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Abstract

Superhot C60
2 ions were formed by attachment of low energy free electrons to superhot C60

0 molecules in effusive beam. We
have studied the thermally activated decay of the C60

2 ion as a function of its vibrational temperature. In addition to the main
channel of delayed electron emission C60

2 3 C60
0 1 e2, we give evidence for a secondary channel (only weakly competitive)

of dissociative attachment C60
0 1 e2 3 C58

0 1 C2
2. We have found no evidence for the nearly isoenergetic complementary

channel C60
0 1 e23 C58

2 1 C2
0. In order to measure the initial C60

2 beam flux (which partially decays to C60
0 during the flight

time) independently for each nozzle temperature we have used a unique detection method that is completely insensitive to the
initial charge state and therefore to the ratio of charge states in the primary beam. The method is based on collisional electron
exchange and negative ion (C60

2 ) formation in a hyperthermal collision with a surface. Analyzing the kinetics of the delayed
electron emission we have obtained a straight Arrhenius plot with a slope (activation energy) of 2.646 0.07 eV and
intersection (A value) of 1.33 1011 s21. This value of the pre-exponential factor is in good agreement with former
measurements but is several orders of magnitude lower than current models’ predictions. A possible explanation for this
difference is discussed. (Int J Mass Spectrom 185/186/187 (1999) 773–786) © 1999 Elsevier Science B.V.
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1. Introduction

Recently there has been an increased interest in
studying the decay dynamics of long lived metastable
negative ions including large molecular ions and
clusters [1–3]. The two main processes observed
under collision-free conditions are delayed auto-de-
tachment (AD) of electrons and delayed dissociative

electron attachment (DA). The dissociative channel
leads to the formation of negatively charged fragment
ion. The C60

2 negative ion has attracted attention with
regard to its formation via free electron capture and
delayed electron detachment kinetics [4–11] (that
could alternatively be described as thermionic emis-
sion). We have recently provided direct experimental
evidence for the thermal nature of delayed electron
emission from a superhot (highly vibrationally ex-
cited) neutral C60

0 molecule [12] on the time scale of
hundreds of microseconds. For C60

2 , it was already
shown that the electron detachment kinetics behaves
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thermally following nonthermal but well-defined en-
ergy pumping by attaching kinetic energy resolved
electrons [5,6,11]. The activation energy obtained was
in good agreement with the reported electron affinity
(EA 5 2.65 eV) value of C60 [13] but the pre-
exponential factor was orders of magnitude lower
than predicted by simple models [14,15]. No disso-
ciative attachment channel was observed [5]. In this
article we will describe our study of the decay
dynamics of thermally excited C60

2 . The issues ad-
dressed are: (1) How well does thermal kinetics
(Arrhenius plots) describe the delayed electron emis-
sion of a thermally pumped (initially canonical at the
oven aperture) ensemble of C60

2 ions? (2) Can one
observe, under thermal excitation conditions, a com-
petitive dissociative electron attachment channel lead-
ing to the delayed formation of C2

2 or C58
2 ? (3) The

two possible DA processes: C60
2 3 C58

2 1 C2
0 and C60

2

3 C58
0 1 C2

2 are of nearly equal endothermicity
(EA(C2) 5 3.27 eV [16] whereas EA(C58) 5 3.3 6
0.1 eV [17]). If these two processes are observable,
what will be the branching ratio between them? (4)
For extracting the rate constants of electron detach-
ment from C60

2 we are using a different method than
previously employed [6,11]. If indeed thermal behav-

iour is obeyed, our new approach will provide an
additional independent way to determine the pre-
exponential factor, a value that may be an important
input for future theoretical treatments.

Finally, in recent years C60 has become a model
system for studies of decay processes in highly
energized isolated microscopic particles like large
molecules or tightly bound clusters. We have focused
on studying thermally activated processes of an en-
semble (initially canonical) of isolated superhot C60

molecules or ions. The measurements presented here
are an additional step in this direction.

2. Experimental setup and methodology

The experimental setup is presented in Fig. 1. A
two-stage, all-ceramic nozzle oven assembly is the
source for a C60

0 effusive beam. This is a constant flux
source, independent of the nozzle temperatureT. A
detailed description of the beam source was given
before [18,19]. Briefly, the temperature of the C60

0

vapours at the first stage (the evaporator) is around
1000 K and the temperature of the C60

0 molecules
exiting the nozzle aperture can be independently

Fig. 1. The experimental setup: (1) Two stage all ceramic beam source, (2) ion extractor, (3) beam defining aperture, (4) 90° electrostatic
energy analyzer/deflector, (5) beam defining aperture, (6) micro-optical pyrometer, (7) rotatable surface, (8) retarding field analyzer, (9)
quadrupole mass filter (Balzers QMG-421), (10) ion transfer optics, (11) quadrupole mass filter (Extrel MEXM-4000), (12) hemispherical
energy analyzer (CHA VG-100AX). Insert: a schematic view of the scattering geometry.
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varied in the range ofT 5 1000–2000 K(roughly
corresponding to an average vibrational energy of
7–20 eV). Temperature of the second (nozzle) stage is
achieved using resistive heating with a thin rhenium
ribbon that at the same time is also the source for low
kinetic energy (̂Ee&) electrons for soft attachment to
the neutral C60 effusive beam. An experimental mea-
surement of̂Ee& will be described in Sec. 3.2. Special
emphasis was given to accurate measurement (63 K)
of relative changes in nozzle temperature (tempera-
ture differentials). This is because of the fact that the
analysis of the experimental results is in terms of
temperature differences (which can be more accu-
rately determined) rather than absolute temperature
values. Temperatures were measured by a micro-optical
pyrometer situated either on the beam axis or at an angle
of 45° to the beam axis using specular reflection from
a polished (mirror-like) Si(100) surface. The whole
system was independently calibrated by accurate tem-
perature measurements of hot rhenium foil mounted
instead of the nozzle front face with and without the
ion optics apertures and beam defining elements.

