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Formation of fullerene dianions in a Penning trap
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Abstract. Fullerene dianions in the range CZ; to C2; have been created by subjecting trapped fullerene
monoanions to low energy electrons in a Penning trap. The dianion production was found to be a function
of the trapping-potential depth and the time of interaction between the simultaneously stored monoanions
and electrons. Under similar conditions the dianion yield depends on the size of the fullerenes with more
than 10% of the trapped Cg, ions forming dianions while the corresponding relative yield for C2; was less
than 0.1%. The large difference can be explained by the repulsive Coulomb barrier and the second electron

affinity of the fullerenes.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Wa Charged clusters

1 Introduction

In the past decade, much attention has been given to the
experimental investigation and theoretical description of
gas-phase multiply charged anions [1,2]. While fullerene
cations have been studied extensively for various charge
states [3,4], the production of fullerene dianions in the
gas phase has proven to be an experimental challenge.
This is due to the repulsive Coulomb barrier — a property
of all multiply charged anions — that hinders electron
attachment to already negatively charged species.

Fullerene dianions C3; and C3, were first observed
in 1991 following laser desorption from a fullerene tar-
get [5,6]. These observations resulted in efforts to pro-
duce gas-phase fullerene dianions using the methods of
electrospray ionisation [7-9] and electron attachment of
low-energy electrons to monoanions in an ion source [10]
and in ion traps [11,12]. In the latter case the production
of fullerene dianions C?V_, N = 70,76,86, has been re-
ported. More recently, dianionic fullerenes have been cre-
ated through collisions between monoanions and sodium
atoms [13,14].

In the present study, the technique of electron attach-
ment to monoanions stored in a Penning trap [15] has
been used to generate doubly charged fullerene anions C?V_
in the range N = 70—90. This method has previously
been applied to metal clusters [16-18], where further in-
vestigations have been performed to find the conditions
for efficient dianion production [11,19]. First results on
the production of dianionic fullerenes are presented and
the observed relative yields are discussed with respect to
the repulsive Coulomb barrier and the electron affinities.
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Fig. 1. Schematic drawing of the experimental set-up.

2 Experimental set-up and procedure

The ClusterTrap [20-23] consists of an ion source, a
transfer section, a Penning trap within a superconduct-
ing magnet, a time-of-flight (TOF) section and a detector
as shown in Figure 1. For the present study the set-up
has been modified by replacing the metal-cluster laser-
vaporisation source with a fullerene ion source (see Fig. 2).
This source is comprised of a piece of hollow ceramic
with a tungsten heating wire wound around it. A glass
ampoule filled with fullerene powder (containing approx-
imately 76% Cgo, 22% Cro, and 2% higher fullerenes) is
inserted. The oven is heated to 550 °C to create a molecu-
lar beam of fullerenes. A heated tungsten filament, in the
shape of a spiral placed at the oven nozzle, thermionically
emits electrons. As the neutral fullerenes pass through the
filament, electron attachment occurs, thus creating a con-
tinuous beam of fullerene monoanions. The ions are accel-
erated through a set of ion optics towards the trap.

Due to the continuous ion production, the capture of
the ions is somewhat different to the procedure described
previously (see e.g. [23]). The ions enter the trap through
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Fig. 2. Ion source for the production of fullerene monoan-
ions. The fullerene vapour passes through a heated tungsten
spiral, where electron attachment occurs. (Typical voltage dif-
ferences are Uz — Uy = 10 V, typical filament heating currents
are around I =13 A.)

an endcap electrode with an energy slightly higher than
the endcap potential, while at the same time a pulse of
argon gas is applied in the trap region. Through collisions
with the buffer gas some of the ions are trapped. With
a simultaneous quadrupolar excitation the ions may be
further centred in the trap [24]. Note, that the quadrupo-
lar excitation enhances the capture of ions of a particular
mass. However, other ions will also be trapped although
not as efficiently. When enough ions have been captured,
the ion beam is deflected to avoid further interaction with
the stored ions.

