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Abstract

Laser desorption mass spectrometry is used to study thin films of purified La@C82. The films are changed on exposure
to atmosphere due to oxidation reactions with molecular oxygen. The endohedral fullerene oxides fragment more readily on
laser desorption leading to the formation of small lanthanum carbide species and LaO. The half life of the oxidation reaction
is found to be on the order of a few days.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the different kinds of molecules created
using fullerenes as a main component, the endohedral
metallofullerenes have attracted much attention. By
putting an atom inside a fullerene, several different
properties of the fullerene can be altered. We have re-
cently reported on the fragmentation and delayed ion-
ization of La@C82 that was found to be significantly
different from that of C60 [1]. Furthermore, empty
fullerenes are not particularly sensitive to influences
from air, but placing metal atoms inside fullerenes
changes the electronic properties and hence the sensi-
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tivity of the host molecule. Mass spectrometry has pre-
viously been used to investigate the interaction of oxy-
gen with fullerene soot containing empty fullerenes,
La@C60, La@C70, and higher metallofullerenes such
as La@C82 [2]. The metallofullerene ion signal de-
creased after the soot material was exposed to air and
similar effects were seen during thermal desorption of
the mixture in the presence of several Torrs of oxygen.

Little has, however, been done to study the reactiv-
ity of pure solid La@C82. As smaller La containing
fullerenes are difficult to purify from the soot pre-
pared with the arc-discharge method[3], the La@C82

fullerenes are the most likely to be used in different
applications. In particular, thin films of fullerenes
show potential as building blocks for nanoelectronics.
It is, therefore, important to understand what influ-
ence oxygen from air will have on their properties.

1387-3806/$ – see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1387-3806(03)00235-5



914 A. Lassesson et al. / International Journal of Mass Spectrometry 228 (2003) 913–920

We have used laser desorption time-of-flight mass
spectrometry (LD-TOF-MS) to investigate thin films
of La@C82 deposited on different substrates.

2. Experimental

La@C82 dissolved in CS2 was inserted into quartz
ampules with a length of 20 mm and a width of
5 mm. The ampules were inserted into a vacuum
chamber that could be evacuated to a pressure of
10−7 mbar. The ampules were heated to a temper-
ature of 550–650◦C to evaporate the material onto
substrates of glass or aluminum. No degassing was
performed. The substrate was positioned 2 cm from
the quartz ampule. The rate of deposition was esti-
mated from profilometer measurements and evapo-
ration time to be 0.1–0.2 Å/s. The films used in the
following studies were 50–100 nm thick.

After deposition, the samples were transferred in
argon to a linear time-of-flight mass spectrometer that
could be evacuated to 10−7 mbar. The samples were
positioned on a sample holder that could be pulsed
with a voltage of 2.1 kV. At a distance of 5 cm from
the sample holder, a grid was held at ground creating
an electric field. After the grid, a field free region
of 0.8 m length was followed by a MSP detector. A
337 nm N2-laser with a pulse length of 10 ns was used
for the laser desorption of the fullerene material from
the sample surface. The laser was focussed onto the
sample with a lens. To control the laser fluence on
the substrate surface, the lens was moved in the beam
direction thus changing the laser spot size and hence
the fluence on the sample. To expose the samples to
air, they were removed from the mass spectrometer
vacuum chamber and kept in the laboratory.

3. Results

Examining a thin film of La@C82 with positive
LD-MS-TOF reveals mass spectra such as depicted in
Fig. 1a. The film was kept in air (normal laboratory
conditions) for 1 week. The laser fluence used was

18 mJ/cm2. The higher mass range around the main
La@C82

+ peak shows a C2-loss fragmentation pattern
typical for fullerenes. When a fullerene is highly ex-
cited to internal energies of several tens of eV via laser
desorption or other processes it has a high probability
of shrinking by loss of C2 molecules from the cage.
If the internal atom in a metallofullerene is strongly
bonded in the cage, the fullerene will simply “shrink
wrap” around the atom. InFig. 1a, the La@C82 can
be seen to shrink into smaller metallofullerenes down
to La@C68

+, which is the smallest metallofullerene
resolved in the mass spectrum. When looking closer
at the peaks around La@C82 in Fig. 1b, one can see
that there are several other ions detected apart from
the C2-loss fragments. Not only are La@C82O+ ions
detected, but also ions from La@C76O+, La@C80O+,
and empty fullerenes such as C82

+. The tail to the
high-mass side of the parent ion peak is due to delayed
ionization [1,4]. To investigate the effect of oxygen
on the material, thin films were made and investi-
gated with both positive and negative LD-TOF-MS.
The samples were exposed to normal laboratory air
conditions at room temperature and the effect of air
exposure on the mass spectra was investigated.

