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ABSTRACT: Terbium has been added to the list of elements that
form oxide clusters inside fullerene cages. Tb2O@C2(13333)-C74

has been isolated as a byproduct of the electric arc synthesis of the
azafullerene Tb2@C79N. Cocrystallization of Tb2O@C2(13333)-
C74 with Ni(OEP) (where OEP is the dianion of octaethylpor-
phyrin) in toluene yielded black needles of Tb2O@C2(13333)-C74·

NiII(OEP)·1.5C7H8 that have been examined by single-crystal X-
ray diffraction. The resulting structure shows that a nearly linear
Tb−O−Tb unit is contained in a C2(13333)-C74, which has two
sites where pentagons share an edge to form pentalene units at
opposite ends of the fullerene. Unlike the usual situations where
metal atoms in fullerenes that do not obey the isolated pentagon rule are situated within the folds of the pentalene units, the Tb
atoms in Tb2O@C2(13333)-C74 are positioned to the side of the pentalene units and near-neighboring hexagons. The magnetic
properties of Tb2O@C2(13333)-C74 have been examined starting from the experimental geometry, using ab-initio multiconfigura-
tional methods. The computations predict that Tb2O@C2(13333)-C74 will show strong axiality, which would make it a single-
molecule magnet with a large magnetic anisotropy barrier.

■ INTRODUCTION

Endohedral fullerenes are remarkable molecules that involve a
closed carbon cage that acts as a container for individual
atoms, molecules, or clusters of atoms.1−5 In the last case,
these clusters have rarely been encountered as identifiable units
outside of the endohedral fullerene. These endohedral
fullerenes acquire properties that depend upon the atoms
trapped inside. Thus, if a paramagnetic metal atom is involved,
the retention of its magnetism whilst trapped in the fullerene
cage allows it to become useful as a relaxation agent for
magnetic resonance imaging (MRI), as is the case with many
gadolinium endohedrals.6−8 Additionally, lutetium-containing
endohedrals can act as X-ray contrast agents and may be used
as radiopharmaceuticals.9,10 Other endohedral metallofuller-
enes have been shown to function as single-molecule
magnets.11−13

Since the preparation and structural characterization of a
case of a metal oxide unit trapped in a fullerene cage, Sc4O2@
Ih-C80,

14 several other endohedral fullerenes containing a range
of metal-oxo units have been made and characterized.15,16 For
example, endohedral fullerenes have been isolated containing
the following scandium oxide clusters: Sc4O3 in Sc4O2@Ih-
C80,

17 the Sc4O2 unit mentioned above, Sc3O in Sc3O@Ih-
C80,

18 and Sc2O in Sc2O@Cs(6)-C82.
19

Here, we report on the isolation and characterization of
Tb2O@C2(13333)-C74, which is the first endohedral contain-

ing a terbium oxide cluster to be identified, crystallographically
characterized, and computationally analyzed. The empty cage
C74 cage has some unusual characteristics. While most empty-
cage fullerenes are soluble in solvents such as benzene and
carbon disulfide, the C74 prepared by arc discharge methods is
not soluble in organic solvents and is believed to exist in a
polymeric form.20,21 For empty-cage C74, there is one isomer of
D3h symmetry that satisfies the isolated pentagon rule, but that
cage has a low calculated highest occupied molecular orbital
(HOMO)/lowest unoccupied molecular orbital (LUMO) gap,
which is believed to be responsible for its low solubility that
results from polymerization of this fullerene. The presence of
D3h-C74 in carbon soot has been verified by the formation of
adducts such as D3h-C74F38

22 and C2-(C74-D3h)(CF3)12.
23

Additionally, several endohedral fullerenes have been found
to utilize the D3h-C74 cage including Ba@C74,

24 Sm@C74,
25

U@D3h-C74,
26 and Sc2C2@D3h(14246)-C74.

27 However, com-
putations have suggested that for M2@C74, two isomers, M2@
C2(13295)-C74 and M2@C2(13333)-C74, which deviate from
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the IPR by having two adjacent pairs of pentagons, are more
stable than the M2@D3h-C74 isomer.28 Similar predictions have
been made for Sc2S@C74.