Dianions are created by exposure of the stored
monoanions to an electron bath in the Penning trap. The
electron bath is composed of low energy electrons pro-
duced by ionisation of argon gas pulsed into the trap re-
gion. Jonisation of the argon gas is achieved by use of
an electron beam that is guided from an external source
through the trap. The electron beam is applied for a du-
ration of 0.6 s at an energy of 40 eV with respect to the
endcap potential.

After a variable reaction period, the fullerene anions
are axially ejected through the second endcap and pass
a TOF drift section. The ions are finally detected by
single-ion counting with a conversion-electrode detector.
The experimental cycle is repeated several times to in-
crease the statistical significance of the data.

3 Results and discussion

The abundance spectrum in Figure 3 shows the result of
the simultaneous trapping of fullerene monoanions and
low-energy electrons. The monoanions were exposed to
the electron bath for a duration of 0.2 s at a trapping-
potential depth of 10 V. The most prominent peaks in the
mass spectrum belong to monoanions Cg,, C7,, and Cgy;
note that the latter ions were centred during the cap-
ture procedure. Signals that correspond to several dou-
bly charged fullerenes are also present in the spectrum
(see inset of Fig. 3). While CZ; has not been detected at
the current settings, dianions ranging in size from C?a to
larger than Cga are observed. In general, all fullerenes,
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Fig. 3. TOF mass spectrum after the exposure of fullerene
monoanions to an electron bath for a duration of 0.2 s and a
trapping-potential depth of Ur = 10 V. The inset shows the
mass range of fullerene dianions.
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Fig. 4. Relative yield of fullerene dianions as a function of
the number of atoms. The data are taken from the abundance
spectrum in Figure 3. The solid line is plotted to guide the eye.

except Cgo, that are present in the fullerene mixture and
detected as monoanions are also observed as dianions in
the TOF spectrum.

While the relative intensities of the monoanion signals
are in rough agreement with the relative abundances in
the fullerene powder (Cg, is enhanced due to the cen-
tring), the intensities of the dianions show a quite differ-
ent dependence with ng as the most prominent peak.
The relative yield of dianions, C3;7 /(C37 4+ Cy), shows a
significant size dependence (see Fig. 4). The relative abun-
dance of CZ; is less than 0.1% while more than 10% of the
trapped Cg, monoanions are transformed into dianions.

The difference in yield between the smaller and larger
fullerene dianions may be due to the Coulomb barrier, i.e.
the electrostatic potential experienced by an electron ap-
proaching the monoanion. The height of the barrier will
influence not only the possibility of electron attachment,
but will also stabilise the highly charged anions in the
case of negative second electron affinities (EA2). A dian-
ion of a fullerene with a negative EA2 will, however, be
metastable; and it can decay by tunnelling of an electron
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Fig. 5. Coulomb barriers for Cg, and Cg,. See text for details.

through the barrier as has recently been observed for
CZ, [14] and smaller molecular dianions [25].

For a conducting sphere the classical form of the
Coulomb barrier is given by [19,26]:

@ (ld___ R
deg \ v 2r2(r2 —R2%) )’

where r is the distance to the centre of the sphere and R
is its radius. z is the charge state of the sphere before
the attachment of a further electron, e.g. in the present
case z = —1 for the monoanions. In general, the most sta-
ble isomers of higher fullerenes are non-spherical. How-
ever, in first approximation the mean radius R(N) of
fullerenes Cn can be estimated by

R(N) = \/NJ60 R(60), 2)

where R(60) = 4.2 A is the radius of the buckminster
fullerene Cgg [13]. This relation follows from the hollow
structure of fullerenes and is different to that of a compact
cluster where the radius scales as the cube root of the
number of atoms.

