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Abstract

Using newly developed experimental techniques we have studied spontaneous (metastable) dissociation, electron-induced
dissociation, and surface-induced dissociation reactions of singly and multiply charged fullerene ions. In particular, we will
discuss results concerning (1) competition in spontaneous decay reactions between evaporation of neutral and ionized
fragments, thereby extending our own previous studies on the spontaneous decay of multiply charged fullerene ions, (2)
electron induced dissociation for singly and doubly charged C60 ions with special emphasis on the time dependence of kinetic
energy release distribution thereby extending the recent cross section measurements of Salzborn and co-workers [Phys. Rev.
Lett. 71 (1993) 3439], and (3) surface induced dissociation of singly and doubly charged C58

z1 ions thereby extending previous
studies by Kappes and co-workers [J. Chem. Phys. 104 (1996) 3629, 3638] on singly charged C60 ions. (Int J Mass Spectrom
192 (1999) 267–280) © 1999 Elsevier Science B.V.
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1. Introduction

Strongly bound, highly excited finite atomic sys-
tems will relax by either emitting electrons, neutral
particles, or a continuous spectrum of photons. These
reactions are the molecular analogues to thermionic
emission, evaporation, and black body radiation in
solid state physics. Moreover, multiply charged sys-
tems may decay via fission reactions ejecting charged

rather than neutral fragments analogous to nuclear
fission. Coulomb repulsion within a multiply charged
molecule or cluster leads to the destruction of the ion
if the corresponding binding energies are weaker than
the effective Coulomb force [1]. Because of their
special structure, fullerenes [2] are known to show
exceptional stability against these charge separation
fragmentation processes [3–10] thus allowing the
production and observation of multiply charged C60

ions [7,8,11].
The energetics and dynamics of dissociation reac-

tions of neutral and charged fullerenes have received
considerable attention over the past decade [12–24].
Methods used to study these fragmentation reactions
include the following.
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Electron and photon induced dissociative ioniza-
tion

C60 1 e~hv!3 C60
z1* 3 C602p

~ z2y!1 (1)

Charge transfer dissociative ionization

C60 1 Ax13 C60
z1* 3 C602p

~ z2y!1 (2)

Collision-induced dissociation

C60
x1 1 A3 C60

z1* 3 C602p
~ z2y!1 (3)

Electron-induced dissociation

C60
x1 1 e3 C60

z1* 3 C602p
~ z2y!1 (4)

Surface-induced dissociation

C60
x1 1 surface3 C60

z1* 3 C602p
~ z2y!1 (5)

Here we will summarize recent results obtained in
our laboratory using newly developed experimental
techniques to study spontaneous (metastable), elec-
tron-induced and surface-induced dissociations of sin-
gly and multiply charged fullerenes. In particular we
will discuss (1) competition in spontaneous decay
reaction (1) withy 5 0 and 1 thereby extending our
own previous studies on the spontaneous decay of
multiply charged fullerene ions [25–28], (2) electron
induced dissociation for singly and doubly charged
C60 ions thereby extending the cross section measure-
ments of Salzborn and co-workers [29] and our own
preliminary study on the kinetic energy release [30],
and (3) surface-induced dissociation of singly and
doubly charged C58 ions thereby extending previous
studies by Kappes and co-workers on singly charged
C60 ions [31,32].

2. Experimental

Details of the main components of the experimen-
tal setup used in the present work to study metastable
and electron-induced decay reactions have been de-
scribed previously [26,33]. As shown in Fig. 1, the
apparatus used consists of a modified Nier type
electron impact ion source, a fullerene molecular
beam source and a high resolution double focusing

two-sector field mass spectrometer (reversed geome-
try) with a mass range of 10 000 amu at a nominal
acceleration voltageU of 3 kV. The pure fullerene
sample is evaporated in a temperature controlled
Knudsen type oven typically operated at around 950
K. After entering the ion source via a skimmer and a
collimator the effusive molecular beam is crossed at
right angles by an electron beam of variable energy
and current. Alternatively, test molecules to be ion-
ized can be introduced into the collision chamber of
the ion source via a conventional capillary leak gas
inlet system (not shown in Fig. 1).

The resulting ions are then extracted from the ion
source by a weak electric field and accelerated to a
translational energy of 3z keV, with z the charge of
the ions. After passing through a first field-free region
(1ff for short, length 61 cm), the ions are momentum
analyzed by a 48.5 ° magnetic sector before entering
a second field-free region (2ff, length 33.3 cm). Next
the ions are energy analyzed by a 90° electric sector
and detected by an electron multiplier operated in the
single-ion counting mode.

