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1 Solid force field parameterization

In the parametrization of the solid force field, we applied a modified distribution function

matching (DFM) approach, originally reported by Kobayashi and coworkers.1 The objective

function of DFM optimization process is written as:

F = FR + FA + FV (1)

FR, FA and FV are terms related to radial distributions, angular distributions, and vol-

ume, respectively. The first two terms are written as:

FR =
1

Np

Np∑
p

(

∑NR

i=1(gp,FF (ri)− gp,ref (ri))
2∑NR

i=1(gp,ref (ri))
2

) (2)

FA =
1

Nt

Nt∑
p

(

∑NA

i=1(ht,FF (θi)− ht,ref (θi))
2∑NA

i=1(ht,ref (θi))2
) (3)

Here gp(r) and ht(r) are pth and tth radial or angular distribution functions used in the

optimization. The FF and ref subscripts indicate that the distribution function is from

either the force field or DFT calculations.

During each optimization step, a molecular dynamics simulation with a set of trial pa-

rameters is carried out to evaluate the objective function. While Kobayashi and coworkers1

directly use volume from NPT simulation for the FV term, we found that volume could be

difficult to converge in MD simulations during a short period of time. Therefore, we carried

out the trial MD simulations in the NVT ensemble, and we monitored the stress instead.

The FV term is thus re-defined as:

FV =
1

Nfp2ref

∑
f

[p(Sf,FF )]
2 (4)

where Sf,FF is the stress tensor from the f th frame analyzed from the classical force field

MD simulation and p(S) is the determinant. The determinant is applied in this work, to
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be consistent with the barostat settings in the CP2K package. pref is an empirical fitting

parameter with units of pressure; we use 1 GPa in our calculations.

The DFM is initially performed with the differential evolution method2–4 included in the

SciPy package5 to avoid being trapped in local minima. It turned out that this method was

somewhat computationally demanding, so we later switched to a Simplex search method of

Nelder-Mead6 after 30-50 iterations. The on-the-fly MD simulations using our force field are

also carried out with CP2K, to ensure consistency on all the set-up other than energy and

force calculations to DFT reference. The smooth particle mesh Ewald method7–9 is applied

to account for the electrostatics. The short-range cutoff of non-bonded interaction is set to

12 Å. In each objective function evaluation, the system is restarted from a structure obtained

from DFT-MD simulations, equilibrated for 1 ps, and run for another 1 ps for production.

The distribution analysis during each evaluation of the objective function is performed with

20 frames (see Fig. S1 for the convergence test). The equilibration and production runs are

performed in NVT ensemble. The stress tensor used during this parametrization procedure

is recorded every femtosecond.

To preserve the PS4 tetrahedral structure, we assign the bond terms to the coordinating

P-S1 types, and the S1-P-S1 types are assigned the angular terms. Both the bond and

angular terms are harmonic, with the forms shown in Eqs. 8, 9 and 10. For the non-bonded

interactions, we developed parameters in the form of the Born-Mayer-Huggins-Fumi-Tosi

(BMHFT) potential10,11 to describe the van der Waals interactions between Li-X pairs (X

= S1, S2, Cl). The other pairs in the ceramic phase are parameterized using the values from

the universal force field12 (UFF), where generic combination rules are applied.

The Born-Mayer-Huggins-Fumi-Tosi (BMHFT) potential10,11 applied for Li-X pairs in

this work has the form:

EBMHFT (rij) = Aijexp(−Bijrij)−
Cij

r6ij
− Dij

r8ij
(5)

For the DFM approach applied in this work, the distribution functions are calculated
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iteratively. Fast convergence of these functions is required to make the optimization process

possible. Thus, before the optimization is carried out, we performed convergence tests on

the distribution functions, and the results suggest that 1 ps-long trajectory with a saving

frequency of every 50 fs is sufficient for achieving fast convergence (Figure S1).

In the DFM, we include all the possible pairs in the ceramic system for calculations of

radial distribution functions, and the angular distribution function of S1-P-S1 angle type.

While only Li-related ones are shown in Fig. 2 in the main text, the full set of figures

are shown in Fig. S2. The overall fitting results are excellent. While for some pairs, the

distributions differ slightly, the resulting force field in general accurately captures the maxima

and minima positions of the reference data.

(a) (b)

Figure S1: Comparison of Li-Li radial distribution functions from (a) difference length of
trajectories with 1 fs/frame sample frequency and (b) different sample frequency of frames
with the same 1 ps trajectory. The trajectories are obtained from first-principles MD. This
analysis suggests fast convergence of distribution functions with only a few tens of frames
required in the analysis. In practice, we used 1 ps trajectory and a frequency of every 50 fs,
corresponding to 20 frames in one evaluation of objective function.