In the case where the beam source provides a
constant flux of C60

2 over all of the relevant tempera-
ture range one can extract thermal characteristics just
by following the attenuation of the C60

2 flux or
increase of the C60

0 signal during a given flight time as
a function of the nozzle temperatureT (converted into
vibrational temperature). The primary C60

2 flux (with-
out decay) can be measured at some low reference
temperature. Our nozzle is a constant flux source for
the primary C60

0 beam (just emerging from the nozzle
aperture) [19,20] but the coupling between the tem-
perature of the heating filament and the electron
density at the attachment region preclude the possi-
bility of an a priory assumption of a constant C60

2 flux.
In former reported measurements [6,11], rate con-
stants for C60

2 decay as a function of internal energy
were measured by controlling the ion kinetic energies
(i.e. flight times) inside the mass spectrometer. This
procedure is valid as long as there is no coupling
between the ion energy and the instrumental transmis-
sion function or initial flux. We have adopted a
different approach based on monitoring the increase
of the C60

0 signal while normalizing for the initial C60
2

flux separately and independently for each nozzle
temperature. This approach is the one best suited for
our experimental configuration. Moreover, the flux
normalization method presented here is unique and
interesting in itself and provides an important appli-
cation of hyperthermal surface ionization (total flux
normalization that is independent of the incident
charge fractions). We believe that this method is of
general importance in similar situations. In the fol-
lowing we will describe the experimental procedure
and the flux normalization method.

C60
2 ions are extracted from the electron attachment

region and electrostatically accelerated to a final
kinetic energyE0 5 100 eV. It was verified that free
electrons are not extracted into the field free region.
The thermal decay of the superhot C60

2 ions takes
place during the flight timet 5 42.56 1 ms (as is
defined in Fig. 1) along the field free path up to the
entrance aperture of the analyzer. Both C60

0 (formed
duringt) and C60

2 (that survived pastt) reach the 90°
electrostatic deflector/energy analyzer (#4 in Fig. 1).
The C60

2 ions can now be deflected off the beam axis
leaving only the neutral C60

0 to be detected down-
stream. If the deflection potential is not applied, the
nondepleted beam (comprised of both C60

0 and C60
2 )

will continue without interruption towards the detec-
tor. The analyzer is also equipped with an ionizer in
order to verifyE0 5 100 eV for both neutrals (elec-
tron impact ionized) and negative ions (ionizer on/off
and reversing all polarities as needed). Mass analysis
of the primary beams was carried out using an Extrel
MEXM-4000 quadrupole mass spectrometer (QMS)
that was mounted on the beam line (#10,11 in Fig. 1).
As mentioned before, our measurement method is based
on independent normalization over the C60

2 initial flux
for each nozzle temperature. Because a fraction of the
C60

2 decays into C60
0 during the beam flight time to the

detector, one gets a mixture of charge states with
unknown ratio. The required normalization method
should therefore be one that does not discriminate
between the different charge states. Common ioniza-
tion based detection methods usually employed in
mass spectrometry are inappropriate. However, a
detection method that does fulfill this requirement was
recently studied by us and is based on charge ex-
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change and negative ion formation in hyperthermal
collisions of fullerenes with surfaces [21].

We have recently found that neutral C60
0 , aerody-

namically accelerated in seeded beams to hyperther-
mal energies ofE0 5 10–50 eV, isscattered off a
monolayer graphite on nickel (Ni/C) as a negative ion
with high efficiency [21]. The negative ion formation
yield strongly increases withE0 and approaches 1%
of the incoming neutral flux for the highestE0. Up to
a normal impact energy ofE0> 5 32 eV the scattered
negative ion spectrum is totally dominated by the C60

2

molecular peak. There are no fragments observed
down to a level below 1024 of the scattered C60

2

intensity [21]. The phenomena itself for neutral poly-
atomic molecules in the incidence energy rangeE0 5
1–10 eV wasobserved and reported before and was
named negative hyperthermal surface ionization
[22,23]. The charge exchange process and negative
ion formation in a low velocity collision with a
surface is completely insensitive to the incoming
charge [24]. The incident particle loses track of its
initial charge state at some critical distance from the
surface. Starting from this critical distance there is a
mixing between the particle electrons and the target
conduction electrons (via resonance exchange). The
final charge fractions are therefore exclusively deter-
mined along the outgoing trajectory irrespective of the
incident charge [24]. This argument is fully justified
for atomic collisions and nondissociative molecular
collisions at low normal velocities (V0> 5 1023–
1022 a.u.) as is the case here. However, as a general
comment, it should be noted that in the case of
dissociative scattering of molecular positive ions from
surfaces it is possible that, due to electron transfer to
a repulsive electronic (dissociative neutralization)
state, the ratio of scattered fragments will depend on
the initial charge state [25]. Under our experimental
conditions (E0> 5 18 eV), molecular vibrational ex-
citation of C60

