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Introduction

Endohedral fullerenes are a relatively new class of com-
pounds. They are composed of encaged atoms, ions, or clus-
ters within a closed carbon cage. Both the host fullerenes
and the encaged species show a variety of unexpected elec-
tronic and structural properties.[1,2] In fact, many fullerene
cages are accessible only in endohedral form, as for exam-
ple, the IPR-obeying C74 (IPR = isolated pentagon rule) and
the non-IPR fullerene C66.

[3,4] In endohedral monometallo-
fullerenes the encaged rare earth element thulium has a va-
lence state of +2, whereas it exhibits a +3 valence state in
the metal and usually also in solution and in coordination
compounds.[5,6] Another remarkable property of endohedral
fullerenes is their ability to stabilise reactive species as in
the cases of atomic nitrogen in N@C60 or a trigonal Sc3 clus-
ter in Sc3@C82.

[7–10]

The discovery of Sc3N@C80 in 1999 opened the gate to a
new class of endohedral fullerenes with an encaged trimetal
nitride cluster.[11] Trimetal nitride clusterfullerenes are dis-

tinguished by several promising properties, for example, out-
standing high yields relative to empty, mono- and dimetallo-
fullerenes, a high thermal stability and a long term stability
in air.[11–15] Currently scandium is the most commonly used
metal in the synthesis of trimetal nitride clusterfullerenes.
The Sc3N family consists of Sc3N@C80, Sc3N@C78, and
Sc3N@C68.

[11,16, 17] All other known trimetal nitride clusterful-
lerenes including Y3N,[15] Tb3N,[18] Lu3N

[19] and Ho3N,[13] and
the mixed metal clusters ErSc2N

[20] and Er2ScN[14] have been
limited to a C80 fullerene cage.

Recently a second isomer of Sc3N@C80 based on a D5h C80

cage was discovered.[21] Both Sc3N@C80 isomers (I and II)
were separated and characterised by optical and vibrational
spectroscopy.[22] It is important to clarify whether a similar
coexistence of two cage isomers exists in other M3N@C80

clusterfullerene samples. Another open question worth ad-
dressing is whether clusterfullerenes with cages different to
those presently known can be prepared and isolated.

In this paper the isolation of six new clusterfullerenes, the
Tm3N@C2n (39�n�43) family, is reported. Their chemical
identity and purity were established by mass spectrometry.
The optical energy gaps and the electronic absorptions were
determined by visible-NIR spectroscopy. The cage isomers
of Tm3N@C80 (I), Tm3N@C80 (II), and Tm3N@C78 were ana-
lysed by chromatographic retention times, and visible-NIR
and FTIR spectroscopy.
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Abstract: A new family of endohedral
fullerenes, based on an encaged trithu-
lium nitride (Tm3N) cluster, was syn-
thesised, isolated and characterised by
HPLC, mass spectrometry, and visible-
NIR and FTIR spectroscopy. Tm3N
clusterfullerenes with cages as small as
C76 and as large as C88 were prepared
and six of them were isolated. Tm3N@
C78 is a small clusterfullerene. The two
isomers of Tm3N@C80 (I and II) were

the most abundant structures in the
fullerene soot. Tm3N@C82, Tm3N@C84,
and Tm3N@C86 represent a new series
of higher clusterfullerenes. All six iso-
lated Tm3N clusterfullerenes were clas-

sified as large energy-gap structures
with optical energy gaps between ~1.2
and ~1.75 eV. Tm3N@C80 (I) and
Tm3N@C80 (II) were assigned to the
C80 cages C80:7 (Ih) and C80:6 (D5h). For
Tm3N@C78, the analysis pointed to an
elliptical carbon cage with C78:1 (D3)
or C78:4 (D3h) being the probable struc-
tures.
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Results and Discussion

The chromatogram and the mass spectrum of the fullerene
extract give evidence for the formation of Tm3N clusterful-
lerenes with cages as small as C76 and as large as C88

(Figure 1). Tm3N@C80 represents the most abundant fraction
in the fullerene extract. Among the Tm3N clusterfullerenes

Tm3N@C84 was the second most abundant. Furthermore,
Tm3N@C78, Tm3N@C82 and Tm3N@C86 were formed with
smaller but still separable amounts. Tm3N@C76 and Tm3N@
C88 were detected in the extract. In addition to trithulium ni-
tride and empty fullerenes, thulium mono- and dimetalloful-
lerenes, Tm@C2n (41�n � 47) and Tm2@C2n (41�n�46),
were detected.

