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The structures of small gold cluster anions as determined by a combination
of ion mobility measurements and density functional calculations
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Thomas Bierweiler, and Manfred M. Kappes
Institut für Physikalische Chemie, Universita¨t Karlsruhe, Fritz-Haber-Weg 4, 76128 Karlsruhe, Germany

~Received 24 May 2002; accepted 26 July 2002!

A combined experimental and theoretical study of small gold cluster anions is performed. The
experimental effort consists of ion mobility measurements that lead to the assignment of the
collision cross sections for the different cluster sizes at room temperature. The theoretical study is
based onab initio molecular dynamics calculations with the goal to find energetically favorable
candidate structures. By comparison of the theoretical results with the measured collision cross
sections as well as vertical detachment energies~VDEs! from the literature, we assign structures for
the small Aun

2 ions (n,13) and locate the transition from planar to three-dimensional structures.
While a unique assignment based on the observed VDEs alone is generally not possible, the
collision cross sections provide a direct and rather sensitive measure of the cluster structure. In
contrast to what was expected from other metal clusters and previous theoretical studies, the
structural transition occurs at an unusually large cluster size of twelve atoms. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1507582#
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I. INTRODUCTION

The properties of small metal clusters have been in
focus of a large number of experimental and theoretical
vestigations for more than two decades.1–5 From the theoret-
ical point of view one might classify these metal cluste
according to the difficulties they present for an accurate
culational treatment. In this sense, alkali-metal clust
proved particularly useful in that they were at once compa
tively easy to generate experimentally and amenable to c
putational quantum chemistry. As a consequence, it
proven possible to assign and understand the geom
structures of sodium clusters by comparison of calcula
and measured absorbance spectra—for sizes up to more
ten atoms.6,7 In short, there is a strong tendency to maximi
the number of bonds per atom leading to a transition fr
planar to three-dimensional structures at very small clu
sizes of about six atoms, depending on charge state. M
less is known for transition-metal clusters where electro
structure and chemistry are dominated by the interplay
tweens andd electrons. In a sense, the coinage metals~Cu,
Ag, Au! with their filled d shell can be regarded as a brid
between the ‘‘simple’’s-only alkali metal and the more com
plicated transition metals. As a result they have become
object of numerous experimental8–17 and theoretical
studies.18–23 Especially silver clusters have been intens
studied.8,9,11,12,23,24We have recently shown with ion mobi
ity measurements25 that, starting atn55, silver cluster cat-
ions form compact three-dimensional~3D! structures, in line
with theoretical predictions of Bonacˇić-Koutecký et al.24 In
comparison to silver, much less is known about gold clust
partly because an accurate theoretical treatment require
inclusion of relativistic effects.26 Recently Ha¨kkinen and

a!Author to whom correspondence should be addressed.
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Landman27 and Grönbeck and Andreoni28 carried out density
functional studies on neutral and anionic gold clusters a
predicted minimum structures up to the decamer. Ha¨kkinen
and Landman27 located the planar–3D transition atn57.
Experimental inferences related to structure and energetic
isolated gold clusters include collision-induced dissociat
studies of singly and multiply charged ions,15,29,30photoelec-
tron spectra of gold cluster anions,11,12,17,31electronic one-
photon dissociation probes of gold clusters~cations and neu-
trals! complexed to xenon32 as well infrared multiphoton
dissociation spectra of cluster cations with adsorbed se
molecules.16,21Recently we were able to assign the structu
of small gold cluster cations (n,14) by a combination of
ion mobility measurements and density functional theo
~DFT! calculations.33 In short, we found that cationic gold
clusters are planar up ton57; starting at Au8

1 they form
three-dimensional structures. For gold cluster anions,
only ~indirect! structural data comes from a zero kinetic e
ergy ~ZEKE! photoelectron spectroscopy~PES! measure-
ment on Au6

2 ~which inferred a planar highly symmetric ge
ometry from resolved vibrational structure31!.

Here we report on a structural assignment of gold clus
anions by means of gas-phase ion mobility measureme
This method has been proven to be a powerful tool to g
geometric information for molecular ions in the gas phase
involves the determination of the time it takes for an ion
drift through a gas-filled cell guided by a static electric
field. If we compare two ions of the same mass, the lar
molecule will have a longer drift time than the smaller, mo
compact ion, i.e., it has a larger collision cross section. T
cross section allows us to determine the structures of
cluster ions since it can be compared with cross-section
dictions from theory~see below!. The ion mobility method as
such was first developed by Mason and McDaniel.34 More
2 © 2002 American Institute of Physics
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6983J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Structures of small gold cluster anions
recently, Bowers and co-workers35,36 combined this method
with modern mass spectrometry, and Jarrold and co-wor
have applied the technique to a variety of semiconductor
metal cluster ions, especially aluminum, silicon, tin, a
lead.37–40

