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ABSTRACT
We report the experimental structure determination of cold, mass selected Ag55+/- cluster ions using the recently developed technique of
trapped ion electron diffraction. By comparison of experimental and theoretical molecular scattering functions and consideration of computed
total energies, we show that Ag55+ constitutes an ideal Mackay icosahedron, whereas Ag55- is a weakly Jahn−Teller distorted icosahedron.
Isomers of other structural types, for example, decahedral or close-packed, could be ruled out. The candidate structures were obtained by
density functional theory calculations.

Metal clusters are intermediate in size between atoms and
microscopic pieces of the bulk metal. They often show
strongly size dependent physical1-4 and chemical5 properties.
These size-dependent properties are not only of fundamental
interest but also of practical relevance to heterogeneous
catalysis and nanotechnology. Many characteristics of a metal
cluster are determined by its geometric structure, making
structure determination an important step in understanding
cluster properties; in particular, equilibrium structures commonly deviate significantly from simple segments of the bulk
lattice. Even before the discovery of fullerenes, predictions
and indirect experimental inferences of high-symmetry
closed-shell structures for specific metal cluster sizes have
fueled efforts to develop size-specific experimental structure
determination methods for free mass-selected clusters. Photodissociation spectra in combination with the calculation of
absorption spectra have been used to assign structures for
small clusters.6-11 Structures of metal clusters Mn+/- with
n < 20 have also been determined by ion mobility measurements in combination with ab initio calculations.12,13 The ion
mobility method is sensitive to the collision cross section of
a cluster and is therefore most effectively used for smaller
metal clusters. Photoelectron spectroscopy (PES) has also
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been applied to the structure assignment of small- and
medium-sized metal cluster anions.14-16 PES is sensitive to
the electron density of states and in conjunction with ab initio
calculations gives unambiguous structural information particularly in high-symmetry cases.
A complementary and more direct method of structure
determination is the recently developed technique of trapped
ion electron diffraction (TIED) that we apply in this study.17,18
Because of the diffraction nature of TIED, the method is
especially sensitive to the number of nearest neighbors as
well as to the next neighbor distances. TIED allows structural
assignment via comparison to trial structures derived from
theory. Here we have chosen to apply TIED to mid-size silver
clusters because these currently provide optimum theoretical/
experimental tractability and nanotechnological interest. Note
that electron diffraction studies have been performed previously on wide size and internal energy distributions of neutral
silver clusters in a supersonic beam.19-23 Although this work
suggested the presence of icosahedral-type clusters (in
contrast to segments of bulk silver (fcc)) in the ensemble,
the method did not allow structure determination for specific
sizes. Below we study a single silver cluster size at a welldefined temperature in two different charge states, Ag55+/-.
By comparison of TIED data to trial structures deriving from
DFT calculations, we demonstrate that both Ag55+ and Ag55-,
as probed in our experiment, have closed-shell icosahedral
molecular structures.

Figure 1. Experimental arrangement for trapped ion electron
diffraction. Cluster ions are generated in a magnetron sputter cluster
source and trapped in the quadrupole ion trap. Electrons from the
electron gun are diffracted by the cluster ions and the scattering
pattern is detected using a phosphor screen CCD camera combination. The CCD is mounted outside the UHV chamber. Also shown
is a raw CCD image (in false colors) of Ag55+ diffraction data after
subtraction of the reference image (right).

