvation type are illustrated in the inset.
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Fig. S8. Radial distribution functions of Li, Na, and K cations between oxygens when
solvated in EC molecules. Blue, orange, and green lines represent radial distribution functions
from Li, Na, and K, respectively. The solid and dashed lines represent the results obtained

from DFT calculations® and SevenNet, respectively.
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Fig. S9. Variations in solvation environment among different types of solvents. (a)
Representative SSIP, CIP, and AGG structures extracted from an MD trajectory of PC/1 M
LiPF, (SSIP) and DMC/1 M LiPF, (CIP and AGG). (b) The average percentage of each Li
solvation state of 1 M LiPF salt concentration in four carbonates. The values are averaged
across five independent production runs. The experimental dielectric constant at 298.15 K for

each solvent is listed below its name.’

Procedure and analysis

Since the experimental density of EC/1 M LiPF4 is unavailable, all simulations are
performed starting with NPT equilibration to ensure a fair comparison, following the
density-obtaining scheme in the main manuscript to determine the average density. Initial
structures for NPT equilibration were created similarly with pure solvent NPT simulation (see
section 2.2 in the main manuscript and Table S7 for the detailed information of the structure).
Starting with 1.0-ns equilibration with a 2-fs timestep and a hydrogen atomic mass of 3 a.u.,
0.4 ns of additional NPT simulation with a 1-fs timestep using the original hydrogen mass of
1 a.u. was conducted to obtain the initial configuration for the production run. Snapshots were

saved every 100 fs, and a snapshot with a density closest to the average value over the last 0.2
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ns of the NPT MD snapshots is selected as the initial structure of the NVT MD simulation
(Equilibrated densities of PC, DMC, and DEC compositions are shown in Table SS8.
Equilibrated density of EC/1 M LiPF, is 1.461£0.001 g/cm®). Note that the densities are
overestimated using SevenNet, which is present consistently at a high salt concentration
regime in the EC/LiFSI system (Fig. S10). Subsequently, a 1-ns production run in the NVT
ensemble is conducted for solvation analysis. The results are averaged from five independent
simulations with different initial structures. The temperatures are set at 293 K, except for
DMC (298 K) to match the experimental conditions. Snapshots are saved every 100 fs during
a 1-ns production run, and the solvation states of Li ions are analyzed below and averaged

over all Li ions and snapshots.

Li ions are classified into three solvation states: SSIP, CIP, and AGG (Fig. S9a). A Li ion is
classified as SSIP if it has no counter anion in its first solvation shell. If it has only one
counter anion in its first solvation shell with no other Li ions near the counter anion, it is

designated as CIP. If the Li ion is part of a cluster with more than three ions, it is classified as

AGG.

The distribution of Li solvation states in each solvent, along with their respective dielectric
constants, is presented in Fig. S9b. SSIPs dominate the solvation state in cyclic carbonates,
underscoring the strong dielectric shielding provided by these solvents. Conversely, in linear
carbonates, fewer Li ions are fully solvated by the solvent and a larger portion of CIPs and
AGGs is observed during simulation. The average CN of the PF, counterion around Li" is
0.04, 0.21, 0.72, and 1.01 in EC, PC, DMC, and DEC, respectively, reflecting distinct
solvation behaviors between solvent types. The dominance of LiPF, ion pairs in solvents with
low dielectric constants and their dissociation in high dielectric constant solvents have been

demonstrated by infrared spectroscopy analysis,* further supporting the trends observed in our
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study. These results demonstrate that the pretrained potential effectively captures the dynamic

variations in dielectric shielding between cyclic and linear solvents.
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Fig. S10. Density obtained by SevenNet compared to experimental values™ with increasing

LiFSI molar ratio in EC solvent system at 313 K.

