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The Large Nd;N@C,, (40 <n <49) Cluster Fullerene Family:
Preferential Templating of a Cg; Cage by a Trimetallic Nitride Cluster™*
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Andpreas J. Athans, and Luis Echegoyen*

The field of trimetallic nitride endohedral fullerenes began in
1999 with the discovery of Sc;N@Cg, by Dorn and co-
workers.”! They vaporized graphite rods packed with scan-
dium oxide in a Kratschmer—Huffman arc reactor under a
mixture of nitrogen and helium. Later, Dunsch and co-
workers showed that the same compound can be obtained in
higher yields under a mixture of helium and ammonia."
Scandium is the smallest metal that has been shown to form
a trimetallic nitride cluster inside a fullerene. The conditions
described by Dunsch et al. afford mainly Sc;N@Cy, in high
yields, as compared to reported mono-, di-, or trimetalloful-
lerenes, ! along with small amounts of Sc;N@Cg and Sc;N@
Cs (Figure 1, top HPLC trace). Over the years, the family of
trimetallic nitride endohedral fullerenes has been consider-
ably expanded with the encapsulation of a new Group 3 metal
(Y),”! lanthanides (Er,”) Ho,*¥ Ly, Tm,” Gd,*” Dy,
Tb®%) and mixed metal clusters.>""! Upon increasing the
size of the encapsulated metal (from Sc to Gd), the yield of
cluster fullerenes usually decreases, and a distribution of
molecules is obtained, with cages as big as Cgg. The Cg, cage,
however, remains the most abundant. For instance, the Y;N@
C,, family consists mainly of Y;N@Cy, along with small
amounts of Y;N@Cg,, Y;N@Cy,, Y;N@Cg, and Y;N@Cyq
(Figure 1, middle trace; for MALDI data, see the
Supporting Information). Dysprosium gives the largest dis-
tribution of molecules reported to date, the smallest cage
produced being C,¢ and the largest Cys.”) In the case of Gd,N,
which is the largest cluster encapsulated to date, no cage
smaller than Cyg, is obtained, and the relative abundance of the
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Figure 1. HPLC traces of the S;;N@G,,, YsN®@GC,,, and Nd;N@C,,
families obtained by arc burning graphite rods containing 10% metal
oxide in a mixture of ammonia (20 mbar) and helium (200 mbar);
column: 10x 250 mm Buckyprep-M; eluent: toluene; flow rate:

4 mLmin~"; detection at 372 nm.

bigger cages (Cg, Cgy, Cg, and Cgg) is higher than that
obtained with the other metals.”

Calculations and experimental observations have given
insight into the exceptionally high abundance of the Cg, cage,
which is observed even with clusters as large as Gd;N. Poblet
and co-workers linked this stability to a large HOMO-
LUMO gap and have calculated that among all fullerenes that
satisfy the isolated pentagon rule (IPR) from Cg to Cgy, Cgy:
7 (I,,) and Cg,:6 (Ds,) provide the largest HOMO-LUMO gap
after encapsulating a trimetallic nitride cluster.'"” Raman and
IR spectroscopy studies have also shown that a mutual
stabilization of the cluster and the Cg, cage through cluster—
cage charge transfer could explain the high abundance of this
cage.""”l However, the stabilization of cages bigger than Cy,
with clusters larger than Gd;N cannot be ruled out. No
reports of the encapsulation of larger clusters, such as La;N,
inside fullerene cages have appeared in the literature to date.

Herein, we report the preparation of Nd;N@C,, (40<n <
49) and the predominance of the larger Cg cage. These
endohedral fullerenes were obtained by arc burning of high-
purity graphite rods containing neodymium oxide under a
mixture of ammonia (20 mbar) and helium (200 mbar). Rods
containing 10% Nd,O; seemed to give the best yield (0.2 mg
per rod) of Nd;N@C,, in the soluble extract of the soot. The
new family of cluster fullerenes was characterized by mass
spectrometry and HPLC. The most abundant species (Nd;N@
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Cgg) was also studied by UV/Visible/NIR spectroscopy and
electrochemistry.