The components of the trapped ion electron diffraction
(TIED) apparatus are shown schematically in Figure 1. It
comprises a home-built quadrupole ion trap with an inner
diameter of the ring electrode of 14.1 mm and an end-cap
spacing of 10.8 mm. A radio frequency (300 kHz) voltage
of up to 5000 V0P is applied to the ring, while the end caps
remain grounded. The trap electrodes are attached to a heater/
cooler assembly allowing temperature control of the trap
between 90 and 450 K. A long focal length electron gun
(VTS-Createc) generates a well-collimated electron beam of
0.5-mm diameter at a kinetic energy of 40 keV (λ )
0.0601 Å). The electron beam passes through the trap via
1.5-mm-diameter holes in the end caps, allowing for a
maximum scattering angle ϑmax ) 7.7°, which corresponds
to a maximum scattering vector of smax ) 14.5 Å-1. While
the primary beam is captured in a Faraday cup, diffracted
electrons are detected on a phosphorescent screen assembly,
which is imaged on a liquid-nitrogen-cooled CCD camera
(Roper Scientific) external to the UHV chamber.
Silver cluster ions were produced by an inert gas condensation cluster source based on a DC magnetron sputtering
process developed by Haberland and co-workers.24 The
cluster source operated at 90 K using a gas mixture of
∼10 vol % Ar (99.999%) in He (99.9999%) at a total
pressure of ca. 1 mbar. A silver target of 99.99% purity was
used. The intensity and purity of the cluster ions were
optimized and monitored by a linear time-of-flight mass
spectrometer.
The cluster ions generated were injected into the trap via
two quadrupole benders and associated ion optics collinear
to the electron beam. Mass selection to a single cluster size
(i.e., no detectable neighbor cluster sizes) prior and during
the diffraction period was achieved by applying a dipolar
SWIFT excitation25,26 via the endcaps of the trap. On the
order of 105 cluster ions were captured from the ion beam,
mass selected, and thermalized for 1-2 s in a He bath at
approximately 10-3 mbar. After pump down to 10-9 mbar,
the ion cloud was irradiated by the electron beam for an
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exposure time of typically 30 s at an electron beam current
of ca. 1 µA. During the diffraction period, all of the
fragmentation products (e.g., caused by inelastic scattering
and subsequent heating and dissociation of the trapped
clusters) were removed by continuous SWIFT excitation to
ensure strict size selectivity. To account for the experimental
background, we accumulated a reference exposure by repeating exactly the same sequence without cluster ions in the
trap (alternating cluster signal and reference exposures). The
number of signal exposures for a cluster size was approximately 400, corresponding to a total measurement time
of 6-8 h. All of the measurements shown here were
performed at a trap temperature of (95 ( 1) K.
Reference and cluster signal exposures were averaged
separately, and the averages were subtracted from each other.
This yielded a difference picture that was subsequently
centered and radially averaged to obtain the total diffraction
intensity I exp
tot as a function of the electron momentum
transfer s ) 4π/λ sin(θ/2) where θ is the scattering angle
and λ is the electron wavelength. The experimental reduced
molecular scattering intensity sMexp can be defined by27

(
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with the atomic scattering contribution Iat and an additional
unspecific background Iback, defined as a “flat” function of
the form28
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This background is caused by extraneous scattering (e.g.,
inelastic scattering) and is not separately determinable. The
parameters of the background function (A, R, ai) are varied
independently and optimized in the fitting procedure described below.
In the case of a homoatomic cluster, the theoretical reduced
molecular scattering function sM theo can be written as
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where N is the number of atoms in the cluster and rij is the
distance between atom pair i and j. The mean squared
vibrational amplitude, L, is included to express the attenuation of the interference term contributed mainly by thermal
vibrations. In this simple model it is assumed that the
displacement of atoms is random and isotropic about their
equilibrium positions. In this case, L is the rms displacement
averaged over all atom pairs in the cluster. In addition to
the amplitude scaling factor, Sc, a scaling factor for the s
scale, ks, is used where s′ ) kss.
The experimental data is broadened by the finite electron
beam width in the scattering region, by the finite distribution
of scatterers, and by the angular variation of the electron
1973

beam. To include these broadening effects in modeling the
experimental data, we smoothed the theoretical molecular
diffraction intensity before analysis by a moving average over
∆s ) 0.39 Å-1. The differences between the model and
experimental scattering intensities were then minimized by
a χ2 fit of Sc, ks, and L as well as the parameters of the
background function. The quality of the fit, that is, the level
of agreement between sM exp and sM theo, is characterized by
a weighted R-value of the form

Rw )