A comparison of three mass spectra taken with a
laser fluence of 15 mJ/cm2 on a film exposed to air
for different lengths of time is shown inFig. 2. After
less than 5 min of air exposure, only shrink wrapping
and delayed ionization of the parent molecule are
seen. After only 140 min in air, LaO+ starts to appear
in the mass spectra (Fig. 2, middle). The film exposed
to air for a total of 210 min shows high peaks of the
small ions LaO+ and LaCn+, n = 0, 2, 4. In compar-
ison, small molecules LaCn, n = 0, 1, . . . , 15, were
found by Suzuki et al.[5] from laser vaporization of
La-containing carbon rods. A mixture of carbon and
La can thus give rise to small mixed products in similar
experiments to ours. We note, however, that in the laser
vaporization experiments a much broader range of
fragments were detected than in our experiments and
that ions of LaCn+, wheren is an odd number, were
detected. We do not detect the odd carbon fragments
or the higher fragments with more than six carbon
atoms. Our mass spectra bear, however, a stronger
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Fig. 1. (a) Mass spectrum taken with LD-TOF-MS in positive ion mode on a thin film of La@C82 kept in air for 1 week prior to
investigation. (b) Close-up of the higher masses in (a) showing the delayed ionization of the parent ion and oxygen attachment to the
metallofullerenes as well as the empty fullerenes.

resemblance to studies of collisions between La@
C82

+ and H2 [6]. In the collision experiment, the
LaCn

+ ions were produced by fragmentation of the
cage with loss of the La atom and C2-units. The La
atom in La@C82 is known to be positioned off-center
(see[7] and references therein) in the cage, and if

the closest C2 or C4 atoms are removed from the
La@C82, a stable LaC2n

+ ion might form. The pro-
duction of LaCn+ was related to central collisions
between the encapsulated metal atom and H2 leading
to a direct expulsion of the metal atom with or without
a small number of carbon atoms from the cage. This
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Fig. 2. Positive ion mass spectrum taken after different exposure times on a thin film of La@C82.

is in contrast to the statistical nature of the successive
C2 emission producing the larger fullerene-like frag-
ments. In our case, there is no possibility for a direct
impulsive expulsion of the metal atom and there must,
therefore, be a stronger tendency for cage-opening
in the fullerene exposed to air. An earlier laser des-
orption study on La@C82 found small fragments of
La oxides and LaCn, n = 0, 2, 4 at fluences higher
than 30 mJ/cm2 [8]. The material used for that study
probably contained small amounts of oxygen impuri-
ties. Laser excitation of gas phase La@C82 is able to
produce small LaCn fragments but at high laser in-
tensities where the fullerene cage structure is lost[9].
This is analogous to the breakup of highly excited C60

into chains and rings leading to a bimodal fragment
distribution[10,11].

As the oxides La@C82O+ and LaO+ were detected
in the mass spectra of films stored in air, oxygen

containing molecules are obviously reacting with the
endohedral fullerene resulting in deterioration of the
sample. A film was exposed to air for several days
and, during this time, was investigated with mass spec-
trometry. The ratioR = LaO+/La@C82

+ has been
plotted inFig. 3 for a time-span of 30 days. All data
points were averaged over three to four mass spec-
tra taken at different places on the film with a laser
fluence of 15 mJ/cm2. It is a fair assumption that the
La in the measured LaO+ originates from fragmen-
tation of the metallofullerenes. If the time-dependent
destruction of La@C82 follows an exponential decay
with a rate constantk, the increase of the ratioR can
be fitted with a functionR = σ(exp(kt) − 1), where
σ is a factor correcting for differences in ionization
and detection efficiencies for the different molecules.
The fit in Fig. 3 gives the valuesk = (1.3 ± 0.5) ×
10−6 s−1 (corresponding to a half-life of ca. 9 days)
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Fig. 3. The ratioR = LaO+/La@C82
+ plotted against the exposure

time for a thin La@C82 film. A fit to the data points using
R = σ(exp(kt) − 1) gave a reaction rate for the parent molecule
decay,k = (1.3 ± 0.5) × 10−6 s−1 with σ = 0.25± 0.1.