29 Subsequently, two endohedral
fullerenes utilizing the C2(13333)-C74 cage have been isolated
and structurally characterized: Ho2O@C2(13333)-C74

30 and
Dy2O@C2(13333)-C74.

31

■ RESULTS AND DISCUSSION

Preparation and Isolation of Tb2O@C2(13333)-C74. A
sample of Tb2O@C2(13333)-C74 was obtained as a byproduct
from the earlier preparation of the azafullerene Tb2@C79N.13

Carbon soot containing Tb2O@C2(13333)-C74 was synthe-
sized by the three-phase electric arc discharge evaporation of
graphite rods doped with Tb4O7 powder under an atmosphere
of dinitrogen.32 The soot was subjected to a chemical
separation using amino-functionalized silica,33 followed by
several rounds of HPLC on different columns as outlined in
the Experimental Section. Figure 1 shows the HPLC trace of
the purified material along with the experimental and
computed mass spectra.

Figure 2 shows the UV/Vis spectrum of a sample of Tb2O@
C2(13333)-C74 in toluene solution. The UV/Vis spectra of
endohedral fullerenes are characteristic of the cage size and
isomeric cage structure. Thus, the spectrum of Tb2O@
C2(13333)-C74 with absorption maxima at 356, 406, 537,
605, 660, and a shoulder at 712 nm is similar to those of
Ho2O@C2(13333)-C74 (with maxima at 417, 541, 612, 659,
and a shoulder at 712 nm)30 and Dy2O@C2(13333)-C74 (with
maxima at 370, 420, 540, 610, 660, and a shoulder at 720
nm).31 In addition, both Ho2O@C2(13333)-C74 and Dy2O@
C2(13333)-C74 exhibited features in the near-IR region that we
could not detect in Tb2O@C2(13333)-C74 due to our
instrument limitations. The similarity of the UV/Vis spectra
of Ho2O@C2(13333)-C74, Dy2O@C2(13333)-C74, and

Tb2O@C2(13333)-C74 suggests that all have the same
electronic distribution: 2M3+, O2−, C2(13333)-C74

4−.
Crystallographic Characterization of Tb2O@

C2(13333)-C74. To obtain the ordered crystal of the
endohedral fullerene suitable for single-crystal X-ray diffrac-
tion, we utilized the procedure in which the endohedral is
cocrystallized with NiII(OEP) (OEP is the dianion of
octaethylporphyrin).34−36 Black needles of Tb2O@
C2(13333)-C74·Ni(OEP)·1.5C7H8 were obtained by diffusion
of a toluene solution of NiII(OEP) into a toluene solution of
Tb2O@C2(13333)-C74 and used for the collection of X-ray
diffraction data. The crystallographic data indicate that this
endohedral fullerene uses a carbon cage with C2 symmetry:
C2(13333)-C74. Figure 3 shows how the endohedral fullerene,

Tb2O@C2(13333)-C74, is cupped by the adjacent NiII(OEP)
molecule. As with other oblong fullerenes like C70,

37 the long
direction of the carbon cage is canted at an angle to the
porphyrin plane. Figure 4 shows a drawing of the endohedral
fullerene itself, which contains two sites within the cage where
two pentagons share a common edge and are highlighted in
red. Thus, this cage does not obey the isolated pentagon rule
(IPR), which requires that each pentagon in a fullerene cage be
surrounded by five hexagons.

In crystalline Tb2O@C2(13333)-C74·NiII(OEP)·1.5C7H8,
the asymmetric unit consists of one half of the porphyrin
with the other half generated by a crystallographic mirror

Figure 1. Top: HPLC trace of purified Tb2O@C74. Bottom: mass
spectrum of isolated Tb2O@C74. Experimental spectrum Tb2O@C74

(lower; blue) and simulated Tb2O@C74 spectrum (above; red).

Figure 2. UV/vis spectrum of Tb2O@C2(13333)-C74 in toluene
solution at room temperature.

