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Electron impact ionization of C,, and C,;: production and properties of
parent and fragment ions studied with a two-sector field mass
spectrometer

by P. SCHEIER, B. DUNSER, R. WORGOTTER, S. MATT, D. MUIGG,
G. SENN and T. D. MARK

Institut fiir Tonenphysik, Leopold Franzens Universitit, Technikerstr. 25, A-6020,
Innsbruck, Austria

Electron impact ionization and dissociation studies of C,, and C,, carried out
in our laboratory over the past three years have revealed many exciting and novel
features of this new class of molecules (clusters). The most salient results are
summarized in this paper, including first a description of the crossed beams
apparatus and the various mass spectrometric (two-sector field) techniques used.
This is followed by a discussion of the production of parent and fragment ions
(with up to eight charges) via electron impact ionization of Cy, and C,, including
results on mass spectral fragmentation patterns and measured and calculated
absolute ionization cross-section functions. The experimental results concerning
the energetics of produced parent and fragment ions are presented in the next
section and measured appearance energies and breakdown curves are analysed in
the frame of various theoretical concepts (RRKM, FHBT) thereby allowing us to
derive the corresponding binding energies. The last section is devoted to (i) the
different aspects of the stability of singly- and multiply-charged fullerene ions (i.c.
the quantitative study of various unimolecular decay channels such as monomer
evaporation, sequential decay series, charge separation reactions, etc.) and, based
on the measured properties of these decay reactions, to (ii) a discussion of the
possible decay mechanisms.

1. Introduction

Since the first report about the unique structure of C,, by Kroto et al. [1]in 1985
and the discovery by Kritschmer et al. [2] in 1990 as to how to produce gram quantities
of Cq, (and other fullerenes), a new world of chemistry, physics and material science
has developed and is growing at a tremendous rate [3]. It is important to remember
that the key original experiment which allowed the bold conclusion about the special
nature of Cg, (i.c. the truncated icosahedral structure) included a positive and negative
carbon cluster ion mass spectrum. During the past two years we have carried out a
series of mass spectrometric investigations concerning the electron impact ionization
and the electron attachment of Cy, and C,,. Not too surprisingly, C,, (and C,,) also
exhibits in this respect, i.e. electron ionization and attachment, rather tantalizing
properties—unparalleled by other molecular systems.

For example, the first measurements—carried out using a crossed beams
apparatus—of electron attachment cross-section functions for Cy, and C,, revealed an
unusually large cross-section for the production of C;, and C5,, respectively [4]. It was
observed, moreover, that only parent ions (and absolutely no fragment anions, which
is in contrast to the situation encountered for ordinary molecules [5]) are produced by
the attaching electrons and that the cross-section remained high (in the order of
107'® m?) from near zero electron energy up to about 10 €V and then reduced quickly
to reach zero at about 15 eV electron energy. Resonance structures observed have been
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attributed to electronic and vibrational excitations during the attachment (i.e.
Feschbach and shape resonances, see also [6]). Subsequent to these initial studies [4],
further studies [7], in which we have determined the rate coefficients for electron
attachment to C,, using a flowing afterglow Langmuir probe apparatus, have revealed
the existence of a barrier to low energy electron attachment to C,,. This is in
accordance with recent theoretical calculations [8] showing that s-wave electron
capture to C,, cannot occur and the apparent activation energy required for the
attachment reaction has to be attributed to a centrifugal barrier to electron capture in
the p-wave channel. Quantum mechanical calculations of the absolute cross-sections
and corresponding rate coefficients are in good agreement with both experimental data
sets (the crossed beams and the swarm technique data) and allowed us to derive the
height of the activation barrier of Cg, to be 0-26 eV.

In response to these first two studies, a more precise electron/Cg, beam study was
performed [9] concerning attachment and detachment as a function of electron energy.
By deconvoluting these beam data we were able to verify the low energy barrier to Cy,
and to show that a barrier also exists to electron capture to C,,. The detachment rate
from C,, anions increased with increasing incident electron energy (i.e. temperature of
the negative ion formed), which is reminiscent of (i) thermionic emission from metal
surfaces (cf. thermionic emission studies from hot Cg, ions heated by directing them at
high energies onto solid surfaces [10]) and (i) another study where electron emission
follows the absorption of several photons from a laser pulse [11]. Detailed analysis of
these detachment data and some quantum mechanical calculations of the capture
cross-sections in an additional paper [12] provided further insights into the electron
attachment and detachment of C,,. Comparison between experimental data for the
absolute attachment cross-sections and quantum calculations confirmed that at-
tachment occurs at low energies in the p-wave channel, whereas at higher electron
energies attachment also proceeds via the d-, f~ and higher-order partial wave
channels. At electron energies above approximately 7 eV, thermal detachment is seen
to become dominant, and the unimolecular rate coefficient has been determined as a
function of the energy of the attaching electron. By relating the detachment coefficient
to the temperature of the hot C,,, the electron detachment energy has been obtained
as2-6 eV, which is close to the electron affinity of C,, as measured by photodetachment
from cold Cg, ions [11, 13, 14]. An important conclusion to be drawn from all these
studies is that Cy, and C,, (see also [15]) very efficiently capture electrons over the wide
energy range from thermal up to approximately 15 eV. Furthermore, recent studies of
doubly-charged anions of small carbon clusters [16] and the closed fullerenes C, and
C,, [17] firmly establish the existence of long-lived gas phase dianions in the size region
where interelectron repulsion becomes large.

Also in the case of electron impact ionization a first glance at the positive mass
spectrum reveals the extraordinary nature of the closed cage fullerenes, i.e. in contrast
to other molecules [5, 18] in this mass range the parent ion appears to be by far the
most abundant ion in the mass spectrum (see figure 1 showing a section of the Cg, mass
spectrum around the parent ion peak). As it transpired in a number of recent studies
[19-42] carried out in our laboratory on the electron impact ionization of Cy, and C,,
there are many more exciting and novel features. The most salient results are
summarized in this paper (previous results concerning electron impact ionization of
the fullerenes and characterization of fullerenes by mass spectrometry, up to 1993, are
reviewed in [43, 44]), including in §2 a description of the experimental set-up and the
various techniques used. Section 3 covers the production of parent and fragment ions
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Figure 1. Section of mass spectrum (semilog scale) of C,, using 200 eV electrons (electron
current 200 pA).

(with up to seven charges) via electron impact ionization of Cg, and C,, including a
detailed discussion of the mass spectral fragmentation pattern and measured absolute
partial and total ionization cross-sections. The experimental results concerning the
energetics of the produced parent and fragment ions is presented in §4 and measured
appearance energies and breakdown curves are analysed in the frame of various
theoretical concepts (Rice—Ramsperger-Kassel-Marcus (RRKM) and finite heat bath
theory (FHBT)) thereby allowing the derivation of corresponding binding energies.
Section 5 is devoted to (i) the different aspects of the stability of singly- and multiply-
charged fullerenes, i.e. the quantitative study of various unimolecular decay channels
(monomer evaporation, sequential decay reactions, charge separation reactions, etc.)
and, based on the measured properties, to (ii) a discussion of the possible decay
mechanisms.

2. Experimental

The present measurements were carried out with a double-focusing, sector-field
mass spectrometer of reversed Nier-Johnson geometry with a maximum mass
resolution of 25000 and a mass range of 10000 amu at a nominal acceleration voltage
of 3000 V. Figure 2 shows schematically the experimental set-up. The purified
fullerene powder (C,, or C,,) was evaporated in a temperature-controlled oven [33]
(with typical temperatures between 800 and 900 K) and introduced as an effusive beam
via a small orifice into the modified Nier-type ion source [45-47] of the mass
spectrometer. After entering the open ion source (typical C,;, pressure of several
107¢ Pa) the C,, (or C,,) beam is crossed at right angles by an electron beam with
electron currents of approximately 10 pA in the case of cross-section measurements.
The electrons are guided by a weak magnetic field and can have energies varying from
close to 0 up to 1000 eV with an energy spread of approximately 0-5 eV. The ions
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Figure 2. Schematic view of the experimental set-up including the fullerene oven, electron
impact ion source and two-sector field mass spectrometer: S1, mass spectrometer
entrance slit; ffl, first field-free region; ff2, second field-free region; DA, defining
aperture; S2, mass spectrometer exit slit; U, accelerating voltage; B, magnetic field; E,
electric field.

produced by the two interacting beams are extracted at right angles to these beams by
a weak electric field. The extracted and focused ions are accelerated by an accelerating
voltage of U = 3 kV and after entering the mass analyzer through slit S1 are analysed
by the two-sector field instrument and detected after post-acceleration by an electron
multiplier and an ion counting unit controlled by a computer.

