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Th@C;(8)-Css and Th@C(15)-Csa: impact of actinide metal ions on
the electronic structure of actinide endohedral metallofullerenes

Tiantian Cao,1*" Qingyu Meng,f° Ze Fu,1® Yi Shen,® Yingjing Yan,® Qin Wang,® Bing Zhao,? Wenxia
Wang,? Khaoula Merimi,® Antonio Rodriguez-Fortea,® Yang-Rong Yao,™ and Ning Chen™

Two novel thorium-based endohedral metallofullerenes (EMFs), Th@C>(8)-Css and Th@Cs(15)-Csa, have been successfully
synthesized and fully characterized by MALDI-TOF mass spectrum, single-crystal X-ray diffraction, UV-vis-NIR spectroscopy,
cyclic voltammetry, and DFT computations. The molecular structures of Th@C;(8)-Csa and Th@Cs(15)-Csa were
unambiguously determined by single crystal X-ray crystallography, which differs from the previous theoretical prediction
that the most stable structure among the Th@Cgs isomers is Th@Cs(10)-Csa. These results, together with the previous reports
of the isomers of U@Css, show that the C,(8)-Css cage can only be stabilized by the encapsulation of actinide metals (U and
Th). Detailed structural analysis shows that, in these structures, the encapsulated actinide atom has a unique interaction
with the sumanene-type hexagon, which likely contributes to the stabilization of the endohedral molecular structures.
Moreover, the two thorium-based EMFs show UV-vis-NIR spectra and redox behaviors which are notably different from
those of the previously reported U@Css isomers with the same carbon cages, suggesting that, different from lanthanide-
based EMFs, endohedral actinide metal atoms have an important impact on the electronic structures of actinide

metallofullerenes.

Introduction

Endohedral metallofullerene (EMF) molecular compounds have
host-guest structures formed by encapsulating metal atoms or
metal clusters into fullerene cages.!3 Since the discovery of
La@Ceo,* EMFs have attracted great attention due to their
unique metal-cage hybrid structures. Various EMFs have been
synthesized and characterized in the past three decades,
including mono-metallofullerenes (mono-MFs), di-
metallofullerenes (di-MFs), tri-metallofullerenes (tri-MFs), and
diverse clusterfullerenes. Originated from the intrinsic charge
transfer from the encapsulated metallic units to the carbon
cages, EMFs exhibit unique electronic and physicochemical
properties, leading to potential applications in many fields, such
as biomedicine®, electrochemical catalysis,® 7 photovoltaic
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devices,® single-molecule devices,® 10 and single-molecule
magnets.11. 12

It has been well recognized that the electronic properties of
EMFs are generally governed by carbon cages, and the
encapsulated metal ions have minor contributions to the
frontier orbitals of EMFs. In particular, the carbon cage
symmetry and electron transfer are crucial in determining the
electronic structure of metallofullerenes. Fullerene with
different isomeric structures generally pesent notably different
properties. For example, for the mono-MFs with +2 electron
transfer, the Sm@C,,(9)-Cs» and Sm@0Cs,(7)-Cs2 isomers have
completely different absorption spectra and redox behavior.1®
On the hand, charge transfer between the metal and the carbon
cage also have significant impact on the properties of EMFs. For
example, Sm2*@GC,,(9)-Cs22° and Y3+*@C,,(9)-Csr3, though
sharing the same cage isomer, demonstrate different absoption
spectra and redox properties.[ref] In comparision, EMFs show
similar UV-vis-NIR absorption spectra and redox behaviors if
they share the same carbon cage isomer and formal charge
state. For example, when trivalent metal ions, such as Y3+13
Gd3+,14 Ce3+,15 and Er3+,16 are encapsulated in the same cage of
C,,(9)-Cs2, they have almost identical absorption spectra. These
results suggest that metal ion does not show major impact on
the properites of EMFs.

