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ABSTRACT: Endohedral metallofullerenes (EMFs) containing lanthanides have been intensively studied in recent years. By con-
trast, actinide endohedral fullerenes remain largely unexplored. Herein, for the first time, we report the single crystal structure and
full characterization of an actinide endohedral fullerene, Th@Cs,, which exhibits remarkably different electronic and spectroscopic
properties compared to those of lanthanide EMFs. Single crystal X-ray crystallography unambiguously established the molecular
structure as Th@C;,(8)-Csg,. Combined experimental and theoretical studies reveal that Th@C;,(8)-Cs, is the first example of an
isolated monometallofullerene with four electrons transferred from the metal to the cage, with a surprisingly large electrochemical
bandgap of 1.51 eV. Moreover, Th@Cs,(8)-Cs, displays a strong vibrationally coupled photoluminescence signal in the visible re-

gion, an extremely rare feature for both fullerenes and thorium compounds.

1. INTRODUCTION

Endohedral metallofullerenes (EMFs) have been extensively
studied as promising materials in recent years."” These com-
pounds feature both variable size and isomeric carbon cages
and tunable electronic and magnetic properties which result
from the nature of the encapsulated species.*” Up to now, ex-
cept for a few cases, work in this field has mostly focused on
the lanthanide based EMFs, given their relatively easy synthe-
sis and high product yield.>*"" Early actinides from thorium to
curium, which possess much richer valence states and more
complicated electronic structures compared to their lanthanide
analogues, have also been encapsulated into fullerene cages,
motivated by their potential application in the field of nuclear
medicine.">"® Moreover, recent computational studies predict-
ed unexpected actinide metal-metal bonds and unique cage
structures for uranium-based EMFs, a rare feature that can
only be observed in the gas phase.'*"’ This suggests that
EMFs may be an ideal platform to study the nature of bonding
between actinides and ligands in condensed phases, in the
absence of solvation effects.'”'"® However, experimental stud-
ies of actinide EMFs are very rare: only a few mass and spec-
troscopic studies have been reported. '*** The molecular struc-
tures and physicochemical properties of actinide EMFs remain
completely unknown to date. Herein, we present a complete
and systematic study of an actinide EMF, Th@Cs;,(8)-Cys,. For

the first time, the molecular structure of an actinide EMF is
disclosed from X-ray crystallographic analysis. A combined
theoretical and experimental study revealed unprecedented
features of Th@Cs;,(8)-Cgy, which are significantly different
from those of lanthanide EMFs.

2. RESULTS AND DISCUSSION

Isolation and Characterizations of Th@C;,(8)-Cs,. The
Th@C,, (n=37-48) family was synthesized by a modified arc
discharge method.** Graphite rods, packed with ThO, and
graphite powder, were vaporized in the arcing chamber under
He atmosphere. The resulting soot was then extracted with
chlorobenzene. The mass spectrum of an as-extracted solution
of the fullerene mixture(Figure 1(a)) shows that a large family
of Th based metallofullerenes with multiple cages was gener-
ated during the arcing process, along with the empty fuller-
enes C,,(n=48-59). The most abundant species, as indicated by
Figure 1(a), is Th@Cs,, followed by Th@Cgs and Th@Crs. A
multistage HPLC procedure was employed to isolate and puri-
fy Th@Cs, (Figure S1). The purity of the isolated Th@Cs, was
confirmed by HPLC (Figure 1b). The MALDI-TOF spectrum
shows a peak at m/z 1216.050, corresponding to the mass of
Th@Cs, and the observed isotopic distribution agrees well
with the theoretical calculation (Figure 1c).
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Figure 1. (a) Positive-ion mode MALDI-TOF mass spectrum of
the as-extracted solution of the fullerene mixture. (b) HPLC
chromatogram of the Th@Csgy; using a 10 mmx250 mm
Buckyprep column; flow rate 4.0 mL/min; toluene as moving
phase. (c) Positive-ion mode MALDI-TOF mass spectrum of the
purified Th@Cg,. The inset shows the experimental and theoreti-
cal isotopic distribution for Th@Cg,.