Because highly-charged fullerene ions are produced in sufficient numbers only via
multiple-electron collision processes [25, 36], it was necessary for the production and
study of highly-charged ions to use, besides high energy electrons (around 200 eV),
high electron currents (up to 1 mA). The high electron current on the one hand
increases the probability of multiple electron collisions and on the other hand creates
a negative space charge strong enough to trap the ions for a sufficient time to promote
these multiple collisions. Moreover, in order to increase the trapping time of the ions
in the negative space charge region of the electron beam a stronger magnetic guiding
field has been used and all lenses in the ion source had to be optimized to reduce the
extracting field. It is interesting to note that under these experimental conditions, the
ion source is operating in a similar mode as in instruments known as electron beam ion
trap (EBIT) used for the study of highly-charged ions [48].

The ion source chamber is evacuated with a 5001s™' turbo molecular pump, is
sealed with gold and copper rings and can be heated up to 600 K. Therefore, the
residual gas pressure is below 107® Pa and consists mainly of nitrogen and oxygen.
Even with the effusive fullerene beam (at a typical oven temperature of 890 K) the
pressure in the ion source is less than 2 x 1078 Pa. It is very important to achieve this
high vacuum, because multiply-charged ions with charge states higher than 5 have
extremely high cross-sections for charge transfer to neutral components in the residual
gas. Moreover, the whole analysing part of the mass spectrometer is metal sealed (with
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the exception of the electrostatic analyser) and pumped with an oil-free turbo pump
equipped with magnetic bearings. Therefore, the pressure from the ion source to the
detector is always better than 107° Pa.

Essential to the present study is the possibility of studying quantitatively
spontanecous or collision-induced dissociations in the two field-free regions of the mass
spectrometer. In order to record the corresponding unimolecular decay peaks in the
first field-free region (length 60-2 cm) the HV-scan technique is used [49], whereby the
change in kinetic energy occurring for the ensuing daughter ion is compensated for by
proper tuning of the acceleration voltage U. The value U* of the acceleration voltage
of the centre of the metastable peak is related to the mass per charge ratios of the
precursor ion and daughter ion, m, /z, and m,/z,, respectively, by

m,zy
Z;m,

Ur=U ()]
with U the nominal acceleration voltage of the precursor ion. For the investigation of
the decay reactions in the second field-free region (length 33-3 cm) the MIKE-scan
technique [49] is used, which involves the proper tuning of the electric sector field E.
A simple equation, as in the HV-scan, relates the value E* at the centre of the
metastable peak to the sector field voltage of the precursor ion E and the mass per
charge ratios of the precursor ion and daughter ion, i.e.
B = EZ 6)
Zm
Finally, sequential metastable transitions m; — m; — mj (where the first decay
mi — m occurs in the first field-free region and the ensuing fragment ion m; then
decays in the second field-free region to m:}) may be studied by tuning both fields to
the respective fragment ions, respectively [50].

3. Production of parent and fragment ions of C, and C,,
3.1. Identification of the ions produced

The very first mass spectra of C,, vapour ionized by electrons already showed high
numbers of multiply-charged fullerene ions (e.g. figure 1). Shortly after the discovery
of the existence of the fullerenes by Kroto et al. [1] it became clear that these molecules
may be ionized to states higher than + 1, i.e. charge states ranging between —2 [7] and
+4 (see review in [26]) thus allowing for the first time the generation (in a simple way
in any electron impact ion source) and study of molecules with more than three
charges. Nevertheless, the efficiency of the production of multiply-charged fullerene
ions strongly depends on the experimental conditions in the ion source, i.e. the electron
energy, the electron current, the electron guiding (magnetic) field and the ion
extraction field. In order to produce higher charge state ions (above charge state 4) it
was necessary to change all of these ion source parameters in such a way as to increase
the probability for multiple collisions of a fullerene target with the electrons (see
above). Figure 3 shows as an example the normalized ion currents for singly- to
septuply-charged C,, ions as a function of electron current measured under such
conditions. From these relationships and also additional evidence concerning the
appearance energies (i.e. it is possible under high electron current conditions to
observe multiply-charged C,, ions already below their measured appearance energy
[24, 26]) it was concluded [25] that highly-charged fullerene ions (above charge state 5)



17:11 21 January 2011

Downl oaded At:

98 P. Scheier et al.

30 pA

0.01

(Ceg™ 1 1(Cgy) (%)

0.001

0.0001 . -
1 3 4 5 6 7

Charge state z (€)

Figure 3. Normalized ion currents Ci;/Cy, versus charge state z for three different electron
currents (electron energy 200 eV) [25].

are produced almost exclusively by multiple-electron collision processes, i.e. stepwise
ionization reactions involving at least a two-step ionization process

Cepot+e—>Cii+(x+1)e (Ga)
Cih+e-Cii+(z—x+1De (3b)

where the charge state x of the first reaction step is given by 1 < x < 4. The occurrence
of this reaction sequence is further confirmed by the fact that the highly-charged ions
with charge states greater than +4 appear to be produced with an especially large
probability at electron energies around 200 eV where the large cross-sections reported
by Salzborn and co-workers for the electron impact ionization of fullerene ions have
their respective maximum [51].

As the appearance energy of, for instance, quadruply-charged Cg, is of the same
order as the electron energy needed for producing singly-charged fragment ions (see
below) the observation and identification of multiply-charged ions is usually rendered
rather difficult by the existence of coinciding fragment ions. Whereas the contribution
of C3, to Ci! at the mass per charge ratio of 360 amu is rather negligible due to the
large abundance ratio between these two ions, peaks of more-highly-charged ions may
be seriously contaminated by fragment ions having a lower charge but the same mass
per charge ratio (figure 4). The only way to identify the contributions of differently
charged ions which overlap each other is a careful analysis of the isotopic pattern of
the peaks [22, 23, 25, 31]. Carbon consists of the two stable isotopes 2C and *C, and
therefore every cluster size has its typical peak pattern, i.e. multiply-charged carbon
clusters always have signal contributions at non-integer masses (figure 4). In general
the peak containing one *C (the second isotopomer) can be used to identify and to
determine the total abundance of the corresponding ion by summing over all the other
possible isotopomers. Figure 4 shows the measured mass spectral distributions of
singly- to septuply-charged C,, parent ions and, in comparison, calculated isotopic
distributions normalized (with the exception of C¥ and Ci}) to the measured
distributions at the second isotopomer containing one *C. More details of the
identification of the septuply-charged parent ton Ci; and the existence of octuply-
charged fullerene ions are given in [25] and [32, 33, 36], respectively.
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Figure 4. Measured (line graph) and calculated (bar graph) isotopic distributions for singly-
to septuply-charged C, ions.
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Figure 5. Isotope-corrected (see text) mass spectrum of C,, showing even-numbered (open
symbols) and odd-numbered (filled symbols) singly-, doubly-, triply-, quadruply- and
quintuply-charged ion series. Electron energy, 200 eV; electron current, 200 pA.

Sometimes the mass resolution available at the rather weak ion currents present is
not sufficient to separate coincidences. A typical example is Ci3 which is overlapping
thh C3s, Ciat, and so on. The difference in mass between *C!2C¢} and **C'*C%; is only
35 amu and therefore the resolution needed for the separation of these two peaks is
more than 4000. This resolution cannot be achieved for the small ion signals
available and therefore the measured curve in figure 4 is heavily contaminated by
the fragment ions. The only chance to observe sextuply-charged ions is via
sextuply-charged fragment ions or via the observation of the decay of the sextuply-
charged parent ion (e.g. C§; — Cgf+C,) during its flight through the mass spec-
trometer (see below).

Using the above-mentioned isotope analysis an isotope-corrected mass spectrum
can be obtained (figure 5), where the total signal intensity of ¢ach ion—the sum over
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all isotopic peaks—is plotted versus the cluster size for different charge states. The
spectrum shown in figure 5 is also corrected [46] for discrimination effects due to the
kinetic energy of the fragment ions—a provision which is especially important for the
smaller fragment ions, because of the relatively large kinetic energy released in their
production. Several interesting features can be deduced from the results shown in
figure 5.

Fragment size distributions for singly- and doubly-charged C%' exhibit a bimodal
shape with a minimum at around size n = 30. At least for singly-charged fragment ions
above size 33 only even-numbered fragment ions are observed (in accordance with
earlier observations), whereas below this size both even- and odd-numbered fragments
are present. According to Bowers and co-workers [52] carbon cluster ions with even
numbers and above size 30 can be related to three-dimensional cage structures
(fullerenes), whereas smaller carbon clusters exist as chains or ring structures. The
quasi-exponential decrease of the even-numbered singly- and doubly-charged frag-
ment ions between n = 60 and n ~ 30 has been ascribed to sequential evaporations of
C, units 19, 53-57]. A similar dependence on # can be seen to exist for even-numbered
triply-, quadruply- and quintuply-charged fragment ions, and it may be conjectured
that a similar evaporation mechanism is responsible for this finding.

