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Trimetallic nitride clusters, M3N, where M = Group IIIB and
4f-block metals, can be encapsulated in all-carbon cages (e.g., Cso,
Css, Cog) to form metallic nitride fullerenes (MNFs).! ™ Of these
metals, Sc has the smallest ionic radius, and Sc;N@Csg is readily
produced as the dominant member of the MNF family of com-
pounds (e.g., ScsN@Cgs,” ScsN@C55%). The ease of synthesizing
ScsN@Cy is in stark contrast to syntheses utilizing rare earth metals
having larger radii. Efforts to synthesize larger metal atom
trimetallic nitride clusters (i.e., La3N@Cyg) in Cg cages have been
unsuccessful. Adjacent to La and shown in Figure 1, neighboring
metal MNFs such as C33N@C30, PI'3N@C3(), and Nd3N@Cg() with
Cg cages are not the preferred compounds; rather the cage size
increases to the preferred Cgg cage’~° The difficulty in entrapping
these bulky clusters in Cgy cages has been attributed to larger ionic
radii. For La;N clusters, the preferred cage size shifts beyond Cgs,
and La;N@Cy becomes the dominant MNFE.' In the reverse
direction, from left to right (i.e., Gd, Tb, Dy, Ho, Er, Tm, and Lu),
the ease and yield of making rare earth Cgy MNFs increase as the
ionic radius decreases. The smallest 4f-block based MNF,
LusN@Csy, is synthesized in high yield and is the dominant MNF.

In this communication, we also report the electronic stabilization
of LasN@CyN, a molecule which represents a new class of metallic
nitride azafullerenes (MNAFs).

The synthesis of LazN@CyxN is achieved via the CAPTEAR
approach (Chemically Adjusting Plasma Temperature, Energy, and
Reactivity).'! In this method, a 0.5 in. graphite rod is core-drilled
to 3/16” inch and packed with a ratio of 1.25 g of Sc;03t03.75 g
of La,0;. The oxidizing atmosphere and CAPTEAR conditions are
achieved via addition of 2 Torr/min air into the plasma reactor.
Our experiments for synthesizing La;N@CN are performed with
less air (2 Torr/min) added to the reactor relative to previously
published CAPTEAR conditions for synthesis of Sc;N@Csg (6 Tort/
min)."" Other reactor conditions include a He flow rate of 630 mL/
min, 220 A, a 36 V gap, and a dynamic flow at 300 Torr. Resulting
soot (11.3 g) is harvested and extracted with carbon disulfide. Upon
solvent removal, the residue is washed with ether, and 20 mg of
extract is obtained. A MALDI mass spectrum of this material is
shown in Figure 2. The larger abundance of LaSc,N@Cg relative
to ScsN@Cyg) may be attributed to the slightly higher molar ratio
of La to Sc within the cored graphite rod. Mass spectral results
indicate an absence of La;N@Csg, m/z 1391, and, surprisingly, the
successful synthesis of LasN@C7oN (m/z 1393). This experimental
data clearly indicate a preference of 80 atom cages of C7gN versus
Cgo to encapsulate the LasN cluster. The peak height of La;N@C7oN
in the MALDI is 5% of ScsN@Cgy. Experimental and calculated
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Figure 1. Overview of preferred cages for M;N clusters with Cg (blue),

Cgg (green), and Cog (yellow). The preferred 80 atom cage for La;N@C7oN
is circled.
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Figure 2. MALDI mass spectral data of soot extract obtained under
CAPTEAR conditions.

MALDI isotope pattern distributions for LasN@C;N and
LasN@Cyg are provided in the Supporting Information.

The absence of LasN@Cyg, in our soot extract is consistent with
prior attempts to produce La;N@Cg in detectable quantities. Our
experimental and computational results suggest that the La;N cluster
does not necessarily force the cage’s expansion to larger sizes. The
MALDI data can be interpreted to suggest that the La;N cluster
selects a smaller 80-atom cage if one of the carbon cage atoms can
be substituted with nitrogen. LasN@C79N dominates the product
distribution, even above the yield of the otherwise preferred
LasN@Cy (Figure 2B). For the La;N cluster, this reduction of cage
size from 96 to 80 atoms reflects the significance and role of
electronic effects in lieu of ionic radius.

