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Introduction

There has been considerable interest in gold clusters, in part
due to their potential applications in a wide variety of areas,
for example as catalysts for CO oxidation reactions,[1, 2] or as
material for tips and contacts in molecular electronic devices.[3]

Most of the recent theoretical studies focused on their geo-
metrical and electronic structure, as there is evidence that de-
tails of the geometry and the dimensionality (planar or three
dimensional) of small Aun clusters are closely linked to their
catalytic activities.[4–6] Earlier quantum chemical studies showed
that small neutral Aun clusters prefer planar geometries and a
2D–3D transition occurs at a size of n = 12.[7, 8] For the corre-
sponding cations Aun

+ and anions Aun
� , the structures have

been found experimentally and theoretically to be planar up
to n = 7 and n = 11, respectively.[9–12] The preference for the 2D
form has been interpreted as a consequence of relativistic ef-
fects,[13, 14] which causes shrinking of the size of s atomic orbi-
tals, and subsequently enhances the s–d hybridization and d–d
interaction in gold atoms, thus resulting in a consistent prefer-
ence for more directional Au�Au bonds.[15]

It is known that the doping of a metal cluster by another
atom can fundamentally modify the cluster properties, either
its shape or its electronic and magnetic properties. Up to now,
numerous studies on doped gold clusters have been carried
out, with dopant atoms ranging from nonmetallic elements (S,
P, Si, Se…)[10, 16–23] to alkali metals (Li, Na…)[21, 24, 25] and transition
metals (Sc, Ti, V…).[26–43] Small AunS clusters[16] were calculated
to exhibit planar structures and their geometry can be con-
structed by replacing one Au atom of the Aun + 1 cluster by a
S atom, while from n = 6 on, the doped cluster adopts a 3D
structure. Au5S was predicted to have higher stability than its
neighbors. For AunSi (n = 1–8),[17] the 3D structures start earlier

from n = 3, which is accounted for by the strong directional co-
valent bonding resulting from a significant contribution of the
p electrons of Si. Within this series, Au4Si was found to adopt a
Td structure and to show extraordinary stability.[17, 18] In an earli-
er study on Au5M, with M = Na, Mg, Al, Si, P, and S, it was pre-
dicted that dopant atoms with s electrons (Na, Mg) yield
planar structures similar to that of Au6, whereas those with p e-
lectrons (Al, Si, P) result in nonplanar structures with an excep-
tion for S.[21]

Transition-metal-doped gold clusters have received much
more attention. A systematic theoretical study on AunZn (n�
6)[26] showed that all the lowest-energy isomers are planar, and
structurally resemble the pure gold clusters Aun + 1. Moreover,

The geometric, spectroscopic, and electronic properties of neu-
tral yttrium-doped gold clusters AunY (n = 1–9) are studied by
far-infrared multiple photon dissociation (FIR-MPD) spectrosco-
py and quantum chemical calculations. Comparison of the ob-
served and calculated vibrational spectra allows the structures
of the isomers present in the molecular beam to be deter-
mined. Most of the isomers for which the IR spectra agree best
with experiment are calculated to be the energetically most
stable ones. Attachment of xenon to the AunY cluster can
cause changes in the IR spectra, which involve band shifts and
band splittings. In some cases symmetry changes, as a result

of the attachment of xenon atoms, were also observed. All the
AunY clusters considered prefer a low spin state. In contrast to
pure gold clusters, which exhibit exclusively planar lowest-
energy structures for small sizes, several of the studied species
are three-dimensional. This is particularly the case for Au4Y and
Au9Y, while for some other sizes (n = 5, 8) the 3D structures
have an energy similar to that of their 2D counterparts. Several
of the lowest-energy structures are quasi-2D, that is, slightly
distorted from planar shapes. For all the studied species the
Y atom prefers high coordination, which is different from other
metal dopants in gold clusters.
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stable isomers tend to equally delocalize their valence s elec-
trons over the entire skeleton and thereby maximize the
number of Au�Zn bonds within the structure. Subsequently,
the Au5Zn+ cation was reported to be the first example of a s-
aromatic bimetallic cluster, which was proposed to cause its
enhanced stability.[27] The properties of AunM with n = 2–7 and
M = Ni, Pd, and Pt have been studied theoretically.[28] The
planar structures are again favorable for all the clusters stud-
ied, except for Au7Ni, for which the most stable 3D structure
turns out to be almost degenerate with its corresponding 2D
form. The stability and electronic properties of Ni-doped gold
clusters were found to be similar to those of pure gold clus-
ters, but with increased bond lengths. In contrast, the addition
of Pd and Pt changes the electronic properties, due to strong
d–d or s–d interactions between the impurity and host
atoms.[28] Another theoretical study on AuPt and Au6Pt[29] sug-
gested that doping of Pt in Au clusters would change the
chemical reactivity, due to the significant contribution of Pt 5d
orbitals to the frontier molecular orbitals of the binary species.
Studies on neutral and anionic M@Au6 (M = Ti, V, Cr) showed
that all the clusters prefer to be planar with the transition
metal located at the center of a Au6 ring, and the magnetic
moments of the impurity atoms not being quenched by the
nonmagnetic gold host.[30] A more recent quantum chemical
study on AunTi (n = 2–16)[31] also found the most stable struc-
tures in the size range n = 2–7 to be planar, which is different
from previous studies showing that Au4Ti has a Td struc-
ture.[32, 33] The geometrical transition from 2D to 3D was pre-
dicted to occur at n = 8, whereas the larger clusters with n =

