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Abstract

Gas phase ion mobility spectrometry in combination with quantum chemical calculations has proven to be extremely useful for the structure
determination of cluster ions. After a short introduction into the methodology, investigations focused on clusters of different main group
metals and semi-metals are reviewed. Based on the findings of different groups, it became apparent that in many cases small clusters (below
100 atoms) show a rich variation in shape as function of the number of atoms.
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1. Introduction

The investigation of the motion of ions in gases dates
back to early works of Townsend[1], in the late 19th cen-
tury. In the 1930s, it was Tyndall[2] who gave new impetus
to the field with the first accurate mobility measurements of
alkali ions in a drift cell filled with rare gases. The inves-
tigations of the following decades were mostly focused on
small atomic or molecular ions in gases like nitrogen, oxygen
and rare gases[3]. In the 1970s, ion mobility spectrometry
was established as an analytical method for the detection of
organic molecules[4,5]: as bath gas in the drift cell nitro-
gen or air was used under ambient conditions, a common
method to ionize the organic sample was with the radiation
of a radioactive source like63Ni. The drift time distribution
of the (fragment-) ions through the gas gives a “finger print”
spectrum of the substance investigated—in some respects
analogous to a gas chromatogram. The devices are rather
rugged, compact and mobile. Nowadays, they are in use, for
example, in airports as a tool to detect traces of drugs and
explosives[6–9].

Ion mobility spectrometry as a method to determine the
structure of large molecular ions was established in the 1990s
by Bowers and coworkers[10,11] and Jarrold and Constant
[12]. The crucial improvement was the combination with
mass spectrometers before and after the drift cell. With this
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2. Ion mobility spectrometry as a tool to obtain
structural information

Gas phase ion mobility spectrometry is a straightforward,
albeit not model-free way to gain structural information on an
ionic species. In this method, the cluster ion is injected into a
gas filled drift cell and guided by a weak electrical field. The
collision cross-section of the ion is determined under ther-
mal conditions by determining its drift time as function of
bath gas pressure and electrical field strength. This collision
cross-section can be directly compared with structure pre-
dictions based on quantum chemical calculations—this close
connection between experiment and theory is an important
advantage of the method. (A prerequisite is however, that the
motion of the cluster ion in the bath gas is essentially diffu-
sive, i.e., the electrical field must be weak enough to represent
only a small perturbation.) The average drift timet of an ion
in a bath gas is given by:

vd = L

t
= KE = K

U

L
and therefore K = L2

Ut

wherevd is the average drift velocity,L the length of the drift
region,E the electrical field strength andU is the correspond-
ing voltage.K represents the mobility of the cluster ion in the
respective bath gas. The ion mobility is connected with the
c

K
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etup it was possible to measure the drift time distributio
nly one ionic species—fragmentation and/or reaction p
cts were rejected in the mass spectrometers. Further

he combination with modern ionization methods suc
atrix assisted laser desorption/ionization (MALDI), e

rospray ionization (ESI) and laser vaporization made
hase measurements available for new substance cl
uch as peptides, nucleotides, synthetic polymers and
ers. In the case of oligopeptides, Jarrold and cowo
13–21]showed with drift time measurements that depe
ng on the amino acid sequence, globular or helical s
ures are preferred. Bowers and coworkers investigate
as phase conformation of the peptides[22–24], oligonu-
leotides[25–31] and synthetic polymers[32–35]. Clem-
er and coworkers developed the ion mobility techn

nto a tool for high-throughput screening of peptide m
ures [36–40]. The application of ion mobility spectrom
try as a tool to determine the structure of biomolec
as been the focus of several recent reviews[41–43]. The

ocus of this article will be on the use of ion mobil
pectrometry as a tool to determine the structure of cl
ons.
,

,

ollision cross-section by[3]:

= 3q

16N

√
2π

µkBT

1

Ω

hereN is the number density of the bath gas in the c
the reduced mass of ion and bath gas molecule andΩ is

he (experimental) collision cross-section. This is the
ection to quantum chemical calculations. The theore
ollision cross-section depends on the structure of the c
on and the interaction potential between this ion and the
as molecules. Depending on the nature of the bath ga

he cluster ion considered, this interaction potential will c
rise charge–dipole, charge-induced dipole, dipole–dipo
ell as van der Waals interactions. Choosing helium as
as greatly simplifies the situation: it has no dipole mom

ts polarisability is extraordinarily low—thus, the interact
etween cluster ion in helium atom can be treated in a re
ble approximation as an elastic scattering of hard part
he cross-section of a cluster ion drifting in helium sho

herefore reflect its geometric shape. A simple way to
ulate the collision cross-section of a cluster ion with g
olecular geometry is therefore the hard spheres model
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atom of the cluster is replaced by a sphere with an element-
specific radius. Within this model, the cross-section of the
whole molecule can be determined by averaging over a suffi-
cient number of orientations (projection approximation, PA).
The projection approximation is however only correct for
particles built of hard spheres if they are convex. For con-
cave bodies, one has to consider multiple collisions (i.e.,
the scattered bath gas atom hits another part of the cluster
ion). This has been taken into account in the so-called “exact
hard spheres scattering model” (EHSS)[44] developed by
the group of Jarrold. For small cluster ions, the difference
between the two models is often small, simply because they
usually have a rather compact, mostly convex shape and are
too small for multiple collisions.

