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Part 1. Computational Method

For Th@Au18 containing actinide and transition metal element, the intense electronic correlations 

can be effectively controlled by generalized gradient approximation, without increasing 

computational complexity1-3. The exchange correlation functional BP86 is appropriate for 

describing the electronic and optical properties of metal–molecule coupled systems4, 5. Considering 

that the calculations of harmonic frequency with BP86 function are in good agreement with the 

experimental results due to an error cancellation effect6, the BP86 functional is adopted in this work. 

We also performed the calculations with B3LYP and PBE0 functionals for the energy 

difference of E1 and E3, as shown in Table S1.

Relativistic corrections of heavy elements have been considered in scalar relativistic (SR) 

calculations7, 8. We use first-principles with 60-electron relativistic effective core pseudopotential 

(RECP) in calculations. The optimization calculation is not limited by symmetry. The frequencies 

of stable structures are calculated to ensure that the imaginary frequencies are suppressed. The 

Gaussian 09 package9 is used to compute the structures and absorption spectra while the Multiwfn 

3.7 package10 is used to analyze the density of states (DOSs), charge density difference (CDD) and 

Hirshfeld charge analysis.

In view of the need to study different electronic states, we have also studied ultraviolet–visible 

(UV–Vis) absorption spectra11, 12 using time-dependent density functional theory (TDDFT). The 

zeroth-order regular approximations (ZORA) is used to consider SR and spin–orbit coupling (SOC) 

effect. The spin-polarized generalized gradient approximation (GGA) with the BP86 exchange-

correlation functional is used through the Amsterdam Density Functional (ADF) package13. A triple-

ζ with polarization functions (TZP) uncontracted Slater-type orbital (STO) basis set is used, where 
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Au is [1s2–4d10] frozen core and Th is [1s2–4f10] frozen core.

Table S1. The energy difference of E1 and E3 with BP86, B3LYP, and PBE0 

functionals.

BP86 B3LYP PBE0

ΔE (eV) 0.05 0.03 0.05

ΔE= E(E3)-E(E1)

Part 2: The charge value in E1, E3, E5, and E6 atom obtained from 

Hirshfeld charge analysis.

Table S2. The charge value in E1, E3, E5, and E6 atom obtained from Hirshfeld charge 

analysis (charge is in e).

Hirshfeld E1 E3 E5 E6

Th 0.4030 0.3838 0.4035 0.3825

Au 0.0293 0.0413 0.0291 0.0350
Au 0.0293 0.0414 0.0292 0.0440
Au 0.0293 0.0414 0.0291 0.0440
Au 0.0293 0.0413 0.0291 0.0350
Au 0.0293 0.0413 0.0291 0.0481

Au6

Au 0.0293 0.0413 0.0292 0.0481

Au -0.0290 -0.0335 -0.0289 -0.0543
Au -0.0290 -0.0339 -0.0291 -0.0517
Au -0.0290 -0.0339 -0.0291 -0.0268
Au -0.0290 -0.0335 -0.0290 -0.0257
Au -0.0290 -0.0339 -0.0291 -0.0268
Au -0.0290 -0.0335 -0.0290 -0.0258
Au -0.0675 -0.0716 -0.0674 -0.0859
Au -0.0674 -0.0716 -0.0673 -0.0623
Au -0.0674 -0.0716 -0.0674 -0.0623
Au -0.0675 -0.0716 -0.0673 -0.0859
Au -0.0674 -0.0716 -0.0673 -0.0643

Au12

Au -0.0674 -0.0716 -0.0673 -0.0643
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Part 3: Density of states (DOSs) and charge density difference (CDD) 

of E1, E3, E5, and E6.

Figure S1. DOSs and CDD of E1, E3, E5, and E6. The black, red and blue lines 

represent total and partial DOSs (Th@Au6 and Au12). Arrows indicate the locations of 

HOMO and LUMO. The solid red lines represent electron accumulation and dashed 

blue ones represent electron dissipation.

DOSs is beneficial to display the electronic structure properties of each stable 

extreme point (E1, E3, E5, and E6), as shown in FIG. S1. The results show that the total 

and partial DOSs (Th@Au6 and Au12) of these structures contributed by these two 

fragments are hardly changed, and the maximum variation range of the highest 

occupied molecular orbital-the lowest unoccupied molecular orbital (HOMO-LUMO) 

gap is about 0.12 eV. These results indicate that nearly planar superatom can not only 

maintain their electronic structure properties, but also maintain their chemical stability. 

