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The endohedral dimetallofullerene having a non-IPR fullerene cage, Ce2@C72, is spectroscopically and
theoretically characterized. The 13C NMR measurements display large temperature-dependent signals caused
by paramagnetic shifts, indicating that the Ce atoms are located near the two fused pentagons in the C72 cage.
Theoretical calculations are performed to clarify the metal position, which are in good agreement with the
result obtained by the paramagnetic 13C NMR analysis. Electrochemical measurements reveal that Ce2@C72

has particularly lower oxidation and higher reduction potentials than other endohedral dimetallofullerenes.

Introduction

Endohedral metallofullerenes1 have attracted much attention
during the past decade not only for their unique structures but
also for electronic properties because of the electron transfer
from the metal atoms to the fullerene cage. For example, a
representative endohedral dimetallofullerene, La2@C80, is a
stronger electron acceptor than monometallofullerenes such as
La@C82(C2V) and La@C82(Cs) isomers and has a remarkably
smaller HOMO-LUMO gap than that for empty fullerenes.2

Furthermore, fullerene cages that do not obey the isolated-
pentagon rule (IPR)3 have been stabilized and isolated by
encapsulating metal atoms, as seen for Sc2@C66,4–6 Sc3N@C68,7–9

Tb3N@C84,10 Sc2C2@C68,11 and Sc3N@C70.12 A small lan-
thanide dimetallofullerene, La2@C72, was prepared and isolated
in 1998.13 In 2003, Shinohara and co-workers investigated its
structure by observing the 13C NMR spectrum.14 The observation
of 18 13C NMR lines can be satisfied with the 24 isomers of
C72 with D2 symmetry. If the C72 cage is allowed to have two
fused pentagons, as in the case of Sc2@C66,4–6 two non-IPR
structures (#10611 and #10958) are also possible for La2@C72.
Thus, it has been proposed that La2@C72 has the non-IPR D2-
C72 (#10611) cage on the basis of the HOMO-LUMO gap
estimated from the UV-vis-NIR absorption spectrum. Recent
calculations show that the C72

6- isomer (#10611) has the lowest
energy among the 39 C72 hexaanions including 24 D2-C72 cages
and 15 higher symmetry C72 cages (five D2d, five D2h, three
D3, one D6, and one D6d cage) that may lead to D2 symmetry
upon the encapsulation of two La atoms.15 This confirms that
La2@C72 with the non-IPR D2 cage (#10611) is energetically
the most stable (most abundantly produced), since the electronic
structure is expected to be formally described as La2

6+C72
6-.

However, the dynamic behavior of metal atoms encapsulated
in the non-IPR C72 cage has not been elucidated yet. In this
context, we have recently developed a new method to character-

ize the dynamic behavior of the metal atoms in paramagnetic
endohedral metallofullerenes having f electrons.16

We herein report the 13C NMR paramagnetic shift analysis
and theoretical study of Ce2@C72 having a non-IPR fullerene
cage. Its unique redox property is also investigated by means
of electrochemical measurements.
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Figure 1. 13C NMR spectra of Ce2@C72 at 283-303 K in CS2 solution.
The measured chemical shifts (ppm) at 303 K are 25.64, 86.88, 92.33,
128.31, 139.59, 143.54, 150.89, 151.21, 153.51, 154.85, 158.77, 159.61,
161.97, 162.66, 164.03, 164.03, 165.50, 165.83, and 180.76.
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Experimental Section