If the calculated cross-sections and the experimental
values agree within the combined uncertainties of theory
and experiment (typically±2%) a structure can be con-
sidered as confirmed, otherwise it can be ruled out. This
trial and error approach has proven to be an extremely use-
ful tool for the structure determination of gaseous cluster
ions.

3. Application of ion mobility spectrometry to cluster
ions
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gas in the laser vaporization source[51] and found that
under these conditions the fullerene formation is efficiently
quenched, while linear chains and monocyclic rings domi-
nate for up to 20 carbon atoms. The structures to compare
the experimental cross-sections with were calculated with
the semi-empirical PM3 method. With respect to the relative
amounts of linear chains and monocyclic rings, positively
charged CnH2

+ and anionic Cn− clusters quantitatively agree
in the size range between 5 and 20 carbon atoms. In the stud-
ies mentioned so far, the carbon clusters were made by laser
vaporization of graphite. In 1994, Hunter and Jarrold[52]
investigated the C120

+ ions formed by laser desorption of C60
and found two isomeric forms in the arrival time distribution,
one could be attributed to a large closed cage fullerene struc-
ture, the other to a C60-dimer (the structure of which could
not be completely revealed at that time). In the years to come,
Jarrold and coworkers revisted the issue of fullerene coa-
lescence with higher experimental resolution and improved
theoretical methodology[53,54]. They concluded that the
dimeric form is a [2 + 2]cycloadduct. In the plasma formed
upon the vaporization of C60 they found for the even
numbered cluster sizes above C120, additional isomers, so
called “ball-and-chain dimers” representing two fullerene
cages linked by a chain with up to eight carbon atoms
[55].
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.1. Pure carbon clusters

In 1991, Helden et al.[11] revealed the structures of t
ationic carbon clusters formed upon laser vaporization
arbon rod. They found several families of coexisting
ers: up to C10

+ they found linear chains, in the ran
etween 7 and 40 carbon atoms they observed mono
ings, followed by polycyclic rings starting at 21 carb
toms and finally cage-like fullerene structures startin
0 atoms.

In 1993, Helden et al.[45,46] and Hunter et al.[47]
njected carbon clusters (made by laser vaporizatio
raphite) into the drift cell with high energies (several 100

aboratory frame) showing that large polycyclic carbon c
ers (50–70 atoms) can be efficiently annealed into fulle
tructures thereby shedding light into the still mysterious
ess of fullerene formation. For clusters with 30–50 ato
unter et al.[48] found that the polycyclic rings (that a
redominantly formed in the laser vaporization source in
ize range) anneal into both monocyclic rings and fullere
n the range between 10 and 36 atoms, they found
he monocyclic ring is the dominant isomer after annea
49].

Bowers and coworkers[50] investigated the effect o
harge state on the cluster topology—in anionic carbon
ers they found linear chains with up to 20 atoms, in str
ontrast to previous findings on positively charged ca
lusters were linear chains where only found up ton = 10.
hey also investigated the effect of hydrogen on the ca
luster growth by adding 10% hydrogen to the expan
.2. Doped carbon clusters

Bowers and coworkers[56] investigated the structures
mall iron carbon cluster anions (FexCy, x = 1–3,y = 2–8) and
ound for x = 1 both linear chains and planar clusters.
= 2, they found ring structures with a Fe2 unit incorporated
nd for the clusters with three iron atoms they observed t
imensional structures. Fye and Jarrold[57] investigated th
tructures of CnSi+ (n = 3–69) made by laser vaporization
mixture of graphite and silicon. They found essentially

ame structures as for the respective pure carbon clu
.e., with increasing cluster size chains, rings and cage
arbon clusters doped with a single palladium atom (by
aporization of a Pd/graphite mixture) on the other h
o fullerene-like cages were found in the range betwee
nd 60 carbon atoms[58]. For carbon clusters containi
ne or two lanthanum atoms, LaCn

+ and La2Cn
+ (by laser

aporization of LaC2/graphite mix) Shelimov et al.[59–61]
howed a strong preference for the endohedral positio
he first lanthanum atom, while the second lanthanum
an be incorporated both inside and outside the cage. B
n the drift time distributions they concluded that for
arbon clusters with two lanthanum atoms new isom
orms that are not present in the pure carbon clusters c
ound.