Chemical identities and purities of the isolated Tm3N clus-
terfullerenes were established by the chromatograms and
mass spectra given in Figures 2 and 3. The isolated Tm3N
clusterfullerenes, like other endohedral structures, were
stable throughout the chromatographic separation and
under laser desorption time-of-flight (LD-TOF) conditions.
The sample purities were ~99 % for Tm3N@C78, �99 % for
Tm3N@C80 (I and II), �90 % for Tm3N@C82, �95 % for
Tm3N@C84 and ~80 % for Tm3N@C86. The last sample con-
tained some nonseparable Tm3N@C88 as the main impurity.
The presence of oxides could be ruled out. As in the case of
the Sc3N clusterfullerenes,[21,22] two stable C80 based struc-

tures exist for Tm3N. The minor Tm3N@C80 (II) isomer
made up 15–20 % of the entire Tm3N@C80 fraction. This is
the same content as that of Sc3N@C80 (II) in the whole
Sc3N@C80 fraction.[22]

Under identical experimental conditions, the retention
times of the major and the minor Tm3N@C80 isomer are
very similar to those of the Sc3N@C80 isomers I and II:
38.5 min and 40.8 min for the Tm3N clusterfullerenes com-
pared to 38.8 and 40.5 min for the Sc3N clusterfullerenes.[22]

This is a strong indication that the electronic and geometric

Figure 1. a) Chromatogram of the Tm3N fullerene extract and scheme of
the first separation stage into three main fractions labelled fr 1, fr 2 and
fr 3. The sharp peak around 5 min is due to hydrocarbon byproducts.
b) Positive ion LD-TOF mass spectrum of the fullerene extract. The
numbers in both a) and b) label the following Tm3N fullerenes: 1=

Tm3N@C76, 2=Tm3N@C78, 3= Tm3N@C80, 4 =Tm3N@C82, 5=Tm3N@C84,
6= Tm3N@C86, 7=Tm3N@C88.

Figure 2. Chromatograms of isolated Tm3N@C78, Tm3N@C80 (I and II),
Tm3N@C82, Tm3N@C84 and Tm3N@C86; linear combination of two 4.6�
250 mm Buckyprep columns; flow rate 1.6 mL min�1, injection volume
100 mL, 30 8C.

Figure 3. Positive ion LD-TOF mass spectra of isolated Tm3N@C78,
Tm3N@C80 (I and II), Tm3N@C82, Tm3N@C84 and Tm3N@C86.

Chem. Eur. J. 2005, 11, 706 – 711 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 707

FULL PAPER

www.chemeurj.org


structures are similar to those of Sc3N@C80 (I and II). This
correlation implies a charge transfer of six electrons from
the Tm3N cluster to the C80 cages and an almost spherical
charge distribution of the fullerene. However, even after ac-
counting for a charge transfer of six electrons, the retention
times of the other four Tm3N clusterfullerenes are much too
high, indicating significant contributions of dipole–dipole
and quadrupole–quadrupole interactions to the overall re-
tention time. This is particularly pronounced for Tm3N@C78.
Its retention time of 50.6 min is much greater than that of
Sc3N@C78 (36.6 min)[22] and would suggest an incredible
charge transfer of 13 electrons. Aberrantly high dipole and/
or quadrupole moments are presumably responsible for the
very large retention time of Tm3N@C78. A nonspherical
charge distribution caused by an elongated elliptical cage,
the likeliest examples being C78:1 (D3) or C78:4 (D3h),[23] can
account for the retention behaviour of Tm3N@C78.

