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Abstract

Matrix-assisted laser desorption/ionization (MALDI) coupled with reflectron time-of-flight mass spectrometry has been
applied to the analysis of fullerene derivatives. As a common structural feature, the derivatised fullerenes comprised a long
chained, organic ligand connected via a methylene bridge to the [60]fullerene. Using a structurally similar model analyte, this
investigation includes the screening of fourteen different compounds regarding their suitability as MALDI matrices. The
appearance of positive- and negative-ion mass spectra has been detailed, and the analysis has been supported by post source
decay experiments. It was found that the performance of 9-nitroanthracene, which is currently one of the most universally used
matrices for the analysis of fullerene derivatives, is exceeded by some of these materials. In the negative-ion mode, excellent
performance has been achieved using the two structurally related�-carboline alkaloids, harmane andnor-harmane, as matrices.
However, the best results for the analytes investigated here have been obtained employing 2-[(2 E)-3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene]malononitrile (DCTB). This matrix provides analyte signals in both ion modes at comparatively lower
threshold laser fluences, leading to mass spectra, which display a very low degree of unwanted dissociations of the analyte.
The formation of molecular analyte ions prevails, rather than ionization occurring via protonation or deprotonation. DCTB also
efficiently promotes metal ion attachment to suitably ligated fullerene derivatives. (Int J Mass Spectrom 210/211 (2001)
249–263) © 2001 Elsevier Science B.V.
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1. Introduction

The chemistry of tailor-made derivatization of
fullerenes has tremendously advanced over the last

several years [l,2]. An enormous wealth of synthetic
methods has been developed to modify the all-carbon
sphere by, for instance, ligand attachment reactions.
Though the geometrical features are often aesthetically
appealing, more importantly these compounds provide
new material properties, which make them attractive in
many areas of modern science. In this context, mass
spectrometry plays an essential role as an analytical tool,
contributing to the progress in this field.
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Most synthetic approaches towards new fullerene
derivatives are unselective, often leading to a large
number of ligands attached to the carbon core. Fur-
thermore, isomerism contributes to the diversity of the
products formed. As a consequence, a sensitive anal-
ysis is required at an early stage of the synthetic route
to identify the desired product, which is then to be
separated from unwanted by-products. A further com-
plication, as far as the application of “conventional”
ionization methods is concerned, is the need to trans-
fer the neutral molecule into the gas phase without
inducing dissociation. Most fullerene derivatives are
solid and of only low vapor pressure, so that, upon
heating, these compounds readily release the ligands
to regenerate the fullerene core. In an effort to achieve
“soft” evaporation and ionization of derivatized
fullerenes, partial success has been achieved applying
those ionization methods that avoid a harsh heating of
the sample. Improved performance has been reported,
for instance, using field desorption, [3] low tempera-
ture fast atom bombardment (FAB), [4] FAB involv-
ing noncovalent inclusion complexes of the fullerene
derivative with cyclodextrin [5,6], and desorption
chemical/electron ionization (DCI, DEI) [7,8]. Al-
though the sample evaporation in DCI and DEI is
based on heating, the mean path of the evaporated
molecules to reach the location at which the ionization
occurs is drastically reduced compared to conven-
tional electron ionization or chemical ionization, re-
sulting in less decomposition. Despite the long-stand-
ing assumption that fullerenes are “ inactive” to the
analysis by electrospray ionization (ESI), there has
been promising progress to apply ESI [9–11] without
the need of earlier reported modifications of the
sample solution [12] or derivatization of the fullerene
compound [l3]. Recently, it has been even possible to
apply nanospray ionization to obtain molecular ions
free of fragmentation and requiring only trace
amounts of sample material [14].

However, at present matrix-assisted laser desorp-
tion/ionization (MALDI) [15] can surely be regarded
as one of the most successful methods for the analysis
of derivatised fullerenes. The prominent use of
MALDI as a means to analyze fullerene-based mate-
rials is most evident from the frequent quotations in

the synthetic literature. Despite this widespread use of
MALDI, very few beneficial investigations detailing
the experimental essentials of the MALDI analysis
can be found. Besides instrumental parameters, the
nature of the matrix compound is undoubtedly one of
the most important experimental features influencing
the outcome of the MALDI analysis. The variety of
different fullerene derivatives makes it rather unlikely
that one particular matrix compound is of universal
applicability. Hydrogenated fullerenes, for example,
have been successfully analyzed using a special ma-
trix combination, whereby the analyte undergoes less
fragmentation due to additional cooling by liberation
of gas molecules from a comatrix during the desorp-
tion process [16]. For the analysis of fluorofullerenes,
the use of highly fluorinated matrix compounds has
been tested successfully [17]. The present investiga-
tion is concerned with the analysis of monoligated,
organic fullerene derivatives, which are amphiphilic
in nature [18]. Amphiphilic fullerenes have recently
attracted interest in Langmuir-Blodgett film formation
and as building blocks for macromolecular micells.

