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Recent gold cluster studies in a Penning trap
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Abstract

A progress report is given on the investigation of metal clusters with an ion cyclotron resonance (Penning) trap. The
examples are taken from the recent studies on gold clusters. In particular, the monomer and dimer evaporation is monitored
as a function of cluster size. For the particular case of Au7

+ this study is expanded to include the energy dependence of the
branching ratio. In connection with the sequential decay of Au8

+ the information can be used for a model-free determination
of the dissociation energy of Au8

+. A second line of studies concerns the production, properties and storage behavior of
polyanionic gold clusters. Such species have recently been produced by electron attachment to monoanionic gold clusters
stored in the Penning trap. While collisional excitation may lead to ion loss due to changes of the ion motion upon electron
emission, the competition between electron detachment and neutral atom evaporation can be studied by laser excitation. Small
clusters tend to emit electrons, while larger ones evaporate atomic monomers. (Int J Mass Spectrom 219 (2002) 363–371)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The field of small inorganic clusters[1] has found
widespread interest for quite a while (see e.g., the
conference proceedings given in[2]), in particular
after it was found in the early eighties that the proper-
ties of these particles do not show a smooth transition
between single atoms or molecules and the bulk mate-
rial. Instead, magic numbers were found, i.e., cluster
sizes where the clusters have an increased stability
as compared to the neighbor sizes[3,4]. These magic
numbers are not universal but depend on the type of
interaction between the clusters’ constituents. There
are two main groups: the properties may either be
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dominated by geometrical aspects, i.e., the spatial po-
sition of the atoms or molecules, or by the electronic
structure, i.e., by the quantum mechanical level struc-
ture of delocalized valence electrons in a spherical or
near spherical mean field potential. Prototype systems
at the two extremes are the noble gas[3] and the alkali
metal clusters[4]. However, usually the systems show
a mixed behavior and the dominance of one aspect
over the other may itself be a function of a cluster pa-
rameter as, e.g., the temperature or cluster size[5–7].

In order to study some of these aspects in further
detail, a Penning ion trap apparatus has been setup
[8–10] and applied to noble metal clusters. Ion trap-
ping techniques allow one to obtain good control of
the samples studied. In particular, the species of inter-
est can easily be isolated, i.e., selected from a larger
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ensemble by ejection of all unwanted ions. This aspect
is important with respect to the size selection of clus-
ters, since in general cluster sources produce a wide
distribution of cluster sizes and it can be difficult to
disentangle their reactions without a prior size selec-
tion. In addition, the trap allows a cascading of selec-
tion and reaction. Thus, products of earlier reactions
can be used for subsequent investigations, where the
“product reactants” may not be available directly from
a cluster source.

The second main advantage of ion trapping is the
dynamic range with respect to time. The only alterna-
tive for the study of gas phase clusters is the cluster
beam which limits the measurement duration to the
flight time between the cluster source and the detec-
tor. The flight time of such a beam, however, is short
compared to the trapping times which can be of the
order of seconds in ion trapping devices. Such devices
include the Penning trap which will be discussed in
the following, similar other ICR systems, which make
use of the Fourier transform-ion cyclotron resonance
(FT-ICR) detection scheme[11–13], but also ion
traps based on rf fields[14–18], electrostatic traps
[19], and storage rings[20].

In the following, the recent progress of investiga-
tions at our Cluster Trap is reported. After a review of
the setup two main lines of research are described for
the case of gold clusters, the study of decay branching
ratios and the production and study of polyanionic
systems.

Fig. 1. Overview of the experimental setup.

2. Experimental setup and procedure

A schematic overview of the experimental setup is
given in Fig. 1. The components are described in de-
tail elsewhere[8–10]. In a Smalley-type cluster ion
source[21,22] singly-charged clusters are produced
by laser vaporization of a metal wire in a helium gas
pulse. The gas is expanded through a nozzle into dif-
ferentially pumped vacuum sections and the clusters
are guided by electrostatic ion-optical elements to the
Penning trap where they are captured in flight[23]
for extended storage. The trap consists of a homoge-
neous magnetic field of 5 T for radial and a quadrupo-
lar electric field (potential well depths of a few volts)
for axial ion confinement[24]. Several cluster ion
bunches may be accumulated[25]. In the trap specific
cluster sizes are selected by radial ion cyclotron reso-
nance ejection of all unwanted ions. After this isola-
tion step various interactions can be applied. The reac-
tions are analyzed by axial ejection of the products and
time-of-flight (TOF) mass spectrometry with single
ion detection.