Unimolecular dissociations occurring in the two
field-free regions of this double focusing mass spec-
trometer can be identified by decoupling the two
analyzing fields [34]. In order to study here the
metastable or electron-induced decay of a mass se-
lected fullerene ion, we are first selecting a specific
ion with the magnetic sector field and then analyzing
decay reactions in the 2ff by varying the voltage of the

Fig. 1. Schematic view of two sector field mass spectrometer
system used to study electron-induced and metastable decay reac-
tions in the second field-free region. FBS: fullerene beam source,
EIS: electron impact ion source, B: magnetic sector field, E: electric
sector field, EG: electron gun, EM: electron multiplier, 1ff: first
field-free region, 2ff: second field-free region.
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electric sector field (MIKE scan technique [34]). The
positions of the peaks obtained in such a MIKE (mass
analysed ion kinetic energy) spectrum (Fig. 2 shows
as an example a corresponding spectrum for electron-
induced ionization and dissociative ionization of mass
selected C60

21) can be directly related to the mass-to-
charge ratio of the product ions thus allowing a
definitive identification of the reaction products. A
simple equation relates the valueE* at the center of
the MIKE peak to the sector field voltage of the
precursor ionE and the mass per charge ratios of the
precursor ion and daughter ion,m1/z1 and m2/z2,
respectively, by

E* 5 E~m2z1/m1z2! (6)

Furthermore, it is possible to deduce from the shape
of these MIKE peaks the kinetic energy release
distribution (KERD) of the fragment ions by taking
the first derivative of the measured MIKE peak and by
using the relationship

KER 5
m1

2z2
2eU

16m2m3z1
SDE*

E D2

(7)

to relate the measuredDE* (which is the width of the
metastable peak) to the total kinetic energy released in
the decay reaction. Moreover, by taking the first
moment of this KERD also the mean kinetic energy
release^KER& of the corresponding decay reaction
can be derived, for more details see also earlier
studies from our laboratory involving this method
[27,28,35,36].

As mentioned previously, in the present work we
have not only analyzed the spontaneous (metastable)
decay of fullerenes, but a second goal was to inves-
tigate the electron-induced fragmentation of mass
selected fullerene ions. For this purpose we have
recently developed a high-performance electron gun
[37,38], which has been mounted in the 2ff approxi-
mately halfway between the magnetic and the electric
sector fields. Thus it is possible to cross the ion beam
perpendicularly with a collimated electron beam of up
to 15 mA. In contrast to previous studies on this
subject in our laboratory with a much simpler electron
gun [30] we have been able to improve here the

product ion count rate by a factor of about 100. As an
example Fig. 2 gives a section of the electron-induced
MIKE spectrum produced by electron impact of mass
selected C60

1 ions showing doubly charged parent and
two doubly charged fragment ions produced via
ionization and dissociative ionization reactions, re-
spectively. It is interesting to note that the major ion
exhibits count rates of more than 10 kHz at back-
ground rates of less than 0.01 kHz.

Finally, we are presenting in Fig. 3 the tandem
mass spectrometer system BESTOF recently con-
structed for the study of ion–surface collisions [39]. It
consists of a Nier-type ion source, a first mass
spectrometer (double focusing two-sector field mass
spectrometer), a collision chamber and a second mass
spectrometer (time of flight mass spectrometer). The
neutral C60 beam is again produced by evaporating
pure C60 powder in a temperature-controlled Knudsen
type oven. The C60 beam enters transversely into a
Nier-type electron impact ion source. Furthermore, a
direct gas inlet may be substituted for the fullerene
source for the investigation of conventional ion sur-
face collisions. Neutral molecules or fullerenes are
ionized by impacting them with electrons whose
energy can be varied from below the ionization
energy up to about 500 eV.