x
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The sums go over all of the experimental and correspond2
ing theory data points. The weighting factors, wi ) 1/σsM,i
,
are calculated from the (error propagated) standard deviation
of I exp
tot .
All of the calculations were performed with the TURBOMOLE29 package using the DFT level of theory with the
S-VWN+Becke-Perdew parametrization (BP-86) and the
resolution of the identity approximation for the Coulomb
energy (RI-J) quadrature.30-32 We use a split valence plus
polarization (SVP) basis set ((7s6p5d)/[5s3p2d]) along with
a scalar relativistic effective core-potential (RECP) that
retains 19 electrons in the valence space.33 For the clusters
studied, pure spin states with deviations 〈S2〉 of less than
about 0.1 from the exact values were always obtained.
Although a systematic search for the global minimum
structure in this size range has been shown to be promising
for semiempirical potential functions,34,35 this is currently
prohibitively expensive for DFT calculations. Instead, only
a limited number of structures were considered as starting
points for geometry optimization. These structures were
chosen to reflect different possible structural motifs (e.g.,
icosahedral, decahedral or close packed), partially with the
aid of the WWW based Cambridge Cluster Database.36
Corresponding DFT calculations allowed for structure relaxation (energy minimization) under the symmetry constraint
of the starting geometry.
Small silver clusters have been extensively studied
theoretically.13,37-40 The medium size range including Ag55+/has been modeled using semiempirical interatomic (Gupta41
or Sutton Chen42) potentials. These favor icosahedral structures. Neutral43 and anionic16 Ag55 clusters have also been
treated with density functional calculations, with the closedshell icosahedron being the lowest energy isomer found for
both charge states. The density of states calculated in the
anion DFT study fits well with the experimental photoelectron spectrum obtained in the same work.16
Arranging 55 atoms in a closed shell leads to (at least)
three possible topologies: a Mackay icosahedron (ico), a
truncated decahedron (trdec), and a cuboctahedron (cubo),
see Figure 2. Of these, the lowest energy isomer for Ag55+
is the icosahedron (see Table 1). At the DFT level, the
1974

Figure 2. Minimum energy forms found for various Ag55+/structure types using DFT calculations (see text). Shown are the
optimized structures (side-view left, top-view right) together with
point group symmetries and relative stabilities for Ag55+ (Ag55-)
in eV. (A) icosahedral, (B) truncated decahedral, (C) cuboctahedral,
(D) incomplete Mackay icosahedron with surface adatom,
(E) incomplete trigonal bipyramid, and (F) incomplete Marks
decahedron.

tentative ground state of Ag55+ is a high spin state with the
full Ih symmetry (the HOMO is an energetically well
separated half filled gg4 orbital). However, the Jahn-Teller
distorted singlet state with reduced symmetry D5d is isoenergetic. A further reduction of symmetry does not lead to
a decrease in energy. The other closed-shell structures, the
truncated decahedron (trdec-D5h) and the cuboctahedron
(cubo-C4V), are 0.9 and 2.1 eV, respectively, above the
proposed ground state.
For comparison, a single defect Mackay icosahedron was
generated by removing an atom from a vertex of the closedshell icosahedron and placing it on the center of a face. Of
the possible adatom-site isomers unrelated by symmetry, the
Nano Lett., Vol. 5, No. 10, 2005

Table 1. Calculated Properties and Experimental Rw values of
Ag55+ Isomersa
type

G

HOMO

ico
ico
i-ico + 1
trdec
i-trtbipy
i-mdec
cubo

Ih
D5d
Cs
D5h
Cs
C2v
C4v

gg4
e1g4
a′2
e1′′4
a′2
a12
e4

state
5A

g

1A

1g

1A′
1′
1A′

1A
1A

1

1A

1

∆E/eV

Rw

0.00
0.00
0.67
0.90
1.40
1.63
2.10

5.1
5.0
5.2
21
26
17
37

a

The cluster type is defined in the text. G denotes the symmetry point
group, HOMO is the highest occupied molecular orbital. Also listed are
the spin state and ∆E, the relative stability with respect to the most stable
isomer. The Rw value is defined in the text and given in percent.

Table 2. Calculated Properties and Experimental Rw values of
Ag55- Isomersa
type

G

HOMO

ico
ico
i-ico + 1
trdec
i-trtbipy
i-mdec
cubo

D3d
D5h
Cs
D5h
Cs
C2v
D4h

eg4
e2g2
a′2
e1′2
a′2
b12
t1g6

a

state
1A
1g
3A
2g
1A′
3A ′
2
1A′
1A
1
1A
1g

∆E/eV

Rw

0.00
0.04
0.67
1.75
1.54
1.50
2.01

6.5
7.0
5.9
18
23
17
35

Abbreviations as in Table 1.

