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On the basis of calculations using density functional theory, we show that C58N12, just as C48N12, can be a
stable N-dopant of C70. By considering many different isomers of the product, we find that the chemical
stability of C48N12 and C58N12, with respect to oxygenation, is not significantly different from that of C70,
thereby indicating that the N-dopant would not easily be oxygenated in air under normal conditions. In both
C48N12O and C58N12O, many different isomers are expected, in which oxygenation occurs at different C-N
bonds as well as at C-C bonds, among which specific C-N bonds are the most amenable to the reaction.
Investigation of their hydrogenations shows that C48N12 is slightly more easily hydrogenated than C60, while
C58N12 is less easily hydrogenated. In addition, we expect a regiospecificity in the hydrogenated products of
C58N12, which prefers to react at equatorial sites, while C70 prefers reaction at polar sites. Meanwhile, comparison
of the encapsulation energy of a nitrogen atom ()Nen) in C60, C48N12, C70, and C58N12 shows that the N-doped
fullerenes, particularly C58N12, can encase the atom much better than the undoped ones, allowing us to expect
the existence of N@C48N12 and N@C58N12. Spin multiplicities are doublet for most of their stable structures.
These observations correlate with the formation of Nen-C bonds, which are not found in N@C60 and N@C70.
Various isomers of the N-encapsulating fullerenes were identified. The relative stability of these isomers
heavily depends on the number of substitutional nitrogen atoms around Nen-C bonds.

1. Introduction

Since the discovery of C59N,1 azafullerenes have been
considered as new materials which can be used for designing
materials in a solid state. Particularly, a new fullerene-like
material was recently reported which consists of cross-linked
nano-onions of C and N from a magnetic sputtering of graphite
in N2.2 Using an electron microscope and energy loss spectros-
copy, in conjunction with calculations based on the density
functional theory (DFT), shows that the core of concentric
fullerene-like shells corresponds to C48N12, a substitutional
N-dopant of C60. Nano-indentation tests detected highly elastic
properties of the material, rendering it ideal for wear-protective
materials. It was also shown to be a promising component of a
molecular rectifier.3 This leads us to investigate the possibility
of the existence of a similar N-dopant derived from C70. On
the basis of a DFT calculation, we will show that C58N12 can
indeed be such a derivative.

A DFT calculation shows that the most stable structure ()S6

symmetry) of C48N12 has two triphenylene-type units in the polar
region and six nitrogen atoms in the equatorial region.4 Nitrogen
atoms are distributed in such a pattern in which each pentagon
has only one nitrogen atom. Electronic, Raman, and IR studies
on a low-lying isomer were also reported.5-8 In addition, the
electronic structure of solid C48N12 was investigated;9 however,
the chemical stability of the N-dopant has never been studied.
It deserves attention, since chemical stability is the basic
requirement for its use in nanoelectronic devices. Its stability
with respect to oxygenation in the air is of particular interest

for such a purpose. This work is devoted to the study of that
problem using the DFT method. We will also evaluate its
relative ease of hydrogenation, compared with that of C60. A
similar investigation will be done for C58N12 in comparison with
the stability of C70. Finally, we will also investigate the possible
formation of endohedral fullerenes N@C48N12 and N@C58N12.
This study will be conducted because N@C60 was known to
exist, where the fullerene acts as a Faraday cage which can
shield the interior of the cage from an unwanted external electric
field.10

2. Theoretical Method

Our total energy calculations are performed by using the
Vienna ab initio simulation package (VASP).11 Electron-ion
interaction is described by the projected augmented wave (PAW)
method,12 which is basically a frozen-core all-electron calcula-
tion. The exchange-correlation effect is treated within the
generalized gradient approximation presented by Perdew, Burke,
and Ernzerhof (PBE).13 The solution of the Kohn-Sham (KS)
equation is obtained by using the Davison blocked iteration
scheme followed by the residual vector minimization method.
All valence electrons of the chemical elements are explicitly
considered in the KS equation. We adopt a supercell geometry
for which k-space sampling is done withΓ-point. In doing this,
we use large supercells which ensure the interatomic distance
between neighboring cells greater than 7.00 Å. The cutoff energy
is set high ()400 eV) enough to guarantee accurate results, and
the conjugate gradient method is employed to optimize its
geometry until the Hellmann-Feynman force exerted on an
atom is less than 0.03 eV/Å. Reliability of the PBE calculation
within the PAW was confirmed by recent calculations on the
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electronic and chemical properties of metal-aromatic sandwich
complexes to nanotubes.14