While five distinct peaks in the range 20-40 min can be
seen in the HPLC trace (Figure 1, bottom), MALDI-TOF
mass spectrometry analysis reveals the presence of at least ten
different compounds in this family (Figure 2), with cages
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Figure 2. MALDI-TOF mass spectrum of the crude mixture of

Nd;N@C,,..

ranging from Cy, to Cyg and the highest peak corresponding to
Nd;N@Cg. The identity of the peaks observed in the HPLC
trace was established by MALDI-TOF mass spectrometry
analysis after isolation (Figure 3).
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Figure 3. Chromatograms and MALDI-TOF mass spectra of Nd;N@GCq,
(fraction 1), Nd;N@GCq, (fraction 2), and Nd;N@Cq; (fraction 4). The
top trace shows the unseparated mixture.

The compound with a retention time of 24 min (frac-
tion 1) can be identified as Nd;N@Csg,. Its retention time is
comparable to that of Sc;N@Cy, (24.7 min). The second peak
in the HPLC trace (retention time 27.1 min, fraction 2) can be
attributed to Nd;N@Cg,. The fourth and highest peak
(retention time 31.6 min, fraction 4) corresponds to Nd;N@
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Cqgs. Its retention time is close to that of Y;N@Cgg (32.7 min).
Both the HPLC trace and MALDI-TOF spectra show that it
is the most abundant species in the soluble extract of the
arcing soot. The amount of material collected after isolation
of each fraction confirmed that Nd;N@Cg; is the most
abundant species. A sample of this compound was also
deposited on a TEM grid and submitted to an energy
dispersive spectroscopy (EDS) analysis. The spectrum shows
the characteristic peaks of neodymium (see the Supporting
Information). The compound corresponding to the third peak
in the HPLC trace was more difficult to isolate in pure form,
owing to the close proximity of its retention time to the most
abundant species. It can be tentatively assigned as Nd;N@Csyg.
The fifth peak of the HPLC trace (retention time 36 min) has
not been characterized, owing to its very low intensity.
Although neodymium is only slightly larger than gadoli-
nium (Table 1), these studies show that the cage-size distri-

Table 1: Size of the metallic ion M** (octahedral coordination)'¥ and of
the cluster M;N for some Group 3 and lanthanides elements.

Metal M Sc Y Dy Gd Nd La
r(M*) [A] 0.75 0.90 0.91 0.94 0.98 1.05
d(M;N) [A]® 3 3.6 3.64 3.76 3.92 4.20

[a] Calculated using the literature formula d(M;N) =4 r(M**)."!

butions of Gd;N@C,, and Nd;N@C,, are dramatically differ-
ent. Cgg is the most abundant species (relative yield 30-40 %
as established by HPLC) in the case of neodymium, whereas
the Cq, cage is still predominant for gadolinium (relative yield
35-40%)."" However, the relative abundance of the other
cages encapsulating these two clusters (the smaller cages Cy,
Cgy, and Cy for neodymium and the bigger cages Cg,, Cyy, Cgg,
and Cg for gadolinium) is far from negligible. It appears that
the cluster Gd;N is the upper threshold for stabilization of the
Cg cage and that, similarly, the Nd;N cluster is the lower
threshold for stabilization of the Cg cage. Interestingly, the
yield of Nd;N@C,, (0.2 mg per rod) was found to be higher
than those of Y;N@C,, and Gd;N@C,, and slightly less than
that of Sc;N@Cy, (0.3 mg per rod). The possibility to
accommodate the Nd;N cluster in bigger cages than the
Gd;N cluster apparently results in higher yields.

Owing to its relatively high yield, Nd;N@Cg could be
easily isolated in high purity (greater than 95 %, see Figure 3)
and in amounts allowing characterization by UV/Vis/NIR
spectroscopy (see Figure 4 and the Supporting Information)
and electrochemistry (Figure 5). The Nd;N@Cyg, spectrum
shares some common characteristics with another trimetallic
nitride cluster encapsulated in a Cg cage (Table 2). The band
gap obtained from the spectral onset is comparable to that of
Dy;N@Cg”' and is significantly lower than that usually
obtained for the trimetallic nitride clusters encapsulated in
Cy cages. Nd;N@Cgg also presents two absorptions in the NIR
region; such behavior was previously observed only for the
Cgs cage in the Dy;N@C,, family.