Carbon clusters doped with one niobium atom Nbn
+

n = 15–50) show as function of size essentially the s
amilies of isomers (monocyclic rings – polycyclic rings
ullerenes) as the pure carbon clusters, but at different a
ances[62].
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3.3. Metal and semiconductor clusters

Ion mobility spectrometry as a tool to elucidate the struc-
ture of metal cluster ions has been extensively applied by
Jarrold and coworkers on metal clusters of rows 13 and
14.

3.3.1. Aluminum
For aluminum[63,64], they investigated both singly and

doubly charged cluster cations in the size range between 5–73
atoms (Aln+) and 20–142 atoms (Aln

2+). They found that
the cross-sections of these clusters are almost independent
of the charge state, albeit there are strong modulations as
function of the size of the cluster. The observed maxima in ion
mobility (corresponding to compact structures) were found
to correspond to regions of electronic shell closings of the
jellium model (20, 40, 58, 92,. . . valence electrons).

3.3.2. Indium
Lermé et al. [65] investigated the mobilities of posi-

tively and negatively charged indium clusters Inn
+/− for sizes

between 2 and 30 atoms. In this size range, indium clus-
ters are believed to be liquid at room temperature[66] and
therefore, their geometric shape is expected to be close to
spherical. In the ion mobility measurements, they found that
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3.3.4. Germanium
In a similar study on germanium clusters, Jarrold and

coworkers could show that in the range below approxi-
mately 20 atoms, germanium clusters follow the same prin-
ciples as the silicon clusters (prolate structures that are based
on tricapped trigonal prisms) but the geometries differ in
some details[71]. The transition to quasi-spherical structures
occurs however at significantly larger cluster sizes, around
n = 65[72].

3.3.5. Tin
The morphology of positively charged tin clusters fol-

lows the same trend as found for silicon and germanium:
the smaller clusters are prolate (up ton = 35), the larger
ones arrange in near-spherical geometries[73]. It is inter-
esting to note that small tin clusters (in the range between
10 and 30 atoms) retain their prolate shape (and therefore
a comparatively large cross-section) and do not convert into
spherical geometries, even when heated up to 555 K, 50 K
above the melting point of bulk tin[74]. Such a non-spherical
shape implies that the cluster is still solid at that temperature
(although there is no strict thermodynamic definition of the
melting point for small clusters, one can assume that a molten
cluster has in the time average a compact, almost spherical
structure with a smaller collision cross-section).
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he cross-sections of the anions are systematically large
he respective cationic values. This can be explained in t
f a more extended electron cloud for the anionic clus
hich in turn means that the mobility of a cluster ion is
nly a function of the positions of the atoms constituting
luster, but also of its electron density distribution. For ato
ons of transition metals such an influence of the electr
tate on the ion mobility has been shown by Helden e
67].

.3.3. Silicon
In a series of experiments, Jarrold and coworkers reve

he main structural features of positively and negati
harged silicon clusters with up to 60 atoms[68–70]. Com-
ared to carbon clusters with their preference for chains,
nd finally fullerenes with increasing cluster size, comple
ifferent structural motifs were found, i.e., early occurre
f three-dimensional structures. In the size range bet
2 and 18 atoms, they observed prolate structures b
n stacked Si9 tricapped trigonal prisms followed by com
act, quasi-spherical structures for the larger clusters
omparing the experimental cross-sections with predic
rom theory (based on an unbiased global minimum se
y a genetic algorithm and geometry optimizations at
FT level) they could in many cases assign the exact cl
eometries. By repeating the measurements with an imp
etup with significantly higher resolution[70], they were abl
o identify a large number of different isomers in the tra
ion region between prolate and quasi-spherical struc
around 20–30 atoms).
.3.6. Lead
The cross-sections of positively charged lead clusters

ange up ton = 32) are significantly smaller than respec
alues of their lighter element cluster congeners[75]. This
mplies that Pbn+ ions favor compact, near-spherical geo
ries, already at small cluster sizes unlike silicon, german
nd tin, which first grow in prolate geometries. In other wo
t least in terms of geometry small tin clusters behave m

ike germanium and silicon than lead and one might sp
ate that for small group 14 clusters the transition betw
ovalent and metallic behavior is between tin and lead.

