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1 Optimization of the Xe pseudopotential

We have a designed a new ultrasoft pseudopotential1 for xenon which is an improved version

of the one used in our previous simulations.2 The valence space includes 18 electrons, namely

4d105s25p6. During its construction, the PBE density functional approximation3 was used

and scalar relativistic effects included. The tests in this supplemental material and simula-

tions in the article were performed with dispersion corrections according to the D3 scheme

with zero-damping.4 The corresponding pseudopotential file is available on Zenodo at the

following address: https://doi.org/10.5281/zenodo.11127120.
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2 Test on the Xe-Xe dimer

The xenon dimer was considered because of the degenerate exchange reaction to be studied.

Tests reported in Table S1 show that the PBE-D3 calculation with the new ultrasoft pseu-

dopotential can accurately predict the interaction energy Eint but slightly overestimates the

equilibrium distance Re.

Table S1: Data optimized with the new Xe pseudopotential at a plane-wave cutoff of 35 Ry
compared with PBE-D35 and CCSD(T)6 reference calculations as well as experiment7

Re (Å) Eint (kcal/mol)
PBE-D3 (35 Ry) 4.48 -0.566

PBE-D3 (ECP28MDF) 4.50 -0.546
CCSD(T) 4.41 -0.528

Exp. 4.36 -0.561

3 Tests on Xe-H2O complexes

Interaction between xenon and water was considered because of the degenerate exchange

reaction occurs in aqueous solution. Tests reported in Table S2 show that the PBE-D3

calculation with the new ultrasoft pseudopotential can accurately predict the energetic order

between three geometries of the Xe-H2O dimer, namely G5 (one H pointing toward Xe) <

G2 (O pointing away from Xe) < G1 (O pointing toward Xe), with accurate distances as

well.

Table S2: Data optimized with the new Xe pseudopotential at a plane-wave cutoff of 35 Ry
for three geometries denoted as G5, G2 and G1. Corresponding CCSD(T) values8 are given
in parentheses.

Re (Å) Eint (kcal/mol)
G5 4.03 (4.00) -0.910 (-0.548)
G2 4.00 (3.95) -0.787 (-0.483)
G1 3.74 (3.85) -0.527 (-0.462)
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4 Tests on Xe-CH4 complexes

Tests reported in Table S3 show that the PBE-D3 calculation with the new ultrasoft pseu-

dopotential can also accurately predict the energetic difference between two geometries of

the Xe-CH4 dimer, corresponding to vertex (along the vertex of the CH4 tetrahedron) and

facial (perpendicular to one of the faces of the CH4 tetrahedron) approaches, with accurate

distances as well.

Table S3: Data optimized with the new Xe pseudopotential at a plane-wave cutoff of 35 Ry
for two geometries denoted as vertex and facial. Corresponding complete basis set CCSD(T)
values9 are given in parentheses.

Re (Å) Eint (kcal/mol)
vertex 4.47 (4.50) -0.529 (-0.387)
facial 4.07 (4.05) -0.690 (-0.584)

5 Water distribution around free Xe

Radial distribution function of water molecules around the free xenon atom for the initial

configuration, prior to the degenerate exchange, is shown in Figure S1. Integration under

the first peak provides a hydration number of approximately 20.

6 Configurations during degenerate exchange

Configurations labelled A, B, C, D, and E on the free-energy profile included in the article

are shown in figure S2.
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Figure S1: Radial distribution function of water oxygen atoms with respect to free Xe in the
bulk
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Figure S2: Representative configurations along the degenerate exchange reaction
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