2. Experimental

All MALDI experiments have been accomplished
by the use of a commercial reflectron time-of-flight
mass spectrometer (Kratos Kompact MALDI IV,
Kratos Inc., Manchester, United Kingdom). Recent
applications of this instrument in fullerene research
can be found [19–21]. The sample activation has been
achieved applying a nitrogen laser providing ultravi-
olet light of 337 nm with a pulse width of 3 ns and a
pulse frequency of 1.5 Hz. The instrument operates a
continuous acceleration voltage of 20 kV. The drift
region preceding the reflectron houses a deflection
electrode (the ion gate), which allows for the selection
of ions as a function of their arrival times at the gate
and has been utilized here for post source decay
(PSD) experiments [22]. Each individual time-of-
flight (TOF) mass spectrum shown represents the
accumulation of 200 single-laser-shot spectra. The
resolution remained insufficient to resolve the isotopic
pattern of the ions in the mass range of interest. For
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instance, to distinguish between the ionized, molecu-
lar analyte ion and its protonated or deprotonated
quasimolecular ion, some experiments have been
carried out using a higher resolving, linear TOF
instrument (LAZARUS IIIDE, home built, University
of Münster), applying delayed extraction.

Using the model analyte (vide infra) the matrix-to-
analyte ratio was varied for several of the matrices
under investigation with the aim to achieve a reason-
able signal-to-noise ratio with optimum analyte ion
abundance at a low degree of fragmentation. A molar
matrix-to-analyte ratio of 1000:1 was found to fulfill
these requirements and was used to record all the
MALDI mass spectra discussed in this paper (except
for the spectra shown in Fig. 2). The analyte and
matrix solutions were freshly prepared for each anal-
ysis in the following manner. The analyte has been
dissolved in toluene at a ratio of 1 mg analyte per 1
mL solvent, determining the respective concentration
for the matrix solutions with which the analyte solu-
tions were mixed before the analysis. Most matrix
solutions were prepared using acetone as the solvent.
To achieve better solubility, methanol was used as the
solvent for some of the �-carboline matrices, includ-
ing harmol, harmalol, and harmaline. The molar
matrix-to-analyte ratio of 1000:1 was obtained by
thoroughly mixing the appropriate volumes of analyte
and matrix solutions. The resulting solution was
applied from a syringe onto the stainless steel sample
slide and dried in an air stream preceding the insertion
into the ion source of the mass spectrometer.

3. Results and discussion

The design of the “ ideal” matrix compound for the
MALDI analysis of a given analyte has as of yet not
been achieved. The goal to determine the structural
requirements of a matrix to promote the efficient and
fragmentation-free desorption and ionization of the
analyte, based on its structural peculiarities is ham-
pered by the overall complexity of the desorption/
ionization process. As a consequence, the screening of
matrices is based to a great extent on trial and error
approaches considering compounds that worked suc-

cessfully as matrices for similar analytes or which
underwent certain structural modifications with the
intention to improve their matrix performance. In the
present investigation, 14 different organic compounds
have been examined regarding their performance as
matrices for the MALDI analysis of methylene
bridged, long chain ligand-bearing fullerene deriva-
tives.

The structures of these analytes and the matrix
materials are depicted in Fig. 1. The long-chained
fullerene derivatives were available here in trace
amounts only, so that the actual testing of the various
matrices could not be performed using these analytes.
A more abundantly available model analyte was
chosen, mimicking some of the relevant features of
the amphiphilic fullerenes. In a separate investigation
into the electron impact behavior of derivatives fea-
turing the same methylene bridging between fullerene
and ligand, the bis(isopropyl carbonyl)methylene ad-
duct to C60 (also shown in Fig. 1) was found to be
much more thermally labile than the corresponding
ethyl- and n-propyl-analogue. This thermal lability
probably matches some of the potential difficulties
that can be anticipated for desorption of the long-
chained analytes as intact moieties. Therefore, the
isopropyl derivative was chosen as the model analyte
for the screening of the matrices.