Recently, a series of actinide-based EMFs have been
intensively studied, starting from the synthesis of the first
tetravalent mono-MF Th@Cs,(8)-Cs,, which shows significantly
different electronic properties and metal-cage interactions
from those of the most extensively studied lanthanide EMFs.20-
27 Interestingly, unlike the fixed LnZ* or Ln3* oxidation states, the



actinides can adopt variable oxidation states depending on the
structural configurations of the carbon cage. A series of
theoretical and experimental studies have shown that thorium
usually exhibits an oxidation state of +4 in mono-MFs,28-32 while
uranium varies from +3 to +6 due to its flexible oxidation
state,?2. 24,26, 3335 |eading to novel endo-units with much more
complex electronic configurations than those of previously
known lanthanide EMFs. In addition, compared to lanthanide
EMFs, actinide-based EMFs show stronger metal-cage covalent
interactions, which can be attributed to the contributions of the
involved f-orbitals.23 Thus, it is desirable to find out if the
different actinide metal ions have major impacts on the
electronic structures of actinide metallofullerenes. In addition,
though a series of U-based EMFs have been reported, the study
of Th-based EMFs has been relatively limited, and Th@Cs, has
never been reported experimentally. Theoretical work has been
done to predict the most stable Th@Cgs,3¢ but it hasn’t been
verified by experimental results.

Herein, we report the synthesis and characterization of two
novel Cgs-based Th mono-MFs, Th@C,(8)-Csa and Th@C;(15)-
Css. We found that, surprisingly, these two isomers are not the
most stable structures for Th@Css predicted by previous
computational studies, Moreover, C,(8)-Css cage is currently
stabilized only by actinide metals. In addition, the UV-vis-NIR
absorption spectra and cyclic voltammograms of these two
isomers significantly differ from those of the previously
reported U@C;(8)-Css and U@C,(15)-Cgs, suggesting the major
impact of encapsulated actinide metal ions on their electronic
structures.

Results and discussion

Synthesis and Isolation of Th@Cga.

Thorium-based endohedral metallofullerenes were produced
by a modified Krdatschmer-Huffman direct-current (DC) arc-
discharge method. Graphite rods packed with ThO, and
graphite powder, with a Th/C molar ratio of 1/24, were
vaporized in an arcing reactor chamber under a 200 Torr He
atmosphere. The resulting soot containing thorium-based
endohedral metallofullerenes was collected and extracted with
CS, for 12 h. The two Th@Cg, isomers were further isolated by

multi-stage high-performance liquid chromatography (HPLC)
separation processes (Fig. S1 and S2, ESIT). The purity of two
Th@Css isomers was confirmed by HPLC and the corresponding
mass spectra, as shown in Fig. 1. In addition, the experimental
isotopic distributions of the two Th@Css isomers agree well with
the theoretical predictions.
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Fig. 2 Oak Ridge thermal ellipsoid plot (ORTEP) drawings of the structures of (a)
Th@C,(8)-Caq:[Ni"(OEP)] and (b) Th@C,(15)-Cgq:[Ni"(OEP)] with 20% thermal ellipsoids.
Only the major cage orientations and primary thorium sites are illustrated. The minor
metal sites and the solvent molecules are omitted for clarity.

Molecular structures of Th@C,(8)-Css and Th@C,(15)-Csa.

The molecular structures of Th@Cs, are determined by single-
crystal X-ray diffraction. Briefly, the black co-crystals of two
Th@Czs isomers and Ni'(OEP) (OEP = 2, 3, 7, 8, 12, 13, 17, 18-
octaethylporphyrin dianion) were obtained by diffusing the CS;
solution of Th@Cgs into the benzene solution of Ni'(OEP). As
shown in Fig. 2, the molecular structures of two Th@Css isomers
were unambiguously determined as Th@Cy(8)-Css and
Th@Cs(15)-Csq, respectively. The co-crystallized Ni'(OEP)
molecules exhibit solid m-m interactions with the EMF
molecules, which are supported by the shortest Ni-C distances
of 2.863 A and 2.929 A with Th@C,(8)-Css and Th@C;(15)-Csa,
respectively. Notably, the C;(8)-Cs4 cage has only been observed
in U@C,(8)-Csa and has never been reported as a host cage for
lanthanide endo-units. This suggests that the unique actinide-
cage interactions can stabilize some uncommon carbon cages.
These two structures were resolved in the C2/m space group,
commonly seen in many metallofullerene-Ni"(OEP) analogs.
Under this space group, the crystal structure has two
orientations that are symmetrized by the crystallographic

