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Introduction

Fullerenes that encapsulate a trimetallic nitride cluster are
known as trimetallic nitride template endohedral metalloful-
lerenes (TNT EMFs) and are usually synthesized by arcing
graphite rods. The graphite rods are packed with a metal
oxide and vaporized at low pressures in a Kr#tschmer–Huff-
man reactor in the presence of a nitrogen source. The first
example of a TNT EMF, Sc3N@C80, was prepared by Dorn
and co-workers in 1999.[1] Since its discovery, several fuller-
ene-encapsulated metal-based nitride clusters[1–9] and mixed

metal nitride endohedral fullerenes[1,10] have been success-
fully prepared and characterized. In each case, these com-
pounds have a wide distribution of cage sizes, which range
from cages as small as C68 to those as large as C98.

[8] Howev-
er, as the size of the metallic cluster is increased, the yield
of the EMFs decreases drastically, as in the case of the
Gd3N@C2n (40�n�44) family of EMFs,[6] which is formed
in one of the lowest yields for a synthesized EMF when
compared with other metallofullerenes with smaller metallic
clusters.[8,4]

As a result of their structures and electronic properties,
EMFs are unique compounds that have potential applica-
tions in several different fields, such as in molecular elec-
tronics and as contrast agents in magnetic resonance imag-
ing.[11,12]

Until recently, all of the isolated EMFs had a common
characteristic, that is, the preferential templating of C80

cages. This is favored for most metallic clusters owing to an
electronic stabilization between the metallic cluster and the
fullerene cage,[13] which gives M3N@C80 (M=metal) as the
most abundant species in the fullerene soot after the arcing
process. Recently our group reported an Nd3N@C2n EMF[14]

that showed for the first time preferential templating of a
larger cage (C88), which was probably the result of both the
size and the electronic stabilization of the cluster. This result
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prompted the question of whether a C88 cage is the maxi-
mum size limit for metallofullerenes or if larger clusters
would favor still larger cages, and if so, which cages would
those be?

Another interesting property of EMFs is that their elec-
trochemical behavior changes dramatically as the cage size
increases. It was recently observed that as the cage size in-
creased from C80 to C88, the reduction waves became com-
pletely reversible and the HOMO–LUMO gap decreased
considerably.[14, 15]

Herein we report the synthesis and isolation of Nd-, Pr-,
and Ce-based EMFs and their characterization by mass
spectrometry, HPLC, UV/Vis-NIR spectroscopy, and cyclic
voltammetry. These three families of TNT EMFs are the
largest to be isolated to date and all present the same pref-
erential C88 templating. In addition, the C96 cage is increas-
ingly favored as the metal size is increased.

Results and Discussion

Synthesis and identification of the M3N@C2n (M=Nd, Pr,
Ce) EMF families : The families of EMFs were synthesized
in a conventional Kr#tschmer–Huffman arc reactor. Graph-
ite rods were packed with a mixture of the corresponding
metal oxide and graphite powder and then burned in a He/
NH3 atmosphere. For the synthesis of Nd3N@C2n (40�n�
50) and Pr3N@C2n (40�n�52), a 1:1 graphite/metal oxide
mixture gave the highest yield of metallofullerenes (0.2 mg
of fullerenes per rod for Nd and 0.4 mg of fullerenes per rod
for Pr). For Ce3N@C2n (43�n�53), the maximum yield of
fullerenes (0.1 mg of fullerenes per rod) was obtained when
the graphite rods were packed with a 3:1 mixture of graph-
ite powder and cerium oxide.

