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I. Table S1. Relative energies (in kcal-mol™) and HOMO-LUMO gaps (in eV) of
C6" at the level of B3LYP/6-31G™.

PA Spiral No.  Sym. AE Gap

0 19151 Ty 0.0 1.72
1 19138 Cov 16.5 0.88
1 17459 Cy 26.2 0.93
1 19142 Cs 31.6 1.03
1 17418 Cq 33.3 1.04
1 17894 Cq 33.8 0.83
1 17750 Cq 35.3 1.01
0 19150 D, 37.6 0.85
1 18542 Cq 40.6 0.99
1 18632 Cq 42.7 0.89
1 17646 C 45.3 0.66
1 17410 Cs 474  0.88
2 16030 Cq 63.2 0.89
1 18439 Cq 63.5 0.92
1 18720 Cq 65.2 0.94
2 15021 Cs 65.7 1.06
2 13453 Cy 66.2 1.07
2 12118 Cy 76.2 1.01
2 11708 Cs 106.2  0.65




I1. Table S2. Relative energies (in kcal-mol™*) and HOMO-LUMO gaps (in eV) of
Th@C-g isomers at the level of B3LYP/3-21G~SDD.

PA  Spiral No. Sym. AE Gap
19151 Tq 0.0 1.41
17418 Ci 2.0 1.90
17750 C: 105 1.61
19138 Co 120 1.14
17894 C: 133 1.23
17459 C: 139 1.07
18542 C: 1638 1.43
19150 D, 175 1.19
12118 C: 216 1.80
17646 C, 222 1.18
17410 Cs 227 1.32
15021 C 273 1.14
18632 Ci 279 1.03
13453 Ci 290 1.84
18720 C: 305 1.76
18439 C: 319 1.36
19142 C 36.2 1.30
16030 C: 3938 1.13
11708 Cs 546 1.29
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Th@T(19151)-Cy¢

0.0 kecal-mol* 0.1 kcal-mol* 0.0 kcal-mol™ 0.0 kecal-mol?

Th@D,(19150)-C

17.5 kcal-mol™ 17.5 kcal-mol™ 17.6 kcal-mol™ 17.5 keal-mol™

I11. Figure S1. Different positions of Th atom in Th@Ty(19151)-Cs and



Th@D,(19150)-C¢ at the B3LYP/3-21G~SDD.

For two IPR isomers, different positions of Th atom in starting structures were
considered to determine the most stable one. As shown in Figure S1, these structures
always possess rather similar relative energies in Th@Ty(19151)-Cs and
Th@D2(19150)-C7s due to the high symmetry of carbon cages. They also exhibit
similar interaction between Th atom and carbon cages, in which the Th atom
coordinates with a sumanene-type hexagon. As for non-IPR isomers, the initial
position of Th atom was located near the joint pentagons or the triple sequentially

fused pentagons.

IV. Table S3. Relative energies (in kcal-mol™?), HOMO-LUMO gaps (in eV) and
HOMA-based aromaticity of Th@Cvs isomers at the B3LYP/6-31G*~SDD level of

theory.

PA  Spiral No. Sym. AE Gap HOMA
0 19151 Tq 0.0 1.39 11.2
1 17418 Ci 8.3 1.85 10.3
1 19138 Co 13.2 1.10 10.9
1 17750 Cy 15.8 1.57 9.6
1 17894 Ci 16.8 1.23 9.7
1 17459 C1 17.3 1.04 9.8
0 19150 D, 21.5 1.18 9.6
1 18542 Cy 22.4 1.40 9.0
1 17646 C 28.2 1.15 9.5
1 17410 Cs 28.7 1.30 9.9
1 18632 Cy 32.8 1.01 9.3
2 12118 Cy 33.7 1.75 8.5
2 13453 C1 37.1 1.79 7.9
2 15021 Cs 38.0 1.08 7.6




V. Table S4. Relative energies (in kcal-mol™) and HOMO-LUMO gaps (in eV) of

Th@C-s isomers at various levels of theory.