The ions produced are extracted from the ion

Fig. 2. MIKE spectrum showing the doubly charged parent and two
fragment ions produced by electron impact ionization and disso-
ciative ionization (using 250 eV electrons) of mass selected C60

1 .
This spectrum has been recorded with a 2 mmbeta slit and a wide
open mass spectrometer exit slit.
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source region and accelerated to about 3z keV for
mass and energy analysis by the double-focusing
two-sector field mass spectrometer. The nominal mass
resolution of this two-sector field mass spectrometer
exceeds at 3 keV a value of 10 000 and thus easily
allows the selection of isotopically pure primary ions.
After passing the exit slit of the mass spectrometer,
ions are refocused by an Einzel lens and the deceler-
ation optics positioned in front of the stainless steel
surface. Shielding the surface with conical shield
plates minimizes field penetration effects. The inci-
dent impact angled of the primary ions at the surface
(about 45°) is chosen to maximize the signal and the
scattering angle is fixed at 90° (for a variation of the
scattering angle and its influence on the secondary ion
yields see [40]). In the present studies, experiments
have been carried out using a stainless steel surface
under ultrahigh vacuum conditions (10210 Torr)
maintained in our bakeable turbopumped collision
chamber. However, even these conditions do not
exclude the production of monolayers of hydrocarbon
contaminants (pump oil, etc.) on the surface whenever
the valve between the mass spectrometers and the
surface collision chamber is opened and the pressure
in the target region is rising to the 1029 Torr range.

The collision energy of ions impacting on the

surface is defined by the potential difference between
the ion source and the surface. The potential differ-
ence (hence, the collision energy) can be varied from
0 to about 2 keV with a typical resolution better than
about 200 meV. We have determined the energy and
a measure for the energy spread of the primary ion
beam by using the surface as a retarding potential and
measuring the (reflected) total ion signal as a function
of the surface potential. Assuming no influence from
the detection system on the shape of the retarding
potential field ion curve (upper panel in Fig. 4) a
measure for the energy spread is given by the full
width at half maximum (FWHM) of the first deriva-
tive of the total ion signal (lower panel in Fig. 4). Fig.
4 shows as an example in the upper panel the total
reflected ion current for the impact of the C60

1 and C58
1

Fig. 3. Schematic view of the tandem mass spectrometer BESTOF
consisting of an ion source, a two sector field mass spectrometer, a
collision region, and a time of flight mass spectrometer. FBS:
fullerene beam source, EIS: electron impact ion source, B: mag-
netic sector field, E: electric sector field, DIO: deceleration ion
optics, S: surface, TOF: time of flight mass spectrometer, CPD:
channel plate detector.

Fig. 4. Upper part: Total reflected ion current measured with the
time of flight mass spectrometer in an all-ion mode vs. the retarding
potential voltage for C60

1 (designated by open circles) and C58
1

(designated by open squares) primary ions. Lower part: First
derivative of the leading edge of the curve shown in the upper part
thus yielding the kinetic energy distribution of the respective
primary ions (designated by the respective filled symbols) exhibit-
ing a FWHM of about 170 meV in both cases.
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ions, respectively, as a function of the nominal retard-
ing potential in the vicinity of the ion acceleration
potential of approximately 2930 V. If the retarding
potential is kept above the acceleration potential, no
ions will hit the surface and thus no ions will be
detected; if the retarding potential is lowered, primary
ions will start to be deflected by the surface and the
reflected ion current will strongly increase to its peak
value. The ensuing decrease of the reflected ion
current with decreasing retarding potential (amount-
ing to increasing collision energy) is due to the loss of
primary ions at the surface via neutralization pro-
cesses. The derivative of the leading edge of the total
reflected ion currents shown in the lower panel of Fig.
4 indicates in this case a FWHM for the primary ion
beam spread of about 170 meV for both ions.

A fraction of the secondary ions formed at the
surface exits the shielded chamber through a 1-mm-
diameter orifice. These ions are then subjected to the
pulsed extraction and acceleration fields, which initi-
ate time-of-flight analysis of these ions. This second
mass analyzer is a linear time-of-flight mass selector
with a flight tube of about 80 cm in length. The mass
selected ions are detected by a double stage mul-
tichannel plate which is connected to a fast scaler
(with a time resolution of 5 ns per channel) and a
laboratory computer. Mass resolution has been im-
proved steadily the past two years and is currently
approximately 100. Since it is also possible to pulse
the incoming primary ion beam (usually this beam is
operated in continuous mode), information on the
time dependence of the secondary ion emission and
thus on the dynamics of the ion formation processes
occurring at the surface can be obtained. Whereas at
short delay times the dominant secondary ions are the
small secondary fragment ions, at the longer delay
times the parent ion group is usually dominating. It is
noteworthy that not only the relative abundance of the
different secondary ions is changing with delay time,
but also the absolute secondary ion current is depend-
ing on this parameter. Clearly, one reason for this
different behavior of the light and heavy ions could be
the occurrence of different velocity distributions (for
details on translational energy and velocity distribu-

tions of secondary ion products for surface impact see
[40]).