12–16 prefer cages, with the Ti atom located in the middle of
the Au cage.[31] There have been several other studies on
larger AunM clusters with n�12,[34–43] which consistently
showed that doping of gold clusters is indeed a powerful way
of tuning their chemical and physical properties.

The theoretical identification of the global minimum struc-
ture of clusters becomes increasingly complicated for larger
cluster sizes. This holds especially true for doped species, for
which the number of possible isomers becomes substantially
larger. Nonetheless, most of the above-cited studies refrained
from using global optimization schemes,[44] in part due to the
high computing demands. In this situation, experimental re-
sults that can verify theoretical predictions are highly desirable.
In earlier mass spectrometric studies of the properties of
AunM+ (M = Sc, Ti, V, Cr…, n = 1–40), the observed stability pat-
terns were discussed on the basis of a phenomenological shell
model[45–47] that takes into account the electronic structure of
the dopant atom.[27, 48] The enhanced abundance for Au5X+ ,
where X = V, Cr, Mn, Fe, Co, and Zn, was rationalized in terms
of their planarity in combination with the six delocalized elec-
trons being a magic number for 2D systems.[49, 50]

In this series of photofragmentation mass spectrometry ex-
periments strong abundance enhancements also were ob-
served for 16-atom gold-cluster cations doped with a trivalent
metal (Sc, Y, Nb).[48, 51, 52] The enhanced stability corresponds to
an 18-electron shell closure which is strengthened by a wine-
bottle-type mean-field potential resulting from the endohedral
position of the dopant atom in the gold.

Photoelectron spectroscopic studies have focused on the
structures of anionic gold cages of 12 atoms doped with W
and Mo,[39] V, Nb, and Ta,[40] anionic gold cages of 16 and
17 atoms doped with Cu,[41] and anionic cages of 16 gold
atoms doped with Fe, Co, Ni, Ag, Zn, In,[42, 43] and the main-
group elements Si, Ge, and Sn.[22] For Au16 species doped with
Fe, Co, and Ni, detailed structural information was obtained
with trapped-ion electron diffraction.[42] While all transition-
metal atoms are located inside the gold cage,[39–43] Si becomes
part of it, but Ge and Sn are found on the surface of the
cages.[22] Recently, this study has been extended to smaller
anionic gold clusters containing 5–8 atoms and a Si, Ge, or Sn
dopant atom.[23]

In this work we set out for a combined experimental and
theoretical investigation to explore the structural properties of
small yttrium-doped gold AunY clusters, with n ranging from 1
to 9. The primary objective is twofold. The first is to record
their experimental vibrational spectra using far-infrared multi-
ple photon dissociation (FIR-MPD) spectroscopy. These spectra
are inherently sensitive to the structure of their complexes
with the messenger xenon atom. The second is to interpret
the recorded spectra with the aid of quantum chemical calcu-
lations. This combined approach has been shown to be suc-
cessful for identifying the structure of cationic silicon clusters
and for explaining the influence of copper and vanadium
doping on their structures.[53, 54] Furthermore, FIR-MPD has re-
cently been used to determine the geometry of pure neutral
gold clusters (Aun with n = 7, 19, and 20) for the first time.[55] A
few studies also exist on AunY, including experimental studies
on the stability of their cations AunY+ ,[51, 52] and a theoretical
study devoted to the structure of neutral AunY using density
functional theory (DFT) with the B3LYP functional and the
LANL2DZ basis set.[56] Also, a quantum chemical study on gold
clusters doped with two yttrium atoms was reported.[57] We
have recently reported on the properties of small Au4–6Y clus-
ters and predicted that the Au6Y� anion is a s-aromatic six-
membered ring.[58] In the present work, we use far-IR spectros-
copy and quantum chemical calculations to investigate sys-
tematically the geometric, electronic, and bonding properties
of neutral AunY (n = 1–9) clusters.

