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Supporting Information

Computational Methodology

I) Description and preparation of solvated polysulfides

Optimized gas phase models of the lithium polysulfide species [Li.S,; x = 2 — 8]
were obtained by energy minimization of a random starting structure using the Q-Chem
4.0 quantum chemistry package'. We employed the augmented polarized triple-{ 6-311
+G(2d,2p) basis set of Pople and coworkers?, a well balanced basis set that is a
reasonable compromise between speed and accuracy. We inserted the optimized
structures into a pre-equilibrated box of 12 TEGDME molecules, commonly used as a
model solvent of polymeric electrolytes in lithium sulfur batteries34. After insertion, we
removed any TEGDME molecules within 3A of the polysulfide molecule. Generally, this
leads to the elimination of 2 TEGDME molecules.

II) First-Principles Molecular Dynamics Simulations

The bulk TEGDME and the starting Li2Sx-TEGDME systems were simulated
using a modified version of the mixed Gaussian and plane wave code®
CP2K/Quickstep®. We employed a triple-{ basis set with two additional sets of
polarization functions (TZV2P)” and a 320 Ry plane-wave cutoff. The unknown
exchange-correlation potential is substituted by the PBE generalized gradient
approximation® (consistent with our XAS simulations), and the Brillouin zone is sampled
at the '-point only. Interactions between the valence electrons and the ionic cores are
described by norm-conserving pseudopotentials®'°. The Poisson problem is tackled



using an efficient Wavelet-based solver''. We overcome the poor description of the
short-range dispersive forces within the PBE-GGA exchange-correlation functional by
employing the DFTD3 empirical corrections of Grimme et al.’?. As a figure of merit,
consider that cell dimensions from our pure TGEDME simulations in the constant
pressure (1 bar), constant temperature (298 K) NPT ensemble were 1.66x1.92x1.10
nm3, which gives a calculated density of 1.04 g/mL, in excellent agreement with the
experimental value of ~1.0 g/mL"3,

In order to equilibrate the systems, we performed 10 ps of NPT dynamics, using
a Nose-Hoover thermostat (temperature damping constant of 100 fs) and an Anderson
barostat (pressure damping constant of 2 ps). Snapshots of the system were saved
every step. The snapshot with a volume closest to the average of the last 5 ps of MD
was then selected as input for an additional 20 ps simulation in the constant volume,
constant temperature (canonical or NVT) ensemble. Snapshots of the system every 2
ps (for a total of 10 snapshots) were selected as input for first principles X-ray
absorption calculations.

lIl) First-Principles DFT XCH calculations

All our XCH calculations employed the same periodic boundary conditions as our
FPMD simulations, and used the PBE-GGA functional®, and plane-wave
pseudopotentials with a kinetic energy cutoff for the electronic wavefunctions (density)
of 25 (200) Ry. Core-excited ultrasoft pseudopotentials and corresponding atomic
orbitals were generated with the Vanderbilt code’. Matrix elements representing
intensity of the core-excited excitations were evaluated within the projector-augmented-
wave (PAW) frozen-core approximation'. The PWSCF code within the Quantum-
Espresso package'® was used to generate the core excited Kohn-Sham eigenspectrum,
while the Shirley interpolation scheme'” was used to accelerate numerical convergence
of the computed spectra. The calculated XAS is taken as the statistical average of the
spectrum of every sulfur atom in the structure, which includes intrinsic line shape
broadening resulting from finite temperature effects at 298K, but we also include a 0.1
eV Gaussian convolution to guarantee a continuous spectral contribution from each
atom. We verified that our spectra are insensitive to the choice of Gaussian broadening
by repeating our calculations using 0.05, 0.2, 0.3, 0.4 and 0.5 eV Gaussians; the
calculated spectra only changed in lineshape and peak ratios above 0.4 eV.

Due to the use of pseudopotentials in our calculations (which means that we can
only reliably compare the relative calculated excitation energies), we have developed an
alignment scheme based on formation energy differences between the ground and
core-excited states of the system and those of an isolated atom in the same simulation
cell'®'®. Direct comparison to experiment is accomplished by first calibrating an
unambiguous reference system. In the case of the sulfur compounds considered in this
study, we rigidly shifted the first major peak in the sulfur K-edge XAS of an isolated S.
molecule by +2467.5 eV to match the same in a gas phase experiment?°. This empirical
shift, is unique to the pseudopotentials employed in this study, and is applied to all
subsequent calculated spectra. Previous experience has shown that this alignment
scheme predicts XAS peak positions to within ~0.1 eV'%2! which is typical of the
experimental uncertainty in this energy range.



Our approach follows the Delta-Self-Consistent Field (ASCF) procedure to
estimate the excitation energies. It is well know that Kohn-Sham DFT within the PBE
approximation underestimates band gaps?22® and concomitantly band widths, due to
inaccurate estimates of quasiparticle (excitation) energies based solely on the Kohn-
Sham eigenspectrum?+25. As a result, the calculated XAS is usually too narrow with
respect to the energy axis when compared to experiment. For example, in a previous
study?' we found that the band-gap of lithium fluoride, a rocksalt crystal, is
underestimated by ~50% using PBE-DFT, and the resulting spectrum was contracted by
12% compared to experiment. In this study, we found that dilating the Sz spectrum by
10% greatly improved agreement with experiment.