.4. Coinage metal clusters, silver

In our measurements, we have focused on cluste
oinage metals, i.e., copper, silver and gold. The coi
etals are “simple” metals in the sense that the d-sh

ompletely filled and their chemistry is determined by
ingle s valence electron—like in the alkali metals. T
icture is adequate at least for silver and significantly sim
es its theoretical treatment. Accordingly, there are nu
us quantum chemical calculations on small silver clus

76–81]as well as experimental investigations like, for ex
le, photo-dissociation spectroscopy[82–84], femto-secon
pectroscopy[85,86], fluorescence measurements in rare
atrix [87] to give just a few recent examples. On the o
and, the equilibrium structures of even the smallest clu
re still subject to controversy. In this respect, the dete
ation of the collision cross-section is a suitable tool to
ore structural information.
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Details of our experimental setup are described in detail
in an earlier publication[88]. In brief, the apparatus com-
prises a combination of a time-of-flight mass spectrometer,
an ion mobility drift cell and a quadrupole mass filter. The
cluster ions are produced by laser vaporization (vaporization
laser: Continuum ND 61, second harmonic, 30 Hz repetition
rate) in a variant of a Smalley-type setup[89], with helium
(pulsed, backing pressure 5–10 bar) as cooling gas. The clus-
ters expand with the cooling gas through a nozzle into the
high vacuum of the source chamber. A particular cluster size
is selected in the time-of-flight mass spectrometer, injected
into the drift cell (110 mm long, filled with 5–10 mbar helium,
0.5 mm diameter entrance and exit orifices). The ion packet
drifts through the cell under the influence of a weak electric
field (drift voltage 50–300 V) and its arrival time is deter-
mined as function of the applied drift field. A quadrupole
mass filter (Extrel) behind the cell rejects possible fragmenta-
tion products. The ions are detected by means of a channeltron
electron multiplier and counted by an EG&G MCS board
(2�s dwell time). From the arrival time distributions as func-
tions of the helium pressure in the drift cell and the applied
electric fields the collision cross-sections can be easily deter-
mined (cf.[88]).

Fig. 1 shows the collision cross-sections of the silver
cluster cations[90]. They increase monotonically, roughly
proportional to the number of atoms to the power of 2/3,
a n in
F all
c e rel-
a ision
c l
a redic-
t both
M ter-
i ge
[ opti-
m hell

F i-
s
n
d

Fig. 2. Relative collision cross-sections of the silver cluster cations, com-
parison of the experimental data (�) with quantum chemically computed
structures (©). The line connects the collision cross-sections of the global
minima calculated at MP2 level.

electrons of each silver atom are treated by means of the rel-
ativistic effective core potential (ECP) of the Stuttgart group
[93], only the 19 outermost electrons, i.e., the 5s-shell and
the 4s-, 4p-, 4d-shells are treated explicitly. The valence basis
set for Ag is based on TURBOMOLE’s standard SVP basis
augmented by additional polarization and diffuse functions
resulting in a (6s5p3d1f) [8s7p5d1f] basis[90].

For the trimer Ag3+ only one minimum structure can
be found with both methods, an isosceles triangle. For the
tetramer Ag4+, three local minima exist—a diamond, which
represents the global energy minimum, as well as a Y-
shaped and quasi-tetrahedral structure. Both are however
more than 0.2 eV higher in energy. The lowest energy struc-
ture of the pentamer consists of two Ag3 triangles with a
common central atom—the trigonal bipyramid is a local min-
imum at both MP2 and DFT level, but more than 0.2 eV
less favorable. At the hexamer the predictions of both meth-
ods diverge: MP2 favors a three-dimensional structure that
can be looked upon as two tetrahedrons sharing a common
edge, DFT predicts a planar structure. The same holds true
for the heptamer. Starting at Ag8

+ both methods exclusively
find three-dimensional structures. Comparison of calculated
and measured cross-sections confirms the MP2 results—for
the pentamer the trigonal bipyramid can be definitely ruled
out, for the tetramer only the cross-section of the diamond
is in agreement with the experimental value. Hexamer and
h 2 cal-
c ith
p
f m.

3

cop-
p alues
o n of
c imen-
t ver,
t en-
t at
b rd
s expected for quasi-spherical clusters (see fit functio
ig. 1). However, there are significant deviations for sm
luster sizes, as can be clearly seen when looking at th
tive cross-sections, i.e., by dividing the measured coll
ross-sections by the fit function (seeFig. 2). For structura
ssignment, the experimental data are compared with p

ions based on quantum chemical calculations. We used
P2 and density functional theory (DFT, BP-86 parame

zation[91]) as implemented in the TURBOMOLE packa
92] to find reasonable candidate structures by geometry
ization, i.e., search for energy minima. The inner s

ig. 1. Collision cross-sections of Agn
+ clusters. The line is a fit for quas

pherical clusters with the fit functionΩ(n) = 4/3π(N1/3rAg + rHe)2; N is the
umber of atoms in the cluster ion and the parametersrAg and rHe were
etermined to 1.52 and 0.94Å, respectively.
eptamer are three-dimensional, as predicted by the MP
ulations (seeFig. 2). The structures are mostly in line w
redictions of Bonǎcić-Koutecḱy et al.[94]—except for Ag5+