As mentioned in the main text, disorder in Cl− and S2− sites would enhance overall

conductivity. We calculated the Li-ion diffusivity of both ordered and disordered lattice

structure as an additional benchmark for our developed solid force field. In Fig. S3, we plot

the mean-squared displacements (MSD) of the ordered and 50% disordered lattice structures
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure S2: Final result of radial (a, c-l) and angular (b) distribution functions from distri-
bution function matching. Each radial distribution function is defined between two atoms
types, labeled accordingly on the y-axis of the plots. The angular distribution function (b)
is calculated for ∠S1-P-S1. The reference refer to the reference distributions obtained from
first-principles MD. The distributions involving Li and other atom types are shown in Fig.
2 in main text.
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Table S1: Charges of atom types in force field from DDEC analysis.

Type Bulk model Surface model
Li 0.788 0.781
P 0.832 0.792
S1 -0.776 -0.780
S11 - -0.610
S12 - -1.002
S2 -1.588 -1.588
Cl -0.868 -0.818

Table S2: Bonded terms parametrized for PS4 tetrahedrals in solid.

Type Kr (kcal· mol−1· Å−2)/Kθ (kcal· mol−1 ·rad−2) r0 (Å) or θ0 (degrees)
P-S1 272.15 2.06

S1-P-S1 73.17 109.47

at the Cl− and S2− sites.

2 Construction of stable solid surface structure

We construct the solid surface structure based on DFT calculations. The structural models

for the bulk are created by removing partial occupancy based on the Ewald energy. Four

distinct space group (F-43m, Imm2, R3m and Cm) are obtained from 1000 structures with

the lowest Ewald energy. For these space groups, we create corresponding symmetric slabs,

and calculate their surface energies. For a symmetric slab, the surface energy γ is calculated

as follows:

γ =
1

2A
(Eslab −NEbulk −

∑
i

µiNi) (6)

where A is the surface of the slab, Eslab is the energy of the slab, N the total number

of atoms in the slab, Ebulk the energy per atom of the bulk, and Ni the number of species i

with the chemical potential µi. The factor 1/2 accounts for the two surfaces of the slab. The

F-43m (110) surface with Li-S-Cl termination is found to be most stable; therefore, we use

this surface for the subsequent force field parametrization process and molecular dynamics
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Figure S3: Mean-squared Displacements (MSD) of ceramic Li-ion in bulk Li6PS5Cl with
100% ordered lattice structure (red) and 50% disorder in in Cl− and S2− sites (black) at
300K. The dashed blue line represents the reference slope of one

simulations.

All DFT calculations are carried out using Quantum Espresso. The kinetic energy cutoff

is 40 Ry. A 5x4x1 k-point grid is used to sample the Brillouin zone. For the surface slab

model, slabs are at least 15 Angstroms thick. The top and bottom surfaces are separated

by a vacumm region that is at least 14 Å thick. During geometry optimization, the layers

within 5 Å from the top and bottom surfaces are relaxed, while the ionic positions in the

middle layers are fixed to their positions in the bulk structure. The volume of the simulation

cells are fixed, and there is no relaxation of the lattice parameters.

3 Interface interaction parameterization

To obtain LJ parameters for the interactions between ceramic atom types (P, S1, S2 and

Cl) to the polymer atom types, we fit the force field interaction potentials to the DFT

reference data. For the interaction energy calculation, we use the Li6PS5Cl surface structure

containing 144 atoms with a simulation box dimensions of 14.35 × 10.15 × 37.0 Å3 (2 × 1 in
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x-y dimension of the supercell obtained from DFT), which leaves a gap along the direction of

a surface normal. To obtain structures for the monomers, we carry out MD simulations with

consistent box dimensions using CP2K. The simulation boxes are assembled with the ceramic

material and a box of single type of monomers with a similar density to the corresponding

polymer density from experiments. The monomer structures areextracted from the MD

trajectories subsequently. The technical setup of the MD simulations are consistent with that

of distribution function matching process discussed above. In MD simulations,positions of

the ceramic-type atoms are kept fixed, and the DDEC charges discussed earlier are combined

with UFF as the trial force field parameters. After the MD trajectories are generated, the

positions of the monomers are extracted, and those close to the surface are used for the

subsequent energy calculations. For simplicity, the monomers used here are the repeating

units of the polymers terminated by hydrogen atoms. By performing interaction energy

calculations with monomers with different functional groups, we generate a data set of 586

structures and their corresponding energies.