To understand geometric and electronic properties of the largest
metallic nitride azafullerene (MsN@C7N, M = La) reported so
far, we performed a series of density functional theory (DFT)
calculations using the spin unrestricted mPW1PW91 method'? with
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Figure 3. Isosurface representations of spin densities of C7N isomers 1—2 and La;N@CyN isomers 3—8 in A—H, respectively (contour values = = 0.004

au). Atom color schemes are as follows: cyan, C; blue, N; and red, La.

Table 1. Structural, Charge, Spin, and Energetic Properties of LazN@CoN Isomers 3—8

Rm R R Rn™ ZZMNM (e Qu Qv Qc PN oM AE AEh

(A) A) (A) (A) (deg) (e) (e) (e) (e) (e) (e) (kcal/mol) (kcal/mol)
3 2.188 3.124 2.971 4212 273.3 —1.135 0.728 —0.305 0.230 —0.022 0.327 0.00 0.00
4 2.159 3.179 5.124 3.989 284.6 —1.167 0.733 —0.321 0.221 —0.019 0.312 6.15 5.84
5 2.170 3.143 4.114 3.510 278.9 —1.130 0.721 —0.321 0.203 —0.016 0.319 13.57 13.06
6 2.166 3.144 4.323 2.545 279.1 —1.142 0.752 —-0.319 0.194 —0.013 0.312 24.99 24.96
7 2.163 3.347 3.105 4.405 304.1 —1.237 0.899 —0.309 0.218 —0.002 0.017 13.98 14.25
8 2.151 3.336 4.994 4.356 305.2 —1.231 0.906 —0.338 0.162 0.000 0.008 17.69 18.14

“ Values are averaged for each M or C’ unless otherwise noted. Relative stabilities (AE and AE™¢") are referenced to the energies of 3.

6-31G(d) for C and N and the relativistic effective core potential
basis SDD'? for La, as implemented in the Gaussian 03 program.'*
We have used this approach in prior investigations of various late
transition metal complexes.'>~!7 To examine the performance of
this method, geometry optimization was carried out for Sc;N@1,-
Cso. The predicted key geometric parameters are in excellent
agreement with experimental values.'® For instance, the calculated
average N—Sc bond length is 2.025 A, to be compared with the
experimental value 2.026 A, and for the average Sc—Sc distance,
we obtained 3.507 A (expt: 3.499 A). These results represent an
improvement over prior reports.'?-2°

We first investigated the C;N cage alone to determine which
site is preferred for N-substitution. In the 7,-Cgy, there are two types
of carbon atoms: 60 of them locate at junctions of two hexagons
and one pentagon or 665 junction, while the remaining 20 atoms
are located at junctions of three hexagons or 666 junction. Previous
computational studies indicate N-substitutions at 665 junctions for
Y,@CyN and Sc;N@CyoN are the preferred sites.?'*> However,
it has not been revealed that such a preference is due to the
metallofullerene formation or the intrinsic property of the C7N cage.
Our calculations show that the 665 substitution isomer 1 of C;oN
is more stable by 13.19 kcal/mol than the 666 substitution isomer
2. Interestingly, this value is close to the 13.3 kcal/mol energy
difference reported previously for the two corresponding isomers
of Y,@CN,?? indicating that such a preference observed in the
metallofullerenes is essentially originated from the different stabili-
ties of the two cage isomers alone. Indeed, as shown below for
various LasN @C79N isomers, very similar results were found. This
trend of N-substitution for CyN is similar to that reported for
CeN,? which suggests that the 665 N-substitution preference might
be inherent to fullerenes. It is also interesting to note that the

N-substitution not only introduces a large negative charge on the
cage (ca. —0.3 e at this N’ site) but also induces large positive
charges (ca. 0.2 ¢) at its surrounding three carbon atoms (C”). All
other carbon atoms in the C;N cage have small charges with
absolute values <0.05 e. This unique property has an important
effect on the relative stabilities of different isomers of LasN@C7N
(vide infra). Spin densities of the two isomers are all delocalized
and mostly located at the opposite site of N-substitution; see Figure
3A and 3B.

