
This journal is c the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 13907–13913 13907

The structure of Au6Y
+

in the gas phasew

Ling Lin,
ab

Pieterjan Claes,
bc

Tibor Höltzl,
ab

Ewald Janssens,
bc

Torsten Wende,
d

Risshu Bergmann,
d
Gabriele Santambrogio,

e
Gerard Meijer,

d
Knut R. Asmis,*

d

Minh Tho Nguyen*
ab

and Peter Lievens*
bc

Received 17th June 2010, Accepted 20th August 2010

DOI: 10.1039/c0cp00911c

The geometric and electronic structure of the Au6Y
+ cation is

studied by gas phase vibrational spectroscopy combined with

density functional theory calculations. The infrared photodissocia-

tion spectrum of Au6Y
+�Ne is measured in the 95–225 cm�1

energy range and exhibits two characteristic absorption bands

at 181 cm�1 and 121 cm�1. Based on DFT/BP86 quantum

chemical calculations, the infrared spectrum is assigned to the

lowest energy species found, an eclipsed C3v geometry. The 3D

structure of Au6Y
+

is considerably different from those

previously found for both the neutral Au6Y (quasi-planar circular

geometry) and the anionic Au6Y
� (planar D6h symmetry). The

different geometries are related to different electronic structures

in agreement with 2D and 3D phenomenological shell models for

metal clusters.

Gold clusters have attracted continuing attention, in part due

to their potential applications in several areas, for example as

efficient catalysts for chemical reactions.1 The geometry and

the dimensionality (planar or three-dimensional) of small Aun
clusters are closely linked to their catalytic activities.2,3 Small

neutral Aun clusters prefer planar shapes in their lowest-energy

structures and a 2D–3D transition occurs at size n E 12.4,5

The preference for 2D forms has been interpreted as a con-

sequence of relativistic effects of the gold element.6,7 Removal

or addition of an electron from neutral gold clusters modifies

their structure, but they remain planar up to nE 7 (Aun
+) and

n E 11 (Aun
�), respectively.8–10 Thus in small gold clusters,

electron excess tends to favor planar structures up to larger

cluster sizes than electron deficiency. Recent review articles

give a comprehensive overview of the current knowledge on

the structures of neutral and ionic gold clusters.6,11–13

It is well established that doping a cluster by another

element can modify cluster properties such as its shape,

electronic, or optical properties.14–22 For example, small AunS

clusters were predicted to adopt a 3D structure from n = 6.18

For AunSi, density functional theory (DFT) showed that 3D

structures start already from n = 3, which is accounted for by

the strong directional covalent bonding resulting from a

significant contribution of the p electrons of Si.21 Within this

series, Au4Si adopts a Td structure and shows extraordinary

stability.16 In the series of Au5M with M = Na, Mg, Al, Si, or

P, the dopant atoms with s valence electrons (Na, Mg) were

predicted to have planar structures similar to Au6, while those

with p valence electrons (Al, Si, P) result in non-planar

structures.19 Recently it was shown that also isoelectronic

substitution of Au by Ag or Cu in Aun
� shifts the 2D to 3D

structural transition to smaller sizes.22 A systematic theoretical

study on AunZn (n r 6)14 showed that all the lowest-energy

isomers are planar, and structurally resemble the pure Aun+1

clusters. The enhanced stability of the bimetallic Au5Zn
+

cation is the result of its s-aromatic nature.15 For AunM with

n = 2–7 and M = Ni, Pd, and Pt, the planar structures are

again favored for all clusters studied, except Au7Ni, for which

the most stable 3D structure turns out to be almost degenerate

with its corresponding 2D form.17 Overall, these studies,

among many others, consistently show that doping is indeed

a powerful way of tuning the properties of gold clusters.