Analysis of Fig. S10

The density of the EC/LiFSI electrolyte system shows that the calculated values using
SevenNet qualitatively follow the experimental trend, systematically overestimating the
experimental densities by 3—4% across the entire concentration range. Details in the initial
structures are summarized in Table S10. It is worth noting that x;;z5; = 0.4 corresponds to a
concentration of 4.5 M, which is considered high for liquid electrolytes. The calculated
(experimental®®) values are 1.367 (1.32), 1.472 (1.435), 1.572 (1.514), 1.649 (1.593), and

1.731 (1.669) g/cm® for x; 55 = 0, 0.1, 0.2, 0.3, and 0.4, respectively.
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Fig. S11. Schematic diagrams of placing Li ions within a cell with a top view along the
x-axis. The shaded area indicates the possible location to place Li ions and the purple balls
represent Li ions. (a) Method to place equal or less than 8 Li ions. The cubic box has
dimensions of (1/8)a % (1/8)a x (1/8)a, where a is the length of the cell. (b) Method for
placing up to 64 Li ions. The cubic box has dimensions of (1/9)a x (1/9)a x (1/9)a, where a is

the length of the cell.
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LiPF,) electrolyte at 298 K compared with experimental values® and results obtained from

other force fields (classical force fields with screened Coulomb interaction” and APPLE&P?).
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Fig. S13. MSD- plots (solid lines) and the linear regression results (dashed lines). The R?
values from linear regression for each production run are shown in the legend. Gray boxes
between 0.1 and 0.6 ns represent the linear regression region. Five independent runs are
conducted for each system. (a) Results for Li ions and (b) PF¢ anions in the PC/1 M LiPF;
electrolyte. (c) Results for Li ions and (d) PF¢ anions in the DMC/1 M LiPF; electrolyte. (¢)
Results for Li ions and (d) PF anions in the DEC/1 M LiPF; electrolyte. All MD simulations

are conducted at experimental densities by applying the NVT ensemble.
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Fig. S14. Similar or identical molecules with our solvent set in the training data. (a) All four
structures in the training set that include DME molecules. (b) Representative similar
molecules identified in the training set, featuring ether or ester groups, or containing

five-membered ring structures.

Procedure to find the molecular units

Since our solvents share common elements (O, C, and H), we filter out structures that lack at
least one of these elements, narrowing the dataset of relaxation trajectories from 145 923
compounds to 22 909 snapshots. For further analysis, we use snapshots from the final ionic
step of the relaxation trajectory for each compound, totaling 1892 snapshots. In these
structures, all metal elements are removed, leaving only metalloids and nonmetals. Bonds are
assigned between atoms if the interatomic distance is less than the sum of the covalent radii
of each atom plus 0.2 A.° This process segments a structure into clusters, each represented by

its chemical formula. This enables us to identify molecules by their chemical formula from
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all separated clusters and reveals that none of the solvents of interest are present in the

training set, except for DME (Fig. S14a).

Although the exact molecules are absent from the training set, structurally similar molecules
may be present. To investigate this, we perform a manual inspection of clusters with an
atomic count similar to that of our solvent set. The range of the number of atoms is set with a
margin of two. For instance, when investigating three-carbon molecules, clusters containing
6—14 atoms are inspected, as three-carbon solvents in our solvent set range from 8 atoms
(VC) to 12 atoms (DMC). For four-, five-, and six-carbon molecules, clusters containing
10-18, 15-20, and 20-24 atoms are investigated, respectively. Structures containing ether

and ester groups, as well as five-ring moieties similar to the ring substructure in EC are found

(Fig. S14b).
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Fig. S15. The number of structures from the training set containing specific chemical

moieties, alongside representative views of the corresponding crystal structures.

Procedure to identify chemical moieties

The O, (C,) moiety has been filtered using the criteria of having at least one O=C bond with a
bond length of 1.19-1.24 A and a central carbon atom with three neighbors. The C=C moiety
has been filtered for structures with a carbon-carbon bond length of 1.31-1.36 A. The
remaining moieties have been filtered based on the number and type of neighboring elements,

using the same bond criteria mentioned previously in Fig. S14, with covalent radii plus 0.2 A.
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Fig. S16. Structures from the training set containing (a) Li, Na, and K-O, bonds and (b) Li

and K-O, bonds.