Figure 3. Relative orientation of the fullerene and metalloporphyrin in
Tb2O@C2(13333)-C74·NiII(OEP)·1.5C7H8 showing 30% thermal
contours. For clarity, the toluene molecules and hydrogen atoms
have been omitted. Color code: carbon, gray; oxygen, red; nitrogen,
blue; nickel, green; terbium, blue-green.
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plane, an entire molecule of Tb2O@C2(13333)-C74 at half
occupancy and two sites for toluene molecules, one of which is
disordered. The crystallographic mirror plane that bisects the
NiII(OEP) molecule also passes through the chiral Tb2O@
C2(13333) molecule and generates the mirror image of this
endohedral fullerene. Thus, the crystal is a racemate and the
presence of the two enantiomers in the crystal reflects the fact
that no effort was made to separate these enantiomers.

Figure 5 shows the Tb2O@C2(13333)-C74 molecule from a
perspective that places one of the pentalene units formed by

the junction of two pentagons nearest the viewer. Notice that
the terbium atom nearest the pentalene unit is not situated
directly over the C−C bond at the center of the pentalene unit.
Instead, the terbium atom is situated to the side of the
pentalene unit and makes the closest contact with some of the
carbon atoms in the pentalene unit and some carbon atoms in
an adjoining hexagon of the cage. A similar situation occurs at
the other pentalene site, where again the terbium atom does
not sit over the center C−C bond of the pentalene unit but sits
to one side of that unit. In many endohedral fullerenes that
contain a pentalene unit, metal atoms are centered over the
central C−C bond of that unit as is the case in the following
crystallographically characterized endohedrals: Sc3N@

D3(6275)-C68,
38 M3N@Cs(51365)-C84, (M = Tb, Tm, or

Gd),39,40 Gd3N@Cs(39663)-C82,
41 M3N@C2(22010)-C78 (M

= Gd, Tb, or Ho),42,43 Sc2O@C2(7892)-C70,
44 Sm@

C2v(19138)-C76,
45 U@C1(17418)-C76,

46 U@C1(28324)-C80,
13

Th@C1(28324)-C80,
13 Sc2S@Cs(10528)-C72,

47 Gd2C2@
C1(51383)-C84,

48 and MNC@C2v(19138)-C76 (M = Tb,
Y).49 However, in La2@Cs(17490)-C76, it appears that the
two lanthanum atoms are not strongly bonded to the two
pentalene units but rather are situated closer to a hexagon and
are able to move about the cage.50 Additionally, the presence
of cage disorder and multiple metal ion sites in the
monometallic endohedral fullerenes, U@C1(17418)-C76, U@
C1(28324)-C80, and Th@C1(28324)-C80,

13 suggests that the
metal-pentalene bonding in these fullerenes may not be strong.

The structure of Tb2O@C2(13333)-C74 is similar to the
structures of Ho2O@C2(13333)-C74

30 and Dy2O@C2(13333)-
C74.

31 All involve the non-IPR cage, C2(13333)-C74, and
contain nearly linear M−O−M units. In Tb2O@C2(13333)-
C74, the Tb−O distances are identical within esd’s, 2.017(9)
and 2.018(9) Å, and the Tb1−O−Tb2 angle, 177.0(4), is
nearly linear. The Tb−O distances are remarkably short. A
survey of the Cambridge Crystallographic Data Base reveals
that Tb−O distances range from 2.28 to 2.49 Å, with an
average length of 2.40 Å.51 In Ho2O@C2(13333)-C74, the
Ho−O bond lengths in the two crystallographically different
clusters are shorter than the corresponding Tb−O distances:
2.026(5) and 1.999(5) Å in the major site and 2.001(5) and
2.008(5) Å in the minor site. The Ho−O−Ho angle is
170.5(2)° in the major site and 171.0(2)° in the minor site.
For Dy2O@C2(13333)-C74, disorder obscure matters but the
representative Dy−O distances are reported as 1.980(5) and
2.059(5) Å and the Dy−O−Dy angle was given as 171.9(3)°.
In all three of these endohedrals involving the C2(13333)-C74

cage, the metal atoms have similar positions that are situated to
the side of the pentalene unit so that the metal atoms are not
positioned over that unit as frequently seen in other
endohedrals as noted above.