Regarding the choice of the matrix compounds,
9-nitroanthracene (9-NA) appears to represent the
currently most successful “ fullerene matrix” [23–27],
thus providing the benchmark to which the perfor-
mance of other potential matrices has to be measured.
Six of the matrices were chosen because of their
well-established general applicability to the MALDI
analysis of a vast variety of compounds. This group of
“classic matrices” includes 2,5-dihydroxybenzoic
acid (DHB), Sudan Orange G, �-cyano-4-hydroxycin-
namic acid (�-CHC), 3,5-dimethoxy-4-hydroxycin-
namic acid (sinapinic acid), 5-methoxysalicylic acid
(MSA) and 2-(4-hydroxyphenylazo)benzoic acid
(HABA). A further group of matrices is formed from
six closely related �-carboline alkaloids. These “�-
carboline matrices” were recently shown to possess a
remarkably broad applicability [28,29]. This group of
compounds includes nor-harmane, harmane, harmine,
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harmol, harmalol, and harmaline. These matrices
were included into this investigation, as the applica-
bility of these compounds has not yet been tested on

fullerene analytes. And finally, there is 2-[(2 E)-3-(4-
tert-butylphenyl)-2-methylprop-2-enylidene] malono-
nitrile (DCTB), a compound that has been success-

Fig. 1. Structures of the analytes and the matrices investigated in this study.
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fully applied as a MALDI matrix to the analysis of
fullerene derivatives [30,31] and which has been only
very recently reported to promote the ion formation at
considerably reduced threshold laser fluences, leading
to very “clean” mass spectra often entirely free of
unwanted decomposition of the analyte [32].

The most widely used matrix for the MALDI
analysis of fullerene derivatives has clearly been
9-NA [23–27]. Even for the analysis of hydrogenated
fullerenes for which a special matrix combination has
been successfully applied, whereby the analyte suffers
less fragmentation due to additional cooling by liber-
ated gas molecules during the desorption process [16],
it has been recently possible to obtain mass spectra of
almost the same quality by simply applying 9-NA as
matrix [33]. However, in the course of this investiga-
tion we find that two major problems can arise in
connection with the use of 9-NA as a fullerene matrix.

First, the facile transfer of oxygen from the matrix
to the analyte can occur and second, above a certain
laser threshold, this matrix shows the tendency to
efficiently form larger cluster ions, interfering with
the mass region of interest. Both phenomena are
evident in the spectra shown in Fig. 2. The negative-
ion mass spectrum of C60C(CO2CH2CH2CH3)2, the
n-propyl analogue of the iso-propyl model compound
used here for the screening of the matrices, using
9-NA as the matrix. The efficient transfer of up to four
oxygen atoms to the analyte is clearly visible, together
with the formation of C60On

�, with n�1 and 2, which
are not fragment ions that directly result from analyte
dissociations. Additional analysis clearly shows that
the degree of oxidation of the neutral sample is far
less than what could be suggested from this MALDI
spectrum. Especially for the identification of fullerene
oxide samples, the uptake of additional oxygen atoms
is a most unwanted process [23–27]. A strong indica-
tion that the oxides observed are indeed the result of
oxygen attachment occurring in the desorption/ioniza-
tion process provides the laser fluence dependence for
the formation of these ions. Above the threshold of
ion formation, the abundance of the oxygenated spe-
cies increases with laser fluence until dissociation
eventually prevails. This is in contrast to the desorp-
tion/ionization behavior of fullerene oxides as the

initial target material, which shows an almost imme-
diate decline in abundance caused by the loss of the
oxygen functionality. In Fig. 2(b), a positive-ion mass
spectrum is shown using the same analyte and matrix,
illustrating the problem connected with the clustering
of the matrix. In the present case, cluster ions arising
from laser-induced coalescence reactions of the acti-
vated matrix are efficiently formed, interfering with
the mass range of interest. Although a detailed mass
analysis of those clusters is not provided here, their
origin from laser ablation of 9-NA is clearly evi-
denced by the close match to the spectrum shown in
Fig. 2(c), which represents the positive-ion mass
spectrum of the pure matrix without analyte. The
extent to which both these unwanted phenomena are
observed clearly depends on the individual case and
although 9-NA has been successfully applied as a
fullerene matrix, these examples show that there is
demand for a more suitable matrix compound.

