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Violating the Isolated Pentagon Rule (IPR): The Endohedral Non-IPR

C, Cage of Sc;N@C,,**

Shangfeng Yang,* Alexey A. Popov, and Lothar Dunsch*

Endohedral fullerenes are a form of fullerenes in which
atoms, ions, or clusters are trapped in their interior.'>! They
exhibit a variety of new structural, magnetic, and electronic
properties that are important for potential applications in
electronics and medicine."™ Numerous endohedral ful-
lerenes with various encaged species and various forms of
the carbon cage have been isolated recently. The latter
exhibits a large variety of cavity sizes ranging from Cg, to
C00-"? There have even been cages reported that do not
obey the isolated pentagon rule (IPR). These non-IPR
cages include Sc,@Cy,l®! Sc;N@Cy,,P1 Sc,C,@C, ¥ and
La,@C,,.'"Y C,, fullerenes are a peculiar species because up to
now only noble-gas atoms (He, Ne, Ar, Kr, Xe),[’! N1 and
Pl have been encapsulated inside the C,, cage. The metal
atoms that typically form endohedral fullerenes with other
cagesl'? have not yet been entrapped in C,. Besides
Sc;N@Cy, the trimetallic nitride endohedral fullerenes (clus-
ter fullerenes) exhibit a large variety of cage sizes;>>1:12
however, a MsN@C,, species is missing.

Herein we report the synthesis of the first endohedral
cluster fullerene of C,, namely, Sc;N@C;, by the “reactive
gas atmosphere” method and its isolation by two-step HPLC.
We present the first spectroscopic studies of Sc;N@C;, as well
as the elucidation of its structure by a combination of
experimental methods and DFT computations. These results
show that this fullerene cage does not follow the IPR as the
first example of this for C;,.

Sc;N@C,, was produced along with several known
Se;N@C,, (2n=68, 78, 80) cluster fullerenes according to
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the “reactive gas atmosphere” method®>!“12 and was
isolated by two-step HPLC (see the Supporting Information).
In the first-step HPLC, Sc;N@C;, was eluted on Buckyprep
column together with Cy,, which was subsequently removed in
the second-step HPLC on a Buckyclutcher column (see the
Supporting Information). HPLC and MS analysis showed the
purity of the isolated Sc;N@C;, (g =21.5 min, m/z 989) to
be higher than or equal to 99 %, (Figure 1), which was crucial
for the further spectroscopic characterization. The good
agreement of the measured isotope distribution of
Sc;N@C;, with the calculated one confirms the proposed
composition (inset of Figure 1b). The yield of Sc;N@C,, is
only 1.8 % of that of Sc;N@Cg (see the Supporting Informa-
tion).
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Figure 1. a) Chromatogram of Sc;N@C;, (10x250 mm Buckyclutcher
column; flow rate 1.0 mLmin™"; injection volume 500 pL; toluene as

eluent; 20°C; A: absorbance, t;: retention time). b) Positive-ion laser
desorption time-of-flight (LD-TOF) mass spectrum of Sc;N@GCyq. The
insets show the experimental and calculated isotope distributions of
SGN@C,,.
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The UV/Vis/NIR spectrum of Sc;N@C,, dissolved in
toluene shows a spectral onset of 960 nm (Figure 2), which
corresponds to an optical band gap of 1.3 V"% and indicates
that Sc;N@C;, is a stable fullerene. The optical band gap of
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Figure 2. UV/Vis/NIR spectrum of S;;N@GCy, in toluene. The insets
show a magpnification in the spectral range 500-1100 nm and a
photograph of a solution of S;;N@C;, in toluene. The arrow marks the
spectral onset.