In addition, CDD analysis shows that electron aggregation exists between Th atom and 
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gold ring, and the maximum value of electron aggregation appears on Th-Au line. Due 

to the limitation of outer gold ring, the electron density of Th atom and inner shell 

increases. 

Part 4:  IR and Raman spectra of E1, E3, E5, and E6. 

Figure S2. IR and Raman spectra of E1, E3, E5, and E6. The values indicate 

corresponding peak, and vibration modes of ring breathing and ring stretch are shown 

on the right.

To provide more information for future experimental verification, we also calculated 

the vibration spectra of each stable extremum configuration. Th and Au rings have two 

typical vibration modes (ring breathing and ring stretch). The spectra analysis shows 

that the ring breathing modes of E1, E3, E5, and E6 belong to Raman and IR activity 

respectively in the wavenumber range of 58-64 cm-1 and 92-100 cm-1. However, E6 

changes into the ring stretch vibration mode in 92-100 cm-1, as shown in FIG. S2. We 

also find that the activity of Raman spectra decreases first and then increases (nearly 
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double), and the overall absorption peak shifts first to blue and then to red, with a 

maximum frequency shift being about 6 cm-1. IR activity also shows the same trend, 

but the overall absorption peak shift shows an opposite trend (5 cm-1). This small trend 

change may be caused by the small energy difference between the levels in the isomers. 

Therefore, we hope that these vibration modes and specific values can provide 

theoretical basis for the experimental characterization of atomically self-isomerization 

process.

Part 5: The coordinates of key structures.

Table S3. The coordinate of E1.

X (Å) Y (Å) Z (Å)

 1.Th -0.00000000 -0.00000000  1.46250118
 2.Au  0.00000000  2.74234206  0.35011421
 3.Au  2.37493789  1.37117103  0.35011421
 4.Au  2.37493789 -1.37117103  0.35011421
 5.Au  0.00000000 -2.74234206  0.35011421
 6.Au -2.37493789 -1.37117103  0.35011421
 7.Au -2.37493789  1.37117103  0.35011421
 8.Au -4.77121300  0.00000000 -0.24822145
 9.Au  4.77121300  0.00000000 -0.24822145
 10.Au -2.38560650 -4.13199167 -0.24822145
 11.Au  2.38560650 -4.13199167 -0.24822145
 12.Au -2.38560650  4.13199167 -0.24822145
 13.Au  2.38560650  4.13199167 -0.24822145
 14.Au  0.00000000 -5.51575924 -0.37528975
 15.Au  4.77678762 -2.75787962 -0.37528975
 16.Au  4.77678762  2.75787962 -0.37528975
 17.Au -0.00000000  5.51575924 -0.37528975
 18.Au -4.77678762  2.75787962 -0.37528975
 19.Au -4.77678762 -2.75787962 -0.37528975
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Table S4. The coordinate of E3.

X (Å) Y (Å) Z (Å)

 1.Th  0.00000000  0.00000000  0.25338113
 2.Au -2.40422158 -1.38807798 -0.65737694
 3.Au -2.40422158  1.38807798 -0.65737694
 4.Au  0.00000000  2.77615595 -0.65737694
 5.Au  2.40422158  1.38807798 -0.65737694
 6.Au  2.40422158 -1.38807798 -0.65737694
 7.Au -0.00000000 -2.77615595 -0.65737694
 8.Au  2.35389932 -4.07707322  0.22054013
 9.Au -2.35389932  4.07707322  0.22054013
 10.Au  4.70779864 -0.00000000  0.22054013
 11.Au  2.35389932  4.07707322  0.22054013
 12.Au -2.35389932 -4.07707322  0.22054013
 13.Au -4.70779864 -0.00000000  0.22054013
 14.Au  4.74467838  2.73934134  0.39415014
 15.Au  0.00000000  5.47868268  0.39415014
 16.Au -4.74467838  2.73934134  0.39415014
 17.Au -4.74467838 -2.73934134  0.39415014
 18.Au  0.00000000 -5.47868268  0.39415014
 19.Au  4.74467838 -2.73934134  0.39415014
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