To obtain accurate interaction energies for fitting at the solid surface, we perform DFT

energy evaluations using the Quantum Espresso software package.13,14 PBESol functional15

is applied together with the standard solid-state pseudopotentials (SSSP) for computational

efficiency.16 Grimme’s D3 empirical dispersion correction17,18 is included, which is expected

to be important at the ceramic-polymer interface. The kinetic energy cutoff for charge

density and potential is 480 Ry, and 60 Ry for the wavefunction. K-point sampling is

performed with a 3 × 4 × 1 automatically generated grid. To fit the interaction energies,

we carry out on-the-fly calculations of energies using CP2K19 with the same simulation box

dimensions and structures as the DFT calculations using Quantum Espresso. The detailed

set-up of energy evaluations is consistent with the classical MD simulations in the distribution

function matching process. The differential evolution method2–4 is used to minimize the

mean-squared deviation between the trial and reference data. Here, the radii of the atoms are

restricted within ± 10% of the UFF radii12 to ensure that physically reasonable parameters
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are obtained.

For the interaction energy fitting we perform for the interface force field parameters, the

fittings show good agreement between the force field and DFT reference. However, we do

recognize that for the hfp monomer the interactions deviate the most among all monomers.

This difference is presumably a result of all the fluorine atoms are assumed to carry the

same charge and LJ parameters in the current model. Also, since the MD simulations

where the monomer structures are sampled are performed with a trial force field, this fitting

procedure can be repeated iteratively to refine the parameters. However, the computational

cost of the required DFT calculations for this iterative fitting remains high. For better

understanding of the necessity of the iterative procedure, we performed another set of MD

and DFT simulations with a subset of monomers. Without performing another round of

fitting, we compared the interactions calculated by the force field and DFT, and the results

show good agreement (Fig. S4). So, further parametrizations at the interface is not pursued.

Table S3: LJ parameters for solid atom types compatible with OPLS-AA force field to
account for the interactions at the surface from interaction energy fittings. Parameters for
Li is taken from OPLS-AA, which is listed for completeness. The parameters follow the
generic combination rule to combine with polymer atom types, consistent with OPLS-AA
force field.

Type ϵ (kcal/mol) σ (Å)
Li 0.018 2.126
P 0.630 3.583
S1 0.645 3.261
S2 0.450 3.757
Cl 0.463 3.435

Table S4: Chemical formulas of the monomers used in the interaction energy fitting.

Label Formula
acr CH3CH2CN
hfp CHF2CHFCF3

vdf CH3CHF2

peo CH3OCH3

buth CH3CH2CH2CH3
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Figure S4: Comparison between force field calculated interaction energies to DFT reference
for a subset of monomers. The parameters shown in Table S3 are used for MD simulations
for monomer structural sampling and interaction energy calculations.

4 Force field for polymers

For all the polymers studied in this work, we applied OPLS-AA force field. The OPLS-AA

force field has the potential form shown in Eq. 1, where the bonded terms can be further

expanded to:

Ebonded = Ebond + Eangle + Edihedral (7)

Here the terms correspond to bond, angle and dihedral interactions. The forms of the

bonded terms are:

Ebond =
∑
bonds

Kr(r − r0)
2 (8)

Eangle =
∑
angles

Kθ(θ − θ0)
2 (9)
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Edihedral =
∑

dihedrals

(
V1

2
[1+cos(ϕ−ϕ1)]+

V2

2
[1+cos(ϕ−ϕ2)]+

V3

2
[1+cos(ϕ−ϕ3)]+

V4

2
[1+cos(ϕ−ϕ4)])

(10)

We validated the accuracy of our force field for polymers by comparing the calculated bulk

densities with experimental densities. During our validation of the PVDF-HFP force field,

we found the original OPLS-AA charge of fluorine atoms needs to be modified to capture

the experimental density of the polymer. To obtain this number, we carried out cluster

DFT calculations with Gaussian 1620 package. The B3LYP functional21–24 is applied with 6-

311+g(d,p) basis set, and Grimme’s D3 empirical dispersion17,18 correction is added. Several

compositions of co-oligomer up to 3 monomer units are tested out. Each structure is first

optimized, then ESP charges are calculated with HLY algorithm.25 From the calculations, the

charges on fluorine atoms generally range from -0.15 to -0.3. Since the fluorine atoms carry

consistent definition in the force field, a charge of -0.2 is assigned and tested. The resulting

density agree well with experimental value. Refer to Table S5 for detailed benchmarking

information on the PVDF-HFP, HNBR, and PEO force fields.

