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ABSTRACT: Quantum-chemical calculations reveal that
metallic carbide endohedral fullerene Y,C,@Cg4 possesses
a novel fullerene cage, C,(51383)-Cg,, with one pair of
pentagon adjacencies. One of the encapsulated yttrium
atoms is located on the adjacent pentagons, while the
other stays on a hexagonal ring in the fullerene cage. As
one of numerous metallic carbide endohedral fullerenes,
Y,C,@C,(51383)-Cyg, is the first example that violates the
well-known isolated pentagon rule (IPR). More interest-
ingly, compared with the fact that Sc,C,@Cg, has a
conventional IPR-satisfying cage, D,4(51591)-Cgy, Y,C,@
Cg, utilizes the novel fullerene cage C;(51383)-Cg, with
one pair of pentagon adjacencies.

ith an even number of sp*-hybridized carbon atoms,

fullerenes are spherical carbon cages that consist of
exactly 12 pentagonal rings and a certain number of hexagonal
rings.”” The isolated pentagon rule (IPR),> which requires that
each pentagonal ring in a fullerene cage is isolated only by five
hexagonal rings, is successfully used to predict and investigate
the structures of numerous empty fullerene cages.*”® Except a
few novel fullerenes like C,,,’ the pristine non-IPR fullerenes
with abutting pentagons are usually unstable and synthetically
unattainable in experiments.® Fortunately, with encapsulating
metal atoms or clusters inside, several non-IPR fullerene cages
can be synthesized and extracted,®® like La@C,,"® Sc,@Cys,""
and Sc;N@Cgs.'> These fullerene derivates with metal atoms or
clusters inside are commonly called endohedral metallofuller-
enes (EMFs)."?

As one special type of EMFs, metallic carbide EMFs
encapsulate a carbide moiety and several metal atoms, such
as SCZCZ@CM,H SC3C2@C80,15 and SC4C2@C80.16 Interestingly,
even though numerous metallic carbide EMFs have been
isolated and characterized, to the best of our knowledge, all of
them obey the IPR."*"'7 The previously reported exception,
Sc,C,@C,,(6073)-Cgs, is still disputable because the *C NMR
chemical shifts of Sc,C,@C,,(6073)-C¢s do not match the
experimental ones.”~ Furthermore, recent theoretical calcu-
lations revealed that dimetallofullerene Sc,@C, is much more
stable than Sc,C,@Cgs, indicating that the isolated Sc,Csg
should be a conventional dimetallofullerene Sc,@C,, rather
than the non-IPR metallic carbide EMF Sc,C,@Cgg."”
Consequently, an opening question is, can metallic carbide be
encaged inside an unconventional fullerene cage violating the
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IPR? Herein we report the first IPR-violating metallic carbide
endohedral fullerene through quantum-chemical calculations
on Y,C,@Cg,.

Y,C,@Cg, has been isolated very recently.20 Although the
BC NMR spectrum of Y,C,@Cg, has been provided, the cage
structure has not be assigned because of the poor signal-to-
noise ratio in the aromatic region.”® There are totally 51592
classical Cg, cage isomers, including 24 IPR-satisfying ones.”
We have taken both IPR and non-IPR isomers with the number
of fused pentagons less than three into consideration. Extensive
semiempirical calculations on the tetraanions of these isomers
were performed at the AM1>" level because metallic carbide
transfers four electrons to fullerene cages formally.'”** Y,C,@
Cyg, were optimized at the B3LYP*® level of theory with the 6-
31G(d) basis set for carbon atoms and the Lanl2dz>* basis set
with the corresponding effective core potential for yttrium
atoms. With employing the gauge-independent atomic orbital
method, 3C NMR chemical shifts were evaluated at the
B3LYP/6-311G(d)—Lanl2dz level.*® Theoretical chemical shift
values have been calibrated to the observed Cg, line (142.5
ppm).*® All quantum-chemical calculations were carried out
using the Gaussian 03 program.27

Even though an IPR structure, Y,C,@D,;(51591)-Cg,, has
the lowest energy among all of the Y,C,@Cg, isomers, we
successfully find a stable non-IPR structure, Y,C,@C;(51383)-
Cyg, which is only 4.9 kcal/mol in energy higher than the lowest
energy structure. Y,C,@D,;(51591)-Cg, and Y,C,@
C,(51383)-Cg, are shown in Figures 1 and 2, respectively.
Y,C,@C;(51383)-Cg, has one pair of pentagon adjacencies. In
Y,C,@C,(51383)-Cg,, one metal atom is located upon the
pentagon adjacencies, which is frequently seen in non-IPR
endohedral fullerenes. The other metal atom stays on a
hexagonal ring. It is worth noting that Sc,C,@Cg,, which is the
first metallic carbide endohedral fullerene found in the
experiment, also utilizes the D,,(51591)-Cg, cage."*

