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Mapping the Metal Positions inside Spherical C80 Cages: Crystallographic and
Theoretical Studies of Ce2@D5h-C80 and Ce2@Ih-C80
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Abstract: The dynamic positions of the
dimetallic cluster inside the mid-sized
spherical cages of C80–C82 have been
seldom studied, despite the high abundance of M2@C2n (2n = 80, 82) species
among various endohedral metallofullerenes. Herein, using crystallographic
methods, we first unambiguously map
the metal positions for both Ce2@D5hC80 and Ce2@Ih-C80, showing how the
symmetry or geometrical change in
cage structure can influence the motional behavior of the cluster. Inside
the D5h cage, the primary cerium sites

have been identified along a cage belt
of the contiguous hexagons, which suggests the significant influence of such a
cage motif on endohedral cluster
motion. Further analysis revealed a distorted D5h cage owing to the “punchout” effect of cerium atoms. The consequence is the presence of two localized
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Introduction
Endohedral metallofullerenes (EMFs) are created by putting a metallic atom or cluster inside a fullerene cage. These
molecules, which have been proven to combine fullerenelike properties with metallic properties, have promising applications in the fields of material science and medicines.[1]
Recently, dimetallofullerenes M2@C2n have attracted particular interest because of their unique electronic properties
and potential for use in molecular electronics.[2] However,
for a better understanding of the intrinsic properties of
these dimetallofullerenes, their structural elucidations are
essential. To date, X-ray crystallography has been widely
used for such a purpose because of its high reliability in determining not only the cage structure but also the dynamic
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electrostatic potential minima inside
the cage of (D5h-C80)6 , thus reflecting
the primary ionic cerium–cage interaction. In contrast, a different motional
behavior of Ce2 cluster was observed
inside the Ih cage. With the major
cerium sites, the molecule of Ce2@IhC80 presented an approximate D2h configuration. With the combined theoretical study, we propose that the additional unidentified influence of NiIIACHTUNGRE(OEP)
(OEP = octaethylporphyrin) might be
also relevant for the location of cerium
sites inside the Ih cage.

positions of the endohedral cluster.[3] Consequently, the
metal–cage and metal–metal interactions can be probed further.
Summarizing recently published crystallographic results, it
appears that the metal positions of dimetallofullerenes are
very dependent on the cage size and cage shape. For instance, it has been demonstrated that those cages with
either super large or small size tend to contain a highly constrained dimetallic cluster. Very typical are Sm2@D3dACHTUNGRE(822)C104,[4] La2@D5ACHTUNGRE(450)-C100,[5] and La2@D2ACHTUNGRE(10 611)-C72.[6] In all
these cases, the cages are tubelike or ellipsoidal, which
allows the dimetallic cluster to sit along the longest cage
axis. It is noteworthy that each metal of the dimetallic cluster adopts an oxidation state of 2 + or 3 + because of the
metal-to-cage electron-transfer interaction. This enables the
two metallic cations to be separated as far as possible and
therefore there is reduced mutual electrostatic repulsion between two cations. In addition, a similar trend was observed
for Sm2@D2(35)-C88, Sm2@C1(21)-C90, and Sm2@D3(85)C92,[7] which possess large and ellipsoidal cages. As revealed
by their X-ray analysis, although multiple samarium positions have been identified inside the cage, the major samarium sites were found along or near the longest cage axis.
In contrast, in the mid-sized spherical cages of C80–C82,
the dimetallic cluster is expected to fluctuate more. As for
previously reported Er2@Cs(6)-C82 and Er2@C3v(8)-C82,[8] up
to 23 erbium sites with different fractional occupancies were
identified in each case. In particular, inside the Cs-C82 cage,
the major erbium sites were found along the band of ten
contiguous hexagons, whereas inside the C3v-C82 cage, it was
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not possible to conclude whether or not the erbium ions
congregate along the similar cage band because of the disorder in cage orientation according to the authors. Regarding
another mid-sized spherical cage of C80, although there have
been many crystallographic reports on functionalized
M2@Ih-C80 (M = La, Ce),[9] the motional behaviors of dimetallic cluster inside the pristine Ih cage and its isomeric D5h
cage remain unexplored. However, these behaviors shall be
different from those in the functionalized Ih cage, which
might be strongly disturbed or affected by those appending
moieties.
In this work, we present unambiguously for the first time
the X-ray crystallographic results of not only Ce2@Ih-C80 but
also Ce2@D5h-C80. More important is the comparison study
on the different motional behaviors of the Ce2 cluster inside
the isomeric C80 cages, which might be helpful in understanding the mutual influence between the motional cluster
and cage structures.