0 upon surface impact is negligible
[26,27] and there is no collisional dissociation of C60

0

down to a level below 1024 of the scattered C60
2

intensity. All the scattering experiments reported here
were carried out with the graphite on nickel (Ni/C)
surface at a scattering angle ofc 5 45° (near grazing
geometry with incidence angle 65°). A detailed ac-

count of surface preparation and scattering conditions
is given elsewhere [28,30]. Base pressure at the
scattering chamber is 53 10210 Torr. The mirror-
like silicon surface used for the pyrometric measure-
ment is mounted on top of the Ni/C surface (along the
manipulator axis), in a double sample holder. In this
study we measure the scattered C60

2 intensity with and
without deflection. When deflection voltage is ap-
plied, only C60

0 molecules (that are formed by auto-
detachment duringt) hit the surface. Without the
deflection voltage the full nondepleted flux (C60

0 1
C60

2 ) hits the surface. This flux is proportional to the
initial C60

2 flux at the point of ion formation near the
nozzle aperture. The collisionally formed C60

2 can then
be detected atc 5 45° by a quadrupole mass spec-
trometer (Balzers QMG-421) equipped with a home-
made retarding field analyzer (RFA) or by a hemi-
spherical energy analyzer (VG-100AX). Both
scattering configurations are equivalent. For measur-
ing the scattered C60

2 flux we used mainly the hemi-
spherical analyzer. Since the C60

2 signal constituted
more than 98% of the scattered intensity, mass sepa-
ration was not required. About 2% of the total
negative ion signal was C58

2 , which could be neglected
for the decay analysis, as will be discussed in Sec. 3.2.

Fig. 2(a) shows energy distributions of scattered
C60

2 for primary beam incidence withE0 5 100 eV
and nozzle temperatureT 5 1620 K,with and with-
out deflection. Under “deflector ON” conditions only
C60

0 is left in the beam (after flight timet) and hits the
surface (solid circles). Under “deflector OFF” condi-
tions, the full nondepleted beam (C60

0 1 C60
2 ) hits the

surface (empty circles). The scattered C60
2 integrated

intensities ratio between these two primary beam
conditions (as a function of nozzle temperature)
constitute the basic measurement for the decay anal-
ysis. The scattering dynamics for these two primary
beam conditions is practically the same, as is evi-
denced by the similarity of their energy and angular
distributions. Fig. 2(b) shows superposition of the two
spectra of Fig. 2(a), but is normalized to the same
maximum intensity. The perfect overlap of the two
spectra demonstrates the insensitivity to the initial
charge state. The behaviour presented in Fig. 2 for
T 5 1620 K isobserved over all the nozzle temper-
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Fig. 2. (a) Energy distributions of scattered C60
2 following impact of primary beams (E0 5 100 eV,T 5 1620 K)with different charge state

compositions. The empty circles are for the nondepleted primary beam (C60
2 1 C60

0 , deflector off) and the solid circles are for the C60
0 only

beam (deflector on). The ratio of the scattered C60
2 intensities as shown here (measured with the hemispherical analyzer) constitutes the basic

data point (a) in this flux calibrated measurement. The peak near zero energy is due to thermal electrons detached from the scattered C60
2 along

its flight time from the surface to the hemispherical analyzer; (b) same as (a) but with both spectra normalized to the same maximum intensity.
Note the complete overlap of the two scattered C60

2 energy distributions, demonstrating insensitivity to the initial charge state. The similar
scaling observed for the auto-detached electrons peak show that both scattered C60

2 beams have the same vibrational temperature.
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ature range studied here. Similarly, perfect overlap is
also found between scattered C60

2 angular distributions
for the two scattering conditions. Indeed, incidence
angle dependences (under the experimental configu-
ration of constant scattering angle) are sharp and
symmetric without any background contributions, and
with full width at half maximum (FWHM) of 7°. The
effective entrance aperture of the hemispherical ana-
lyzer in the scattering plane (including the ion optics
elements) is about 12°. We therefore fully integrate
over the scattered C60

2 angle distributions. All the
experimental results reported here are also reproduced
when using the QMS/RFA whose effective entrance
aperture is 3°. The insensitivity to the angular width
of the entrance aperture (with respect to the width of
the angular distribution) is a direct result of the
similarity of the scattered C60

2 angular distribution for
the two primary beam conditions.

Besides their initial charge states, the incoming C60
2

and C60
0 differ also in their vibrational temperatures.