Experimental and Computational Methods

The FIR-MPD experiments were performed in a cluster beam setup
that was coupled to a beamline of the Free Electron Laser for Infra-
red eXperiments (FELIX) at the FOM Institute for Plasma Physics
Rijnhuizen, in Nieuwegein, The Netherlands.[53, 59–62] For the produc-
tion of binary AunY clusters, a pulsed (10 Hz) dual-target dual-laser
vaporization source was implemented in the setup.[63] Following
vaporization of the two target materials, condensation took place
in a mixture of helium and isotopically enriched xenon (0.8 % 129Xe
in He), and yttrium-doped gold clusters were formed and passed
through a copper channel. Cluster–xenon complexes were ob-
served when this channel was cooled to 130 K. The molecular
beam containing these complexes passed through a skimmer and
an aperture of diameter 1 mm, which was located in front of the
acceleration electrodes of a reflectron time-of-flight mass spec-
trometer. Vibrational spectroscopy was performed using action
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spectroscopy with the messenger atom technique.[64, 65] The molec-
ular beam was overlapped with the counter-propagating pulsed
(5 Hz) far-IR beam provided by FELIX, which was loosely focused
behind the aperture. At a vibrational resonance of a given com-
plex, the xenon ligand could be evaporated resulting in a deple-
tion of the complex intensity in the molecular beam. While all
charged species were blocked from entering the mass spectrome-
ter due to a constant voltage applied to the aperture, neutral clus-
ters were ionized by means of an F2-excimer laser (7.9 eV photon�1)
between the acceleration plates. The depletion spectra were ob-
tained by comparing the ion intensities of the doped gold–xenon
complexes with and without FELIX as a function of the FELIX fre-
quency.[66] In the figures showing FIR-MPD spectra, the raw data
points are plotted as dots while a gray line connects their three
point moving average.

For quantum chemical calculations, initial geometry optimizations
and subsequent determination of the harmonic vibrational fre-
quencies were carried out using DFT with the pure BP86 function-
al[67–69] and the correlation-consistent cc-pVDZ-PP basis set,[70–72]

where PP stands for an effective core potential replacing the cores.
To improve the calculated relative energies, single-point electronic
energy calculations were carried out for some low-lying isomers of
AunY with the coupled-cluster theory CCSD(T)[73] in conjunction
with the larger cc-pVTZ-PP basis set,[70–72] on the basis of BP86/cc-
pVDZ-PP optimized structures. The PP basis sets cc-pVnZ-PP (n = D
and T) employed here already include the relativistic effects that
are crucial in the treatment of heavy elements such as gold. For
each isomeric system, a large number of geometries with different
spin states were considered. When treating open-shell systems, the
spin–orbit coupling also needs to be considered. However, the
contributions of the spin–orbit effects to the relative energies are
much smaller than the inherent errors of the DFT method. To cali-
brate the calculated DFT results for some small systems, coupled-
cluster theory CCSD(T) calculations were also performed. The com-
parison will be given in the following discussion. All calculations
were performed with the Gaussian 03[74] and MOLPRO 2006.1[75]

program packages. The natural bond orbital (NBO) charges will be
used for the discussion of the charge distribution in AunY, and they
were computed by using the NBO 5.G code[76] integrated into the
Gaussian program suite.[74]

The calculated stick spectra are folded with a Gaussian line width
function of 4 cm�1 full width at half maximum for ease of compari-
son with the experimental spectra. Under current practice, harmon-
ic vibrational frequencies (~n) obtained by DFT calculations are often
scaled to improve the agreement with experimental IR results. For
the smaller cluster Au4YXe, its unscaled calculated vibrational spec-
trum only marginally deviated from experiment.[58] However, as the
cluster size increased, larger deviations appeared, thus showing
that the DFT method employed systematically underestimates the
frequencies with growing cluster size.[54] This implies that the
often-used procedure of including a constant scaling factor will
not result in optimal agreement between theory and experiment
for both high- and low-frequency modes. Therefore, we employed
the following—albeit somewhat arbitrary—linear scaling relation
[Eq. (1)]:

~n ¼ 22 cm�1 þ ~ncalc � 0:94 ð1Þ

which was obtained by fitting the largest frequencies of the vibra-
tional spectrum for AunY–Xe complexes with the experimental
values (Table S1 in the Supporting Information).