3. Results

Here, we briefly describe the nitrogen substitution on C70. In
C58N12, half of the 12 nitrogen atoms are assumed to be located
in the polar region (i.e., in two triphenylene units) in a way
similar to those in C48N12, while the other half are located in
the equatorial region. (See Figure 1.) This distribution complies
with the idea that every five-membered ring has one nitrogen
atom. In C60N10, when compared to C58N12, there are two fewer
nitrogen atoms in its equatorial region. Three isomers were
considered. Our structure optimization shows that their relative
energies lie within 0.69 eV of each other. For C62N8, we have
considered two isomers, which still have two fewer nitrogen
atoms in the equatorial region. Relative energies of the optimized
structures of the two isomers lie within 0.1 eV. For C56N14,
four different isomers were considered. In each of them, two
additional nitrogen atoms other than those in C58N12 were
located in the equatorial region. Our structure optimization
shows that their relative energies lie within 0.53 eV of each
other. Using the lowest energy structure for each of C70-nNn,
we have calculated the energy differences using the following
equation,∆E(n) ) E[C70-nNn] - E[C72-nNn-2] as a function
of n. We find that it is nearly a constant (∼2.6 eV) up ton )
12, but it abruptly increases to 4.2 eV atn ) 14. This behavior
is similar to C48N12,2 showing that the maximum number of
substitutional nitrogen atoms in C70-nNn is also 12.

A comparison of the electronic structures of N-doped systems
with those of an undoped nature also shows interesting results.
Comparing the HOMO-LUMO gaps of C70 ()1.71 eV) and
C58N12 ()0.75 eV) shows that the gap decreases by a significant
amount ()0.96 eV) upon the substitutional introduction of 12
nitrogen atoms in the latter. This correlates with the observation
that LUMO of C58N12 is characterized by the electron density
pronounced on nitrogen atoms, while it is not the case in
HOMO. This distribution stabilizes the LUMO level with respect
to the HOMO level, since nitrogen atoms are more electroneg-
ative than carbon atoms. Overall, 10 out of 12 nitrogen atoms

were found to hold an appreciable amount of electron density
in LUMO, while only 6 have a similar amount in HOMO. This
is different from the case of C48N12, in which there is an
appreciable amount of electron density on 12 nitrogen atoms
in both HOMO and LUMO. As a result, the HOMO-LUMO
gap is smaller than that ()1.36 eV) of C48N12 obtained from
our calculation. The latter gap is highly close to the band gap
()1.3 eV) of C48N12 calculated at the PW91 level.9

Next, we describe the oxygenation of N-doped fullerenes in
comparison with that of undoped ones in order to estimate the
chemical stability of the former in the air. In many C60 syntheses,
C60O is generated as a minor component.15 In C60, a typical
oxygenation occurs at a [6,6] bond through the photooxygen-
ation of the molecule by irradiating an oxygenated benzene
solution, resulting in the 1,2-bridged epoxyfullerene, C60O.16

The epoxide is also formed by allowing the toluene solution of
C60 to react with dimethyldioxirane.17 Oxidation at a [5,6] bond
is also found to result from the photolysis of C60O3.18 Here, we
make a systematic investigation of the oxidation of N-doped
fullerenes in comparison with that of undoped ones. In
consistency with a previous report,19,20we find that the oxidation
of C60 is energetically more favorable at a [6,6] bond than at a
[5,6] bond by a marginal amount ()0.02 eV). See isomers
D6C-6C and D5C-6C in Table 1, respectively. In agreement with
spectroscopic analysis,16 our energy minimization shows that
oxygenation at a [6,6] bond results in the elongation of the bond
to a single bond ()1.54 Å). Meanwhile, Table 1 shows that
the reaction at a [5,6] bond results in a breaking of the bond.20

