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The geometries of pure-carbon fullerenes synthesized thus far
follow exclusively the isolated-pentagon rule (IPR), which
states that the pentagons in the most stable fullerenes are
isolated from each other by hexagons.[1,2] Due to enhanced
steric strain (steric effect) and resonance destabilization
pertaining to the pentalene-type 8p-electron system (elec-
tronic effect), pure-carbon non-IPR fullerenes with abutted
pentagons are always unstable and synthetically unattain-
able.[3] However, it appears that non-IPR fullerenes can be
stabilized by either endohedral inclusion of electron-donating
metal atoms/clusters[4,5] or exohedral derivatization,[6] as
exemplified by such non-IPR fullerene derivatives as the
endofullerenes Sc2@C66,

[4b] La2@C72,
[4c] and Sc3N@C68

[5] as well
as the exohedral derivative C50Cl10.

[6] On the other hand, many
metal-carbide endofullerenes, for example, Sc2C2@C84,

[7]

Ti2C2@C78,
[8] Y2C2@C82,

[9] and Sc3C2@C80,
[10] have been syn-

thesized and characterized exclusively with IPR-satisfying
fullerene cages. Herein we report the isolation and character-
ization of Sc2C2@C68, which is, to the best of our knowledge,
the first metal-carbide endofullerene having a non-IPR cage.
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The synthesis and isolation of Sc2C70 are essentially
analogous to those of other scandium metallofullerenes
such as Sc2@C66 and Sc2C2@C84 reported before.[4b, 7] Briefly,
soot containing Sc2C70 and other metallofullerenes were
generated by arc discharge of scandium/graphite carbide
composite rods (Tokyo Tanso Co. Ltd., 12 : 12 : 300 mm,
1.6 atom % Sc) in direct-current mode (350 A, 21 V) under a
17 L min�1 flow of helium at 50–100 Torr. The soot was
Soxhlet-extracted with carbon disulfide for 12 h, and the soot
extracts were redissolved in toluene. Sc2C70 was isolated by
multistage HPLC with two complementary types of column
(5PYE and Buckyclutcher columns). The retention time of
Sc2C70 on the 5PYE column is very close to that of C76; thus,
stage 1 was HPLC on the 5PYE column to roughly separate
Sc2C70 and C76 from C60, C70, and higher fullerenes and
metallofullerenes. In stage 2, recycling HPLC on the 5PYE
column was performed to separate Sc2C70 from C76. After 8–
10 cycles, separation into two subfractions was completed,
whereby the first subfraction (pink) was Sc2C70 with some
minor impurities and the second subfraction (yellow) was C76.
In stage 3, recycling HPLC on the Buckyclutcher column was
performed to further purify the Sc2C70. The purity (up to
99%) of isolated Sc2C70 was confirmed by laser-desorption
time-of-flight (LD-TOF) mass spectrometry (Figure 1a).

The relative yield of Sc2C70 is roughly 0.1% of that of C70.
We isolated about 3 mg of Sc2C70 (black powder) for
spectroscopic study and structural characterization. Solutions
of Sc2C70 in carbon disulfide or toluene are pink. The UV/Vis/
NIR spectrum of Sc2C70 in carbon disulfide solution shows
absorption peaks at 570, 841, and 1126 nm (Figure 1 b), and it
differs remarkably from that of empty C70 (absorptions at 472,
550, and 640 nm). The remote absorption onset of Sc2C70 at
about 1800 nm (� 0.69 eV) as compared to that of C70 at
about 680 nm identifies it as a metallofullerene with a small
band gap.

The 13C NMR spectrum of Sc2C70 in CS2 solution is shown
in Figure 1c. Between d= 135 and 158 ppm, the spectrum
consists of a series of 21 distinct lines that indicate at least 21
unique C atoms in as-prepared Sc2C70. Except for an impurity
peak at 137.5 ppm (Figure 1c), a wider range spectrum (not
shown) shows no further resonances attributable to impur-
ities.

With respect to the structure of Sc2C70, two models were
considered: simple endohedral Sc2@C70 structure 1 and metal-
carbide Sc2C2@C68 structure 2. For the simple endohedral
Sc2@C70 structure, both the IPR-satisfying D5h-symmetric C70

fullerene and all non-IPR C70 isomers that have 21 unique C
atoms (i.e., #62, #3783, #4912, #6108, #7032, #7114, #8143
following the spiral algorithm[2]) were considered (Supporting
Information). To attain a stable closed-shell electronic con-
figuration,[8a,11, 12] it is likely that a total of six valence electrons
of the two encased Sc atoms would be donated to the carbon
cage[13] to give a valence state of (Sc3+)2@C70