Fig. 2 shows a cartoon of a particular experimental
event sequence, where anionic clusters are trans-
ferred/captured (a) and size-selected (b). After appli-
cation of an electron beam and gas pulses the clusters
pick up more electrons (c) and are again selected,
now with respect to their charge state (d). With a laser
beam the dianionic clusters can be transformed back
to singly-charged species (e) and these final products
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Fig. 2. Cartoon of the experimental event sequence for laser dis-
sociation of stored cluster ions.

are detected by ejection into the TOF section (f).
Further details of this particular experiment are given
below (Section 4).

The sequence ofFig. 2 demonstrates how by use
of several selection steps, it is possible to produce
an ensemble with particular values of mass,m, and
charge state,z, whereas in general mass spectrometric
selection is only sensitive to the ratiom/z. Another
example where this feature has been used is multiply
charged positive metal clusters and in particular the
case of Ag16

2+ [26]. In order to find its fragmenta-
tion behavior and not to confuse it with the decay of
Ag8

+, the cluster has been produced indirectly: first,
Ag17

2+ has been formed by electron impact ioniza-
tion of Ag17

+. Collisional excitation of Ag17
2+ leads

to neutral monomer evaporation and thus Ag16
2+ is

generated without any Ag8
+ present. After this step

Ag16
2+ can be selected with well defined size and

charge state by ejection of the unwanted species and
thus isolation of the desiredm/z. Subsequent excita-
tion of Ag16

2+ leads to a fission into Ag13
+ + Ag3

+.
Similarly, Ag18

2+ has been prepared and observed
to decay into Ag15

+ + Ag3
+, i.e., into two very

different cluster sizes. Thus, in both cases much
more symmetric fission reactions, as reported earlier
[27], seem very unprobable in the light of the recent
experiments[26].

3. Dimer vs. monomer evaporation of
photoexcited clusters

Small singly-charged gold clusters, Aun
+, evapo-

rate either neutral monomers or dimers when excited
above the dissociation threshold, as has been shown in
detail[28,29]. As an example,Fig. 3shows TOF spec-
tra for the photodissociation of Au7

+. After size selec-
tion (Fig. 3(a)) the clusters are irradiated with a laser
pulse (atλ = 355 nm and a pulse energy of 30�J). The
product yields for monomer and dimer evaporation,
Aun−1

+ and Aun−2
+, are strongly dependent on the

size of the precursor, Aun+, in particular on whether
it consists of an even or odd number of atoms.Fig. 4
shows an overview of two series of measurements,
where size-selected gold clusters have been irradiated
with the 3rd (top) and 4th (bottom) harmonic of a
Nd:YAG laser. The laser pulse energy has been lim-
ited to the range of single photon absorption. Thus, at
the lower photon energy, for some clusters the excita-
tion is not high enough for dissociation. Nevertheless,
the odd–even effect in the decay pathway is clearly

Fig. 3. TOF spectra of Au7+ (a) before and (b) after photoexcitation
with a laser pulse of 30�J atλ = 266 nm.
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Fig. 4. Dimer vs. monomer evaporation yields of excited gold
clusters as a function of clusters size for photoexcitation at (a)
λ = 355 nm and (b)λ = 266 nm.

visible. At the higher photon energy, all clusters can be
dissociated and from these measurements it is evident
that large clusters (n ≥ 16) decay by monomer evapo-
ration and the smaller ones show the odd–even effect.

A further examination of the relative yields shows
that the branching ratio depends on the excitation
energy, see for example, the values atn = 7. This
feature can be used for the determination of disso-
ciation energies with a recently developed procedure
[30,31]. The idea and first application of the method
was to avoid extensive modeling of rates and instead
measure an extra set of rate constants. Specifically,
the decay rate of a cluster Aun−1

+ was investigated
for both the direct decay

Aun−1
+ → Aun−2

+

and the sequential decay

Aun
+ → Aun−1

+ → Aun−2
+

The excitation energies,En−1 andEn, respectively,
of the two processes are adjusted so that the observed

decay rates are the same for the direct decay and
for the last process in the sequential decay. Then the
differenceEn − En−1 equals the dissociation energy
of Aun

+, plus the kinetic energy of the evaporated
monomer, which is only a relatively small correction
that can either be measured or calculated. Effectively,
the dissociation rate of Aun−1

+ is used as an uncal-
ibrated thermometer. It is therefore not necessary to
model the dependence of the decay rate on energy or,
equivalently, to model the “rest energy” of the clus-
ter after its decay since it can simply be subtracted by
use of the result of the direct decay measurement. The
method is consequently as model-free as possible. It
has recently been applied to the gold clusters Aun

+,
n = 14–24[30].