3. Results

3.1. Spontaneous decay

For the present study multiply charged carbon
cluster ions, Cn

z1 (n 5 36–70 andz 5 1–5), are
produced by electron impact ionization and dissocia-
tion of pure C70 yielding unfragmented parent ions
C70

z1 and the various fragment ions withn , 70.
Mass spectrometers analyze ions according to their
mass-per-charge ratio and therefore, differently
charged ions may contribute to the same ion signal.
For example, at a mass-per-charge ratio of 180 Thom-
son the following carbon cluster ions may contribute
to the ion signal: C15

1 , C30
21, C45

31, and C60
41. As carbon

in its natural form consists of two stable isotopes,12C
(98.89%) and13C (1.11%) [41], the ion yield of a
carbon cluster with a given sizen will include ions
with a well-defined mass distribution pattern which
can be calculated using the following simple equation
for the relative probabilityp:

p~12Ca
13Cb! 5

~a 1 b!!

a! z b!
z p~12C!a z p~13C!b (8)

In the case of multiply charged cluster ions, the mass
peak containing one13C is always located at nonin-
teger mass-per-charge ratios and therefore, in most
cases of interest in the present context, free of
coincidences (a noteable exception however is the
coincidence of the ion C30

21 containing one13C with
the ion C60

41 containing two13C isotopes). These peaks
can be used for both the identification and the quan-
titative determination of the ion yield (see [17,26]).

For cluster sizesn 5 50–70 andcharge statesz 5
1–5 the total ion yield for ions produced in our
Nier-type ion source by the interaction of a C70 beam
with a high current electron beam (for details see
[7,26]) was determined from these measured isotopic
peak patterns. In Fig. 5 the ratio of the ion signal
Cn

z1/C70
z1 is plotted as a function of the cluster size

and charge state. The plot clearly shows a strong
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dependence of this ratio on the charge state (see also
measured partial ionization cross sections [33,42]
showing a similar tendency). The strong increase for
the relative abundance of the fragment ions for higher
charge states can be explained most easily by a
corresponding strong decrease of the respective C70

z1

ion signal. If instead of C70, pure C60 is ionized in the
ion source a similar relative increase of the ion yield
for multiply charged fragment ions with increasing
charge state (see upper part in Fig. 5) is observed.
Thus in both cases for higher charge states the
abundance of the unfragmented parent ion is smaller
in relation to the fragment ions produced than in the
case of singly charged ions.

In a recent article Foltin et al. [27] demonstrated
that the reaction probability for the unimolecular
evaporation of a C2 unit from C60

z1 via

C60
z13 C58

z1 1 C2 (9)

increases with the charge state whenz 5 1–3. In the
present article these unimolecular dissociation studies
were extended both in the range of the cluster size and
the charge state. For a given cluster Cn

z1 we have
measured the ion yield of all possible fragment ions
which are formed by a unimolecular dissociation in
the second field-free region. For charge states lower
than 3 the only fragmentation process of significance
is the evaporation of a neutral C2 in analogy to
reaction (9). The loss of four carbon atoms via

Cn
z13 Cn24

z1 1 products (10)

is two orders of magnitude smaller in its intensity and
could be identified recently as a sequential C2 evap-
oration [27,43]. For higher charge states in addition to
C2 loss also the loss of a C2

1 and a C4
1 ion via

Cn
z13 Cn22

~ z21!1 1 C2
1 (11a)

Cn
z13 Cn24

~ z21!1 1 C4
1 (11b)

was observed [7,25] and taken here into consideration
(loss of C6

1 observed recently [44] is only a minor
channel). The Coulomb repulsion in the case of
charged particle evaporation reactions (11a) and (11b)
(see also below) leads, in contrast in the situation for
neutral evaporation reactions (9) and (10), to rather
broad MIKE peaks, which even may exhibit a mini-
mum at the center of the peak due to discrimination
effects. The height of a measured MIKE peak is
certainly not a good measure for the total ion yield of
a fragment ion. Here we use the area of the peaks
normalized with the sector field value of the center
position of the peak. This normalization procedure is
necessary because the width of a MIKE peak scales
with the sector field value of the center of the peak
[44]. The sum of the area of these MIKE peaks is
divided by the area of the parent ion Cn

z1 peak thus
giving a measure for the total metastable fraction.