Validation of Computation Approach

The XCH approach has been shown accurate in reproducing the experimental K-
edge XAS spectra of liquids?®?” and of solids'® and for interpreting the structure of
various solvated organics and biomolecules?®®2°. We have recently validated our
approach by comparing the calculation of lithium K-edge XAS to high resolution X-ray
Raman spectroscopy measurements?’. Within the context of the current study, we
provide further validation by comparing the calculated sulfur K-edge XAS of crystalline
elemental sulfur (aSs) and Lithium sulfide (Li2S) to experiment.

Applying the same rigid shift and dilation factor as for molecular Sz leads to
excellent agreement with experiment for solid elemental sulfur, Ss. In particular, the first
and second peak positions (2472.6 and 2480.2 eV) are well reproduced. Sampling from
a 298 K ab-initio molecular dynamics trajectory leads to a slightly broader XAS
spectrum, as evident by the reduction in the intensity of the first peak in the MD
spectrum relative to the static crystal spectrum. The FPMD sampled spectrum is also
smoother than that of the static crystal. These effects are a manifestation of so called
“thermal broadening”, although we note that both effects are a natural consequence of
the instantaneous distortions in the crystal lattice that breaks the degeneracy of the p-
like excited states?'. Our approach generally underestimates the oscillator strength of
excitations beyond the first main peak, possibly due to neglecting many-body
excitations at higher energies.

Similar to Ss, we find excellent agreement between the experimental and
calculated spectra of crystalline Li2S (figure S1b). Indeed the ability to equally describe
the spectrum of these two very different systems (the polar covalent crystal Li.S and the
molecular crystal S:) from first principles underscores the robustness of our approach.
The experimental spectrum is characterized by three main peaks at 2473.8, 2476.1 and
2484.0 eV, which are well reproduced by our XCH calculations using the experimental
crystal structure: 2473.8, 2476.0 and 2484.1 eV respectively. The agreement with
experiment improves when considering the XAS spectrum from snapshots obtained
from our FPMD simulation. While the peak positions are identical to the static crystal
case, finite temperature broadening leads to a shoulder between 2479.0 and 2479.6 eV
in agreement with experiment, while the static crystal spectrum predicts a well-resolved
peak at this energy. Additionally, a broadened spectrum due to finite temperature
effects improves agreement of peak intensity ratios between the first and second peaks
(0.89,0.72,0.70) and the first and third peaks (1.09,1.09,1.02) when comparing
(experiment, finite temperature sampling, and the static crystal), respectively.



Tables

Table S1: Average valence electron populations (and standard deviations) on the various
components of a dissolved Li.S, molecule in TEGDME from FPMD simulations as calculated by
Bader analysis.

LiSx Terminal S Internal S Lithium <S2> | <LiS,>
avg + avg + avg +
2 -0.845 | 0.076 | - - 0.910 | 0.096 | -1.690 | 0.130
3 -0.735 | 0.029 | -0.265 | 0.029 | 0.971 | 0.003 | -2.265 | -0.322
4 -0.686 | 0.032 | -0.189 | 0.032 | 0.974 | 0.003 | -2.207 | -0.259
5 -0.670 | 0.060 | -0.142 | 0.036 | 0.976 | 0.003 | -2.047 | -0.094
6 -0.658 | 0.050 | -0.117 | 0.036 | 0.976 | 0.003 | -2.015 | -0.062
7 -0.643 | 0.044 | -0.101 | 0.033 | 0.977 | 0.003 | -1.993 | -0.038
8 -0.627 | 0.053 | -0.084 | 0.032 | 0.978 | 0.003 | -1.926 | 0.031

Table S2: Average S - S bond lengths of S atoms from FPMD simulations obtained from the first
maximum in the radial distribution function (figure S3).
Li,Sx | Terminal S atoms | Internal S Atoms

avg + avg *

2.045 0.030 - -
2.049 0.031 2.049 0.031
2.058 0.032 2.056 0.032
2.061 0.029 2.062 0.030
2.064 0.029 2.067 0.029
2.066 0.028 2.067 0.029
2.063 0.030 2.067 0.030
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Figure S1: (a) Sulfur K-edge XAS spectra of elemental sulfur (rhombohedral aS:). The
experimental measurement® (black line), is compared to XCH-DFT calculations using the static
crystal (green line) and ensemble structures from 298K first principles DFT simulations (gold
line). The positions of the peak maximums are indicated by the dashed vertical lines. Inset:
Crystal structure of aSs (b) Comparison of the Sulfur K-edge XAS spectra of crystalline Li.S
between experiment3! and theory. The color scheme is the same as before. Inset: Crystal
structure of Li>S. The sulfur atoms (yellow spheres) and lithium atoms (green spheres) are
indicated.
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Figure S2: Average atomic charges of a LioSx molecule dissolved in TEGDME from Bader
analysis of an FPMD simulation. The molecular configuration shown has the highest
population of the ensemble structures during the 25ps simulation. The TEGDME molecules
are not shown for clarity. The charges on the Lithium atoms are not shown (see Table S1).
The fluctuations (10) in the charges are indicated in the brackets.
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Figure S3: S - S bond distribution of (a) internal and (b) terminal Sulfur atoms of Li>Sx from
our first principles molecular dynamics simulations
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