or which a trigonal bipyramid is found as global minimu

.5. Copper

The collision cross-sections of the positively charged
er clusters are generally somewhat smaller than the v
f the respective silver clusters. Their trend, as functio
luster size, does however strongly resemble the exper
al results for the corresponding silver clusters. Like for sil
he candidate structures for comparison with the experim
al data were obtained by full geometry optimizations
oth DFT and MP2 level with TURBOMOLE’s standa
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SVPP basis. Both methods yielded very similar results, i.e.,
same structures with comparable binding energies. Up to the
octamer, the same global minima were found with both meth-
ods, they are topologically identical with the respective silver
structures (except for the pentamer, see below): the trimer is
an isosceles triangle, the tetramer has a diamond-like struc-
ture. For the hexamer, the 3D structure is more than 0.3 eV
lower in energy than the planar geometry. The lowest Cu7

+

structure is the pentagonal bipyramid, followed by another
3D structure withC3v symmetry that can be looked upon as
composed of four face-sharing tetrahedrons. The planarD6h
structure is, unlike in the case of the silver heptamer, not a
local minimum.

For Cu5
+, the situation is somewhat complicated—at DFT-

level, we found five different structures within 0.05 eV: like
in Ag5

+, there is the motif of the two triangles sharing a
common central atom, in the planarD2h geometry this repre-
sents a flat saddle point, while the twistedD2d arrangement
is a local minimum. Another variant of this motif, two tri-
angles in a planar W-geometry is the global minimum at
DFT level. However, we find two three-dimensional struc-
tures within the 0.05 eV energy interval as well—the trigonal
bipyramid and a topological very similar structure withC2v
symmetry. At MP2 level, the W-structure does not represent
a local minimum, the respective calculation converges into
theD geometry. As global minimum MP2 predicts theD
s r in
e tures
w pre-
d of
t hows
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t ional
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t htly
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m er be

F com-
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clearly ruled out. The structures that we find are in most
cases in agreement with predictions of Jug et al.[95], except
for the pentamer, where they predict the trigonal bipyramid,
a structure that can be clearly ruled out based on our experi-
ments.

To summarize the results for copper and silver cations,
the transition to three-dimensional structures is at a cluster
size of six atoms, the triangle is a very important structural
motif: all structures, planar as well as three-dimensional, are
composed of (almost isosceles) triangles sharing edges.

3.6. Gold cations

In its experimental collision cross-sections cationic gold
clusters[96] show significant deviations compared to their
lighter element congeners, as can be clearly seen in a direct
comparison of therelative collision cross-sections of Cun

+,
Agn

+ and Aun
+ (Fig. 4). It is obvious that the 6-, 7-, 9- and 11-

atom gold clusters are much bigger than the respective silver
and copper clusters. As mentioned before, in order to actually
assign structures, support from quantum chemical calcula-
tions is needed. The same methods as for copper and silver,
DFT-BP86 and MP2 were used in the search for reasonable
candidate structures. Analogous to silver, the 5s, 5p, 5d and 6s
electrons of each gold atom are treated explicitly, the remain-
i
w set,
a g in
a -
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p i.e.,
t itals
[ ion,
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hat cationic copper clusters with more than six atoms
hree-dimensional. For the heptamer, the three-dimens
3v structure agrees best with the experimental cross-se

he energetically favored pentagonal bipyramid is slig
elow the experimental value. In this case, a definite as
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ig. 3. Relative collision cross-sections of the copper cluster cations,
arison of the experimental data (�) with quantum chemically compute
tructures (©). The line connects the collision cross-sections of the g
inima calculated at DFT level.
ng electrons are replaced by an effective core potential[93]
ith a valence basis set based on TURBOMOLE’s SVP
ugmented by polarization and diffuse functions resultin
(9s7p5d1f)/[7s5p3d1f] valence basis set[96]. In the theo

etical treatment of gold it is crucial that this effective c
otential takes into account (scalar) relativistic effects,

he lowering of the 6s orbitals compared to the 5d orb
97]. This leads to a much more efficient s–d-hybridizat
ompared to the situation in silver—and therefore to di
nt minimum structures in many cases. For the gold tr
nd tetramer, the same geometries as for the respectiv
er and silver clusters are found, the isosceles triangle

ig. 4. Relative collision cross-sections of the different coinage metal c
ations (division of the measured cross-sections by a quasi-spherical
ig. 1). Fit parameters:rCu = 1.37Å, rAg = 1.52Å, rAu = 1.56Å, rHe = 0.94Å.
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+: full line and circles (�), Agn
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the diamond. The gold pentamer has the same X-structure as
Ag5