In Fig. 6 this total metastable fraction is plotted for
C60

z1 ions (produced in the ion source by electron
impact ionization of C60) versus the charge statez.
From the increase of this total metastable fraction
with increasing charge state it can be concluded that

Fig. 5. Normalized fragment ion currents Cn
z1/C60

z1 and Cn
z1/C70

z1

for the electron impact ionization of C60 (upper part) and C70 (lower
part), respectively.
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the stability of these fullerene parent ions is lowered
with increasing charge state. This is in line with the
results obtained previously from the mass spectra and
shown in Fig. 5. The total metastable fraction was also
determined for triply and quadruply charged Cn

z1 ions
in the size range 36#n #70 produced by electron
impact ionization of C70 in the ion source. The results
are plotted in Fig. 7 as a function of the cluster size.
There is a general trend in both charge states that the

stability of these fragment ions is smaller with de-
creasing cluster size. In both data sets the well known
magic numbers [45,46]n 5 60, 50, 44, and 36 can
be clearly seen as local minima in the metastable
fraction thus indicating increased relative stability.
Surprisingly for smaller fragment ions (n , 60) the
metastable fraction for the triply charged carbon
cluster ions is larger than for quadruply charged
fullerenes. This is in contrast to the results shown in
Fig. 5, which indicate a decrease in the stability for
higher charge states. Nevertheless this tendency is in
agreement with observations in direct mass spectra
(for ions formed in the ion source) where the mini-
mum of the bimodal distribution which is located at a
cluster size of aboutn 5 30 becomes less pro-
nounced in the case of higher charged ions [13,26,47].

Recently, the unimolecular dissociation reaction of
highly charged fullerene ions has been investigated
and discussed with particular emphasis on reactions
leading to charge separation [25,26,28,43,48]. All
experimental results indicate that the formation of a
charged small fragment ion during the course of such
a decay reaction proceeds via an electron transfer
from an initially neutral receding fragment to the
highly charged fullerene ion (see also [49]). This
process has been termed auto-charge-transfer (ACT)
and it could be shown in a qualitative manner that
with increasing charge state this process becomes the
dominant decay reaction as compared to neutral C2

evaporation. For triply and quadruply charged
fullerenes the C2

1 and C4
1 evaporation was investi-

gated in detail by the analysis of MIKE scans for
cluster sizes 36#n 70. The kinetic energy release
and the distance of the fragment ions at the instance of
their formation was determined and the results have
been discussed elsewhere [28]. Here we want to
compare in a more quantitative manner the probability
for the occurrence of the two competing decay mech-
anisms, i.e. neutral and charged fragment loss. This is
done by comparing the measured MIKE peaks for the
C2

1 and C4
1 evaporation to the measured MIKE peaks

for the neutral C2 loss. Thus Fig. 8shows the ratio of
the total fragment ion yield for charged particle loss in
comparison to the neutral C2 evaporation as a function
of the charge density (z/n) of the parent ion reduced

Fig. 6. Total metastable fraction (measured metastable ion current
divided by the measured parent ion current, see text) for the decay
of C60

z1 ions measured via MIKE scans of the various fragment ions
in the second field-free region.

Fig. 7. Total metastable fraction for the decay of triply and
quadruply charged carbon cluster ions Cn

z1 measured via MIKE
scans of the respective fragment ions in the second field-free region.
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by the mass of the fragment. The ratio is plotted in a
logarithmic way and the triangles correspond to triply
charged precursor ions whereas the squares are the
data points of the quadruply charged ions. For C60

z1

ions (3# z # 7) it was found that the probability for
C2

1 evaporation increases strongly withz [26]. The
charge densityz/n of C56

41 is the same as the charge
density of C42

31. Fig. 8 can give an answer to the
question, whether or not the charge density (which is
for the case of fullerenes charge per unit area asn is
proportional to the surface area) is determining the
ratio of the fragmentation channels (C2

1 and C2 loss).
Both curves show a similar behavior and the slope in
this semilogarithmic plot is almost the same but for
the quadruply charged ions the C2

1 loss is about an
order of magnitude more likely than in the case of
triply charged fullerenes having the same charge
density. This means that the charge density cannot be
the parameter responsible for the strong increase of
the charge separation decay channel with increasing
charge state.