Figure 1 shows the mass spectra and HPLC chromato-
grams of the Nd3N@C2n, Pr3N@C2n, and Ce3N@C2n families.
From the mass spectra it is evident that a wider range of
EMF sizes was obtained as the size of the metal in the clus-
ter was increased (Figure 1a) and metallofullerenes with
cages as large as C106 were formed (Figure 1a, bottom). Both
the Nd and Pr species gave a very low amount of the C80

metallofullerene, and no C82 metallofullerene was observed.
In the case of Ce3N@C2n, only a small amount of the C86

metallofullerene was formed. The mass spectra and HPLC
chromatograms also show the formation of two monometal-
lofullerenes under these arcing conditions, Pr@C84 (Figure 1,
y’) and Ce@C84 (Figure 1, y’’) The yields of these mono-
ACHTUNGTRENNUNGmetallofullerenes were favored as the metal size was in-
creased; for Ce, a relatively high abundance of this species
was observed in the chromatogram, but for Nd no Nd@C84

was observed.
The identity of each peak in the chromatogram was estab-

lished by mass spectrometry and the products were isolated
by using a one-stage HPLC separation. The purity was
checked by using a two-stage HPLC separation with a linear
combination of a Buckyprep-M and a Buckyprep column.
No further purification was necessary. Energy dispersive

spectroscopy (EDS) performed on some of the isolated sam-
ples showed the characteristic peaks of Nd, Pr and cerium
(see the Supporting Information).

Nd3N@C2n (40�n�50) has four main fractions in its
HPLC chromatogram, which were identified as Nd3N@C80

(a), Nd3N@C84 (b), Nd3N@C86 (c), and Nd3N@C88 (d) (see
Figure 1b, top, and the Supporting Information), of which
Nd3N@C88 was the most abundant species. Larger metallo-
fullerenes were also observed, but in very low yields and
with poor isomeric purity.

Pr3N@C2n (40�n�52) showed a broader distribution of
cage sizes than its Nd counterpart. The product contained a

Figure 1. a) Mass spectra of the Nd3N@C2n (top), Pr3N@C2n (middle) and
Ce3N@C2n (bottom) EMF families. z’’ indicates the signal assigned to
Ce3N@C96. b) HPLC chromatograms of the Nd3N@C2n (top), Pr3N@C2n

(middle) and Ce3N@C2n (bottom) EMF families. y’: Pr@C84, y’’: Ce@C84,
z : Nd3N@C96 z’: Pr3N@C96, and z’’: Ce3N@C96. See text for the assignment
of peaks a–g. Conditions: eluent= toluene, flow rate=4.0 mLmin�1;
Buckyprep-M column; detection wavelength=372 nm.
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significant amount of Pr3N@C96 (z’) and a lower concentra-
tion of metallofullerenes with cages smaller than C88. Pr3N@
C80 (a’) was produced in very low amounts. Peaks b’ and c’
were identified as Pr3N@C84 and Pr3N@C86, respectively (see
Figure 1b, middle, and the Supporting Information).

The Ce3N@C2n (43�n�53) EMF family mainly contained
metallofullerenes larger than Ce3N@C86, in which Ce3N@C88

(d’’) and Ce3N@C96 (z’’) were the most abundant species.
The other peaks (e–g) were identified as Ce3N@C90, Ce3N@
C92, and Ce3N@C94, respectively; however, their isomeric
purity is probably low because as the cage size increases, the
number of possible isomeric structures also increases dra-
matically.[16] For example, there are 187 possible isomers
that follow the isolated pentagon rule (IPR) for C96, which
explains why the purification process is a major issue in met-
allofullerene research. Recent computational work has
shown that the number of isomeric IPR cages with an elec-
tronic structure that can accept the transfer of six electrons
from the cluster is actually quite low,[17] but the presence of
multiple isomers still cannot be ruled out.

Previously reported TNT EMFs have shown a preference
for templating the C80 cage, but Nd3N preferentially tem-
plates the C88 cage,

[14] and the same preferential templating
is reported herein for both Pr and Ce. As the size of the
metal increased, a gradual increase in the abundance of the
C96 cage was observed; both the mass spectra and HPLC
chromatograms show that the abundance of the M3N@C96

(M=Nd, Pr, Ce) EMFs gradually increases to the point that
Ce3N@C96 is the second most abundant species in the
Ce3N@C2n (43�n�53) family (see Figure 1). From these
features, it would be expected that for an even bigger cluster
(i.e., La3N), a considerably higher amount of M3N@C96

would be found or that preferential templating of the C96

cage would be observed.