Procedure to find the molecular units

After the procedure outlined in Fig. S15, structures with Li, Na, or K-O, bonds are filtered for
Fig. S16a. Similarly, structures with Li, Na, or K—O, bonds are filtered for Fig. S16b, though

no Na—O, bonds are identified.
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Fig. S17. (a) The plot of latent vectors with principal component analysis (PCA). Circles

represent PCA data points from the training set, while triangles represent PCA data points

corresponding to the chemical moiety of Cgp,yy from TFDMC. The gray, orange, red, blue, and

green colors represent the total training set, Cgops, Copm, Copm, and Coyz moieties,

respectively. (b) UMAP analysis on the training set and test set. The test set consists of five

solvation shell structures: Li(EC,);PFs (blue), Li(EC,), (orange), Li(EMC,),PF, (green),

Li(EMC,);(EMC,) (red), and Li(EMC,);PF, (purple). The gray circles represent the training

set for SevenNet. The colored circles represent the structures in the training set that have the

highest similarity to each test set structure. The Li environments are clustered in the black

circle, and the O, C, and H environments are located outside.
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Fig. S18. Training and validation results of fine-tuning procedure of SevenNet. The dashed
lines indicate the MAEs of the fine-tuned potential with training epochs on the SevenNet
training set filtered for the elements O, C, and H (19 072 structures). The solid lines
demonstrate the learning curves of the validation set. Blue, orange, and green represent the

energy, force, and stress MAEs, respectively.
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Fig. S19. Normal stress parity plots for pure solvents calculated with SevenNet-FT.




Table S2. Details of initial cubic structures for density calculation of pure solvents.

Solvents Box length (A) Number of molecules Number of atoms
EC 25.74 EC (100) 1000
PC 25.73 (S)-PC (40) (R)-PC (40) 1040

FEC 26.25 (8)-FEC (50) (R)-FEC (50) 1000
VC 26.90 VC (125) 1000
cis-DFEC 26.74 cis-DFEC (100) 1000
trans-DFEC 26.74 trans-DFEC (100) 1000
DFEC 26.74 DFEC (100) 1000
GBL 24.92 GBL (80) 960
DEC 24.43 DEC (54) 972
DMC 24.57 DMC (80) 960
EMC 24.68 EMC (66) 975

MFDMC 25.02 MFDMC (80) 960

DFDMC 25.45 DFDMC (80) 960

TFDMC 25.87 TFDMC (80) 960

DME 24.00 DME (62) 992
DEE 24.01 DEE (45) 990
EA 24.42 EA (70) 980
FEA 24.82 FEA (70) 980
EFA 24.82 EFA (70) 980
EP 24.53 EP (59) 1003

27




Table S3. Conformer ratios and schematic conformer images of linear carbonates.

Solvents Ratio of Image of cis-cis | Image of cis-trans | Image of trans-cis
cis-cis:
cis-trans:
trans-cis
DEC 0.76:0.24 0 o -
/\O)J\O/\ /\O)J\O
DMC 0.76:0.24 0 o -
ny e
|
EMC 0.65:0.22:0.12 0 o o)
/\o)ko/ /\O)]\o O)]\O/
| )
MFDMC | 0.89:0.11:0.00 j\ o) o
o7 o F \o)J\o ?)J\o/\p
kF
DFDMC 0.66:0.34 o o) -
F/\O)J\O/\F F/\O)J\O
I\F
TFDMC | 0.47:0.13:0.40 o F o o F
~ A ~ A PPN
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Table S4. Conformer ratios and schematic conformer images of esters.

Ratio of Image of syn Image of anti
syn:anti
EA 0.99:0.01 0 0
PN A,
<
FEA 1.00:0.00 o) 0
)ko/\/F )ko
L
EFA 0.89:0.11 o) o
F\)ko/\ F\)J\o
<
EP 0.99:0.01 0 o
\)J\O/\ )J\O
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Table S5. Calculated and experimental density values of pure solvents with their errors with
respect to experimental densities. ‘Cyclic’ and ‘Linear’ represent cyclic carbonates and linear
carbonates, respectively. GBL is an ester molecule with a cyclic structure. Ethers and other

esters have linear structure.