3.2. Electron-induced decay

Preliminary measurements of the KERD for the C2

loss of singly, doubly, triply, and quadruply charged
C58

z1, C60
z1, and C70

z1 ions in the second field-free
region of our two sector field mass spectrometer

yielded apparent̂KER& values increasing strongly
with the charge state (see Fig. 5 in [50]). This increase
was in contrast to findings by Lifshitz and co-workers
[51] who reported^KER& values for C60

1 and C60
21,

which were of about the same value. Moreover, our
preliminary^KER& value for C60

1 was larger by about
15% than several values reported by Lifshitz and
co-workers [51,52]. In order to resolve this apparent
discrepancy we carried out ion trajectory calculations
simulating the decay of fullerene ions in our second
field-free region as a function of charge state, for
different beta slit widths, and for different acceptance
angles at the beta slit [35,37]. It turned out that the
shape of the calculated KERD is strongly depending
on these parameters and that (1) the derived^KER&
values deviate from the true values if the beta slit
width and the acceptance angle are too large and that
(2) this artifact is worsening with increasing charge
state of the considered ion. With this in mind we have
repeated our earlier measurements with improved
experimental conditions (in particular we have de-
creased the beta slit width from about 2 mm to about
0.2 mm and simultaneously narrowing the mass spec-
trometer exit slit considerably) thereby being able to
reproduce the C60

1 and C60
21 values of Lifshitz and

co-worker [53] and to extend the measurements to
C60

z1 ions with charge states up toz 5 4 [35] and to
deduce from the measured KERD corresponding ac-
tivation energies for the neutral loss via reaction (9)
[36]. For details see [35,36].

As mentioned in a recent review by Baer and Hase
[54] the determination of the KERD for the unimo-
lecular decay of (excited) molecular ions yields valu-
able information on the energetics and dynamics of
the fragmentation reaction. This is even more so if it
is possible to measure this property as a function of
time after the formation of the excited ion. For
instance, a change in̂KER& with increasing lifetime
of the excited ion may give valuable information on
the transition state, i.e. decreasing^KER& with in-
creasing lifetime indicating the absence of a reverse
activation barrier [55] and approximately constant
^KER& indicating the presence of such a barrier [56].

One way to measure the KERD as a function of ion
lifetime is to vary the starting time of the respective

Fig. 8. Ratio of total fragment ion yield for charged particle loss to
neutral C2 evaporation. Symbols as in Fig. 7.
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sampling time window, which can be achieved either
by changing the accelerating voltage of a two sector
field mass spectrometer [57] (for the nominal accel-
erating voltage of 3 kV used in the present study the
time delay between formation of the ion in the ion
source and the arrival in the second field-free region is
about 50ms) or by varying the delay between the ion
formation and the ion extraction in an ion trap/
reflectron combination [52,53]. In both cases the
KERD is measured for spontaneously decaying ions.
Here we use a different approach in that we study the
KERD of electron-induced fragmentation of mass
selected ions thus giving us the possibility to monitor
the decay reaction right after the excitation of the
corresponding ion (covering a time window extending
from zero up to a few microseconds). Thus, in the
case of a decay reaction without reverse barrier (as
assumed by several authors for C2 loss from fullerene
ions [58–60]) we expect for these electron-induced
decay reactions slightly larger kinetic energies.

Our first measurements (still using the 2 mm beta
slit in order to increase the signal intensity) have been
carried out here for the simple dissociative excitation
reaction of the singly and doubly charged C60 ion

C60
1 1 e3 C58

1 1 C2 (12a)

C60
21 1 e3 C58

21 1 C2 (12b)

In this case, we cannot distinguish, when using the
electron excitation of the mass selected ions, between
decay reactions induced by the electron interaction
and spontaneous decay reactions leading to the same
fragment ion. Nevertheless, as can be seen in Figs. 9
and 10, the fragment ion peaks, which are produced
not only by spontaneous decay reactions but also by
electron-induced reactions (electron gun on), consis-
tently show a broadening compared to those peaks
produced only by spontaneous decay reactions (elec-
tron gun off). Thus these peaks clearly indicate the
presence of broader KERD and larger^KER& values
for fragment ions produced also by electron induced
dissociation.

Moreover, in the present study we have also
measured the MIKE peaks for reactions where a mass
selected precursor ion (for instance C60

1 , see Fig. 2) is

ionized into a higher charge state (for instance C60
21)

and then the decay of this ionized ion (for instance
C60

21 3 C58
21 1 C2) is analyzed via a MIKE scan of

this fragment ion C58
21. In this case the electron-

induced decay reaction is not contaminated by possi-
ble spontaneous decay reactions of the mass selected
parent ion as in the case of the example given
previously [reaction (12a) and (12b)]. Fig. 2 shows
MIKE peaks obtained for the following reactions:

Fig. 9. C58
1 fragment ion peak (MIKE scan) for the spontaneous

decay of the C60
1 parent ion (designated by dotted line) and for

fragment ions produced by both the spontaneous and electron-
induced decay of the parent ion (designated by solid line). Both
peaks are normalized to each other at the maximum and recorded
with a 2 mmbeta slit and wide open mass spectrometer exit slit.