(a)

(b)

1240.
1240161 24009 N 1240.165 0089 e
1239 1241 1243 1245 1239 1241 1243 1245
1240.161 1240.165
—Expt. — Expt.
N 1239 1241 1243 1245 1239 1241 1243 1245
1200 1300 1400 1500 1600 1200 1300 1400 1500 1600
m/z ! A\ m/z -
L} L] L] L) L] L] L]
10 30 50 70 20 10 30 50 70 90

Retention Time / min

2| J. Name., 2012, 00, 1-3

Retention Time / min

This journal is © The Royal Society of Chemistry 20xx



Fig. 1 HPLC chromatograms of purified (a) Th@C,(8)-Cgs and (b) Th@C,(15)-Cgs on a Buckyprep column using toluene as the eluent, with a 4 mL/min flow rate. The insets show the
mass spectra of two Th@Cg, isomers with the expansions of the experimental and calculated isotopic distributions.
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Fig. 3 Perspective drawings show the interaction of the major thorium site (marked in
blue) with the closest cage portion (marked in yellow) in (a) Th@C,(8)-Cs4 and (b)
Th@C;(15)-Csa, respectively.

mirror plane with equal occupancy. Accordingly, the fullerene
cage with an occupancy of 0.5 is refined by combing one-half of
the carbon cage with the mirror-related one-half counterpart.
The crystallographic analysis shows that there are some minor
disordered sites probably caused by thermal vibrations of the
encapsulated Th atom in both crystal structures (Details in Fig.
S3). There are five crystallographic disorder sites for the Th
atom in Th@C,(8)-Css. Among them, Thl and Th4 are both
located on the crystallographic symmetry plane, and the
remaining three metallic thorium sites (Th2, Th3, and Th5)
generate Th2A, Th3A, and Th5A through the crystallographic
mirror, respectively. The occupancy of Thl is the highest at
0.730(3), and the occupancies of Th2 to Th5 are shown in Table
S1. For Th@Cs(15)-Cs4, there are only two crystallographic
disorder sites for Th atoms. The thorium sites (Thl and Th2)
generate Th1lA and Th2A by crystallographic mirroring,
respectively, with the occupancies of 0.3159(10) for Thl and
0.1841(10) for Th2. Crystallographically, we discarded the
mirror-related Th1A position due to the unreasonably shortest
Th1A-Cage distance of only 1.732(18) A, similar to the case of Sc
position determination in Sc,@Cs,(8)-Cs2.37 Theoretically, we
also considered position Thl and discarded Th1A because the
geometry optimization of the Th1A position leads to a structure
with significantly higher energy than the optimization of Th1 (14
kcal-mol-1). The major sites of the Th atom in both crystals have

high occupancies, suggesting that the Th atoms are highly
ordered inside the carbon cage. This also indicates the strong
interactions between the Th atom and the carbon cage.

Fig. 3 shows the detailed geometric information between the
encapsulated Th atoms and their coordinated carbon-cage
patterns. Interestingly, the primary Th sites of Th@C;(8)-Css and
Th@C;(15)-Css are both located below the center of a hexagon
with Th-C distances in the ranges of 2.357(16)-2.530(15) A and
2.270(18)-2.424(15) A, respectively, as shown in Table S2. The
optimized structures at the PBEO/TZP level show six Th-C
distances in the ranges of 2.460-2.525 A and 2.462-2.534 A,
respectively, which are slightly larger than in the X-ray structure
and in line with previous computations on other Th@C,, EMFs.
18,22, 26-29 Fyrthermore, these two hexagons are surrounded by
three pentagons and three hexagons, forming sumanene-type
patterns. This result is similar to the previously reported
U@C;(8)-Css and U@C;(15)-Css,38 and partially explains why the
C,(8)-Cs4 cage is only found in actinide metallofullerenes.
Compared to lanthanide atoms, the metal-sumanene pattern is
more commonly seen in actinide metallofullerenes,38
suggesting that the encapsulated actinide atom has a unique
interaction with the sumanene-type hexagon, forming a
relatively stable carbon-cage fragment and thus stabilizing the
whole molecule. Accordingly, An@C,(8)-Css is more favorable
than Ln@C;(8)-Csa due to the unique actinide-sumanene
interaction supported by the theoretical predictions for the
Th@C;, family.323% On the other hand, the C(15)-Cs4 cage also
prefers a single actinide atom due to the actinide-sumanene
interaction, while a lanthanide cluster, such as Er,C,,° seems
more favorable than a single lanthanide atom to this cage.