Soon after the new concept had been invented, it
was realized that also experimental observables other
than the rate constant could be used as a thermome-
ter. As mentioned above, the branching ratio of the
dissociation pathways may serve as such a variable.
This has been checked for the dissociation energies of
Au14

+ and Au16
+ for which values from both choices

of thermometer are available. The comparison shows
very good agreement between the rate and the path-
way measurements[31]. This agreement allows an
expansion of the range of application of this method
to much smaller clusters sizes with confidence and it
has been applied in order to determine the dissociation
energy of Au8+. Fig. 5 shows the pathway branching
ratiosf2/f1 of dimer vs. monomer evaporation of gold
clusters Au7+ as a function of photoexcitation energy
for the direct decay of Au7+ (data points on the left)
and for the sequential decay after photoexcitation of
Au8

+ (data point on the right).
The energy difference is determined by linear in-

terpolation of the data points of the direct process and
comparison with the result of the sequential process
Au8

+ → Au7
+ → Au6/5

+ at a photoexcitation en-
ergy of 6.98 eV, i.e., for the absorption of two photons
of the frequency-trippled Nd:YAG laser beam. The
laser pulse energy of this measurement was kept as
low as possible compatible with reasonable statistics
(120�J) with a sequential decay yield (i.e., relative
number of Au6/5

+ ions) of only 4% of all stored
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Fig. 5. Ratio of dimer (f2) vs. monomer evaporation yields (f1)
of gold clusters Au7+ as a function of photoexcitation energy for
the direct decay of Au7+ (data points on the left) and for the
sequential decay after photoexcitation of Au8

+ (data point on the
right).

clusters. It was checked that the branching ratio does
not depend on the laser pulse energy, which rules out
any significant contribution from three or more photon
absorption. The difference in photoexcitation energies
for direct and sequential processes at a branching
ratio f2/f1 (for dimer vs. monomer evaporation) of
about 15 amounts to 3.05(6) eV. When the differ-
ence in initial thermal energies before photoexcitation
(0.06 eV) and the kinetic energy of the evaporated
monomer in the thermometer decay (0.46(5) eV) are
taken into account (for details see[30,31]), the disso-
ciation energy of Au8+ is determined toD(Au8

+) =
2.65(9) eV.

This number is of particular interest with respect to
the investigations of the methanol gold cluster system
Aun

+(CH3OH): the time-resolved sequential and di-
rect decays

Au8
+(CH3OH) → Au8

+ → Au7
+

Au8
+ → Au7

+

are compared in order to study the binding of the
methanol molecule to the gold cluster Au8

+ [32]. An-
other area where a reliable value of the dissociation
energy is of great interest, is the case of the vana-
dium cluster V13

+. This cluster has been examined
with respect to its radiative cooling behavior[33],

but a comprehensive description had been difficult
until the precise value of the dissociation energy was
determined recently[34].

4. Production and study of dianionic gold
clusters

While it is relatively easy to generate multiply
positively charged metal clusters[35] and several
investigations have been performed on such species
with our Cluster Trap[36–39] the further charging of
anionic ions to generate multiply negative systems is
not as easy. However, it has been shown recently that
additional electrons can be added if the cluster anions
are bathed in a sea of electrons while both species
are stored in an ICR trap[40–44]. In order to create
such an electron bath argon gas pulses are applied to
the trap region and an electron beam from an external
source (located in the magnetic fringe field between
the cluster source and the Penning trap) ionizes the
argon atoms. In the negative axial trapping potential
the cationic ions leave the trap immediately, but the
secondary electrons that are formed in the ionization
process remain stored in the trap—together with the
anionic clusters that have been captured earlier in the
sequence, as shown schematically in the cartoon of
Fig. 2.

The procedure is also illustrated by the TOF spec-
tra of Au28

− clusters as presented inFig. 6, where the
sequence has been interrupted by TOF analysis after
size selection (a) and application of the electron bath
(b). A number of studies have been performed with
respect to the conversion yields from singly-charged
cluster anions to higher charge states and these inves-
tigations show that the yield can be correlated with the
magic numbers in the spherical shell model[41–43].