Fig. 10. C58
21 fragment ion peak (MIKE scan) for the spontaneous

decay of the C60
21 parent ion (designated by dotted line) and for

fragment ions produced by both the spontaneous and electron-
induced decay of the parent ion (designated by solid line). Both
peaks are normalized to each other at the maximum and recorded
with a 2 mmbeta slit and wide open mass spectrometer exit slit.

275F. Biasioli et al./International Journal of Mass Spectrometry 192 (1999) 267–280



C60
1 1 e3 C60

21 (13a)

C60
1 1 e3 C58

21 (13b)

C60
1 1 e3 C56

21 (13c)

with no coincidence for fragment ions produced by
electron-induced decay reactions (13b) and (13c) with
possible spontaneous decay reactions of the projectile
ion C60

1 . Therefore, these MIKE peaks can be used
directly (i) to determine the kinetic energy release
distributions of the fragment ions produced and (ii) to
calculate from these KERD the mean kinetic energy
release^KER&. As we have measured these MIKE
peaks under experimental conditions (2 mm beta slit
and wide open mass spectrometer exit slit) which
result in instrumental broadening (see prior discus-
sions and [35,38]) we cannot use the^KER& values
obtained without correcting for this artifact. After
proper correction using information gained in our
previous study on the KERD for the spontaneous
decay of fullerene ions [35,36] we obtain a value of
0.44 eV for thê KER& of reaction (13b) which is—as
expected from theoretical considerations {Rice-Ram-
sperger-Kassel-Marcus (RRKM) theory [38]}—
slightly larger than the corresponding value of 0.41
eV for the spontaneous decay of C60

21 [35]. In accor-
dance with recent results concerning the singly
charged C60

1 ion by Lifshitz and co-workers using an
ion trap reflectron mass spectrometer system [52,53]
the presently measured and derived^KER& values for
electron-induced decays of doubly charged fullerene
ions (see the comparison shown in Fig. 11) are
approximately 10% higher than those for spontaneous
decay reactions measured under the same experimen-
tal conditions. This strong time dependence is a
further confirmation that the reaction (12) does not
proceed via a reverse activation barrier in accordance
with earlier conjectures [58–60].

3.3. Surface-induced processes

Recently, we have measured in a collaboration
with the group of Winter and co-workers [61–63]
absolute total electron emission yields for impact of
carbon cluster ions Cn

z1 on atomically clean gold as a

function of cluster size (up ton 5 60), charge (up to
z 5 5) and kinetic energy (up to 165 keV). Besides
finding a linear dependence on cluster sizen and an
electron emission well below the classical kinetic
emission threshold, the overriding conclusion from
these experiments is the complete suppression of
potential electron emission, i.e. the electron emission
yield is independent of the charge state of the projec-
tile ion (a fact which is in contrast to what is known
for multicharged atomic ions). Preliminary molecular
dynamics calculations [64] suggested that this surpris-
ing result may—at least in part—be due to the special
nature of potential energy release, which has been
proposed to cause enhanced fragmentation rather than
electron emission. Thus, in following up these elec-
tron emission studies we have therefore recently
investigated with the tandem mass spectrometer
BESTOF the reactive interaction of multiply charged
fullerene ions C60

z1 (1 # z 5) with various surfaces,
including hydrocarbon covered stainless steel and
gold surfaces thereby extending the previous mea-
surements of Kappes and co-workers [31,32] for
singly charged fullerene ions to multiply charged
fullerene ions [65,66]. Besides elastic scattering we
have in these recent investigations observed and
studied as a function of collision energy surface-

Fig. 11. Average total kinetic energy release^KER& for the C2 loss
from C60

1 as a function of delay time between production of the C60
1

ion and the decay as measured by Laskin et al. (designated by open
squares [52] and open circles [53]). Also shown are the present
results for the spontaneous C2 loss decay of C60

21 (designated solid
bar at around 50ms) and the electron induced decay reaction (13b)
C60

1 1 e3 C58
21 (designated solid bar around 2ms).
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induced dissociation and pick-up reactions. The re-
sults for singly charged parent ions are in good
agreement with the previous study of Kappes and
co-workers [31,32]. Moreover, the strong dependence
observed for the two inelastic reaction channels on
charge state [65,66], in particular the observed in-
crease in the fragmentation yield with larger charge
states supports the suggested explanation given in
[63,64] for the suppressed potential electron emission,
i.e. that the large potential energy release upon partial
or total neutralization (decrease of charge state) of the
highly charged fullerene ion upon surface impact is
not available for potential emission due to rapid
conversion of this electronic energy into vibrational
degrees of freedom followed by unimolecular frag-
mentation of the “reflected” (singly charged) fullerene
ion.