II. EXPERIMENTAL SETUP AND METHODOLOGY

The experimental setup used to obtain collision cr
sections of cluster ions has been described in de
elsewhere.41 It comprises a combination of a cluster source
time-of-flight mass spectrometer, an ion mobility drift ce
and a quadrupole mass filter. The cluster source is a va
of a setup used in Ref. 42 with a rotating disk target, pul
valve ~General Valve Corp.! to provide the cooling gas~he-
lium, backing pressure 5–10 bar!, and supersonic expansio
through a conical nozzle~1-mm orifice!. The vaporization
laser~Continuum-ND 61, second harmonic, 532 nm, 30 H!
is focused collinearly through this nozzle onto the rotat
target disk. This target is made by soldering a gold f
~0.1-mm thick, 99.9%, Chempur! onto a 50-mm-diam stee
sample holder. To enhance the cluster growth, we use a s
~10-mm-long, 10-mm-wide! condensation region prior to th
expansion through the nozzle into high vacuu
(1025– 1024 mbar) of the source chamber.

After vaporization/expansion, the ion packet enters
extraction region of the time-of-flight mass spectrometer.
Aun

2 ions are then accelerated by a pulsed electric fi
~4.5-kV acceleration voltage! at right angles to the primary
beam and transferred into the main chamber~900-mm dis-
tance!. A particular ion mass is isolated by means of a puls
mass gate, decelerated to the respective injection en
~typically 100-eV laboratory frame! and injected into the
drift cell ~110-mm-long, 0.5-mm entrance and exit orifice
filled with 8 mbar helium as buffer gas!. The ion packet
drifts through the buffer gas in the cell under the influence
a weak electric field~drift voltage 50–300 V!. After leaving
the cell it passes through the quadrupole mass filter~for re-
jection of possible fragmentation products! and is detected
by means of a channeltron electron multiplier. Typically 1
of ions injected into the drift cell are transmitted.

The transient signal from the detector is fed into
EG&G MCS~micro channel scaler! board~2-ms dwell time!.
Drift time distributions are acquired as a function of the a
plied drift voltage, and from the plot of the arrival time~dis-
tribution maximum! against drift voltage, we obtain the io
mobility and finally the collision cross section. Typical e
perimental errors of the collision cross section are in
range of62%.

III. COMPUTATIONAL METHODS

Potential energy surfaces were scanned for minima
ab initio molecular dynamics~AIMD ! using a classical treat
ment of nuclear motion. Typical simulation times ranged b
tween 5 and 10 ps, with 1000 or more individual time ste
at temperatures between 500 and 2000 K. The most pro
nent minima of the potential energy were optimized sub
quently. No symmetry constraints were imposed. All calc
lations were carried out using the Becke–Perdew86~BP86!
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functional43 and the resolution of the identity44,45 ~RI! ap-
proximation to the Coulomb energy. Grids of m3 quality46,45

were chosen for the DFT quadrature. Scalar relativis
small-core pseudopotentials with 19 valence electrons47 were
employed. Basis sets were of split-valence p
polarization45 ~SVP! quality for the AIMD simulations; equi-
librium structures and energy differences were calculated
the larger@7s5p3d1 f # basis described in Ref. 33. For th
stationary points found we confirmed that they represent
cal minima by means of force constant calculations. All c
culations were performed using theTURBOMOLE program
suite.48

In order to actually assign structures one has to comp
the experimental cross sections~cf. Fig. 1! with the cross
sections of calculated candidate structures. A simple
crude method is to put hard spheres at the atom position
the ~optimized! cluster and calculate its angle-averaged p
jection area@projection approximation49 ~PA!#. Somewhat
more sophisticated is the so-called exact hard-sphere sca
ing model~EHSS!, developed by Shvartsburg and Jarrold50

This model incorporates the exact scattering dynamics un
the assumption of a purely repulsive potential~hard spheres!
centered at the positions of the nuclei. The only adjusta
parameter in both the PA and EHSS model is the smal
distance between an atom of the constituent cluster and
buffer gas~helium! atom, i.e.,r Au1r He. These simple mod-
els have worked reasonably well for a large number of c
ionic systems;36,38–40,49recently we successfully used the
for the structural assignment of gold and silver clus
cations.25,33

Due to the electron spill-out the assumption of a fix
atomic radius independent of the cluster size is not a g
approximation in anionic systems. Consequently the PA
EHSS method can produce substantial errors~.5%!, as has
been shown by Jarrold and co-workers in measurem

FIG. 1. Cross sections obtained form the ion mobility measurements
positively and negatively charged gold clusters. It is obvious that the sm
gold cluster anions (n,13) have much larger cross sections than the cor
sponding cations. The dashed line is a fit to the cationic cross sections

the functionV(n)5
4
3p(n1/3r Au1r He)