Whereas below the minimum at around # = 30 even- and odd-numbered triply-,
quadruply- and quintuply-charged fragment ion numbers are still decreasing with
decreasing n, the numbers of doubly- and singly-charged fragment ions starts to
increase quasi-exponentially with decreasing # at around » = 30. The conspicuous
increase at lower size of the singly- and doubly-charged ions is surprising as other
ordinary molecules do not show such a fragmentation pattern (i.e. the U-shaped
fragment mass spectrum). Similar bimodal distributions have already been observed
by Hertel, Campbell and co-workers in the case of photo fragmentation and collisional
fragmentation of C,, [58-60], by LeBrun e al. [61] bombarding C,;, with highly-
charged Xe ions in the MeV range and by Gaillard and co-workers [62] for the
fragmentation of mass-selected 60 keV amu~ H; ions induced by single collision with
He atoms. Moreover, nuclear multifragmentation displays very similar features (e.g.
for nuclear fragments emerging from heavy nuclei bombarded by GeV protons [63]).
The fall-off at small masses has been described in some of these earlier studies by a
power-law. In analogy to these cases, the present experiment may also be interpreted
by a power-law for the size n of singly- and doubly-charged carbon cluster ions C%*
(with n < 30) proportional to #~%, where x ~ 2-6. This behaviour is similar to the case
of nuclear fragmentation [64], where x ~ 2-6in inclusive (impact parameter integrated)
reactions; to the hydrogen cluster ion case [62], where x ~ 2:63; and to the Cq,
multifragmentation experiment of LeBrun ef al. [61], where x ~ 1-3. In the case of
nuclear multifragmentation reactions the power-law arises as a consequence of the
finiteness of the system and of the integration over various excitation energies [63].
Further experiments are needed to clarify the underlying reaction mechanism of the
present electron impact induced pattern at the low mass side of the distribution (some
preliminary results on this subject are given in [37]).

It is interesting to point out that at least for odd-numbered doubly-, triply- and
quadruply-charged fragment ions the fall-off discussed above appears to be continued
beyond the minimum point in the U-shaped distribution (see the general trend of the
filled symbols in figure 5) and that therefore odd-numbered carbon cluster ions exist
above the previously observed size limit of the singly-charged ion at size 33 (the largest
odd-numbered carbon cluster ion in the present study is C3F). This again would
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indicate that these odd-numbered ions may exist in a different structure than their
even-numbered counterparts at around the same size. In further experiments we hope
to identify the structure and production mechanism of these large odd-numbered
highly-charged carbon cluster ions.

Finally, the relative abundance of multiply-charged parent Cy, ions is remarkably
high and the abundance of doubly- and triply-charged fragment ions is even higher
than that of the corresponding singly-charged fragments. This is in accordance with
recent accurate partial ionization cross-section measurements for these ions [30, 38]
described below. In contrast to the data in figure 5, which were taken at very high
electron current, the cross-section measurements have been made with very low
electron currents in order to assure single-collision conditions.

3.2. Absolute partial and total ionization cross-sections

Despite numerous measurements of mass spectral cracking patterns of Cg, and
other fullerenes [19, 43, 44], quantitative partial and total ionization cross-section
functions (cross-section ¢ versus electron energy E) for Cy and C,, are not yet
available, the only exception to this being the cross-section data for attachment to Cq,
[7]and a cross-section value of 53-5 x 1072° m? [65] for the production of the parent ion
at an electron energy of 38 eV [66]. This is primarily because C,, and C,, are solid at
room temperature, making it difficult to determine the absolute gas density of
the fullerene target introduced into an ion source after sublimation in an oven. A
knowledge of this gas density is, however, necessary for the determination of the
absolute cross-sections from the measured ion currents produced by the interaction of
a beam of electrons (of known current and energy) with the fullerene gas target in an
ion source.

Recently we were able to carry out the first measurements of cross-section
functions for the production of the various parent ions CZ, and the most abundant
fragment ions C} .. (m = 1...8) by single electron collision in the energy range from
threshold up to 1000 eV, including ions with charge states up to z = 4 and fragment
ions down to C,, [30]. For these measurements we used the crossed beams apparatus
described above invoking, however, for these measurements a novel technique for the
absolute calibration of the cross-sections (see below). The relative partial ionization
cross-section functions for Cy, cations have been obtained following the procedures
outlined previously [45-47, 67] to obtain reliable cross-section data, i.e. using electron
currents below 10 pA and taking into account discrimination effects in the ion source
extraction procedure and during the flight through the mass analyser, by using the
penetration field extraction and deflection mass spectrometry technique, respectively.
The electron energy scale was calibrated using known cross-section curves for the
production of SF, anions and the known onsets for partial cross-sections for the rare
gases. These other gases are introduced into the ion source via supplementary gas
inlets.

In order to calibrate the measured relative partial ionization cross-sections for the
various CZ5 ,,. ions a novel technique has been employed, because the conventional
relative flow methods used for ordinary gas targets [18, 68] cannot be applied here. The
key to the present technique lies in the fact that the interaction of electrons with Cg,
leads to both negative and positive ions and that we have recently been able to measure
the absolute attachment cross-section function for the production of C,, using a
combination of crossed beams and flowing afterglow/Langmuir probe techniques
[7,9, 12]. Therefore, measurement of the Cg, and Cg, ion yield under identical ion
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source (and mass spectrometer) conditions (gas pressure, electron currents, ion
extraction and detection efficiency) should allow us to derive the absolute ionization
cross-section for the production of Cf,. As the ion extraction and detection efficiency
is, however, usually different for positive and negative ions (in particular in the case of
different electron energies considered), these efficiencies have been determined in
the present case using a calibrant gas and corresponding ions for which both the
attachment and the ionization cross-sections are known. Measuring the production of
SF; and SF; via electron interaction with SF, under exactly identical experimental
conditions as the formation of the respective C,, ions we obtain the necessary
correction factor from the ratio of the measured ion currents and the known cross-
sections [69, 70]. It transpires that the total detection efficiency for the negative ions is
approximately a factor of 10 smaller than that for the positive ions and is strongly
dependent on the experimental conditions used.

The cross-section thus derived for the production of Cj, is (224 8) x 1072 m® at an
electron energy of 100 eV (see also a more accurate value of 246 x 1072° m? given in
[38]) and thus lies way below the previous determination using a Knudsen cell
approach [65]. The error bars given correspond only to the statistical uncertainty and
do not include errors in the cross-sections used in the calibration procedure and other
systematic errors (a conservative estimate of these uncertainties leads to a factor of two
in the overall error). The other partial ionization cross-section functions of Cg, can be
derived from the measured relative partial ionization cross-sections, and the total
counting or total ionization cross-sections can be obtained from the ordinary or
charge-weighted sum of all the partial cross-sections, respectively. This is the first time
that this procedure has been used, but it has obvious value for the quantitative study
of electron impact ionization of other normally solid substances such as some
polycyclic aromatic hydrocarbons, a topic of current interest in mass spectrometry [71]
and astrochemistry [72].

The partial ionization cross-section results obtained for the parent ions Cg, to
and the two strongest fragment ions are presented in figure 6. By far the largest cross-
section is observed for the parent ion C¢,. Although this is in contrast to the known
situation for ordinary larger polyatomic molecules (where the parent ion is usually
almost non-existent {5, 18], with the exception of some polycyclic aromatic hydro-
carbons [73]), it is nevertheless in accordance with previous mass spectrometric
studies and theoretical considerations (RRKM calculations) of the ionization and
fragmentation of C,, [19]. The large binding energy and the large number of degrees
of freedom (and the resulting huge kinetic shift of more than 34 eV) render dissociative
ionization processes of Cg, less likely. The maximum value for the process Cg, — C3,
of 22 x 1072 m? is close to the value of 21 x 1072° m? reported previously [51] for the
process Cy, — Cit. This is not surprising taking into account that the HOMO level 4,
of the neutral molecule is tenfold degenerate [74] and that the removal of the first two
7 electrons requires rather similar ionization energies of 76 and 11-4¢eV [24],
respectively. In contrast, the maximum cross-section for the process Ciy — C; which
requires a much larger jonization energy of 27-4 eV [24] is only 13 x 1072° m? [51].