In a further step the dianionic clusters may be
charge state selected (Fig. 6(c)). At this stage the di-
anionic clusters are available for further experiments.
Recent experiments have shown that small clusters
tend to emit one of the excess electrons upon ex-
citation (Fig. 6(d)), whereas larger clusters cool by
monomer evaporation (see below).
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Fig. 6. TOF spectra of anionic gold clusters Au28 (a) after size
selection (Au28

− only), (b) after application of an electron bath
(Au28

− and Au28
2−), (c) after charge state selection (Au28

2− only),
and (d) after laser irradiation (wavelengthλ = 355 nm, laser pulse
energy 1 mJ, Au28

− and Au28
2−).

With respect to ICR technology in general, it is of
interest to investigate what happens to those clusters
that lose an electron while they are on a large cy-
clotron radius, e.g., because the excitation has been
imparted by collisions with gas molecules.Fig. 7
illustrates the radial motion in such a case. The top
shows the pure cyclotron motion before the charge
state changing electron emission. In the center dia-
gram, the ion is assumed to lose the electron when it
is at the indicated position (arrow). It continues with
essentially the same speedv = ω+ρ+. However, now
the cyclotron frequencyω+ has dropped by about a
factor of 2 and in order to compensate this reduction
the cyclotron radiusρ+ has to increase by the same
factor. At the same time the guiding center of the
cyclotron revolution is shifted byρ+ away from the
axis of the trap to produce a finite magnetron radius
ρ− equal to the initial cyclotron radius. Thus, the
ion that moves on according to its new cyclotron and
magnetron radii (Fig. 7(b) and (c)) now reaches out a
factor 3 further away from the trap axis than before the
reaction.

Fig. 7. Radial ion motion in the Penning trap illustrating the ex-
pansion of the ion motion’s amplitude due to a sudden change in
charge state: (a) cyclotron motion only, (b) change to a combina-
tion of cyclotron and magnetron motion when the charge state is
reduced by a factor of 2, (c) resulting combined motion. (Axis in
units of the initial cyclotron radius.)
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Fig. 8. Ratio of yields of dianionic products Aun−1
2− and

singly-charged clusters Aun
− after photoexcitation (atλ = 355 nm)

of size-selected dianionic gold clusters Aun
2− (preliminary re-

sults).

Since cluster ions are rather heavy species their
center-of-mass collisional energy is relatively low and
thus they have to be excited to rather large cyclotron
radii to induce the electron emission. An increase of
the ion orbits’ radial extension by a factor 3, thus, of-
ten means the loss of the ion from the trap. Therefore,
earlier experiments which used collisional excitation
[45] have recently been extended and replaced by
investigations via photoexcitation.Fig. 8 shows some
preliminary results: the ratio of yields of reaction
products due to neutral monomer evaporation

Aun
2− → Aun−1

2− + Au

and due to electron emission

Aun
2− → Aun

− + e−

As described earlier[46] the droplet model of metal
clusters [47] predicts a dissociation energy which
does not change much as a function of cluster size.
In contrast, the electron affinity of the anion, i.e., the
excitation energy necessary for the emission of the
second excess electron, is larger than the dissociation
energy for large clusters but decreases as the cluster
size is lowered. Thus, there is a transition region of
cluster size below which the electron emission dom-
inates over the dissociation. This predicted behavior
is confirmed by the observation.Fig. 8 shows pre-

liminary results of the ratio of yields of dianionic
products Aun−1

2− and singly-charged clusters Aun
−

after photoexcitation of size-selected dianionic gold
clusters Aun2−. Within a cluster size region between
n = 30 and 50 the decay pathway changes from
more than 90% electron emission to dominantly neu-
tral monomer decay. Note that as in the case of the
monomer/dimer decay pathway competition described
above, the branching ratio will, in general, be a func-
tion of the excitation energy. It may thus again be
possible to use it for the investigation of dissociation
energies and/or electron detachment energies.

5. Conclusion and outlook

Ion trapping has proven a versatile tool in the study
of clusters, both because of the large range of time
scales which can be investigated and because the trap-
ping allows a number of manipulations to prepare
the clusters with well defined excitation energies and
well defined charge states which could not have been
reached with the more common molecular beam tech-
niques. In particular, the trap has been successfully
applied to the measurement of binding energies. One
result of these studies is that dissociation energies for
medium size and small clusters can now be deter-
mined with an accuracy which allows detailed tests of
statistical rate theories and provides a much needed
absolute energy scale for competing processes such
as radiative cooling and thermal electron emission. In
addition, the application of an electron bath has led
to the first observation of polyanionic metal clusters.
These species are now available for further studies.
The techniques described above may be combined for
future even more detailed investigations of the transi-
tion from the isolated constituents of matter, i.e., atoms
and molecules, to its condensed phase.
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