In the study of the oxidation of C48N12, we considered six
isomers. Each of them is distinguished from one another by
the fact that the reaction occurs at a different C-C or C-N
bond. As shown in Figure 2a, the most stable isomer ()E5C-6N)
corresponds to oxygenation at a [5,6] C1-N2 bond in the
equatorial region ()E). According to Table 1, its energy of
oxidation,∆Eoxy ()-4.99 eV), defined by the process C48N12

+ O f C48N12O, shows that the oxidation is more favorable
than that of C60 by 0.88 eV, thus revealing the ease of oxidation
of C48N12. The C1-N2 bond becomes broken. Instead, a carbonyl
bond is formed involving the carbon atom released ()C1), which
can be seen in the C1dO3 bond length ()1.23 Å), which
corresponds to a double bond.21 The nitrogen atom released
()N2) remains bonded to only two carbon atoms. The oxygen
atom ()O3) does not lie on the plane defined by the sp2

hybridization of the carbonyl carbon ()C1). This is presumably
because that configuration reduces the repulsion between O3

and the lone pair electrons of N2. Figure 2b shows the next
stable isomer ()E5C-6C), which is energetically comparable to
the most stable one. In the isomer, there is an epoxidation at
one of the [5,6] C-C bonds in the equatorial region. The C-C

Figure 1. Optimized structure of C58N12. Polar regions are defined by
the triphenylene-type local structures and are surrounded by thick bonds.
Nitrogen atoms are represented by balls.

TABLE 1: Energy of Oxygenation (∆Eoxy) and Bond
Lengths in C60O and C48N12Oa

isomer ∆Eoxy (eV) l1 (Å) l2 (Å) l3 (Å)

C60O D6C-6C -4.11 1.43 1.43 1.54 (1.40)
C60O D5C-6C -4.08 1.39 1.39 2.15 (1.45)
C48N12O E5C-6N -4.99 1.23 2.72 2.03 (1.42)
C48N12O E5C-6C -4.70 1.44 1.47 1.47 (1.37)
C48N12O E6C-6N -4.31 1.28 2.46 1.61 (1.42)
C48N12O B5C-6N -4.00 1.24 2.79 2.12 (1.44)
C48N12O B6C-6C -3.87 1.42 1.46 1.52 (1.40)
C48N12O P6C-6C -3.65 1.42 1.42 1.64 (1.43)

a l1, l2 denote the bond lengths of C-O or N-O bonds, andl3 is
that of C-C or C-N bond. Isomers of C48N12O are defined in Figures
2 and S1 (Supporting Information). The numbers in parentheses denote
the bond lengths of the corresponding C-C or C-N bonds in C60 and
C48N12.
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bond involved in oxidation becomes elongated by 0.10 Å. The
next stable isomer ()E6C-6N) shown in Figure 2c is character-
ized by oxygenation at a [6,6] C1-N2 bond in the equatorial
region. Another isomer, B5C-6N shown in Figure 2d, is slightly
less stable, being also characterized by the breaking of a C-N
bond and the formation of a CdO bond. According to our
convention, two other isomers shown in Figure S1a and S1b
(Supporting Information) can be denoted by B6C-6C and P6C-6C.
Here, the letter “B” indicates that oxygenation occurs at the
boundary of polar and equatorial regions, and the letter “P”
denotes that the bond is formed in the polar region. In short,
the presence of C-N bonds in C48N12 brings about diversity in
the oxidation products. C-N bonds are generally more amenable
to oxygenation than C-C bonds, implying that C48N12 can be
more easily oxygenated than C60.