BP86/
Spiral Sy M06-2X/6-31G*~S  PBE0/6-31G*~S def-SVP~Th-E
PA DD DD
No. m. CP

AE Gap AE Gap AE Gap
0 19151 Tq 0.0 2.81 0.0 1.62 0.0 0.53
1 17418 Ci 4.4 3.29 6.2 2.09 51 0.94
1 19138 Ca 14.2 2.36 13.4 1.28 103 0.34
1 17750 Ci 14.0 2.95 14.3 1.79 113 0.73
1 17894 Ci 16.3 2.54 15.7 143 120 0.46
1 17459 Ci 18.0 2.27 16.8 122 128 0.30
0 19150 D; 22.0 2.55 215 138 17.1 0.39
1 18542 Ci 21.0 2.79 20.9 1.62 / /
1 17646 C 26.9 2.49 27.2 1.35 / /
1 17410 Cs 27.3 2.62 27.3 1.52 / /

V1. Computational method of statistical thermodynamic analyses.
Rotational-vibrational partition functions were calculated from the computed

structural and vibrational data at the B3LYP/6-31G*~SDD level of theory (though

only of the rigid rotator and harmonic oscillator (RRHO) quality and with no

frequency scaling). Relative concentrations (mole fractions) w; of i isomers can be

expressed through the partition functions ¢q; and the ground-state energiesAHg; by a

compact formula
_ giexp[-AHg; /(RT)]
>0, exp[-AHg /(RT)]

where R is the gas constant and T is the absolute temperature. The conventional heats

1)

i
of formation at room temperature AH/,, have to be converted to the heats of

formation at the absolute zero temperature AH; . Chirality contributions, frequently

ignored, must be also taken into account in eq. 1 as its partition function q; is



doubled for an enantiomeric pair. In this way, the equilibrium concentrations can
finally be evaluated, where the partial thermodynamic equilibrium is described by a
set of equilibrium constants so that both enthalpy and entropy terms are considered
accordingly. It is noticed that eq. 1 is an exact relationship derived from the principle
of equilibrium statistical thermodynamics, that is, from the standard Gibbs energies of
isomers, and it is strongly temperature-dependent. All entropy contributions are

evaluated through the isomeric partition functions.
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VII. Figure S2. Relative concentrations of Th@Cs isomers at the level of

MO06-2X/6-31G*~SDD.

VIIlI. Table S5. Natural electron configuration populations of Th atoms in

Th@T(19151)-C7 and Th@C1(17418)-Cs at the level of B3LYP/6-311G**~SDD.

Isomer Atom Charge Populations

Th@T4(19151)-Cs  Th 1711 75098 5¢ 039 g(0-72 7p 032
Th@C4(17418)-Cs Th 1548  75%09 5041 (061 7024




IX. Table S6. Bond lengths (d), Wiberg bond orders (WBOs) and BCP parameters® of
Th—C bonds at the B3LYP/6-31G*~SDD level of theory.

Bond d(A) WBO Pscp VZPBCP Hgcp [Vecel/Gecr  Gece/pacr

Th@T4(19151)-Cre

Th-C57 2489 0642 0071 0146  -0.018 1.331 0.774
Th-C58 2489 0.642 0071 0146  -0.018 1.331 0.774
Th-C59 2489 0643 0071 0146  -0.018 1.332 0.774
Th-C60 2488 0.644 0071 0146  -0.018 1.333 0.774
Th-C72 2489 0642 0071 0146  -0.018 1.331 0.774
Th-C73 2488 0643 0071 0146  -0.018 1.332 0.774
Th@C,(17418)-Cre

Th-C69 2534 0570 0062 0158  -0.013 1.247 0.842
Th-C70 2508 0.636 0.069  0.133  -0.018 1.352 0.743
Th-C71 2520 0.602 0066 0155  -0.015 1.280 0.817
Th-C72 2497 0621 0069 0153  -0.017 1.309 0.798
Th-C73 2561 0570 0061 0143  -0.013 1.259 0.793
Th-C74 2624 0511 0054 0135  -0.009 1.209 0.793
Th-C75 2,586 0.549 / / / / /

Th-C76 2512 0616 0068 0148  -0.016 1.305 0.786

®The unit of all BCPs’ parameters is a.u.