This value is in the expected range and similar to those of
the contacts between NiIIACHTUNGRE(OEP) and trimetallic nitride clusterfullerenes M3N@D5h-C80 (M = Sc, Tb, Tm).[10]
Figure 2 portrays the disordered positions of cerium sites
inside the D5h-C80 cage. The Ce sites labeled “A” are generated by the crystallographic mirror plane. Considering the

Results and Discussion
Both of the isomers of Ce2@C80 were cocrystallized with
NiIIACHTUNGRE(OEP) (OEP = octaethylporphyrin) by using an interfacial diffusion method. Crystallographic refinement gave rise
to structural determinations for Ce2@D5h-C80 and Ce2@IhC80. As shown in Figure 1, Ce2@D5h-C80 is depicted together

Figure 1. Drawing of Ce2@D5h-C80 and its relationship to NiIIACHTUNGRE(OEP).
Thermal ellipsoids at the 30 % level are shown for non-hydrogen atoms.
The major cerium sites Ce1A and Ce2 are nearly overlapped in this view.
Solvent molecules are omitted for clarity.

with an adjacent NiIIACHTUNGRE(OEP). Specifically, the D5h-C80 cage is
fully ordered, whereas several disordered cerium positions
were clearly identified. Only the two primary cerium sites,
labeled Ce1A and Ce2, are shown in Figure 1. Solvate molecules are omitted for clarity. The NiIIACHTUNGRE(OEP) was found to be
approximate to a corannulene unit of a D5h-C80 cage with
the shortest nickel-to-cage (Ni C7A) distance of 2.804(9) .
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Figure 2. Drawing of Ce2@D5h-C80 showing the locations of the various
partially occupied cerium sites inside the cage. Those Ce atoms labeled
“A” are generated by the crystallographic mirror plane. Occupancies of
major cerium sites are the following: Ce1 0.355(3), Ce2 0.278(5), Ce3
0.106(5), and Ce4 0.079(3). The occupancies of additional nine cerium
sites are the following: Ce5 0.030(3), Ce6 0.029(1), Ce7 0.011(3), Ce8
0.046(4), Ce9 0.021(3), Ce10 0.028(3), Ce11 0.013(3), Ce12 0.026(3), and
Ce13 0.005(2). The sum of the occupancies of all these cerium sites including those labeled A is 2.0, whereas the cage occupancy is 0.5.

ratio between the occupancies of metal and cage, only half
of the cerium sites correspond to the cage with the orientation depicted in Figure 2, whereas others belong to another
cage with symmetry-related orientation. However, from the
viewpoint of crystallography, it is impossible to identify
these cerium sites with respect to the cage orientation. For
instance, the two highest occupied cerium sites, Ce1 and
Ce2, actually reflect two clusters with reasonable Ce Ce distance, which are differently positioned relative to the cage
and are designated as Ce1 Ce2 and Ce1 Ce2A, respectively, in Figure 2. These two clusters are either within or intersect the plane that is aligned along the band of ten contiguous hexagons. To identify which cluster is favored with respect to the cage, we performed single-point energy calculations for the two conformers that are varied only in terms of
their cluster positions. Some variation is seen in their relative energies. In particular, the conformer that contains the
Ce1A Ce2 cluster is 45.6 kcal mol 1 more stable than the
conformer that contains the Ce1 Ce2A cluster. Consequently, the preferable cluster positions relative to the cage can
be further elucidated through combined calculations. Each
primary cerium site lies under a hexagonal ring. The Ce C

 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

989

L. Feng, T. Akasaka, S. Nagase et al.

distances range from 2.290(10) to 2.753(13) , whereas the
respective Ce-to-ring centroid distances are 2.109 and
2.050 . Apparently, these Ce-to-cage contacts closely resemble an h6 geometry. Another two cerium sites, Ce3 and
Ce4A, which have occupancies that range from 0.11 to 0.08,
were found close to the respective major cerium sites of Ce2
and Ce1A. Together, these four cerium sites represent up to
82 % cerium content. Therefore, we can reasonably propose
that at our applied measurement temperature (i.e., 90 K)
the Ce2 cluster undergoes a constrained motion along the
cage belt of ten contiguous hexagons. This might confirm
the previous NMR spectroscopic studies, which suggested
more random cluster motion along the same cage belt at
room temperature.[11] Despite the motional state, a wide
Ce Ce separation up to 3.764  is observed. This value is a
little shorter than the calculated Ce Ce distance of 3.814 
in the D5h-C80 cage.[11] Moreover, nine additional cerium
sites have been identified inside the cage, thus indicating the
possibility that the cerium atom can jump to multiple sites
even at low temperature. However, these minor cerium sites
together represent only 18 % cerium content and have not
been further identified relative to the cage.
To gain further insight into the metal–cage interaction, we
calculated the electrostatic potentials of hexa-negatively
charged D5h-C80 on the basis of the X-ray structure of
Ce2@D5h-C80. The results are mapped in Figure 3a, in which