Fig. 4. Negative ion mass spectra taken after different exposure times on a thin film of La@C82. The lower masses (left) show small
carbon clusters while the higher masses reveal metallofullerene oxides and empty fullerenes.

andσ = 0.25 ± 0.10. A similar fit to the ratio with
LaCn

+/La@C82
+, n = 0, 2, 4, gave a value ofk =

(1.55 ± 0.1) × 10−6 s−1, within the margin of error
of the rate for LaO+/La@C82

+. The factorσ was, in
this case, found to be smaller (0.08± 0.05).

In Fig. 4, negative ion mass spectra are depicted
for a freshly prepared film (top), a film kept in air
for 140 min and stored in the mass spectrometer un-
der a vacuum of 10−7 mbar for 4 days (middle) and
a film kept in air for a total of 100 days. The laser
fluence was 15 mJ/cm2 which for positive ion mass
spectra is high enough to create a significant fragmen-
tation pattern (seeFig. 2). Fresh films of La@C82 in-
vestigated in negative ion mode show, however, no or
only very small amounts of fragments. This is sim-
ilar to mass spectrometry in the negative mode on
fullerenes such as C60. The electron affinities of C60
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(2.67 eV [12]) and La@C82 (3.35 eV [13]) are low
and the dominating fragmentation channel in the neg-
atively charged excited fullerene is the loss of the ex-
tra electron. Therefore, it is rather surprising to find a
La@C80

− ion in the middle and bottom mass spectra.
As it is not seen in the fresh film mass spectrum and
increases with size for storage in air it is obviously
formed as a consequence of reactions with the ambient
atmosphere. The La@C80 also appears as the oxide
ions La@C80O− and La@C80O2

− (marked with a sin-
gle asterisk inFig. 4, right bottom). Even though the
La@C82O− and La@C82O2

− can be detected, they
are not as high in intensity compared to La@C82

− as
the La@C80 oxides are to La@C80

−. In addition to
the oxide peaks, there is an ion (marked with a double
asterisk) detected in the air-exposed mass spectra with
a mass that of La@C82 plus approximately 36 mass
units. The origin of this peak is not clear, but it could
be a chlorine atom attached to the metallofullerene
cage. Ions of chlorine are detected in the negative ion
mass spectra on exposed films and are probably from
salt impurities, possibly due to the maritime climate
in Göteborg. Similarly, sodium and potassium ions are
detected in positive mass spectra.

A few empty fullerenes are detected at lower
masses. The C82

− is the highest fullerene with C80
−

as the next highest with smaller fullerenes barely de-
tected. At even lower masses (left column of figures)
small carbon clusters are detected. There might be
tiny amounts of C4− and C6

− in the fresh film spec-
trum, but much less than in the exposed film spectra.

4. Discussion

Fragmentation patterns with oxidized fullerenes
C60On have previously been measured in mass spec-
trometry experiments. Fragmentation into C58

− and
C58O− was seen in gas phase collisions between laser
ablated hot fullerenes and oxygen clusters[14]. The
oxygen clusters reacted with the fullerenes creating
fullerene oxides and small carbon clusters Cn

−. It
was suggested that the Cn

− clusters formed through
disintegration of C60O into CO and the relatively

unstable C59. Fullerene oxides and odd numbered car-
bon clusters such as C59 were also reported from laser
desorption mass spectrometry experiments on sam-
ples of C60On, n = 1, 2, 3,[15] and C60 treated with
m-chloroperoxybensoic acid[16]. Photofragmenta-
tion studies of metal–fullerene clusters have been
shown to lead to detection of fullerene like species
C59M+ (M = Fe, Rh, Ir)[17] where a carbon atom
in the fullerene cage is substituted with a metal atom.
Even though small Cn− clusters appear after oxygen
exposure in our spectra (seeFig. 3, left column), odd
numbered clusters such as La@C81

