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Table S1. The lowest vibrational frequencies in cm™! and the number of the imaginary
frequencies in parentheses for the Ds, structures of the AMs (A and M are alkali metals)
clusters at the PBE0-D3/def2-QZVPP level.

AM; Frequencies
M A Li Na K Rb Cs
Li 77i (1) 75i (1) 121i (5) 148i (5) 178i (5)
Na 24 41i (1) 54i (3) 50i (3) 77i (5)
K 9 16 30i (1) 26i (1) 26i (3)
Rb 1 8 22i (1) 19i (1) 20i (1)
Cs 51 (2) 2 13i (1) 13i (1) 15i (1)

Table S2. T, diagnostic values of the LiMs (M = Na, K, Rb) clusters at the single-point
CCSD(T)/def2-QZVPP level.

T-diagnostic
Al A2 A3 A4 AS A6 A7 A8
LiNas 0.02 0.02 0.02 0.02 0.02 0.09 0.11 0.10
LiKs 0.03 0.03 0.03 0.03 0.02 0.08 0.15 0.14
LiRbs 0.02 0.02 0.02 0.02 0.02 0.03 0.06 0.05

Table S3. The relative energies in kcal/mol of the first three lowest-energy isomers of
ppLi and ppAE computed at the CASPT2/def2-TZVPP optimization and
CASPT2/def2-QZVPP//PBE0-D3/def2-QZVPP single-point calculations.
CASPT2/def2-QZVPP//PBEO-
D3/def2-QZVPP

CASPT2/def2-TZVPP

Al A2 A3 Al A2 A3

LiNas 0.0 3.2 2.5 0.0 3.0 5.0
LiKs 0.0 -0.5 -0.7 0.0 -2.8 0.1
LiRbs 0.0 -1.4 0.8 0.0 -2.1 -1.3
AE1 AE2 AE3 AE1 AE2 AE3

MgLis* 0.0 4.1 4.3 0.0 4.7 5.1
MgNas* 0.0 4.1 —a 0.0 5.1 5.2
CaKs* 0.0 3.0 4.9 0.0 4.9 6.4
CaRbs" 0.0 1.8 3.3 0.0 3.9 5.6
SrRbs* 0.0 2.0 2.9 0.0 5.1 2.5
SrCss* 0.0 1.0 1.4 0.0 3.7 4.3

aTurning into AE1 in the optimized process.



Table S4. The lowest vibrational frequencies in cm'! and the number of the imaginary
frequencies in parentheses for the Ds), structures of the AEMs* (AE is an alkaline earth
metal and M is an alkali metal) clusters at the PBE0-D3/def2-QZVPP level.

AEM;5* Frequencies
M AE Be Mg Ca Sr Ba
Li 58i (2) 67 77i (3) 1307 (3) 115i (2)
Na 26i (2) 26 35i (1) 38i (2) 771 (5)
K 26i (2) 12i (2) 15 107 (1) 36i (3)
Rb 18i (2) 107 (2) 7 8.6 18i (1)
Cs 14i (2) 9i (2) 3i(2) 4.7 12i (1)

Table S5. T, diagnostic values of the LisMg*, NasMg*, KsCa", CaRbs*, RbsSr*, and
SrCss™ clusters at the single-point CCSD(T)/def2-QZVPP level.
T'-diagnostic

AE1 AE2 AE3 AE4 AES AE6 AE7 AES
LisMg™ | 0.02 0.02 0.03 0.01 0.09 - 0.02 0.06
NasMg* | 0.02 0.03 0.03 0.03 0.07 0.03 0.03 0.05
KsCa* 0.02 0.04 0.03 0.03 0.14 0.15 0.03 0.03
CaRbs™ | 0.02 0.04 0.03 0.04 0.15 0.15 0.03 0.03
RbsSr* 0.03 0.04 0.04 0.17 0.11 0.04 0.04 0.04
SrCss* 0.03 0.03 0.03 0.15 0.09 0.03 0.03 0.03
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Figure S1. Relative energies (in kcal/mol) between ppNa and the C,, lower-energy
isomers in NaMs (M = K, (Rb), [Cs]) clusters computed at the CCSD(T)/def2-
QZVPP//PBE0-D3/def2-QZVPP level. Total energies were corrected by the zero-point
energies (ZPE) calculated at the PBEO-D3 level. Point groups and spectroscopic states
are also given.
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Al (Ds, 'Ay) A2 (Cy.'A) A3 (G, 'A) A4 (C,'A)
0.0/0.0/0.0 3.0/-2.8-2.1 5.0/0.1/-1.3 7.4/2.3/0.8
A5 (G, 'AY) A6 (C,°A) AT (Ci,°A) A8 (C.,°A)
6.8/-0.1/-1.0 7.9/0.2/8.4 13.9/3.19.7 19.2/9.3/9.0