Straka and co-workers have studied the molecular and
electronic structure of Th@Css in detail by Density functional
theory (DFT).36 Their theoretical calculations indicate that the
thorium atom shows a formal +4 valence state in the Cg4 cage
and isomeric structure with the lowest energy calculated among
the 24 IPR (isolated pentagon rule) and 110 non-IPR cage
isomers based on the Csg cage is Th@Cs(10)-Css. The
encapsulation energies of Th@C,(8)-Css and Th@C;(15)-Cs4 are
significantly higher than those of Th@C(10)-Cs4, which suggests
that these two isomeric structures are likely unstable. However,
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Fig. 4 (a) UV-vis-NIR absorption spectra of Th@C;(8)-Cgs and Th@C(15)-Cg, in CS,. The inset shows photographs of Th@ C,(8)-Css(left) and Th@C,(15)-Cgs(right) dissolved in CS,. UV-
vis-NIR absorption spectra of (b) M@C,(8)-Cgs (M = Th, U) and (c) M@C,(15)-Cs4 (M = Th, U), which share the same cage isomers. The curves are vertically shifted for ease of

comparison.

—
)
—
—_

o
~

Th@C,(8)-C,, Th@C,(15)-C,,

Current/A
Current/ A

15 1.0 05 0.0 -0.5-1.0-1.5-2.0-2.5-3.0

0 1.5 1.0 0.5 0.0 -0.5-1.0-1.5-2.02.5-3.0
Potential (V) vs Fc/Fc

Potential (V) vs Fc/Fc"

Fig. 5 Cyclic voltammograms of (a) Th@C,(8)-Cs4 and (b) Th@C,(15)-Cgs in o-
dichlorobenzene (0.05 M (n-Bu)sNPFs as the supporting electrolyte; scan rate 100 mV/s).

in our experimental work, Th@C;(8)-Css and Th@Cs(15)-Css
were successfully isolated and characterized, and the predicted
most stable isomer in that work, Th@C;(10)-Css, was not found
in the experimentally synthesized product. This suggests that
our experimental results are significantly different from the
previous theoretical predictions, which indicates that
theoretical calculation methods may need to be readjusted and
the significant actinide-sumanene interaction needs to be
considered. Indeed, when considering the thorium-sumanene
interaction, isomers Th@C;(8)-Csq and Th@Cs(15)-Cs4 are both
lower in energy than Th@C;(10)-Cgs by 6.2 and 5.4 kcal-mol?,
respectively, in good agreement with experiments (see Table S4
and Figure S5). Moreover, we have confirmed by inspecting the
frontier molecular orbitals (Fig. S4) that the oxidation state of
thorium in these two new EMFs is Th(lV), as in other mono-
metallic Th@C;, characterized so far.

Spectroscopic Characterizations of Th@C;(8)-Css and Th@C,(15)-
Cs4.

Fig. 4a shows the UV-vis-NIR absorption spectra of Th@C;(8)-Csa
and Th@C,(15)-Csq isomers dissolved in carbon disulfide (CS;)
solution. As shown in Fig. 4b, Th@C,(8)-Css exhibits six
spectroscopic absorptions at 444, 523, 614, 745, 894, and 1209
nm. Such a spectrum is notably different from U@ Cy(8)-Caa,
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which displays only two prominent absorption peaks at 620 and
790 nm.38 Likewise, Th@C(15)-Cs4 shows five absorptions at
447,526, 643, 881, and 979 nm, while U@C(15)-Css, sharing the
same isomeric cage structure, is featured by only three shoulder
absorptions at 464, 626, and 908 nm, as shown in Fig. 4c. It is
commonly acknowledged that the spectroscopic properties of
EMFs are susceptible to their electronic structures, especially
for the carbon cage m-system and charge state. Accordingly,
EMFs sharing the same cage and isoelectronic endo-units have
almost identical absorption spectra. However, in this work, the
spectroscopic results clearly show that the Th@Css and U@Csq
isomers, though showing some similarities, still present
remarkably different electronic structures, even though they
have the same cage isomerism and charge transfer. This
suggests that the contribution of the encapsulated actinide
metals plays a significant role in their contribution to the
corresponding molecular frontier orbitals.