Next, we consider the oxygenation of C70 and its N-dopants.
To do this, we need to calculate∆Eoxy. Five isomers of C70O
were considered. In agreement with previous calculations,22 the
most stable isomer in Figure 3a, denoted by E6C-6C in Table 2,
has a C-O-C bond which replaces a [6,6] C-C bond, where
the C-C bond taking part in the oxygenation becomes broken
upon oxygenation. [See the C-C distance ()2.17 Å) in the
table.] Its value ofEoxy(C70) ()-4.48 eV) shown in Table 2
indicates that its formation is not appreciably more favorable
than that of C60O, indicating that the stability of C70 with respect
to oxygenation is similar to that of C60. In consistency with
this observation, Diedrich and co-workers were able to identify
C70O from the resistive heating of graphite, not under normal
synthetic conditions for C70 at room temperature.23 Nor, it is
produced under the exposure of C70 to air.23 According to the
table, the stabilities of four other isomers shown in Figure 3b-e
are similar to each other. They are P6C-6C, P5C-6C, E5C-6C, and
B6C-6C, whose∆Eoxy are also comparable to that of the isomer
E6C-6C. Therefore, the oxidation product of C70 will be a mixture
of all five isomers. In accordance with these results, many
different isomers of C70O were identified in the ozonization of
the C70 solution.24

Now, we describe the oxidation of C58N12. Nine different
isomers were considered, as shown in Figures 4 and S2
(Supporting Information) and Table 3. Similar to the case of
C48N12, the most stable isomer [)B5C-6N in Figure 4a] corre-

sponds to the oxygenation at the [5,6] C-N bond; however,
the C-N bond is not located in the equatorial region but at the
boundary ()B) of the polar and equatorial regions. The
comparison of its oxygenation energy with that of C70 indicates
that the chemical stability of C58N12, with respect to oxygenation
in air, is similar to that of C70. We also find that C58N12 is less
easily subject to oxidation than C48N12. Again, we expect a
diversity in its possible isomers in which oxygenations occur
at both equatorial and polar sites. [See Figures 4 and S2
(Supporting Information).]

We are also interested in the relative ease of the hydrogena-
tion of the fullerenes in the process, fullerene+ H2 f fullerene-
H2. In accordance with PM3 calculations,25 Table 4 and Figure
5a show that the most stable isomer ()isomer A) of C60H2 has
a 1,2-hydrogenation at the [6,6] bond. Its energy of hydrogena-
tion is -0.87 eV. The table and Figure 5b show that the next
most stable isomer ()isomer B) is characterized by 1,4-
hydrogenation, which is energetically higher than isomer A by
0.30 eV. This is different from the PM3 calculation, which

Figure 2. Optimized structures of isomers of C48N12O: E5C-6N (a),
E5C-6C (b), E6C-6N (c), and B5C-6N (d). Labels E, P, and B denote that
the reaction occurs at the equatorial, polar regions, and the boundary
of two regions. Hexagons in the polar regions are surrounded by thick
bonds.

Figure 3. Optimized structures for isomers of C70O: E6C-6C (a), P6C-6C

(b), P5C-6C (c), E5C-6C (d), and B6C-6C (e). Also refer to the caption of
Figure 2.

TABLE 2: Energy of Oxygenation (∆Eoxy) and Bond
Lengths in C70Oa

isomer ∆Eoxy (eV) l1 (Å) l2 (Å) l3 (Å)

E6C-6C -4.48 1.39 1.40 2.17 (1.47)
P6C-6C -4.06 1.43 1.43 1.55 (1.40)
P5C-6C -4.05 1.39 1.39 2.13 (1.45)
E5C-6C -4.04 1.40 1.40 2.11 (1.44)
B6C-6C -4.01 1.43 1.43 1.54 (1.39)

a Isomers of C70O are defined in Figure 3. The numbers in
parentheses denote the bond lengths of the corresponding C-C bonds
in C70. See also footnotea for Table 1.
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showed that its energy is the same as that of isomer A.25 Another
isomer ()isomer C), described by hydrogenation at the [5,6]
bond, lies 0.78 eV higher than isomer A. In short, the product
will be dominated by isomers A and B.