As illustration to accompany the following discus-
sion, several selected examples of the obtained
MALDI mass spectra are depicted in Fig. 3. The
positive- and negative-ion MALDI mass spectra of
the model analyte are shown using as the respective
matrix harmane [Figs. 3(a) and 3(d)], Sudan Orange G
[Figs. 3(b) and 3(e)], and MSA [Figs. 3(c) and 3(f)].
There is no analyte ion observed in the positive-ion
mode, featuring the pronounced formation of C60Hx

�,
C61Hx

�, and C62Hx
� ions (vide infra for a discussion

detailing the assignment of these signals). In the
negative-ion mode, a clear trend is revealed, where
harmane exhibits the best performance of the three
matrix compounds. The base peak in the respective
spectrum [Fig. 3(d)] is caused by the intact analyte
ion, which is accompanied by a relative low extent of
fragmentation.

The performance of the various matrices referring
to the MALDI analysis of the model analyte is
summarized in Table 1. The table commences with
DCTB and 9-NA, followed by the six �-carboline
alkaloids and the six classic matrices. For both the
positive- and the negative-ion mode, performance
criteria were given a grading of 1, 2, and 3, referring
to features such as the abundance of the analyte ion,
the extent to which fragment ions were observed, and
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Fig. 2. (a) Partial negative-ion MALDI mass spectrum of C60C(CO2CH2CH2CH3)2, using 9-NA as the matrix. (b) Partial positive-ion MALDI
mass spectrum of C60C(CO2CH2CH2CH3)2, using 9-NA as the matrix. (c) Partial positive-ion LDI mass spectrum of 9-NA.
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Fig. 3. Partial positive-ion MALDI mass spectra of the model analyte using (a) harmane, (b) Sudan Orange G, and (c) 5-methoxysalicylic acid
as the matrices and the corresponding negative-ion results for (d) harmane, (e) Sudan Orange G, and (f) 5-methoxysalicylic acid.
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the overall cleanness of the spectrum. Depending on
the respective criterion, a mark of 1 could represent
the formation of an abundant analyte ion, the occur-
rence of only very minor fragmentation, or a very
clean mass spectrum showing only little baseline
noise. Increasing marks represent an increasingly
unfavorable deviation from the desired appearance of
the MALDI spectrum. It is important to note that the
general appearance of a particular MALDI mass
spectrum can also be strongly influenced by instru-
mental parameters. This in turn means that the out-
come of a particular MALDI experiment can be
different for different instrumentation. Statements
made here regarding, for example, the extent to which
fragmentation is observed or the inability to detect a
particular analyte signal, might not be true to the same
degree when using different instrumentation. How-
ever, the rating of the various compounds in terms of
their relative quality in performance as fullerene
matrix materials should not depend on the experimen-
tal setup.

In the positive-ion mode, most of the matrices gave
very poor results indeed. Besides 9-NA and DCTB,
the classic matrices and the �-carboline alkaloids

failed in the present experiments to produce analyte
ions. In contrast, most matrices allowed the detection
of the analyte signal in the negative-ion mode. From
the classic matrices, DHB and Sudan Orange G were
found to be well suited for the use in the negative-ion
mode, with an overall performance that matches the
one of 9-NA. The spectra obtained using sinapinic
acid and �-CHC were of lesser quality, whereas MSA
and HABA both failed to produce a detectable analyte
ion signal. Regarding the �-carboline alkaloids, har-
maline, and harmalol cannot be recommended as
suitable matrices, using the latter compound, no
analyte signal could be detected. The performance of
harmine and harmol almost matched the matrix fea-
tures of 9-NA. Harmane and even more clearly,
nor-hamane were found to exceed the performance of
the “benchmark matrix” , 9-NA. Although a certain
degree of fragmentation is still observed, the use of
both these matrices leads to more abundant analyte
ions and in particular nor-harmane provided very
clean spectra. As a result, both compounds may be
recommended as matrices superior to 9-NA for the
analysis of similarly structured fullerene derivatives
in the negative-ion mode. By a clear margin, however,