Another interesting anomaly is the rather large magnitude of the cross-section for
the production of multiply-charged parent ions relative to that of the singly-charged
parent ion (figure 6). Whereas here the ratio for doubly- to singly-charged is more than
20 %, for ordinary molecules or atoms this ratio is seldom more than a few percent (the
gas with the highest percentage of doubly-charged ions known so far is xenon with
approximately 12 % [75]). The reason for these enhanced production cross-sections

4+
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Figure 6. Absolute ionization cross-section versus electron energy for the formation of
singly-, doubly-, triply- and quadruply-charged C,, parent ions and for the formation of
the singly-, doubly- and triply-charged fragment ions C;; and Cg;.
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Figure 7. Absolute total ionization cross-section (<>) and total counting cross-section (V)
versus electron energy for C,, (upper part). In the lower part the sum of the measured
cross-sections for the production of singly-charged ions of C,, (@) is compared with
calculated values (/\) using a semi-classical approach similar to that described in [78].

lies on the one hand in the fact that the production of doubly- and triply-charged ions
is energetically more favourable than the production of fragment ions (the appearance
energy of CZ; and C2} lies below that of any fragment ion of Cy, [24]). In addition the
sheer size of C, and the fact that a secondary electron from an initial single-ionization
process may be ejected into the empty centre of the cage and subsequently interact
anew with the electron shell of the C,, enhances the chances of inelastic multiple-
electron collisions within this quantum system, thereby increasing the probability of
the production of multiply-charged ions. Similar effects have been observed for the
production of multiply-ionized van der Waals clusters [76] and metal clusters [77]. This
also explains the anomalous situation encountered in the case of the fragment ion
cross-sections depicted in figure 6, where the maximum values for doubly-charged ions
is of the same magnitude as that of the respective singly-charged ion.

The absolute total ionization and total counting cross-sections are given in figure
7 (upper part). In the lower part of figure 7 we have plotted the sum of all single
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ionization cross-sections. This quantity has been calculated using a simple version of
the Deutsch—Mirk (DM) approach [78] based on a combination of binary encounter
approximation and the Born—Bethe approximation. There appears to be good agree-
ment between the experimental data and the predicted values for energies above
200 eV. Whereas this semi-classical approach takes into account the special geometry
of the C,, molecule, the simple additivity rule approach [79] (assuming sp’
hybridization) gives a measure for the total counting ionization cross-section at an
electron energy of 70 eV of approximately 103 x 107** m? which is much higher than
the present value of 30x 1072 m® and the simple geometric cross-section of
38-78 x 1072 m? (the lower limit corresponding to the cage radius and the upper limit
to the hard sphere radius of Cgy). It is interesting to note that the one previous
calibration [65]—using a Knudsen cell approach—Ileads to total counting cross-
sections which are also larger than these geometric cross-sections. A more detailed
account of the measured C,, cross-sections and also of those of C,, will be presented
in [38] (see also [30]).

4. Appearance energies, breakdown curves and binding energies
4.1. Appearance energies

One of the interesting properties to be determined from electron impact ionization
cross-section measurements are the threshold values for the appearance of the various
ions providing information on the energetics of the ionization process [80]. For
ordinary molecules this has so far been possible only for singly- and doubly-charged
parent and fragment ions [81], whereas in this case it is the first time that appearance
energies can be determined for ions with higher charge states (the results for charge
states up to 3 have been recently summarized in table 1 of [26]). For singly- and
doubly-charged C,, ions ionization energies were measured with different methods
and the values of 7-64 for C}, [82] and 11-43 for CZ%; [83] are well-established today.
For Ci; the reliable (see discussion in [26]) ionization energies so far determined
include the charge stripping result of 17-0 eV by Lifshitz et al. [84], the corrected charge
transfer bracketing results of 15-7 and 15-6 ¢V by McElvany ef al. [43] and Javahery et
al. [85], respectively, and our own electron impact ionization result [26] of 16:6 eV.
Moreover, we also measured the appearance energies for singly-, doubly- and triply-
charged C,, fragment ions and compared these data with results for singly-charged
fragment ions reported by Anderson and co-workers [86] using a charge- and energy-
transfer fragmentation technique. Recently we extended these earlier studies to (i)
singly-, doubly- and triply-charged parent and fragment ions for C,, and (ii) ionization
energies for quadruply-charged fullerene ions including the parent ions Ciy, Cii and
the fragment ions C3}, Cis from C, and C3f, Cgi, Cat and C; from C,,, respectively
[24]. As (i) all the quadruply-charged fullerene ions may overlap with doubly-charged
carbon cluster ions and as (ii) the even-numbered quadruply-charged ions may in
addition coincide with singly-charged carbon cluster ions, some of these appearance
energy measurements had to be made using the respective isotopomer ion containing
on 'C atom in order to exclude possible coincidences with contaminating lower-
charged ions. Thus the mass resolution for these appearance energy measurements was
set to approximately 1000 in order to clearly distinguish isotopic peaks containing one
13C atom from peaks containing only **C atoms. Moreover, the electron current was
set below 50 pA in order to prevent space charge effects in the ion source and
extraction region and in particular multiple electron collisions during the ionization
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Table 1. Appearance energies (in €V) for singly-, doubly-, triply- and quadruply-charged
parent and fragment ions of C,, and C,,, respectively [24, 26].

C§E—2m
m z=1 z=2 z=3 z=4
0 76105 19405 35611 63+2
1 43-7+1-5 54+2 70:3+2:2 92+35
2 48-8+1-6 59-8+19 7642 95+44
3 54:3+2 65:1+24 822+31 108+5
4 59-9+2-1 71-8+33 90-6+4-1
5 65 75:8 94-1
6 734 82-1
7 787 86-1
8 85-1

C;g—Zm
m z= 1 zZ = 2 Z = 3 z= 4
0 8+0:5 194407 349+15 62:5+2
1 4941 1-4 615516 739423 94+ 38
2 54117 66142 799426 100+ 41
3 595+19  718+28 852129 105+ 52
4 646422 762+35 905439 1124438

process (see the discussion in [25] and [87]). The electron energy scale was calibrated
with the help of measured ionization efficiency curves of singly- and doubly-charged
Ar or Ne ions using zth root extrapolation to the respective appearance energies [88,
89].

For Cy, and C,, a whole series of ionization efficiency curves were measured for all
singly- and multiply-charged (up to quadruply-charged) parent and fragment ions
down to C;; and C;;, respectively. It was not possible to measure C,, as a fragment ion
from C,,, because (i} the main impurity in the C,, sample is C,, and in addition (ii)
small traces of C,, came from the vessel walls as a residual background and memory
effect from earlier measurements. Table 1 gives all appearance energies determined
from the measured ionization curves of these ions.

As the ionization efficiency curves for fullerene ions—even for the singly-charged
parent ions (figure 8 shows as an example the respective data for the C, parent
ions)—are strongly curved close to the onset, it is rather difficult to determine the
appearance energy in the usual way by extrapolating the data points back to the x-axis
(see for example the ionization curves shown on the left side of figure 8). Using a
special threshold extrapolation procedure [26] we raised the original data points to a
certain power (3) in order to linearize the lower part of the ionization efficiency curve
over at least 10 eV (see the linearized ionization curves shown on the right side of figure
8). For these fullerene ions the power (p) had to be chosen considerably larger than in
the case of atomic ions which follow a zth power-law with the charge state z [88, 89].
The reason for this is the large number of electronic and vibrational states of the
fullerene ions which can be populated by electron impact ionization. Each state itself
should obey the power-law of the charge, but the sum over all of these states gives an
additional curvature. This strongly curved onset of the ionization efficiency curve not
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Figure 8. lonization efficiency curves for the electron impact induced production of C,, C&

and Ci; (left hand side) and the same data scts modified by a ; power-law (with an
exponent p of 1:67, 4 and 67, respectively) in order to linearize the threshold region (right
hand side). The lines shown (right hand side) represent the fitted linear regression
allowing an easy determination (see text) of the appearance energy AE.

only exists in the case of electron impact ionization but also limits the accuracy of the
determination of appearance energies via photon-ionization of Cg,. More information
about the present evaluation method is given in [24, 26].

Figure 9 shows the appearance energies of the parent and fragment ions of Cy,
(filled symbols) compared with those of C,, (open symbols). The appearance energies
of the fragment ions of both fullerenes exhibit a linear relationship with the number of
lost C, units to a remarkable degree. A similar result (with the exception of C3,) has
been reported by Anderson and co-workers [86] for appearance energies for singly-
charged C,, fragment ions obtained by studying collisions between Ne* and neutral
C,, as a function of ion energy. These results indicate that the energy necessary to
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Figure 9. Appearance energies of singly-, doubly-, triply- and quadruply-charged ions
produced by electron impact ionization of Cy, (filled symbols) and of C,, (open symbols)
as a function of the number of C, units lost in the ionization process [24, 26].

remove an additional C, unit from a fragment ion is approximately constant. As this
energy is also independent of the charge state (all curves have the same slope), we
conclude that there is a common underlying statistical process for the evaporation of
a C, unit independent of the charge state or precursor size of the dissociating ion once
the first fragment ion has been produced.