Figure 6 shows the three isomers of C48N12H2 considered in
this work. The energy of hydrogenation ()-1.55 eV) for the
most stable isomer ()isomer E5C-6C) indicates that C48N12 can
be hydrogenated slightly more easily than C60. It is characterized
by the hydrogenation at the [5,6] bond in the equatorial region;

however, the hydrogenation at other sites is much less feasible,
and the product will be solely dominated by isomer E5C-6C.
Namely, isomer P6C-6C, which corresponds to the hydrogenation
at the [6,6] bond in the polar region, is much less (by 1.42 eV)
stable. Isomer B5C-6N, which corresponds to hydrogenation at
the [5,6] C-N bond, is even less stable.

Figure 4. Optimized structures for isomers of C58N12O: B5C-6N (a),
E6C-6C (b), E5C-6N (c), and P6C-6C (d). Also refer to the caption of Figure
2.

TABLE 3: Energy of Oxygenation (∆Eoxy) and Bond
Lengths in C58N12Oa

isomer ∆Eoxy (eV) l1 (Å) l2 (Å) l3 (Å)

B5C-6N -4.37 1.23 2.82 2.17 (1.41)
E6C-6C -4.26 1.43 1.49 1.53 (1.43)
E5C-6N -4.16 1.25 2.68 1.97 (1.42)
P6C-6C -4.04 1.38 1.38 2.16 (1.43)
E5C-6C -3.85 1.43 1.49 1.51 (1.42)
E6C-6C -3.79 1.48 1.45 1.50 (1.42)
P5C-6C -3.64 1.46 1.46 1.54 (1.43)
E6C-6C -3.27 1.46 1.43 1.57 (1.43)
E6C-6N -2.76 1.37 1.40 2.22 (1.42)

a Isomers of C58N12O are defined in Figures 4 and S2 (Supporting
Information). The numbers in parentheses denote the bond length of
the corresponding C-C or C-N bonds in C58N12. Also refer to footnote
a of Table 1.

TABLE 4: Energy of Hydrogenation (∆E) at the Different
Positions of C60, C48N12, C70, and C58N12

a

isomer ∆E (eV) isomer ∆E (eV)

C60H2 A -0.87 C70H2 E6C-6C
δ -0.14

B -0.57 E6C-6C
η 0.72

C -0.09 C58N12H2 E5C-6C
ú -0.60

C48N12H2 E5C-6C -1.55 E6C-6C
δ -0.14

P6C-6C -0.13 P6C-6C
R 0.03

B5C-6N 0.35 E5C-6N
ú 0.05

E5C-6Nú 0.54 P6C-6C
â 0.13

E6C-6N 0.85 B5C-6N
ú 0.56

C70H2 P6C-6C
R -0.84 E6C-6N

δ 0.77
P6C-6C

â -0.69

a Resulting isomers are defined in Figures 5-7, 9, and S3 (Supporting
Information).

Figure 5. Optimized structures of isomers A (a), B (b), and C (c) of
C60H2.

Figure 6. Optimized structures of the isomers of C48N12H2: E5C-6C

(a), P6C-6C (b), B5C-6N (c), E5C-6N (d), and E6C-6N (e). Also refer to the
caption of Figure 2.
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We also investigated the hydrogenation of C70. According to
the fullerene reactivity principle, the [6,6] bonds in the polar
regions of C70 are more reactive than others due to the local
curvature of the region.26 Our calculations matched these results.

In Table 4, the energy of hydrogenation ()-0.84 eV) for the
most stable isomer ()isomer P6C-6C

R) indicates that the
hydrogenation tendency of C70 is similar to that of C60. Figure
7a shows that it is characterized by hydrogenation at a [6,6]R
bond in the polar region, whereR designates the position shown
in Figure 8a. The table also shows that isomer P6C-6C

â, which
can be described by the hydrogenation at the polar [6,6]â bond,
is almost as favorable. As indicated in the table, hydrogenations
at equatorial positions are much less favorable, and the
hydrogenation product will be dominated by isomers P6C-6C

R

and P6C-6C
â. When compared with the case for oxygenation

described above, the hydrogenation of C70 occurs in a more
regiospecific way; i.e., the reaction occurs predominantly in the
polar region.