Being a decay product of C60
2 , the neutral C60

0 is colder
than the parent C60

2 by EA(C60) 5 2.65 eV. This
difference in vibrational excitation between the two
charge states can have, in principle, some influence on
both the formation yield of C60

2 upon surface impact
and its decay (via electron emission) after scattering
(on the way to the detector). The overlapping spectra
as presented in Fig. 2(b) provide us with experimental
evidence that the two charge states are also indistin-
guishable with regard to their vibrational energies
upon impact. The peak near zero energy is attributed
to delayed thermal electrons that detached from the
scattered C60

2 along its way to the detector. The fact
that the intensity of these delayed electrons is propor-
tional to the scattered C60

2 intensity irrespective of the
charge states composition of the primary beam (with
or without the hotter C60

2 ) is a clear indication that
under the present experimental conditions (initial
vibrational energies of 15–19 eV) the scattered C60

2

signal is insensitive to the relatively small difference
in vibrational energies between the two charge states.
It seems that the most plausible explanation for this
insensitivity to the initial vibrational excitation can be
given in terms of an effect already reported and
analyzed by us for the same collider/surface system

[27]. In the scattering of hyperthermal neutral C60
0 off

Ni/C we have observed an inverse dependence of the
impact induced vibrational excitation on the initial
vibrational energy of the incident fullerene [27]: the
higher the vibrational excitation of the incoming C60

0 ,
the lower the probability for vibrational excitation
upon impact. This effect was rationalized by us in
terms of two counter-balancing effects: deformation
induced excitation (heating) and partial thermal ac-
commodation with the colder surface (cooling). As a
direct result of this effect, all the scattered C60

2 ions
leave the surface with nearly the same vibrational
temperature, in spite of the difference in the vibra-
tional temperatures of the incoming C60

0 and C60
2 .

3. Results and analysis

3.1. The C60
2 decay channels: auto-detachment (AD)

and delayed dissociative attachment (DA)

The decay channels of superhot C60
2 that will be

considered here are delayed electron emission (AD)
and two complementary delayed fragmentation (DA)
channels, according to the following scheme:

C60
2 3 C60

0 1 e2 (1a)

3 C58
0 1 C2

2 (1b)

3 C58
2 1 C2

0 (1c)

The dissociation energyEd of C60
0 is still a matter of

controversy. A value of 7–8 eV was reported based
on mass spectrometric analysis of the dissociation
products of electron impact excited C60

1 [29]. The
dissociation energy of purely thermally excited (su-
perhot) C60

0 into C58
0 1 C2

0 was measured by us using
several independent methods [12,18–20,31] and was
consistently found to be in the range ofEd 5 4.2–
4.8 eV. We will therefore assume an average value of
4.5 eV. The most recent and accurate measurement
for the electron affinity of dicarbon C2 yielded the
value [16] EA(C2) 5 3.2696 0.006 eV using pho-
toelectron spectroscopy. Former measurements [32]
gave a value of 3.396 0.02 eV. The electron affinity
of C58 was measured [17] by photodetachment (UV
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photoelectron spectroscopy) as EA(C58) 5 3.3 6 0.1
eV. The same group has carried out extensive mea-
surements of electron photodetachment energies from
carbon clusters anions [33] and also measured
EA(C2) 5 3.3 6 0.1 eV, in good agreement with the
more accurate results. Because no geometry change
(relative shift of potential curve) is expected during
transition from C58

2 to C58
0 one can safely assume that

the vertical detachment energy measured is very close
to the adiabatic electron affinity. Using these energies
we can calculate theDH value for the different decay
channels. For the delayed electron emission channel
we obviously haveDH (1a) 5 EA(C60) 5 2.65 eV.
For the (1b) channel we getDH (1b) 5 Ed 1
EA(C60) 2 EA(C2) 5 3.85 eV and for the (1c) chan-
nel DH(1c) 5 Ed 1 EA(C60) 2 EA(C58) 5 3.85
eV. From the energetics of the different channels it is
clear that: (1) The DA channels are only very weakly
competitive with the AD channel, and because of the
very similar EA values of C2 and C58 the two
complementary DA channels are nearly isoenergetic.

The excess electron ground state wave function of the
parent C60

2 ion is spherically symmetrically spread
over the carbon cage. This practically equal endother-
micity combined with the high symmetry of the
excess electron wave function presents an intriguing
situation. Based on energy consideration alone, in the
fully adiabatic limit (very slow process) one should
expect a 1:1 branching ratio.

Fig. 3 shows mass spectra of surface scattered
negative ions following impact ofE0 5 100 eV
(E0> 5 18 eV) primary beams for three different
nozzle temperatures. For each temperature the two
spectra shown correspond to nondepleted (C60

2 1
C60

0 ) and depleted (C60
0 only, after deflection of C60

2 )
primary beams. The two most prominent features in
Fig. 3 are the gradual increase of the C60

0 concentra-
tion (in the primary beam) and the observation of
scattered C58

2 and its temperature dependence. The
scattered C58

2 was observed for both the nondepleted
and depleted primary beams. However, it was much
weaker for the depleted beam (C60

0 only) and for

Fig. 3. Surface scattered negative ion mass spectra followingE0 5 100 eV primary beam impact with different nozzle temperatures. For each
temperature two different spectra are shown: one for the nondepleted primary beam including both charge states (C60

2 1 C60
0 ) and the second

one for pure C60
0 beam (after deflection of the C60

2 ions). Because collisional dissociation at this normal energy (E0> 5 18 eV) is below the
1024 level of the C60

2 signal intensity the spectra reflects the relative abundance of the incident beam species (ions or neutrals) just before
surface impact. Note the gradual rise of the C58

2 signal.
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clarity of presentation was not magnified in Fig. 3.
The intensities ratio of scattered C58

2 /C60
2 for any of the

threeT values in Fig. 3 is four times smaller for the
depleted beam than for the undepleted one. Both
scattered C60

2 and C58
2 have high kinetic energy

(around 60 eV) as is shown in Fig. 2 for C60
2 .