Preparation and Purification of Ce2@C72. Ce2@C72 was
prepared and purified according to a reported method.17 Briefly,
the soot containing cerium metallofullerenes was prepared using
a composite anode which contains graphite and cerium oxide

with the atomic ratio of Ce/C equal to 2.0%. The composite
rod was subjected to an arc discharge as an anode under a 150
Torr He pressure. The raw soot containing cerium metallo-
fullerenes was collected and extracted with N,N-dimethylfor-
mamide (DMF) solvent for 15 h. The soluble fraction was
injected into the HPLC; a Buckyprep column (20 mm × 250
mm i.d.; Cosmosil, Nacalai Tesque, Inc.) was used to afford
the pure Ce2@C72. Electrochemical grade tetra-n-butylammo-
nium perchlorate (TBAP), purchased from Wako, was recrystal-
lized from absolute ethanol and dried under vacuum at 313 K
prior to use. 1,2-Dichlorobenzene (ODCB) was distilled over
P2O5 under vacuum prior to use. Mass spectroscopy was
performed on a Bruker BIFLEX III. The UV-Vis-NIR
absorption spectrum was measured with a Shimadzu UV-3150
spectrometer. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in ODCB were carried out using a BAS
CW-50. A conventional three-electrode cell used for CV and
DPV measurements consists of a platinum working electrode,
a platinum counter electrode, and a saturated calomel reference
electrode (SCE). All potentials are referenced to the ferrocene/
ferrocenium couple (Fc/Fc+) as the standard. CV: scan rate, 20
mV s-1. DPV: Pulse amplitude, 50 mV; pulse width, 50 ms;
pulse period, 200 ms; scan rate, 20 mV s-1. NMR spectra were
obtained with a Bruker AVANCE-500 with a CryoProbe system.
The 13C NMR chemical shifts were calibrated with CS2 as an
internal reference (δ 195.0).

Theoretical Calculations. Geometry optimization was carried
out at the Hartree-Fock (HF) level using the Gaussian 03
program.18 The relativistic effective core potential (ECP) and
CEP-31G19 basis set were used for Ce. The split-valence
d-polarized 6-31G(d)20 basis set was used for C.

Results and Discussion

The 13C NMR spectrum of Ce2@C72 in CS2 shows 18 lines,
as shown in Figure 1. The peak heights of carbon signals
numbered 1, 2, and 3 are lower than those of other lines.
However, the line widths of these three signals are larger than
the others, indicating the presence of 18 lines with equal
intensity. This result reveals that Ce2@C72 has D2 symmetry,
as does La2@C72.14 Interestingly, the three broad carbon signals
numbered 1, 2, and 3 are in higher magnetic field region: 25.64
(No.1), 86.88 (No. 2), and 92.33 (No. 3) ppm at 303 K. In
addition, these signals are highly broadened by the stronger

Figure 2. Line fitting plot for all carbon atoms of Ce2@C72; chemical
shift vs T-2. Observed chemical shifts (b) and extrapolated values (2)
at T-2 ) 0 on the line fitting.

TABLE 1: Data Table for Figure 2

chemical shift (ppm)
carbon
number

extrapolated value
(δdia [ppm] at T-2 ) 0) at 303 K at 298 K at 293 K at 288 K at 283 K square of the correlation coefficient

1 98.4 25.6 23.1 20.4 17.7 15.0 0.9996
2 128.6 86.9 85.4 83.9 82.3 80.8 0.9996
3 130.4 92.3 91.0 89.6 88.2 86.8 0.9996
4 138.7 128.3 128.0 127.6 127.1 126.8 0.9932
5 141.9 139.6 139.5 139.4 139.3 139.2 0.9995
6 147.6 143.5 143.4 143.2 143.1 142.9 0.9994
7 147.3 150.9 151.0 151.2 151.3 151.4 0.9981
8 150.4 151.2 151.2 151.3 151.3 151.3 0.9993
9 146.2 153.5 153.8 154.0 154.3 154.6 0.9993
10 154.0 154.9 154.9 154.9 155.0 155.0 0.9841
11 156.7 158.8 158.8 158.9 159.0 159.1 0.9987
12 157.7 159.6 159.7 159.8 159.8 159.9 0.9959
13 159.1 162.0 162.1 162.2 162.3 162.4 0.9991
14 148.2 162.7 163.2 163.7 164.2 164.8 0.9996
15 149.0 164.0 164.6 165.1 165.7 166.2 0.9996
16 152.2 165.5 166.0 166.4 166.9 167.4 0.9996
17 153.9 165.8 166.3 166.7 167.1 167.6 0.9996
18 152.1 180.8 181.8 182.8 183.9 184.9 0.9997
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paramagnetic effects. It has been reported that the 13C NMR
signals of Ce2@C80 show small temperature dependence since
the Ce atoms move around inside the C80 cage.21 In contrast,
all the carbon signals of Ce2@C72 exhibit larger temperature-
dependent shifts that originate from the f-electron spin remaining
on the Ce3+ (4f15d06s2) cation. This indicates that the Ce atoms
in Ce2@C72 do not move around but rather stand still inside
the C72 cage. The chemical shifts of paramagnetic molecules
in solutions are generally expressed as a sum of three contribu-
tions from diamagnetic (δdia), Fermi contact (δfc), and pseudo-
contact (δpc) shifts (eq 1) where the paramagnetic δfc and δpc