Now, we investigate the hydrogenation of C58N12. The energy
()-0.60 eV) of the reaction for the most stable isomer ()isomer
E5C-6C

ú) in Table 4 indicates that the molecules are slightly
less easily subject to hydrogenation than C48N12. Figures 9 and
S3 (Supporting Information) show that the isomer is character-
ized by H2-addition to the [5,6]ú CdC bond in the equatorial
region. Other isomers are at least 0.46 eV less stable. They also
include isomers E6C-6C

δ and P6C-6C
R shown in Figures 9b and

S3a (Supporting Information), in which hydrogenation involves
the [6,6]δ and the [6,6]R CdC bonds, respectively. In short,
the product will be dominated by isomer E5C-6C

ú in which
hydrogenation occurs in the equatorial region, not in the polar
region. We can easily find that this is in strong contrast with
the case of C70, thereby revealing the change of regiospecificity
upon N-substitution.

Here, we discuss the encapsulation of a nitrogen atom in the
N-doped fullerenes in comparison with those which are undoped.

Figure 7. Optimized structures for isomers of C70H2: P6C-6C
R (a),

P6C-6C
â (b), E6C-6C

δ (c), and E6C-6C
η (d). Superscripts ()R, â, δ, and

η) represent the positions shown in Figure 8. Also refer to the caption
of Figure 2.

Figure 8. Five possible bond types for hydrogenation,R (a), â (b), δ (c), ú (d), andη (e) in C70 and C58N12.
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To do this, we define the encapsulation energy [)∆Een-
(fullerene)] by the relation Nen + fullerenef Nen@fullerene,
where Nen is the encapsulated atom. We first considered C48N12.
The six isomers were identified which are different from one
another in which the atom Nen is located at different positions
in the cage, while Table 5 shows that two of the isomers are
the most stable. We find that the nitrogen atom can be encased
in C48N12 better than in C60, as indicated by the negative values
()-1.03 and-0.09 eV) of∆Een(C48N12). [For comparison, we
note that∆Een(C60) ) 0.03 eV, and N@C60 were experimentally
identified. Four other isomers of N@C48N12 not listed in the
table have positive values of∆Een(C48N12).] In the most stable
isomer ()E5C-6C) shown in Figure 10a, Nen is bonded with two
[5,6] carbon atoms ()C1 and C2) in the equatorial region of
the cage. [This is clearly different from the case of the nitrogen
encapsulation in C60, where Nen is located at the center of the
cage without losing its atomic character. In fact, Figure 10b
shows that Nen is located at the central position in the next stable
isomer ()isomer C) of N@C48N12, and Table 5 shows that it is
less stable by 0.94 eV.] In fact, the bond lengths ()1.50 and
1.48 Å) for Nen-C1 and Nen-C2 bonds in isomer E5C-6C

indicate that they are single bonds. As a result, the bond length
()1.43 Å) between atoms C1 and C2 becomes longer after the

encapsulation. Our separate analysis shows that the Wiberg bond
index27 (WBI) of the bond calculated with the GAUSSIAN0328

program changes from 1.51 to 0.96 after the encapsulation of
Nen, showing that the C1-C2 bond becomes a single bond. C1
and C2 subside in the tube by approximately 0.38 Å after the
N-encapsulation in order to achieve a sp3 hybridization. Another
calculation shows that the spin density is concentrated on Nen.
All these observations are consistent with the spin multiplicity
()doublet) of the system that is different from that ()quartet)
of N@C60.