Moreover, whereas the additional energy to remove a further C, unit from a
fragment ion is in the order of 5-7+1-3 eV (and may be related to the relative binding
energies via statistical models, see below), the energy to remove such a C, unit from the
parent ion is, in the case of C,, approximately 36 eV. This huge kinetic shift is caused
by the many degrees of freedom and the rather large binding energy BE (C}, — C,) of
7-1 (4 0-4) eV determined recently by Foltin ez al. [19] from the electron impact cross-
section threshold behaviour of the first fragment ions using RRKM and FHBT theory
(see below). In this context it is interesting to note that the appearance energy of all the
fragment ions of C,, lie consistently above the corresponding fragment ions of Cq,
losing the same number of C, constituents (figure 9). In contrast the appearance
energies for the mother ions Ci; and CZ} are more or less the same within the error
limits. Although the difference between the appearance energies of the corresponding
fragment ions of C;, and C,, in most of the data points is smaller than the uncertainty
of the values, the general trend that the appearance energy points of the C,, fragment
ions lie above those of the C,, fragment ions is statistically significant, because it
occurs for all charge states and almost all fragment ion sizes. The reason for this
difference can be ascribed to the much larger number of degrees of freedom of C,,
thereby causing a larger kinetic shift in the appearance energy of the fragment ions.

A further interesting result to be deduced from figure 9 concerns the behaviour of
the ionization energy of the parent fullerene ions versus final charge state (up to charge
state 4). Recent theoretical investigations by Yannouleas and Landman [74] based on
a new local density approximation (LDA) method including (i) a stabilized jellium
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Figure 10. Ionization energy versus final charge state z for C,, (open circles) and C,, (open
triangles) parent ions derived from the respective appearance energies given in table 1.
Also shown for comparison are theoretical predictions by Yannouleas and Landman [74]
using a new LDA method (open squares) and predictions [24] by the molecular
capacitance model (filled triangles).

approximation, (ii) a shell correction method and (iii) the effect of icosahedral
symmetry, predict that the ionization energy for C,, (similar predictions for large
aromatic hydrocarbons using the molecular capacitance model are given in Smith [90])
should exhibit a linear relationship with the final charge state z. Figure 10 shows the
ionization energies for Ci, and C% (with z the final charge state from 1 to 4) versus z.
The open squares are the values predicted by Landman and co-workers for CZ}, the
filled triangles are the predictions from the molecular capacitance model and the open
circles and triangles are the experimental values deduced from figure 9 for C,, and C,,,
respectively. It is important to note that the data presented here are in good agreement
with previous reliable determinations on C,, including data up to charge state 3 (using
photoionization [82, 83, 91, 92], charge stripping [84, 93] and corrected charge transfer
[85, 94] techniques). Moreover, see also recent data [40] up to charge state z = 6.

4.2. Breakdown curves and binding energies
One of the most intriguing properties of C,, is its particular stability against
unimolecular fragmentation upon electron impact ionization. Many investigations
have been devoted to this subject (summarized recently in [44]) and it is commonly
accepted today that the dominant fragmentation mechanism involves the (sequential)
loss of C, units from the energized C;f. Despite the large number of studies performed,
the energetics of the simple dissociation reaction

Ceo =~ C5s+C, Q)

is still in question, i.e. there exist values ranging from approximately 4 up to 12 eV as
determined by electron impact ionization, photoionization, collision resilience
experiments and theoretical studies (a summary of the various binding energy values
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Table 2. Activation energies E,, derived from measured appearance energies with the help of
formulae (5) for E(k), see text.

Fragmentation E, (V)
channel (5a) =(5b)
Ciy = Ch+C, 706
Cgs - C%:s +C, 678
Ciﬂi - CE;‘ +C, 6-60
C;, - CL+C, 646
C;, - Ci+C, 627
C%O - CES +C, 657
C, > CL+C, 639
C;—CL+C, 6-39
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Figure 11. Activation energy for the decay reaction Ci,— C;,+C, as determined by
theoretical (9, [100]; 10, [101]; 12, [102]; and 13, [103]) and experimental (1, [55]; 2, [56];
3,[95]; 4, [96]; 5, [971; 6, [98]; 7, [92]; 8, [991; 11, [19]; 14, [104]; 15, [105]; 16, [106]; and
17, [34]) studies.

is reported in figure 11). Some preference has been given to the value of 7-1+04 eV
reported by Foltin ef al. [19] based on a comparison between measured and calculated
(using RRKM [107] and FHBT [95]) breakdown curves. As the only free parameter in
these calculations is the choice of the transition state, we have recently [34] repeated
these calculations with transition states of varying tightness (see below) yielding an
upper limit for the binding energy of approximately 7-6 eV.

Laskin and Lifshitz [108] have also recently discussed the energetics of sequential
C, evaporations using two models—the magic shell and the magic number model—to
interpret by RRKM calculations their metastable fraction measurements. Their
results appear to favour the magic shell model (as already predicted by Klots [95] on
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the basis of metastable fraction data by Bowers and co-workers [55]). To shed more
light on this interesting question we have recently extended [34] those earlier studies by
taking a new route to determine the consecutive binding energies, i.e. first relating the
measured appearance energies of the fragment ions, with the help of FHBT
calculations, to the respective binding energies and then using these binding energies
to calculate with the help of RRKM considerations the breakdown curves for these
fragment ions. Agreement between these calculated breakdown curves and the
measured ones should lend credence to the binding energies thus derived.

Following the suggestions of the finite heat bath theory [95] we calculated the
activation energies, E,, for successive C, evaporations from Cg, using the respective
fragment ion appearance energies (given in table 1). The energy of an isolated
molecule, E(k), and the temperature, 7;, in a heat bath that gives the same value of the
rate constant, k, are related by

E2
_E L 5
12C ke T, (5a)

E
E(k) = E(T)— ko Ty + 54+
where C equals the heat capacity minus one (in units of k) and £(7;) is the canonical
energy of the parent ion at the temperature 7;. On the other hand the energy of the
molecule that evaporates a C, unit is given by:
E(k) = AE(daughter ion)+ E'(T,

oven

)—IE(C,,) — X E,(previous evaporations) (56)

where AE is the measured appearance energy of the daughter ion (table 1), E'(7,.,) is
the canonical energy of C,, at the given temperature of the oven in which the Cy, powder
is evaporated (890 K in this experiment) and IE = 7-6 eV, the ionization energy
of C,, [82]. Assuming an activation energy E, = 7-06 eV [19] for the reaction (4) we can
vary 7, until (5a¢) = (5b) and thus arrive at a Gspann parameter y = E,/k;T, = 256,
which is in very good agreement with previous determinations of y (see below).
Assuming further that y is constant we can deduce the activation energies for
subsequent evaporation reactions C}; - Ch+C,, Ci, - C{,+C,,...C;, = C,+C,,
simply by varying 7, until (5a) = (5b).

The results obtained for the successive binding energies are summarized in table 2.
It can be seen that the activation energy for the reaction (4) is higher than that for all
further fragmentations and that the relative decrease with decreasing cluster size is
rather small and of similar magnitude. One exception is the reaction C}, — C5+C,
which seems to have a significantly higher activation energy than its precursor
reaction. Thus the fact that the binding energies decrease only slightly between C}, and
C,, supports the magic shell model! introduced by Laskin and Lifshitz [108].

To check the consistency of the calculated binding energies with experimental data,
we have used these binding energies to compute the breakdown graph of C,, and
have compared the calculated breakdown graph with experimental breakdown curves.
The RRKM method used has been described in detail in our previous paper [19]. The
present procedure involves three steps, i.e. (i) conversion of the measured ionization
cross-section curves of the fragment ions of Cy, to breakdown curves, (ii) calculation
of theoretical breakdown curves using unimolecular fragmentation rates calculated by
RRKM theory, and (iii) comparison of the peak positions and the relative peak
heights in the measured and the calculated breakdown graphs (more details of the
whole procedure are given in [34]).

In short, for electron energies E close to the threshold for fragmentation, the
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Figure 12. (@) Experimental breakdown graph obtained by taking second derivatives of the
measured ionization efficiency curves for Cf,, Ci,,...,C;, fragment ions of C,,. (b)
Breakdown graph of the C}, ion calculated with the help of RRKM for fragment ions C;,,
Cis ..., Clg using the activation energies for successive fragmentation steps given in
table 2. (¢) Breakdown graph from (b) convoluted with the energy deposition function
Kf(e) = exp (812 —0-129 €). Results from [34].
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fragment ion current i,, of the fragment ion C{,_,,, is assumed to obey the linear
threshold law [80], i.e.