UV/Vis-NIR spectra of the isolated Nd-, Pr-, and Ce-based
EMFs : It has been demonstrated that the electronic absorp-
tions of metallofullerenes are due to p–p* transitions of the
fullerene cage.[2,18] It is also known that the spectral onset in
the UV/Vis-NIR spectrum can be used to calculate the opti-
cal band gap.[19] Usually, 1.0 eV is used to differentiate be-
tween small and large band gap fullerenes,[2,19] so metalloful-
lerenes with an optical band gap larger than 1.0 eV are con-
sidered to be large band gap EMFs, which determines their
reactivity and stability to some degree.

The isolated EMFs were dissolved in toluene and their
UV/Vis-NIR spectra were recorded. Figure 2 shows the elec-
tronic spectra of the isolated products of the Nd3N and Pr3N
EMF families. Their corresponding absorption peaks, spec-
tral onsets, and optical band gaps are listed in Table 1.

Nd3N@C80 and Pr3N@C80 both have a strong visible ab-
sorption at l=404 nm. Two other peaks were also observed
in the same region, and all of these absorptions correlate
well with the peaks observed for their M3N@C80 (Ih; M=

Gd, Dy, Tm) counterparts, which suggests that they have
similar electronic and structural properties. The HOMO–
LUMO gaps were calculated to be 1.55 eV for Nd3N@C80

and 1.51 eV for Pr3N@C80. These values fall within the
range of 1.50 to 1.60 eV that is usually calculated for metal-
lofullerenes with the general formula M3N@C80 (M=Sc, Tb,
Ho, Y, Er, Tm, Dy, Gd).[2,4,6,20]

The spectrum of Nd3N@C84 shows a relatively smaller
spectral onset and thus a higher optical band gap than
Pr3N@C84 and other isolated M3N@C84 (M=Dy, Tb, Gd)
metallofullerenes, and it can, therefore, be classified as a
large-band gap metallofullerene. However, its absorption
peaks resemble those observed for Pr3N@C84 and Gd3N@
C84

[15] with the exception of the NIR absorption, which is
not present in the spectrum of Nd3N@C84. On the other
hand, Pr3N@C84 has a band gap that is closer to that of
Gd3N@C84, and some very close absorptions as well, such as
the UV absorption at l=380 nm, two visible absorptions at
l=488 and 627 nm, and finally a NIR absorption at l=

1086 nm.
Nd3N@C86 and Pr3N@C86 have very similar electronic

spectra, but Pr3N@C86 has an additional absorption in the
NIR region and its spectral onset is located at around l=

Figure 2. UV/Vis-NIR spectra of the Nd3N@C2n and Pr3N@C2n EMFs dis-
solved in toluene. a) Nd3N@C80, b) Pr3N@C80, c) Nd3N@C84, d) Pr3N@C84,
e) Nd3N@C86, and f) Pr3N@C86

Table 1. Characteristic spectral onsets, band gaps and UV/Vis-NIR ab-
sorptions of some of the M3N@C2n (n=40, 42, 44) species.

Onset [nm] Band gap[a] [eV] UV/Vis-NIR l [nm]

Nd3N@C80 800 1.55 404, 560, 721
Pr3N@C80 820 1.51 404, 555, 728
Nd3N@C84 1041 1.19 358, 441, 655
Pr3N@C84 1342 0.92 380, 488, 627, 1086
Nd3N@C86 1194 1.04 338, 445, 641, 739
Pr3N@C86 1479 0.84 335, 461, 636, 744, 1389
Nd3N@C88 1420 0.87 390, 770, 965
Pr3N@C88 1445 0.86 395, 491, 775, 955
Ce3N@C88 1442 0.86 395, 481, 769, 949

[a] Band gap calculated from the spectral onset (band gap�1240 per
onset).[8]
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1479 nm, which results in the same optical band gap as that
reported for Dy3N@C86.

