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Introduction

Ever since Dorn and co-workers reported the synthesis of
the first trimetallic nitride endohedral metallofullerene[1] in
1999 these compounds have attracted a great deal of interest
due to their electronic and structural features. They are
known to be nondissociative salts, where the metallic nitride
cluster donates six electrons to the carbon cage with the
general formula M3N

6+@C2n
6�.[2]

Metallic nitride endohedral fullerenes have been synthe-
sized mainly by two methods: the trimetallic nitride tem-
plate method proposed by Dorn,[1] where packed graphite

rods (metal oxide/carbon/catalyst) are burned in the pres-
ence of a dynamic flow of He/N2, and the reactive-gas at-
mosphere method introduced by Dunsch,[3] where the
packed graphite rods (metal oxide/graphite) are burned in
the presence of He/NH3. The most attractive feature of
these synthetic methods is that metallic clusters with highly
paramagnetic and electroactive metals can be encapsulated
inside fullerene cages making them potential candidates for
numerous applications in different fields.[4,5]

As of today, fullerene encapsulation of several metallic ni-
trides have been reported, including group III metals (Sc
and Y), lanthanides (Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Nd,
Pr and Ce), and mixed metal clusters.[1,3, 6–13] For some time
it was believed that metallic nitride clusters larger than
Gd3N could not be encapsulated inside fullerene cages for
three reasons: 1) the known pyramidalization of this metal-
lic cluster inside the C80 cage, 2) the fact that fullerene yield
decreases dramatically from Sc to Gd, and 3) trimetallic ni-
tride endohedral metallofullerenes of larger metals like Eu
and Sm had not been successfully produced.

However, we recently reported that metals larger than Gd
can form metallic nitride endohedral fullerenes,[14,15] and
that these metallic clusters are preferentially encapsulated
inside the C88 cage. It seemed that the metallic cluster in-
duced the formation of a new carbon cage size around it
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that promoted the electronic stabilization between the en-
capsulated moiety and the cage, similar to the one for metal-
lic nitride clusters (from Sc to Gd) and the C80 cage.[2] Thus,
as the metallic cluster size increases, a new templating effect
appears.[15] This statement was supported by the fact that
from Nd to Ce the yield of M3N@C96 increases significantly
although M3N@C88 predominates. This feature raised the
question whether or not larger clusters such as La3N would
be preferentially encapsulated inside C96 cages.

Due to the large ionic radius of lanthanum in the metallic
nitride cluster, La3N@C2n metallofullerenes appear in very
low yield, which makes the preparation of enough material
for their characterization hard and time consuming. This has
prevented researchers from studying this family of cluster
fullerenes until now.

One of the most interesting features of metallic nitride
endohedral fullerenes is their redox properties. M3N@C80

metallofullerenes exhibit similar trends in redox behavior.
As the size of the carbon cage increases, increasingly rever-
sible reduction steps are observed, until C88 where total re-
versibility is reached.[15,16] For instance, all M3N@C88 metal-
lofullerenes feature two reversible reductions and oxidations
with very low HOMO–LUMO gaps (around 1.4–1.5 V). So
far, this reversible behavior is not well understood, but sev-
eral electrochemical/ESR, as well as computational studies,
have suggested that oxidation occurs in the carbon cage and
reduction on the metallic cluster.[2,14–17] To the best of our
knowledge, electrochemical studies for metallic nitride en-
dohedral fullerenes with cages larger than C88 have never
been reported.

Herein, we report the synthesis, isolation and characteri-
zation of the La3N@C2n (43�n�55) family. Three main
fractions were characterized by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spec-
trometry, HPLC, SEM/EDS, UV/Vis-NIR and cyclic voltam-
metry. Results indicate that La3N constitutes the largest
metallic cluster encapsulated in a fullerene cage, and that
La3N@C92 and La3N@C96 represent the largest metallic ni-
tride endohedral fullerenes isolated and characterized so
far.