2. n is the number of atoms, and th
parametersr Au andr He are determined to 1.47 and 1.15 Å, respectively. Th
fit function is used to normalize the calculated and experimental cross
tions, i.e., essentially to remove the size dependence of the cross sectio~cf.
Fig. 2!.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



e
le

-
os
di
a
o
he
on

a

a
to

e

rs
lo

h

e

-
o

it
tia
te
th
g

us
ta

e-
e

tro
ul
a
a
u
2

an
th

la

n-
fi

e
n
s
te
rr
m
t

nic
ns
for

ger
nt
ns.
at

han
that
en

m
-

sur-
tal

h
di-
A,

to
flu-
DI
sing

he
8
tri-
is

ivid-
tion

er of
ster
ta.

ures
c-

ment

6984 J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Furche et al.
of silicon51 and indium52 cluster anions. They therefor
implemented a different approach, the scattering on an e
tronic density isosurface~SEDI! method: in order to calcu
late the cross section the candidate structure is not comp
of hard spheres, but the contour of the electron density
tribution is used instead. This method also contains one
justable parameter, the threshold electron density ab
which a volume element in space is considered ‘‘inside’’ t
molecule, and below which it is ‘‘outside.’’ The cross secti
is then calculated from the overall surface area defined by
the inside volume elements.

The advantage of this method over the hard-sphere
proach is that it takes the electron spill-out in anions in
account in a natural way~which leads to expansion of th
electron density distribution in space!. ~Our approach is a
slight variation of the algorithm of Jarrold and co-worke
inasmuch as we use the projected area of the electron c
instead of an exact elastic scattering on the isosurface.! Since
SEDI is ~like PA and EHSS! not a parameter-free approac
we have to use one gold cluster anion Aun

2 for calibration,
i.e., to adjust the threshold electron density so that the
perimental and calculated cross sections match. We use
trimeric cluster, Au3

2 , for this purpose, for two different rea
sons: First, its structure is well known to be linear based
experimental findings12 and quantum chemical data.18,19,22

Second, Au3
2 should be large enough that its electron dens

distribution and helium-cluster–anion interaction poten
can be considered typical for the larger anionic gold clus
as well. ~The cross sections of the dimer and especially
atomic anion are expected to be significantly more stron
influenced by the extra electron.!

Besides cross sections we have also used another cl
property to benchmark the candidate structures we ob
from theory against the experimental data: Tayloret al.11 and
Ho, Erving and Lineberger12 have measured the vertical d
tachment energy~VDE!, i.e., the energy required to remov
the extra electron from the anion by means of photoelec
spectroscopy. This property is easily accessible to calc
tions, it represents the energy difference between anion
neutral as calculated at the geometry of the anion. We
sume that our cluster anion source and injection proced
give rise to the same anions as probed in Refs. 11 and 1

IV. RESULTS AND DISCUSSION

The experimental cross sections for the gold cluster
ions are shown in Fig. 1, together with the results for
gold cations.33 Included is a fit for cations~dashed line! that
assumes near spherical shapes and that describes the
gold cluster cations (n.12) reasonably well. To facilitate
the comparison~by essentially removing the size depe
dence! the cross sections of the anions are divided by this
function ~cf. Fig. 2!. It is obvious for all cluster sizes wher
a comparison can be made that the anions have significa
larger cross sections than the corresponding cation
especially the negatively charged dimers, trimers, and
ramers are effectively more than 20% larger than the co
sponding cations. The difference is smaller for the penta
and hexamer~around 10%!, for clusters with 7–10 atoms i
Downloaded 29 Jul 2008 to 129.132.208.61. Redistribution subject to AIP
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increases again to 15%–20%, above Au10
2 the anion cross

sections quickly approach the values for the catio
species–for Au15 the difference between cations and anio
is only 3.5%. One has to consider two possible reasons
the larger cross sections. First, they may result from lar
effective atomic radii for anionic clusters. Second, differe
structures may pertain for gold cluster cations and anio
The rationale for larger atomic radii comes from the fact th
in an anionic cluster the electron cloud is more extended t
that in the corresponding neutral cluster, a phenomenon
has been nicknamed ‘‘electron spill-out’’ and that has be
directly confirmed in mobility measurements of indiu
clusters.52 One would expect that this effect quickly de
creases with increasing cluster size—the influence of the
plus electron is stronger when there is only a small to
number of valence electrons.

In the following we will use the combination of bot
cross section and VDE data to confirm or rule out the can
date structures obtained from the DFT calculations. P
EHSS, and SEDI methods differ slightly with regard
cross-section predictions. These differences have no in
ence on the following structural assignments in which SE
values are discussed unless otherwise noted. With increa
cluster size the results are as follows.