Here, we delve into the N-encapsulation of C58N12. Table 5
shows the various parameters for the stable isomers considered
in this work, which have the encapsulation energies larger than
that of N@C70. Figure 11 shows their structures. [Although not
explained, we have also found two other isomers whose∆Een-

TABLE 5: Various Parameters for the Stable Isomers of N@C60, N@C48N12, N@C70, and N@C58N12

isomera ∆E (eV) multiplicity l(Nen-Ci)b l(C1-C2)c WBI(Nen-Ci)d NBO chargee

N@C60 C 0.03 4 0
N@C48N12 E5C-6C -1.03 2 1.50, 1.48 1.43 (1.37) 0.91, 0.94 -0.40

C -0.09 4 -0.09
N@C70 C 0.01 4 0
N@C58N12 E6C-6C -3.20 2 1.41, 1.41 1.42 (1.37) 1.13, 1.13 -0.62

E5C-6C -1.20 2 1.47, 1.41 1.41 (1.38) 0.96, 1.09 -0.61
E6C-6C′ -0.77 2 1.53, 1.41 1.46 (1.43) 0.82, 1.05 -0.50
C -0.26 4 2.59, 2.66 1.42 (1.42) 0.02, 0.01 -0.19
E5C-6C′ -0.23 2 1.51, 1.43 1.44 (1.41) 0.85, 1.00 -0.48

a Isomers are labeled according to the type of C-C bond at which Nen binds. Isomer “C” denotes that Nen is located at or near the center of the
cage.b Bond distances for Nen-C1 and Nen-C2, where C1 and C2 denote carbon atoms of the C-C bond indicated by the isomer’s name.c C1-
C2 bond distance. Numbers in parentheses denote the corresponding values before N-encapsulation.d Wiberg bond indices for the bonds Nen-C1
and Nen-C2. e Charge of the atom Nen obtained from the natural bond orbital (NBO) analysis.

Figure 9. Optimized structures of isomers of C58N12H2: E5C-6C
ú (a)

and E6C-6C
δ (b). Also refer to the caption of Figure 2.

Figure 10. Optimized structures of the isomers of N@C48N12: E5C-6C

(a) and C (b). Also refer to the caption of Figure 2.

Figure 11. Optimized structures for the isomers of N@C58N12: E6C-6C

(a), E5C-6C (b), E6C-6C′ (c), C (d), and E5C-6C′ (e).
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(C58N12) are positive.] The most stable isomer ()E6C-6C) is
characterized by the single bonds for Nen-C1 and Nen-C2 pairs,
where C1 and C2 belong to the [6,6] bond located at the
equatorial region of the cage. [See Figure 12a.] [It is worth
noting that different C-C bonds are involved in the formation
of Nen-C bonds for the most stable isomer of N@C48N12 and
N@C58N12.] Its N-encapsulation energy ()-3.20 eV) indicates
that it is much easier to encase an N atom in C58N12 than in
C60, C70, or even C48N12. In fact, the bond lengths and WBI for
Nen-C1 and Nen-C2 bonds are (1.41 Å, 1.13) and (1.41 Å,
1,13), respectively, and thus the bonds are stronger than the
corresponding ones in isomer E5C-6C of N@C48N12. [Table 5
shows that the WBI for the corresponding bonds in the latter
are 0.94 and 0.91.] The C1-C2 bond ()1.42 Å) gets elongated
as a result of the N-encapsulation. C1 and C2 subside in the
tube by∼0.35 Å. All these observations are also consistent with
the spin configuration ()doublet) of the system.

The next stable isomer, E5C-6C, is characterized by the two
Nen-C bonds involving the two carbon atoms ()C1 and C2)
of the [5,6] bond in the equatorial region. [See Figure 12b.]
One of the Nen-C bond lengths ()1.47 Å) is longer than the
corresponding one in the most stable isomer, which should
correlate with a smaller encapsulation energy ()-1.20 eV). C1
and C2 also subside in the cage by 0.47 Å upon the N-
encapsulation. The third isomer, E6C-6C′, also has the Nen-C
bonds involving a carbon atom in the [6,6] bond. This isomer,
however, is different from the most stable isomer in that its
substitutional nitrogen atoms are distributed differently around
the [6,6] bond. [Compare Figure 12c with Figure 12a.] One of
the Nen-C bonds is still weaker, as manifested in (the bond
length, WBI)) (1.53 Å, 0.82). C1 and C2 also subside in the
tube. The negative value of∆Een(C58N12) [)-0.26 eV] for
isomer C seems to be related to the fact that Nen is displaced
from the center of the cage toward the short axis of the cage by
∼1.0 Å, whereas, there are still no Nen-C bonds, as shown in
the distances ()2.59 and 2.66 Å) from Nen to the nearest pair
of carbon atoms. [See Table 5.] This is consistent with the fact
that the spin multiplicity of the isomer is quartet. Comparison
of its ∆Een(C58N12) and those of the more stable ones suggests
that the atom Nen is presumably bonded to carbon atoms of the
cage rather than being located at the center with no Nen-C
bonds. The least stable isomer among the four shown in Figure
11e is characterized by the smallest number of the adjacent
nitrogen atoms, as indicated in Figure 12e. Inversely, the most
stable isomer, E6C-6C, has the maximum ()4) number of
substitutional nitrogen atoms around the [6,6] bond involved