Results and Discussion

Synthesis of La3N@C2n ACHTUNGTRENNUNG(43�n�55) endohedral fullerenes :
The synthesis of La3N@C2n metallofullerenes was accom-
plished by using the reactive gas atmosphere method.
Graphite rods were packed with different La2O3/C mass
ratios, annealed for 12 h at 1000 8C, and vaporized in a
modified Kr>tschmer–Huffman arc reactor under a mixture
of ammonia (20 mbar) and helium (200 mbar).

When the rods were packed with 1:1 up to 1:3 ratios of
La2O3/C, the fullerene yield was very low; however, when
the ratio was changed to 1:4, the yield increased (Figure 1).
As anticipated, the C96 cage is preferentially templated by
the La3N cluster. From the MALDI-TOF mass spectrum, a
large carbon cage distribution was observed, with cages as

large as C104 and as small as C86. These results demonstrate
that the synthesis and isolation of large fullerene cages is
possible by increasing the size of the metallic cluster encap-
sulated, and that metallic clusters larger than Ce3N are pref-
erentially encapsulated inside C96 carbon cages.

Even though the mass spectrum showed that La3N@C2n

metallofullerenes are formed during the arcing process, the
total fullerene yield still remained low. When the La2O3/C
ratio was increased to 1:5, a significant increase in fullerene
yield was obtained (�0.1 mg per every five burned rods).
Other La2O3/C ratios were tried, but in those cases the
packed material was unstable, under arcing conditions.

Figure 2 shows the MALDI-TOF mass spectrum and
HPLC trace of the La3N@C2n clusterfullerene family using a
1:5 La2O3/C ratio. Note that as this ratio increases from 1:4
to 1:5 the mass distribution changes dramatically, but
La3N@C96 still remains as one of the major products. A sig-
nificant increase in the La3N@C88 yield is also observed. An-
other noteworthy point is that a wider carbon-cage distribu-
tion of La3N@C2n cluster fullerenes is formed, with cages
ranging from C86 to C110, making this family of metalloful-
lerenes the largest in terms of cluster and carbon-cage sizes.

The fact that the metallofullerene yield decreases when
the size of the metallic cluster increases suggests that the
cluster size plays the most important role in terms of
carbon-cage distribution, abundance, and preference for a
given fullerene template.[14, 15] For example, Sc3N@C2n (rSc3 + =

0.745 K) preferentially templates the C80 cage, producing
the highest fullerene yield, whereas Gd3N@C2n (rGd3 + =

0.938 K) continues to prefer the C80 cage but produces the
lowest yield.

Metallic clusters larger than Gd3N such as Nd3N, Pr3N
and Ce3N are preferentially encapsulated inside a C88 cage,
and the fullerene yield increases in the order Ce3N@C2n

(rCe3 + =1.010 K) < Pr3N@C2n (rPr3+ =0.997 K) < Nd3N@C2n

(rNd3+ =0.983 K).[20] Since metallic nitride endohedral ful-
lerenes appear in larger abundance templating the C80

rather than the C88 cage (with the exception of Gd3N@C2n),

Figure 1. MALDI-TOF mass spectrum of the La3N@C2n clusterfullerene
family using a La2O3/C 1:4 ratio.
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it was not surprising to find that La3N@C2n (rLa3+ = 1.045 K)
produces the lowest fullerene yield among all the metallic
nitride endohedral fullerenes under the same preparation
conditions. Also, it should be noted that under our arcing
conditions, Eu3N@C2n and Sm3N@C2n are not formed. As
suggested by Gu and co-workers, this is likely due to prod-
uct yields being associated with thermal properties of the
caged metals, such as boiling points.[18] Current work in our
group is underway to understand this dependence.

Isolation and purification of the La3N@C2n endohedral ful-
lerenes : Using our optimized condition, we were only able
to isolate and purify La3N@C88, La3N@C92 and La3N@C96.
The identity and purity of these three metallofullerenes
were established by their HPLC chromatograms, mass spec-
tra and SEM/EDS analysis. The much lower yield of the
other fractions prevented their isolation (see Figures 3–6).