AuÀ

We obtain in the experiment a cross section for t
atomic anion of 32.5 Å2. The calculated value is only 28.
Å2 @with the electron density threshold calibrated at the
mer~see below!#. Such a comparatively large cross section

FIG. 2. Relative cross sections of the gold cluster anions obtained by d
ing the experimental and calculated cross sections through the fit func

V(n)5
4
3p(n1/3r Au1r He)

2 with r Au51.47 Å andr He51.15 Å ~cf. Fig. 1!.
This plot removes the cross-section increase due to the increasing numb
atoms per cluster and in this way enhances the effect of the different clu
shapes. The full circles~d! and error bars represent the experimental da
The open circles~s! represent the cross sections of the candidate struct
~cf. Table I, Fig. 4!. The dashed line connects the ‘‘best’’ candidate stru
tures ~based on cross section, calculated energy, and vertical detach
energy!. In most cases these are lowest in~DFT! energy@labeled with -I~see
also Fig. 4 and Table I!#. Exceptions are Au4

2 , Au10
2 , and Au13

2 , where only
candidates that are slightly higher in DFT energy~labeled with -II are in line
with experiment.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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6985J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Structures of small gold cluster anions
not unusual for atomic ions and simply reflects the fact t
the mobility of Au2 is close to the point charge limit~i.e.,
dominated by the long-range interaction of the ion cha
with the polarizable helium buffer gas and not by the size
the ion as reflecting the short-range repulsive interaction! ~cf.
Refs. 33 and 34!. The electron affinity~calculated as energ
difference between Au2 and neutral Au! is 2.28 eV, in ex-
cellent agreement with the experimental value of 2.309 e53

Au2
À

The calculated DFT bond length is 2.636 Å, in excelle
agreement with the relativistic coupled cluster singles a
doubles @CCSD~T!# results of Wesendrup, Hunt, an
Schwerdtfeger,22 who obtain a distance of 2.632 Å and als
with the experimental value of 2.58260.007 Å by Ho, Ervin,
and Lineberger.12 With this distance~and the SEDI threshold
calibrated at Au3

2) we calculate a collision cross section
40.0 Å2; our experimental value is 42.1 Å2. The calculated
VDE is 2.09 eV, in reasonable agreement with the exp
mental data of Tayloret al.11 ~1.9 eV! and Ho, Ervin, and
Lineberger12 ~2.0160.01 eV!; see Figure 3 and Table I.

Au3
À

In our calculations we find the lowest-energy structure
be linear~structure 3-I; see Fig. 4!. The energetically closes
isomer is a triplet state (3E8) with D3h symmetry, it is 1.16
eV higher in energy~structure 3-II!. The ground-state Au-Au
distance is 2.587 Å. Unfortunately there are no experime
data for this bond distance. Our number is again in excel
agreement with the relativistic CCSD~T! results of Wesen-
drup, Hunt, and Schwerdtfeger,22 who obtain a distance o
2.573 Å. It should be noted that the atomization energ
(Au3

2→2Au1Au2) agree surprisingly well: we obtain 4.8
eV, Wesendrup, Hunt, and Schwerdtfeger 4.76 eV.22 Experi-
mentally known from PES data is the vertical detachm
energy, Tayloret al. find 3.7760.2 eV;11 we calculate 3.69
eV ~Fig. 3!. The fact that experimental as well as higher-lev
theoretical results are quite well reproduced by our DFT c
culations suggests that DFT is reliable for the larger clus
as well. Our experimental cross section is 50.7 Å2; we adjust

FIG. 3. Experimental and calculated VDE. The full circles~d!, squares~j!,
and error bars represent the experimental data of Ho, Ervin, and Lineb
~Ref. 12! and Tayloret al. ~Ref. 11!, respectively. The open circles~s!
represent the VDEs of the candidate structures that are lowest in~DFT!
energy@2-I, 3-I,...,13-I~see also Fig. 4 and Table I!# and some of the higher-
energy structures.
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the electron density threshold to match this value and ob
0.0253e/Å3. This density threshold is used in all cross se
tion calculations for all cluster sizes.

Au4
À

In the calculations we find three different isomers with
an energy range of 0.15 eV. The lowest is a zig-zag ch
~4-I; cf. Fig. 4!. It has a cross section of 62.0 Å2. A linear
form (D`h symmetry! is 0.07 eV higher in energy but doe
not represent a local minimum. Only 0.02 eV above the z
zag chain is aY-shaped structure~4-II! with a cross section
of 58.5 Å2. This energy difference is clearly smaller than t
error inherent in the computational method, which we e
mate to be about 0.05–0.1 eV in this size range. 0.14
higher is a rhombic structure~4-III ! with a cross section of
54.9 Å2. The experimental cross section is 58.6 Å2, which is
in almost perfect agreement with the value of theY-shaped
structure 4-II, while we can clearly rule out both the zig-z
chain and the rhombus on the basis of the mobility meas
ment. This assignment is also in line with the VDEs: t
experimental value of Ho, Ervin, and Lineberger12 is 2.79
60.05 eV; Tayloret al.11 obtained a somewhat lower valu
of 2.6360.2 eV. The calculated VDEs for structures 4-I,
and III are 3.37, 2.81, and 2.79 eV, i.e., on the basis of th
data we can also rule out structure 4-I, but not distingu
between structures 4-II and 4-III. To summarize, only t
Y-shaped structure 4-II is compatible with both the VDE a
mobility data.

