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Abstract

Singly charged gold cluster anions in the size range n = 16 — 30 have been
captured, stored and size selected in a Penning trap. After application
of an electron beam doubly charged gold cluster anions have been observed
for 20 <n < 30. To our knowledge this is the first observation of metal
cluster dianions. The threshold appearance size is in good agreement with
a simple charged sphere model. The application of argon gas pulses simul-
taneously with the electron beam is found to increase the production rate
by an order of magnitude.

1. Introduction

The stability of free dianions has been of continuous interest
over the past decades [1]. While the observation of atomic
and diatomic dianionsin the gas phaseis debated, several mol-
ecular dianions have been produced. As for atomic and mol-
ecular clusters, doubly charged negative carbon clusters
from a graphite sputter source [2] have been observed in
the size range n = 7 — 28, fullerene dianions CZ, were found
by laser-vaporization of a Cgy sample [3] and electron attach-
ment to Cg, has been achieved [4]. Recently, alkali halide
cluster dianions were produced in an electrospray soure, e.g.
Na(,C1§_ [5]. However, to the authors’ knowledge no pure
metal cluster dianions have been observed so far. On the
theoretical side, extended calculations have been performed
for doubly charged negative sodium clusters only [6].

2. Experimental setup and procedure

Reviews of the Mainz Cluster Trap have been presented
recently [7]. The experimental procedure is demonstrated in
Fig. 1 by time-of-flight (TOF) spectra of the cluster ensemble
in the trap at different stages of the experiment for the case
of electron attachment to Au,,. Singly charged metal clusters
produced by a laser vaporization source are transferred to,
accumulated and centered in a Penning trap (Fig. 1a). One
cluster size (Au,,) is selected by radial ejection of all otherions
(Fig. 1b). Subsequently, a 70 eV electron beam is directed
through the trap for 600 ms. The charged products remain
stored in the trap until allions are axially ejected and analyzed
by TOF mass spectrometry (with singleion detection by a con-
version dynode detector). In the case of Au,, selection prior to
the application of the electron beam an additional signal at
n/z = 12is observed which indicates the production of doubly
charged negative clusters Augz (Fig. 1c).

3. Results and Discussion

Clusters in the size range n = 16 — 30 have been investigated.
Figure 2 shows the resulting TOF spectra for n = 18 — 25,
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where the left part of the spectra is magnified by a factor
of 10. Additional signals appear only at half the n/z value
of the size-selected precursor Au,. A dissociation of the
form Au,” — Au, » + Au,; seems very unlikely, since singly
charged both positive and negative gold cluster ions of the
present size range are known to decay by neutral monomer
evaporation [8]. In addition, the signal at (n/z)/2 appears
even in the case of odd-size clusters, i.e. at half-integer
n/z values. We therefore conclude that dianionic gold
clusters have been produced.

The ratio (Auﬁ*)/l (Au,) of the intensities of singly and
doubly charged clusters has been plotted in Fig. 3 as a func-
tion of cluster size. No doubly charged anions are observed
below n = 20. The abundance of dianions increases in the
range n =20 — 24 and remains roughly constant above
n = 24. The present appearance size, the threshold size of
observation, may depend on the details of the experiment
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Fig. 1. Experimental sequence for the production of Au3;. For details see
text.
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Fig. 2. TOF-spectra after application of the electron beam to size-selected
Au,, n =18 —25. The left part of the spectra is magnified by a factor
of 10.
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Fig. 3. Ratio of doubly to singly charged gold cluster anions. For details see
text.
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such as the production mechanism and the statistics as well
as the stability of the gold cluster dianions.

For comparison, the electron affinity of a gold cluster with
charge state —z can be estimated by use of a charged sphere
model [9]:

2

EA(n, —z2) = Wr — (z +0.5) (1)

4meg - rg - nl/3”
where Wy denotes the bulk work function (Wr = 5.31eV
[10]) and ry the constituent radius at room temperature
(ro =1.65-10"'%m [10]). The resulting electron affinities
for neutral and singly charged gold clusters, Aug and
Au!~ respectively, are shown in Fig. 4. Whereas all neutral
gold clusters have a positive electron affinity, the singly
charged anions below n =17 show a negative electron
affinity, i.e. are unstable towards electron emission. The
transition size depends on the parameters used for the liquid
drop model. If, e.g., the consituent radius at the melting
point (1o =1.59-107'm [10]) is taken, the electron affinity
of gold cluster anions becomes negative below n = 15. It
should also be noted, that these macroscopic calculations
completely neglect microscopic effects, i.e. shell and
odd-even-effects [6]. In addition, the production mechanism
may shift the appearance size to larger values. Thus, within
the present approximations, a good agreement between
the experimental appearance size (n = 20) and the theoreti-
cal size limit for negative electron affinity (n = 15 —17) is
found.

As for the production mechanism, the electrons with an
energy of E =~ 70eV will most probably not lead to direct
electron attachment, but rather to the removal of the excess-
ive electrons of the stored anions, i.e. to neutralization
(possibly further ionization [11]) and loss of the clusters.
If however, neutral background atoms or molecules are
ionized by electron impact inside the trap, the resulting sec-
ondary electrons will stay stored inside the trap and can
eventually attach to the simultaneously stored clusters.
To check this hypothesis, we have intentionally increased
the pressure during the application of the electron beam
by pulses of argon gas. The result for Auy, is shown in
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Fig. 4. Electron affinities of gold clusters as given by the charged sphere
model Eq. (1).
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Fig. 1d: a significant increase of intensity of the n/z = 12.0
signal with respect to the intensity in the absence of the
argon pulses (Fig. 1c). Appearently the sea of stored second-
ary electrons helps to produce Au’~.

In another experimental sequence the Penning trap has
been filled with electrons by electron impact ionization of
neutral argon prior to the capture of the singly charged gold
clusters. While the signal intensity of the resulting Au2~ is
larger than for the original sequence described in section
2, it was lower than in the case of argon-pulse assisted
secondary-electron production during cluster trapping. It
may well be that in the case of the creation of the sea of
stored electrons prior to the cluster capture, the electrons
have cooled down before the clusters arrive and are not
as likely to overcome the Coulomb barrier for attachment.
The details of the production mechanism will be subject
to further investigations. It may already be pointed out, that
in contrast to direct electron impact on positively charged
metal clusters [11] no dissociation has been observed, neither
of the singly nor of the doubly charged cluster anions.

4. Conclusion

Gold cluster dianions have been produced in a Penning trap
by the application of an electron beam during the storage
of singly charged clusters. The threshold appearance size
is in good agreement with the expectations from a charged
sphere model. Preliminary measurements indicate that the
production of Au2~ is due to the attachment of secondary
electrons formed by electron impact ionization of neutral
atoms or molecules inside the trap. The details of the dianion
production mechanism are to be investigated. In addition,
we plan to extend the investigations to other elements
and to probe the properties of the dianionic clusters by
the methods that have already been established for singly
and multiply-positively charged species [7].

Note added in proof

After completion of this manuscript we have heard from Prof. M. M.
Kappes (Univ. of Karlsruhe) that his group has recently observed metal
cluster dianioins upon laser irradiation of metal targets under ultra-high-
vacuum conditions. A publication is in preparation.
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