+, the trigonal bipyramid is according to the calculations
roughly 0.5 eV higher in energy. For the hexamer, both DFT
and MP2 predict slightly different, butplanar geometries.
The DFT global minimum structure consists of an isosce-
les triangle with three atoms one each edge, the MP2 favors
a structure consisting of two diamonds sharing a common
edge. The lowest 3D structure is according to both methods
significantly higher in energy (MP2: +0.2 eV, DFT: +0.5 eV).
The same holds true for Au7

+: both methods predict a planar
global minimum, theD6h ring with six-fold coordinated cen-
tral atom. The pentagonal bipyramid, the “best” 3D structure,
is more than 0.2 eV higher in energy. Up to this point the quan-
tum chemical predictions are unequivocal—small cationic
gold clusters, including hexamer and heptamer, should be
planar. The cross-sections calculated for these structures are
in almost perfect agreement with the experimental values
(Fig. 5). To summarize, the predictions of the MP2 and DFT
calculations can be confirmed, cationic gold clusters with
up to seven atoms are planar. With the octamer, the situa-
tion becomes somewhat complicated—according to DFT this
cluster should be planar as well, while MP2 favors the same
3D structure as in Cu8+ and Ag8+. When comparing these
structures with experiment, one finds that the cross-section of
the planar structure is significantly too high, while the MP2-
optimum has a slightly too small value. The best fit is obtained
f ond
b rds,

F pari-
s res
( olli-
s
r

the octamer is 3D—the planar structure can be ruled out.
For Au9

+ and larger gold clusters, both methods, DFT and
MP2, predict only three-dimensional structures. Note that the
unusually large cross-section of Au11

+ does not result from a
planar geometry—the energetically favored DFT structure is
based on a trigonal prism, whose two trigonal faces and three
edges are capped by another atom (D3h symmetry)—pretty
much like three spokes of a wheel. The structure is very open
in the sense that each of the 11 atoms is located on the surface
of the cluster—there is not a single atom that can be consid-
ered “inside”. The cross-section of this structure is in almost
perfect agreement with experiment.

3.7. Gold cluster cations: temperature-dependent
measurements and dynamics

The results presented on the coinage metals so far were all
obtained at room temperature. The arrival time distribution
corresponds for all cluster sizes to the diffusion equation,
i.e., the distribution has exactly the width that is expected
for a single isomeric species. This however does not neces-
sarily mean that only one isomer is present—two or more
quickly converting structures will lead to a narrow, unstruc-
tured arrival time distribution, as long as the conversion rate
is much faster than the average drift time. At sufficiently low
temperatures such a conversion should freeze out giving rise
t -
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ig. 5. Relative collision cross-sections of the gold cluster cations, com
on of experimental data (�) with quantum chemically computed structu
©), top: DFT and bottom: MP2 method. The full lines connect the c

ion cross-sections of the respective global minima (black structures). Other
elevant structures are shown in grey.

t K
a 0 K
o a bimodal arrival time distribution. Up to Au10
+ we mea

ured the ion mobilities at 77 K by flowing liquid nitrog
hrough the double walled drift cell[98].

Except for the nonamer all cluster sizes show only
aximum in their arrival time distribution (Fig. 6). Forn = 4
nd above, there is a small asymmetry in the arrival time

ribution towards longer drift times, which can be most lik
elated to small amounts (<10%) of isomers with larger cr
ections formed upon injection into the drift cell. At very l
njection energy this asymmetry disappears. For Au9

+ how-
ver, the arrival time distribution is definitely bimodal (ti
ifference of the peaks around 5%), indicative of the p
nce of two different isomers, roughly in a 1:2 ratio. T
hape of the distribution is very robust—against variation
he source conditions (laser power, delays between gas
nd laser, gas pressure) as well as of the injection en
i.e., the kinetic energy with which the ions enter the d
ell): when increasing this injection energy to up to 300
laboratory frame) we observe significant fragmentation
u8

+ and Au7+. The remaining Au9+ ions still show two
eaks in their arrival time distributions. We injected Au10

+

ith 300 eV into the cell, causing it to fragment into Au9
+,

hich had a bimodal distribution as well. To summarize, th
re strong indications that the observed bimodal arrival
istribution of Au9+ reflects the thermodynamic stabilit
f the constituting isomers and is not just a result of the
efined) aggregation kinetics in the cluster source. In o

o shed more light into this issue, we measured the a
ime distributions of Au9+ in the range between 77 and 300
s well. We find that in the region between 120 and 14
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Fig. 6. Typical arrival times of Aun+ (1≤ n ≤ 10) at 77 K, a He pressure
of 4.8 mbar and 200 V drift voltage. The distribution of Au9

+ is bimodal,
indicative of the presence of two isomeric species.

