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Abstract: An isomerically pure sample of Gd3N@C78 has been extracted from the carbon soot formed in
the electric-arc generation of fullerenes using hollow graphite rods packed with Gd2O3 and graphite powder
under an atmosphere of helium and dinitrogen. Purification has been achieved by chromatographic methods
and the product has been characterized by mass spectrometry, UV/vis absorption spectroscopy, and cyclic
voltammetry. Although a number of endohedral fullerenes have been found to utilize the D3h(5)-C78 cage,
comparison of the spectroscopic and electrochemical properties of the previously characterized Sc3N@D3h(5)-
C78 with those of Gd3N@C78 reveals significant differences that indicate that these two endohedrals do not
possess the same cage structure. A single crystal X-ray diffraction study indicates that the fullerene cage
does not follow the isolated pentagon rule (IPR) but has two equivalent sites where two pentagons abut.
The endohedral has been identified as Gd3N@C2(22010)-C78. Two of the gadolinium atoms of the planar
Gd3N unit are located within the pentalene folds formed by the adjacent pentagons. The third gadolinium
atom resides at the center of a hexagonal face of the fullerene.

Introduction

Fullerenes consist of closed cages of carbon atoms that are
arranged into 12 pentagonal rings and a variable number of
hexagonal rings, with the number of hexagonal rings increasing
as the size of the fullerene increases.1 The prototypical fullerene,
C60, has 20 hexagonal rings along with the required 12
pentagonal rings on its surface. The isolated pentagon rule (IPR)
has been successfully used to predict and analyze the structures
of numerous empty cage fullerenes and the adducts that they
can form.2 The IPR requires that each of the pentagonal rings
in any fullerene is surrounded by hexagonal rings exclusively.
This arrangement avoids any direct connections between
pentagons and alleviates the strain produced by placing two
pentagons adjacent to one another.

Endohedral fullerenes also consist of a closed carbon cage
but have an atom, molecule, or other group of atoms trapped
inside. Endohedral fullerenes were discovered immediately after
the special stability of C60 was recognized,3 and the number of

known endohedral fullerenes has been constantly growing.4,5

Endohedral fullerenes have been shown to encapsulate up to
three individual metal atoms and to incorporate various atomic
clusters of the types: M3N,6 M2C2,

7,8 M3C2
9 and M4O2 where

M is an electropositive metal, for example, scandium.10 Lan-
thanide ions are readily incorporated into endohedral fullerenes
and bring with them potentially useful magnetic, emissive, and
nuclear properties. The carbon cage provides firm entrapment
of these ions and can serve as the ultimate chelating agent.

In predicting the structure of endohedral fullerenes the IPR
seems less of a rule and more of a suggestion,11 since a growing
number of endohedral fullerenes have been found to contain
one or more pairs of fused pentagonal rings. Endohedral
fullerenes that involve a single pair of fused pentagons include
the crystallographically characterized, egg-shaped fullerenes,
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Gd3N@Cs(39663)-C82
11 and M3N@Cs(51365)-C84 (M ) Gd, Tb,

Tm),12,13 as well as La@C2-C72 (crystallographically character-
ized as the adduct La@C2-C72(C6H3Cl2)).

14 Endohedral fullerenes
with two pairs of fused pentagons include La2@D2(10611)-C72,
which has been crystallographically characterized as carbene
adducts,15-17 and DySc2N@Cs(17490)C76.

18 There are several
endohedral fullerenes that have three pairs of fused pentagons
including: Sc2@C66,

19 and Sc3N@C2V(7854)-C70
20 and crystal-

lographically determined structures for Sc3N@D3(6140)-C68
21

and Sc2C2@C2V(6073)-C68.
22 A common feature in all of these

endohedrals involves the positioning of metal ions in close
proximity to the fused pentagons. Metal ion coordination of
isolated pentalene units has been extensively studied by orga-
nometallic chemists.23,24

Gadolinium as Gd3+ with seven unpaired electrons is widely
used as a relaxation agent in magnetic resonance imaging (MRI)
studies.25 Endohedral fullerenes containing gadolinium have
been shown to function as effective relaxation agents when
appropriately functionalized to make them water-soluble.26,27

The preparation and isolation of new gadolinium containing
endohedrals should provide additional paramagnetic molecules
for the development of enhanced MRI contrast agents. This
article is concerned with the isolation and characterization of a
new endohedral, Gd3N@C78, which contains three relatively
large gadolinium atoms in a rather small fullerene cage.28

As seen in Chart 1, there are five isomers of the C78 cage
that obey the IPR: one with D3 symmetry, two with C2V

symmetry (C2V(2)-C78 and C2V(3)-C78) and two with D3h sym-
metry (D3h(4)-C78, and D3h(5)-C78) and 24105 isomers that do
not obey the IPR (but still have a surface comprised of hexagons
and 12 pentagons). Three soluble isomers of hollow C78 can be
extracted from the carbon soot formed in fullerene generation:
D3-C78, C2V(2)-C78, and C2V(3)-C78.