A similar scaling formula has been used to scale frequencies of cat-
ionic niobium oxide clusters, although in that case the fitting could
be performed on well-characterized reference systems.[60] In
Table S2 in the Supporting Information a comparison is made be-
tween the theoretical frequencies scaled this way, with the optimal
scaling factors for each mode as obtained from the experimental
line positions, and computed values corresponding to the assigned
ground-state structures. Use of a single scaling factor of 1.06, ob-
tained by averaging the optimal ratios for the largest frequencies
(Table S2 in the Supporting Information), would not alter the inter-
pretations and structural assignments, but results in somewhat
poorer agreement. Although the scaling using Equation (1) leads
to reasonable agreement with experiment, it should be stressed
that there is no obvious physical explanation for the fairly large
scaling needed to obtain agreement for the low-energy vibrational
frequencies. This is a well-known problem that is often encoun-
tered for harmonic vibrational frequency computations with (DFT-
based) quantum chemical approaches.[77]

Results and Discussion

In the following we will discuss the geometric and spectro-
scopic properties of yttrium-doped gold clusters, by using the
combined strength of FIR-MPD experiments and quantum
chemical calculations. In the experiment the source conditions
were optimized to form mainly cluster complexes with a single
Xe atom as a messenger atom; however, for some sizes (AunY,
n = 4, 5, 7, 8), attachment of a second Xe atom is also ob-
served. It appears that this second Xe atom can influence the
geometry of the cluster and this will be analyzed in detail.
Such effects of rare-gas attachment on the structures of clus-
ters have been reported before.[65, 78]

AuY, Au2Y, and Au3Y

Experimental spectra of the three smallest clusters were not re-
corded as their Xe complexes are not observed, probably be-
cause of their high ionization energy, and therefore only calcu-
lated results are presented in this section. The average Au�Y
bond lengths are listed in Table S1 in the Supporting Informa-
tion. Figure 1 displays the optimized geometries whereas
Figure 2 shows calculated vibrational spectra. A number of in-
teresting properties can be noted as follows:

i) The diatomic AuY prefers a low-spin singlet 1S+ ground
state, and the lowest-lying triplet 3S� state is 0.33 eV
higher in energy (Figure 1). In both the HOMO and LUMO,
the largest lobe is centered at the Y atom (see Figure S1 in
the Supporting Information).

ii) The triatomic Au2Y exhibits a C2v form in which the Y atom
occupies the central position (AuYAu). Again the largest
components of both frontier orbitals are centered at the
Y atom resulting in a doublet ground state 2A1. The alterna-
tive isomer AuAuY is found to be 1.73 eV higher in energy.
The Au�Y bond length of 2.653 � in AuYAu is slightly
larger than that in AuY, in which the length is 2.627 �
(Table S1 in the Supporting Information). In the quartet
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manifold, Au2Y is a triangle (4B2), similar to the pure Au3

cluster, but ~1.97 eV above the ground state 2A1.
iii) The tetraatomic Au3Y cluster is characterized by a highly

symmetric structure (D3h) with, once more, Y in the central
position. The 1A1’ state is favored over the triplet counter-
part. In the singlet state, the largest components of the

HOMO are located on Au whereas in the LUMO they are
on Y. In this case, the Au�Y bond length (2.656 �) is similar
to that of Au2Y (2.653 �). In the triplet state, the D3h form is
distorted towards a Cs structure (3A’’) which is 1.86 eV
above the singlet state. Nevertheless, a C2v rhombic form
(3A1), with a similar shape to the pure Au4 cluster, becomes
slightly lower in energy being ~1.77 eV above the singlet
(Figure 1).

Regarding the vibrational spectra displayed in Figure 2, the
most intense bands corresponding to the Au�Y stretching vi-
brations are centered at 202 (AuY), 222 (Au2Y), and 226 cm�1

(Au3Y), and a frequency shift towards the blue takes place as
the size of the cluster increases.