Because endohedral fullerene formation always occurs in a
high-temperature region from 500 to 3000 K, the thermody-
namic stabilities of endohedral fullerene isomers rather than
their relative energies is the key factor in determining which
isomer can be obtained in experiments.”® Thus, relative
concentrations, which reflect the thermodynamic stabilities of
Y,C,@Cg, isomers, have been evaluated. As shown in Figure 3,
even though Y,C,@D,;(51591)-Cg, is overwhelming at low
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Figure 2. Top (left) and side (right) views of Y,C,@C,(51383)-Cg,.
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Figure 3. Relative concentrations of Y,C,@Cg, isomers.

temperatures, the relative concentration of Y,C,@C;(51383)-
Cy, increases rapidly as the temperature rises. Interestingly, the
relative concentration of Y,C,@C;(51383)-Cg, surpasses
Y,C,@D,;(51591)-Cg, at 570 K and reaches its maximum
with 60.5% at 1050 K. Even when the temperature increases up
to 4000 K, Y,C,@C,(51383)-Cyg, still has the highest relative
concentration. Therefore, Y,C,@C,;(51383)-Cg, should be the
isomer obtained in Dorn’s experiment. This is the first metallic
carbide endohedral fullerene that violates the IPR.

Compared with other Cg-based EMFs, Y,C,@C,(51383)-
Cy, is special and interesting. The major isomers of divalent
mono-EMFs M@Cg, (M = Ca, Sm, and Yb) all possess the
IPR-obeying cages C,(51581), C,(51580), and C,(51579),%
even though there are 51592 total classical Cg, cage isomers.
Likewise, the non-IPR C,(51365)-Cg, cage is adopted by all

trimetallic nitride EMFs Gd;N@Cg,y, TbsN@Cg,y, and Tm;N@
Cg,.>® Fascinatingly, the situation of metallic carbide EMFs is
obviously different. Sc,C,@Cyg, bears a conventional IPR cage,
D,4(51591),"* which is also the most abundant isomer of
pristine Cg,. In contrast, when scandium is changed to yttrium,
the novel IPR-violating C;(51383)-Cg, becomes the best host
for the metallic carbide Y,C,. The high thermodynamic stability
of Y,C,@C,(51383)-Cg, seems to be a key factor in
determining the successful isolation of this special endohedral
fullerene.

The main frontier molecular orbital diagram of Y,C,@
C,(51383)-Cg, has been presented in Figure 4. It is revealed
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Figure 4. Main frontier molecular orbitals of Y,C,@Cg,.

that the metallic carbide cluster transfers four electrons to the
fullerene cage, leading to a formal valence structure of
[M,]%[C,]* @[C,,]*, in agreement with previous theoretical
studies.'”** The highest occupied molecular orbital (HOMO)
is fully occupied by the orbital from the Cg,*~ cage. In contrast,
the lowest unoccupied molecular orbital (LUMO) is derived
mainly from the cage orbital with minor contribution from the
encaged metal cluster. Because the frontier molecular orbitals
(HOMO-1, HOMO, LUMO, and LUMO+1) are mainly
contributed by the cage orbitals, the electrochemical redox
reactions will mainly take place on the fullerene cage. More
importantly, the large HOMO—LUMO gap (1.70 eV) suggests
that Y,C,@C,(51383)-Cg, has high kinetic stability.

Because the [5,5]-carbon atoms of pentagon adjacencies are
highly pyramidalized, they will display highly deshielded "*C
NMR resonances.”® Our theoretical calculations at B3LYP/6-
311G(d)—Lanl2dz level of theory predicted that two [5,5]-
carbon atoms in Y,C,@C,(51383)-Cg, exhibit two signals at
160.2 and 161.6 ppm, respectively, in very good conformity
with the experimental values of 160.6 and 161.7 ppm.”® On the
contrary, according to its C; symmetry, there are only 44 signals
(42 full-intensity lines and 2 half-intensity lines) in the C
NMR spectrum of Y,C,@D,(51591)-Cg,. Since more than 70
separate spectral lines were detected in the experimental *C
NMR spectrum, Y,C,@C,(51383)-Cg, is the more reasonable
candidate in the experiment than Y,C,@D,4(51591)-Cg,. The
simulated UV—vis—near-IR (NIR) spectrum of Y,C,@
C,(51383)-Cyg, is rather featureless with two weak absorption
bands (500—600 and 630—750 nm), in agreement with the
experimental UV—vis spectrum of Y,C,@Cgy All of the
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calculated *C NMR chemical shifts and the UV—vis—NIR
spectrum can be obtained in the Supporting Information.

In summary, the first violation of the IPR in metallic carbide
endohedral fullerenes, Y,C,@C,(51383)-Cy,, has been dis-
closed with quantum-chemical calculations. Compared with
Sc,C,@Cs, having the conventional IPR-satisfying cage
D,4(51591)-Cq,, Y,C,@Cg, utilizes the novel fullerene cage
C,(51383)-Cg,, which has one pair of pentagon adjacencies.
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