Visible-NIR spectra of Tm3N@C80 (I), Tm3N@C80 (II),
and Tm3N@C78 are presented along with those of their Sc3N
counterparts in Figure 4, and those of the three higher
Tm3N clusterfullerenes are shown in Figure 5 below. Select-
ed visible-NIR data are listed in Table 1. No absorptions
beyond 1100 nm were observed for the Tm3N clusterfuller-
ene family members. The lowest energetic transitions, which
are the measure for the optical energy gap, were found be-
tween 1.18 eV for Tm3N@C86 and 1.76 eV for Tm3N@C80

(I). Since an energy gap value of 1.0 eV marks the border-
line between large and low energy-gap fullerenes, the isolat-
ed Tm3N@C2n family members are classified as large
energy-gap fullerenes. To some extent the energy-gap order-
ing of the Tm3N clusterfullerenes can be correlated with

their abundance in the fullerene soot. Both Tm3N@C80 iso-
mers have significantly larger energy gaps and are formed in
greater abundance than Tm3N@C84, which in turn has a
larger gap and higher abundance than Tm3N@C86. Only
Tm3N@C78 and Tm3N@C82 are less abundant than expected
from their energy gaps, which are of the same order as that
of Tm3N@C80 (II). These exceptions could be due to kinetic
reasons, as no thermodynamic equilibrium is established
during the fullerene formation. Hence it seems possible, that
the most abundant Tm3N@C80 (I) clusterfullerene is formed
at the cost of the nearest neighbour cage sizes Tm3N@C78

and Tm3N@C82.

For structure analysis of the isolated Tm3N@C2n cluster-
fullerenes, the isolated pentagon isomers have to be consid-
ered in a first approximation, that is, 5 C78, 7 C80, 9 C82, 24 C84,
and 19 C86 cages. In order to reveal similarities and differen-
ces in the carbon cage structures, the visible-NIR signatures
of Tm3N@C80 (I), Tm3N@C80 (II) and Tm3N@C78 were com-
pared to those of their Sc3N counterparts (Figure 4). These

absorptions are predominantly
due to p–p* carbon-cage transi-
tions and depend on the
carbon-cage geometry and its
charge state. For Tm3N@C80 (I)
and Sc3N@C80 (I) only slightly
different wavelengths were ob-
served for the absorption onset,
the lowest energetic absorption
and the strongest visible-NIR
absorptions: 780 and 820 nm,
705 and 735 nm, and 407 and a

band pair centred at 401 nm, respectively. A close resem-
blance was also found between the visible-NIR spectra of
Tm3N@C80 (II) and Sc3N@C80 (II): the onsets were 900 and
920 nm, the longest wavelength absorptions appeared at 820
and 780 nm, respectively; the strongest absorption of
Tm3N@C80 (II) at 460 nm can be correlated with the
medium intense Sc3N@C80 (II) absorptions at 472 and
426 nm. Significant differences were found between the visi-
ble-NIR spectra of Tm3N@C78 and Sc3N@C78. The first was
observed in the spectral range around 400 nm, at which the
Tm3N compound showed a medium intense absorption
band, whereas Sc3N@C78 exhibited an absorption minimum.

Table 1. Characteristic visible-NIR absorptions and absorption onset of Tm3N@C78, Tm3N@C80 (I) and (II),
Tm3N@C82, Tm3N@C84 and Tm3N@C86.

Tm3N@C78 Tm3N@C80 (I) Tm3N@C80 (II) Tm3N@C82 Tm3N@C84 Tm3 N@C86

l [nm] l [nm] l [nm] l [nm] l [nm] l [nm]

strongest absorptions 400 sh 407 m 460 s 490 sh 480 sh 460 m
590 sh 540 sh 625 sh 620 sh 610 m 590 m

675 w 710 sh 710 sh
lowest energetic
absorption

750 w 705 w 820 vw 750 vw 900 vw 1050 vw

onset 850 780 900 950 1050 1250

Figure 4. Visible-NIR spectra of Tm3N@C80 (I), Tm3N@C80 (II) and
Tm3N@C78 dissolved in toluene, 10 mm path length, 2 nm resolution in
comparison to the response of Sc3N@C80 (I), Sc3N@C80 (II), and
Sc3N@C78.
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A second discrepancy was found around 600 nm, at which
the Tm3N@C78 spectrum showed a medium intense absorp-
tion band at 590 nm, whereas an absorption minimum was
found for Sc3N@C78. From these comparisons, the visible-
NIR signatures indicate that Tm3N@C80 (I) and Sc3N@C80

(I) as well as Tm3N@C80 (II) and Sc3N@C80 (II) have similar
carbon cages and electronic structures. On the other hand
these comparisons imply different cage structures for
Tm3N@C78 and Sc3N@C78, as indicated first by their ex-
tremely different HPLC retention times.