Using a semipreparative Buckyprep-M column the three
main fractions were isolated in considerably high purity. The
purity was checked by HPLC injections using both Bucky-
prep-M and Buckyprep columns, followed by MALDI-TOF
mass analysis in both positive and negative ion modes.

A closer look at the positive ion mode MALDI TOF MS
(Figures 4–6) of these metallofullerenes shows an excellent
agreement between the calculated and experimental isotopic
distributions, confirming their chemical identities. Further-

Figure 2. a) Mass spectrum of the La3N@C2n clusterfullerene family using
a La2O3/C 1:5 ratio and b) HPLC chromatogram.

Figure 3. HPLC chromatogram of the La3N@C2n clusterfullerene family
and isolated fractions. Buckyprep-M column; toluene flow rate=

4.00 mL min�1; detection at 372 nm.

Figure 4. Calculated and experimental mass spectrum of La3N@C88.

Figure 5. Calculated and experimental mass spectrum of La3N@C92.

Figure 6. Calculated and experimental mass spectrum of La3N@C96.

Chem. Eur. J. 2008, 14, 8213 – 8219 G 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8215

FULL PAPEREndohedral Fullerenes

www.chemeurj.org


more, samples of La3N@C2n (n=44, 46 and 48) were depos-
ited on TEM grids and submitted to energy dispersive spec-
troscopy (EDS) analysis (Figure 7), which showed the char-
acteristic peaks of lanthanum, giving further proof of the
nature of these endohedral fullerenes.

From the HPLC chromatogram and the amounts of me-
tallofullerenes collected, it was observed that La3N@C96 cor-
responds to 36 % of the extracted metallofullerenes while
La3N@C88 represents 33 %.

It is important to note from the mass spectrum and HPLC
chromatogram (Figure 2) that beyond La3N@C96, the yield
decreases until La3N@C104, where an appreciable increase is
observed. Such a yield distribution suggests that if larger
metallic nitride clusters could be formed the expected tem-
plated fullerene would be the C104 cage. An interesting find-
ing is that the preferentially templated fullerene cages seem
to increase in size exactly by eight carbons as the size of the
metallic nitride increases. The nature of this stabilization
phenomenon remains uncertain and calculations are cur-
rently underway in order to understand this discrete in-
crease.

Electrochemical studies of La3N@C2n endohedral fullerenes :
Electrochemical studies were conducted in a solution of
0.05 m NBu4PF6 (supporting electrolyte) in o-dichloroben-
zene (o-DCB). A 2 mm diameter glassy carbon disk was
used as the working electrode. Ferrocene was added at the
end of the experiments as an internal reference for measur-
ing potentials.

The redox properties of metallic nitride endohedral ful-
lerenes ranging from C80 to C88 cages have shown a progres-
sive decrease of the HOMO–LUMO gaps as the size of the
carbon cage increases, and irreversible reductions that

become reversible when the carbon cage reaches the C88

size.[14–16] However, from C88 to C96 this straightforward ten-
dency is not observed (Figure 8).

La3N@C2n (n=44, 46 and 48) metallofullerenes exhibit
three irreversible reduction and two irreversible oxidation
steps. Their electrochemical HOMO–LUMO gaps are 1.57,
1.80, and 1.68 V respectively for La3N@C88, La3N@C92 and
La3N@C96 (Table 1).

A very interesting finding is that with the exception of
La3N@C88, the electrochemistry of all the M3N@C88 (M =

Gd, Nd, Pr and Ce) metallofullerenes studied by our group
have shown two reversible oxidations (the first one at very
low potentials �0.06–0.08 V), a reversible first reduction, a
second quasi-reversible reduction and what is likely a multi-
electronic third reduction step.[14–16] Those metallofullerenes
also have very low HOMO–LUMO gaps (�1.38–1.46 V).
Nevertheless, La3N@C88 seems to behave differently
(Figure 9 and Table 2), exhibiting two irreversible oxidation
and reduction steps. Additionally, it has a slightly larger
HOMO–LUMO gap of 1.57 V. Increasing the scan rates
(100 mV s�1 to 2 V s�1) did not improve the reversibility of
the reduction waves.