The unambiguous structure of Th@Cs, was determined by
X-ray crystallography. The black block crystals of
Th@Cg,*[Ni"(OEP)] were obtained by slow diffusion of a
benzene solution of [Ni"(OEP)] into a CS, solution of
Th@Cs,. Typically, a host-guest interaction can be observed
between the fullerene and the [Ni"(OEP)] moiety. A fully or-
dered Cj;,(8)-Cg, cage was identified and represents the first
example in which a single metal ion is encapsulated inside a
C3V(8)-C82.2 There is disorder in the position of the endohedral
thorium ion. Only the major thorium site (i.e., Thl with occu-
pancy of 0.300(5) relative to the cage occupancy of 0.5) and
its interaction with the closest cage portion carbons are shown
in Figure 2. It is clearly seen that the Thl site lies over a cage-
carbon at the intersection of three hexagons (i.e, C15E) with a
short Th-C distance of 2.340(14) A, which is very close to the
DFT-calculated value (see below discussion), indicating the
favored position of the endohedral thorium ion. The short Th-
cage contacts also occur between Thl and cage carbons CO3E,
C14E and C16E with the distances ranging from 2.411(9) to
2.494(10) A, suggesting a significant metal-cage interaction.
Note that such a Th---C orientation is very different from that
observed for conventional (CsMes);ThH or (CsMes),ThX,
complexes, in which the metal is centered over the cyclopen-
tadienide ring with a Th—(ring centroid) distance of around 2.5
AP The metal---cage orientation in Th@Cg, is also unlike
that observed for the majority of lanthanide EMFs (i.e.,
M@C,,(9)-Cso, M=La, Ce, Gd, Sm, ect.),””** in which the
endohedral metal is residing under a hexagon. Moreover, as a
useful comparison, the Th-C distances are noticeably shorter
than the Gd-C distances (2.515 and 2.523 A) in Gd@C,.(9)-
Cs, though the ionic radius of Th* (0.94 A) is almost identi-
cal to that of Gd* (0.94 A).35 This indicates that the metal-
cage interaction in Th@Cs, is stronger than those for the lan-

Figure 2. (a) Ortep drawing of Th@C3,(8)-Cs,*[Ni"(OEP)] with
15% thermal ellipsoids, showing the relationship between the
fullerene cage and [Ni''(OEP)]. Only the major thorium site (Th1
with 0.300(5) occupancy) is shown. For clarity, the solvent mole-
cules and minor metal sites are omitted. (b) The view showing the
interaction of the metal ion (major metal site) with the closest
cage portion.
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Figure 3. Orbital interaction diagram for Th@C3,(8)-Cg,. The Cg,
fragment is calculated with the geometry that it has in the metallo-
fullerene.

thanide counterparts. Three additional thorium sites with mi-
nor occupancies (i.e., 0.131(4) for Th2, 0.032(2) for Th3 and
Th4, respectively) were identified inside the C;,(8)-Cg, cage. It
is interesting to note that all the identified thorium sites (i.e.,
Th1-Th4) are contained within a plane which is almost parallel
to the adjacent [Ni"(OEP)]. Such a metal-site distribution is
again very different from other reported EMFs with the same
cages i.e. En@C;,(8)-Cs, 3% and ScoS@Cs,(8)-Cay 37, where the
metal ions are distributed along a band of ten contiguous he-
xagons.
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Figure 4. Molecular electrostatic potential distribution and Mulliken charges of the most charged pentagons of the tetraanionic
C3(8)-Cs. Th*" is placed near the most negatively charged environment.