Au4Y

The IR spectra of these cluster–rare-gas complexes are record-
ed upon photodissociation of a cluster complex with xenon as
the messenger atom. As mentioned above, both complexes
with one and two Xe atom(s) are observed in the experimental
mass spectra. To evaluate the effect of xenon, vibrational spec-
tra of both the bare AunY clusters and their Xe complexes
were calculated. We can now examine the influence of Xe.
Figure 3 shows a comparison of the far-IR spectrum of Au4YXe

and the calculated spectra of the two lowest-lying isomers of
Au4Y, denoted as 4.1 and 4.2, as well as their corresponding
Xe complexes. Again, the Y atom is situated at the center of
the Au4Y cluster, bound to all four Au atoms. However, be-
cause of a strong Jahn–Teller effect arising from the degener-
ate orbital occupancy due to the unpaired electron, the geom-
etry of Au4Y is distorted from an ideal Td point group symme-
try, which leads to less symmetric Cs (4.1) and C2v (4.2) struc-

Figure 1. Structures of the low-lying isomers of AunY (n = 1–9) in their re-
spective electronic ground state, selected triplet or quartet states (grey
spheres: gold; dark spheres : yttrium), and their relative energies (in eV, at
the BP86/cc-pVDZ-PP level of theory; CCSD(T)/cc-pVTZ-PP values are given
in square brackets, including zero-point energy corrections).

Figure 2. Vibrational spectra of AuY, Au2Y, and Au3Y calculated at the BP86/
cc-pVDZ-PP level. s= intensity.

Figure 3. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the two lowest-lying Au4Y isomers (light spheres with asterisk: xenon;
grey spheres: gold; dark spheres : yttrium) and the corresponding Xe com-
plexes with the experimental FIR-MPD spectrum of Au4YXe (bottom). The
relative energies are given in eV.
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tures. The shapes of their frontier orbitals are shown in the
Supporting Information (Figure S1). Both equilibrium structures
4.1 (2A’) and 4.2 (2B1) are calculated to be nearly degenerate
(Figure 1). Xenon can be attached either to the Y of 4.1 with a
binding energy of 0.14 eV, or to one of the Au atoms with a
much smaller binding energy of ~0.02 eV. The binding ener-
gies of Xe to Y and the Au of 4.2 are 0.06 and 0.04 eV, respec-
tively. Therefore, the Y-attached 4.1-Xe complex is energetically
preferred, and we will take it as an example to understand the
influence of Xe on the vibrational spectra. From Figure 3, one
finds that upon Xe attachment, the most intense band of the
4.1 isomer at 234 cm�1 and the weak band at 183 cm�1 in the
vicinity are slightly red-shifted to 230 and 180 cm�1, respective-
ly, whereas the weak bands at 49, 92, and 140 cm�1 are blue-
shifted to 72, 102, and 147 cm�1. At the same time we also ob-
serve small changes in band intensities. As can be expected
from the weak interaction energy, attachment of Xe to Au
atoms only has a limited influence on the vibrational spectrum
(Figure S2 in the Supporting Information). Similar effects of Xe
have also been found for 4.2 and most of the other low-lying
isomers of AunY (n = 5–9).

Comparison of the calculated spectra of both lowest-energy
Au4Y isomers 4.1 and 4.2 and their corresponding complexes
with single Xe atoms with the experimental results points out
that most of the IR spectral features are reproduced in the si-
mulated spectrum of 4.1-Xe. The predicted IR intensities are
also qualitatively correct. This demonstrates that 4.1-Xe is the
dominant isomer present in the molecular beam, whereas 4.2-
Xe, which lies 0.15 eV higher in energy than 4.1-Xe at the
BP86/cc-pVDZ-PP level, does not apparently contribute to the
spectrum.

As mentioned above, we were also able to form the com-
plex with two Xe atoms. At first, from the experimental IR
spectrum only, it appears to have similar features to those for
the complex with only one Xe atom attached, but the band in-
tensities change significantly. However, the calculations find
that addition of the second Xe atom enhances the geometrical
symmetry from Cs (for Au4YXe) to C2v (for Au4YXe2), and there-
fore the Xe plays an important role and may not be ignored.
The comparison between experimental and calculated IR spec-
tra (see Figure 4) illustrates this important role of the second
Xe atom. Although, at a first glance, both Au4YXe and Au4YXe2

have a band around 90 cm�1, the origin of this vibrational
mode is completely different. Due to the presence of the
second Xe atom, a blue shift is induced causing a lower band
to be shifted from 72 to 87 cm�1. For 4.1-Xe the experimental
band at 90 cm�1 is assigned to in-plane bending of the Au3Y
subunit (Movie S1 in the Supporting Information) while, due to
the blue shift for 4.1-Xe2-I, the vibration of yttrium out of the
plane, on the axis of the two Xe atoms, is also located around
90 cm�1 (Movie S2 in the Supporting Information). Thus, the IR
spectrum of Au4YXe changes upon attachment of a second Xe
atom. This change is due to the increase in the cluster symme-
try. From the comparison of the calculated IR spectra of the
Xe2 complexes with the experimental results (see Figure 4) we
assign 4.1-Xe2-I as the most contributing isomer to the IR
spectrum.