Au5
À

The lowest-energy isomer we find is aW-like planar
structure, 5-I. It has a calculated cross section of 62.02.
The experimental value is in reasonable agreement, 63.72.
Both Häkinnen and Landman27 and Grönbeck and
Andreoni28 find the same structure as the global minimu
Its VDE is calculated as 3.2 eV, which is in good agreem
with the available experimental data@2.9860.2 eV~Ref. 11!
and 3.1260.05 eV~Ref. 12!#. A V-shaped chain~5-II! is only
0.13 eV higher in energy. It can be ruled out however, sin
both its cross section of 72.1 Å2 and the VDE of 4.26 eV do
not agree with experiment. Another planar~X-like! structure,
which is the most favorable cationic structure,33 is 0.66 eV
higher in energy and does not represent a local minimu
The lowest three-dimensional structure is a square pyra
~5-III !; it is 1.02 eV higher in energy than structure 5-I an
has a cross section of 59.8 Å2, clearly smaller than the ex
perimental value.

On the other hand, the VDE of this structure is 3.27 e
Like the VDE of structure 5-I this is reasonably close to t
experimental data.11,12 This also implies that the VDE is no
always an unequivocal distinction criterion between differe
candidate structures~cf. the VDEs of structures 4-II and
4-III !. It represents only a useful tool torule outa candidate
structure. The~distorted! trigonal bipyramid~structure 5-IV!
is even higher in energy~11.24 eV!, and its cross section o
59.8 Å2 is also significantly smaller than the experimen
value. On the other hand, the VDE of this isomer calcula
to 3.15 eV, again in line with experiment. To summariz

er
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Downloaded 29 Ju
TABLE I. Calculated and experimental cross sections~in Å2! relative energies~in eV! and vertical detachmen
energies~in eV!.

Symmetry State RelativeE Vcalc
c Vexpt VDE ~calc! VDE ~expt!

1 28.8 32.5
2 D`h

2Sg
1 40.0 42.1 2.09 1.9,d

2.0160.01e

3-I D`h
1Sg

1 0 50.7 50.7 3.69 3.77d

3-IIa,b D3h
3E8 11.16 2.62

4-Ia,b C2h
2Ag 0 62.0 58.6 3.37 2.63,d

4-II C2v
2A1 10.02 58.5 2.81 2.7960.05e

4-III a D2h
2A1g 10.14 54.9 2.79

5-I C2v
1A1 0 62.0 63.7 3.2 2.98,d

5-IIa,b C2v
1A1 10.13 72.1 4.26 3.1260.05e

5-III a C4v
1A1 11.02 59.8 3.27

5-IVa C2v
1A1 11.25 59.8 3.15

6-I D3h
2A18 0 69.9 68.6 2.35 2.0d

6-IIb C2v
2A1 10.14 69.6 2.59

6-III b C2h
2Ag 10.23 69.4 3.44

6-IVb C2v
2A1 10.28 69.9 3.86

6-Va Cs
2A8 10.61 66.4 3.00

7-I C2v
1A1 0 76.8 75.4 3.55 3.38d

7-IIa,b C2v
1A1 10.50 73.3 3.87

7-III a C3v
1A1 10.67 68.7 3.58

8-I D4h
2A1g 0 84.1 82.3 3.0 2.79d

8-IIa C2v
2A1 10.21 80.6 3.13

8-III a C2v
2A1 10.95 74.4 2.74

9-I C2v
1A1 0 87.8 86.7 3.87 3.78d

9-II C2v
1A1 10.21 87.6 3.61

9-III b D2h
1A1 10.77 87.3 3.19

9-IV C4v
1A1 10.39 87.3 3.69

10-Ib C2v
2A1 0 95.0 91.7 4.02 2.98d

10-II D2h
2Ag 10.15 91.5 3.08

10-IIIa C2h
2Ag 10.31 97.9 3.22

10-IVa Cs
2A1 11.41 81.0 2.88

11-I Cs
1A1 0 98.3 95.7 3.81 3.71d

11-IIa C2v
1A1 10.05 101.2 3.98

11-IIIa D2h
1Ag 10.17 101.8 3.84

11-IVa Cs
1A8 10.22 101.7 3.78

11-Vb Cs
1A8 10.24 94.3 4.06

11-VI Cs
1A8 10.27 98.9 3.62

12-I D3h
2A18 0 102.6 89.7 3.34 3.07d

12-II C2v
2A18 10.65 92.6 98.8 3.20

13-Ia Cs
1A8 0 112.8 95.8 4.14 3.93d

13-II C2v
1A1 10.24 99.7 4.11

aStructures that can be ruled out on the basis of their cross sections.
bStructures that can be ruled out on the basis of their vertical detachment energies.
cSEDI values referenced to Au3

2 .
dReference 11.
eReference 12.
d
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based on the cross-section data and on the large energy
ferences there is no doubt that Au5

2 has aW-like planar
structure~5-I!, even though the VDE data are compatib
with the 3D structures 5-III and 5-IV as well.