From a detailed DFT analysis of the electronic structure of
Th@C5,(8)-Cs, (see SI for computational details), we have
corroborated that there is an exceptional formal transfer of four
electrons from the Th atom to the Cg, cage, a situation never
before observed for any isolated monometallofullerenes,
except for the smallest observed systems, M@C,s (M = Ti, Zr,
Hf and U), which have only been detected by high-resolution
FT-ICR mass spectrometry. ~~"The four high-energy electrons
of the Th atom are transferred to lower-lying unoccupied cage
orbitals, with the metal remaining formally as a Th*" ion
(closed-shell {’ configuration) and the cage as Cs," (see Figure
3). This formal transfer of four electrons is clearly confirmed
by the lowest unoccupied orbitals that are mainly localized on
the thorium center. As shown in Figure S3, there are six unoc-
cupied molecular orbitals that are essentially atomic f Th or-
bitals (contributions between 50% and 70%). Besides, the
LUMO and LUMO+12 show important contributions from Th
(more than 35%). We have also computed the atomic charges
according to the Bader partition and found a positive charge of
+2.15 e for Th. The corresponding values for the La and Ba
derivatives at the same level of theory were found to be +1.88
e and +1.61 e. This trend is in agreement with previous values
reported for monometallic and clusterfullerenes with two, three
and four electron formal transfers.” Below we show that the
CV observed for Th@C;,(8)-Cs,, in particular the large elec-
trochemical gap, is also in agreement with the formal four-
electron transfer proposed here. It is important to keep in mind
that even though Th-cage interaction can be easily described
by the ionic model Th* @Cs,", non-negligible covalent inter-
actions are also present, as can be inferred from the contributi-
on of the Th orbitals to the frontier MOs (see for example
HOMO-1 and LUMO in Figure 3).

We have selected the 9 isomers that satisfy the isolated
pentagon rule (IPR) and the 75 non-IPR isomers with only one
adjacent pentagon pair (APP1) of Th@Csg, to compute their
energies (see SI). The lowest energy is found for isomer #8,
which is close to that of isomer #9 (1.2 kcal mol™, see Table
S2). The APP1 isomer #39705 has a much higher energy (37
keal mol™). For Th@Cs,(8)-Cs,, one position of the Th ion is
significantly favoured with respect to the other ones (see Fig-
ure S5). This position is essentially the same as the one found
with major occupancy factor by X-ray. In fact, the molecular
electrostatic potential of C3V(8)-C824' shows this region as the
preferential one for the Th*" ion to be maximally stabilized
(see Figure 4). This unusual position of the Th atom at the
intersection of three hexagons can be also understood consid-

-ering that the Th ion is interacting at the same time with the
three most charged pentagons of the C;,(8)-Cs, cage, which are
symmetry equivalent (pentagons 1, 2 and 3 in Figure 4, which
hold -0.328 e each), and far from the pyracylene motifs. ** All
the calculations for the Th@Cs, systems were made including
relativistic corrections. The energy differences between iso-
mers are essentially the same (within 0.1 kcal mol'l) once the
spin-orbit coupling is considered (see SI). Finally, in order to
incorporate the effect of the high temperatures at which fuller-
enes are formed, we have computed the molar fractions of the
lowest-energy isomers as a function of temperature. The rigid
rotor and harmonic oscillator (RRHO) approximation predicts
Th@C5,(8)-Cs, as the most abundant isomer for the whole
temperature range (see Figure S10), in good agreement with
X-ray crystallographic experiments.
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Figure 5. UV-vis-NIR absorption spectrum of Th@C;,(8)-Cg, and
Sc,0@C;,(8)-Cgy in CS; solution. The inset shows the photograph
of Th@C3,(8)-Cs, dissolved in CS,.

The purified Th@C;,(8)-Csg, was investigated with UV-vis-
NIR absorption spectroscopy. As Figure 5 shows, one charac-
teristic sharp peak at 924 nm and a minor absorption peak at
743 nm were observed. The UV-vis-NIR absorption spectra of
EMFs typically reflect the carbon cage symmetry and the
charge distribution.>"' The abovementioned features of
Th@Cs, are substantially different from those of the previously
reported lanthanide EMFs , which again, indicates a major
difference on the metal-cage charge transfer or cage symmetry.
Interestingly, these absorption features are similar to those of
the (Sc,0)" " @C5y(8)-Cs»",as shown in Figure 5, further sug-
gestting an identical cage symmetry and charge transfer.” Mo-
reover, the absorption onset of the Th@Cs;,(8)-Cs, is ~1120



Table 1. Redox potentials (V vs Fc¢' /Fc) for the Th@C;,(8)-Cs,, Sc;S@C;,(8)-Cs, La@Cs,, Sc@C,,(9)-Cs, obtained in (n-
Bu),NPF¢/0-DCB with ferrocene (Fc) as the internal standard. Computed values in square brackets.