Electrochemical Studies of Th@C;(8)-Css and Th@C,(15)-Csa.

Fig. 5 shows the cyclic voltammograms of Th@C;(8)-Css and
Th@Cs(15)-Cs4 in an ortho-dichlorobenzene (o-DCB) solution
containing tetrabutylammonium hexafluorophosphate
(TBAPF;) as the supporting electrolyte. Th@C,(8)-Css presents
two irreversible oxidation steps (+0.23 and +0.93 V) and five
fully reversible reduction steps (-1.00, -1.34, -1.78, -2.16, and -
2.44 V), respectively. And Th@C(15)-Css presents two
irreversible oxidation steps (+0.26 and +0.88 V) and four fully
reversible reduction steps (-0.73, -1.06, -1.82, and -2.21 V),
respectively. Table 1 summarizes the characteristic redox
potentials of Th@C;(8)-Cs4 and Th@C(15)-Css, as well as those
of U@C;, and Th@C;, (2n = 76, 80-86) for comparison.20, 22, 24,
28-31,33,38 The first oxidation potentials of Th@C,(8)-Css (0.23 V)
and Th@C,(15)-Cg4 (0.26 V) are close to those of Th@C;, (2n =
80, 82, 86), but have notable positive shift compared with that
of Th@T4(19151)-Cy6 (0.03 V) and negative shift compared with
that of Th@G;,(8)-Cs; (0.46 V). The first reduction potentials of

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Redox potentials (V vs. Fc/Fc*) and electrochemical band gaps of Th@C,(8)-Css, Th@C,(15)-Cgs and the selected reference EMFs.

Compounds E2+/+ E+/0 EO/- E/2 E2/3- 374 E4/5- Egap.ec(V) ref
Th@C,(8)-Cas 0.93° 0.23° -1.002 -1.342 -1.782 -2.162 -2.442 1.23 this work
Th@Cs(15)-Caa 0.88° 0.26° -0.732 -1.062 -1.822 -2.212 0.99 this work

U@C,(8)-Csa 0.08° -0.752 -1.322 -1.642 -2.222 0.83 38
U@Cs(15)-Caa 0.85° 0.122 -0.712 -1.062 -1.512 -2.282 0.83 38

Th@74(19151)-Cre 0.75° 0.03° -1.042 -1.412 -1.782 -2.192 1.07 28
Th@Dsk(6)-Cso 0.92° 0.26° -0.632 -0.952 -1.862 0.89 30
Th@C1(28324)-Cso 1.11° 0.242 -1.22° -1.502 -2.052 -2.142 1.46 24
Th@C2(9)-Cs2 0.64° 0.20° -1.05° -1.362 -1.722 1.25 29

Th@C,(5)-Cs2 1.01° 0.26° -1.152 -1.65° -2.16° 1.41 29
Th@C3(8)-Cs2 0.46° -1.05° -1.54° -1.69° -1.82° -2.15b 1.51 20
Th@C1(11)-Css 0.21° -1.172 -1.512 -1.852 -2.24° 1.38 28

U@C1(28324)-Cso 0.28° -0.57° -1.502 -1.912 -2.322 0.85 24

U@Cy(5)-Cs2 0.11° -0.672 -1.542 -1.83% -2.05° 0.78 22
U@C1(11)-Css 0.18° -0.692 -1.542 -1.862 -2.26° 0.87 33
U@ C2v(9)-Ce2 0.92° 0.10° -0.432 -1.422 -1.76° -1.77° -2.21° 0.53 22

9 Half-wave potential (reversible redox process). ? Peak potential (irreversible redox process). In all EMFs, the formal oxidation state of the actinide is An(IV), but in

U@Cau(9)-Caz is U(lII).