Furthermore, the mass spectrum in Fig. 3 is energy
gated at 606 20 eV. This clearly shows that the
origin of the scattered C58

2 is either from the 100 eV
C60

2 primary beam or from C58
2 (in the primary beam)

that was formed independently near the nozzle and
thus have the sameE0.

The scattered C58
2 signal is not due to collision

induced dissociation (CID). The evidence for this is as
follows: (1) In the study reported hereE0> 5 18 eV
and the scattering dynamics (energy losses, see Fig. 2)
is exactly the same as for the former neutral C60

0

(E0 5 10–50 eV) seeded beam experiments [30].
Negative ions mass spectrum following the scattering
of seeded beam C60

0 with E0> up to 32 eV have shown
the absence of collision induced C58

2 down to a level
below 1024 of the scattered C60

2 [21]. This observation
rules out the possibility of impulsive collision induced
formation of C58

0 (at the surface) followed by imme-
diate electron pickup to form C58

2 . It also shows that
under these conditions the scattered C60

2 does not
decay into C58

2 via channel (1c). (2) C60
0 and C60

2 in the
primary beam here are hotter (by about 2–4 eV) than
the seeded beam C60

0 . One may argue that the delayed
DA channel (1c), although not observed for the
slightly colder seeded beam C60

0 , may result here from
the decay of collisionally (vibrationally) excited C60

2

on its way from the surface to the detector. However,
measured vibrational excitation under similar condi-
tions (bothE0> and initial vibrational energy) was
found to be negligible, namely less than 1 eV,
especially for high initial vibrational energies [26,27]
(see also the discussion in Sec. 2 regarding the
insensitivity to a few electronvolts difference in initial
vibrational energies). We thus conclude that the spec-
tra in Fig. 3 reflect the mass abundance (either neutral
or ionic species) in the primary beam at the instant of
surface impact. We note that the strong disproportion-
ality observed between the scattered C58

2 and C60
2

intensities for the depleted and nondepleted beams

(Fig. 3) is also not in accordance with the possibility
of CID as the origin for C58

2 . It can be rationalized
based on discrimination effects (due to dissociative
recoil, as will be discussed later) related to the point
of formation along the flight path of either C58

0 or C58
2

in the primary beam. Fig. 3 also provides us with
information regarding the relative importance of the
AD channel as compared with the DA channels. Since
EA(C58) . EA(C60) the yield of the scattered C58

2 via
surface electron pickup (resonance tunneling) should
be much higher than the yield of C60

2 . (This bias in
favour of C58

2 is partially compensated for by solid
angle discrimination against C58

2 as will be discussed
later). As a result, one can conclude that the C60

0

concentration in the primary beam is higher by at least
a factor of 100 than the C58

0 or C58
2 concentration. This

is seen by comparing scattered C60
2 and C58

2 signal
intensities independently for each primary beam. It is
obvious that the electron emission channel (1a) is the
dominant one and therefore we can safely analyze the
thermal kinetics of the AD channel while neglecting
the DA channels. As already mentioned with regard to
Fig. 2, the intensities ratio of the scattered C60

2 for the
two primary beam conditions (C60

0 only versus C60
0 1

C60
2 ) is the basic measurement and reflects the decay

kinetics. A detailed description of the analysis will be
given in the next section.

So far we have shown that the source of the
scattered C58

2 must be high energy (;100 eV) C58
0 or

C58
2 in the primary beam. Formation of C58

0 from
consecutive fragmentation of the product C60

0 in (1a)
can be ruled out since we know that the C60

0 in this
case is colder by 2.65 eV than C60

2 . At this stage we
cannot yet distinguish between the two complemen-
tary DA channels and we still need to verify that no
C58

2 is formed from C58
0 between the nozzle and the

extractor cone. In order to further investigate the
source of the C58 (neutral or ion) we have measured
the negative ion mass spectrum of the primary beam
as shown in Fig. 4 (for nozzle temperature of 1645 K).
No fragments were found down to the detection limit,
which for C58

2 was below 13 1024 of the C60
2 signal

intensity. This observation rules out all the possible
processes that can lead to formation of C58

2 in the
primary beam including: (1) the formation of C58

2 via
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C60
0 fragmentation to C58

0 in the nozzle throat followed
by electron capture, and (2) the prompt or delayed DA
channel (1c). Two comments are in order regarding
possible discriminating effects between C58 and C60

(neutrals or ions) involved in the last two processes.
First, the gas phase electron capture cross section
(free molecule–free electron) is usually not correlated
with the molecular EA value. Because ionic diameters
of C58

2 and C60
2 are probably very close it is reasonable

to assume similar attachment cross sections; namely
no discrimination with regard to the negative ion
formation is expected. Second, the kinetic energy
release distribution (KERD) for the (1c) and (1b)
fragmentation processes peaks at 0.2 eV [34,35] and
extends up to 0.4–0.5 eV. Taking into account the
angular width of the primary beam entering the mass
spectrometer and the divergence due to recoil along
the beam flight time, we have calculated that about
half of the C58