compound E" E” E"™* E*" B> E™ EgpeV) ref
Th@C;,(8)-Cs» +0.46° -1.05° -1.54° -1.69° -1.82° 2.15° 1.51 this work
[+0.40] [-1.09] [1.49] computations
ScS@C;,(8)-Csy +0.52¢ -1.04° -1.19° -1.63° 1.56 37
La@Cs, +0.07° -0.42° -1.37° -1.53 226 0.49 41
Sc@C1,(9)-Cs, +0.15 -0.35 -1.29 0.50 29

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

nm, which results in a surprisingly large optical band gap of
1.11 eV, making Th@Cs;,(8)-Cs, the only monometallofullere-
ne with a very large bandgap ( Table S4 listed bandgaps of the
typical reported monometallofullerenes).

The “C NMR spectrum of Th@C5,(8)-Cg, carbon disulfide
solution was shown in Figure 6. 11 major C NMR signals
from Th@C;,(8)-Cg, were obtained. These 11 NMR signals
are in the chemical shift range of 128-148 ppm(detailed values
listed in Table S3), which are in line with the 11 major *C
signals observed for Sc,C,@C;,(8)-Cg, in range of 134-
145ppm.*** The small difference between the chemical shift
range might be due to the impact of different encapsulated
species. Moreover, all the peak widths at half height were less
than 1Hz, which clearly indicates the diamagnetism of the
sample, further confirms its closed-shell electronic structure
and the four-electron metal-cage charge transfer.
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Figure 6. The °C NMR(150MHz) spectrum of Th@Cs,(8)-Cs»
( CS,, 298K). A capillary tube containing acetone-ds was used as
an internal lock.
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Figure 7. Low energy Raman spectrum of Th@ C3,(8)-Cg,.

Figure 7 presents the low energy Raman spectrum of
Th@C5,(8)-Cs,. Notably, an intense band was found at 148 cm’
'. The computational study assigns this band to the longitudi-
nal metal-to-cage vibrational mode (see Figure S12), in line
with previous reports that metal-to-cage vibrational frequency

in metallofullerenes occurs in the range of 150-200 cm™.* A
previous study suggests that the frequency of this mode could
be defined as v=(f/u)’’, where f'is the cluster-cage force con-
stant and u is the reduced mass of M-C,, system.45 This fre-
quency is very close to 140 cm” for Dy’ @C»,(9)-Cs "
Thus, with a similar vibration frequency and much larger mass
for Th, the cluster-cage force constant for Th@Cs,(8)-Cg, must
be much larger than that for Dy3+@C2V(9)-C82(3'), as well as for
the other lanthanide monometallofullerenes with three electron
transfer. This result agrees well with the tetravalent electronic
state of Th* @C;,(8)-Cs, ™"
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Figure 8. Cyclic voltammogram of Th@C;,(8)-Cg; in o-
dichlorobenzene (0.05 M (n-Bu)4NPFg; scan rate 100 mV/s for
CV.

The redox properties of Th@C;,(8)-Cs,, investigated by
means of cyclic voltammetry (CV), again show major differ-
ences from the lanthanide metallofullerenes. To date, all the
reported monometallofullerenes exhibit reversible reduction
processes. The CV of Th@Csg,, however, shows five irreversi-
ble reductive processes (Figure 8). Moreover, the first reduc-
tion and oxidation potential of Th@Cs;,(8)-Cs, are at -1.05 V
and 0.46 V, respectively, which is far more negative and posi-
tive than those of lanthanide monometallofullerenes, giving
rise to an electrochemical bandgap of 1.51 eV, the largest
among all the reported monometallofullerenes so far. This
result correlates well with the large optical bandgap calculated
by UV-vis-NIR absorption. Moreover, the computed first ano-
dic and cathodic potentials for Th@C;,(8)-Cg, compare very
well with experiment (see Table 1), thus reproducing the rather
large EC bandgap (theor. 1.49 V vs exp. 1.51 V), characteristic
of the C;,(8)-Cs, cage when formally accepting four electrons,
as in Sc,X@Cs,(8)-Cy, with X = 0, S or C,. 47
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Figure 9: (a) PL spectrum of Th@C;,(8)-Cg, in CS; solution upon
excitation at 406 nm at room temperature.(b) PL spectrum of
Th@C3,(8)-Cg, solid powder upon excitation at 365 nm at room
temperature.