No trimetal nitride clusterfullerenes higher than C80 have
been isolated and characterised so far. Hence, the visible-
NIR signatures of Tm3N@C82, Tm3N@C84 and Tm3N@C86

(Figure 5) were compared to those of endohedral dimetallo-

fullerenes: Tm2@C82 (I, II, III),[24] Er2@C82 (I, III),[24] Sc2@
C84 (I: Cs, II: C2v, III: D2d),[25] Dy2@C84 (I, III),[26] Sc2@C86

(II)[27] and Er2@C86 (I, II, III).[28] No reasonable correspond-
ence was found between the Tm3N clusterfullerene spectra
and those of the dimetallofullerenes. How this conclusion
was achieved is illustrated in detail for the C84-based fuller-
enes. Sc2@C84 (I, II) and Dy2@C84 (I) have NIR absorptions
at 1200 nm and 1750 nm, respectively, and their onsets are
at around 1400 and 2000 nm.[25, 26] Sc2@C84 (III) and Dy2@C84

(III) exhibit a strong NIR absorption at 880 nm and an
onset at around 1200 nm. These signatures are characteristic
for the C84 dimetallofullerenes. Tm3N@C84 has no NIR ab-
sorptions and an onset of 1050 nm. It might be indicated
that different carbon cages can be stabilised depending on
whether two metal ions or a trimetal nitride cluster are pres-
ent in the formation process.

FTIR spectroscopy in combination with group theory pro-
vides direct structural information about the carbon cage
and the encaged trimetal nitride cluster.[15,22] The FTIR spec-
tra of Tm3N@C80 (I), Tm3N@C80 (II) and Tm3N@C78 are dis-
played in Figure 6 along with the spectra of Sc3N@C80 (I),[22]

Sc3N@C80 (II)[22] and Sc3N@C78.
[29] The infrared selection

rules for the C78 and C80 IPR isomers are given in Table 2.
Almost identical vibrational structures of Sc3N@C80 (I) and
Tm3N@C80 (I), and of Sc3N@C80 (II) and Tm3N@C80 (II), re-
spectively, are evident from Figure 6. The detailed analysis
leads to five groups of tangential cage modes for both C80

(I) isomers, labelled as B, C, D, F and H according to refer-
ences [15,22] and one strong radial cage mode around

Figure 5. Visible-NIR spectra of Tm3N@C82, Tm3N@C84 and Tm3N@C86,
parameters as in Figure 4.

Figure 6. FTIR spectra of a) Sc3N@C80 (I), b) Tm3N@C80 (I), c) Sc3N@C80

(II), d) Tm3N@C80 (II), e) Sc3N@C78 and f) Tm3N@C78; 500 accumula-
tions, 2 cm�1 resolution; capital letters refer to the line group classifica-
tion introduced for Sc3N@C80 in references [15, 22]; the corresponding
line groups of M3N@C80 (M=Sc, Tm) isomers (I) and M3N@C80 (M=Sc,
Tm) isomers (II) are marked by solid arrows; the dashed arrows indicate
the nas(ScN, TmN) mode shift ; fingerprint lines of Tm3N@C78 and Sc3N@
C78 are marked by dotted arrows; a CS2 mode in the spectrum of Sc3N@
C78

[29] is denoted by an asterisk.

Table 2. Infrared selection rules for the five IPR isomers of C78 and the
seven IPR isomers of C80 fullerene. For C2v isomers the axes were de-
fined that more atoms are located in the (yz) mirror plane than in the
(xz) plane.

Cage isomer[30] Symmetry group IR active vibrations

C78:1 D3 37 A2 + 76 E
C78:2 C2v 59 A1 + 56 B1 + 57 B2

C78:3 C2v 60 A1 + 56 B1 + 57 B2

C78:4 D3h 20 A2’’ + 38 E’
C78:5 D3h 19 A2’’ + 37 E1’