E—E

i (Et,t,)=K f

0

F (61, 1) f(6) (E— E,—g) de ©6)

where K is an instrumental constant, E, is the ionization energy of the C,, molecule,
function f(g) describes the probability per square of the unit energy to ionize C,, to an
excited state with the excitation energy £ and & (g, ,, t,) is the probability that the
excited C;F ion with the energy € (plus the internal energy of the neutral Cg,) will decay
in the time window (z,, £,) into fragment ion C;,_,,,. The function & (¢, t,, £,) is simply
the breakdown curve for the fragmentation process C;, — Cyy_s,.» convoluted with the
internal energy distribution of the neutral Cg,. It follows from (6) that the breakdown
curve & (g, ;,1,) is proportional to the second derivative of the ionization cross-
section curve for the fragment ion C},_,,,. In figure 12(a) we have plotted these second
derivatives for fragment ions C/ through Cj,. Note that these experimentally-derived
curves differ from the (normalized) theoretical breakdown curves by the factor Kf(g).
Since the function f(g) varies with energy € much slower than the breakdown curve
F (&, 1,,1,) ([19]), the abundance maxima in both the theoretical and the experimental
breakdown graphs will be located at the same energies. In a next step, we calculate the
theoretical breakdown graph of C,, by solving a set of kinetic equations for consecutive
C, loss from the C;ff ion. The fragmentation rate for each sequential fragmentation
step has been calculated using the RRKM formula [107]

aG*(e—E,)

&) =N

)
Details of the calculation have been reported in [19]. Figure 12(b) shows the
breakdown graph calculated using the dissociation energies E, from table 2. As can be
seen, there is good agreement for the positions of the abundance maxima in the
Cl—~Cl, breakdown curves between the experimental and the calculated breakdown
graphs. This proves that the two-step procedure used here for the first time is internally
self-consistent.

The experimental and the calculated breakdown graphs differ in the magnitudes of
the abundance maxima, i.e. in the experimental breakdown graph (figure 12(a)) the
fractional abundance of the fragment ions Cf,_,, decreases very rapidly with
increasing m. We attribute this effect to the decreasing density of states and excitation
cross-sections of the C, molecule with increasing excitation energy ¢ thereby leading
to decreasing energy deposition function Kf(g). This decrease can be offset by proper
normalization of the experimental breakdown graph [34, 108]. The agreement between
the experimental (figure 12(a)) and the corrected calculated (figure 12(c)) breakdown
graphs is very good, both in the peak positions and in the relative peak abundances
(for more details see [34]), thus confirming the reliability of the binding energies given
in table 2.

5. Stability of singly- and multiply-charged fullerenes

5.1. Unimolecular decay of singly-charged fullerene ions
The dissociation energetics and dynamics of excited fullerene parent ions, e.g.
Ci¥ — fragment ions, are still a matter of controversy. On the one side as mentioned
above, reported dissociation energies for the loss of a neutral C, unit do not yet con-
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verge to a common value (figure 11), whilst on the other hand the competition between
different dissociation channels is a closely-related issue not yet understood completely.
Collision-induced [61, 99, 109-111] or photon-induced [60, 112, 113] dissociation of
C;, leads to large yields of even-sized fragment ions down to around Cj,. Moreover,
formation of C;, via electron impact ionization (see above) or multiphoton excitation
[98] is always accompanied by an abundant series of even-sized fragment ions (with
almost exponential decreasing abundance), unless in the case of multiphoton-
excitation the photon energy exceeds about 5-8 eV [98, 114] or the duration of the
photon pulse is about 1072 s or less [115]. One of the central questions arising from
these studies has been whether the fragment ions produced, i.e. CZ,, Cg, ..., result from
sequential loss of C, units via reactions

Coo G -G (8a)

or whether they are produced by fission (cleavage) reactions involving the direct loss
of larger, even-sized fragments via
withm=1,2,.... ot = Con-am + Com (85)

It is clear that the occurrence and the relative probability of these two reaction
channels may depend (i) on the time window probed after the production of the initial
excited C,, ion and (ii) on the amount and manner of deposition of energy into this
parent ion, and thus on the experimental set-up used to study these dissociation
reactions. Moreover, neutral or charged fragments produced in an initial multiphoton
dissociation reaction may absorb additional photons if photon pulses of more than
10 ns duration are used, thereby initiating a chain of excitation/dissociation cycles.

While several recent reports [28, 111, 116] have emphasized that loss of C, or larger
even-sized clusters may be an important dissociation channel under certain cir-
cumstances, the sequential metastable loss of two or more C, units from fullerene ions
(assumed to be the dominant channel in the various RRKM calculations [19, 44, 108]
on the decay of C;,)) has not yet been identified. For instance, detailed analysis (see also
below) of charge separation reactions of the type Ci} — C%V* (with z = 4-6) have led
to the conclusion that these reactions are initiated by the statistical evaporation of a
C, unit followed by a charge-transfer reaction between the emitted C, and the
remaining highly-charged fullerene ion [28]. McHale et al. [111], employing collision-
induced dissociation of Cg; (with z up to 3) followed by collisional re-ionization of the
neutral fragments produced, conclude that unimolecular decomposition into frag-
ments of size C,, ions and less proceed by elimination of units larger than C,. Lykke
and co-workers [116] have also identified C, among neutral fragments of multiphoton-
excited C,,, but could not quantify its abundance. Likewise, Campbell and co-workers
[60, 113] concluded that ejection of C, with n» > 2 is the dominant fragmentation
process for highly-excited fullerenes; they do not observe any evidence in their
photoionization experiments for sequential evaporation of C, in the metastable time
regime.

On the other hand, if the discussion is restricted to metastable reactions of
positively-charged fullerenes, loss of C, is always found to be the most abundant decay
reaction with (i) metastable fractions (reaction rates) comparable to the case of
monomer evaporation for ionized van der Waals clusters [117] (figure 13) and with (ii)
a mirror-like correspondence between the mass spectral distribution and the decay
rates (figure 13) also known from ionized van der Waals clusters [118] and in line with
predictions from the Klots evaporative ensemble theory [119]. Moreover, metastable



17:11 21 January 2011

Downl oaded At:

Electron impact ionization of Cy, and C,, 115

60 64 68 72 76 80 84 88 92 96 100
I I [l L ! n Iy‘ n " L - ’Ix

109 2 l . e P Y 10-4
108} . ,2\. : -
/8\ +F S g < < 110 %
o 0E | &
T 10° : g - 3102 2
S e —mf } &
2 10 inin s I B [ pos.motherd 107" S
S 10tk ) : M N neg.mother; 8..
— E —_— _g 0 —
ij 10%E | 10° 9
S 102} ‘ A 110"

% N < ] 10
10" , , A : IEIE Sl Hl—]f—l

T T T T T 1 T T T T T T ‘I‘v T :IL T T T
60 64 68 72 76 80 84 88 92 96 100
Cluster size

Figure 13. Mass spectrum (left hand scale) and metastable fraction, mf, (daughter ion divided
by parent ion abundance, right hand scale) for carbon cluster ions (produced by electron
impact ionization and electron attachment of a fullerene beam containing C,, and C,,) as
a function of cluster size.

decay of Cj, into C/, has also been observed [35, 53] —though at much slower
rates—but it has not been possible to identify the nature of the products, i.e. C, or two
C, units,

As recent tight binding molecular dynamics simulations of C, loss from Cg,
unambiguously support sequential C, loss rather than C, or C; loss, since the latter
always cause the cage to shatter before it can reclose all the broken bonds [103, 120],
we have made a thorough analysis [35] of the metastable compositions of positively-
charged fullerene ions C%f and CZ} ions with z = 1-3 using a technique where the two
field-free regions of the double focussing sector field mass spectrometer are used as
independent time windows [50]. As shown in figure 14 we find conclusive evidence for
the occurrence of the sequential reactions (8a) for these parent ions.

5.2. Charge separation reactions of multiply-charged fullerene ions

Whereas knowledge about the production and the properties of highly-charged
atomic ions has advanced rapidly in the past decade [121], much less attention has been
directed towards polyatomic cations with more than two charges. One of the reasons
for the lack of studies and data on highly-charged molecular ions is their rapidly
increasing instability with charge state z due to the repulsive Coulomb forces acting
between the localized charges at different sites of the molecule. Stable higher charge
states are observed only for very large molecular systems, for instance for atomic or
molecular clusters with sizes exceeding a critical size #n.(z) for which the Coulombic
repulsion between the singly-charged cluster constituents (distributed over the cluster
surface) is smaller than the bonding forces [122]. The lowest observed sizes for
multiply-charged weakly-bound clusters are those for C,H, clusters [123] with
measured appearance sizes of 52 and 92 for triply- and quadruply-charged cluster ions,
respectively.
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Czt — C% — C2 in the first and second field-free region respectively, for charge states
z =1 and 2. The peaks on the right hand side correspond to the simple decay reaction
Cz — C2t + C, in the first field-free region.