29-31 Additionally, high
temperature trifluoromethylation of arc-generated carbon soot
yields an adduct of D3h(5)-C78.

32,33 Thus, D3h(5)-C78 is present
in the carbon soot after sublimation and extraction to remove
the soluble isomers. There is as yet no evidence for the existence
of D3h(4)-C78 in carbon soot.34,35

Several endohedral fullerenes have been structurally charac-
terized that employ a C78 carbon cage. The majority of these
utilize the D3h(5)-C78 cage. In Sc3N@D3h(5)-C78 the planar Sc3N
group lies in the horizontal mirror plane as seen in Chart 1.36,37
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Chart 1. IPR Isomers of C78
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lie on the C3 axis near the polar caps of the carbon cage. This
arrangement maximizes the separation between the two metal
atoms. Finally reanalysis of the 13C NMR spectrum of Ti2C82

and computational studies indicate that this compound has the
metal-carbide structure Ti2C2@D3h(5)-C78.

41-43 In contrast,
computational and infrared studies of the major isomer of
Dy3N@C78 and of Tm3N@C78 have suggested that these
molecules use the non-IPR fullerene cage isomer C2(22010)-
C78 as a consequence of the large sizes of Dy3+ and Tm3+.44,45

In this report, we provide the first structural examination of this
C78 isomer through a single crystal X-ray diffraction study of
Gd3N@C2(22010)-C78.

Results

Isolation of Gd3N@C2(22010)-C78. Endohedral fullerenes
containing Gd3N units were synthesized in a modified Krätschmer-
Huffman arc-discharge reactor as described before.28 The crude
mixture of Gd3N@C2n metallofullerenes was analyzed by High
Performance Liquid Chromatography (HPLC) in a Buckyprep-M
column with a toluene flow rate of 4.00 mL/min as shown in
Figure 1. The first fraction containing Gd3N@C2(22010)-C78

was collected and then subjected to a second chromatographic
purification on a Buckyprep column using toluene as an eluent
with a flow rate of 4.00 mL/min. At this point, three different
fractions were collected. The middle fraction contained Gd3N@
C2(22010)-C78, and this fraction was analyzed by additional

chromatography. No other peaks were detected in this purified
sample when it was subjected to chromatography with other
columns or a linear combination of columns. The purified
sample of Gd3N@C2(22010)-C78 was also analyzed by MALDI-
TOF mass spectrometry as shown in Figure 2. As seen in the
inserts, the calculated and experimental isotopic distributions
matched very well.

Structure of Gd3N@C2(22010)-C78 as Determined by Single
Crystal X-Ray Diffraction. Black crystals of Gd3N@C2(22010)-
C78 ·Ni(OEP) ·1.5C6H6 were obtained by the slow diffusion of
a solution of 0.4 mg of Gd3N@C2(22010)-C78 dissolved in a
minimum of benzene over a benzene solution of NiII(OEP) in
a NMR tube constricted in the middle and kept at 4 °C. Crystals
grew during a two week period.

Figure 3 shows the structure of the endohedral fullerene and
its relationship to the nickel porphyrin. For C78 there are only
five isomers that obey the isolated pentagon rule (IPR).
However, the fullerene cage in Gd3N@C2(22010)-C78 does not
obey the IPR. Rather it has a structure with C2 symmetry and
two locations where two pentagons abut. Figure 4 shows two
orthogonal views of the endohedral itself with the abutting
pentagons highlighted in turquoise. The cage is disordered.
There are four overlapping orientations of the cage with refined
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Figure 1. HPLC separation of Gd3N@C2(22010)-C78. (Upper) Chromato-
gram from the initial HPLC of extract on a Buckyprep-M column (mobile
phase, toluene; flow rate, 4.00 mL/min). (Lower) Chromatogram from the
second and third stages on a Buckyprep column (mobile phase, toluene;
flow rate, 4.00 mL/min).

Figure 2. MALDI-TOF mass spectrum of the purified sample of Gd3N@
C2(22010)-C78. (Inset) Expansions of the calculated and experimental spectra
for Gd3N@C2(22010)-C78.