Au6
À

The lowest energy structure we find is highly symme
cal and planar: It is an isosceles triangle~6-I, D3h symme-
try!. This structure has a cross section of 69.9 Å2, in good
agreement with the experimental value of 68.6 Å2. It is the
same structure that Ha¨kkinen and Landman find27 and it is
also in line with the vibrationally resolved ZEKE PES da
of Ganteför, Cox, and Kaldor.31 We find several other plana
isomers, 6-II, 6-III, and 6-IV, within 0.3 eV. Unfortunatel
their cross sections agree with that of 6-I within 0.5 Å2. We
l 2008 to 129.132.208.61. Redistribution subject to AIP
if-

-

can, however, clearly rule out three-dimensional structu
The lowest-energy three-dimensional structure 6-V is 0.6
higher in energy and its cross section of 66.4 Å2 does not
agree with the experimental value. The VDE of the hexam
is unusually low, 2.0 eV according to the measurement
Taylor et al.11 According to our calculation only isomer 6-I i
in reasonable agreement with this value~2.34 eV; see Fig. 3!
while the structures 6-II–6-V have VDEs that are signi
cantly larger~2.59, 3.44, 3.86, and 3.00 eV!.

Au7
À

According to our calculations the lowest-energy stru
ture of the heptamer is also planar. It can be looked upon
square with three of its edges bridged by additional g
atoms~7-I!. It has a cross section of 76.8 Å2, which agrees
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Candidate structures from full geometry optimizations~within the symmetry indicated in Table I!. For respective energies and cross sections see
Table I. The structures in the first row~3-I,4-I,5-I,...! represent the structures that are energetically most favorable at the DFT level.
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with the experimental value of 75.4 Å2 within experimental
error. The VDE of this structure is 3.55 eV, in good agre
ment with the experimental value of 3.38 eV.11 We find only
one other isomer within 0.5 eV: It is three-dimensional a
consists of a square pyramid with two of its base ato
bridged by additional atoms~7-II!. Its cross section of 73.3
Å2 significantly deviates from the experimental value as d
its calculated VDE of 3.87 eV. Therefore we can rule out t
structure not only for energetical reasons but also on
basis of the mobility and VDE data. The lowest-energy h
tamer structure found by Ha¨kkinen and Landman27 ~7-III ! is
0.67 eV above structure 7-I and can also be ruled out on
basis of the cross section of 68.7 Å2. Note, however, that the
VDE of this structure is 3.58 eV, essentially the same as
the planar structure 7-I and in line with the experimen
VDE @3.38 eV ~Ref. 11!#. Again, the VDE proves to be a
insufficient distinction criteria. We investigated a series of
other candidate structures, including the pentagonal bip
mid and the hexagonal ring with one central atom. Th
structures represent the global minima for Ag7

1 ~Ref. 25! and
Au7

1 ~Ref. 33!, respectively. For the anion Au7
2 they can be

clearly ruled out since both are on the order of 0.85
higher in energy.

Au8
À

For the octamer we find a highly symmetrical (D4h),
‘‘starlike’’ planar structure~8-I! to be lowest in energy. It ha
Downloaded 29 Jul 2008 to 129.132.208.61. Redistribution subject to AIP
-

d
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e

a collision cross section of 84.1 Å2 in good agreement with
the experimental value of 82.3 Å2. Furthermore, its VDE of
3.0 eV agrees reasonably well with the measurement of T
lor et al. ~2.79 eV!.11 Closest in energy~10.21 eV! is an-
other planar structure, 8-II, basically a central atom hexa
nal ring with one edge bridged. Its cross section of 80.6 Å2 is
somewhat lower but also in line with the experimental da
The VDE of this structure is 3.13 eV, which also is in re
sonable agreement with experiment~albeit 8-I agrees better!.
We therefore cannot strictly rule out structure 8-II. We ha
not found any low-lying three-dimensional structures: T
lowest three-dimensional structure we find is a bicapped
tahedron~8-III !, the favored structure found by Ha¨kkinen
and Landmann.27 According to our calculation it is, however
0.95 eV above 8-I and has a cross section of 74.4 Å2, 10%
below the experimental value. Its VDE is 2.74 eV, not mu
different from the value of 8-I and the experimental numb
‘‘See also note added in proof’’.