Previous studies on the neutral Au6M and anionic Au6M
�

clusters with M = Ti, V, Cr pointed out that all these clusters

prefer planarity. The transition metal atom is located at the

center of a Au6 ring, and its magnetic moment is not quenched

by the nonmagnetic gold host.23 The stability of the quartet

state and the D6h point group of Au6Mn was explained using

an extension of the phenomenological shell model for metal

clusters, which also provides a consistent rationalization for

the observed variation of the electronic state of the whole

series of 3d transition metal doped Au6M.24

Recently, we reported that the neutral yttrium-doped

Au6Y cluster has a quasi-planar structure and a fluxional

behaviour.25,26 The geometry was assigned by comparing the

experimental infrared photodissociation (IRPD) spectrum

with the results from quantum chemical calculations. The

planar transition state for rearrangement lies only a few

kJ mol�1 above the 3D C2v equilibrium structures, resulting

in fluxional behavior at finite temperatures and line broadening

in the experimental IRPD spectra. The quantum chemical

calculations also showed that upon attachment of an electron

to Au6Y, the resulting Au6Y
� anion adopts a fully planar,

highly symmetric D6h structure. The anion was characterized

as a new bimetallic six-membered cyclic species featuring

s-aromaticity.25 The geometry of the corresponding Au6Y
+

cation, although its existence as a stable gas phase species was

established already quite some time ago,27 has not been

investigated yet. Indeed Au6Y
+ has been observed in large

abundances relative to neighboring sizes in mass spectrometric
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studies, suggesting an enhanced stability.27,28 However, the

origin of this stability as well as the electronic and geometric

structure of Au6Y
+ have not been addressed so far.

As part of our continued interest in metal doped gold

clusters, we combine experimental and theoretical approaches

to characterize the structure of Au6Y
+ in the present study.

First, we show the experimental IRPD spectrum of Au6Y
+�

Ne. Then the cluster geometry is assigned with the aid of

quantum chemical calculations. Finally, the geometric and

electronic structures of Au6Y
+ are compared with those of its

neutral and anionic counterparts and differences among each

other are discussed on the basis of the phenomenological

shell model.

The IRPD experiments are performed with a tandem mass

spectrometer-ion trap instrument,29,30 which is coupled to a

beamline of the Free Electron Laser for Infrared eXperiments

(FELIX) at the FOM Institute for Plasma Physics Rijnhuizen.31

Binary clusters are produced with a pulsed (10 Hz) dual-target

dual-laser vaporization source.32 Following vaporization, the

plasma containing gold and yttrium atoms is entrained in a

short pulse of helium carrier gas and expansion through a

condensation channel triggers cluster formation. The molecular

beam passes a 4 mm diameter skimmer and the cationic

clusters are collimated in a He-filled, radio frequency (RF)

multipole ion guide. Next, Au6Y
+ ions (1271 amu) are

mass-selected by a quadrupole mass filter and guided into a

cryogenically cooled RF ring electrode trap filled with a

continuous flow of Ne. Through many collisions with the Ne

buffer gas, the ions are decelerated, trapped, and thermalized.

At sufficiently low trap temperatures, 19 K for the present

experiments, Au6Y
+�Ne complexes are efficiently formed by

three-body collisions.33,34 Given a calculated neon binding

energy of B0.12 eV at the Y site for all Au6Y
+ isomers

considered, the absorption of a few IR photons (5 photons at

181 cm�1 and 8 photons at 121 cm�1) by the weakly-bound

cluster–rare gas complex is sufficient for vibrational predissocia-

tion to occur. IRPD spectra are obtained by photoexcitation

of the trapped ions with pulsed radiation from FELIX, which

is operated at 5 Hz and applied collinear to the ion trap main

axis. Directly after FELIX fires, all ions are extracted from the

trap into a time-of-flight mass spectrometer. IRPD spectra are

measured in the difference mode of operation (laser on–laser

off) by monitoring the changes in the Au6Y
+�Ne (depletion)

and Au6Y
+ (formation) signals. IRPD spectra are measured

in the 95–225 cm�1 range with a step size of 0.5 mm. The

FELIX beam intensity was appropriately attenuated in order

to avoid saturation. We used typical energies of 14 mJ and a

bandwidth of 3–4 cm�1, which is the full width at half

maximum (FWHM) of the central wavelength.

Fig. 1 depicts the normalized IRPD spectrum of Au6Y
+�Ne

in the 95–225 cm�1 energy range. The spectrum shows two

distinct and characteristic peaks centered at 181 cm�1 and

121 cm�1 with a FWHM of around 5 cm�1, which is comparable

to the spectral bandwidth of the FELIX pulse.