6�. Hence, we
computed the structures of the hexaanions of the aforemen-
tioned C70 isomers at the semiempirical PM3[14] level of
theory. In addition, the tetraanions and dianions of these C70

isomers were considered. The energies of the non-IPR C70
q�

(q= 2, 4, 6) isomers are much higher than that of the IPR-
satisfying D5h-symmetric C70

q� (q= 2, 4, 6) predicted by the

B3LYP[15]/6-31G//PM3 calculations[16] (Supporting Informa-
tion). Hence, the Sc2@C70 structure 1 would preferentially
adopt the IPR-satisfying D5h-symmetric C70 cage, rather than
any of the C2v-symmetric non-IPR C70 cages. Though the D5h-
C70 cage has only five unique C atoms, encapsulation of Sc2 in
the D5h-C70 cage can result in C2v-symmetric geometries for
Sc2@C70, which would give rise to 21 lines in the 13C NMR
spectrum. However, such a simple endohedral model is not
supported by our quantum chemical calculations. The most
stable C2v-symmetric structure of Sc2@C70 (1) with D5h-
symmetic C70 cage, optimized at the GGA-PBE/DNP level
of theory,[17, 18] is shown in Figure 2; each Sc atom is bonded to
a 5–6 ring fusion pertaining to the polar pentagon. The
valence state of 1 is (Sc2+)2@(C70)

4� ; its HOMO consists
predominantly of the d orbitals of the encased Sc2+ atoms
(Supporting Information). Interestingly, a small barrier of
only 1.6 kcalmol�1 (at transition state 1_TS) is predicted for
rotation of the Sc2 unit around the C5 axis of C70 at room

Figure 1. a) Time-of-flight mass spectrum of Sc2C70 anions. b) UV/Vis/
NIR absorption spectrum of Sc2C70 in CS2 solution. c) 125 MHz
13C NMR spectrum of Sc2C70 in CS2 solution (27 8C, 100000 scans (5 d)
on a Varian Inova-600 spectrometer; chromium(iii) acetylacetonate
was added as relaxation agent). The 21 distinct 13C NMR lines are
located at 135.57 (7.4), 140.09 (8.5), 140.53 (3.3), 142.38 (7.3), 143.17
(3.7), 143.22 (7.0), 143.57 (7.7), 143.65 (4.1), 144.14 (8.0), 145.05
(8.3), 145.26 (6.7), 146.23 (3.0), 147.16 (6.8), 147.3 (7.5), 147.35 (3.1),
147.74 (3.2), 148.09 (7.4), 149.62 (8.1), 153.54 (3.8), 155.95 (7.0), and
157.18 ppm (7.1), where the data in parentheses refer to relative
intensity. The line marked with I is assigned to impurities on account
of its unusual line width and unreasonably high intensity.
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temperature. Hence, rotation of the Sc2 unit should be quite
fast, and the C70 cage in 1 should maintainD5h symmetry over
a long timescale. As a result, Sc2@C70 (1) should display only
five 13C NMR lines at room temperature, in obvious disagree-
ment with the measured spectrum shown in Figure 1 c. Hence,
the synthesized Sc2C70 does not exist in the Sc2@C70 form.

An alternative structural model for Sc2C70 is Sc2C2@C68

(2). According to the spiral algorithm,[2] C68 has no IPR-
satisfying isomer but 6332 non-IPR isomers, of which only
four C2v-symmetric non-IPR isomers (i.e., #494, #465, #647,
and #6073[2]) can produce 21 distinct lines in the 13C NMR
spectrum (Supporting Information). Among all 6332 non-IPR
C68 isomers, C68 (#6073) has the smallest number (two) of
pentagon–pentagon fusions. On the other hand, previous
DFT computations on the metal-carbide endofullerene
Sc2C2@C84 revealed that the encased Sc2C2 cluster adopts
the charge state [Sc2C2]

4+.[7b] Similarly, Sc2C2@C68 (2) may
have a charge state of [Sc2C2]

4+@C68
4� by donation of four

electrons from the encased Sc2C2 cluster to the C68 cage. We
computed structures and energies for the tetraanions of the
four C2v-symmetric non-IPR C68 isomers at the PM3 level of
theory[14] and found that the C68

4�(#6073) isomer is far more
stable than the other three C68

4� isomers (Supporting
Information). Hence Sc2C2@C68 (2) would preferentially
adopt the C2v-symmetric C68 (#6073) cage. For Sc2C2 encased
in the C68(#6073) cage, the most stable structure 2 predicted at
the GGA-PBE/DNP level is C2-symmetric (Figure 2).
Although the computed free energy of 2 is 13.1 kcalmol�1

higher than that of 1, the much larger predicted HOMO–
LUMO gap of 2 (0.68 eV) relative to 1 (0.33 eV) suggests that
2 is kinetically more stable than 1. More importantly, 2 has a
normal valence state (Sc3+)2(C2)

2�@C68
4� that fulfills the rule

of closed-shell electronic configuration,[8a,11,12] whereas Sc2@C70

(1) has the valence state (Sc2+)2@(C70)
4�, which contains

unusual Sc2+ cations.[13, 19] Hence, Sc2C2@C68 (2) is chemically
more rational than Sc2@C70 (1). As shown in Figure 3, the two
highest occupied molecular orbitals (HOMO and HOMO�1)
and two lowest unoccupied molecular orbitals (LUMO and
LUMO+ 1) of 2 are derived mainly from the orbitals of the
C68

4� cage with minor contribution from the encased cluster.
These frontier orbitals should control the redox properties of
2, for example, electrochemical redox potentials.

