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ABSTRACT: Actinide endohedral fullerenes have demonstrated remarkably different

physicochemical properties compared to their lanthanide analogs. In this work, two novel isomers



of Th@C,, were successfully synthesized, isolated, and fully characterized by mass spectrometry,
X-ray single crystallography, UV-vis-NIR spectroscopy, Raman spectroscopy, and cyclic
voltammetry. The molecular structures of the two isomers were determined unambiguously as
Th@C.(9)-C.. and Th@C,(5)-C,, by single crystal X-ray diffraction analyses. Raman and UV-vis-
NIR spectroscopy further confirm the assignment of the cage isomers. Electrochemical gaps
suggest that both Th@C.,(9)-C,, and Th@C,(5)-C,, possess stable closed-shell electronic structure.
The computational results further confirm that Th@C.,(9)-C,, and Th@C,(5)-C,, exhibit a unique
four-electron charge transfer from metal to carbon cage and are among the most abundant isomers

of Th@C..

Introduction

Endohedral metallofullerenes (EMFs) feature unique electronic and physicochemical properties
which are derived by the charge transfer from the embedded species to the carbon cage, shedding
light on great potentials of applications in various fields such as biomedicine, organic photovoltaic
devices, thermoelectric materials and molecular devices. The earliest exploration of EMFs can
date back to 1985 when Smalley et al. observed the signal of LaC, in the gas phase. Since then,
mono-metallofullerenes, mainly based on the rare-earth metals, have been the most widely studied
fullerene species due to their relatively high yield. For conventional mono-EMFs, the endohedral
rare-earth metals generally transfer either 2 or 3 electrons to the fullerene cages. Our recent studies
revealed that actinide mono-EMFs display dramatically different structural and electronic features
from those of the conventional lanthanide-based EMFs. In particular, the metal-to-cage four-
electron-transfer makes Th@C,(8)-C,, the first example for which a single metal ion can be
encaged in a C,(8)-C, cage. Moreover, the encapsulated tetravalent metal ions and the resulting

strong host-guest interactions contribute to the outstanding stabilization of novel chiral fullerene



cages in U@C,(17418)-C,, U@(C(28324)-C,, Th@(C,(28324)-C,, Th@C(11)-C,.» It is
conceivable that further exploration of actinide-based mono-EMFs may provide more insights into
novel fullerene isomers as well as the unique interaction between actinide metal ion and the host
fullerene cages.

Herein, we report the synthesis and characterization of two novel Th@C, isomers, Th@C.,(9)-
C. and Th@C,5)-C,. The two mono-EMFs were fully characterized by single-crystal X-ray
diffraction, multiple spectroscopies and electrochemistry. Theoretical calculations were also
utilized to analyze the electronic structures of the two molecules, suggesting that both cages are

essentially stabilized by the unique four-electron-transfer from the endohedral Th ions.

Results and discussion

Synthesis, isolation and purification of Th@C.,.. Thorium-based endohedral metallofullerenes
were produced by a modified Kridtschmer—Huffman DC arc discharge method. Graphite rods
packed with ThO, and graphite powder (molar ratio of Th:C = 1:24), were vaporized in the arcing
chamber under a 200 Torr He atmosphere. The resulting soot was then collected and extracted
with CS, for 12 h. Multistage high-performance liquid chromatography (HPLC) separation
processes were employed to isolate and purify Th@C,, (Figure S1 and Figure S2). The purity of
the sample was confirmed by the observation of single peaks by HPLC and positive-ion-mode
matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS),
as shown in Figure 1. The mass spectra of the purified two isomers of Th@C,show peaks at
1216.132 and 1216.223 m/z, respectively. In addition, the experimental isotopic distributions of

the two samples agree well with theoretical predictions.
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Figure 1. HPLC chromatograms of purified (a) Th@C,(5)-C, and (b) Th@C.,(9)-C, on the
Buckyprep column with toluene as the eluent. HPLC condition, A = 310 nm; flow rate, 4 mL / min.
The insets show the positive-ion mode MALDI-TOF mass spectra and expansions of the
corresponding experimental isotopic distributions of the compounds in comparison with their

calculated ones.