Au9
À

Again we find a planar structure to be lowest in ener
structure 9-I~Fig. 4!. This structure is based on a hexagon
ring ~cf. 8-II! and has a collision cross section of 87.8 Å2

very close to the experimental value of 86.7 Å2. The VDE is
also in good agreement with the experimental data: the
culation predicts 3.87 eV, and the measurement is 3.78 e11
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Depending on the arrangement of the two extra atoms a
cent to the ring one can think of two other isomers, ofC2v
andD2h symmetry, 9-II and 9-III. On the basis of the mob
ity measurements we cannot distinguish between them
they are significantly higher in energy,10.21 and10.77 eV.
Their VDEs are 3.61 and 3.19 eV, respectively, significan
below the experimental value@3.78 eV ~Ref. 11!#. In total,
we investigated more than 15 different candidate structu
and performed extensive molecular dynamics simulatio
The lowest three-dimensional structure we find~9-IV! is
based on the ‘‘starlike’’ structure for the octamer~8-I! with
one additional atom centered on top of the inner fo
membered ring, which is 0.39 eV above the favored struc
9-I. In structure 9-IV, essentially eight of its atoms are in o
plane and accordingly the cross section of 87.3 Å2 is not
much different from the value for the planar isomers 9-I
9-III.

Au10
À

For thecationic gold decamer we have recently foun
that it has a fairly compact, three-dimensional structure t
can be looked upon as a fragment of the gold b
structure.33 When looking at the mobility data alone~cf. Fig.
1! it is clear that theanionicdecamer must have a complete
different, much more extended structure: The cross sectio
Au10

2 is 18% larger than the cross section of Au10
1 , much

more than what is reasonable due to the ‘‘spill-out’’ of t
extra electron for such a large cluster. This surprising find
is, however, in agreement with the DFT predictions: In o
search for the global minimum we find two planar structu
~10-I, 10-II! to be lowest in energy and almost degener
~10-II 10.15 eV!. The calculated collision cross sections a
95.0 and 91.5 Å2; the first is just above the experiment
error, the latter is in excellent agreement with the experim
tal data of 91.7 Å2. On the basis of the mobility data w
therefore cannot clearly distinguish between the two can
date structures. The situation is less ambiguous when con
ering the VDE: the experimental number is 2.98 eV;11 struc-
ture 10-I has a calculated value of 4.02 eV, 10-II of 3.08 e
To summarize, structure 10-II is our most likely candida
structure. Again we performed an extensive search for o
isomers. The next higher structure we found~10-III, 10.31
eV! can be ruled out on the basis of the mobility~97.9 Å2!
data. Ha¨kkinen and Landman found a three-dimension
structure, 10-IV, to be lowest in energy—according to o
calculations, it is, however, 1.41 eV higher in energy and
a cross section of 81.0 Å2, clearly smaller than the exper
mental value. The VDE of this structure is 2.88 eV, in re
sonable agreement with experiment. ‘‘See also note adde
proof’’.

Au11
À

The calculation again predicts planar structures to
lowest in energy; the two lowest 11-I and 11-II~10.05 eV!
are almost degenerate. We find three other structures 11
11-VI within 0.27 eV of the lowest. They are all based on
hexagonal ring and essentially planar~11-V is somewhat
tilted, slightly bowl-like!. On the basis of the mobility mea
Downloaded 29 Jul 2008 to 129.132.208.61. Redistribution subject to AIP
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surements we can rule out 11-II, 11-III, and 11-IV since th
have cross sections of about 101.5 Å2 ~cf. Table I!, signifi-
cantly above the experimental value of 95.7 Å2. The cross
section of structure 11-V~94.3 Å2! is in best agreement with
experiment, but structures 11-I~98.3 Å2! and 11-VI~98.9 Å2!
also agree reasonably well. The VDE data support struc
11-I. The calculation predicts 3.82 eV for this structure; t
experimental value is 3.71 eV.11 Structure 11-V can be ruled
out since its VDE is above 4 eV~cf. Table I!.

Au12
À

The dodecamer is the only cluster size that shows
different peaks in the arrival time distribution, i.e., two is
mers with largely different cross sections~see Fig. 5!. The
first isomer has a cross section of 89.7 Å2 ~isomerA!, the
second of 98.8 Å2 ~isomer B!. The latter is in line with a
planar structure, as can be seen from Fig. 1. The cross
tion of isomerA, on the other hand, is almost identical to th
of Au12

1 @which represents a segment of the gold bulk str
ture, ~cf. Ref. 33!# and therefore corresponds to a thre
dimensional structure. In the calculation we find a high
symmetricplanar structure~12-I! to be lowest in energy. The
VDE of this structure is 3.34 eV, in good agreement with t
experimental value of 3.07 eV.11 The calculated cross sectio
is 102.6 Å2, almost 4% larger than the cross section of is
merB ~98.8 Å2!. This difference is larger than what we foun
for the smaller cluster sizes and beyond the experime
error limits. A possible explanation is that the structure 1
is not the structure of isomerB. Another possibility is that
the structural assignment is correct but that the cross-sec
calculation with the SEDI method slightly overestimates t
cluster size. We tend to this latter possibility because we fi
that in the SEDI calculations for the cationic gold clusters
need a larger density threshold to fit the experimental d
than that for the anionic clusters. Whatever the correct in
pretation is, the isomerB with the larger cross section mus
have an open, noncompact structure. IsomerA with its cross
section of 98.8 Å2 is in line with a three-dimensional struc
ture, as can be seen from Fig. 1: Its cross section is alm