Furthermore, two transition states, 2_RTS and 2_OTS,
were located for rotation of the encased acetylide (C2

2�)
group around the Sc�Sc axis and oscillation of the carbide
moiety between the two Sc atoms, respectively (Figure 2). At
room temperature, the rotational barrier (at 2_RTS) is only
0.7 kcalmol�1, whereas the barrier for the oscillation is
2.2 kcalmol�1 (at 2_OTS). Due to the small barriers, rotation
and oscillation of the encased carbide moiety within 2 should
be rather fast at room temperature. Its C68 cage appears to be
C2v-symmetric by averaging over all rotating and oscillating
structures on a long timescale, and this accounts for the
observed 21 lines in the 13C NMR spectrum. Accordingly, the
synthesized Sc2C70 can be reasonably assigned as Sc2C2@C68

(2).

Figure 2. GGA-PBE/DNP predicted geometries (bond lengths [J]), symmetries, and relative Gibbs free energies DG [kcalmol�1] of Sc2C70 isomers
at T=298.15 K. 1 is the optimized geometry of Sc2@C70; 1_TS is the transition state for rotation of the Sc2 unit around the C5 axis of the D5h-C70
cage. 2 is the optimized geometry of Sc2C2@C68 with the non-IPR C68 (#6073) cage; 2_RTS and 2_OTS are the transition states for rotation and
oscillation of the carbide moiety within 2. These stationary points were confirmed to be local minima or transition states by harmonic vibrational
analyses. DGa [kcalmol

�1] is the free energy of activation for intramolecular rotation or oscillation.
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On account of the fascinating intramolecular dynamics of
2, an accurate theoretical simulation of its 13C NMR spectrum
is nontrivial and requires molecular dynamics (MD) simu-
lation followed by elaborate 13C NMR computations on a
large number of individual snapshots selected from the MD
trajectory. Such a computational technique, though rather
time-consuming, proved to be powerful in reproducing the
experimental NMR spectrum of Sc3N@Cn (n= 68, 80).[20]

Unfortunately, we cannot afford such a simulation due to
hardware limitations. Nevertheless, we computed the
13C NMR chemical shifts of 2 at the GIAO[21]-B3LYP/6-
31G* level of theory using the B3LYP/6-31G* optimized
geometries.[22] By averaging the chemical shifts of equivalent
sites in the C68 cage, a total of 21 13C NMR chemical shifts
ranging from 133.5 to 159.9 ppm were predicted for Sc2C2@C68

(Supporting Information), in reasonable agreement with the
experimental data, which range from 135.6 to 157.2 ppm. On
the contrary, the computed 13C NMR chemical shifts for static
C2v-symmetric Sc2@C70 (1) (Supporting Information) range
from 130.1 to 159.4 ppm with an interval (Dd= 29.3 ppm)
much larger than the experimental one (Dd= 21.6 ppm). So
far as its intramolecular dynamic behavior is considered, 1
would display only five 13C NMR signals ranging from 137.6
to 145.2 ppm (Supporting Information), inconsistent with the
experimental spectrum (Figure 1c). These data further justify
the Sc2C2@C68 (2) structure for the synthesized Sc2C70. In
addition, the predicted 13C NMR chemical shift for the
encapsulated acetylide group in Sc2C2@C68 (2) is about
234.7 ppm, which is not observed in the NMR experiment,
probably due to spin–rotation interaction[9] at room temper-
ature.

Finally, it is noteworthy that the C68 cage of Sc2C2@C68 (2)
is different from that of the previously synthesized Sc3N@C68

(3).[5] Endofullerene 2 has the valence state (Sc3+)2(C2)
2�@C68

4�,
in which the C2v-symmetric C68 (#6073) cage has two
pentagon–pentagon pairs accommodating two Sc3+ ions.

Sc3N@C68 (3) is in a valence state (Sc3+)3N
3�@C68

6� ; its D3-
symmetric C68 (#6140) cage has three pentagon–pentagon
pairs, each coordinated to an Sc3+ ion.[5, 23] Accordingly, our
synthesis of Sc2C2@C68, in combination with the previous
work on Sc3N@C68, clearly evidences that endohedral clusters
such as Sc2C2 and Sc3N function as templates for the synthesis
of different non-IPR C68 cages.
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