Molecular structures of Th@C.,,(9)-C.and Th@C,(5)-C... The molecular structures of Th@C,
were unambiguously determined by single-crystal X-ray diffraction analyses. The two isomers
were co-crystallized with Ni(OEP) (OEP = 2, 3,7, 8, 12, 13, 17, 18-octaethylporphyrin dianion)
by slow diffusion of the benzene solution of Ni'(OEP) into the carbon disulfide solution of the
purified compounds. The structure of Th@C.,(9)-C,was resolved and refined in the P2,/c (No. 14)
space group while the crystal of Th@C,(5)-C,.falls in the monoclinic C2/m (No. 12) space group.
Figure 2 shows the molecular structures of these endohedral metallofullerenes and their

relationship to the co-crystallized Ni*(OEP) molecules.
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Figure 2. ORTEP drawings showing the relationship between the EMFs and porphyrin moieties
for (a) Th@C,(9)-C.-[Ni"(OEP)] and (b) Th@C,(5)-C.:[Ni"(OEP)] with 20% thermal ellipsoids.
Only the major cage orientations and predominant thorium sites are shown. For clarity, the solvent

molecules and minor metal sites are omitted.

(a) (b)

2.492 A\T/‘K‘ruzo A
05E )‘) 01E

2y - A
\f/(&\":‘_ ) \r
oseqfﬁ;\
‘& i J/J
e

Figure 3. Perspective drawings showing the interaction of the major thorium site with the closest

cage portion in (a) Th@C.,(9)-C,and(b) Th@C,(5)-C,, respectively.

Th@C.(9)-C... As shown in Figure 2a, the Th@C,(9)-C, moiety is close to the adjacent
Ni'(OEP) with a short Ni-to-cage carbon distance (Nil-C23E) of 2.804 A. This value is similar to

those reported for the co-crystals of U@C.,(9)-C.[Ni'(OEP)] (2.787 A) and Gd@C,(9)-



C.-[Ni"(OEP)] (2.783 A), indicating a typical -t stacking interaction between the fullerene and
porphyrin moiety.»" The fullerene cage can be clearly identified as C.(9)-C,. over two disordered
orientations with fractional occupancies of 0.637(3) and 0.363(3), respectively. The endohedral
Th atom is slightly disordered over four sites (i.e., Th1, Th2, Th3 and Th4, see Figure S3a) with
occupancies ranging from 0.4942(9) to 0.0502(11) (see Table S1). It is reasonable to assign the
Thl site to the major cage orientation. A closer look reveals that the major Th1 site is approaching
a cage motif of phenalene that consists of three joint six-member rings with a short Th—C distance
ranging from 2.353 to 2.492 A (Table S3), as shown in Figure 3 a. The shortest Th—C distance of
2353 A is observed between Thl and a cage carbon (i.e., CO6E) at the intersection of three
hexagons. Interestingly, such a metal-cage coordination model is very similar to that in previously
reported Th@C,(8)-C,.; indicating the favorable thorium position inside the fullerene cage. Note
that it is unlike the majority of lanthanide EMFs (i.e., M@C,(9)-C.,M =La, Y, Gd, Sc), in which
the endohedral metals tend to donate three electrons to the carbon cage and reside under a hexagon,
indicating their significant differences in charge transfers as well as the metal-cage interactions.
Th@C,(5)-C,.. For Th@C,(5)-C,, the fullerene cage has two orientations which are symmetrized
by the crystallographic mirror plane. As a result, an intact cage can be obtained by one-half of the
cage with the mirror image of the other, both having the occupancy of 0.5. Figure S4 presents two
orientations of C,(5)-C,.carbon cage. Inside the cage, seven crystallographic sites for Th atoms can
be identified with occupancies ranging from 0.274(2) to 0.0105(8) (Table S2). Since only Th2
resides at the symmetric plane, six additional positions (Th1A, Th3A, Th4A, Th5SA, Th6A and
Th7A) are generated via the mirror plane as shown in Figure S3b. Furthermore, the predominant
Th site, Th1 (occupancy 0.274), is situated over a hexagon with the shortest Th—C distance in the

range 2.308-2.439 A (Table S4), as shown in Figure 3b. Theoretical calculations are also



employed to determine the optimized structure, which is in good agreement with the
crystallographic result (see below).

Spectroscopic Characterizations.