Au5Y

Figures 5 and 6 compare the experimental and predicted vibra-
tional spectra of Au5YXe and Au5YXe2, respectively. The two
most stable isomers of Au5Y, denoted as 5.1 and 5.2 (see
Figure 1), are again almost degenerate in energy, with an
energy difference of 0.00 and 0.06 eV by BP86 and CCSD(T) cal-
culations, respectively. Both isomers have a central Y atom, but
the shape of their frontier orbitals differs greatly from each
other (Figure S1 in the Supporting Information). Compound
5.1 is in a 1A1 state with a planar shape (C2v), and the corre-
sponding triplet (5.3) is slightly distorted to a C2 form (3B) and
markedly higher in energy by 1.00 eV above 5.1. While 5.2 has
a Cs ground state 1A’, the triplet counterpart (5.4) loses symme-
try (3A) and lies 1.08 eV higher in energy than 5.1, as indicated
in Figure 1. While both 5.1 and 5.2 are basically degenerate in
energy, the binding energies of Xe to Y in 5.1 and 5.2 are 0.14
and 0.10 eV, respectively. Therefore, 5.1-Xe is slightly preferred

Figure 4. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the three lowest-lying Au4YXe2 isomers (relative energies in eV are
given in parentheses) with the experimental FIR-MPD spectrum.

Figure 5. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the two lowest-lying Au5YXe isomers (relative energies in eV are given
in parentheses) with the experimental FIR-MPD spectrum.
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energetically. As shown in Figure 5, the vibrational features of
5.1-Xe and 5.2-Xe are similar, especially for the two bands be-
tween 175 and 225 cm�1. Accordingly, the experiment does
not allow both isomers to be distinguished from each other
easily, nor is it possible to exclude the fact that the measured
spectrum actually consists of a superposition of both. However,
a superposition of the 5.1-Xe and 5.2-Xe complexes should be
visible as a double peak around 210 cm�1. Only one peak is de-
tected in the IR spectrum, which indicates that probably one
of the isomers is the sole component in the molecular beam.
The finding that 5.1-Xe is slightly lower in energy than 5.2-Xe
favors the former structure. Furthermore, details of the vibra-
tional spectrum corroborate this assignment. Following the
scaling of the computed harmonic frequencies with the proce-
dure including all investigated species as outlined above, the
low-frequency component of 5.1 clearly fits better to the ob-
served weak vibrational mode at 90 cm�1. Therefore we con-
clude that 5.1-Xe is the main carrier of the experimental spec-
trum, a claim that was not made in our earlier paper.[58]

Yet again, the complex with two Xe atoms was observed in
the mass spectra and its IR photodissociation spectrum was re-
corded. Figure 6 shows a clear distinction between the calcu-
lated IR spectra of 5.1-Xe2 and 5.2-Xe2 complexes. Comparison
of these calculated spectra with the experimentally obtained IR
spectrum allows us to identify the cluster geometry as 5.1-Xe2,
because the vibrational mode at 90 cm�1 is missing in 5.2-Xe2.
We can also state that the second Xe atom is more likely to
attach to the yttrium instead of the gold. It appears that only a
single isomer of the Xe complex is present, otherwise a double
peak should be visible around 210 cm�1, which does not
appear in the MPD experiment.

The behavior upon adding one or two Xe atoms to the clus-
ter is different for Au5Y compared with Au4Y. In the case of
Au5Y, the cluster geometry is already more symmetric with re-
spect to Au4Y, namely C2v and Cs, respectively. The addition of
one or two Xe atoms does not have a large influence on the
geometrical properties of the Au5Y cluster, as it is already sym-

metric. This is also visible in the experimental IR spectra. We
do not see a completely different IR spectrum. The general ap-
pearance of the vibrational spectrum remains the same, only a
small blue shift is observed around 90 to 100 cm�1. In the case
of Au4Y, more obvious changes in the spectra occur upon addi-
tion of a second Xe atom.