We next investigated a number of extreme cases of possible
isomers for the largest reported metallic nitride azafullerene
LasN@CyN. With regard to the equatorial plane of the three metal
atoms, we considered the N-substitution sites at both polar and
equatorial regions. For polar substitutions, two isomers were
investigated with the N” atom (on the cage) and the N atom (on
the La;N cluster) separated in either closest (3) or farthest distances
(4); see Figure 3C and 3D, respectively. For equatorial substitutions,
isomers 5 and 6 were investigated; see Figure 3E and 3F. In 5, the
N’ atom is located between the two La atoms and in 6, it faces one
La atom directly. As seen from Table 1, among the four 665
substitution isomers, polar substitutions 3 and 4 are preferred over
the equatorial ones 5 and 6. The most stable isomer is 3. This may
seem counterintuitive since, in this conformation, the most nega-
tively charged N atoms are in close proximity, which should impose
large repulsion. However, as shown in Table 1, there are three La
metals and three C” atoms that have large positive charges, which
also need to be separated as far as possible to avoid large repulsions.
Among some key geometric parameters listed in Table 1, the
minimum N’—M distance (Ryv™™) can be used to evaluate such
repulsions, as N’ is located in the center of the three C” atoms.
Long Ryy™™ values indicate distant contacts between these six large

J. AM. CHEM. SOC. = VOL. 131, NO. 49, 2009 17781



COMMUNICATIONS

28 A L F B -
= N4 g ; 1 == 1
Ea o £

. = p 4
-§ 10 . § .-’:
ol n - o 10 / 4
] $
E 4. I
04 '.o" /_./
ol ol m
g w5 w & SR T Vol T
AE (kecal/mol) AE (kcal/mol)

Figure 4. (A) Predicted stabilities from eq 1 vs DFT results. (B) Computed
relative stabilities using high level methods vs those from low-level
calculations.

positive charges, which are favored. Indeed, the linear correlation
between stabilities of isomers 3—6 (AE) and —Ryy™" has an R?
= 0.977 and p = 0.01153. The equatorial substituted isomer 6,
which has a direct contact between N’ and La atoms, results in
large electrostatic repulsions and is the most unstable structure
shown.

In addition, two polar N-substitutions at the 666 junction sites
(7 and 8, see Figure 3G—H) were also investigated to compare
with corresponding 665 isomers 3 and 4. As shown in Table 1, the
stability trend of 665 substitutions remains for 666 substitution
isomers; i.e. the polar substitution with the closest N—N’ contact
(or smallest Ryy) is more stable than the farthest one. These results
suggest that the relative stabilities of metallofullerene isomers is
independent of the substitution junction sites: 665 or 666. The 666
substitution isomers are always less stable than the corresponding
665 ones. In fact, as shown in Figure 4A, the following regression
yields excellent predictions of the stabilities of all isomers of
LazN@CN with R?> = 0.967 and p = 0.00588:

AE = —14.409R™0 + 1.245 65 + 62.53 (1)

where 05_¢ is 0.00 kcal/mol for 665 substitution isomers and 13.19
kcal/mol (the energy difference between the 665 and 666 isomers
of CN cage) for 666 isomers. This shows the difference between
corresponding conformations in 665 and 666 isomers originates
essentially from the cages.

To examine if this trend could be affected by different levels of
theory, additional high level single-point energy calculations were
also performed with more polarization and diffuse functions for C
and N, i.e. the 6-31+G(2d) basis, which results in 2205 basis
functions. As seen from Table 1, the relative stabilities at this level
(AE"Me") are basically the same as AE. In fact, the correlation shown
in Figure 4B has an R?> = 0.998, slope = 1.01, intercept = —0.15
kcal/mol, and p < 0.0001. These electronic results further validate
our method, in addition to the excellent predictions of geometric
results discussed above for Sc;N @ Cgy,.

Compared to 665 isomers of La;N@CyN, in those 666 isomers,
the LasN cluster is more compressed, as shown by the relatively
shorter N—M distance (Rym), longer M—M distance (Rym), and
larger sum of three M—N—M angles (ZZMNM) in Table 1.
Interestingly, spin density distributions among these two types of
N-substituted isomers are distinctive. As seen from Table 1 for
Mulliken spin densities of N and M atoms (py and py) in the LazN
fragment of the metallofullerene and Figure 3C—F, in all 665
isomers (3—6), the unpaired electrons reside in the LasN cluster,
while, in all 666 isomers (7—8), the unpaired electrons are
delocalized in the cage. It is also interesting to note that in
LasN@Cy»N, the spin-containing orbital is the HOMO in all
isomers, as shown in Figure SA—F for isomers 3—8. This is in
contrast with a previous investigation of Y,@CyN, in which the
spin-containing orbital is below the HOMO.
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Figure 5. Isosurface representations (A—F) of HOMOs in La;N@C7N
isomers 3—8, respectively (contour values = £ 0.04 au).
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