0 (or C58
2 ) formed is detected. This minor

solid angle discrimination against the C58 species

does not change our conclusion. Unfortunately, the
recoil effect is much more pronounced for the C2

0 (or
C2

2) fragments that carry only 0.033E0 (3.3 eV) and
are therefore strongly spatially discriminated against
and cannot be used for monitoring the DA channels.
The spectrum presented in Fig. 4 is optimized for high
masses (resulting in low mass artefact). We have also
optimized the QMS scanning conditions for the low
mass region but no C2

2 was detected.
We believe that the experimental evidence pre-

sented here eliminates all possible sources for the
scattered C58

2 , thus leaving channel (1b) as the only
possible option. We conclude that this DA channel is
dominant over the complementary process (1c). The
hyperthermal negative surface ionization is simply a
much more sensitive way for detecting high energy
neutral C58

0 formed in the beam as compared with
electron impact ionization based detection that could
not generate enough signal (especially at highE0).
Finally, one can also show that the measured C58

2 /C60
2

Fig. 4. Negative ion mass spectra of the primary beam (E0 5 100 eV) as measured along the beam axis by the on-line QMS (#1 in Fig. 1).
There is no C58

2 signal down to the detection limit of 13 1024 of the C60
2 intensity (reduced sensitivity because of the high ion energy). The

low mass peak originates from C60
2 but is a QMS artefact that was broadened because of the high ion energy (.100 eV) and low resolution

conditions for the low masses (optimized conditions only for the high mass range).
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intensities ratio is compatible with theDH value
derived for the DA (1b) decay channel. Using the
scattered C58

2 and C60
2 intensities as in Fig. 3 and

correcting for the differences in electron affinities
between C58

0 and C60
0 (assuming that the scattered C58

2

formation yield is up to a factor of 10 higher than that
of C60

2 ) and the recoil based discrimination factor, we
roughly estimate the ratio of [C60

0 ]/[C58
0 ] in the pri-

mary beam [products of (1a) and (1b)] to be 100–300.
If the efficiency for surface electron pickup by the
hyperthermal C58

0 is higher than that of C60
0 by more

than a factor 10 the C58
0 abundance in the primary

beam will be below 0.3%. For two parallel first order
reactions the products concentration ratio is simply
given by the ratio of the corresponding rate constants.
The estimated concentrations ratio agrees well with
the calculated ratio of thermal (Arrhenius type) rate
constants between channels (1a) and (1b) using the
given DH values and within some reasonable limits
for the ratio of pre-exponential factors. Based on
measured pre-exponential factors for the AD channel
(2.5 3 1011 s21 [6] and in this study 1.33 1011 s21)
and for C60

0 and C60
1 fragmentation (2.53 1013 s21

[18,31]) we have assumed a ratio of pre-exponential
factors between 3 and 10 in favour of channel (1b). In
formerly reported measurements [6] where the C60

2

was nonthermally pumped by the attached electrons,
the DA channel (1b) leading to C58

0 was not observed
and the complementary channel (1c) leading to C58

2

was not considered.
We will now discuss possible explanations for the

experimentally observed branching ratio between the
two DA channels. As already mentioned, based on the
nearly equal endothermicity, the expected branching
ratio should be 1:1. Moreover, on top of the purely
energetic reasoning and based on statistical dilution
considerations for the departing electron one might
predict some preference for electron localization on
the C58 fragment. This way, the electron will be
sampling a much larger part of the available phase
space initially occupied by the C60

2 excess electron.
According to these arguments, one would expect the
branching ratio to be in favour of channel (1c). This
conclusion is clearly in contrast with the experimental
observation. A situation that does obey this type of

reasoning was reported for dissociation of a C6F5I
negative ion [1]. Although the EA values of C6F5 and
I were reported to be very close, the observed branch-
ing ratio was 1:10 in favour of C6F5

2. In this case the
electron clearly preferred localization on the larger
polyatomic fragment. At the moment, the only expla-
nation we can provide for the unexpected dominance
of channel (1b) is that the emission of the C2 unit from
the C60 skeleton is a very slow process and therefore
fully adiabatic. The excess electron thus completely
adjusts to the nuclear motion. In this case even a small
difference of 0.1–0.2 eV (within experimental uncer-
tainty) between EA(C58) and EA(C2) values in favour
of C2 will lead to electron localization on the C2

fragment. We note that the relatively low pre-expo-
nential factor measured for C2 emission from C60

0 and
C60

1 [18,30] supports this interpretation.

3.2. Thermal decay analysis of the auto-detachment
channel

In Sec. 3.1 we showed that the auto-detachment
channel strongly dominates over all other channels.
The decay kinetics of superhot C60

2 can therefore be
analyzed as a first order electron emission process as
reported before [6,11]. Fig. 5 shows the dependence
of the fraction

a 5
scattered [C60

2 ]: “deflector ON”

scattered [C60
2 ]: “deflector OFF”

on nozzle temperatures in the range of 1450–1620 K.
These measurements contain all the information on
the thermal decay kinetics of C60

2 during the flight
time t. In the following we will analyse these results.