the bimodal distribution disappears and a broad, Gaussian
like distribution prevails. With further increasing temper-
ature the width of the distribution significantly decreases.
Fig. 7 shows four typical arrival time distributions as well
as simulations based on the diffusion equation for two dif-
ferent species coupled by a first-order conversion reaction.
The only variable in the fit is the conversion time: at 77 K it
is significant (more than 50-fold)longer than the drift time
of roughly 1 ms, at 160 K the conversion is at least a factor
of 10 faster than the drift time. At 140 K both time scales
are comparable. This allows us to estimate the activation bar-
rier to 0.1–0.2 eV. The remaining question is: what are the
structures of the two isomers? MP2 and DFT predict slightly
different (three-dimensional) structures as global minimum,
the cross-sections of these structures differ by 5%. Further-
more, the conversion between the two structures requires
only a small change in geometry, essentially the rearrange-
ment of a single atom (Fig. 8). This interpretation remains
somewhat speculative, i.e., we cannot rule out that other struc-
tures are involved as well. However, there are no doubts that
Au9

+ shows quick isomerization reactions far below room
temperature.

3.8. Gold anions

The experimental cross-sections[99] of the negatively
charged gold clusters show significant differences compared
with the cationic gold clusters: the values of the anions are
generally larger (up ton = 15, the largest anion measured),
for the smaller clusters up ton = 12 by as much as 20%
(seeFig. 9). For Au12

−, a bimodal arrival time distribution is
observed (at room temperature), i.e., two different isomers.
For the large difference in cross-section between the two
charge states, two possible explanations have to be taken into
account: larger atomic radii of the anionic clusters or different
structures. Larger atomic radii can be rationalized in terms of
a more extended electron cloud, as has been observed in ion
mobility measurements of indium clusters[65]. This effect
should however quickly decrease with increasing cluster size
since the influence of the additional electron is stronger for a
small number of valence electrons. We observe such a conver-
gence towards the cationic values betweenn = 5 and 6—but
then the cross-sections of the anions (relative to the respec-
tive cations) increase again. This can only be explained in
terms of structural differences between anionic and cationic
gold clusters.

In the search for reasonable candidate structures we
employed the same DFT-methodology (BP-86 functional,
effective core potential, basis set) as for the investigation
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ig. 10), has a somewhat too large cross-section. The
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Fig. 7. Typical arrival times of Au9+ at four different temperatures. Lower lines: experimental arrival time distributions. Upper lines: simulated arrival time
distributions based on two converting isomers (see also ref.[98]).

the other to a three-dimensional structure. To summarize,
small gold clusters prefer planar geometries—for the cations
(up ton = 7), as well as for the anions (up ton = 12). This is a
result of the lowering of the 6s orbital (compared to the 5d-
shell) due to relativistic effects. This enables a more efficient
s–d-hybridization, leading to the formation of comparatively
few, but more directed bonds and thus to the favorization of
planar structures. It takes a comparatively large number of
atoms for the typical metallic bonding behavior (with a large
number of weaker bonds) to take over.

3.9. Mixed gold, silver and copper clusters

As mentioned before, pure gold and silver clusters dif-
fer significantly in their geometry—silver favors three-
dimensional, gold planar structures. Mixed clusters of these

F B
r spec-
t

metals have been investigated to a lesser extent—the dimers
have been probed by fluorescence spectroscopy[100], up to
the tetramers there is an investigation with photo-electron
spectroscopy by Negishi et al.[101]. In a theoretical study
Bonǎcić-Koutecḱy et al.[102] predicted the structures of the
neutral and ionic bimetallic Ag–Au clusters up to the pen-
tamer. In order to determine the structures experimentally,
we made the different mixed cluster ions by laser vapor-
ization using targets of the respective coinage metal alloys
[103].

F tively
c of the
c

ig. 8. Probable isomerization reaction of Au9
+. The structures A and

epresent the global energy minima found at DFT and MP2 level, re
ively.
ig. 9. Experimental collision cross-sections of the positively and nega
harged gold clusters. The line is a fit to the collision cross-sections
ations.
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Fig. 10. Relative collision cross-sections of the gold cluster anions, compar-
ison of experimental data (�) with quantum chemically (DFT) computed
structures (©). The line connects the collision cross-sections of the respec-
tive global minima (except Au4− and Au10

−) shown in the upper part of the
figure. The structures shown in the lower part of the figure represent energet-
ically less favorable (three-dimensional) local minima, which mostly have
much lower cross-section than found in the experiment.