Figure 4 and Figure S8 present the UV—-vis—NIR absorption spectra of Th@C,(9)-C,. and
Th@C,(5)-C,. The spectrum of Th@C.,(9)-C,, exhibits characteristic peaks at 621, 799 and broad
absorption at 1141 nm. As shown in Figure 4a, though this spectrum show resemblance to that of
the U@C.,(9)-C,,, notable differences can still be observed between them, suggesting differences
between their electronic structures despite their almost identical molecular structures. More
significant differences can be found between the absorption spectra of Th@C.,(9)-C. and
Sm@C.,(9)-C,., the later presenting four pronounced peaks at 451, 534,740 and 961 nm. * This can
be rationalized by the fact that while Sm@C.,(9)-C,, features a two-electron charge transfer, the
endohedral Th normally takes a formal +4 charge state. Likewise, the spectrum of Th@C,(5)-C,,
presenting four pronounced peaks at 451, 534, 740 and 961 nm, shows significant differences from
previously reported mono-metallofullerenes such as Sm@C,(5)-C,,,* due to the different charge
transfer. On the other hand, though sharing the same isomeric cage structures and four electron
charge transfer, the spectrum of Th@C,(9)-C. shows notable differences to those of the
Er.C.@C,(9)-C..,” suggesting the major impact of the encapsulated species on the electronic

structures of the corresponding EMFs.
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Figure 4. UV-vis-NIR absorption spectra of (a) Th@C,(9)-C, and U@C,(9)-C,, and (b)

Th@C.(5)-C.in CS..

Th@C.(9)-C.and Th@C/,(5)-C,.were also characterized by low energy Raman spectroscopy, as
shown in Figure 5. Sharp peaks at 151 and 152 cm are observed for the Raman spectrum of
Th@C.(9)-C.. and Th@C,(5)-C.. respectively. These frequencies, which can be assigned to the
metal-to-cage vibrational mode,* are very close to those for Th@C,(8)-C..(148 cm"), Th@C,(11)-
C. (153 cm'): and Th@C,(28324)-C, (155 cm"), indicating similar strong metal-cage interaction in
thorium-based endohedral mono-metallofullerenes. Indeed, the computed Raman spectra for
Th@C(C.,(9)-C,, and Th@C,(5)-C,, confirm the metal-to-cage nature of these normal modes, whose
predicted wavenumbers are 144 and 149 cm, respectively (see SI for more details). It should be
noted that, though the Vis-NIR absorption curve of Th@C.,(9)-C,. somewhat differs from that of
U@C.,(9)-C,, the vibrational frequencies of Th@C.,(9)-C,, at 216 and 359 cm-, as shown in Figure
5a, show pronounced similarity to those of the U@C.,(9)-C,, further confirming that Th@C.,(9)-
C.. and U@C.,(9)-C,, share the same cage isomer." In addition, the frequencies of the cage vibration
modes observed in the range of 200-500 cm™ for the spectrum of Th@C,(5)-C,.(215, 314 and 442

cm) also show some resemblance compared to Eu@C.,(5)-C,.» (frequencies at 215, 358 and 422



cm) and Tm@C,(5)-C,» (frequencies at 222, 320 and 412 cm"), indicating the same cage

symmetry.
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Figure 5. Low-energy Raman spectra of (a) Th@C,(9)-C,and (b) Th@C,5)-C, at 633 nm

excitation.

Electrochemical Studies. Cyclic voltammetry (CV) was employed to investigate the redox
properties of the two Th@C,, isomers. Table 1 summarized the redox potentials of Th@C.,(9)-C..
and Th@C,5)-C,, as well as those of the structurally related compounds for comparison. As
displayed in Figure 6, both Th@C.,(9)-C,and Th@C,(5)-C,. present one reversible oxidation step
(+0.20 and +0.26 V) and one irreversible oxidation step (+0.64 and +1.01 V). In addition,
Th@C.,(9)-C,. shows three reduction steps at -1.05, -1.36 and -1.72 V and Th@C,(5)-C,, also
presents three reduction potentials (-1.15, -1.65 and -2.16 V). As shown in Table 1, for the
oxidation potential, compared to the first reported Th@C,, isomer of Th@C,(8)-C,.,, Th@C.,(9)-C,.
and Th@C(C,(5)-C,, show a generally negative shift. For reduction potentials, Th@C,(5)-C,, also
shows significant negative shift compared to those of the Th@C,(8)-C,,, but Th@C.,(9)-C,, shows

much more similarity to those of the Th@C,(8)-C..