Structural information for other endohedral fullerenes of the
type M2O@C2n that have been crystallographically charac-
terized is summarized in Table 1. As the data in this table
show, the M−O−M angles in these endohedral fullerenes are
quite variable, but nearly linear arrangements are uncommon.
A similar situation concerning M−O−M angles also exists in
coordination complexes as well.52 For example, the FeIII−O−

FeIII bond angles in complexes containing the N4Fe−O−FeN4

core range from 145° to 180°.52 Additionally, in many of the
M2O@C2n type endohedrals, there is a considerable disorder in
the positioning of the metal atoms. In Table 1, data are shown
only for the major orientation of the M2O unit when there is a
disorder in the metal atom positions. The linear nature of the
M−O−M units in M2O@C2(13333)-C74 (M = Tb, Ho, or Dy)
is likely to be related to the elongated nature of the carbon
cage with the two pentalene units at opposite ends.
Computational Studies of Magnetic Properties. This

study did not yield a sufficient quantity of Tb2O@C2(13333)-
C74 to allow us to obtain experimental magnetic data.
However, we investigate the magnetic properties of the
Tb2O@C2(13333)-C74 molecule starting from the experimen-
tal geometry (i.e., atomic coordinates are in Table S1), using
ab-initio multiconfigurational methods (see Supporting In-
formation for details of the methods). Each Tb3+ has 4f8

valence electrons. According to the Hund’s rules, this leads to a
spin angular momentum S = 3, an orbital angular momentum

Figure 4. Structure of Tb2O@C2(13333)-C74 in Tb2O@C2(13333)-
C74·NiII(OEP)·1.5C7H8. Only the endohedral fullerene is shown, and
the pairs of pentagons that share a common edge are highlighted in
red.

Figure 5. Structure of Tb2O@C2(13333)-C74 in Tb2O@C2(13333)-
C74·NiII(OEP)·1.5C7H8 showing the interaction of terbium atom with
one of the pentalene units (highlighted in dark gray) formed by the
junctions of two pentagons. Only the endohedral fullerene is shown.
Color code: carbon, gray; oxygen, red; terbium, blue-green.
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L = 3, and a total electronic angular momentum J = 6. The O2−

anion does not carry unpaired electrons. The low-energy
spectrum of the system can be described by the following
effective Hamiltonian

= + +H H H H
LF

Tb1

LF

Tb2

int (1)

Here, the first two terms correspond to the ligand-field
Hamiltonian (single-ion magnetic anisotropy) for the two Tb
ions, while the third is the interaction Hamiltonian between
the two Tb ions. The ligand-field Hamiltonian for ion A is
given by

=

= =

H JB O ( )
k q k

k

k
q

q

k

LF

A

2,4,6
A

(2)

where Ôq
k (J ̂A) are extended Stevens operators53 and Bk

q are the
corresponding crystal-field parameters. Here, J ̂A is the total
angular momentum operator for the A ion. To determine the
crystal-field parameters, for each Tb3+ ion, we replace the other
Tb3+ ion with a nonmagnetic La3+. We then calculate the low-
energy spectrum using the state-average complete active space
self-consistent field (SA-CASSCF) method combined with the
restricted active space state interaction (RASSI) approach for
the inclusion of the spin−orbit interaction (see Supporting
Information for details). The spin-free energies and spin−orbit
energies for Tb2O@C2(13333)-C74 molecules with one of the
Tb3+ ions being replaced by a nonmagnetic La3+ ion are shown
in Tables S2 and S3. The calculated energy levels
corresponding to the ground (J = 6) multiplet for one of the
Tb ions are shown in Figure 6. The spectrum consists of quasi-

doublets (except the highest level). The tunnel splitting is
small for the low-lying doublets, but it increases significantly at
higher energies. The energy gap between the ground and first-
excited doublets is almost 300 cm−1. These features indicate
the strong axiality of the molecule, which makes it a good
candidate for a single-molecule magnet with a large magnetic
anisotropy barrier. The crystal-field parameters are then
calculated using the SINGLE_ANISO methodology.54 Table