3.9.1. Dimers
The measured cross-section of the dimer AgAu+ does not

interpolate the values of Au2
+ and Ag2+, but is significantly

larger. The same holds true for CuAu+, but not for CuAg+ (see
Fig. 11). The unusually large cross-section of AgAu+ cannot
be explained by a larger bond length: according to a DFT
calculation the bond distance of AgAu+ is 2.67Å, exactly in
the middle between Ag2+ (2.72Å) and Au2

+ (2.62Å). The
accuracy of the calculation with respect to bond distances is
usually better than 0.1̊A, in order to explain the large cross-
section of AgAu+ a bond length of more than 3̊A would
be necessary, definitely beyond all reasonable error margins
of the calculation. The reason for the large cross-sections
lies in the charge distribution: the Ag–Au and Cu–Au bonds
are polar, the silver (copper) atom carries a significant part
of the positive charge. By including an asymmetric charge

ions of

Fig. 12. Collision cross-sections of the silver–gold dimer and trimer cations.
Full circles (�) and error bars correspond to the experimental data, open
circles (©) to the calculated cross-sections based on uniform charge distri-
butions and the squares (�) correspond to calculated cross-sections with the
positive charge largely located on the silver atoms (see[103]).

distribution in the cross-section calculation (i.e., the attrac-
tive interaction between the localized partial charges of the
cluster ion and the He bath gas atoms), the experimental
cross-section of AgAu+ can be almost perfectly reproduced
(seeFig. 12). Details of the methodology to include an asym-
metric charge distribution in the cross-section calculation
are given in[103]. In brief, the cluster–helium interaction is
modeled by a Lennard–Jones potential plus charge-induced
dipole interaction. The Lennard–Jones parameters for Ag–He
Fig. 11. Collision cross-sect
 the mixed coinage metal dimers.
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Fig. 13. Structures and relative energies for the pure and mixed tetrameric cations, optimized at DFT level. The different local minima are sorted in the order
of increasing energy—the first column (I) corresponds to the global minima. Note that for Ag3Au+ isomers I and II are essentially isoenergetic.

and Au–He are adjusted to match the experimental cross-
sections of the pure clusters (dimer to pentamer, least squares-
fit).

3.9.2. Trimers
The mixed Au–Ag trimers Ag2Au+ and Au2Ag+ show

also an increased collision cross-section compared to the pure
Ag3

+ and Au3+ clusters which cannot be rationalized in terms
of structural differences (all trimers are triangles with similar
bond lengths). The reason is again the asymmetric charge
distribution (seeFig. 12).

3.9.3. Tetramers
While there are no relevant alternate isomeric forms for

the mixed trimers and dimers, the situation is completely
different for the tetramers: besides the different topologies
diamond, Y-structure and tetrahedron that represent the local
minima found in the DFT calculations of the pure Ag4

+

and Au4+ clusters, in the mixed clusters different substitu-
tion isomers have also to be taken into account (Fig. 13). In
Ag3Au+, the diamond and Y-structure are almost degenerate
(within 0.001 eV), in all other tetrameric clusters the diamond
is clearly favored. The comparison of the calculated cross-
sections with the experimental values shows that Ag3Au+ has
a ped.
N istri-
b tion
(

3.9.4. Pentamers
Among the pentamers only the arrival time distribution of

Ag3Au2
+ is bimodal[103], all other clusters have only one

isomer. This is in excellent agreement with predictions based

Fig. 14. Collision cross-sections of the silver–gold tetramer and pentamer
c data,
o arge
d ons
w

Y-structure while the other clusters are diamond-sha
ote also that at this cluster size and above the charge d
ution is essentially irrelevant for the collision cross-sec
seeFig. 14, full and dotted lines).
ations. Full circles (�) and error bars correspond to the experimental
pen circles (©) to the calculated cross-sections based on uniform ch
istributions and the squares (�) correspond to calculated cross-secti
ith the positive charge largely located on the silver atoms (see[103]).
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on the DFT calculations: for all compositions – except for
the Ag3Au2

+ – the same structures as in the pure Au5
+ and

Ag5
+ clusters are favored (i.e., two triangles, connected by a

common central atom, “X-structure”). Within this topology,
the silver atoms tend to have a maximum distance—a conse-
quence of the positive partial charge localized on these atoms.
In the case of Ag3Au2

+, however, the trigonal bipyramid is the
global minimum, the X-structure is slightly, 0.03 eV, higher
in energy. The cross-sections of these two structures are in
good agreement with the values for the two isomers found in
experiment (seeFig. 14).

4. Conclusion

To summarize, the combination of gas phase ion mobility
spectrometry and quantum chemical calculations has proven
to be extremely useful for the structure determination of clus-
ter ions. Crucial for the success of this method is the fact
that modern quantum chemical calculations are usually able
to reproduce experimental geometry parameters to a high
degree of accuracy, especially when looking for trends within
a row of similar clusters. The calculations are however much
less reliable with respect to the relative energies of differ-
ent isomers. In this situation, the comparison of collision
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