Quantum chemical computations are carried out with the

Gaussian 03 suite of programs.35 Geometry optimizations,

harmonic frequency computations, and single-point energy

calculations are performed using the pure BP86 density

functional36,37 in conjunction with the cc-pVTZ (for Ne),

and cc-pVDZ-PP (for Au and Y) basis sets, where PP stands

for pseudopotential.38–40 The vibrational frequencies are scaled

according to a fitting equation (ṽ= 22 cm�1 + ṽcalc. � 0.94)

derived in a previous study for the neutral AunY (n = 1–9).26

The calculated stick spectra are folded with a Gaussian line

width function of 5 cm�1 FWHM for ease of comparison with

the experimental spectra. The electron localizability indicator

(ELI-D)41,42 is computed using the Dgrid 4.1 program,43 while

the NBO 3.1 code is used for natural orbital analysis.44 As an

alternative way to investigate the electronic structure of the

clusters, the total and partial densities of states (DOS) are

calculated with the Pymolyze program.45

Fig. 2 displays the four lowest-lying energy minima that

were found (iso-1 to -4). For comparison of Au6Y
+ with the

isoelectronic Cu6Sc
+, also a tricapped tetrahedral C3v isomer

is shown (iso-5). This isomer is the ground state of Cu6Sc
+,46

but it is a high energy isomer on the Au6Y
+ potential energy

surface. The DFT computations yield the C3v structure iso-1 as

the lowest-energy structure. It is 0.51 eV more stable than the

tricapped tetrahedron C3v form iso-5. In fact iso-1 and iso-5

correspond to two distinct conformers, iso-1 has an eclipsed

conformation and iso-5 is its staggered counterpart. The

relative energy of iso-2 with respect to iso-1 is only +0.02 eV

(including zero-point energy corrections) and the relative

energy ordering even inverses if free energy corrections are

considered (in that case iso-2 is 0.02 eV more stable than iso-1).

These energy differences are well below the DFT uncertainties

and thus theory alone does not allow assigning the ground

state geometry.

As can be seen in Fig. 2, the simulated linear absorption

spectrum of iso-1 agrees very well with IRPD spectrum. It

displays an absorption band at 183 cm�1 and a less intense

band centered at 123 cm�1, while the experimental spectrum

(bottom trace) shows bands at 181 cm�1 and 121 cm�1 with

similar intensity ratio. On the other hand the simulated

Fig. 1 Experimental IRPD spectrum of Au6Y
+�Ne in the range from

95 to 225 cm�1 (110 to 45 mm). The plotted values are normalized for

the sum of parent (Au6Y
+�Ne) and fragment (Au6Y

+) intensities,

IAu6Y+/(IAu6Y+ + IAu6Y+�Ne). The parent and the fragment ion

intensities were measured as the difference between the averaged

signals with laser on and laser off to minimize the influence of cluster

production fluctuations.
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absorption spectrum of iso-2 does not match the experiment at

all (neither do iso-3, iso-4, and iso-5). This is a strong argument

to claim that iso-1 is the most abundant isomer of Au6Y
+ in

the molecular beam. Vibration spectra are a fingerprint of the

geometry; different isomers of the same cluster typically have

very different vibration spectra. Indeed, infrared spectroscopy

has been demonstrated to be a very sensitive technique, which

in combination with DFT allows unambiguous assignment of

ground state geometries of mass-selected cluster ions in the gas

phase.47 The presence of small fractions of other isomers (such

as iso-2) can strictly not be excluded because (i) the IRPD

experiments are performed on the Au6Y
+�Ne complexes and

different isomers can have a different efficiency for complex

formation, and (ii) the noise level is not zero, so the presence of

absorption bands originating from weak traces of other isomers

might be hidden in the experimental background. Nonetheless

given that (i) the intensities of Au6Y
+ and Au6Y

+�Ne in the

trap (without FELIX irradiation) are comparable and thus a

major fraction of the clusters form Ne complexes, (ii) the

depletion of the complexes reaches up to 60% (at the 181 cm�1

band), and (iii) the IRPD spectra have a good signal-to-noise

ratio, we conclude that iso-1 is by far the most abundant

isomer of Au6Y
+ in the molecular beam.

Each of the normal modes of iso-1 associated with the

observed infrared bands involves a motion of the dopant

(see the movies in the ESIw). The 123 cm�1 band is mainly

due to Y-atom displacement (see Movie S1, ESIw), whereas the
183 cm�1 band comprises three Au–Y stretching modes, one at

179 cm�1 (see Movie S2, ESIw) and two degenerate modes at

183 cm�1 (see Movie S3, ESIw). The calculated spectrum of

Au6Y
+�Ne is shown in Fig. S1 (ESIw) and it is similar to that

of Au6Y
+.