Th@T(19151)-Cy¢ Th@C4(17418)-Cg

X. Figure S3. Carbon atoms adjacent to thorium atoms in Th@Ty4(19151)-Cs and
Th@C,(17418)-Cy¢ at the B3LYP/6-31G*~SDD level of theory.



XI. Table S7. \ertical/adiabatic electron affinity (VEA/AEA, in eV) and
vertical/adiabatic ionization potential (VIP/AIP, in eV) of Th@T4(19151)-C+ and
Th@C1(17418)-C at the B3LYP/6-31G*~SDD level of theory.

Isomer VEA AEA VIP AIP
Th@T4(19151)-Crs  2.26 2.32 5.80 5.75
Th@C1(17418)-C7s  1.99 2.06 5.99 5.94

‘/C g
@ ®

LUMO (-3.359 eV) LUMO+1 (-3.358 eV) LUMo+2 ( 2 76 eV) LUMO+3 (-2.60 eV)

HOMO (-4.75 eV) HOMO-1 (-5.54 eV) HOMO-2 (-5.561 eV) HOMO-3 (-5.562 eV)

XIl. Figure S4. Main molecular orbitals of Th@Ty(19151)-C;s at the
B3LYP/6-31G*~SDD level of theory (isovalue=0.04).

LUMO+2 (2.72eV)  LUMO+3 (-2.65 eV) LUMO+4 ( -2.49 eV)

‘.A

HOMO (-4.94 V) HOMO-1(-5.31eV)  HOMO-2 (-5.81 eV) HOMO-3 (-6.01 eV) HOMO-4 (-6.21 eV)

XII.  Figure S5. Main molecular orbitals of Th@Cy(17418)-C;s at the
B3LYP/6-31G*~SDD level of theory (isovalue=0.04).



XIV. Table S8. Wiberg bond orders (WBOs) and distances (d) of M-C in different
EMFs at the level of B3LYP/6-31G*~SDD.

Isomer WBO (d, A)

Th@Cs(10)-Csa 0.601 (2.480), 0.623 (2.491), 0.624 (2.491),
0.557 (2.501), 0.601 (2.480), 0.557 (2.501)

Th@C3(8)-Cs: 0.641 (2.468), 0.641 (2.468), 0.639 (2.471),
0.709 (2.378)

La@T4(19151)-Cre 0.496 (2.562), 0.495 (2.563), 0.495 (2.564),
0.495 (2.563), 0.496 (2.562), 0.496 (2.562)

SC,Co@D3n(14246)-C7s 0.501 (2.274), 0.537 (2.209), 0.517(2.257),
0.508 (2.269), 0.535(2.210), 0.511(2.261)

1 Th@T419151)-C1e

Degeneracy

L T WL L L g LU =1
155 150 145 140 135 130 125
Chemical Shifts (ppm)

Th@C,(17418)-C75

Degeneracy
n

0 -
165 160 155 150 145 140 135 130 125
Chemical Shifts (ppm)

XV. Figure S6. Simulated *C NMR spectra of Th@T4(19151)-Cs and
Th@C1(17418)-C at the B3LYP/6-311G**~SDD level of theory.



Th@T,{19151)-Cy¢

350 550 750 050 1150 1350 1550 1750 1950
Wavelength/nm

Th@C,(17418)-Cy,

350 450 550 650 750 850 950 1050 1150 1250
Wavelength/nm

XVI. Figure S7. Simulated UV-vis-near-IR  absorption spectra of
Th@T4(19151)-C76 and Th@C;,(17418)-Cs at the B3LYP/6-31G*~SDD level of
theory.
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XVI1I. Cartesian coordinates of Th@T4(19151)-C7s and Th@C4(17418)-Crs.
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-5.44394200
-4.65865100
-3.22079700
-2.74433300
-1.49038000
-1.38429300
-0.61099000
-1.22792000
-2.40467600
-3.55429700
-4.84766600
-4.99994900
-6.15147700
-6.26085100
-5.06691900
-3.87310500
-3.80556700
-2.53750400
-4.72686500