As an example, Figure 5 shows the Coulomb barriers
of Cgy and Cg,. They are quite similar, but the potential
maximum is higher for Cg, than for Cg, and hence it is
expected that the attachment of a second electron is some-
what more likely for the latter. The height of the Coulomb
barrier is given by Ve = €2/(8megR) [19] which scales
inversely with the radius (see also Fig. 6). In addition,
the distance of the Coulomb barrier maximum is larger
for Cg,, which yields a larger collisional cross-section for
the electrons. Therefore, the yield of dianions is expected
to increase with fullerene size as confirmed by the experi-
mental data (Fig. 4).

Another parameter that might influence the produc-
tion efficiency is the second electron affinity EA2: re-
cent measurements indicate that EA2 is approximately
—0.2 eV [14] and 0.4 eV [9] for C3; and C3,, respec-
tively. Since earlier estimates have given a nearly linear re-
lationship between the fullerene size and EA2 [8], the sec-
ond electron affinity is extrapolated linearly to the other
fullerenes in the respective size range N = 60—90 (see

Ve(r,R) =

(1)
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Fig. 6. Second electron affinities and Coulomb barrier heights
for the investigated fullerenes and monoanions, respectively.
Filled boxes are data on EA2 from the literature [9,14]. Open
boxes are values from linear interpolations and extrapolations.
For further details see text.

Fig. 6). From this assumption the EA2 value is observed
to drop below zero for N < 70, i.e. small fullerenes al-
low the loss of the second surplus electron by tunnelling
through the Coulomb barrier.

The half-life of C?O_ at room temperature has been es-
timated to be around 80 s [8]. For C3; it is even lower by
orders of magnitude [14] while larger fullerenes seem, in
general, to be stable when vibrationally cold (see [27] and
references therein). Although the monoanions have been
thermalised to room temperature in the trap, they will be
excited by the attachment of a second surplus electron,
i.e. heated by the relaxation of the kinetic energy of the
electron into the vibrational degrees of freedom. The pos-
sibility of thermionic electron emission after heating by
electron attachment has been discussed in the context of
CZ; formation by the application of a constant beam of
low-energy electrons to stored monoanions [12].

Since the sum of the second electron affinity EA2
and the Coulomb barrier height is smaller for the small
fullerenes, e.g. ng , as compared to the larger fullerenes,
e.g. C2; (see Figs. 5 and 6), ion loss by thermionic emis-
sion is more likely to occur for the smaller fullerenes. Thus,
the observed size dependence of the relative dianion yield
possibly reflects a combination of an electron attachment
cross-section that scales with radius and of the stability
of the dianions after electron attachment. Note that sim-
ilar results as those shown in Figure 4 have previously
been observed in experiments on gold, silver and copper
cluster dianions [19] where the relative yield dropped dra-
matically for clusters with a second electron affinity close
to zero.

With the observation of a dependence of the dian-
ion yield on the cluster size, the height of the repulsive
Coulomb barrier, and the EA2 of the precursor fullerene,
it is clear that efficient production of dianions in the
ClusterTrap apparatus is influenced by the properties
of the electron bath to which the monoanions are ex-
posed. For attachment of a further surplus electron to a
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Fig. 7. The relative yield of C25 as a function of trapping-
potential depth Ur. The solid line is an exponential fit to the
data to guide the eye.

monoanion, the electron must have enough energy to over-
come the Coulomb barrier. The maximum kinetic energy
possible for a trapped electron is limited by the magnitude
of the electrostatic quadrupolar potential [28] in the axial
direction

_ Yo »

= 5™ 3)

where Uy is the potential difference between the ring and
endcap electrodes and dy is the trap dimension defined
as d3 = (22 +13/2)/2 with ro and 2y as the radial and
axial distance of the electrodes to the centre of the trap.
The trapping depth is given by Ur = U(zg) — U(0) =
Uo(23/(2d3)), where for the given hyperbolical geometry
of the asymptotically symmetric Penning trap [29], i.e.
d? = 22, it simplifies to Ur = Up/2. Only a fraction
of electrons have energies large enough to overcome the
electrostatic repulsion. The deeper the trapping-potential
depth, Uy, the larger the initial energy of the electrons and
the more likely they can overcome the Coulomb barrier of
the monoanion in order to attach.