Fig. 3 displays the far-IR spectra of the most stable cations

AunY
+ (n = 1–6), along with the optimized cluster structures,

calculated using the same method. For all sizes, the most

intense band is the one with the highest frequency, which is

centered at 227, 245, 235, 210, 212, and 183 cm�1 for n = 1, 2,

3, 4, 5, and 6, respectively. These frequencies correspond to

Y–Au stretching modes of the bond(s) between Y and the

lowest coordinated Au atom(s). The overall decrease of the

frequency of this most intense band with increasing size n is

related to the increased coordination of the Y atom and the

corresponding enhanced delocalization of the bonding charge.

The geometric structure of the cationic Au6Y
+ differs

considerably from that of its neutral counterpart.25,26 The

latter is characterized by several degenerate symmetry-equivalent

Fig. 2 Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spectra of five low-lying Au6Y
+ isomers (relative energies are given in eV)

with the experimental IRPD spectrum. The normal modes accounting for the three bands of the lowest-energy isomer are shown. The modes are

labelled with their symmetry and corresponding frequency in cm�1. Movies illustrating the motions are given in the ESI.w
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structures, which are connected by very low energy barriers

resulting in a fluxional quasi-planar shape that induces, in

turn, a strong line broadening of its IRPD bands.25,26 The

cationic Au6Y
+, on the contrary, exhibits a rigid 3D structure

and its IRPD spectrum does not suffer from line broadening.

The geometry of Au6Y
+ also differs from that of the isovalent

Cu6Sc
+.46 Both have a 3D geometry with the dopant atom

occupying a highly coordinated position, but Cu6Sc
+ has a

tricapped-tetrahedron shape, analogous to iso-5, whereas

Au6Y
+ has an eclipsed C3v symmetry. The structural difference

between Cu6Sc
+ and Au6Y

+ clusters could arise from distinct

atomic sizes and relativistic effects in Au inducing a stronger

s(Au)–d(Y) hybridization (to be discussed elsewhere).

Natural orbital analysis of Au6Y
+ shows that the Y center

carries a positive charge of +1.04 electrons. The Au atoms

in the small gold triangle are slightly positively charged

(+0.13 electron), whereas those in the large gold triangle are

slightly negatively charged (�0.14 electron) (Fig. S2 in ESIw).
The yttrium atom has a 5s(0.61)4d(1.24)5p(0.08) electron

configuration. To probe the electronic structure of Au6Y
+,

the total and partial (projected onto the local s-like atomic

orbitals) densities of states are analyzed and given in Fig. 4.

The molecular orbitals (MOs) with high contributions from

the valence s atomic orbitals (AOs) are assigned on the basis of

similarities between their shape and the wave functions of an

electron in a spherically symmetric potential.48 These MOs are

labeled according to the notations of the phenomenological

shell model as shown in Fig. 5a.

The phenomenological shell model basically assumes that

the valence electrons are delocalized over the whole cluster. In

its simplest version, the electrons are treated as moving in a

simple mean-field potential, whereas the nuclei only contribute

a constant background.49 Accordingly, the valence s-like AOs

formMOs having shapes similar to that of the s, p, and d AOs.

These MOs are labeled hereafter by capital S, P, and D

letters. Enhanced stability of metal clusters is expected if the

number of delocalized electrons corresponds to a closed

electronic structure, i.e., filled shells of electrons. In the case

of spherical arrangement of atoms a shell closure occurs if the

cluster has 2, 8, 20. . . itinerant electrons. (1S)2, (1S)2(1P)6,

and (1S)2(1P)6(2S)2(1D)10 electron configurations correspond

to these magic numbers, respectively. Each electronic

shell (NL)x is characterized by a radial quantum number

N (N = 1, 2, 3. . .) and an angular quantum number

L (L = S, P, D. . .). The superscript x indicates the occupancy

of the MO. This shell model was successful in explaining the

size dependency of several properties of bare gold clusters.11

An extension of the shell model towards planar metal clusters

Fig. 3 Vibrational spectra of the ground state isomers of AunY
+ (n = 1–6) calculated at the BP86/cc-pVDZ-PP level.
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showed that the number of electrons yielding closed electronic

shells depends on the shape of the cluster.50 In the case of

triangular or rectangular clusters, enhanced stabilities are

expected for structures having 2, 6, 8, 12, 16, or 20 delocalized

s-type electrons, whereas the number of these electrons is 2, 6,

10, 12, 16, or 20 for clusters with a circular shape.