FIG. 5. Typical arrival time distribution of Au12
2 . Au12

2 is the only cluster
size that shows two peaks in the arrival time distribution, i.e., two isom
~A andB! with largely different cross sections.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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identical to that of Au12
1 , which is three dimensional. W

performed an extensive search for a reasonable th
dimensional candidate structure. The most likely candid
we found is structure 12-II with a cross section of 92.6 Å2, in
line with the experimental data for isomerA. Its VDE of 3.20
eV agrees with the experimental data; it is, however, 0.65
higher in energy than that of structure 12-I, our candidate
isomer B. In this size range an exhaustive search for
global minimum becomes overly demanding. Structures 1
and 12-II should be considered as reasonable candidate
the two isomers, but we cannot rule out other structures

Au13
À

In the mobility experiment we find one peak with a cro
section of 95.8 Å2. DFT predicts a planar structure based
the same hexagonal tiling that we observed for the sma
clusters@13-I ~cf. Fig. 4!#. This structure has a cross sectio
of 112.8 Å2, 17% larger than experiment, and can be clea
ruled out. Only 0.24 eV higher in energy, we find, howev
a three-dimensional candidate structure~13-II! with a cross
section of 99.7 Å2 that is in much better agreement with th
mobility measurement. Both structures have essentially
same VDE, 4.14 and 4.11 eV, which agrees with the exp
mental value of 3.93 eV. Again we cannot rule out oth
candidate structures for the global minimum—but it is ob
ous that Au13

2 is not planar. ~Extremely compact 3D struc
tures such as an icosahedron, on the other hand, can al
ruled out—its cross section would be 91.9 Å2, much smaller
than the experimental data.!

Au14
À and Au 15

À

As can be seen from Figs. 1 and 2 the experimental c
sections of these clusters approach the values for the
cluster cations and the quasispherical fit function~dashed
line in figure 1!, i.e., it is clear that these clusters are thr
dimensional. On the other hand, exploratory AIMD simu
tions for Au15

2 indicate that planar structures are still favor
by the DFT calculations. We conclude that the stability
planar structures is somewhat overestimated by DFT. T
behavior is in line with our findings for gold cluster cations33

and silver cluster cations;25 in both cases DFT locates th
transition to three-dimensional structures 1–2 atoms too h
~based on the cross-section measurements we find Au8

1 to be
the first 3D cationic gold cluster!.33

The obvious question that arises is why the negativ
charged gold clusters are planar for this unusually large
range, up to 12 atoms. A possible rationale comes from
relatively smalls-d separation in gold due to the relativist
lowering of thes orbitals: this enables a significants-d hy-
bridization in small clusters that favors fewer, but more
rectional covalent bonds, instead of the highly delocaliz
bond usually found ins metals. This is also supported by th
Mulliken population analysis: according to this analysis ea
gold atom in the cluster size range studied has ad occupation
of roughly 9.75, i.e., 0.25 electrons per atom are promo
form the 5d into the 6s ~andp! shell. In this sense, the fac
that DFT overestimates the stability of planar structures r
tive to three-dimensional geometries may be viewed a
Downloaded 29 Jul 2008 to 129.132.208.61. Redistribution subject to AIP
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consequence of the spuriously smalls-d separation observed
in DFT treatments of transition-metal compounds.54

V. SUMMARY

The combination of DFT, VDE, and mobility measur
ments facilitates an unequivocal distinction between tw
dimensional and three-dimensional structures for small
ionic gold clusters. For sizes up to 11 atoms~except for 9,
where we cannot definitely rule out 9-IV!, we find that the
gold cluster anions are planar. According to the mobil
data, three-dimensional structures set in atn512 ~Figs. 1
and 2!. DFT seems to overestimate the stability of plan
structures somewhat; it predicts Au13

2 to be planar, while the
experimental data shows that it is three dimensional. T
comparison of the vertical detachment energy for the diff
ent structures with the experimental data, while very use
to rule outa possible candidate, has been shown to be no
helpful for the confirmation of a candidate: especially f
Au4

2 , Au5
2 , Au12

2 , and Au13
2 , completely different isomeric

forms have essentially the same VDE. It is a surprising a
unexpected result that gold cluster anions are planar up t
atoms. The transition from 2D to 3D structures occurs mu
earlier in all other metal clusters investigated so far~see, for
example, Refs. 6, 7, and 25!. Relativistic effects seem to
provide a plausible explanation for this anomalous behav
of gold. Nevertheless, further experimental and theoret
work is necessary to understand the details of the 2D
transitions in metal clusters.

Note added in proof.Recently Hakkinen and Landman55

repeated the calculations for gold cluster anions, Aun
2, and

confirmed our observation of planar structures, especially
geometries 8-I, 9-I, 10-I, 12-I.
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