Here, we have extended these investigations on
surface-induced reactions to the interaction of
fullerene ions with sizes belown 5 60, in particular
to C58

1 and C58
21 both produced in the ion source as

fragment ions via electron impact ionization of a
neutral C60 beam. Due to the different formation
mechanism of these “fragment” projectile ions C58

1

and C58
21 (as compared to “parent” projectile ions)

they will have on average a much larger internal
energy [67] before the surface impact than the corre-
sponding parent ions C60

1 or C60
21. Moreover, the

parent ions have a broad internal energy distribution,
whereas the energy distribution of the fragment ions is
narrow, because only the highest excited parent ions
lead to the production of the fragment ions in the ion
source. Fig. 12 shows as an example secondary mass
spectra obtained for the C58

21 projectile ion for colli-
sion energies between 100 and 500 eV. As in the case
of C60

z1 projectile ions (see [65]) surface induced
interaction of C58

21 projectile ions leads—besides to
fragmentation—also to appreciable amounts of
pick-up reactions, both type of surface induced reac-
tions strongly increasing with collision energy. Nev-
ertheless, there exist several noteworthy differences
between the observed reaction behavior for parent
projectile ions [65,66] and fragment projectile ions.

It is interesting to note that, in contrast to C60
21 (see

[65]) where dissociation reactions are only present for

energies above about 150 eV, dissociation reactions
for C58

21 start to proceed already at energies of around
and below 100 eV (see the partial and total reduced
product ion yields given as function of the collision
energy in Figs. 13 and 14). This lowering of the
reaction threshold for the fragment projectile ion can
be ascribed to the higher internal energy content of
these ions as mentioned above. In this case the
activation energy necessary to drive the dissociation
reaction is not only provided by collision energy
converted to internal energy (according to [32], ap-
proximately 15%) but also by the internal energy
already present before the surface collision.

Besides this different threshold behavior also the
relative shape of the energy dependence and its
absolute value is different. As can be seen in Fig. 13
there is no dependence on the charge state in the case
of fragment projectile ions for all cases considered,
i.e. C2 loss and C2 pick-up (middle panel) and C4 loss

Fig. 12. Product ion mass spectra for the surface impact of C58
21 ions

with various collision energies.
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and C4 pick-up (bottom panel), whereas for the C60
z1

ions the relative ion yield for both loss and pick-up
reactions (top panel) increases for doubly charged
ions stronger with collision energy than for singly
charged ions. A similar tendency can be seen in Fig.
14 for the total relative secondary ion yield. It is
conceivable that this tendency (a strong dependence
on charge state of the product ion yield for parent
projectile ions [65,66] and a much lesser dependence
on the charge state for the C58

z1 projectile ions C as
demonstrated in more detail in Figs. 15 and 16) is
caused by the different internal energy content of
these two types of projectile ions. In addition, the

absolute yields in Figs. 13 and 14 are in the energy
range probed by approximately a factor of 2 larger for
the fragment projectile ions as compared to the parent
projectile ions. This latter observation may again be
ascribed to the higher internal energy content prior to
surface interaction of the fragment projectile ions in
comparison to the parent projectile ions.
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Fig. 14. Normalized product ion yield vs. collision energy for
dissociation reactions (open symbols) and pick-up reactions (filled
symbols). Singly charged C58

1 and C60
1 ions: diamonds and squares,

doubly charged C58
21 and C60

21 ions: circles, and triply charged C60
31

ions: triangles.
Fig. 13. Normalized product ion yield as a function of collision
energy for dissociation reactions (left-hand side) and pick-up
reactions (right-hand side) for singly charged (filled symbols) and
doubly charged (open symbols) projectile ions. Top panel: C2 loss
and pick-up by C60

z1, middle panel: C2 loss and C2 pick-up by C58
z1,

bottom panel: C4 loss and C4 pick-up by C58
z1.
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