C80:1 D5d 12 A2u + 23 E1u

C80:2 D2 58 B1 + 58 B2 + 58 B3

C80:3 C2v 62 A1 + 57 B1 + 59 B2

C80:4 D3 38 A2 + 78 E
C80:5 C2v 61 A1 + 57 B1 + 59 B2

C80:6 D5h 13 A2’’ + 23 E1’
C80:7 Ih 6 F1u
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500 cm�1. The number of lines within these groups is slightly
larger for Tm3N@C80 (I) than for Sc3N@C80 (I), most notably
in the tangential mode groups C and F, and for the strong
radial cage mode. Some weak lines in the Sc3N spectrum
have medium intense counterparts in the Tm3N@C80 (I)
spectrum. This is particularly apparent in the tangential
mode group D. The FTIR spectra of the C80 (II) isomers
have signatures similar to the C80 (I) isomers, and their most
intense line groups are closely related to those of the C80 (I)
isomers. The tangential mode groups A and I of Tm3N@C80

(II) and Sc3N@C80 (II) are not present in the spectra of the
first isomers, and the line groups F have significantly lower
intensities in the C80 (II) than in both C80 (I) isomer spectra.
Similar to the tendency seen for the C80 (I) isomers, the line
group splitting is stronger for Tm3N@C80 (II) than for
Sc3N@C80 (II), and some weak Sc3N@C80 (II) lines corre-
spond to medium intense lines in the Tm3N@C80 (II) spec-
trum. The total numbers of infrared active lines, including
all lines with relative intensities from 100 % down to 2 %,
are 39 and 46 cage modes for Tm3N@C80 (I) and Tm3N@C80

(II), respectively. These numbers are higher than those
found in Sc3N@C80 (I) and Sc3N@C80 (II) by approximately
10.[22] According to the selection rules (Table 2), only the
highest symmetric C80 cage isomers C80:1, C80:6, and C80:7
can account for the small number of infrared active lines.
The final isomer assignment is based on the close spectral
resemblance with their Sc3N@C80 counterparts: Tm3N@C80

(I) is assigned to the C80 isomer C80:7 with Ih symmetry, and
Tm3N@C80 (II) is assigned to C80:6 (D5h). Schematic struc-
ture models of both Tm3N@C80 isomers are shown in Figure 7.

There is one major difference between the Tm3N@C80 and
the Sc3N@C80 infrared spectra. The strongest low-energy in-
frared line of Tm3N@C80 (I and II) was found at approxi-
mately 710 cm�1, that is, at ~110 cm�1 higher than for
Sc3N@C80 (I and II). For the Sc3N@C80 clusterfullerenes, this
line was assigned to the antisymmetric ScN stretching vibra-
tion of the Sc3N cluster.[15,22] Due to their comparably high
intensities and their strong metal dependences, the Tm3N@
C80 lines around 710 cm�1 are assigned to the antisymmetric
thulium–nitrogen stretching mode, nas(TmN). The detailed
analysis of nas(TmN) and its implications for the geometric
and electronic structure of the Tm3N cluster is subject of
further investigations.

In contrast to the FTIR spectra of Tm3N@C80 and Sc3N@
C80 (I, II), those of Tm3N@C78 and Sc3N@C78 show signifi-
cant differences from each other (Figure 6). Both spectra ex-
hibit several prominent lines, indicated by dotted arrows,
that are completely absent in the other spectrum. Therefore,
identical C78 cage isomers can be excluded. By using a line
fit model, 60 infrared active lines were found for Tm3N@C78

within a range of relative intensities from 2 to 100 %. This is
very close to the number of infrared active modes of the
two highest symmetric C78 cages C78:4 (D3h) and C78:5 (D3h)
(see Table 2). On the other hand this number is larger than
the number of Sc3N@C78 infrared lines. As 173 and 174
modes are infrared allowed for the C2v isomers C78:2 and
C78:3, both cages are excluded as possible structures of

Tm3N@C78. The cage C78:5 (D3h), previously found for
Sc3N@C78, can also be excluded due to the significant differ-
ences in the FTIR spectra of Tm3N@C78 and Sc3N@C78.
Hence the cage isomers C78:1 (D3) or C78:4 (D3h) are the
two possible carbon cages of Tm3N@C78. Their ellipsoidal
shape could account for the significant larger HPLC reten-
tion time compared to Sc3N@C78. The conclusion is also con-
sistent with the visible-NIR analysis. The final isomer assign-
ment is a matter of forthcoming spectroscopic and theoreti-
cal investigations.