Table 1. Structural Parameters for Crystallographically Characterized Endohedral Fullerenes Containing M2O Units

compound M−O−M angle (degree) M−O distance (Å) M−O distance (Å) refs

Tb2O@C2(13333)-C74 177.0(4) 2.017(9) 2.018(9) a

Ho2O@C2(13333)-C74 170.5(2) 2.026(5) 1.999(5) b

Dy2O@C2(13333)-C74 171.9(3) 1.980(5) 2.059(5) c

Ho2O@D2d(51591)-C84 176.06 1.942(6)−2.081(6) d

Ho2O@D3(85)-C92 157.3(6) 2.562(13) 2.407(11) e

Dy2O@Cs(6)-C82 not determined 1.985(11) average f

Dy2O@C3v(8)-C82 not determined 1.978(9) average f

Dy2O@C2v(9)-C82. not determined 1.944(8) average f

Sc2O@C2(7892)-C70 131.24 1.909(5) 1.909(5) g

Sc2O@Td(19151)-C76 133.9(4) 1.972(4) 1.825(5) h

Sc2O@C2v(3)-C78 134.38(14) 1.868(4) 1.905(4) i

Sc2O@D3h(5)-C78 135.21(12) 1.903(4) 1.979(4) i

Sc2O@C2v(5)-C80 160.79(18) 2.017(4) 1.861(4) j

Sc2O@Cs(6)-C82 156.6° 1.943 1.867 k

Sc2O@C3v(8)-C82 131.0−148.9 1.937 Å 1.888 l

Lu2O@C1(31876)-C80 157.05 1.970 2.017 m

Lu2O@C2v(5)-C80 141.80 1.914 2.083 m

aThis paper. bLiu, A.; Nie, M.; Hao, Y.; Yang, Y.; Wang, T.; Slanina, Z.; Cong, H.; Feng, L.; Wang, C.; Uhlik, F., Inorg. Chem. 2019, 58, 4774−

4781. cVelkos, G.; Yang, W.; Yao, Y.-R.; Sudarkova, S.-M.; Liu, X.-Y.; Büchner, B.; Avdoshenko, S. M.; Chen, N.; Popov, A. A., Chem. Sci. 2020, 11,
4766−4772. dCong, H.; Liu, A.; Hao, Y.; Feng, L.; Slanina, Z.; Uhlik, F., Inorg. Chem. 2019, 58, 10905−10911. eYu, Y.; Slanina, Z.; Wang, F.;
Yang, Y.; Lian, Y.; Uhlik, F.; Xin, B.; Feng, L., Inorg. Chem. 2020, 59, 11020−11027. fYang, W.; Velkos, G.; Liu, F.; Sudarkova, S. M.; Wang, Y.;
Zhuang, J.; Zhang, H.; Li, X.; Zhang, X.; Büchner, B.; Avdoshenko, S. M.; Popov, A. A.; Chen, N., Adv. Sci. 2019, 6, 1901352. gFeng, L.; Zhang, M.;
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Figure 6. Ground (J = 6) multiplet for Tb2O@C2(13333)-C74

molecule with one of the Tb3+ ions being replaced by a nonmagnetic
La3+ ion. The horizontal axis shows magnetic moment in units of
Bohr magneton. The tunnel splitting of quasi-doublets is denoted.
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2 shows the most important crystal-field parameters calculated
for one of the Tb3+ ion. Here, the z axis is along the Tb−O

bond, which is the magnetic easy axis of the molecule. As seen,
the axial parameters are much larger than the transverse
parameters, confirming the strong axiality of the system.
Nevertheless, the transverse parameters are non-zero and are
responsible for the aforementioned tunnel splitting of the
doublets. We also show the crystal-field parameters for the
artificial Tb2O molecules that were obtained from the original
Tb2O@C2(13333)-C74 molecule by removing the fullerene
cage (and again replacing one of the Tb3+ ion by a
nonmagnetic La3+). In this case, we observe much stronger
axiality. This indicates that the fullerene cage enhances the
transverse crystal-field interactions.