Notably, the first reduction potential of Th@C.(9)-C,. is much more negative with respect to
U@C.,(9)-C.(-1.05 vs -0.43 V).» As a result, the electrochemical gap of Th@C.,(9)-C,, 1.25 V, is
significantly larger than that of U@C,(9)-C.. (0.53 V), in agreement with their different electronic
structure. On the other hand, the obvious negative shifts of the redox potentials are also found for
Th@C(.,(9)-C,. compared with the four-electron-transferred Sc.C.@C.,(9)-C,.," as listed in Table 1.
Overall, relatively large electrochemical gaps for Th@C.,(9)-C,.(1.25 V) and Th@C,(5)-C,.(1.41
V) are correlated with the 4-electron thorium-cage charge transfer, i.e. formal Th~ (5f6d'7s’), and
confirm that both Th@C.,(9)-C,, and Th@C,(5)-C, possess stable closed-shell electronic structure
(vide infra), in contrast to U@C.,(9)-C,, and U@ C,(5)-C,,, with much smaller gaps (0.53 and 0.78

V, respectively) as a consequence of the unpaired electrons in the open 5f shell of U atom."
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Figure 6. Cyclic voltammograms of (a) Th@C.,(9)-C,and (b) Th@C,(5)-C,, in o-dichlorobenzene

(0.05 M (n-Bu).NPF, as the supporting electrolyte; scan rate 100 mV/s).

Table 1. Redox potentials (V vs. Fc/Fc') and electrochemical band gaps of Th@C.(9)-C.,

Th@C(C,(5)-C.and the selected reference EMFs.

Compounds E>- E~» E~ E~ E-= E...(V) ref
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Th@C.(9)-C. +0.64  +020- -1.05 -1.36 -1.72 1.25 this work

Th@C.(5)-C.. +101"  +026- -1.15 -1.65 -2.16 141 this work
Th@C.(8)-C. +046- -105 -1.54 -1.69 1.51 °
U@C(.(9)-C. +0.92>  +0.10-0  -043 -1.42 -1.76 0.53 o
Sc.C.@C.(9)-C. +0.67-  +0.25  -0.74 -0.96- 0.99 :

-Half-wave potential (reversible redox process). 'Peak potential (irreversible redox process).

Computational analysis

To better understand the interaction between Th and the carbon cage as well as the formal charge
transfer in these two new isomers of Th@C,,, we have analyzed their electronic structures at
PBE/TZP level (see Computational Details). Both Th@C.,(9)-C,, and Th@C,(5)-C,, show occupied
orbitals that are essentially delocalized on the carbon cage, with contributions of Th orbitals to
HOMO smaller than 10% (see Figure 7). LUMO and higher-energy orbitals show much important
contributions from Th. Therefore, we can confirm the formal transfer of four electrons from Th to
the cage, even though the covalent interactions are not negligible and larger than for lanthanide

EMFs, as found recently for other similar systems.’
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Figure 7. Frontier molecular orbitals of Th@C.,(9)-C,, and Th@C,(5)-C,.. Occupied orbitals are
essentially localized in the carbon cage (HOMO shows less than 10% contribution from Th

orbitals).

For each of the isomers, we have confirmed, at the present methodology, that the most favored
positions of the Th atom are in agreement with previous work.. For Th@C.,(9)-C,,, we have found
that the Th atom is highly stabilized near triple-hexagon junctions surrounded by three pentagons,
as observed in Th@C,(8)-C,.; and in line with the X-ray structure (see Figure 3a). The shortest
Th-C distance is 2.386 A, very similar to that found in the experiment (2.353 A). Interestingly,
the three nearest pentagons to the Th ion are among those with highest negative charges in the
tetraanionic cage, as found for Th@C,(8)-C..© Not only the site with the major occupancy in the
experimental structure (Th1 49%) shows these characteristics, but also the second most-occupied

site Th2 (40%). For Th@C(5)-C,,, Th is found to be very favored near a hexagon (see Figure 3b).
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The closest Th-C distances range between 2.46 and 2.54 A, with an average value of 2.500 A,
slightly larger than those found by X-ray crystallography (range 2.308-2.439 A).

We have also checked that the thermodynamic abundances predicted for Th@C.,(9)-C,. and
Th@C,(5)-C,, at the high temperatures of fullerenes formation are significantly enough to justify
their formation. We have predicted, at PBE/TZP level, the molar fractions up to 4000 K within the
FEM approximation=* for some of the IPR and non-IPR isomers with one adjacent pentagon pair
(APP). Our selection of structures is based on a first screening based on the energies of the
corresponding tetraanions (Table S6)© Among the IPR structures, we have selected isomers 39714
(IPR 5), 39715 (IPR 6), 39717 (IPR 8) and 39718 (IPR 9), three of them corresponding to the so
far isolated and characterized Th@C,, isomers. From the 75 non-IPR structures with a single APP
(APP1), we have selected those with the lowest energies as C,.* as well as some others which are
intimately related by a single C, insertion to the most abundant Th@C,, cages. This way we would
be able to predict if there is a non-IPR APP1 cage that could encapsulate Th, as observed for
Th@C,.