The influence of the trapping-potential on the produc-
tion of fullerene dianions has been investigated in the case
of C25 (Fig. 7). These measurements were performed for a
fixed reaction time of 0.5 s in the electron bath. The data
plotted in Figure 7 show an increase of the relative dian-
ion yield as a function of the trapping-potential depth Ur.
As the lowering of Ur influenced not only the dianion pro-
duction, but also the trapping efficiency for monoanions, it
was not possible to achieve sufficient ion intensities below
5.5 eV for the present experimental settings. To guide the
eye, the data points are fitted with an exponentially in-
creasing function that is zero at the maximum value of the
Czg Coulomb barrier (Eq. (1)). The observed behaviour is
in agreement with previous measurements for Au3; and
CZ; [11] where a similar increase in the relative yield was
observed for an increase in Ur.

Further investigations involved the determination of
the dependence of the dianion production on the reaction
time of the monoanions in the electron bath. ng dianions
were created by simultaneous storage of the monoanions
with the low-energy electrons for variable reaction times.
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Fig. 8. Relative yield of C2; as a function of the reaction
time in the electron bath at a trapping-potential depth of
Ur = 10 V. The data points are the average of two different
measurements. They are normalised to the result of a measure-
ment at a fixed reaction time recorded quasisimultaneously in
alternation to the measurements taken for variable times [21].
The solid line is a fit to the data as described in the text.

The corresponding relative dianion yield is plotted in Fig-
ure 8. It increases with reaction time and saturates for
times larger than about 2 s. A significant fraction of the
dianions, approximately 40% of the yield in saturation,
are created during the application of the electron beam
(600 ms). In order to guide the eye, a growth function
I(t) = I,(1 —27%7) + I(0) was fitted to the data in Fig-
ure 8 which yields a time constant 7 = 1.0 s.

This behaviour is similar to that previously observed
for the production of Au3, [19] under similar conditions.
The initial increase in the dianion yield suggests that a
longer storage time allows for a higher probability of elec-
tron attachment. The observed saturation of the signal
is considered to be due to a decrease in energy of the
stored electrons below the Coulomb barrier height, since
the trapped electrons may lose their kinetic energy by syn-
chrotron radiation [28,30] and/or collisions with both the
buffer gas and the stored ions. It is not due to ion loss as
after a few seconds still almost 90% of the fullerenes are
monoanionic.

4 Conclusion and outlook

Fullerene dianions have been created over a broad size
range by exposure of monoanions to a low-energy elec-
tron bath in a Penning trap. The dianion yield is highly
size-dependent with over 10% of the trapped Cg, form-
ing dianions, while no Cj; has been observed for the
present experimental settings. The large difference in the
relative yield between smaller and larger dianions can be
attributed to the corresponding repulsive Coulomb barri-
ers of the monoanions and the second electron affinities of
the fullerenes.

The change of the relative dianion yield by the vari-
ation of the trapping-potential depth, and hence of the
electron energy, indicates the influence of the Coulomb
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barrier on the electron attachment process. The dianion
yield could be improved by increasing the interaction time
of electrons and monoanions in the trap. This is, however,
limited by energy loss of the electrons.

As the dianions are expected to be excited in the elec-
tron attachment process it might be necessary to apply a
cooling, i.e. a deexcitation, during the electron bath in or-
der to enhance the yield of the smaller dianions. Possibly,
a buffer gas can be used to this end. Thus, the method
of dianion production with an electron bath in a Penning
trap which has been applied in this work may also be
extended to smaller fullerenes as e.g. to Cgg. The use of
other fullerene mixtures or ion sources should also lead to
the production of larger fullerene dianions and possibly
also trianions. This will enable the investigation of photo-
excited and collisionally activated dianions over a wide
range of fullerene sizes.
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