− can not be de-
tected, possibly due to low stability. The pathway to
La@C80On

−, n = 0, 1, 2, through oxygen catalyzed
loss of units of C2, CO, or C2O from La@C82O2

seems supported by similarity to the earlier studies
on C60. The difference is that the fullerene oxides in
those reports were prepared quite differently from the
La@C82 oxides, we have investigated. Thin films of
C60 are normally stable in air and do not oxidize as
quickly as the metallofullerene films. However, it is
well known that oxygen diffuses into fullerene solids
with a half-life on the order of days[18]. This leads
to a dramatic decrease in conductivity and increase
in the permittivity of the films due to charge trans-
fer reactions between the fullerenes and the oxygen
molecules[18]. La@C82 has a significantly higher
electron affinity than C60 and the interaction with
the diffusing oxygen molecules is expected to be
larger, possibly leading to oxidation of the endohe-
dral fullerenes, as the present results indicate. The
appearance of LaO+ and LaCn+, n = 0, 2, 4, can
be explained as a side-effect of the loss of CO, etc.
from the metallofullerenes via cage-opening. The low
reaction rate found from the measurements of the
ratio LaO+/La@C82

+ could then be due to the slow
diffusion of O2 into the thin film and/or oxidation
into La@C82O or La@C82O2, depending on which
of these is the slowest, rate-determining step.

The empty C80 and C82 were not detected on fresh
films of La@C82 neither in the positive nor the nega-
tive detection mode. They are, therefore, most proba-
bly formed from the destruction via cage-opening of
the metallofullerene oxide during laser desorption. It
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is worth noting the appearance of the C82 fullerene
in both positive and negative ion mass spectra. In
arc-discharge production of fullerenes C82 is less
abundant than, for example, C84. The most stable
isomer of La@C82 produced in arc-discharge has C2v

symmetry[19] while the most stable empty fullerene
C82 has C2 symmetry[20]. It is unreasonable to ex-
pect that the C2 isomer forms from the destruction
of La@C82 into C82. Thus, the fullerene we detect
probably has C2v symmetry. The difference in stabil-
ity is not expected to be significant at our excitation
energies and a fairly large amount of C82

± is detected
in the mass spectra.

The fullerenes C80
−, C78

−, . . . could be due to se-
quential C2 loss from C82, but considering the dom-
inating electron loss at high excitation energies it is
more likely that these ions are formed from the frag-
mentation of La@Cn or La@CnO, n = 82, 80,. . . ,
with loss of LaO or La-carbides. This seems to support
the idea that the loss of La from La@C82 occurs in
the laser desorption process as any C82 in the thin film
would not be expected to stay negatively charged and
lose C2-units at the same time in the laser desorption.

It is not possible to estimate the exact amount of
empty fullerenes compared to metallofullerenes as the
ionization potential and electron affinities are differ-
ent. The amount of C82

− and C82
+ ions in the mass

spectra is a lower limit as the C82 and other empty
fullerenes such as the C60 are thought to ionize with
a lower probability than the La@C82 at the high ener-
gies generated in the laser desorption process[1]. The
amount of destruction of La@C82 into empty C82 is
nevertheless considerable. The small negative carbon
clusters which are detected on exposed films might be
formed in the laser desorption process due to destruc-
tion of the unstable empty fullerenes or odd numbered
clusters such as La@C81 produced via loss of CO and
similar small molecules as is the case for C60O.

5. Conclusions

We have shown changes in the laser desorption mass
spectra of thin films of purified La@C82 when exposed

to atmospheric conditions for the period of a few days.
The fullerenes react with atmospheric oxygen to pro-
duce oxides which then show a greater tendency to
fragment during laser desorption mass spectrometry
than the pristine material. The observed behavior from
films exposed to atmosphere for a few hours or days
is similar to that of C60O. The endohedral fullerenes
show an enhanced tendency to oxidize under ambient
conditions and care should be taken with their han-
dling and storage.
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