Table 2. Relative energies for tetraanions C,- and Th@C,, isomers (following the Fowler and

Manolopoulos numbering) along with the symmetries of the empty cages.»

isomer APP Sym C. The@C,

39717 IPR 8 C. 0.0 0.0
39718 IPR9 C. 30 0.9
39714 IPRS C. 22.3 7.2
39715 IPR6 C 84 7.6
37788  APP1 C 412 15.0
39662  APP1 C 35.7 19.7

13



37897  APPI1 C 414 209
39663  APPI C 314 21.3
39656  APPI C 313 214
38471 APP1 C 369 22.5
37359  APPI C 379 26.3
39701 APP1 C 41.8 322
39686  APPI C 312 332
39705  APPI C. 19.5 37.1
39704  APPI1 C 272 420

39706  APP1 C 504 493

»Energies in kcal mol-; » Isomers 37788 and 39706 are obtained from a single C, insertion to
C.(28324)-C,; Isomers 39662, 39656, 39686 and 39706 are obtained from a single C, insertion to
C.(5)-C..

Th@C.(9)-C.. is almost isoenergetic with Th@C,(8)-C.,., the lowest-energy isomer, as previously
observed with similar computational settings. Isomer Th@C,(5)-C,, shows somewhat higher
energy, at 7.2 kcal mol, which is considerably lower than its relative energy as a tetraanion. This
isomer is largely stabilized when containing the Th ion as a consequence of the favorable Th---C
interactions. This significant change in the relative stability of Th@C,, isomers as compared to that
provided by the purely ionic model, i.e. computing the isomers as tetraanions, has been already
observed in other monometallic actinidofullerenes’ and we are working to rationalize it. For non-
IPR structures, significant stabilizations larger than 15 kcal mol" are observed when inserting Th
for isomers 37788, 39662 and 37897. On the opposite side, we find isomer 39705, obtained by
direct C, insertion to 1,(7)-C, and which is the lowest-energy APP1 tetraanion, that is destabilized
by the Th insertion more than 15 kcal mol-. From all the computed non-IPR APP1 Th@C,, isomers,
the only one that is competitive at high temperatures is Th@C,(37788)-C,, (Figure 8). Th@C.(9)-

C.. is predicted to be the most abundant isomer at 2000 K along with Th@C,(8)-C,, in line with

14



experiments. Isomers C,(5)-C, and C(6)-C,, show similar abundances, which indicates that the
latter could be also observed in future experiments. The tiny abundances of other APP1 structures

compared to that of isomer C,(37788)-C,, are shown in the SI.
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Figure 8. Molar fractions at different temperatures computed with the FEM approximation for

some Th@C,, isomers.

Conclusions

In conclusion, two novel isomers of Th@C,, were successfully synthesized and isolated and fully
characterized by mass spectrometry, X-ray crystallography, UV-vis-NIR spectroscopy, Raman
spectroscopy, and cyclic voltammetry. The molecular structures of the two isomers were
determined unambiguously as Th@C.,(9)-C.and Th@C.(5)-C,, by single crystal X-ray diffraction
analysis, respectively. The electrochemical studies, which show that the two isomers have large
electrochemical gaps, confirm that both Th@C,(9)-C,, and Th@C,(5)-C,, possess stable closed-
shell electronic structure. Besides, UV-vis-NIR spectroscopic and computational analysis,
corroborate that both Th@C,(9)-C,, and Th@(C,(5)-C,, exhibit four-electron charge transfer from
metal to carbon cage. Finally, the structural and computational studies reveal that the Th atom is

highly stabilized near a triple-hexagon junction in Th@C.(9)-C,. and near a hexagon in Th@C,(5)-

15



C... This study further confirms the unique electron transfer and interaction between actinide metal
ion and the fullerene cage isomers.

Experimental Details

Synthesis and isolation of Th@C.,.. The carbon soot containing thorium EMFs were synthesized
by the direct-current arc discharge method. The graphite rods, packed with ThO, powders and
graphite powders (1:24 molar ratio), were vaporized in the arcing chamber under a 200 Torr He
atmosphere. The resulting soot was refluxed in CS, under an argon atmosphere for 12 h. The
separation and purification of Th@C,, were achieved by multi-stage HPLC procedures. Multiple
HPLC columns, including Buckyprep-M column (25 x 250 mm, Cosmosil, Nacalai Tesque Inc.),
Buckprep-D column (10 x 250 mm, Cosmosil, Nacalai Tesque, Japan), and Buckprep column (10
x 250 mm, Cosmosil, Nacalai Tesque, Japan), were utilized in the procedures. Further details are
described in the Supporting Information.