Sc;N@C5, is larger than those of Sc;N@Cy (1.1eV) and
Sc;N@Cys (1.0 V) but smaller than those of Sc;N@Cyg, (I)
(1.7eV) and Sc;N@Cy, (M) (1.6 eV).11e1201719] The elec-
tronic absorption spectrum of Sc;N@C,, has less features than
that of its neighboring cluster fullerene Sc;N@Cg,.''! The
strongest absorption of Sc;N@C;, lies at 696 nm along with
several shoulder peaks at 468, 558, 807, and 894 nm (inset of
Figure 2), which are in general red-shifted relative to those of
Sc;N@Cg,. 111 Accordingly, the color of Sc;N@C;, in toluene
(green-yellow) is quite different from those of Sc;N@Cgg
(purple), Sc;N@Co5 (dark green), and Sc;N@Cy, (I) (orange).

The FTIR spectrum of Sc;N@C,, (Figure 3a) exhibits
significant differences from those of Sc;N@Cg (D5), Sc;N@Cyg
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Figure 3. a) Experimental FTIR spectrum of Sc;N@C;,. Calculated IR
spectra of b) the non-IPR isomer C,,:7854 Sc;N@C,, and c) the IPR-
isomer Ds,:8149 Sc;N@C,,. T: transmission.
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(D3p), Sc;N@Cy, (1, 1,), and Sc;N@Cg, (11, Ds,), which we
have previously reported (see the Supporting Informa
tion).>>11e122¢l The spectrum of Sc;N@C,, exhibits more
lines than Sc;N@Cy, (I, 1),/ which suggests a lower cage
symmetry of Sc;N@C;,. Note that the overall spectral pattern
of Sc;N@C,,, cluster fullerenes, which is mostly determined by
the tangential and radial cage modes,®>11¢122¢20 i highly
sensitive to the structure of the fullerene (see the Supporting
Information). This high sensitivity to structural differences
makes IR spectroscopy a powerful tool for the structural
analysis of the cluster fullerenes.>11:1220

To elucidate the cage symmetry of Sc;N@C,,, the IPR-
obeying Ds,-symmetric cage (isomer 8149) was considered
first and its molecular structure and IR spectrum were
calculated at the DFT level. The computed IR spectrum of
Se;N@C,, (D5;,:8149) (Figure 3 ¢) quite clearly does not fit the
experimental spectrum. Moreover, the HOMO-LUMO gap
of Sc;N@C,, (Ds;,:8149) calculated by DFT is only 0.53 eV
(see the Supporting Information; HOMO: highest occupied
molecular orbital, LUMO: lowest unoccupied molecular
orbital), which is substantially smaller than the measured
value.?!! Thus, for Sc;N@C,, both the HOMO-LUMO gap
and the IR spectrum rule out the IPR-obeying Ds,-symmetric
cage (isomer 8149). Hence, an appropriate non-IPR cage (out
of the 8148 non-IPR isomers of C;*?) must be considered as
the cage structure of Sc;N@C;,,.

The IPR disfavors the formation of fullerene isomers with
edge-sharing pentagons because of the increased local strain
of the carbon atoms at the shared edges. This rule is valid for
uncharged carbon cages in which the number of & electrons
equals the number of carbon atoms.”? The driving force for
the formation of Sc;N-encapsulating cluster fullerenes is the
formal transfer of six electrons from the cluster to the LUMO
of the fullerene."'*!?*%! Thus, up to six carbon atoms in the
sixfold-charged cages may formally have sp® hybridization,
which leads to a violation of the IPR. Encapsulation of a
metal or cluster may result in an additional stabilization of
formally sp>-hybridized carbon atoms®*!¢13M and thus
allow non-IPR cages to be stable, as has been already
demonstrated for four non-IPR cages.*"! Hence, it is reason-
able to assume that the cage hosting the Sc;N cluster should
have no more than three pairs of edge-sharing pentagons,
which should be located on the cage in such a way that their
coordination to the Sc atoms of the cluster is possible.

