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High-performance liquid chromatography (HPLC) separation process of
ThC,@Cs(6)-Cs; and ThC,@C,(5)-Cg;. The first stage was performed on a
Buckyprep-M column (25 mm x 250 mm, Cosmosil Nacalai Tesque) with toluene as
mobile phase. After that, as shown in Figure S1 (a), fraction from 34 to 36 min (marked
in gray) was re-injected into a Buckyprep column (10 mm % 250 mm, Cosmosil Nacalai
Tesque) for the second step separation using toluene as the eluent. The fraction marked
in orange, which contained two isomers of ThC,@Cg, were collected. The third step of
separation was conducted on a SPBB column (10 mm % 250 mm, Cosmosil Nacalai
Tesque) using toluene as the eluent. The fraction marked in green, which contained
samples were collected and re-injected into the Buckyprep column with a recycle
method in the fourth stage. The fraction marked in red contained ThC,@C(6)-Cs, and
only a small amount of impurities. Meanwhile, the fraction marked in blue, which
contained ThC,@C,(5)-Cg, was collected. Figure S1 (b) shows that the MALDI-TOF
mass spectrometry of the isolated ThC,@Cy(6)-Csg, and ThC,@C5(5)-Cs;.
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Fig. S1. (a) HPLC profiles showing the separation procedures of ThC,@C(6)-Cs, and

ThC,@C,(5)-Cg,. (b) HPLC chromatogram of purified ThC,@Cy(6)-Cgy(left) and

ThC,@C,(5)-Cgy(right) on a Buckyprep column with toluene as the eluent. (The insets

show the positive-ion mode MALDI-TOF mass spectra and expansions of the

corresponding experimental isotopic

distributions of ThC,@Cy(6)-Cs, and

ThC,@C,(5)-Cg, in comparison with the theoretical ones.)



Fig. S2. Thorium-containing endohedral metallofullerenes previously published, e.g. a)
Th@T4(19151)-Cr,! b) Th@C1(28324)-Cso,> ¢) Th@Ds1(6)-Cso,> d) Th@C3,(8)-Cs,*
e) Th@C,(5)-Cg,,” f) Th@C2y(9)-Csz,” g) Th@Cy(11)-Cgs.6
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Fig. S3. Drawing of all the Th and C disordered sites. (a) drawing of one orientation of
C(6)-Cg, cage together with all the metal disordered sites, six sites for Th are presented,
three disordered sites with fractional occupancies of 0.418(2), 0.0489(15), 0.0326(12)
for Th1, Th2, Th3, respectively. Another half of the Th disordered sites (Th1A, Th2A
and Th3A, respectively) are generated by mirror plane of the crystal. C83A and C84A
are generated from C83 and C84 with fractional occupancies of 0.5. (b) drawing of one
orientation of Cy(5)-Cg, cage together with all the Th, C disordered sites, Th1A, Th2A,
Th3A and Th4A are generated from Thl, Th2, Th3 and Th4 for which the fractional
occupancies are 0.281(3), 0.150(3), 0.0368(17), 0.0327(19), respectively. C83A and

C84A are generated from C83 and C84 with fractional occupancies of 0.5.
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Fig. S4. The relationship of the major Th sites (a) Th1 and (b) Th1A with the Symmetry
plane (highlighted with the dotted red line) in ThC,@Cy(6)-Cs,.

(b)

Fig. S5. View showing the interaction of the major Th sites (a) Th1 and (b) Th1A with
the closest cage in ThC,@ Cy(5)-Css,.
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ThCN@C,,(19138)-C. LUCN@C,,(19138)-C,, YCN@C,,(19138)-Cyq

Fig. S6. Structures of crystallographically characterized mononuclear clusterfullerenes
with pristine C,, cages that contain two symmetry planes (highlighted with dotted red
lines). The fullerene cage segments closest to the encapsulated metal ions are

highlighted in light orange.”-1°
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For ThC,@Cy(6)-Cs, and ThC,@C,(5)-Cs,, each of the clusterfullerenes had two
conformers depending on the ThC, orientation inside the cage, as shown in Figure S6,
which we labeled 1a/1b for ThC,@Cy(6)-Cg, and 2a/2b for ThC,@ C»(5)-Cg,. Because
the spin-triplet states are higher in energy by 20.5 and 12.8 kcal/mol than their
corresponding spin-singlet states, respectively, the ground spin states for ThC,@Cy(6)-
Cg; and ThC,@Cy(5)-Cg, are singlets. As seen in Table S2, the global minimum
structure is 1a, which has the lowest energy for all functionals tested. 1b is 13.5
kcal/mol higher than 1a; 2a and 2b are 2.6 and 10.5 kcal/mol higher in energy than 1a,
respectively. The optimized Th—C distances for 1a are 2.375 and 2.370 A, respectively;
the two £Th—C—C angles are 76.7 and 74.9°, respectively, in good agreement with the

experimental data (76.0 and 75.3°). Therefore, we discuss the chemical bonding of

conformers 1a and 2a (spin-singlet states) as representives in the main text.