The crystal-field parameters for the second Tb3+ ion are
shown in the Supporting Information (Table S5). While, in
general, these parameters have similar features to the first Tb3+

ion, the transverse interactions are significantly stronger. The
main reason for this is that we use the common z axis for both
Tb3+ ions, which is the magnetic easy axis for the first Tb3+ ion.
The magnetic easy axis of the second Tb3+ ion is along the O−

Tb bonding direction, and it deviates from the easy axis of the
first Tb3+ ion by around 3°. This result is consistent with the
fact that the Tb−O−Tb angle is 3° short of the completely
linear alignment.

The magnetic interaction Hamiltonian consists of two
contributions, the exchange and dipolar interactions. To
estimate the magnetic exchange interaction in the Tb2O@
C2(13333)-C74 molecule, we first calculate the energy
difference between the ferromagnetic and antiferromagnetic
arrangements of the Tb spins (Stot = 6 and Stot = 0) in the
absence of spin−orbit coupling, using the SA-CAS(16,14)SCF
method (see Table S4 and SI for details). Here, Stot is the total
spin angular momentum of the Tb2O@C2(13333)-C74

molecule. The calculated energy difference, ΔFM‑AFM, is −9.4
cm−1, which indicates that the ferromagnetic arrangement has
a lower energy than the antiferromagnetic arrangement.

Calculations for the Tb2O molecule show that the effect of
the fullerene cage is negligible.

For a proper calculation of the exchange coupling for multi-
ions with unquenched orbital angular momentum, the spin−

orbit interaction needs to be included. Note that the energy
difference ΔFM‑AFM is much smaller than the ligand-field
splitting (Table S2) and the RASSI-SO energy difference
between the ground and the first-excited quasi-doublets of
each Tb ion in the molecule (see Table S3). Therefore, the
anisotropic exchange interaction in the presence of spin−orbit
interaction can be described by the Lines model55

implemented in the POLY_ANISO program.56−59 Although
an elaborate model60 including anisotropic and higher-order
exchange coupling parameters for J multiplets was proposed
for an accurate description of exchange interactions in multi-
ion systems with strong spin−orbit interaction, the Lines
model has been shown to successfully explain experimental
data.61−63 The ground quasi-doublet corresponds to |mJ| = 6
states. Thus, the ground quasi-doublet of each Tb ion can be
projected onto pseudospin s = 1/2. The exchange interaction
of the Tb2O@C2(13333)-C74 molecule including spin−orbit
interaction can be described by the anisotropic Ising model
with two pseudospins sTb1 = 1/2 and sTb2 = 1/2, each of which
represents a Tb ion. Using the ΔFM‑AFM value and the
SINGLE_ANISO results of the two fragments (TbLaO@C74

and LaTbO@C74) as input for the POLY_ANISO program,
we find that the ground and higher doublets are separated by
8.1 cm−1. As a result, the anisotropic exchange coupling Jex for
the pseudospins is 16.2 cm−1 in the following effective Ising
Hamiltonian

=H J s sz zex ex Tb1, Tb2, (3)

where sÂ,z′ is the z′ component of the pseudospin angular
momentum operator of ion A. The z′ axis coincides with the
direction connecting the Tb ions. The calculation details can
be found in the Supporting Information.