Table 1
Summary of the MALDI performance of the different matrices for the positive and the negative ion mode and using the model analyte

Positive Ion Mode Negative Ion Mode

Cleannessa Analyte Ionb Fragmentationc Cleannessa Analyte Ionb Fragmentationc

DCTB 1 1 2 1 1 1
9 - NA 2 1 2 2 2 2

Norharmane 2 3 2 1 1 2
Harmane 2 3 2 2 1 2
Harmine 2 3 2 2 2 2
Harmol 2 3 2 2 2 2
Harmalol 3 3 2 2 3 2
Harmaline 1 3 1 3 2 2

2,5 - DHB 1 3 2 1 2 2
Sudan Orange G 2 3 2 2 2 2
� - CHC 2 3 3 2 2 3
Sinapinic Acid 1 3 2 2 2 2
5 - Methoxysalicylic Acid 1 3 2 2 3 2
HABA 2 3 3 2 3 2

a Cleanness; 1 � very clean, 2 � some baseline noise, and 3 � noisy spectra.
b Analyte Ion; 1 � abundant ion signal, 2 � analyte ion observed, and 3 � analyte ion not observed.
c Fragmentation; 1 � very little or no fragmentation 2 � some fragmentation observed, and 3 � high level of fragmentation.
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DCTB is found to be the best suited matrix compound
for the posed analysis. Not only in the negative-ion
mode, but also for the analysis of positive ions, DCTB
yielded the most abundant analyte ion signals with an
extremely low extent of fragmentation and a remark-
able cleanness of the mass spectra resulting in an
overall universal applicability, which is not reached
by any of the other materials under investigation. The
present experiments confirm recent findings by which
the use of DCTB reduces dramatically the threshold
laser fluences required for the formation of ions in the
desorption/ionization process [32]. This in turn might
lead to less excitation of the analyte, drastically
reducing the occurrence of the unwanted decomposi-
tion of the analyte. For this investigation, DCTB had
to be synthesized [32]. However, this compound is
now also commercially available (Fluka). Summariz-
ing these matrix-screening experiments, DCTB is
found as the best-suited matrix for the MALDI
analysis of the model analyte and possesses, together
with 9-NA, universal applicability in both ion modes.
In the negative-ion mode, the use of harmane and
nor-harmane leads to even better results than MALDI
with 9-NA.

Before discussing the MALDI analysis of the
long-chained title analytes, the fragmentation behav-
ior of the model analyte is detailed in the following.
The positive-ion MALDI mass spectrum [Fig. 4(a)] is
contrasted with the respective negative-ion mass spec-
trum [Fig. 4(b)] and a comparison is made to the
corresponding PSD spectra of the isolated cation [Fig.
4(c)] and anion radical [Fig. 4(d)]. In these experi-
ments, 9-NA has been used as the matrix. The
accurate mass assignment of the signals observed in
the MALDI mass spectra has been accomplished by
making use of a higher resolving instrument (see
Sec.2), providing isotopically resolved signals (not
shown). These experiments clearly reveal that under
the applied conditions only the molecular ions of the
analyte are formed and that protonation or deprotona-
tion can be discounted as a major path towards the
analyte ion formation.

The abundant C60 fragment ion is in both ion
modes accompanied by ions with a C61 carbon con-

tent. Although C60 is also protonated in the positive-
ion mode, the C61 fragment shows in both ion modes
in addition to the pure carbon cluster also the abun-
dant attainment of at least one additional hydrogen.
The same is true for the low abundant C62 fragment in
both spectra. The C61H� ion has recently been de-
tected in electrospray experiments with related com-
pounds and structurally analyzed by computational
means. [34] It follows that the additional carbon atom
is exohedrally attached to C60 as a CH entity.

The positive-ion MALDI mass spectrum [Fig.
4(a)] contains three additional signals between those
peaks caused by C62Hx