Figure S2. Structure and relative energies in kcal/mol of the low-lying energy isomers
of LiMs (M = Na/K/Rb) computed at CASPT2/def2-QZVPP//PBE0-D3/def2-QZVPP.
The point group and spectroscopic states were given in parenthesis.
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AE1 (Dy,'A)) AE2 (C,,'A") AE3(C,,'A) AE4 (C,,,'A))
0.0/0.0 4.7/5.1 5.1/5.2 8.7/6.9
AE5 (C,,*A) AE6 (Cs,.'A}) AE7 (Cy,.'A}) AE8 (Cy..’A )
13.0/12.6 —/10.9 3.4/16.1 13.5/14.8

Figure S3. Structure and relative energies in kcal/mol of the low-lying energy isomers
of MsMg" (M = Li/Na) computed at CASPT2/def2-QZVPP//PBE0-D3/def2-QZVPP.

The point group and spectroscopic states were given in parenthesis. “—" converges to
AE2.



AEl (Dy,'A}) AE2 (G, 'A) AE3 (C,,'A) AE4 (G,
0.0/0.0 3.2/2.3 5.0/4.4 5.4/4.7
AES (G, °A) AE6 (C,,°A) AE7 (C,, 'A) AE8 (G, 'A)

5.6/4.6 8.8/7.5 10.0/8.8 10.3/9.0

Figure S4. Structure and relative energies in kcal/mol of the low-lying energy isomers
of CaKs* and CaRbs* computed at CCSD(T)/def2-QZVPP//PBE0-D3/def2-QZVPP.
The energy of CCSD(T) is corrected by zero-point energy of PBE0-D3/def2-QZVPP.
The point group and spectroscopic states were given in parenthesis.
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0.0/0.0 1527 2.6/3.7 }

AES (C,,°A) AE6 (C,,,'A)) AE7 (C,,'A) AES8 (C,,'A)
3.6/5.3 4.0/4.2 6.6/7.8 7.4/10.3

Figure S5. Structure and relative energies in kcal/mol of the low-lying energy isomers
of SrRbs" and SrCss* computed at CCSD(T)/def2-QZVPP//PBE0-D3/def2-QZVPP.
The energy of CCSD(T) is corrected by zero-point energy of PBE0-D3/def2-QZVPP.
The point group and spectroscopic states were given in parenthesis.



AE1(Dy,'A}) AE2(C,,'A) AE3(C,'A) AE4 (C,,,'A)
0.0/0.0 4.9/3.9 6.4/5.6 6.8/6.7
AES5 (C,,°A) AE6 (C,,? AE7(C,,'A) AES8 (G, 'A)

7.8/8.4 95/89 16.1/14.8 11.1/9.6

Figure S6. Structure and relative energies in kcal/mol of the low-lying energy isomers
of CaKs" and CaRb;* computed at CASPT2/def2-QZVPP//PBE0-D3/def2-QZVPP.
The point group and spectroscopic states were given in parenthesis.

WM M MR

AE1 (D,,,'A)) AE2 (C,, 'A) AE3 (C,,'A) AE4 (C,,3A)
0.0/0.0 5.1/3.7 2.5/4.3 4.2/6.6
AES (C,,°A) AE6 (C,,,'A) AE7 (C,, 'A) AE8 (C,'A)
5.5/7.2 3.3/5.3 0.9/13.3 7.4/11.0

Figure S7. Structure and relative energies in kcal/mol of the low-lying energy isomers
of SrRbs" and SrCss™ computed at CASPT2/def2-QZVPP//PBE0-D3/def2-QZVPP.
The point group and spectroscopic states were given in parenthesis.



HOMO-1

€ & €
LiNas 3.4 3.4 4.6
LiKs 238 28 38
MgLis* 7.1 7.1 9.5
MgNas®  -6.6 6.6 8.9
CaKs* 53 53 6.9
CaRb;s* 5.1 5.1 6.7
SrRbs* 5.0 5.0 6.5
SrCss* 47 47 6.2

Figure S8. Three molecular orbitals and their corresponding energies (g, eV) in ppLi
and ppAE isomers.
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Figure S9. The orbitals recovered in AANDP analysis in ppLi and ppAE, ON refers to
occupation number.



Coordinates of ppLi and ppAE
PBE0-D3/def2-QZVPP level
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