Solvents Type Temperature Calculated Experimental Error
(K) density density (%)
(g/cm?) (g/cm?)

EC Cyclic 313 1.3661 1.32° 3.6
PC Cyclic 298 1.2627 1.2 5.5
FEC Cyclic 313 1.5027 1.48" 1.6
VvC Cyclic 298 1.4266 1.35" 4.2
cis-DFEC Cyclic 298 1.6425 1.5924" 3.5
trans-DFEC Cyclic 298 1.6087 1.5093" 6.0
DFEC Cyclic 298 1.5153 1.5661' -3.3
DEC Linear 298 1.1077 0.97° 13.8
DMC Linear 298 1.2170 1.06° 14.5
EMC Linear 298 1.1463 1.01° 13.8
MFDMC Linear 298 1.4279 1.2397" 14.0
DFDMC Linear 298 1.5988 1.4050" 13.5
TFDMC Linear 298 1.6173 1.4645" 10.4
DME Ether 293 0.9803 0.8665" 13.2
DEE Ether 293 0.9153 0.8425" 8.2
GBL Ester 298 1.1950 1.1239% 5.6
EA Ester 298 1.0281 0.9' 14.3
FEA Ester 298 1.2058 1.09321 10.7
EFA Ester 298 1.2031 1.0858" 104
EP Ester 298 1.0194 0.8843"7 15.2
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Table S6. Details of initial cubic structures for NVT simulation of EC/DMC binary solvent

system with 1 mol/kg LiPF electrolyte systems.

Solvents Composition Box Number of molecules Number
length of atoms
(A)
EC/DMC xgc= 0.000/ 22.50 EC (0), cc-DMC (70), 992
1 mol/kg LiPFg ct-DMC (8), LiPF, (7)
EC/DMC xgce=0.129/ 22.29 EC (10), cc-DMC (61), 972
1 mol/kg LiPFg ct-DMC (7), LiPF, (7)
EC/DMC xge= 0.248/ 22.09 EC (19), cc-DMC (53), 954
1 mol/kg LiPFg ct-DMC (6), LiPF, (7)
EC/DMC Xge= 0.355/ 21.90 EC (28), cc-DMC (46), 936
1 mol/kg LiPFg ct-DMC (4), LiPF, (7)
EC/DMC Xge= 0.476/ 21.85 EC (37), cc-DMC (39), 930
1 mol/kg LiPFy ct-DMC (3), LiPF, (7)
EC/DMC Xgc= 0.569/ 21.67 EC (45), cc-DMC (31), 914
1 mol/kg LiPFg ct-DMC (3), LiPF, (7)
EC/DMC Xgc=0.672/ 21.55 EC (53), cc-DMC (24), 898
1 mol/kg LiPFg ct-DMC (2), LiPF, (7)
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Table S7.

Details of initial cubic structures for four carbonate systems with 1 M LiPF;

compositions.
Solvents Simulation method Box Number of molecules | Number
length of atoms
(A)
PC NVT with lattice from 22.65 (R)-PC (39), (S)-PC (39), 1070
experimental volume LiPF¢ (7)
DMC NVT with lattice from 22.66 DMC (80), LiPF, (7) 1016
experimental volume
DEC NVT with lattice from 22.68 DEC (56), LiPF, (7) 1064
experimental volume
EC NPT with lattice from 26.33 EC (100), LiPF¢ (7) 1056
van der Waals volume
PC NPT with lattice from 24.92 (R)-PC (39), (S)-PC (39), 1070
van der Waals volume LiPF¢ (7)
DMC NPT with lattice from 24.93 DMC (80), LiPF, (7) 1016
van der Waals volume
DEC NPT with lattice from 24.95 DEC (56), LiPF, (7) 1064
van der Waals volume
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Table S8. Mean and standard deviation for density and diffusivity values of three carbonate

systems with 1 M LiPF, compositions.