in the bond formation with Nen. Compared to the case of the
least stable isomer, E5C-6C′, C1 and C2 are much more positively
charged in E6C-6C, since the substitutional nitrogen atoms
strongly withdraw electrons from the atoms of the [6,6] bond.
In turn, this makes Nen-C1 and Nen-C2 bonds much stronger
due to the stronger electrostatic attraction between Nen and C1
as well as between Nen and C2. This is indirectly manifested in
the differentiation of the bond lengths for Nen-C1 and Nen-
C2. For example, the corresponding data are 1.51 and 1.43 Å
in the isomer E5C-6C′. [See Figure 12d for the definition of C1
and C2.] Namely, the latter is shorter because C2 is more
positively charged than C1. In short, substitutional nitrogen
atoms induce a strong binding between the adjacent carbon atom
and Nen.

4. Conclusion

First, we find that C58N12 can be the stable N-dopant of C70

just as C48N12 is that of C60. By considering many different
isomers of the product, we find that C48N12 is expected to be
more easily subject to oxygenation than C60. Meanwhile, similar
calculations show that C58N12 is as stable as C70 with respect
to oxygenation; however, C48N12O is only 0.51 eV less stable
than C70 with respect to the reaction. Combining these observa-
tions with the fact that C70 is not easily oxygenated in the air
under normal conditions,23 we expect that both C48N12 and
C58N12 would also be stable in the air with respect to
oxygenation. For both C48N12O and C58N12O, we have identified
many stable isomers in which oxygenation occurs at the C-N
bonds as well as at the C-C bonds, among which particular
C-N bonds are expected to be the most amenable to the
reaction. Hydrogenations of C48N12 and C58N12 were also
investigated. We find that the former can be more easily
hydrogenated than C60, while the latter is not. In addition, there
is a regiospecificity in the hydrogenated products of C48N12 and
C58N12 in that they prefer to react at equatorial sites. Also,
C58N12 is strongly different from C70 in the preferred hydroge-
nation site.

Finally, we have compared the relative ease of the encapsula-
tion of the nitrogen atom in C60, C48N12, C70, and C58N12, finding
that the N-doped fullerenes, especially C58N12, can do this much
better than the undoped fullerenes. Considering that N@C60 was
experimentally identified, we can easily expect the existence
of N@C48N12 and N@C58N12. Contrary to the case of N@C60

and N@C70, Nen in N@C48N12 or N@C58N12 is not located at
the center of the cage but significantly displaced toward the
wall of the cages so that Nen-C bonds can be formed. In
addition, the relative stability of the complexes heavily depends
on the local environment of the carbon atoms involved in Nen-C
bonds. We expect that the present work would stimulate
experimental investigations on the identification of C58N12,
N@C48N12, and N@C58N12 as well as their applications in the
nanoelectronic devices.
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Figure 12. Local environments for the cage of C58N12 around Nen for
the isomers E6C-6C (a), E5C-6C (b), E6C-6C′ (c), and E5C-6C′ (d). The
thick lines indicate C-C bonds whose atoms are involved in the
formation of Nen-C bonds. The dots represent the nitrogen atoms
substitutionally doped in C58N12.
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C58N12H2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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