Let I0 be the primary C60
2 beam flux (at the ion

formation point) with an average internal energy per
molecule:

EV 5 ^Eth~T!& 1 EA 1 ^Ee& (2)

where^Eth(T)& is the intramolecular canonical energy
(thermal) for a nozzle temperatureT and ^Ee& is the
average kinetic energy carried by the captured elec-
tron. Here we have assumed that the energies EA1
^Ee& are redistributed among all the molecular vibra-
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tions on a time scale much shorter than the flight time.
EV is related to a vibrational temperatureTV via
the approximated relation EV (eV) 5 13.91
0.0143(TV(K) 2 1500) for 4000 K. TV . 1500 K
[26]. Along their flight path towards the target, C60

2

ions lose the excess electron by vibrational auto-
detachment with a rate constantk(EV) such that both
C60

2 ions and C60
0 neutrals are hitting the surface. Their

relative fraction for a given nozzle temperature is
determined by the decay kinetics. Since the hyperther-
mal negative ion formation yield is insensitive to the
incident charge state one can write for the total
scattered C60

2 signal:

IS
2}b2 z I o (3)

whereb2 is the probability for incident C60
0 or C60

2 to
leave the surface as C60

2 (i.e. surface electron pickup
probability along the outgoing trajectory). The neutral
C60

0 flux under the “deflector ON” condition is pro-
portional to I o[12exp(2k(EV)t)]. For the intensity
I n
2 of scattered C60

2 that originated from a pure C60
0

incident beam one can write:

I n
2}b2I o@1 2 exp~ 2 k~EV!t!# (4)

Besides charge insensitivity, the use of the same
b2 value for both Eq. (3) and (4) is also based on the

Fig. 5. Nozzle temperature dependence of the fractiona 5 (scattered [C60
2 ]: “deflector ON”/(scattered [C60

2 ]: “deflector OFF”) due to
auto-detachment of electrons from C60

2 along the flight timet (as defined in Fig. 1). The three sets of independent measurements shown reflect
the reproducibility of the experimental results.
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relative insensitivity observed for the small differ-
ences in vibrational energies between the impinging
C60

2 and C60
0 (as was discussed in Sec. 2).

The ratioa(T) 5 I n
2/IS

2 is therefore given by:

a~T! 5 1 2 exp@ 2 k~EV!t#; (5)

such that

k~EV~T!! 5 2
1

t
ln@1 2 a~T!# (6)

In order to change fromEV(T) to EV (TV) as in Eq.
(2) one needs the exact value of^Ee& (which is
roughly in the range of̂Ee& 5 0–2 eV). As a zero
order approximation we can assume^Ee& 5 0 and
use a thermal rate constant of the formk(TV) 5
Aexp(2Ea/KTV) with K as the Boltzmann constant
and Ea the activation energy. Using the measured
a(T) values as given in Fig. 5 we get in this case a
straight Arrhenius plot [ln(k(TV) versus 1/TV] with a
slope of Ea 5 (2.42 6 0.06 eV) andintersection
A 5 (3.5 6 0.2) 3 1010 s21. TheEa value obtained
shows that the assumption of^Ee& 5 0 is reasonable
but not fully justified. However, we can also try a
different approach. In principle, one can extract^Ee&
directly from the experimental measurements using
the electron emission kinetics as a vibrational ther-
mometer (TV) for one or two nozzle temperatures(out
of six temperatures in Fig. 5) and then use this^Ee&
value for calculatingTV and plotting Arrhenius plots
for all the temperatures. To this purpose, we will first
develop the proper expression for obtainingTV (and
therefore ^Ee&) for a given nozzle temperatureT.
From Eq. (6), we can write for the ratio of rate
constants between two different nozzle temperatures:

k~TV2!

k~TV1!
5

ln~1 2 a~TV2!!

ln~1 2 a~TV1!!
; B21 (7)

Using the thermal decay expressionk(TV) 5 A exp
(2EA/KTV) and the relationsTV2 5 TV1[1 1 (TV2 2
TV1)/TV1] andTV1 2 TV2 5 T1 2 T2 one finally gets:

ln B21 5 2
EA

K~T1 2 T2!
ST1 2 T2

TV1
D2

3 S1 2
T1 2 T2

TV1
D21

(8)

Eq. (8) can be used to determineTV1 by measuringT1

[and a(T1)] and any other arbitrary nozzle tempera-
ture T2 (with its respectivea(T2) value). Note that
only temperature differences (T1 2 T2) need to be
accurately measured. A critical test as to the validity
and self consistency of this method will be to obtain
the sameTV1 value for several differentT2 [and
a(T2)] values.

We first applied this method to the lowest nozzle
temperature (T1 5 1459 K) asgiven in Fig. 5. We
repeated the calculation forTV1 with all the nozzle
temperatures in Fig. 5 excluding the one next toT1 to
avoid large errors associated with measurement of a
small temperature difference. For each of the repeated
calculations we obtained a rather similarTV1 value.
This confirms the validity of the analysis. Please note
that usingall the higher temperatures is only for the
purpose of verification. The final average value is
TV1 5 1741 6 22 K, which corresponds toEV 5
17.556 0.31 eV,according to theEV(TV) relation
given before. SinceT1 5 1459 K corresponds to
^Eth(T)& 5 13.61 eV we get̂Ee& 5 EV 2 ^Eth(T)&
2 EA 5 1.29 eV. We have also calculated the
vibrational temperature forT 5 1539 K andhave
used as the reference (second) temperature all theT
values above it. This time we have obtained^Ee& 5
1.05 eV.Taking the average of both measurements
and considering uncertainties in theTV values we get
a final determination of̂Ee& 5 1.2 6 0.4 eV. We
can now convert all the measured nozzle temperatures
as given in Fig. 5 to the corresponding vibrational
temperatures using Eq. (2) (with EA5 2.65 eV and
^Ee& 5 1.2 eV) and theEV (TV) relation. The rate
constantsk(TV) are taken from Fig. 5 using Eq. (6) as
before. The Arrhenius plot for the new set of cor-
rected vibrational temperatures is shown in Fig. 6.
The slope is 2.646 0.07 eV, which is practically
identical to the reported EA value. The pre-exponen-
tial factor (intersection) isA 5 (1.3 6 0.1) 3 1011