� and the molecular ion. These
signals are centered at m/z 760, m/z 778 and m/z 804,
and might be tentatively assigned to ions such as
C60CCO� �(ketene-like), C60C(H)CO2H� � and
C60C(CO)2O��(anhydride), respectively. The high
resolution experiments indicate that the “ketene-like”
and the “anhydride” ion are accompanied by their
protonated analogues, whereas also ions caused by the
loss of hydrogen can be observed below m/z 778. The
corresponding positive-ion PSD mass spectrum of the
molecular ion of C60C[CO2CH(CH3)2]2, shown in
Fig. 4(c), features only one daughter ion signal, which
is centered at m/z 804. Although the PSD experiments
could only be performed with low resolving power,
thus leading to unresolved peaks, the broad PSD
signal centered at m/z 804 is entirely attributed to the
unimolecular formation of the C60C(CO)2O�� ion.
This assignment is based in analogy on separate
dissociation experiments applying a 4-sector tandem
mass spectrometer to record the unimolecular daugh-
ter ions derived from the molecular ion of the ethyl
analogue of the model analyte under high resolution
conditions. These experiments clearly indicate the
unimolecular formation of C60C(CO)2O�� daughter
ions. The PSD spectrum in Fig. 4(c) was obtained at
a laser fluence close to the threshold value for the
formation of ions. At higher laser fluences, the spec-
trum was dominated by signals caused by the delayed
electron emission from C60 fragments. The influence
of ions resulting from delayed ionization on this type
of experiment has been detailed elsewhere [19]. The
assignment of the corresponding negative ions [Fig.

257T. Brown et al./International Journal of Mass Spectrometry 210/211 (2001) 249–263



Fig. 4. (a) Partial positive-ion MALDI mass spectrum of the model analyte using 9-NA as the matrix, (b) shows the corresponding partial
negative-ion MALDI mass spectrum, (c) positive-ion PSD mass spectrum of the molecular model analyte ion, and (d) the corresponding
negative-ion PSD mass spectrum.
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4(b)] is complicated by the lower fragment ion abun-
dances in this mass range. For the ketene-like ion,
centered at m/z 760, similar considerations as those
made for the positive ions seem to be valid. The signal
previously observed at m/z 778 in the positive-ion
mode appears to be shifted by one or two mass units
to lower masses, owing to the loss or absence of
hydrogen in the corresponding ion. Although the
anhydride ion is entirely absent, a new fragment ion
signal is observed at around m/z 820. This signal,
which is more pronounced in the corresponding neg-
ative-ion PSD spectrum [Fig. 4(d)], might be caused
by the loss of both isopropyl moieties from the analyte
ion and a plausible structure for it is given in Fig. 4(d).
In summary, the MALDI mass spectra are of very
similar appearance in both ion modes. The PSD mass
spectra, however, reveal that the unimolecular decay
involving the attached ligand proceeds for the two
charge states via distinct reaction channels.

Guided by the findings derived from the reported
screening experiments for suitable matrices, the long-
chained fullerene derivatives have been analyzed
using nor-harmane as the matrix for the negative-ion
mode and DCTB for the analysis of the resulting
positive ions. The negative-ion MALDI mass spectra
of the four different amphiphilic fullerenes 1–4 (see
Fig. 1 for structures) are shown in Figs. 5(a)–5(d),
respectively. Each of these spectra is governed by
only two major signals, consisting of the C60

� fragment
ion and the abundantly observed negative molecular
ion signal of the respective analyte. The assignment of
the analyte signal as being exclusively caused by the
molecular ion is in these cases an assumption that is
based on the findings derived from the high resolution
experiments on the model analyte, as the mass accu-
racy in these experiments was insufficient to provide
unequivocal insight. While analyte 4 displays the
lowest tendency to undergo fragmentation, analyte 2
appears to represent the most fragile derivative, which
also features the longest chain in the ligand attach-
ment. The spectrum shown as Fig. 5(e) at the bottom
results from a MALDI experiment on an equimolar
mixture of all five analytes (including the model
compound) at the same total analyte-to-matrix ratio as

applied throughout. This experiment was conducted
to reveal the appearance of the different molecular
analyte ions in relation to each other. Although the
model analyte provides the most abundant signal by a
small margin, its intensity is clearly similar in mag-
nitude compared to the other analytes, confirming that
this compound truly represents a most suitable model
system for this investigation. Though numerous pa-
rameters might influence the absolute analyte ion
abundance, the relative intensities of the analyte
signals of the samples, seem to reflect their tendency
to undergo fragmentation, as discussed for the
MALDI analysis of the pure compounds.