Figure 3. Electrostatic potential map of a) (D5h-C80)6 and b) the view of
Ce2@D5h-C80 showing the locations of Ce1A and Ce2 sites. Both are
viewed from the same direction. The fivefold axis of the cage passes
through the centroids of the central five-membered rings and perpendicular to the plane of this page. The dashed lines show the cage radii. The
radius is defined as the distance from the cage centroid to the carbon of
the 6:6 junction of the perylene unit that is along the band of ten contiguous hexagons.

the electrostatic potential distribution is polarized and two
localized minima are readily recognized, which represents a
remarkable electrostatic barrier to the free cluster rotation.
Nevertheless, this differs from the previous theoretical
result, which revealed a delocalized electrostatic potential
minimum along the cage belt of ten contiguous hexagons for
the DFT-optimized (D5h-C80)6 and suggested a free 2D rotation of the Ce2 cluster.[11] We assigned this difference to
the small configurational variation between the cages that
were constructed by means of different methods. As shown
in Figure 3b, the defined radii of the D5h-C80 cage range
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from 4.261 to 4.081 . In particular, the average radius in
which the close contacts to Ce occur is 4.225(27) , whereas
the average value of other six radii is 4.096(15) . Also, the
carbon atoms that are close to Ce have generally higher porbital axis vector (POAV) values[12] relative to others (see
Figure S1 in the Supporting Information). Apparently, the
cage of Ce2@D5h-C80, which is determined by X-ray diffraction analysis, is slightly “punched out” because of the encapsulation of the Ce2 cluster and is distorted from the cage
with fully optimized coordinates. Furthermore, by comparing the X-ray structure of Ce2@D5h-C80 (Figure 3b) with this
potential map (Figure 3a), it was found that the major
cerium sites are near the localized electrostatic potential
minima, which is indicative of the primary ionic interaction
between the metal atom and the cage.
Ce2@Ih-C80 cocrystallized with NiIIACHTUNGRE(OEP) in the same
space group of C/2m, whereas an orientational disorder in
the Ih-C80 cage was observed. Figure 4 shows only the cage

Figure 4. Drawing of Ce2@Ih-C80 and NiIIACHTUNGRE(OEP) with 30 % probability displacement ellipsoids for non-hydrogen atoms. Only the cage with symmetric orientation is shown. In this view, the crystallographic mirror
plane is on the plane of the page and symmetrically bisecting the present
cage. The Ce3 Ce6A separation is 3.767(6) . Site Ce6A is generated
from site Ce6 by means of the crystallographic mirror plane. The occupancies of Ce3 and Ce6 are 0.244(6) and 0.300(6), respectively.

with symmetrical orientation, whereas Figure 5 shows the
cage with unsymmetrical orientation. The shortest Ni-tocage (carbon) distance is 2.71(3) or 2.73(3)  depending on
the cage orientation. Inside the cage, the cerium sites are
disordered, and six partially occupied cerium sites have
been identified either near or on the crystallographic mirror
plane. The Ce Ce distance in the pristine Ih-C80 cage ranges
from 3.833 to 3.767 . This distance is shorter than the calculated value (3.850 )[11] but slightly longer than that in the
isomeric D5h cage (i.e., 3.764  as mentioned above). However, a longer Ce–Ce distance was found in a chemically
modified cage, for instance, the Ce Ce distance of 3.900 
in Ce2@Ih-C80ACHTUNGRE(CH2)2NTrt (Trt = trityl),[9e] thus indicating the
perturbation of appending moieties.
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Studies of Ce2@D5h-C80 and Ce2@Ih-C80

Figure 5. Drawing of Ce2@Ih-C80 and NiIIACHTUNGRE(OEP) showing only the cage
with unsymmetrical orientation. In addition to Ce3 and Ce6A, another
four cerium sites are also shown. Among them, sites Ce2 and Ce5 are on
the crystallographic mirror plane with a separation of 3.833(13) ,
whereas site Ce4A is generated from site Ce4 by means of the mirror
plane. Their occupancies are the following: Ce1 0.094(3), Ce2 0.324(10),
Ce4 0.096(3), and Ce5 0.208(11). All cerium sites relative to each cage
orientation are shown in Figures S2a and b in the Supporting Information, respectively.