Surprisingly, Th@C;,(8)-Cs,, bothin CS, solution and in the
solid state both display a strong photoluminescence (PL) emis-
sion . As shown in Figure 9, the solution PL spectrum of
Th@C5,(8)-Cs, presents signal centered at ca. 471 nm (2.63
eV), when excited under 406 nm UV light and the solid state
PL spectrum also presents very similar emission. This pheno-
menon is extremely rare for either fullerene or for tetravalent
thorium compounds. Photoluminescence has been rarely re-
ported for either empty fullerenes or lanthanide EMFs. Alt-
hough trivalent lanthanide ions are known to possess rich and
distinct 4f-4f based photoluminescence properties, these sig-
nals can be efficiently quenched bythe self-absorption from
multiple electronic transition features of fullerenes. One pos-
sible reason is that all photoluminescence features for trivalent
lanthanides are based on 4/-4f transitions, which are Laporte-
forbidden originating from the selection rule. This leads to the
fact that all trivalent lanthanide photoluminescence features
are intrinsically weak that can be easily quenched. Only a
near-IR luminescence of endohedral Er(Ill) could be detected
corresponding to Er-based endohedral fullerenes.>*’ On the
other hand, Th(IV) compounds are luminescence inactive
given its 5/ electron configuration. Note that the photolumine-
scence feature of Th@Cj;,(8)-Cs, is significantly broad with the
full width at half maximum of ca. 132 nm and vibrationally
coupled, similar to the cases of luminescent uranyl com-
pounds.” We therefore propose that the photoluminescence for
Th@C5,(8)-Cs, might originate from a charge transfer transiti-
on from the fullerene to a Th 6d orbital, which yields Th(III)
and then emits by relaxing to a 5f configuration (orbitally-
allowed transition with energy difference of 2.6 eV). Never-
theless, this transition seems to be exceptionally strong that

even the self-absorption of the fullerene cage cannot comple-
tely quench it, likely because compared to the trivalent lantha-
nide photoluminescence, the charge transfer based photolumi-
nescence is intrinsically much brighter. This further highlights
the substantially different bonding nature of the Th EMF from
those in lanthanide EMFs. In addition, charge transfer photo-
luminescence has never been reported for Th(IV) compounds,
likely because of the instability of Th(III) at the excited state.
Thus, the photoluminescence observed for Th@Cj;,(8)-Cs,
suggests that Th(III) might be stabilized inside the fullerene
cage, making the charge transfer based emission singals
strong enough to be observable in both solution and solid state.

3. CONCLUSIONS

For the first time, an actinide endohedral fullerene, Th@Csg,
has been successfully synthesized and fully characterized by
mass spectrometry, single X-ray crystallography, UV-vis-NIR,
BC NMR, cyclic voltammetry and photoluminescence spec-
troscopies. Crystallographic analysis unambiguously assigned
the molecular structure to Th@C;,(8)-Cg,. Combined experi-
mental and theoretical studies reveal that Th@C;,(8)-Cy, is the
first isolated metallofullerene with four electrons transferred
from metal to the carbon cage, with a surprisingly large elec-
trochemical bandgap of 1.51 eV. Moreover, Th@C;,(8)-Cs,
demonstrates a strong fluorescence in the UV-Vis range, un-
precedented for both fullerene and thorium compounds. This
work reveals that actinide EMFs have remarkably different
structural and physical properties from those previously inves-
tigated lanthanide EMFs, which discloses the unique actinide
behavior inside fullerene cage and opens a new frontier for the
fullerene research.