PC DMC DEC
D, Dy, D, Dy, D, Dy
(107 cm?/s) (107° cm?/s) (107 cm?/s)
Tnet-0 0.17£0.05 | 0.28+0.11 | 1.01+0.27 | 1.41£0.41 | 0.51+0.10 | 0.85+0.29

(NPT)
1.353+0.003 g/cm’ 1.308+0.004 g/cm’ 1.201+0.002 g/cm’

Tnet-0 0.38+0.16 | 0.99+0.59 | 3.60+1.39 | 4.46+2.01 | 1.67+0.65 | 2.12+0.69
(NVT)

1.29" g/cm’ 1.18" g/cm’ 1.09%° g/cm?

QRNN? 0.19 0.54 - - 2.57 2.81

No information on the density

OPLS4* 0.14 0.16 - - 0.25 0.31

No information on the density

TraPPE* 0.24 0.59 1.11 1.11 - -

No information on the density

APPLE&P®* - - 4.55 4.71 - -
- 1.138 g/cm’ -
Experiment 0.69% 1.31% 3.745% 4.135% 2273 2.43%
1.29" g/cm’ 1.18" g/cm’ 1.09%° g/cm?
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https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=8741807920286947&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:cc4bd465-afd8-4f0a-8a41-38d5c5f9caea,8340fbb0-a7e6-44c9-a062-5088435ce949:61ded16a-e2ea-49eb-8b2d-1be59d800a34
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=36003973724195737&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:50081ec7-def4-48cf-904d-cce98faadb9f
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=24449896254838666&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:50081ec7-def4-48cf-904d-cce98faadb9f
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=34026896954855124&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:f8dcaa5c-3023-4689-a252-c3c8c3cadb65
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=522180049058944&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:f8dcaa5c-3023-4689-a252-c3c8c3cadb65
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=1915827209604044&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:50081ec7-def4-48cf-904d-cce98faadb9f
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=5491757065167392&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:50081ec7-def4-48cf-904d-cce98faadb9f
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=4374192900373751&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:ecac13f4-dd22-4155-bdee-8e3735a59380
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=018607226836287794&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:da9aff4c-88a9-49a2-a78e-82eb23246bd2
https://app.readcube.com/library/8340fbb0-a7e6-44c9-a062-5088435ce949/all?uuid=1344844764474361&item_ids=8340fbb0-a7e6-44c9-a062-5088435ce949:9f8285aa-bdc9-4d77-a151-a4eaf660706e

Table S9. Mean and standard deviation for diffusivity values of EC/DMC (1 mol/kg LiPFy)

electrolyte at 298 K. All experimental values are from ref °.

Dy, Dy D, Dpr
(107% cm?/s)

xgc=0.000 Tnet-0 - 9.09+0.57 2.93+0.53 3.96+0.26
Experiment - 9.42 3.76 4.43

xge= 0.248 Tnet-0 4.70+0.64 5.92+0.70 1.87+1.10 3.05+0.72
Experiment 5.00 6.56 2.58 3.49

xgc=0.476 Tnet-0 3.79+0.50 4.46+0.40 1.41£0.11 1.94+0.39
Experiment 3.83 4.64 1.85 2.76

Xgc=0.672 Tnet-0 2.51+0.48 3.53+0.53 0.92+0.33 1.67+0.22
Experiment 2.97 3.44 1.41 2.29
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Table S10. Details of initial cubic structures for different LiFSI concentrations in EC solvent.

Solvents Composition Box Number of molecules Number
length of atoms
(A)
EC Xpipsi= 0.0 23.40 EC (100) 1000
EC Xipsi = 0.1 23.68 EC (90), LiFSI (10) 1000
EC Xpipsi= 0.2 23.96 EC (80), LiFSI (20) 1000
EC Xppsi= 0.3 24.22 EC (70), LiFSI (30) 1000
EC Xiipsi = 0.4 24.49 EC (60), LiFSI (40) 1000
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