Figure 3. View of the asymmetric unit in crystalline Gd3N@C2(22010)-
C78 ·NiII(OEP) ·1.5 C6H6 that shows the inter-relationship of the fullerene
and the nickel porphyrin.
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occupancies of 0.402(2), 0.232(3), 0.181(3) and 0.184(3). The
gadolinium ions are also subject to disorder. The major sites
with occupancies of 0.36 for Gd1, 0.23 for Gd2 and 0.25 for
Gd3 are shown in Figures 3 and 4 along with the major cage
orientation. There are an additional twenty two sites that are
fractionally occupied by gadolinium ions.

Figure 5 shows the relationship between the principal Gd3N
site and the adjacent carbon atoms. The Gd-N distances are
2.037(2), 2.103(2) and 2.133(2) Å, which are similar to the
Gd-N distances (2.038(8), 2.085(4), and 2.117(5) Å) observed

for Gd3N@Ih-C80.
46 In comparison the Sc-N distances in Sc3N@

D3h(5)-C78 are shorter: 1.981(6), 1.967(15), and 2.127(4) Å. The
Gd3N unit is planar. The sum of the three Gd-N-Gd angles
(Gd1-N1-Gd2, 127.37(11); Gd2-N1-Gd3, 116.59(11);
Gd1-N1-Gd3 116.03(11) °) is 359.99° and the nitrogen atom
is only 0.01 Å out of the Gd3 plane. As is frequently found for
endohedral fullerenes that do not obey the IPR, two of the
gadolinium ions are positioned near the pentalene units where
the pentagons abut. The other gadolinium ion sits below the
center of a hexagon on the fullerene surface, a metal ion position
that is frequently seen for other endohedral fullerenes.

The ability of the C2(22010)-C78 cage to accommodate a
planar Gd3N unit must provide a significant driving force
for the formation of this particular cage isomer. If a Gd3N
unit were placed inside a D3h(5)-C78 cage, the nitrogen atom
would need to be ca 0.55 Å out of the Gd3 plane in order to
accommodate the average Gd-N distance of 2.091 Å found
in Gd3N@C2(22010)-C78.

Spectral and Electrochemical Comparisons of Gd3N@C2(22010)-
C78 and Sc3N@D3h(5)-C78. Figure 6 presents photographs of

(46) Stevenson, S.; Phillips, J. P.; Reid, J. E.; Olmstead, M. M.; Rath, S. P.;
Balch, A. L. Chem. Comm. 2004, 2814–2815.

Figure 4. Two orthogonal views of Gd3N@C2(22010)-C78 with abutting
pentagons highlighted in turquoise, the nitrogen atom in blue and the
gadolinium atoms in green. (A) View down the noncrystallographic 2-fold
axis of the carbon cage. (B) Side view with the 2-fold axis in the vertical
direction. Only the major gadolinium sites and the major cage orientation
are shown.

Figure 5. Drawing showing the position of the major Gd3N unit relative
to the nearest carbon atoms of the fullerene cage in Gd3N@C2(22010)-C78.
Distances are given in Å.

Figure 6. (Upper) Picture of vials containing toluene solutions of Sc3N@
D3h(5)-C78 and Gd3N@C2(22010)-C78. (Lower) UV/vis spectra of toluene
solutions of Sc3N@D3h(5)-C78 and Gd3N@C2(22010)-C78.
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toluene solutions of Gd3N@C2(22010)-C78 and Sc3N@D3h(5)-
C78 and their UV/vis absorption spectra. It has been known that
electronic absorptions of endohedral fullerenes are mostly due
to π-π* transitions of the fullerene cage.47 The decidedly
distinct absorption characteristics of Gd3N@C2(22010)-C78 and
Sc3N@D3h(5)-C78 seen in Figure 6 are consisent with the
presence of different carbon cage symmetries for each of these
endohedral metallofullerenes. The spectrum of Gd3N@C2(22010)-
C78 is also similar to those of the major isomer of Dy3N@C78

and Tm3N@C78, whose spectra were reported previously.44

Cyclic voltammograms for o-dichlorobenzene solutions of
Gd3N@C2(22010)-C78 and Sc3N@D3h(5)-C78 with 0.05 M (n-
Bu4N)(PF6) as supporting electrolyte are shown in Figure 7, while
Table 1 contains relevant redox potential data. Gd3N@C2(22010)-
C78 exhibits a reversible oxidation wave that is followed by an
irreversible second oxidation wave and two irreversible reduc-
tion waves. In comparison Sc3N@D3h(5)-C78 shows two revers-
ible oxidations and irreversible reduction steps. For both
compounds, scanning the cyclic voltammograms at higher rates
did not improve the reversibility of the reductive processes.
There are major differences in the anodic part of the CVs as
seen in Figure 7. The first and second oxidation potentials for
Gd3N@C2(22010)-C78 and Sc3N@D3h(5)-C78 differ by 260 mV
and 320 mV respectively. Echegoyen and co-workers reported
that the symmetry of the carbon cage has a remarkable influence
on the redox potentials of M3N-containing endohedral
fullerenes.48 For instance, the D5h and Ih isomers of Sc3N@C80