4. EXPERIMENTAL METHODS

Synthesis and Isolation of Th@C;,(8)-Cs,. Cautions! **Th
(Ty, = 1.4 X 10" years) possesses health risk owing to o
emission, and f§ and y emissions from its daughters. Although
the chemotoxicity and radiotoxicity of thorium are in general
considered to be low, the standard procedure for handling
radioactive materials should be followed. These experiments
were conducted in a laboratory dedicated to studies on acti-
nide elements. The carbon soot containing thorium
metallofullerenes was synthesized by direct-current arc dis-
charge method. The graphite rods, packed with ThO, powders
and graphite powders (1:24 molar ratio), were vaporized in the
arcing chamber under 300 Torr He atmosphere. The resulting
soot was refluxed in chlorobenzene under an argon atmosphere
for 12h. The separation and purification of Th@Cj;,(8)-Cg, was
achieved by a multistage HPLC procedure. Multiple HPLC
columns, including Buckyprep M column(25x250 mm, Cos-
mosil, Nacalai Tesque Inc.), Buckprep-D column(10x250mm,
Cosmosil, Nacalai Tesque,Japan) and Buckprep(10x250mm,
Cosmosil, Nacalai Tesque, Japan), were utilized in this proce-
dure. Further details are described in the Supporting Infor-
mation.

Spectroscopic and Electrochemical Study. The positive-ion
mode matrix-assisted laser desorption/ionization time-of-flight
(Bruker, German) was employed for the mass characterization.
UV-vis-NIR spectrum of the purified Th@C;,(8)-Cs, was
measured in CS, solution with a Cary 5000 UV-vis-NIR spec-
trophotometer (Agilent, U.S.A). Raman spectrum was obtained
on a Horiba LabRAM HR Evolution Raman spectrometer us-
ing a laser at 633 nm. Steady-state photoluminescence (PL)



spectra was recorded on FLS980 (Edinburgh Instrument, UK)
with excitation at 406 nm at room temperature. PL spectrum of
Th@C5,(8)-Cs, solid powder were recorded upon excitation at
365 nm at room temperature with CRAIC 20/30 PV™
Microspectrophotometer.

C NMR study. The Th@Cs,(8)-Cs, sample (ca.1.5 mg) was
dissolved in CS,(0.8mL) and placed into a NMR tube. A ca-
pillary containing acetone-ds was used as an internal lock. The
C NMR spectroscopic measurements were performed on 150
MHz with an Agilent Direct-Drive II 600 MHz spectrometer
(Agilent, USA) at 298K. The total 239872 scans were recorded
and the experimental time were 124.2 hrs.

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were carried out in o-dichlorobenzene using a CHI-
660E instrument. A conventional three-electrode cell consist-
ing of a platinum counter-electrode, a glassy carbon working
electrode, and a silver reference electrode was used for both
measurements. (n-Bu);NPFs (0.05 M) as supporting electro-
lyte. The CV and DPV were measured at the scan rate of 100
mV/s and 20 mV/s, respectively.

X-ray Crystallographic Study. The black block crystals of
Th@Cs,[Ni"(OEP)] were obtained by slow diffusion of a CS,
solution of Th@Cs, into a benzene solution of [Ni"(OEP)]. X-
ray data were collected at 173 K using a diffractometer (APEX
II; Bruker Analytik GmbH) equipped with a CCD collector.
Multiscan method was used for absorption correction. The
structure was resolved using direct methods (SIR2004)°" and
refined on F2 wusing full-matrix least-squares using
SHELXL2013>* within the WinGX package.” Hydrogen at-
oms were inserted at calculated positions and constrained with
isotropic thermal parameters.

Crystal data for Th@Cs;,(8)-Cg, - [Ni"(OEP)] - 1.5C¢Hg - CS,:
M,=2001.61, 0.20x0.20%0.20 mm, monoclinic, C 2/m (No.12),
a=27.1225(6), b=17.0996(5), ¢=17.6908(4), a=90,
p=106.759(1), y=90, V=7856.2 (3) A’, Z=4, pci=1.692 g cn’
. w(Cug)=7379 mm’, 6=3.094-68.373, T=173(2) K,
R=0.0507, wR,=0.1332 for all data; R;=0.0479, wR;=0.1300
for 6897 reflections (I> 2.05(I)) with 1053 parameters. Good-
ness of fit indicator 1.035. Maximum residual electron density
1.247 ¢ A”. Crystallographic data has been deposited in the
Cambridge Crystallographic Data Center (CCDC 1509968),
which contains the supplementary crystallographic data for
this paper.
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