Au6Y

The four structures 6.1–6.4 shown in Figure 1 are found to be
the energetically most favorable isomers among the numerous
Au6Y structures possessing a doublet ground state. All struc-
tures have a Y atom in the center and although they are now
nonplanar, a direct correspondence of 6.1 and 6.2 with 5.1
and 5.2, respectively, can be established. Compound 6.1 has
C2v symmetry and a 2A1 state, which results from a Jahn–Teller
distortion from higher D6h symmetry. The planar C2v form is
characterized as a first-order saddle point, but is only marginal-
ly (0.02 eV) above 6.1. An out-of-plane motion of the Y atom
induces Au�Au bond breathing. The interconversion between
different forms of 6.1, which differ from each other by permu-
tation of atomic positions, is also calculated to be a facile pro-
cess having an energy barrier of only about 0.005 eV.[58] These
findings indicate a nearly spontaneous and barrier-free pseu-
dorotation rearrangement process. While the SOMO of 6.1 is
delocalized over the entire Au skeleton, its LUMO is merely
centered on the Y atom.

Compound 6.2 can be considered as arising from 6.1 by a
strong out-of-plane distortion of one Au center, and it is calcu-
lated to be higher in energy than 6.1 by 0.35 eV using BP86,
and 0.24 eV with CCSD(T) calculations. This calculated value is
large enough to indicate a structural preference. Compounds
6.3 and 6.4 are almost degenerate in energy with 6.2. The
(slight) nonplanarity and low spin state of Au6Y makes it mark-
edly different from other Au6M clusters with different dopants
such as M = Ti, V, and Cr.[30]

The corresponding quartet counterpart of 6.1 has a C6v

shape (6.6) and a 4A1 electronic state, and it is characterized by
a relatively large doublet–quartet energy separation of
�1.79 eV. The third isomer 6.3 has a lower-symmetry ground
state (Cs,

2A“), the corresponding quartet structure (6.5) is
slightly deformed (Cs,

4A”), and the doublet–quartet gap is re-
duced to �1.31 eV.

A peculiar feature of the observed FIR-MPD spectrum of
Au6YXe, displayed in Figure 7, is the broadening of the absorp-
tion bands, which is different from the observed spectra of all
other AunYXe clusters discussed here. Upon comparing the cal-
culated vibrational spectra of the four low-lying Au6YXe iso-
mers with experiment, we find that the spectrum of 6.1-Xe
agrees best. The origin of the band broadening can be ac-
counted for by the low barriers, as discussed above, to inver-
sion and permutation between different bond-stretching iso-
mers of the most stable isomer 6.1-Xe. The highly anharmonic
potential and also the fluxional behavior most likely result in
the broadened IR band.[58]

Figure 6. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the three lowest-lying Au5YXe2 isomers (relative energies in eV are
given in parentheses) with the experimental FIR-MPD spectrum.

ChemPhysChem 2010, 11, 1932 – 1943 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 1937

Far-IR Spectra of Yttrium-Doped Gold Clusters

www.chemphyschem.org


Au7Y

The Au7Y cluster is an example where the complex with two
Xe atoms attached to the cluster is more abundant in the ex-
periment than the one with only a single Xe atom. After expo-
sure of the clusters to the FELIX laser beam, IR absorption can
lead to the release of a single Xe atom from Au7YXe2, which re-
sults in a depletion of this complex in the molecular beam (see
Figure 8). Figure 8 presents a zoom of the mass spectrum
around Au7Y and compares the intensity of the molecular
beam before and after irradiation with FELIX at a specific fre-
quency, 163 cm�1 in this case. This frequency corresponds to a
vibrational resonance in Au7YXe2 resulting in the release of a
single Xe atom and the depletion of the Au7YXe2 signal. How-
ever, for the complex with a single Xe atom we observe no de-
pletion but only intensity growth at this frequency. This is
found throughout the full spectral range: the intensity growth
of Au7YXe mirrors exactly the depletion of Au7YXe2, but no de-
pletion signal for Au7YXe is observed. For this reason it is only
possible to deduce the structure from the experimental data
of Au7YXe2.