exhibit a 270 mV difference in the first oxidation potential, and
for the second oxidation the difference is even larger (440 mV),
with the D5h isomer being easier to oxidize. Thus, the difference

in redox potentials observed for Gd3N@C2(22010)-C78 and
Sc3N@D3h(5)-C78 can be attributed to the difference in cage
geometry. Furthermore, the electrochemistry of Dy3N@C78

(whose structure has been suggested to utilize the non-IPR C2:
22010 cage on the basis of computations and its infrared
spectrum)49 and Gd3N@C2(22010)-C78 are remarkably similar.
This observation strongly suggests that these two endohedral
fullerenes share the same cage symmetry (see Table 1).

Discussion

Gd3N@C2(22010)-C78 is the smallest of the six Gd3N-containing
endohedrals that have been extracted from the carbon soot formed
in the electric-arc generation of fullerenes using hollow graphite
rods packed with Gd2O3 and graphite powder.28 The other
endohedrals formed include: Gd3N@Ih-C80, Gd3N@Cs(39663)-
C82, Gd3N@Cs(51365)-C84, Gd3N@C86, and Gd3N@C88. Of these
six, published crystallographic studies have shown that Gd3N@Ih-
C80 follows the IPR and contains a pyramidalized Gd3N unit with
the nitrogen atom 0.522(8) Å away from the Gd3 plane.50 In
contrast, Gd3N@C2(22010)-C78, Gd3N@Cs(39663)-C82,

11 and
Gd3N@Cs(51365)-C84

13 do not obey the IPR but contain planar
Gd3N units.

Metal ions play a role in determining the distribution of sizes
of the fullerene cages that are formed in the electric arc process
of fullerene generation. For M3N-containing endohedrals, larger
metal ions favor the formation of larger cages. Thus, with
scandium, a family of four Sc3N-containing endohedrals are
produced: Sc3N@C68, Sc3N@C70, and two isomers of Sc3N@C80

with Sc3N@Ih-C80 as the predominant product.6 With gado-
linium, six endohedrals are formed: Gd3N@C78, Gd3N@C80,
Gd3N@C82, Gd3N@C84, Gd3N@C86, and Gd3N@C88.
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Generally, for a particular cage size, the metal ion involved
has not been found to alter the cage geometry. Thus, the major
isomers found for Gd3N@C84, Tb3N@C84 and Tm3N@C84 all
utilize the Cs(51365)-C84 cage despite the fact that there are 24
IPR and 51568 non-IPR isomers available for a C84 cage.
Likewise, the predominant isomer for endohedrals of the
M3N@C80 class utilizes the Ih-C80 cage to encapsulate a variety
of different M3N units including: homometallic groups; Sc3N,6,50

Lu3N,50 Gd3N,46 Tb3N,51 Tm3N,52 Dy3N,53 as well as hetero-
metallic units; ErSc2N@,54 CeSc2N,55 GdSc2N,56 Gd2ScN,55

TbSc2N.56 The less abundant isomer of the M3N@C80 class
utilizes the D5h-C80 cage to encapsulate Sc3N,57 Tb3N,52 and
Tm3N units.52 The major isomers of Ca@C3V-C94 and Tm@C3V-
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(48) Elliott, B.; Yu, L.; Echegoyen, L. J. Am. Chem. Soc. 2005, 127, 10885–
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12, 7848–7863.

(50) Stevenson, S.; Lee, H. M.; Olmstead, M. M.; Kozikowski, C.;
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Figure 7. Cyclic voltammograms of Gd3N@C2(22010)-C78 and Sc3N@
D3h(5)-C78 in 0.05 M (n-Bu4N)(PF6) in o-dichlorobenzene with a scan rate
of 0.1 V s-1.

Table 1. Peak Potentials vs. Fc+/Fc for M3N@C78 (M ) Gd, Dy
and Sc)

MN EMF
E1/2

ox1 [V]
E1/2

ox2 [V]
Ep

ox2 [V]
Ep

red1 [V]
Ep

red2 [V]
∆E
[V]

Gd3N@C2(22010)-C78 0.47 1.00 -1.53 -1.89 2.00
Dy3N@C2(22010)-C78

a 0.47 -1.54 -1.93 2.01
Sc3N@D3h(5)-C78 0.21 0.68 -1.56 -1.91 1.77

a Data from ref 49.
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C94 have been shown to use the C3V-C94 cage.58 Finally, despite
the wide variation in internal composition, the endohedralss
La2@C78, Ce2@C78, Sc3N@C78, and Ti2C2@C78sall utilize the
same D3h(5)-C78 cage.