Fig. S7. DFT optimized structures of ThC,@Cy(6)-Csg, (1a/1b) and ThC,@Cy(5)-Csg,

(2a/2b) with different Th sites and two carbon cages in the spin-singlet states.
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Fig. S8. Orbitals isosurfaces (+£0.03 au) and atomic orbital weight compositions (in %)

obtained from NLMO analysis of the singlet state of ThC,@ C5(5)-Cg, (structure 2a).
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Fig. S9. Orbital isosurfaces (+£0.03 au) of the carbon cage with Th and atomic orbital
weight compositions (in %) obtained from NLMO analysis of the singlet state of
ThC,@Cy(6)-Cg, (structure 1a).
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Fig. S10. Orbital isosurfaces (£0.03 au) of the carbon cage with Th and atomic orbital
weight compositions (in %) obtained from NLMO analysis of the singlet state of
ThC,@Cy(5)-Cg, (structure 2a).

Table S1. Occupancies of disordered thorium sites in two isomers of ThC,@Cs,.

Isomer Labelling Occupancy
Thl 0.418(2)
C(6) Th2 0.0489(15)
Th3 0.0326(12)
Thl 0.281(3)
Th2 0.150(3)
C(5)
Th3 0.0368(17)
Th4 0.0327(19)
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Table S2. Relative energies (kcal/mol) of different isomers of ThC,@Cy(6)-Cg, and

ThC,@Cy(5)-Cg,, calculated with different density functionals.

Carbide

Sites PBE BP86  B3LYP  PBEO
clusterfullerenes

Thl 0.0 0.0 0.0 0.0
ThC,@C(6)-Cs>

Th1A 14.3 12.2 13.5 15.4

Thl 1.9 1.8 2.6 2.5
ThC,@Cy(5)-Cs,

Th1A 8.7 8.5 10.5 11.2

Table S3. Experimental (Expt.) and optimized structural parameters (B3LYP

functional) for structures of ThC,@Cy(6)-Cg, (1a) and ThC,@C5(5)-Cs, (2a).

Distance /A | ThC,@Cy(6)-Cs, ThC>@C»(5)-Cs,
Expt. Singlet Expt. Singlet

Th1-C83 2.360(11) 2.375 2.334(15) 2.367
Th1-C84 2.353(10) 2.370 2.385(14) 2.369
C83-C84 1.168(16) 1.252 1.11(2) 1.251
Th1-C1 2.546(13) 2.617 2.687(17) 2.685
Th1-C2 2.558(10) 2.652 2.589(13) 2.679
Th1-C3 2.675(13) 2.754 2.543(13) 2.660
Th1-C4 2.736(17) 2.857 2.635(13) 2.655
Th1-C5 2.694(15) 2.751 2.654(15) 2.700
Th1-Cé6 2.626(16) 2.649 2.683(18) 2.702
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Table S4. Crystal structure data of ThC,@Cy(6)-Cg, and ThC,@Cy(5)-Css,.

ThC,@Cy(6)- ThC,@Cx(5)-
Crystal
Cso [Ni"(OEP)]-2CHs Csy [Ni'(OEP)]-2CgHs
Formula weight 1988.55 1988.55
Crystal system monoclinic monoclinic
Space group C2/m C2/m
a, A 25.3169(18) 25.261(2)
b, A 15.0051(11) 14.9722(11)
c, A 19.9071(15) 19.9879(17)
a, deg 90 90
p, deg 94.325(3) 94.646(4)
y, deg 90 90
Volume, A3 7540.8(10) 7534.8(10)
VA 4 4
T,K 120(2) 120(2)
Radiation (4, A) 1.34138 1.34138
Unique data
7836 (0.0813) 9317 (0.0590)
(Rint)
Parameters 1064 1062
Observed data
6330 7692
(I >26(1))
R, (observed
0.0567 0.0773
data)
wR, (all data) 0.1474 0.2230
CCDC NO. 2183932 2183933
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Optimized xyz coordinates

Structure 1a Bond Energy: -19270.15 kcal/mol
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