Due to the low yield of M3N@C92 (M =Pr and Ce) metal-
lofullerenes, we were unable to isolate these for electro-
chemical studies and to compare to La3N@C92. However,

Figure 7. SEM/EDS of La3N@C88. Copper and aluminium come from the
grid and sample holder. Sulfur and oxygen probably come from the sol-
vents used to manipulate the samples (ether and carbon disulfide). And
Si comes as an impurity after passing the sample through a silica column
(in a Pasteur pipette) after electrochemical analysis.

Figure 8. Cyclic voltammograms of La3N@C88, La3N@C92, and La3N@C96

in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.

Table 1. Half wave potentials vs Fc+/Fc of the reduction and oxidation
steps of La3N@C88, La3N@C92 and La3N@C96.

TNT EMF[a] Ep red1 Ep red2 E1/2 ox1 E1/2 ox2 DEgap

La3N@C88 �1.36 �1.67 0.21 0.66 1.57
La3N@C92 �1.44 �1.64 0.36 1.80
La3N@C96 �1.54 �1.77 0.14 0.53 1.68

[a] Trimetallic nitride endohedral metallofullerene.
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samples of Pr3N@C96 and Ce3N@C96 were synthesized, iso-
lated, and purified as reported earlier.[15]

Figure 10 shows cyclic voltammograms of the M3N@C96

(M= Pr, Ce and La) metallofullerenes. These compounds
exhibit similar redox behavior, with two reversible oxida-
tions and two irreversible reductions; a third, possibly multi-
electronic, irreversible reduction is also observed. Their
electrochemical HOMO–LUMO gaps also have similar
values (see Table 3).

All metallofullerenes of the same cage-size and different
metallic nitride cluster have shown similar redox behavior
and HOMO–LUMO gaps, suggesting that the carbon cage
symmetry is probably the same for each size. La3N@C88 is
an exception, which may be an indication that the cage sym-
metry is different or that due to the cluster size the interac-
tions between the cluster and the carbon cage are stronger

for this metallofullerene. X-ray data are necessary to con-
firm this suggestion.

UV/Vis-NIR studies of La3N@C2n endohedral fullerenes :
UV/Vis-NIR studies have proven to be very useful in metal-
lofullerene research because they give insight about the
symmetry of the fullerene cage and their optical HOMO–
LUMO gaps, since absorptions of these compounds are
mainly due to p–p* transitions.[3,19] Samples of La3N@C2n

(n=44, 46 and 48) were dissolved in toluene and their UV/
Vis-NIR spectra were recorded using a Perkin–Elmer
Lambda 950 spectrophotometer. Figure 11 shows the super-
imposed spectra of the isolated La3N endohedral fullerene
fractions while table 4 lists absorption values and optical
onset of these metallofullerenes.

La3N@C88 exhibits absorptions at 395, 479, 602, 768 and
965 nm. Except for the absorption at 602, these values are in
the same range as those found for other M3N@C88 (M=Nd,

Figure 9. Cyclic voltammograms of M3N@C88 (M=La, Ce, Pr, Nd and
Gd) in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.

Table 2. Half wave potentials (E1/2) or peak potentials (Ep) vs Fc+/Fc of
the reduction and oxidation steps of several M3N@C88 metallofullerenes.

TNT EMF EN[a] E1/2 red1 E1/2 ox1 DEgap

Gd3N@C88 1.20 �1.40 0.06 1.46
Nd3N@C88 1.14 �1.33 0.07 1.40
Pr3N@C88 1.13 �1.31 0.09 1.40
Ce3N@C88 1.12 �1.30 0.08 1.38
La3N@C88 1.10 Ep =�1.36 Ep =0.21 1.57

[a] Pauling electronegativity.[20]

Table 3. Cathodic peak potential of reduction steps and half wave poten-
tials vs Fc+/Fc of oxidation steps of Pr3N@C96, Ce3N@C96 and La3N@C96.