Conclusion

A new family of trimetal nitride clusterfullerenes, the
Tm3N@C2n (39�n�43) family, has been explored. It is the
largest clusterfullerene family characterised so far. As in the
Sc3N family, the C80-based Tm3N@C80 isomers (I: Ih and II:
D5h) were formed in the greatest abundance. Trimetal ni-
tride clusterfullerenes with cages greater than C80 were iso-
lated for the first time. All isolated Tm3N structures were
classified as large energy-gap fullerenes. The observed

Figure 7. Schematic structure models of a) Tm3N@C80 (I; Ih) and b)
Tm3N@C80 (II; D5h); the thulium atoms are drawn in black, the carbon
atoms are in grey and the nitrogen atoms are hidden by the central
carbon atoms; trigonal planar geometry and orientation of the Tm3N
cluster are still to be confirmed.
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energy-gap ordering could partly account for the ordering of
the observed abundances. The idea of a general coexistence
of two C80 cage isomers of Ih and D5h symmetry in trimetal
nitride clusterfullerene samples was supported by this study.
For Tm3N@C78 clusterfullerene a carbon cage structure dif-
ferent from that of Sc3N@C78 was established. The analysis
pointed to an elliptical carbon cage, with C78:1 (D3) or C78:4
(D3h) being the probable structures.

Experimental Section

The fullerene soot was prepared by a modified Kr�tschmer–Huffman arc
burning method. Mixtures of thulium metal or oxide and graphite
powder were pressed into the holes of graphite rod electrodes in a molar
ratio of 1:12.5. As source of nitrogen 20 mbar NH3 were added to the re-
actor atmosphere of 200 mbar He.[12–14] Non-fullerene hydrocarbon by-
products were extracted from the soot with acetone. The as purified soot
was soxhlet extracted by CS2 for 20 h. On average 500 mg fullerenes were
obtained per burning. In this process approximately 3 g of carbon rods
were consumed. Fullerene separation was done by multistage high per-
formance liquid chromatography (HPLC) with pure toluene as the
eluent. In the first stage, the soot extract was separated into three frac-
tions by using a linear combination of two analytical 4.6� 250 mm Bucky-
Prep columns (Nacalai Tesque). Tm3N@C80 (I) and Tm3N@C80 (II) were
isolated in 1 to 2 runs from the first fraction using a flow rate of
1.6 mL min�1 and an injection volume of 250 mL. Tm3N@C78 and Tm3N@
C82 were isolated from fraction 2 by two stages on a semi-preparative
10� 250 mm Buckyclutcher column applying a flow rate of 1 mL min�1,
and an injection volume of 100 mL. Tm3N@C84 and Tm3N@C86 were iso-
lated from the third fraction by one additional step on the BuckyPrep
columns and another on the BuckyClutcher column. A UV detector set
to 320 nm was used for fullerene detection. The purities of the isolated
samples were checked by HPLC runs and laser desorption time-of-flight
(LD-TOF) mass spectrometry analysing both, negative and positive ions.
The following clusterfullerene amounts were isolated in our study by
processing a 10 mg fullerene extract: 2 mg Tm3N@C80 (I), 400 mg Tm3N@
C80 (II), 150 mg Tm3N@C78, 200 mg Tm3N@C84, 50 mg Tm3N@C82, and
100 mg Tm3N@C86. Visible-NIR spectra of clusterfullerene solutions in
toluene were recorded on a UV-visible-NIR 3101-PC spectrometer (Shi-
madzu, Japan) by using quartz cells of 1 mm layer thickness. For FTIR
measurements Tm3N@C80 (I and II; 200 mg) and Tm3N@C78 (150 mg) dis-
solved in toluene (1 mL) were used to drop-coat KBr single-crystal disks.
Residual solvent was removed by heating the polycrystalline films in a
vacuum of 2� 10�6 mbar at 235 8C for 3 h. The FTIR spectra were record-
ed at room temperature on an IFS 66v spectrometer (Bruker, Germany).
These three Tm3N clusterfullerenes were isolated in sufficiently high
yields and were stable in the solid state. Tm3N@C84 proved to be less
stable in solid form, and the isolated amounts of Tm3N@C82 and Tm3N@
C86 were too small for a reliable FTIR analysis.
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