The magnetic dipole−dipole coupling is also calculated
using the POLY_ANISO program for the projected lowest-
energy doublets. We find that the magnetic dipole−dipole
interaction favors the ferromagnetic arrangement by 2.1 cm−1.
This value is very similar to our calculation of the magnetic
dipole−dipole coupling, assuming that classical magnetic
moments of magnitude m = gLJμB = 9μB reside at the Tb
ion positions, where μB is Bohr magneton. The magnetic
moment points in the direction of the easy axis of the
corresponding Tb ion. The dipolar energy is given by

= · · ·m r m r m mE

r

r

4
(3( )( ) )dip

0
5 Tb1 Tb2 Tb1 Tb2

2

(4)

where mTb1 and mTb2 are magnetic moment vectors of the two
Tb ions and r is the vector connecting the two Tb ions. Since
both magnetic moments are approximately parallel to r, the
ferromagnetic configuration of the moments has a lower
energy than the antiferromagnetic configuration. Thus, the
dipolar interaction has the same sign as the exchange coupling.
However, the calculated energy difference between the
antiferromagnetic and ferromagnetic configurations is only 2
cm−1. This is an order of magnitude lower than in the case of
the exchange coupling, and therefore, the dipolar coupling has
a rather small effect.

Based on the calculated energy spectrum of the magnetic
interaction, we compute static molar magnetic susceptibility χ

Table 2. Most Important Crystal-Field Parameters for
Tb2O@C2(13333)-C74 and Tb2O (No Fullerene Cage)
Molecules with One of the Tb3+ Ions being Replaced by a
Nonmagnetic La3+ Iona

Bk
q TbLaO@C74 (cm−1) TbLaO (cm−1)

B2
−2

−9.2704 × 10−1 8.2209 × 10−4

B2
−1

−1.4998 −2.2557 × 10−2

B2
0

−1.5232 × 101
−1.2524 × 101

B2
1 9.8108 × 10−1

−1.7597 × 10−1

B2
2

−1.8203 × 10−1 3.1539 × 10−3

B4
−4 5.0565 × 10−3 1.4486 × 10−9

B4
−3

−2.1294 × 10−2 1.9547 × 10−7

B4
−2 1.1303 × 10−2

−2.1189 × 10−6

B4
−1

−3.3205 × 10−4 1.4655 × 10−5

B4
0 2.9938 × 10−2 2.2858 × 10−2

B4
1

−1.4818 × 10−2 1.1434 × 10−4

B4
2

−3.0491 × 10−3
−8.1293 × 10−6

B4
3 9.2596 × 10−3 4.8457 × 10−7

B4
4 1.0387 × 10−2 2.8364 × 10−9

aThe full set of crystal-field parameters is provided in Table S5 of the
Supporting Information. Here, we use the same coordinates as the
atomic coordinates shown in Table S1.
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as a function of temperature (T) (Figure 7a) and magnet-
ization as a function of magnetic H field (Figure 7b). Future
experiments on a crystal sample of the molecules can be
compared with the calculated results.

Now, we compare the magnetic properties of Tb2O@
C2(13333)-C74 to those of other endohedral fullerenes with
similar structures such as Ho2O@C2(13333)-C74

30 and
Dy2O@C2(13333)-C74

31 in the literature. There are additional
ab-initio calculations on related endohedral fullerenes.32,64−67

Since the magnetic interactions between the M3+ ions are very
weak in all three compounds, the magnetic properties of the
compounds are mainly governed by those of the individual
M3+ ions. In Tb2O@C2(13333)-C74 and Ho2O@C2(13333)-
C74, the M3+ ions are non-Kramers systems with tunnel
splitting between quasi-doublets, while in Dy2O@C2(13333)-
C74, the M3+ ions are Kramers systems with exactly degenerate
doublets. Interestingly, although the crystal-field environment
is similar for the three compounds, Tb2O@C2(13333)-C74 and
Dy2O@C2(13333)-C74 have strongly axial crystal fields, while
that is not the case for Ho2O@C2(13333)-C74 based on the
experimental magnetization data. More specifically, the ground
state of Tb2O@C2(13333)-C74 or Dy2O@C2(13333)-C74 is
approximately |mJ| = J, whereas the ground state of Ho2O@
C2(13333)-C74 is either |mJ| = 4 (<J = 8) or a linear
combination of several different mJ values (|mJ| < J). This
situation may be attributed to the fact that different M3+ ions
have distinct electron density distributions and that the
magnetic anisotropy is strongly correlated to the electron
density of the M3+ ion.68 The calculated crystal-field splitting of
a single M3+ ion in Dy2O@C2(13333)-C74 is comparable to
that in Tb2O@C2(13333)-C74. The magnetic dipolar inter-
action between the two M3+ ions in Dy2O@C2(13333)-C74

also has a ferromagnetic character, and the dipolar interaction
energy difference between the ferromagnetic and antiferro-
magnetic configurations is comparable to that in Tb2O@
C2(13333)-C74.