Table S5: Comparison of Simulation Density Data and Experimental Density Data for Force-
field Validation

Polymer Type Simulation Density (g/cm3) Experimental Density (g/cm3) %Error
PEO 1.09 1.1326 3.5%
HNBR 0.92 0.9527 3.1%

PVDF-HFP 1.72 1.7827 3.4%

5 MD simulation protocol

For the PEO/Li6PS5Cl composite system, 50 PEO chains with a degree of polymerization

N=40 were packed into a simulation box. For HNBR/Li6PS5Cl system, HNBR is prepared

as random copolymer chains with 36 mol% Acrylonitrile content with no crosslinking. 20

HNBR chains with a degree of polymerization N=40 were packed into a simulation box. For
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PVDF-HFP/Li6PS5Cl system, PVDF-HFP is prepared as random copolymer chains with

80 mol% VDF and 20 mol% HFP. 20 PVDF-HFP chains with a degree of polymerization

N=40 were packed into a simulation box. All Polymer chains were equilibrated in NPT

ensemble at 600 K, 1 atm for 50 ns before composited with Li6PS5Cl solid. Two interfaces are

created perpendicular to the z-axis, with symmetric surfaces on both sides. The composite

system was then equilibrated in NPT ensemble at 600K, 1 atm for 30 ns. Nose-Hoover

thermostat and barostat with a damping parameter of 100 fs were used in the equilibration

runs.28 Production runs were carried out in the NVT ensemble at 600K using the Nose-

Hoover thermostat for 30 ns.28 A harmonic position constraint is applied to all P, S, and Cl

atoms throughout the simulation. The spring constant used was 100 kcal·mol−1·Å−1. The

simulation box contains 8×4×1 Li6PS5Cl supercells, with 1024 Li atoms, 192 P atoms, 896

S atoms, and 192 Cl atoms.

6 Number Density Profile of the Composite System

Figure. S5 shows the number density profile of Li-ion from the ceramic, oxygen atoms from

PEO and carbon atoms from PEO at 600K at equilibrium. We can see that Li-ions were

confined within the ceramic domain and did not diffuse spontaneously into the polymer

domain. The polymer chains packed more densely at the interface compared to the bulk.

7 Free energy profile calculation and discussion

Free energy profiles of Li-ions were calculated using an enhanced sampling strategy based

on the Adaptive Biasing Force (ABF) method29 as implemented in the SSAGES software

package30 coupled with LAMMPS. Enhanced sampling simulations were carried out starting

with equilibrated configurations in an NVT ensemble at 600K. ABF sampling was performed

for 120 ns for all composite systems. The collective variable was chosen to be the z coordinate

of the Li-ion. In the PEO/Li6PS5Cl system, we employed two different methods to select
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Figure S5: Number density profiles of Li-ion (black dashed line) from the ceramic, oxygen
atoms (red solid line) from PEO, and carbon atoms (orange dashed line) from PEO at 600K.

the Li-ion for the ABF simulations, enabling us to compare the outcomes of these two

methods. In the first method, we randomly selected a Li-ion from the ceramic surface,

specifically referring to the ceramic Li-ion exposed to polymers within its first coordination

shell. We then applied ABF to pull the Li-ion into the polymer domain. We conducted

the same analysis for all surface Li-ions and averaged the profiles of all interface Li-ion sites

to obtain a collective free energy profile for surface Li-ions through the polymer domain in

the perpendicular direction. In the second method, we randomly inserted a Li-ion into the

polymer domain and applied ABF to constrain the Li-ion between one side of the ceramic

surface, through the polymer domain, and the other side of the ceramic surface. We have

proven that the two methods yield equivalent results. Therefore, in the HNBR/Li6PS5Cl

system and PVDF-HFP/Li6PS5Cl system, we used the second method only to generate the

Li-ion free energy profile. The enhanced sampling MD simulations were performed for 120 ns

and free energy profile was calculated by integrating the biasing force over the entire reaction

coordinate. We performed 5 independent trials for each composite system and obtained the
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final Li-ion free energy profile by averaging the results.

Figure S6 shows the Li-ion free energy profile of Li-ion from different sites at the ceramic

surface. The free energy profiles of Li-ion from all three sites at the ceramic surface have very

similar shape and magnitude. Figure S7 illustrates the amorphous layer of Li-ions forming

at the interface, leading to comparable free energy profiles for all surface Li-ions. Figure S8

shows negligible difference between the Li-ion free energy profile between randomly pulled

out from a ceramic surface and randomly inserted into the polymer domain.

Figure S6: Comparison of Li-ion free energy profiles pulled out from three different ceramic
surface sites at 600K.