TNT EMF r ACHTUNGTRENNUNG(M3+) [K3] Ep red1 Ep red2 E1/2 ox1 E1/2 ox2 DEgap

Pr3N@C96 0.997 �1.51 �1.86 0.14 0.53 1.65
Ce3N@C96 1.010 �1.50 �1.84 0.18 0.67 1.68
La3N@C96 1.045 �1.54 �1.77 0.14 0.53 1.68

Figure 10. Cyclic voltammograms of La3N@C96, Ce3N@C96 and Pr3N@C96

in 0.05 m NBu4PF6/o-DCB with ferrocene as internal standard. Scan
rate=0.1 V s�1.

Figure 11. UV/Vis-NIR spectra of La3N@C88 (c), La3N@C92 (a),
and La3N@C96 (g) dissolved in toluene.
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Pr and Ce) metallofullerenes.[15] However, the spectral onset
of La3N@C88 is located around 1330 nm, which results in an
optical gap �0.93 V higher than the optical gaps reported
for the same cage-size counterparts, in agreement with the
electrochemical band gaps for all these metallofullerenes.

Unlike what was observed by electrochemistry, where the
electrochemical gaps differed significantly, the optical gaps
of La3N@C92 and La3N@C96 exhibit similar values (1.08 and
1.09 V, respectively) with absorptions exclusively in the UV/
Vis region (see Table 4).

Conclusion

The La3N@C2n (43�n�55) endohedral metallofullerene
family was successfully synthesized for the first time by
arcing packed rods in a modified Kr>tschmer-Huffman arc
reactor. From the raw soot, La3N cluster endohedral ful-
lerenes were extracted, isolated and purified. Three main
fractions were characterized by MALDI-TOF mass spec-
troscopy, SEM/EDS analysis, UV/Vis-NIR, and cyclic vol-
tammetry. La3N represents the largest metallic nitride clus-
ter encapsulated to date inside fullerene cages, with prefer-
ence for the C96 cage. This represents the first example of
this cage being preferentially formed. The electrochemical
properties of this family showed that La3N@C88 exhibits ir-
reversible oxidation and reduction steps, unlike other M3N@
C88 metallofullerenes. In general La3N@C92 and La3N@C96

present similar electrochemistry, UV/Vis-NIR absorptions
and HOMO–LUMO gaps.

Experimental Section

High purity graphite rods (6 mm diameter), purchased from POCO, were
core-drilled (4 mm diameter) and packed with different mass ratios of
graphite powder and La2O3 (lanthanum oxide). The rods were annealed
at 1000 8C for 12 h and then vaporized in a Kr>tschmer–Huffman arc re-
actor 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 for
each packed rod was extracted with CS2 in a sonicator for about two
hours. After removal of the solvent, the crude mixtures were washed
with ether and acetone until the solution was no longer colored. The
solids were dissolved in toluene, filtered and separated by HPLC using a
semipreparative 10 mm O 250 mm Buckyprep-M column with a flow rate
of 4.00 mL of toluene per minute. Isolated samples were then passed
through a linear combination of Buckyprep and Buckyprep-M columns
with a flow rate of 2.00 mL of toluene per minute without any further
sign of isomeric separation. Preparation of Pr3N@C96 and Ce3N@C96 is re-

ported elsewhere.[15] MALDI-TOF mass spectrometry was carried out
using a Bruker Omni Flex. Cyclic voltammetry was carried out in a one-
compartment cell connected to a BAS 100B workstation in a solution of
o-DCB containing 0.05 m NBu4PF6. 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 internal standard, and all the electro-
chemical potentials were referenced to its redox couple. After CV, the
samples were passed through a silica column (Pasteur pipette) for remov-
al of the electrolyte and ferrocene. For the EDS analysis, the samples
were deposited on TEM grids and the spectra were taken on a HD-2000
STEM, equipped with an Oxford EDS system. UV/Vis-NIR spectra were
taken using a Perkin-Elmer Lambda 950 spectrophotometer.
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