In contrast, most of the already known doubly-charged (small) molecular ions are
not stable, their existence on the metastable time regime in a mass spectrometer being
due either to valence forces leading to local minima in the otherwise repulsive
Coulomb states or to charge polarization states correlating for heteronuclear diatomic
species AB to A** + B [124-126]. There exist only a few doubly-charged molecular ions
which are thermodynamically stable, i.e. lying below the lowest dissociation limits
[127, 128]. Recently, Radom and co-workers [129] have predicted from ab initio
calculations the possible kinetic stability (inhibition of the Coulombic repulsion by
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an energy barrier which is sufficiently high to permit experimental observation) of
quadruply-charged molecular ions, however, so far, only triply-charged (small)
molecular cations have been observed with mass spectrometers [130-132].

In the present study we have presented the production and observation of
molecular ions with charge states up to 7, including Ci¢, Ci; and other buckminster-
fullerene ions. Their stability can be studied by metastable mass spectrometry
techniques [49, 50} allowing the identification of spontaneous decay reactions and
their mechanisms. It is possible for the first time to (i) determine the corresponding
energy release and (ii) study the reaction kinetics for the decay of molecular ions with
charge states higher than 2. A first partial account of these results has been given in
[29]. In this paper a special effort is made to discuss on the one hand the decay reactions
and mechanisms for these highly-charged ions, and on the other hand to summarize
evidence in favour of the proposed auto-charge transfer (ACT) reaction held
responsible for the observed super-asymmetric charge separation reactions of these
highly-charged molecular ions.

Besides the well-known (and up to charge state + 2 well-characterized [19, 34, 35,
55, 56]) dissociation reaction involving a C, evaporation

Coo~ G+ G, (9a)
and a much less probable C, evaporation (see above)
Ci - C4+C, (or C,+C,), (9b)

multiply-charged C,, ions with a charge state of 3 to 7 have been found in our recent
studies (e.g. figure 15) to decay spontaneously via a super-asymmetric charge
separation reaction involving the loss of a charged C} fragment ion

Ci—»> CEVY+CL (10)
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Figure 16. Metastable peaks corresponding to spontaneous decay reactions C; — C& P+ C;
(for precursor ions with charge states 3 to 6) in the first field-free region (left hand side)
and second field-free region (right hand side) as measured by the HV- and MIKE-scan
technique. Also shown for comparison in the right hand case are the corresponding
precursor ion peaks.
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The only other spontaneous decay reactions identified in the present study by the
presence of metastable peaks—though with much lower reaction probabilities—are
the loss of charged C; and C; fragment ions ([28, 42]).

Figure 16 gives examples for measured ion kinetic energy spectra (see above) for
the decay reaction (10) observed for charge states 3 to 6 (the corresponding HV-scan
peak for charge state + 7 has been shown in [25]). Whereas the metastable peaks on the
left hand side of figure 16 are obtained by HV-scans of the metastable transitions in the
first field-free region, the data on the right hand side are MIK E-scans in the second
field-free region (for comparison the corresponding mass peaks of the precursor ion is
also shown). The HV-scans show the broad dished peak shape which is typical [49] of
metastable transitions (without interference from collision-induced dissociations)
associated with (i) a rather large kinetic energy released in the course of the decay and
(ii) a relatively long flight path before detection of the ions. Moreover as can be seen
the minimum of the dished peaks is close to the exact position of the metastable
transition (see eqn. (1)), which is designated with a dashed line in figure 16. Whereas
the width of the peaks is due to the kinetic energy release during the decay in the
forward and backward direction, respectively, the minimum in the peaks is caused by
discrimination for those ions which are accelerated by this energy perpendicular to the
flight direction. In the case of the MIKE-scans (second field-free region), dis-
crimination is less severe due to the much shorter final flight path (the exact position
of the metastable transition as given by (2) is indicated by a dashed line in figure 16).

As the precursor ion peak already has a certain width in the HV- or MIKE-scan
(figure 16) the width of the daughter ion peak is only in part a result of the kinetic
energy release E,, during the decay. In a first approximation E,,, is proportional to
the FWHM of the daughter ion peak, taking into account the FWHM of the precursor
ion, where the latter has to be corrected by the factor U*/U or E*/E (U* and E* are
the acceleration or sector field voltage at the peak centre of the daughter ion, U and E
of the precursor ion, respectively) [133]. According to Beynon and co-authors [49], for
simple charge separation reactions the translational energy release E,,, can be
calculated from the corrected width of the metastable peaks AV, and AE, using

ZmeV (AV\?
B = 16z,m,m, (7) (an
and
z2mieV (AE.\?
=2 e 12
Exin 16z,m,m,\ E (12)

where z, and m, are the charge state and mass of the precursor ion, z, and m, are the
charge state and mass of the detected fragment ion, 2, is the mass of the undetected
fragment ion Cj, V' is the correct acceleration voltage and F is the correct sector field
voltage for the detection of the precursor ion. Figure 17 gives the calculated E,  data
for decay reactions (10) as a function of the charge state z for both field-free regions.
Within the experimental error bars no dependence of the E,,, on the time since
production of the precursor ion can be seen, i.e. the energy released is the same for the
two experimental time windows (first and second field-free region, respectively). In
contrast, the energy released depends strongly on the charge state.

Assuming that the kinetic energy released in the metastable transition is a
consequence of the Coulomb repulsion between the two fragment ions the intercharge
distance of the transition state can be calculated with the help of the Coulomb law. For
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the simple case of two singly-charged separating fragment ions and under the
assumption that these fragment ions can be treated as point charges, the intercharge
distance follows from
_ 1 z,(z,—2z,)e
kin — E R .

(13)

In the present case, however, one of the separating fragment ions carries more than
one charge and these charges are located at different positions on a large molecule.
Therefore the two separating fragment ions cannot be approximated by point charges
and relaxation effects have to be taken into account.

According to Peterson and co-workers [134] the observed stability of C,,
polycations up to z = 4 indicates that charge shielding and/or delocalization inhibits
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the fragmentation, because following the model of Bennemann and co-workers [135]
(which proposes that the criterion for Coulombic decay of multiply-charged metallic,
ionic or van der Waals-type clusters is that the Coulomb repulsion between the
charged fragments exceeds the binding energy between these fragments), they estimate
using a binding energy of 4-6 €V for C, in C;, [136] that a spherically symmetric C;; ion
would be unstable against Coulombic decay. Bohme and co-workers [94], however,
recently pointed out that the arguments of Peterson and co-workers ignore the
difference in character between the chemical bonding within the fullerene frame and
the electrostatic repulsion between the multiple charges. Bohme and co-workers argue
that in the case of C;; the chemical bonding between the two charged fragments will
be essentially dissipated at a separation of the C; from the surface of the remnant
fullerene cage of only 2-3 A, whereas at this separation considerable Coulomb
repulsion of 5-5 eV or more remains for the C; from the Coulomb repulsion of 7-55 eV
for a symmetric charge distribution on the fullerene cage surface. The Coulomb energy
thus released over this separation, to counteract the chemical bonding, is only
approximately 2-0 eV, which is not sufficient to permit this fragmentation. Similar
arguments have been advanced by Bohme and co-workers for the likely stability of C§;
and C§{ against Coulomb repulsion. In order to explain the present results, however,
it is necessary to extend these arguments of Bohme and co-workers in such a way that
it is possible to account for the existence of up to septuply-charged fullerene ions. They
used as a basis for the Coulomb energy release a total Coulomb energy calculated for
a C,, polycation of radius equal to that of the parent neutral cage (35 A [137]), upon
which all charges arc at any point in time at the maximum mutual separation
attainable upon a sphere of this size. This optimization procedure [31] gives, at least for
charges up to 8, simple geometric configurations as shown in table 3. For instance, the
most stable CJ} charge distribution consists of a pentagonal bipyramid, leading to a
total Coulomb energy of 59-42 eV and amounting to an increase in ¥, from Cg; to C7;
of 18:34 eV. As the Coulomb repulsion between a pentagonal charge and the other six
is with 17-14 eV larger than the repulsion of 16-60 eV for a charge located at the pole
position, the energetically most favourable dissociation path is the ejection of the
pentagonal charge. Following Bohme and co-workers, however, at a distance of 3 A,
where the chemical bonding will be dissipated, at least 1198 eV remains from the
original Coulomb repulsion. Thus the Coulomb energy released over this distance is
about 5-1 eV, which is still smaller than the generally accepted value for the binding
energy of C, to C,; which is in the order of 7 eV {19]. This energy release is therefore
not sufficient to promote immediate Coulomb explosion unless the bonding energy is
much weaker than in the neutral or singly-charged C,,. According to these
considerations we predict the existence of highly-charged fullerene ions with charges
up to around at least 8 or 9 (the recent observation of octuply-charged fullerene ions
1sdescribed in [31, 33, 36, 39]). Moreover, it is clear that if one charge is removed from
its surface position (i.e. a C] ion is emitted) to a certain distance away from the surface,
the remaining charges will relax to different positions on the surface accordingly. Only
in the limit of large distances will the fullerene fragment ion change from the charge
configuration of the precursor ion to the ground state distribution of a fullerene ion
having one charge less (for instance by such a charge separation reaction the
pentagonal bipyramidal Cj; will eventually end up in an octahedral C§; of slightly
smaller size).