one with lowest energy is 0.67 eV above the Ih ground state
and shown in Figure 2 (i-ico+1-Cs). Other open geometry
structures were also calculated. Of these, two of the lower
lying isomers are the incomplete truncated trigonal bipyramid
(i-trtbipy-Cs) composed of fcc layers with a stacking error
and the i-mdec-C2V isomer, which is a part of the 75-atom
Marks decahedron,44 1.4 and 1.6 eV above the Ih isomer,
respectively.
For Ag55-, the energy ordering of the closed-shell structures is very similar (see Table 2). The slightly Jahn-Teller
distorted singlet iscosahedral isomer with D3d symmetry is
the tentative ground state. The triplet state with D5h symmetry
is almost isoenergetic. The decahedral and cuboctahedral
isomers, as well as open shell structures are again clearly
higher in energy than the icosahedral isomers.
As a typical example, Figure 3 shows the total scattering
intensity for Ag55+ after subtraction of reference exposures,
center finding, and ring averaging. The error bars in Figure
3 indicate the standard deviation ((σ) of the circular
averaging. No additional averaging or smoothing was applied
to the experimental data. For each trial structure considered,
Sc, ks, and L as well as the parameter of the background
function was fitted to the experimental data. The resultant
best fits are shown in Figure 4A-C for three different closedshell trial structures of Ag55+. Note that, in general, sMexp is
slightly dependent on the trial structure. This is caused by
the simultaneous fitting of background and sM theo to sMexp.
However, because the background is a flat function of a
frequency much lower than the lowest frequency of the data,
this dependence is weak and does not hinder the structural
assignment.
Nano Lett., Vol. 5, No. 10, 2005

Figure 3. Total experimental scattering intensity, I exp
tot (open
squares), and the product of atomic and background scattering,
IatIback (line), as a function of the momentum transfer s for Ag55+.
The error bars show the standard deviation ((σ).

Comparing the Rw values of the different model structures
(Tables 1 and 2) reveals that the cluster distribution probed
(ca. 105 ions per exposure) can be well described in terms
of only one structural motif. For Ag55+ and Ag55- (see Figure
4), this structural motif is clearly that of the icosahedron.
The agreement of experimental and simulated molecular
scattering function is excellent for the iscosahedral structures
(Rw ) 5.5% and 6.5%), all other structural motifs can be
ruled out as significant contributors based on the much higher
Rw values. This is, in turn, in very good agreement with the
RIDFT calculation suggesting that only the lowest energy
forms of Ag55+/- are generated and probed in experiment
under our conditions.
Note that the differences in the structures and the reduced
molecular scattering functions of the icosahedral isomers of
Ag55+/- are minimal and within the experimental error, as
are the differences between the Ag55 charge states (see Figure
4 A,D and Table 3).
In comparing experimental and theoretical intensities, the
only structural variation that was allowed from calculated
atomic coordinates is a uniform volume compression (or
dilatation) via the s-scaling factor ks. The best fits for the
icosahedral structures were obtained with an inward displacement from the optimized structures by 4.7% (Table 3).
The maximum systematic error of ks, which is determined
mainly by the uncertainty of the dimensions of the scattering
geometry, is less than 3%. The remaining discrepancies
between measured and calculated data could be attributed
here to a DFT deficiency in accordance with the observed
trend of overestimating bond distances in such calculations.45
The structures of free mass-selected Ag55+ and Ag55- were
investigated by trapped ion electron diffraction at 95 K. The
experimental data were best described by a closed-shell
icosahedron, as modeled with DFT calculations. Other
structural motifs were ruled out on the basis of disagreement
of experimental and simulated molecular diffraction functions. Our data are in good agreement with a recent PES
study of Ag55-, which made use of an identical cluster
source.16 Low-temperature trapped ion electron diffraction
appears well-suited to molecular structure determination for
1975
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Figure 4. Comparison of the experimental (open circles) and model
(line) reduced molecular scattering functions for the icosahedral
ico-Ih (A), the truncated decahedral (B), and the cuboctahedral (C)
isomers of Ag55+ and for the icosahedral isomer of Ag55- (D). The
lower traces show the residuals. All of the measurements were
performed at a trap temperature of (95 ( 1) K.
Table 3. Ag55+/Ag55- Icosahedral Model Fitting Parameter
Ag55+
Ag55-

symmetry

Sc

L

ks

Ih
D3d

0.897
0.894

0.106
0.111

1.0471
1.0468

isolated transition metal cluster ions. TIED is also able to
gauge the accuracy of present quantum chemical methods
as applied to such systems.47
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