3.21390200
3.23091800
3.19165900
2.31211600
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3.36736000
3.86494900
3.66255100
3.23578000
2.17689800
1.33886300
-0.04757600
-0.77517200
-2.07570500
-2.38572400
-3.05215700
-2.53261400
-2.24244800
-1.08756600
-0.96650200
-2.22142200
-2.80082400
-3.51820900
-3.55997400
-3.52861100
-2.69409300
-2.01460000
-0.62714400
0.23374800
1.63456700
2.26123600
3.19171700
2.86889800
2.80146200
1.73781000

0.29742800
-0.06549800
0.80905000
0.05436400
0.54409000
-0.43986900
-0.17539900
-1.39020800
-1.35943300
-2.37387900
-2.01175800
-2.82171500
-2.25509900
-2.76080700
-0.59707100
-0.19947900
-0.92976600
-0.17075400
-0.69895000
0.18613300
-0.10536700
1.11524500
1.10548100
2.18671500
1.89130300
2.68039900
2.09317800
2.54699800
1.63134600
1.82729200

1.49723700
0.21261200
-0.89806100
-2.03993200
-2.86746300
-3.45768100
-3.71134900
-3.50601600
-2.91660500
-1.95420400
-0.73115900
0.31831900
1.61304800
2.34351800
3.53247900
2.95971100
1.89077700
0.84915900
-0.50804300
-1.61708100
-2.76684000
-3.13812700
-3.46053400
-2.97258500
-2.63881100
-1.63427700
-0.69725400
0.62727600
1.71619700
2.71253300
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1.18938200
-0.17985300
-1.02951600
-2.30385200
-3.02030800
-3.65671100
-3.63466900
-3.51707600
-2.58615700
-1.81006300
-0.40066600

0.25588900

1.55205100

1.91965700

0.97352800

0.88736200
-0.49908100
-1.28278200
-2.52835400
-2.90006600
-2.00598800
-0.71951600
-0.36696600

1.81253800

2.93137100

3.34887100

3.74928900

3.34042300

2.47889500

1.47731400

0.65930500
0.61805800
1.73517800
1.23622600
1.94342000
1.23984900
2.12751200
1.60336800
2.18112300
3.27296500
3.29270700
4.03440800
3.70914600
3.62189300
3.85600400
2.96680400
2.91679200
3.69331700
3.22559600
3.33056900
3.89422700
4.37409100
4.28421700
-2.82360800
-2.16110700
-2.50597600
-1.42051400
-1.33498300
-2.31476000
-1.83833600

3.39371300
3.74867400
3.50847500
3.03706100
2.08633300
1.00183800
-0.13871900
-1.42036900
-2.36812700
-2.00461700
-2.32933200
-1.28284700
-0.92369900
0.47914400
1.45900000
2.59647100
2.98621800
2.04136300
1.60646300
0.21381800
-0.70767500
-0.25714900
1.09077300
2.50356700
1.86805600
0.52432600
-0.29140800
-1.68371800
-2.24695800
-3.14137700
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0.15911300
-0.17950300
-1.49400100
-1.65757700
-0.63631200
-0.31222000

1.14658100

1.69376100

2.69239100

2.19597400

0.88480000

0.59911200

0.57267700

-2.43242300
-3.51347400
-3.46092500
-3.79570000
-4.42950500
-3.89618300
-3.93201000
-4.39947700
-3.64301700
-3.51401500
-4.15205400
-4.70926800
-2.22632500

-3.16963700
-2.30501100
-1.68511900
-0.28269600
0.46203000
1.78507000
1.89945800
0.64085300
-0.10690600
-1.47377900
-1.56100400
-0.24088300
0.13599400