[8]

The UV/Vis-NIR spectra of Nd3N@C88, Pr3N@C88, and
Ce3N@C88 are quite similar, which suggests that these TNT
EMFs share the same structure. A very strong absorption lo-
cated between l=769 and 775 nm and NIR absorptions at
around l=949 and 965 nm were found for all three metallo-
fullerenes. Nd3N@C88 has an optical band gap of 0.87 eV,
whereas for Pr3N@C88 and Ce3N@C88 the band gap is
0.86 eV (see Figure 3 and Table 1).

Electrochemical studies of the Nd, Pr, and Ce EMF fami-
lies : The electrochemical studies were conducted in a 0.05m

solution of NBu4PF6 in ortho-dichlorobenzene (o-DCB) as
the supporting electrolyte and by using a 2 mm diameter
glassy carbon disk as the working electrode. Ferrocene (Fc)
was added at the end of the experiments and used as an in-
ternal reference for measuring the potentials.

Figure 4 and Table 2 show the redox behavior of both
Pr3N@C88 and Ce3N@C88, which was very similar to that of
Nd3N@C88

[14] and Gd3N@C88
[15] reported recently. All of

these EMFs show three reduction steps; the first is mono-
ACHTUNGTRENNUNGelectronic and reversible (peak to peak separation=60 mV),
the second is monoelectronic and quasi-reversible (peak to
peak separation=120–200 mV), and the third is less clearly
defined and probably multielectronic. These compounds
also show two reversible, monoelectronic oxidation steps.
This behavior appears to be characteristic of the C88 EMFs.
We note that Ce3N@C88, Pr3N@C88, and Nd3N@C88 also
have very similar electrochemical HOMO–LUMO gaps,
which is probably a consequence of their similar structures
and the similar electronic properties of the encapsulated
metals (see the electronegativity values of the three metals
in Table 2).

As expected, Nd3N@C80 and Pr3N@C80 exhibited redox
behavior that was comparable to that of previously de-

scribed Sc3N@C80, Er3N@C80, Y3N@C80, Dy3N@C80, Tm3N@
C80, and Gd3N@C80 (see Figures 5 and 6 and Table 3).[15,21–23]

Figure 3. UV/Vis-NIR spectra of a) Nd3N@C88, b) Pr3N@C88, and
c) Ce3N@C88 EMFs in toluene.

Figure 4. Cyclic voltammograms of a) Ce3N@C88, b) Pr3N@C88, and
c) Nd3N@C88 in a 0.05m solution of NBu4PF6 in o-DCB with ferrocene as
the internal standard. The scan rate was 0.1 Vs�1.

Table 2. Half-wave potentials (vs. Fc+/Fc) of the first reduction and oxi-
dation steps of Ce3N@C88, Pr3N@C88, and Nd3N@C88.

c[a] Redox potential
E1/2, red(1) [V] E1/2,ox(1) [V] DEgap [V]

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

[a] Pauling electronegativity.[24]

Figure 5. Cyclic voltammograms of a) Nd3N@C80, b) Nd3N@C84,
c) Nd3N@C86, and d) Nd3N@C88 in a 0.05m solution of NBu4PF6 in o-
DCB with ferrocene as the internal standard. The scan rate was 0.1 Vs�1.
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One reversible oxidation step and at least two irreversible
reduction steps were observed.

The first reduction process in Nd and Pr TNT EMFs was
cathodically shifted compared with that of Sc TNT EMFs
and was similar to that of Gd TNT EMFs, which is reason-
ACHTUNGTRENNUNGable if the similar electronegativity values of Pr, Nd, and Gd
(1.13–1.20) and the higher electronegativity value of Sc
(1.36) are considered. Nd3N@C84 also showed at least two ir-
reversible reduction steps and a reversible oxidation step,
which were also previously observed for Gd3N@C84. Herein,
we also report the electrochemical behavior of C86 TNT
EMFs for the first time. Interestingly, the electrochemistry
of Nd3N@C86 and Pr3N@C86 is qualitatively very similar to
that of Nd3N@C84, Nd3N@C80, and Pr3N@C80 since these
compounds also showed irreversible reduction and reversi-
ble oxidation behavior.