The positive-ion MALDI mass spectra of the four
title analytes 1–4 are depicted in Figs. 6(a)–6(d),
respectively. As in the negative-ion mode, the spectra
are comprised only of the C60

� fragment ion signal
(note that a possible contribution from C60Hx

� ions
cannot be excluded) and signals caused by intact
analyte ions. The most intriguing observation, how-
ever, consists in the finding that the molecular ions
derived by the analytes 1, 2, and 4 are accompanied
by signals that are caused by the attachment of sodium
and potassium ions to the neutral analyte. The identity
of these signals is undoubtedly confirmed by the mass
differences observed between the signals in the ana-
lyte ion region. For analyte 2, the sodiated analyte ion
signal is dramatically more abundant than the molec-
ular ion signal. The exohedral metal attachment to
pure fullerenes has been achieved in earlier gas-phase
experiments. Stable complexes could be obtained
either in ligand displacement reactions [35] or by
direct attachment of the metal ion to the fullerene
[36]. In the present case, however, it seems more
likely to assume that the metal ion is located on the
ligand, rather than attached to the fullerene core. This
assumption is supported by the fact that neither the
C60 fragments, nor the analyte 3 [Fig. 6(c)], studied
under essentially the same conditions as the other
analytes, show any sign of metal ion attachment. This
in turn implies that the nature of the ligand is of
decisive importance for the complexation of the metal
ion. As all materials were practically free of any alkali
metal impurities, the metal ions must have originated
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Fig. 5. Partial negative-ion MALDI mass spectra using nor-harmane as the matrix for (a) analyte 1, (b) analyte 2, (c) analyte 3, (d) analyte
4, and (e) an equimolar mixture of the analytes 1–4 and the model analyte.
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Fig. 6. Partial positive-ion MALDI mass spectra using DCTB as the matrix for (a) analyte 1, (b) analyte 2, (c) analyte 3, (d) analyte 4, and
(e) an equimolar mixture of the analytes 1–4.
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from the stainless steel target holder. It has to be
assumed, that the actual process by which the metal
attaches to the analyte has to occur in the gas phase,
whereby metal ions liberated from the target surface
attach to the desorbing analyte in the fast expanding
laser desorption plume. This type of cationization is
unprecedented for MALDI of fullerene derivatives
and depending on the ligand, has potentially valuable
analytical implications. It is interesting to note, that
the method of choice to analyze polymers by MALDI
represents this very type of analyte cationization,
whereby the metal ions are desorbed from a salt layer
deliberately added to the analyte/matrix-target [37–
39]. Furthermore, the metal ion attachment to a
particular type of fullerene derivative has been used in
conjunction with electrospray ionization. In these
experiments, a crown ether ligand acted as the site for
the metal ion complexation [13]. The ion formation
mechanism in this approach has not been examined in
detail, but it seems likely to assume, that unlike in the
present MALDI experiments, the preformation of ions
in solution might be of essential importance, which in
the electrospray process are liberated into the gas
phase following evaporation of the solvent. The li-
gand of analyte 4 could even be regarded as a
ring-opened crown ether (see Fig. 1), which probably
represents an attractive complexation site for the
metal ion. Although no complexation has been ob-
served for both the model analyte and analyte 3, the
efficient metal ion attachment to the analytes 1 and 2
is probably caused by the presence of the nitrogen
atom in the ligands, promoting this process.

As in the investigation of the negative-ion spectra,
the appearance of the various positive analyte ions as
derived from a target containing an analyte mixture
has been also examined in the positive-ion mode. The
result is shown in Fig. 6(e) for an equimolar mixture
of the four title analytes 1–4, retaining the same ratio
of the total amount of analytes and the DCTB matrix.
As revealed by the MALDI analysis of the individual
samples, the analyte 2 shows the greatest tendency to
fragment and there is practically no signal found for
this analyte using the analyte mixture. The other
analytes are detected in comparable abundances.

4. Conclusion

The screening of potentially suitable matrix mate-
rials for the MALDI analysis of organic ligand-
bearing fullerene derivatives identifies three com-
pounds exceeding the performance of 9-NA, which is
known as an appropriate matrix for the fullerene
analysis. In the negative-ion mode, the use of two
�-carboline alkaloids, harmane, and nor-harmane, as
matrices leads to cleaner spectra, less fragmentation
and more abundant analyte ions than the use of 9-NA.
However, a significantly improved performance in
both ion modes has been achieved by the use of
DCTB as the matrix, which also promoted the analyte
ion formation by metal ion attachment. DCTB thus
represents the best-suited matrix material for this class
of analytes.
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