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Computational methods

Cluster OMg,S,2~ with a planar tetracoordinate oxygen (ptO) was considered for geometry optimization and vibrational frequency
calculations at the B3LYP/aug-cc-pVTZ, B2PLYP-D3(BJ)%/aug-cc-pVTZ, and B2PLYP-D3(BJ)/def2-TZVPP levels. Remarkably, these three
levels yielded nearly identical molecular structures and vibrational frequencies. Consequently, the geometries obtained from the
B2PLYP/D3(BJ) functional were reported in the text and used for energy improvement at the CCSD(T) level, while the B3LYP functional
was used for various electronic structure analyses. For the designed ptO cluster OMg,S,2, the extensive exploration of potential energy
surfaces (PESs) was performed at the B3LYP/6-31G* level using stochastic search algorithm3. During the search process, both singlet
and triplet states were systematically evaluated, yielding 2000 singlet and 1300 triplet structures. The structures generated by the
stochastic search were sorted according to their energy. The ten lowest-energy isomers were further calculated at the B2PLYP-
D3(BJ)/aug-cc-pVTZ level, and then the eight lowest-energy isomers were further improved at the CCSD(T)/aug-cc-pVTZ level. The
relative energies of the isomers were compared by the CCSD(T)/aug-cc-pVTZ energies plus the B2PLYP-D3(BJ)/aug-cc-pVTZ zero-point
energy corrections. To assess the dynamic stability, Born-Oppenheimer Molecular Dynamics (BOMD) simulations* were carried out at
the PBE/DZVP level under the considered temperatures. Meanwhile, electronic structure analyses were carried out to better
understand chemical bonding. Firstly, the adaptive nature density partitioning (AdNDP) analyses® were done at the B3LYP/6-31G* level
using AANDP program®!. Moreover, natural bond orbital (NBO) analyses’ were performed at the B3LYP/aug-cc-pVTZ level using NBO
3.08. Furthermore, nucleus independent chemical shifts (NICS)° analyses were performed at the B3LYP/aug-cc-pVTZ level. Lastly,
vertical detachment energies (VDEs) were calculated using the outer valence Green’s function (OVGF) procedure at the OVGF/aug-cc-
pVTZ level®. The representation of cross sections of NICS (CS-NICS) and simulated photoelectron spectroscopy were generated with
the Multiwfn 3.8 code!™. The stochastic search algorithm was realized using the GXYZ 2.0 program??, the EDA-NOCV*3 were performed
at the B3LYP-D3(BJ)/TZ2P level using the ADF 2019 program package'4, the CCSD(T) calculations were carried out using the MolPro

2012.1 package?®®, and all other calculations were performed using the Gaussian 16 package?®.
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Table 1 The EDA results of OMg,S,2~ cluster using different charged fragments at the B3LYP-D3(BJ)/TZ2P level. The
most favourable fragments which are given by the smallest AE,,, value are shown in red. Ay, = AEpaui + AFgjstat +

AEgisp. Energy values are given in kcal-mol=2. (S: singlet; D: doublet; T: triplet; Q: quartet)

Energy 0% (S) + MgsSs (S) O (D) + MgiS4 (D) O (S) + MgsS4> (S)
AL —468.4 —225.6 —-386.2

AEpauii 345.9 285.2 220.6
AEestat -595.2 -282.6 —-168.6

AEow -215.6 —224.6 —434.6

AEdisp =35 =35 -3.5

Energy O (T)+MgiS (T) 0" (D) + Mg:Ss* (D) 0" (Q)+ MgiSi (Q)
AEint -331.6 —-830.2 —788.3
AEpauii 195.4 196.5 192.2
AEcistat -92.4 —-175.8 -178.3
AEow —431.1 —847.4 —798.7
AEdisp -3.5 -3.5 -3.5

Fig. S1 Optimized structure of cluster OMg,S,2~ (1) at the B2PLYP-D3(BJ)/aug-cc-pVTZ level, along with the Wiberg

bond indices (WBIs, blue fonts) and natural population analysis (NPA) charges (|e|, purple fonts) are shown.

NPA and WBIs



Fig. S2 The shapes of deformation densities (Ap) for EDA-NOCV analysis of OMg,S,>~ cluster. The isovalues of the

surfaces are 0.003 for Apor(1) - (3), and 0.0002 for Apgrm(a). The direction of charge flow is from red to blue. Energy

values are given in kcal/mol.
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Fig. $3 The distribution of NICS,, values for OMg,S,2~(1). CS-NICS(0),, correspond to the molecular plane, while CS-

NICS(1),, correspond to the plane parallel to and located 1 A above the molecular plane. The NICS values that are

negative, positive, and close to zero indicate aromaticity, antiaromaticity, and non-aromaticity, respectively.
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Fig. S4 RMSD (in A) versus simulation time (in ps) for the BOMD simulations of OMg,S,%~ (1) at 298, 500, and 1000

K.
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Fig. S6 Optimized structures of [OMg,S.2~-H,], [OMg,S42~-N,], and [OMg,S;Na,] at the B2PLYP-D3(BJ)/aug-cc-pVTZ

level.
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Cartesian Coordinates for the structures shown in Fig. 1.

B2PLYP-D3(BJ)/aug-cc-pVTZ-optimized structures (in Cartesian coordinates) shown in Fig. 1.
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B2PLYP-D3(BJ)/aug-cc-pVTZ-optimized structures (in Cartesian coordinates)

isomer (2a).
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