Spectroscopic and Electrochemical Studies. The positive-ion mode matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) (Bruker, Germany) was employed for the
mass characterization. The UV-vis-NIR spectra of the purified Th@C, were measured in CS,
solution with a Cary 5000 UV-vis-NIR spectrophotometer (Agilent, USA). The Raman spectra
were obtained using a Horiba Lab RAM HR Evolution Raman spectrometer using a laser at 633
nm. Cyclic voltammetry (CV) results were obtained in o-dichlorobenzene using a CHI-660E
instrument. A conventional three-electrode cell consisting of a platinum counter-electrode, a glassy
carbon working electrode, and a silver reference electrode was used for the measurements. (n-
Bu).NPF, (0.05 M) was used as supporting electrolyte. The CV were measured at the scan rate of

100 mV/s.
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X-ray Crystallographic Study. The black block crystals of Th@C,, were obtained by slow
diffusion of the CS, solution of the corresponding metallofullerene compounds into the benzene
solution of [Ni"(OEP)]. Single-crystal X-ray data of Th@C.(9)-C,, and Th@C,(5)-C,.were collected
at 153 K and 100 K respectively, on a diffractometer (APEX II; Bruker Analytik GmbH) equipped
with a CCD collector. The multiscan method was used for absorption correction. The structures
were solved using direct methods* and refined on Fusing full-matrix least-squares using the
SHELXL.2014 crystallographic software packages.” Hydrogen atoms were inserted at calculated
positions and constrained with isotropic thermal parameters.

Crystal data for Th@C.,(9)-C.,:[Ni"(OEP)]-1.5CH,CS.: Mr = 2001.61, 0.12 mm x 0.08 mm x
0.05 mm, monoclinic, P2/c (No. 14),a=17.660(4) A, b =17.300(4) A, c =26.630(5) A, a = 90°,
B =107.73(3)°, y =90°, V="77503) A", Z = 4, 0... = 1.716 g cm>, u(MoKa) = 2.282 mm-, 6 =
1.991-26.738, T = 153(2) K, R, =0.0911, wR, = 0.1555 for all data; R, = 0.0648, wR, = 0.1418 for
12538 reflections (I > 2.00(1)) with 1995 parameters. Goodness-of-fit indicator 1.079. Maximum
residual electron density 1.850 e A-.

Crystal data for Th@C,(5)-C,-[Ni"(OEP)]-CH,: Mr = 1870.76, 0.1 mm x 0.08 mm x 0.06 mm,
monoclinic, C2/m (No. 12),a=25.000 A, b =15.304 A, c=19.938 A, a =90°, = 94.11°, y =
90°, V=7608.6 A, Z=4,0..,=1647 g cm>, u(MoKa) = 2.266 mm-, 6 = 2.527-26 446, T = 100
K, R =0.1137, wR, = 0.2789 for all data; R, = 0.0941, wR, = 0.2604 for 6463 reflections (I >
2.00()) with 1023 parameters. Goodness-of-fit indicator 1.036. Maximum residual electron
density 1.916 e A-.

Computational Details. All the calculations were carried out using density functional theory
(DFT) with the ADF 2017 package.* The PBE functional and Slater triple-zeta polarization basis

sets (PBE-DG3/TZP) were used, including Grimme dispersion corrections.”* Frozen cores

17



consisting of the 1s shell for C and the 1s to 5d shells for Th were described by means of single

Slater functions. Scalar relativistic corrections were included by means of the ZORA formalism.
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Th@‘CZV(Q).-‘C82 Th@C;(S)—C82

SYNOPSIS: For the first time, actinide metal Th atom inside C.(5)-C,. and C.(9)-C,., Th@C/(5)-C,,
and Th@C.,(9)-C,, have been synthesized and characterized. The electrochemical studies suggests
that both Th@C.,(9)-C,, and Th@C(C,(5)-C,, possess stable closed-shell electronic structure. The
theoretical investigations confirm that Th@C,(5)-C,, and Th@C,(9)-C,, exhibit a unique four-

electron charge transfer from metal to carbon cage and are among the most abundant isomers.
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