are proportional to T-1 and T-2 (T ) absolute temperature),
respectively.22 Constants cfc and cpc in eq 1 are characteristic
values of individual carbon signals.

δ) δdia + δfc + δpc ) δdia +
cfc

T
+

cpc

T2
(1)

For cerium metallofullerenes, it has been clarified that δpc

makes a much larger contribution than δfc, as is apparent from
the fact that there is no significant connection between the Ce
atoms and cage carbons.16,23 Therefore, the observed tempera-
ture-dependent shifts of Ce2@C72 are mostly derived from the
pseudocontact interaction. Figure 2 shows the line fitting plots
for all carbon chemical shifts of Ce2@C72 as a function of T-2.
The chemical shifts are listed in Table 1.

Figure 2 and Table 1 clearly show that there are good linear
correlations between chemical shifts and T-2 for all carbon
signals. The extrapolated values at T-2 ) 0 in the plot of Figure
2 correspond to the δdia of the corresponding carbons, as
indicated by eq 1. The δdia values range from 100 to 160 ppm.
This region agrees well with that of 130-160 ppm for the

chemical shifts of La2@C72.14 This agreement clearly confirms
that the δdia of Ce2@C72 corresponds to the chemical shifts of
La2@C72, and Fermi contact interaction can be ignored.
Therefore, the chemical shifts of Ce2@C72 are briefly expressed
as eq 2. In eq 2, r is the distance between Ce and cage carbons,
θ is the angle between the r vector and the vertical axis on
which the two Ce atoms locate, and C is a common constant
for all cage carbons. We have already found that C is -6.827
× 107, from the 2D-INADEQUATE NMR study of the Ce@C82

anion.16 The essential assumption in the paramagnetic NMR
spectral analysis is that the pseudocontact shifts are produced
by a sum of the individual contributions from the two Ce atoms
named Ce(1) and Ce(2).

δ) δdia + δpc ) δdia + ∑
i)Ce(1),Ce(2)

C(3 cos2 θi - 1)

ri
3

1

T2
(2)

cpc ) ∑
i)Ce(1),Ce(2)

C(3 cos2 θi - 1)

ri
3

(3)

Since eq 2 includes geometrical information (r and θ) of the
encapsulated Ce atoms, we compared the observed temperature
dependence of the carbon signals with the calculated values
using the optimized structure of Ce2@C72. Figure 3a shows the
observed T-2 dependence of δpc for the carbon signals of
Ce2@C72, which corresponds to each slope in the plot of Figure
2. Figure 3b shows the T-2 dependence (cpc) calculated from
eqs 2 and 3, by using C ) -6.827 × 10716 and the optimized
structure of D2-Ce2@C72 (#10611). Figure 3c shows the
definition of r and θ for Ce2@C72. Two views of the optimized
structure of Ce2@C72 are shown in Figure 4. It is notable that

Figure 3. (a) The observed temperature dependence for T-2 and (b)
the calculated cpc values for the carbon signals of Ce2@C72. (c) The
definition of rCe(1), rCe(2), θCe(1), and θCe(2) for Ce2@C72.