The situation with Gd3N@C2(22010)-C78 is clearly different.
Despite the similarity in internal composition, unique cages are
found for Gd3N@C2(22010)-C78 and Sc3N@D3h(5)-C78. The
ability of the C2(22010)-C78 cage to accommodate a planar Gd3N
unit appears to be a major factor in the stabilization of this
particular fullerene cage.

Experimental Section

Crystallographic Data Collection and Refinement for
Gd3N@C2(22010)-C78 ·Ni(OEP) ·1.5C6H6. A black block of di-
mensions 0.110 × 0.090 × 0.085 mm was mounted in the 90(2) K
nitrogen cold stream provided by an Oxford Cryostream low
temperature apparatus on the goniometer head of a Bruker D8
diffractometer equipped with an ApexII CCD detector, on beamline
11.3.1 at the Advanced Light Source in Berkeley, CA. Diffraction
data were collected using synchrotron radiation monochromated
with silicon(111) to a wavelength of 0.77490 Å. An approximate
full sphere of data to 2θ ) 103° was collected using 0.3° ω scans.
A multiscan absorption correction was applied using the program
SADABS-2008/1.59 A total of 567829 reflections were collected,
of which 63384 were unique [R(int) ) 0.0658] and 47323 were
observed [I > 2σ (I)]. The structure was solved by direct methods
(SHELXS) and refined by full-matrix least-squares on F2

(SHELXL97)59 using 3528 parameters.
The fullerene cage is chiral; two orientations of each enantiomer

are present within the structure. The fullerene cage of one
enantiomer was first identified and determined to have C2 symmetry.
Symmetry related geometric restraints were applied on related 1-2
and 1-3 distances, and the occupancy was decreased to allow the
identification of a second orientation, which had the opposite
enantiomeric geometry. This process was repeated and allowed the
identification of four cage orientations. All four of the cages
were kept isotropic with thermal parameter similarity restraints,
while the cage occupancies were refined and summed to one. Once
the occupancies had converged, the cage carbon atoms of the major
site were refined anisotropically, while the carbon atoms of the other
three cages remained isotropic. The cage occupancies refined to
0.402(2), 0.232(3), 0.181(3) and 0.184(3). Due to the high level of

overlap, refining the major cage anisotropically without the similar-
ity restraints was not possible. Evidence for more, but decidedly
minor, orientations of the cages is visible in the difference map,
but these were not modeled.

The cage contents, Gd3N, are also highly disordered, although
the nitrogen atom position is unique. The trigonal planar unit Gd3N
appears to rotate about the 2-fold axis of the fullerene, giving a
spherical region of density that corresponds to one Gd and a toroidal
region that corresponds to the other two. To accurately refine the
Gd sites occupancies, the occupancies of the sites within the toroidal
region were summed to 2, and the occupancies of the spherical
region were summed to 1. Once the occupancies had converged,
they were fixed at those values. Twenty-five Gd sites were refined.
Only Gd1, Gd2 and Gd3 were identifiable as a viable Gd3N set;
this set corresponds primarily to the major cage. The occupancies
of Gd1, Gd2 and Gd3 were 0.36, 0.23, and 0.25 respectively. The
difference in their occupancies is due to the other possible
combinations of Gd sites that correspond to other cage orientations,
some of which have not been modeled. Only Gd sites with
occupancies greater than 5% were refined anisotropically.

The hydrogen atoms were generated geometrically and refined
as riding atoms with C-H distances ) 0.95-0.99 Å and Uiso(H)
) 1.2 times Ueq(C) for CH and CH2 groups and Uiso(H) ) 1.5 times
Ueq(C) for CH3 groups. The maximum and minimum peaks in the
final difference Fourier map were 4.874 and -2.795 eÅ-3.

Crystal Data. C123H53N5NiGd, Mw ) 2131.16 amu, monoclinic,
C2/c, a ) 24.9897(6) Å, b ) 15.0876(4) Å, c ) 39.2517(10) Å, �
) 94.2080(10)°, V ) 14759.4(6) Å3, T ) 90(2) K, Z ) 8, R1 [I >
2σ (I)] ) 0.0960, wR2 (all data) ) 0.3026, GOF (on F2) ) 1.017.
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