According to the above criteria, 116 isomers with three or
less pairs of adjacent pentagons can be considered to be
preferable among 8148 non-IPR isomers of Cy (see the
Supporting Information). We performed DFT optimization of
the hexaanions of all these isomers.””! The largest HOMO-
LUMO gap (1.24 eV) and the highest stability was found for
the sixfold-charged state of the isomer C,,:7854, which is
about 43 kImol™! lower in energy than Ds,:8149. C,,:7854
is the only isomer among the 116 isomers that has a HOMO-
LUMO gap above 1 eV (see the Supporting Information).

Encapsulation of the Sc;N cluster results in an additional
stabilization of the C,,:7854 cage. According to DFT calcu-
lations, Sc;N@GC;, (C,,:7854) (Figure 4) is 164 kJmol ™' more
stable than Sc;N@C;, (Ds,:8149). The calculated HOMO-
LUMO gap of Sc;N@C, (C,,:7854) is 1.29 eV, which is almost
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Figure 4. DFT-optimized structure of Sc;N@GC;q (C,,:7854). The three
pairs of the adjacent pentagons are highlighted in black.

the same as that of the hexaanion of empty C,. The
arrangement of the adjacent pentagons gives the Sc;N cluster
C,, symmetry, and it is thus significantly distorted from an
equilateral-triangle configuration. The Sc1-N-Sc2 and Sc2-N-
Sc2’ angles of the DFT-optimized structure are 105° and 150°,
respectively, whereas the Sc1—N and Sc2—N bond lengths are
1.987 and 2.060 A, respectively (see also the Supporting
Information).

The DFT-simulated IR spectrum of Sc;N@C;, (C,,:7854)
is compared with the experimental spectrum in Figure 3.
Unlike for Sc;N@C;, (Ds;,:8149), the computed spectrum of
Se;N@C,, (C,,:7854) (Figure 3b) agrees perfectly with the
experimental spectrum (Figure 3a) in the ranges of both the
tangential and the radial cage modes (see the Supporting
Information).”” Therefore, on the basis of both the analysis of
the HOMO-LUMO gap and the IR spectrum, the cage
structure of Sc;N@C; is assigned as the C,,:7854 isomer.

In summary, we have synthesized Sc;N@C,, the first non-
IPR cage of C;, hosting a cluster. Sc;N@C,, is a stable
fullerene with a large band gap of 1.3 eV. The FTIR spectrum
in combination with DFT calculations confirm the assignment
of the non-IPR isomer C,,:7854 as the cage structure of
Sc;N@C;,. Thus, besides ScsN@Cgg, Sc;N@C,, provides a
further example of stabilization of non-IPR cages by encap-
sulation of an asymmetrical Sc;N cluster, which differs from
all other reported symmetrical Sc;N-based cluster fullerenes.
With Sc;N@C,, representing the fifth member of the non-IPR
endohedral fullerene family, this study provides new insight
into non-IPR features of endohedral fullerenes.

Experimental Section

The general procedures for the synthesis of Sc;N@C,, by a modified
Kratschmer—Huffman DC-arc discharging method with the addition
of NH; (20 mbar) have been described elsewhere.>>!12l Separation
of the cluster fullerenes was performed by two-step HPLC (Hewlett—
Packard 1100) with toluene as the eluent. In the first step, a linear
combination of two analytical Buckyprep columns (4.6 x 250 mm;
Nacalai Tesque) was applied. The second isolation step was per-
formed on a semipreparative Buckyclutcher column (10 x 250 mm;
Regis, USA). A UV detector set to 320 nm was used for detection of
the fullerene. The purity of the isolated products was checked by
HPLC on the same Buckyclutcher column, followed by LD-TOF MS
analysis (Biflex III, Bruker) running in both positive- and negative-
ion modes. Sample preparation and experimental details for UV/Vis/
NIR and FTIR spectroscopic measurements were described previ-
0usly.[3'5' 11,12]
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DFT computations were performed with the PRIRODA pack-
age®! employing the PBE density functional® and the implemented
TZ2P-quality basis set with effective-core potential for Sc atoms.™"!
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