Therefore taking into account screening effects and the relaxation of the charges on
the fullerene cage as the reaction products separate (for more details see [29, 31, 33]),
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1. Stage _ C; evaporation

&g ——
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Figure 18. Schematic view of the three-stage reaction sequence responsible for the super-
asymmetric charge separation reaction Ci; — C& 1+ +C;.

we have calculated from the experimental E,,, data the corresponding intercharge
distance of the transition states as a function of the precursor charge state z. The
results obtained are shown in the lower part of figure 17. The data for the intercharge
distance decrease slightly with increasing charge state from a value of approximately
8 A to 7 A. Quite surprisingly these apparent intercharge distances derived from the
experimental data are approximately a factor of two larger than (i) the radius of the
parent neutral, r(C;, = 35 A [137]), (ii) the radius of any of the higher-charged C,,
polycations [138, 139] and (iii) the radius of highly excited fullerenes (as has been
shown in recent ab initio and molecular dynamics calculations [103, 140]).

Based on this rather characteristic experimental finding (i.e. the significant
discrepancy between the radius of C,, and the apparent intercharge distance of the
separating fragment ions), we recently proposed the following three-stage decay
mechanism to be responsible for the observed super-asymmetric fission reactions (10)
of the highly-charged C3! ions: Reaction (10) proceeds via three different stages
(visualized schematically in figure 18 for the case of CL}). This reaction sequence is
initiated by the statistically-driven evaporation of a neutral C, unit (reaction (9a)). It is
Sollowed in the second stage by an electron transfer process between the receding C,
Sfragment and the remaining highly-charged fullerene cage. This charge transfer occurs at
the above-determined intercharge distance of about 7-8 A. In the final stage the Coulomb
repulsion between the two nascent charged fragments imparts to the fragments the kinetic
energy responsible for the width of the metastable peaks.

In the following we will discuss further experimental facts and theoretical
arguments in support of this novel auto-charge transfer (ACT) reaction sequence.
Clearly the initial clue came from the observed large apparent intercharge distance,
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Figure 19. Kinetic energy release versus precursor ion charge z in the first field-free region
(filled squares), and in the second field-free region (filled circles) as shown in figure 17.
According to [32] this experimental energy release can be (due to energy conservation) at
the most equal to the difference in the ionization energies IF before and after the decay
reaction, i.e. JE(C3h) —IE(CE V") — IE(C,). Calculated differences using the experimental
ionization energies and theoretical predictions by Yannouleas and Landman [74],
respectively, are plotted as open triangles and open diamonds. Note that for z = 2 both
calculations yield negative values thus indicating that the decay reaction is endothermic.

which cannot be reconciled with the properties expected in the case of a single-step
fissioning reaction (where the eventually charged fission products may be already
distinguishable at a rather early stage of the fission process) known from nuclear
physics and described in the frame of the Liquid Drop Model (LDM) [141]. Despite its
successful application in the case of multiply-charged cluster ions [122, 142, 143] the
LDM would predict much smaller intercharge distances than the ones derived here.

A rather striking argument in favour of the present interpretation is the complete
absence of the charge separation reaction (10) for doubly-charged fullerene ions. In
the case of a single-step fissioning reaction there is no reason for this conspicuous
absence, whereas if reaction (10) proceeds via the three-stage sequence outlined above
the electron charge transfer (second stage) is endothermic for precursor ions with less
than three charges (see figure 19 showing the calculated energy balance) and thus
cannot proceed (for more details see [29, 32] and references given therein).

Another important confirmation for the concept of the ACT reaction sequence can
be obtained from the time-dependence of the reaction rate constants of the decay
reactions. For all charge states higher than 2 and lower than 7 both the neutral and
charged C, evaporation could be observed. The neutral C, evaporation is a typical
statistically-driven decay which can be described by RRKM theory or a similar
statistical model. Therefore the decay rate is determined by the internal energy, the
number of internal degrees of freedom and the binding energy [19, 55, 56]. Moreover,
the time-dependence of the decay of an ion ensemble formed by electron impact
ionization exhibits a non-exponential behaviour due to the presence of ions with a
range of internal energies (see also the considerations by Klots [119] and experimental
results [144]). This time-dependence can be determined in the present experiment by
measuring the metastable fraction, mf, (i.e. the daughter ion signal divided by the
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Figure 20. Upper part: Ratio of the metastable fraction (daughter ion abundance divided by
the precursor ion abundance), mf, in the first field-free region and second field-free region.
Lower part: Metastable fraction in the first field-free region versus precursor ion charge
state for the decay involving neutral C, evaporation (squares) and for the decay involving
charged C; evaporation (circles).

respective precursor ion signal) in the first and second field-free region, respectively. In
order to compare the time-dependence of the C, evaporation reaction (9a) and the
charge separation reaction (10) we show in figure 20 the ratio between the metastable
fraction in the first and second field-free region, mf, /mf,, versus the charge state for
both reactions considered. In accordance with the proposed ACT reaction sequence
both sets of data are independent of the charge state and match each other within the
experimental error bars. This is very strong experimental evidence in favour of the
three-stage mechanism, because it points out that both reactions follow the same
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Figure 21. Schematic representation of the spontaneous decay of Cj; involving the (avoided)
crossing of two potential curves C}} —C, and C§; —C;, respectively, at the internuclear
distance of about 7 A in accordance with the measured energy release AE of about 4 eV.

reaction kinetics. Moreover, as can also be seen in the lower part of figure 20 (where
the metastable fraction measured in the first field-free region is plotted versus charge
state), the relative reaction probability for the neutral C, evaporation and for the
charge separation reaction is strongly dependent on the charge state. For low charge
states the neutral evaporation is the dominant reaction path, at charge state 4 the two
reactions have about equal probability and at higher charge states destruction of the
highly-charged ions proceeds preferentially via the charge separation reaction. This
again is in line with the present three-stage model, where it is expected that the
probability of the electron transfer (i.e. the second reaction step) increases drastically
with the number of charge states on the precursor ion, thereby shifting the branching
ratio between the two reactions in favour of the charge separation reaction with
increasing charge state.

Further supporting evidence comes from the fact that similar reactions have been
observed for smaller fullerene ions [31, 33] and that the experimental results obtained
for the loss of C} units [28] is consistent with the ACT reaction sequence proposed.
Recent studies of highly-charged C,, ions lend additional credence to our present
interpretation [42].

Moreover, using both field-free regions as independent time windows it was
possible to observe sequential C; and C, evaporations where the first decay proceeds
in the first field-free region and a second evaporation from the daughter ion formed
appears to happen in the second field-free region. Such a sequential evaporation
sequence is very likely to occur in the aftermath of the three-stage decay mechanism
proposed, because electron transfer to the highly-charged fullerene cage will lead to
the release of a large amount of recombination energy in this ion and thus promote
further dissociation reactions.
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Charge transfer reactions between an incoming doubly-charged ion and a neutral
reactant are described in ion chemistry in terms of curve crossing models, where the
charge transfer occurs at the (avoided) crossing of the attractive r* ion induced dipole
interaction curve (representing the incoming channel) and the repulsive r~! Coulomb
potential curve (representing the outgoing reaction channel). The present reaction
sequence can be interpreted by this model reversing the order of the incoming and
outgoing channel. This charge transfer can only take place at the crossing of the
respective curves and thus will occur within a rather small reaction window (defined by
the possible different states in both channels, see also [145] for more information on
the existence of a reaction window) and therefore the energy released in the subsequent
Coulomb repulsion will be quite well-defined. This is in accordance with the
experimental results, i.e. the shape of the metastable peaks (see above). Thus the
present auto-charge transfer reaction can be viewed as a charge transfer half reaction
starting at the turning point of the incoming reaction channel of the well-known class
of charge transfer reactions (figure 21).
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