Th@C»(8)-Cas (-1.00 V) and Th@Cs(15)-Css (-0.73 V) are
positively shifted compared with Th@C,, (2n = 76, 82, 86) (-
1.04, -1.22, -1.05, -1.15, -1.17 V) and Th@C1(28324)-Cso (-1.22
V) and negatively shifted compared with Th@0Dsx(6)-Cso (-0.63
V). Therefore, the electrochemical gaps of Th@C;(8)-Css (1.23 V)
and Th@C,(15)-Csq (0.99 V) are smaller than those of Th@C;,
(2n = 82, 86) (1.25, 1.41, 1.51, and 1.38 V) and Th@C1(28324)-
Cso (1.46 V), and larger than those of Th@Ds(6)-Cgo ( 0.89 V). It
is worth noting that the electrochemical reductive behavior of
Th@C,(8)-Csq is unique, as it shows five fully reversible reductive
processes, whereas Th@C,, (2n = 76, 80, 82, 86) species do not
have a fifth reduction step except for Th@Cs,(8)-Cs> which has
the fifth irreversible reduction processes. In addition, compared
with uranium-based mono-EMFs sharing the same carbon cage
symmetry, i.e., U@Cy(8)-Css and U@C,(15)-Css,3® the first
oxidation potentials of Th@C;(8)-Css (0.23 V) and Th@Cs(15)-Csq
(0.26 V) are positively shifted while the first reduction potentials
of Th@C»(8)-Cas (-1.00 V) and Th@Cs(15)-Css (-0.73 V) are
negatively shifted, resulting in a larger electrochemical gap. This
suggests that the redox behaviors of Th@C;(8)-Css and
Th@C(15)-Cs4 also show notable differences from those of
uranium-based mono-EMFs sharing the same carbon cage
isomerism, indicating the essential impacts of the encapsulated
actinide metals on the corresponding molecular frontier
orbitals.

Conclusions

In conclusion, two novel Th@Cgs isomers were successfully
synthesized, isolated, and characterized by mass spectrometry,
single-crystal X-ray diffraction, UV-vis-NIR spectroscopy, cyclic
voltammetry, and DFT calculations. The molecular structures of
Th@Cy(8)-Css and Th@Cs(15)-Css were unambiguously
determined by single-crystal X-ray crystallography. Notably,
these results, together with the previous reports, show that the
C,(8)-Csq cage can only be stabilized by the encapsulation of
actinide metals (U and Th). Detailed structural analysis and
computational work show that the encapsulated actinide atom
has a unique interaction with the sumanene-type hexagon,
forming a stable carbon-cage fragment and thus stabilizing the
whole molecule. Moreover, these two isomers are found to
have lower energies than the previous theoretically predicted
Th@C(10)-Css. Th@C2(8)-Css and Th@Cs(15)-Css show different
UV-vis-NIR absorption spectra and electrochemical behaviors
from U@C,(8)-Css and U@C,(15)-Cgs. This indicates that the
electronic structures of actinide EMFs are different from the
lanthanide EMFs, whose electronic structures are largely
governed by the fullerene cages. Instead, different endohedral
actinide metal atoms (U and Th) have important impacts on
their electronic structures, likely due to stronger actinide-cage
carbon covalent interactions. This work highlights the
significant impact of the endohedral actinide metal ions on the
electronic structures of actinide EMFs and paves the way to the
further in-depth computational study of the electronic structure
of actinide-based EMFs.
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Experimental

Synthesis and isolation of two Th@Css isomers.