The cyclic voltammogram of Nd;N@Cg, was recorded in
o-dichlorobenzene (0-DCB) containing 0.05M [NBu,][PF4] as
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Figure 4. UV/Vis/NIR spectrum of Nd;N@Cg in toluene.
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Figure 5. Cyclic voltammogram of Nd;N@Cgg in [NBu,][PF¢]/0-DCB
with ferrocene as the internal standard; scan rate 100 mVs™".

Table 2: Comparison of the spectral characteristics of Dy;N@Cgg and
Nd;N@Cs.

TNT EMF®  Onset[nm]  Band gap® [eV]  UV/Vis/NIR peaks [nm]
Dy;N@Cg 1548 0.80 345, 733, 1045, 1462
Nd;N@Cgz 1420 0.87 390, 770, 965, 1400

[a] Trimetallic nitride template endohedral metallofullerene. [b] Calcu-
lated from the onset: (band gap in eV) a2 1240 (onset in nm) .1

the supporting electrolyte and using a 2-mm-diameter glassy
carbon disk as the working electrode. Three cathodic waves
could be observed; the first was monoelectronic and rever-
sible, while the second was monoelectronic and quasi-
reversible. The third wave was less well defined and could
be multielectronic. Anodically, the compound showed two
waves; the first was monoelectronic and reversible, but the
second was not very well defined. The redox behavior of
Nd;N@Cyg; is significantly different from that of the reported
nonderivatized M;N@Cg, species, which always showed
irreversible reduction steps in 0-DCB.!"" The electrochemical
HOMO-LUMO gap obtained for Nd;N@Cgg (1.40 V) is also
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significantly smaller than that usually obtained for M;N@Cg,
(greater than 1.80 V, see the Supporting Information).!"”!

In conclusion, the new Nd;N@C,, family of trimetallic
nitride fullerenes shows very interesting features and gives
answers to several questions concerning the influence of the
size of the encapsulated cluster on the yield of endohedral
fullerenes and the cage-size distribution. The limit of stability
of the Cy, cage is now reached, since the cluster Nd;N prefers
to be encapsulated in the small-band-gap Cg; cage. Interest-
ingly, the transition between the predominance of the Cy
cage, which is still observed for Gd;N, and the predominance
of the Cgg cage, which is observed for the first time with Nd;N,
comes with an increase in the yield of production. Additional
studies are underway to determine the structure of Nd;N@
Cgs. There are 35 possible IPR isomers for the Cgg cage, but as
in the case of terbium, only one might be obtained." It is also
interesting to determine the geometry of the encaged cluster,
which has been shown to depend on the relative size of the
cluster and the cage.'”! Such a stable and abundant small-
band-gap endohedral fullerene also appears to be a promising
candidate for molecular electronics.

Experimental Section

High-purity graphite rods purchased from POCO were core-drilled
(mass of the empty rod 6.3 g) and packed with a 1:1 mixture of
graphite powder and Nd,O; (1.4 g, total mass of carbon 7 g, neo-
dymium oxide 0.7 g). After annealing at 1000°C for 12 h, these rods
were vaporized in a Kratschmer—-Huffman arc reactor under a
mixture of ammonia (20 mbar) and helium (200 mbar) using an arc
current of 85 A. The soot collected from the arc reactor was then
extracted with CS, in a sonicator for two hours. After removal of the
solvent, the crude mixture was washed several times with ether until
the solution was no longer colored. The solid residue was then
redissolved in toluene. The Nd;N@C,, cluster fullerenes were
separated by HPLC using a Varian Pro Star model 210 and a
semipreparative 10 x 250 mm Buckyprep-M column. Toluene was
used as the mobile phase with a flow rate of 4 mLmin~!. MALDI-
TOF mass spectrometry analysis was carried out using a Bruker Omni
Flex. For the EDS analysis, the sample was deposited on a TEM grid
and the spectrum was recorded on an HD-2000 STEM instrument
equipped with an Oxford EDS system. The cyclic voltammetry
experiment was carried out in a formal one-compartment cell
connected to a BAS 100B workstation in a solution of o-DCB
containing 0.05M [NBu,][PF]. A 2-mm-diameter glassy carbon disk
was used as the working electrode. Ferrocene was added to the
solution at the end of each experiment as an internal standard, and all
the electrochemical potentials were referenced to its redox couple.
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