Au6Y
+ has eight delocalized electrons from the six Au (6s1)

and one Y (4d15s2) atoms minus one electron due to the

cationic state of the cluster. These eight electrons can be

organized in a closed shell (1S)2(1P)6 configuration if the

cluster has a spherical shape.49 However, due to the relatively

small size of the cluster, a distortion of the spherical geometry

is expected. Indeed, with a diameter of about 2.9 Å and a

height of about 2.5 Å, Au6Y
+ has an oblate shape, which

results in a lifting of the degeneracy of the 1Px, 1Py, and 1Pz

subshells.51 Due to the C3v symmetry of the cluster, the 1P

orbitals are decomposed into orbitals belonging to the E

(degenerate 1Px and 1Py) and A1 (Pz) irreducible representa-

tions of the C3v point group. A molecular orbital analysis of

the clusters indeed shows that the electronic structure of

Au6Y
+ corresponds to a closed (1S)2(1Px,1Py)

4(1Pz)
2 configu-

ration. The splitting of the P levels (1Pz orbital is 0.43 eV

higher in energy than the 1Px and 1Py levels) is in line with the

results of the phenomenological shell model for oblate shaped

species.51

Electron attachment to the cationic Au6Y
+ yields the

neutral Au6Y. In a spherical geometry, the ninth valence

Fig. 5 The shape and energies (in eV; for Au6Y only the energies of the MOs with alpha electrons are provided) of MOs of (a) Au6Y
+, (b) Au6Y,

and (c) Au6Y
�,25 with an assignment based on the phenomenological shell model. All MOs are doubly occupied, except LUMO and SOMO

of Au6Y.

Fig. 4 Total and partial (only s-type AOs) densities of states of the

most stable Au6Y
+ cluster (iso-1) with the assignment of the MOs

with high contributions from the valence s-like AOs on the basis of

similarities with wave functions of an electron in a spherical symmetric

potential using the nomenclature of the phenomenological shell model.
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electron should occupy the empty 1D orbital to get an

open shell (1S)2(1P)6(1D)1 configuration. However, as demon-

strated by an earlier combined infrared spectroscopy and

density function theory study, Au6Y prefers a quasi-planar

circular geometry.25,26 Therefore, the MOs corresponding to

the phenomenological shell model 1Pz will be unoccupied,

whereas the 1Dxy and 1Dx2–y2 orbitals are occupied with

two and one electrons, respectively. These orbitals in the

gap region are depicted in Fig. 5b. The Au6Y neutral cluster

is thus an open shell system and Jahn–Teller instability

prevents a symmetric planar ring structure. However, upon

addition of another electron, yielding Au6Y
�, the 1Dx2–y2

becomes doubly occupied (see Fig. 5c). The Au6Y
� cluster

has 10 delocalized electrons, which in a planar symmetry

correspond to a closed shell (1S)2(1Px,1Py)
4(1Dxy,1Dx2–y2)

4

configuration.

The closed shell structure of Au6Y
+ and Au6Y

� is reflected

in their high HOMO–LUMO gaps of 1.63 eV and 2.07 eV,

respectively; HOMO stands for highest occupied molecular

orbital and LUMO stands for lowest unoccupied molecular

orbital. The open shell Au6Y, on the other hand, has a SOMO

(alpha)-LUMO (beta) gap of 0.25 eV only; SOMO denotes

singly occupied molecular orbital.

In summary, we have investigated both experimentally and

computationally the geometric, vibrational, and electronic

properties of the yttrium-doped gold species Au6Y
+ containing

eight delocalized electrons. The experimental IRPD spectrum

of Au6Y
+�Ne can be explained by DFT calculations. The

observed absorption bands at 181 cm�1 and 121 cm�1 are

associated to motions of the Y dopant. The lowest energy

Au6Y
+ cluster has a 3D oblate eclipsed C3v shape, in contrast

to the quasi-planar C2v and planar D6h shapes for the neutral

and anionic counterparts, respectively. The cationic Au6Y
+

possesses a 1S2(1Px,1Py)
41Pz

2 closed shell electronic structure

and the contributions of local s-like electrons are predominant

in the chemical bond formation. Comparing Au6Y
+ (8 s-like

valence electrons) with Au6Y
� (10 s-like valence electrons), a

transition from a 3D to a 2D geometry is observed as the most

probable structure. The cluster thus seems to seek the shell

closing that is closest or easiest to match, even if this implies a

change of the dimensionality.
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