The carbon soot containing thorium EMFs was synthesized by
the direct-current arc discharge method. The graphite rods,
packed with ThO;, and graphite powders (1:24 molar ratio),
were vaporized in the arcing chamber under a 200 Torr He
atmosphere. On average, 2 g of graphite powder and 1.84 g of
ThO; were packed in each rod, and ca. 30 mg of crude fullerene
mixture per rod was obtained. A total of 200 carbon rods were
vaporized in this work, producing ca. 0.15 mg Th@C,(8)-Css and
ca. 0.18 mg Th@C,(15)-Css. This experimental condition was
accompanied by the synthesis of thorium-based
metallofullerenes ThC,@Cs,. The resulting soot was refluxed in
CS; under an argon atmosphere for 12 h. The separation and
purification of the two Th@Css isomers were achieved by multi-
stage HPLC procedures. Multiple HPLC columns, including a
Buckyprep-M column (25 x 250 mm, Cosmosil, Nacalai Tesque
Inc., Japan), a Buckyprep-D column (10 x 250 mm, Cosmosil,
Nacalai Tesque Inc., Japan), a 5PPB column (10 x 250 mm,
Cosmosil, Nacalai Tesque Inc., Japan), and a Buckprep column
(10 x 250 mm, Cosmosil, Nacalai Tesque Inc., 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 Vis-NIR spectra of
the purified Th@Css isomers dissolved in CS, solution were
measured using a Cary 5000 UV-vis-NIR spectrophotometer
(Agilent, USA). The cyclic voltammetry was obtained in o-DCB
using a CHI-660E electrochemical workstation. A conventional
three-electrode cell consisting of a platinum counter-electrode,
a glassy carbon working electrode, and a silver reference
electrode using a 0.05 M (n-Bu)4NPFs solution as the supporting
electrolyte was used for the measurements with a scan rate of
100 mV/s.

X-ray Crystallographic Study.

The black block co-crystals were obtained by slow diffusion of
the CS, solution of Th@Cs: into the benzene solution of
[Ni"(OEP)]. Single-crystal X-ray data of Th@C(C,(8)-Cs4 and
Th@Cs(15)-Csq were collected at 122 K and 120 K, respectively,
on a diffractometer (APEX II; Bruker Analytik GmbH) equipped
with a CCD collector. The multiscan method was used for
absorption correction. The crystallographic structures of two
Th@Css isomers were solved and refined using SHELXT-2014 by
the intrinsic phasing methods*! and SHELXL-2018 by full-matrix
least-squares based on F,.42

Crystal data for C128 H51 N4 Ni Th: Mr = 1935.47, 0.1 mm x
0.08 mm x 0.06 mm, monoclinic, C2/m (No. 12), a = 27.462(2)
A b=16.9912(14) A, c=17.7357(14) A, a = 90°, 8 = 107.907(4)°,
y=90° V=7874.7(11) A3, Z= 4, pcaica = 1.633 g cm™3, u(Ga Ka) =
5.681 mm-1, ¢ = 2.699-54.097, T = 122(2) K, R; = 0.1069, wR;
=0.2168 for all data; Ry = 0.0719, wR, =0.1922 for 4838
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reflections (/ > 2.00(/)) with 1031 parameters. Goodness-of-fit
indicator 1.029. Maximum residual electron density 0.793 e A-3,

Crystal data for Th@Cs(ls)-Cg4'C35H44N4Ni'CsHsZ Mr =
1910.45, 0.14 mm x 0.1 mm x 0.06 mm, monoclinic, C2/m (No.
12), a = 25.3891(17) A, b = 15.1408(11) A, c = 19.9283(14) A, a
=90°, 8 =94.674(4)°, y=90°, V=7635.5(9) A3, Z=4, pcaica = 1.662
g cm3, u(Ga Ka) = 5.853 mm-1, § = 1.935-53.946, T = 120(2) K,
R1=0.1237, wR, = 0.2660 for all data; R; = 0.0921, wR, = 0.2444
for 5073 reflections (/> 2.00(/)) with 999 parameters. Goodness-
of-fit indicator 1.057. Maximum residual electron density 1.198
e A

The crystallographic data for these two structures have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC) with the deposition numbers 2277408 and 2277409.

Computational Details.

Calculations were carried out using density functional theory
(DFT) with the ADF 2019 package using PBEO functional.3 44
Slater triple-zeta polarization (TZP) basis sets were used to
describe the valence electrons of Th and C. Frozen cores were
described by means of single Slater functions, consisting of the
1s shell for C, the 1s to 5d shells for U and Th. Scalar relativistic
corrections were included by means of the ZORA formalism.
Dispersion corrections by Grimme were also included.*>
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