■ CONCLUSIONS

The first endohedral fullerene to contain a terbium oxide unit
has been synthesized and structurally identified. Tb2O@
C2(13333) contains a nearly linear Tb−O−Tb unit housed
within a non-IPR cage that contains two pairs of adjacent
pentagons. In non-IPR endohedrals, the metal ions usually
reside near the adjacent pentagons. However, in Tb2O@
C2(13333), the terbium ions are not centered over the
pentalene units but are situated to the sides of these units. The

magnetic properties of the Tb2O@C2(13333)-C74 molecule
have been examined computationally. These studies indicate
that Tb2O@C2(13333)-C74 should be a single-molecule
magnet with strong axiality and a large magnetic anisotropy
barrier.

■ EXPERIMENTAL SECTION

Synthesis and Purification of Tb2O@C2(13333). Tb2O@C74

was synthesized using a three-phase electric arc discharge evaporation
of graphite rods doped with Tb4O7 powder (Jiayuan Advanced
Materials Co., Ltd.) by injection into the three-phase electric arc zone
in a N2 atmosphere.69 An HPLC trace of the product mixture after
chemical separation using amino-functionalized silica34 is shown in
Figure S1 of ref 32. The sample was then subjected to multiple
collection passes with 100 μL injections with a PBB column (4.6 mm
I.D. × 250 mm); λ = 390 nm; flow rate 1.0 mL min−1; 1:1 1,2-
dichlorobenzene/toluene as eluent to remove the Tb2@C79N and
Tb3N@C80. The remaining mixture with most of the Tb3N@C80 and
Tb2@C79N removed was then concentrated using a rotovap and
injected in 500 μL portions onto a 10 mm × 250 mm PYE column
using toluene as the eluent at 4 mL min−1. Twenty-three separate
fractions were collected. Fraction 8 (collected from 13.8 to 16.8 min)
contained the Tb2O@C74 mixed primarily with empty-cage C84.
Fraction 8 was concentrated and further separated using a 4.6 mm ×

250 mm PBB column with toluene as the eluent at 1.0 mL min−1. The
fraction collected from 30.0 to 34.5 min contained primarily Tb2O@
C2(13333). An HPLC trace of Tb2O@C2(13333) that was collected
from this fraction using a 4.6 mm × 250 mm Buckyprep column with
toluene as the eluent at 1 mL min−1 is shown in Figure 1. A mass
spectrum of Tb2O@C2(13333) is also shown in Figure 1.
Single-Crystal X-ray Diffraction. Crystals were grown by slow

diffusion of a filtered toluene solution containing nickel(II)
octaethylporphyrin into a filtered toluene solution containing
Tb2O@C2(13333)-C74. One of the black needles that formed was
mounted in the nitrogen cold stream produced by an Oxford
Cryostream low-temperature device on the goniometer head of a
Bruker D8 diffractometer equipped with a PHOTON 2 CMOS
detector at beamline 12.2.1 of the Advanced Light Source (Lawrence
Berkeley National Laboratory, Berkeley, CA). Data were collected
with the use of silicon (111) monochromated synchrotron radiation
(λ = 0.7288 Å). The data sets were reduced with the use of Bruker
SAINT, and a multiscan absorption correction was applied with the
use of SADABS or TWINABS. The structures were determined by
direct methods and refined by full-matrix least-squares on F2

(SHELXL-2018).70,71 See Supporting Information for further refine-
ment details.72

Figure 7. (a) Calculated molar magnetic susceptibility multiplied by temperature as a function of temperature, and (b) the calculated
magnetization at 2 K as a function of magnetic field for the Tb2O@C2(13333)-C74 molecule, using the POLY_ANISO program.
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