s21. The slope extracted from the Arrhenius plot
cannot be considered fully independent since the
EA(C60) value served as an input in calculating the
vibrational temperaturesTV. It should rather be
viewed as a proof for self consistency of the analysis
and the derived results. However,^Ee& and the pre-
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exponential factorA are uniquely determined by this
procedure. The pre-exponential factor obtained is in
good agreement with the formerly reported experi-
mental value [6] but is several orders of magnitude
lower than predicted by simple thermionic emission
models. The predicted value according to the Rich-
ardson–Dushman equation [15] (thermal electron
emission from solids) for C60

2 is 8.03 1013 s21. We
have assumed a C60

2 diameter of 10 Å and vibrational
temperature of 1850 K. If we take into account a
degeneracy factor of 6 (t1u orbital) for the excess
electron this value will be reduced to 1.63 1013 s21

[7]—still a factor of 100 higher than the measured
value. TheA value predicted according to the thermi-
onic emission model for (neutral) clusters [14a] is
even 4–5 orders of magnitude higher then the one
measured here for the negative ion. We would like to
suggest a tentative explanation for this difference.

The pre-exponential factor stands for the highest
rate constant possible for the system and therefore sets
the characteristic time scale for the rate-determining
step. For delayed electron emission from the superhot
neutral C60

0 we have found that the predicted high
value of 1.53 1016 s21 [14] is in agreement with the
experimental results [36]. This implies a rather effi-
cient coupling between the nuclear vibrations and the

valence electrons in the neutral molecule. The lowA
value for the negative ion probably reflects a much
weaker coupling (i.e. lower collision rate) between the
equilibrated nuclear-electronic system of the neutral
C60

0 core and the more distant excess electron. This
coupling (i.e. low collision rate bottleneck) can be
described in terms of a relatively poor overlap be-
tween wave functions tails of the highest occupied
molecular orbital (HOMO) electrons of C60

0 and the
excess electron in C60

2 . This picture is a modification
of the simple notion of electronic nuclear equilibra-
tion in thermionic emission. We basically suggest that
whereas the thermionic (valence) electrons emitted
from C60

0 are strongly coupled to the molecular
vibrations, the excess (emitted) electron in C60

2 does
not interact directly with the nuclear system but via a
weaker electron–electron coupling with the valence
electrons. The delayed electron emission process in
this case will still behave thermally but the maximum
rate value (A) will be relatively low, as is experimen-
tally observed.

4. Summary

We have studied the thermally activated decay
processes of an ensemble of isolated superhot C60

2

negative ions in effusive molecular beam. We have
applied an innovative charge insensitive detection
method for measuring the integrated flux of beams
with different charge state compositions. It is based
on surface-molecule electron transfer and negative ion
formation during hyperthermal scattering. Our con-
clusions with regard to the main issues of this study as
raised in the introduction are as follows: (1) Thermal
rate constants (Arrhenius type) provide an excellent
description of the delayed electron emission process
(vibrational auto-detachment) for a thermally pumped
(canonical at the instant of ion formation) ensemble of
C60

2 ions. (2) A weak dissociative attachment channel
C60

0 1 e2 3 C58
0 1 C2

2 was observed. This channel
was found to be about a factor of 100 slower than the
auto-detachment channel. This ratio is in agreement
with the estimated energy threshold for the dissocia-
tive attachment reaction based on former measure-

Fig. 6. Arrhenius plot for the thermal auto-detachment process of
electrons from C60

2 along the flight timet. The plot is based on the
data presented in Fig. 5. The temperatureTV is the vibrational
temperature of C60

2 as given by Eq. (2) and the rate constantk is
related to the flux normalized C60

0 fraction (a) via Eq. (6). The slope
of the straight line (best fit) is 2.646 0.07 eV and the intersection
with the ln(k) axis isA 5 (1.3 6 0.1) 3 1011 s21.
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ments of superhot C60
0 fragmentation (C60

0 3 C58
0 1

C2
0). (3) No experimental evidence was found for the

nearly isoenergetic complementary dissociative at-
tachment channel C60

0 1 e2 3 C58
2 1 C2

0. This
rather surprising result can be explained by assuming
that the fragmentation process is very slow (adiabatic)
and thus sensitive to small differences of 0.1–0.2 eV
(within experimental error) in the electron affinity
values of the departing fragments. (4) The low value
of the pre-exponential factor measured here (A 5
1.3 3 1011 s21) is in good agreement with the value
measured before [6]. This shows that current models
whose predictions are several orders of magnitude
higher should be revised.
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