8 Diffusion calculation

In the diffusion calculations, 1 Li+-TFSI− ion pair was randomly inserted to the equilibrated

PEO/Li6PS5Cl system. The system was then further equilibrated for 20 ns at 600K. Li-ion

was parametrized using OPLS-AA force field with a charge of +0.781, consistent with the

charge of Li-ions in the ceramics. TFSI− was parametrized using CL&P force field.31 The
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Figure S7: Snapshot of the PEO/Li6PS5Cl composite system interface. The amorphous layer
of Li-ions is highlighted in a red box. PEO chains are omitted for clarity. Li-ions are shown
in purple, sulfur in yellow, chloride in green, and phosphorus in orange.

Figure S8: Comparison of Li-ion free energy profiles between randomly pulled out from a
ceramic surface (black solid line) and randomly inserted into the polymer domain (red dashed
line) at 600K.
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charges of all atoms in TFSI− were scaled with a factor of 0.781 to maintain the charge

neutrality of the system. To constrain the Li-ion at a fixed distance from the interface, we

applied a harmonic position constraint with a spring constant of 10 kcal·mol−1·Å−1 to the z

coordinate of the Li-ion. We averaged over five independent production runs, each consists

of a 60 ns trajectory in a NVT ensemble at 600K, to get the collective MSD (Fig. S9). We

also calculated the 2d planar diffusivity coefficient of an unconstraint Li-ion near PEO bulk

as a benchmark.

(a) (b)

Figure S9: Characterization of Single Li-ion Movement at Different Distances from Ceramic
Surface at 600K. (a) Mean-squared Displacements (MSD) of Li-ion at Various Distances
from Ceramic Surface. The MSD data of a single Li-ion in a neat polymer melt is shown
in dark green as benchmarking data. The dashed blue line represents the reference slope
of one.(b) Z-Coordinate of Li-ion Trajectory at Different Distances from the Interface. The
polymer domain ranges from 0 Åto 35 Å, indicated by the blue dashed line. The center of
the polymer bulk (17.5 Å) is marked with a black dashed line.

Figure S9 shows the collective mean-squared displacements (MSD) of Li-ion and z-

coordinate of Li-ion trajectory at various distances from ceramic surface. Since there was

significant fluctuation in the original MSD data, we averaged over data from 5 indepen-

dent 80 ns MD trajectories to calculate the collective MSD data for Li-ion at each distance
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from the ceramic surface, from which we further calculated the derivatives.32 Except for

the 0.87 Å and 5.3 Å cases, the collective MSD reached the linear regime in all cases. For

the 0.87 Å and 5.3 Å cases, the collective MSDs did not reach the diffusive regime due to

the slow lithium-ion diffusion near the interface. Therefore, we used the apparent diffusiv-

ity, Dapp(t) = MSD(t)/6t to estimate for the true diffusivity.33 Table S6 shows the fitting

parameter for ion-hopping autocorrelation function mentioned in the main text.

9 Bond-vector autocorrelation function (BVAF) calcu-

lation

The bond-vector autocorrelation function (BVAF) is calculated as ⟨bi(t) · bi(0)⟩, where bi(t)

represents the bond vector between atom i and atom i+1 at time t. In this analysis, BVAF

was computed using the backbone C-O and C-C bonds of the PEO chains. In the PEO

domain of the composite system, the interfacial bonds were defined as the bonds that are

within 10 Å for over 90% of the 500 ps equilibrium trajectory used. The bulk bonds were

defined as the bonds that are between 10 and 17.5 Å away from the interface for over 90%

of the 500 ps equilibrium trajectory used.

Table S6: Fitting parameters for stretched exponential function of ion hopping auto-
correlation function for Li-ion at different distances from the interface

Distance(Å) τ β
0.87 16.55 0.26
5.7 2.367 0.52
9.2 0.64 0.52
16.2 0.34 0.49

10 Polymer RDFs

Figure S10 shows the Radial Distribution Function (RDF) data showing the interactions

between Li-ion and oxygen atoms in PEO, nitrogen atoms in HNBR, and fluorine atoms in
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PVDF-HFP. The RDFs were calculated in the dilute regime in neat polymer systems. The

coordination number of Li-ion is ∼6 in PEO, ∼3.5 in HNBR, and ∼2.5 in PVDF-HFP.

(a) (b)

(c)

Figure S10: Radial Distribution Function (RDF) data between Li-Ion and the most elec-
tronegative atoms in neat polymer bulk systems. (a) RDF between Li and oxygen atoms in
PEO. (b) RDF between Li and nitrogen atoms in HNBR. (c) RDF between Li and fluorine
atoms in PVF-HFP.
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