The electrochemical HOMO–LUMO gaps in these new
EMF families follow the trends previously reported for the
Gd3N@C2n family.[15] A large gap was recorded for the C80

cage and a smaller one for the C88 cage. The cluster ful-
lerenes encapsulated in C84 and C86 cages appear to have
similar HOMO–LUMO gaps, which are intermediate be-
tween those of C80 and C88.

Conclusion

The Nd3N@C2n (40�n�50), Pr3N@C2n (40�n�52), and
Ce3N@C2n (43�n�53) EMF families were successfully syn-
thesized, isolated, and characterized by mass spectroscopy,
HPLC, UV/Vis-NIR spectroscopy, and cyclic voltammetry.
To date, these compounds are the largest EMFs with the
largest clusters encapsulated isolated. These three families
of metallofullerenes all exhibited the same preferential tem-
plating of the C88 cage. When the ionic radii of the metal
that formed the cluster was increased another tendency ap-
peared, there was a progressive and significant increase in
the yield of the M3N@C96 metallofullerene, which suggested
that preferential templating of larger EMFs had occurred.
The electronic properties of these new EMFs were studied
and the results indicated that the size of the optical band
gap decreased as the cage size increased. Metallofullerenes
with the same cage size had similar band gaps and values of
absorption, which suggested similar structures. The electro-
chemical properties of the three families were investigated
by cyclic voltammetry and the results showed reversible re-
ductions for the C88 cage compounds and irreversible reduc-
tions for smaller cages. The oxidation steps were easier for
the larger cage compounds.

Experimental Section

High-purity graphite rods (6 mm diameter; purchased from POCO) were
core-drilled (4 mm diameter) and packed with 3:1, 1:1, and 1:1 mixtures
of graphite powder and CeO2, Pr6O11, and Nd2O3, respectively. The rods
were annealed at 1000 8C for 12 h and then vaporized by using an arc cur-
rent of 85 A in a Kr#tschmer–Huffman arc reactor, under a mixture of
ammonia (20 mbar) and helium (200 mbar). The soot from each packed
rod was collected from the arc reactor and extracted with CS2 in a sonica-
tor for about two hours. After removal of the solvent, the crude mixtures
were washed with diethyl ether and acetone until the washings were no
longer colored. The solids were then dissolved in toluene and separated
by HPLC (eluent: toluene) by using a semipreparative 10 mmM250 mm
Buckyprep-M column with a flow rate of 4 mLmin�1. MALDI-TOF mass
spectrometry was carried out by using a Bruker Omni Flex spectrometer.
For the EDS analysis, the samples were deposited on TEM grids and the
spectra were recorded by using a HD-2000 STEM, equipped with an
Oxford EDS system. Cyclic voltammetry was carried out in a one-com-
partment cell connected to a BAS 100B workstation in a 0.05m solution
of NBu4PF6 in o-DCB. UV/Vis-NIR spectra were obtained using a
Perkin–Elmer Lambda 950 spectrophotometer.
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Figure 6. Cyclic voltammograms of a) Pr3N@C80, b) Pr3N@C86, and
c) Pr3N@C88 in a 0.05m solution of NBu4PF6 in o-DCB with ferrocene as
the internal standard. The scan rate was 0.1 Vs�1.

Table 3. Cathodic peak potentials (vs. Fc+/Fc) of the first reduction step
and half-wave potentials of the other Nd- and Pr-based TNT EMFs iso-
lated.

Ep, red(1) [V] E1/2,ox(1) [V] E1/2,ox(1)�Ep, red(1) [V]

Nd3N@C80 �1.42 0.63 2.05
Pr3N@C80 �1.41 0.59 2.00
Nd3N@C84 �1.44 0.31 1.75
Nd3N@C86 �1.46 0.36 1.82
Pr3N@C86 �1.48 0.31 1.78
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