As shown in Figures 4, 5, and Figure S2 in the Supporting
Information, at one end of the Ih-C80 cage, sites Ce2, Ce3,
and Ce3A, which together correspond to 40.6 % cerium content, are closely aligned under a hexagonal ring. Likewise, at
another end of the Ih-C80 cage, sites Ce5, Ce6, and Ce6A,
which correspond to a total of 40.4 % cerium content, approach another hexagonal ring. The distribution of these
major cerium sites similarly suggests an h6 geometry of
cerium–cage contact. In contrast, in Ce2@Ih-C80ACHTUNGRE(CH2)2NTrt,
the metal atoms are located under the carbon atoms shared
by three hexagonal rings on the C80 cage rather than under
hexagonal rings,[9e] thus indicating the remarkable influence
of cage functionalization on the metal-to-cage contacts.
Also, it appears that in the Ih-C80 cage the cerium cluster
wanders in a swing way. With the major cerium sites, the
molecule of Ce2@Ih-C80 presents an approximate configuration of D2h. This result stands in contrast to the recent theoretical prediction that the lowest-energy conformer of
Ce2@Ih-C80 is D3d,[13a] whereas it is consistent with that of
La2@Ih-C80, which has a configuration of D2h.[13b,c] Because a
Ce atom has only one more f electron relative to an La
atom, our result might suggest that this f electron has a negligible influence on the distribution on the lowest-energy
conformer of M2@Ih-C80.
To check the cage–metal interaction further, the electrostatic potentials of (Ih-C80)6 were calculated on the basis of
the X-ray structure of Ce2@Ih-C80 and are mapped in
Figure 6. However, it is hard to identify the localized electrostatic potential minima inside the Ih-C80 cage, which otherwise appears to be nearly delocalized, probably because
this electrostatic potential well is too shallow or varies
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Figure 6. Electrostatic potential map of (Ih-C80)6 on the basis of the Xray structure of Ce2@Ih-C80.

smoothly in this inner-cage space. A close inspection suggested that the difference among the cage radii, which are
either close to or far from the Ce atom, is less remarkable,
and the “punch-out” effect is hard to identify for this Ih-C80
cage. Also, unlike the D5h-C80 cage, there are multiple cage
motifs of ten contiguous hexagons on the Ih-C80 cage. Because all these cage motifs are equivalent, it is hard to conclude whether the major cerium sites are specifically along
one of them. With regard to the presence of major cerium
sites inside this Ih-C80 cage, an additional influence from
NiIIACHTUNGRE(OEP) was proposed. However, the theoretical calculation failed to present the origin of such influence and further studies will be necessary.

Conclusion
In summary, the dynamic cerium positions inside spherical
C80 cages including D5h-C80 and Ih-C80 have been characterized unambiguously by single-crystal X-ray diffraction studies. In particular, inside the D5h cage, the primary cerium
sites have been identified along a cage belt of ten contiguous hexagons, thus indicating significant influence of such a
cage motif on the motion of the endohedral cluster. Further
studies revealed a “punch-out” effect of the Ce2 cluster,
which induces a slightly distorted D5h cage. Such geometrical
distortion in turn results in the presence of two localized
electrostatic potential minima inside (D5h-C80)6 , which
agrees well with the major cerium sites, thereby reflecting
the predominate ionic cerium–cage interactions. In contrast,
inside the Ih cage, the motional behavior of the Ce2 cluster
is different from that in the D5h cage. With the major metal
sites, the molecule of Ce2@Ih-C80 presents an approximate
configuration of D2h. Also, unlike the D5h cage, the geometrical distortion and the localized electrostatic potential
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minima are almost invisible for this Ih cage. We propose that
a combined influence from not only the cage but also NiIIACHTUNGRE(OEP) might account for the limited cerium sites mapped
inside the Ih cage. In addition, for both isomeric Ce2@C80,
the major cerium sites generally sit under a hexagonal ring,
thus indicating a preferable h6 geometry of cerium-to-cage
contact.
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More detailed crystal data are presented in Tables S1 and S2 in the Supporting Information. CCDC-863909 and -863910 contain the supplementary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
The calculations were conducted using the hybrid density functional
theory (DFT) at the B3LYP[17] level using the Gaussian 03 program.[18]
The split-valence d-polarized 6-31G(d)[19] basis set was used for C. The
relativistic effective core potential (ECP) and CEP-31G[20] basis sets were
used for Ce.
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