Figure 4. (a) Front and (b) side views of the optimized structure of
D2-Ce2@C72 (#10611).
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the observed values are in good agreement with the calculated
values. The NMR lines named 1, 2, 3, and 4 are clearly
assignable to carbons a, b (or c), c (or b), and d, respectively,
as shown in Figure 4. Therefore it is concluded that the two Ce
atoms are tightly located near the two-fused pentagons in the
D2-C72 cage, as in the optimized structure (Figure 4).

Figure 5 shows the molecular orbital (MO) diagrams of
calculated at the HF level for C72 and Ce2@C72. A total of six
valence electrons are transferred from two Ce (4f15d16s2) atoms
to the C72 cage to occupy the LUMO, LUMO+1, and LUMO+2
of C72. The R- and �-spin MO levels of Ce2@C72 are split by
the existence of one f electron on each Ce atom. The HOMO
of Ce2@C72 is delocalized not only on the two Ce3+ cations
but also on the C72 cage. In contrast, the LUMO of Ce2@C72 is
localized onto the two Ce3+ cations, as found for La2@C80.24

The HOMO-LUMO gap of Ce2@C72 is smaller than that of
C72. This confirms that encapsulation of metal atoms changes
the electronic structure of the non-IPR C72 cage.

The electronic property of Ce2@C72 was investigated by
cyclic (CV) and differential pulse voltammetry (DPV) measure-
ments, as shown in Figure 6. Two reversible reduction, one
reversible oxidation, and two irreversible oxidation potentials
were observed. The reversibility at the first oxidation as well
as the first and second reduction is consistent with the fact that
the Ce2@C72 molecule is fairly stable under ambient conditions,
despite its non-IPR structure. As is apparent from the redox
potentials summarized in Table 2, Ce2@C72 has much lower
oxidation and higher reduction potentials than Ce2@C80.21 The
HOMO-LUMO gap of Ce2@C72 is larger than those of
previously reported endohedral dimetallofullerenes, such as
La2@C80.2 These results are consistent with the theoretical
calculations.

The difference between the first oxidation and the first
reduction potentials of Ce2@C72 is 990 mV. A very similar value

Figure 5. Molecular orbital (MO) diagrams of D2-C72 (#10611) and D2-Ce2@C72 (#10611).

Figure 6. (a) CV and (b) DPV of Ce2@C72 in 1,2-dichlorobenzene
containing 0.1 M (n-Bu)4NPF6.

TABLE 2: Redox Potentials of Ce2@C72 and Ce2@C80
a

compd oxE2
oxE1

redE1
redE2

Ce2@C72 0.82b,c 0.18 -0.81 -1.86
Ce2@C80

d 0.95 0.57 -0.39 -1.71

a Half-cell potentials unless otherwise stated. Values are in volts
relative to ferrocene/ferrocenium couple. b Values are obtained by
DPV. c Irreversible. d Reference 21.
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(960 mV) has been also obtained for Ce2@C80.21 In the related
work, Shinohara and co-workers have reported the scanning
tunneling spectroscopy (STS) study to characterize the electronic
properties of La2@C72 and La2@C80 in multilayer islands grown
on a hydrogen-terminated Si(100)-2 × 1 surface, in which the
HOMO-LUMO gaps of the La2@C72 and La2@C80 multilayer
are evaluated to be 1.0-1.2 and 1.3-1.5 eV, respectively.25

Conclusions
13C NMR measurements confirm that Ce2@C72 has D2

symmetry, as in the case of La2@C72. The four 13C NMR signals
associated with two fused pentagons are clearly assigned by
means of the paramagnetic 13C NMR shift analysis. It is also
clarified that the two encapsulated Ce atoms are located near
the two fused pentagons in the D2-C72 cage. Theoretical
calculations reveal the electronic structure of Ce2@C72. Elec-
trochemical measurements indicate that Ce2@C72 has much
lower oxidation and higher reduction potentials than Ce2@C80.
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