Figure 1 shows the two structures labeled as 7.1 and 7.2
that are found to be the most stable Au7Y isomers, again
having a similar relative energy. The singlet ground state of 7.1
has a C2v shape (1A1). In the triplet manifold, the Y atom under-
goes an out-of-plane distortion, which results in the Cs form
7.4 (3A“). The singlet–triplet energy gap of 7.1 is predicted to
be �1.30 eV. The second isomer 7.2 (1A’) is a Cs ring distorted
from D7h in keeping the Y atom centered at the middle. Never-
theless, the corresponding D7h�Cs energy difference is ex-
tremely small (~0.03 eV). The triplet state of 7.2 strongly re-
laxes to a rather different form 7.3, which has a triangle at the
top connected with a chain of four Au atoms and a Y atom in

the middle (Cs,
3A”). The singlet–triplet energy separation of

7.2 amounts to �1.02 eV.
Figure 9 shows IR spectra for Au7YXe2. For the most stable

isomers 7.1 and 7.2, the energy for binding the first Xe atom
to Y is about ~0.15 eV, which is much larger than when Xe

Figure 8. Mass spectra of AunY clusters produced with the source at 130 K
and a fraction of enriched xenon in the helium carrier gas. The black aster-
isks indicate AunY (n = 7–9), the dark gray circles AunYXe (n = 7, 8), and the
gray cross Au7YXe2. The other light gray symbols indicate extra yttrium
doping, the hashes AunY2, the squares AunY3, and the triangles AunY4. Extra
peaks observed are oxygen contaminations. In the upper trace, the mass
spectrum is shown without illumination by the FELIX beam, while in the
lower trace the dissociation upon FELIX irradiation of one xenon atom from
Au7YXe2 is observed.

Figure 9. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the low-lying Au7YXe2 isomers (relative energies in eV are given in pa-
rentheses) with the experimental FIR-MPD spectrum.

Figure 7. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the four low-lying Au6YXe isomers (relative energies in eV are given in
parentheses) with the experimental FIR-MPD spectrum.
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binds to Au (~0.05 eV). Similar to the other AunY clusters, the
attachment of Xe to Y is by far energetically preferred for both
isomers. Our calculations also show that the second messenger
atom tends to bind to Y as well (at an opposite position), and
the resulting two-Xe complexes, namely 7.1-Xe2-I and 7.2-Xe2-
I, are found to be the most stable Au7YXe2 complexes, which
are again degenerate in energy. By comparing the available
calculated vibrational spectra of the four low-lying isomers as
seen in Figure 9, it can be concluded that both isomers 7.2-
Xe2-II and 7.2-Xe2-I can be considered as main carriers of the
vibrational motions. The bands calculated for 7.2-Xe2-II at
around 160 and 165 cm�1 are mainly caused by Au�Y vibra-
tional modes, which are degenerate and appear as a single
peak in the spectrum of 7.2-Xe2-I. The intense bands centered
at 106 (7.2-Xe2-II) and 116 cm�1 (7.2-Xe2-I) both correspond to
the out-of-plane vibration of the Y atom (see Movies S3 and S4
in the Supporting Information).

From the combination of the calculated and experimentally
obtained IR spectra we can conclude that the geometrical
structure of Au7Y appears in the experiment as a Cs ring slightly
distorted from a D7h structure in keeping the Y atom centered
at the middle. As mentioned before, the corresponding D7h�Cs

energy difference is extremely small (~0.03 eV) and can be
overcome by symmetrically adding two Xe atoms; therefore,
we cannot exclude that 7.2-Xe2-I contributes to the IR spec-
trum.

Au8Y

As shown in Figures 10 and 11, the experimental spectrum of
the Au8YXe complex has a poor signal-to-noise ratio and,
except for the most intense band(s) situated around 180
(Au8YXe) and 100 cm�1 (Au8YXe2), hardly any other resonance
can be assigned. Upon comparing the relative abundance of
the Au8YXe complex with those of the clusters of other sizes,
we notice a clearly lowered amount of this complex in the

mass distribution. After ionization, this cluster–rare-gas com-
plex amounts to only 6 % of the Au8Y, whereas in Au9Y this
percentage amounts to almost 70 %. The low intensity of
Au8YXe results in a very small signal in the mass spectrum and,
correspondingly, in a very high noise level of the FIR-MPD
spectrum. For this reason, attention must be paid when assign-
ing a certain structure to Au8Y. Again experimental IR spectra
were observed for both one- and two-Xe complexes.

According to our DFT calculations, several isomers have simi-
lar relative energy (Figure S3 in the Supporting Information
and Figure 1). The isomers 8.1–8.4 are predicted to be the
most stable doublet-state structures of Au8Y (Figure 1). While
8.1, 8.3, and 8.4 have Cs symmetry (2A’), 8.2 has a C2v form
(2B1). Their SOMOs contain only very small contributions from Y
(see Figure S1 in the Supporting Information). After one Xe
atom binds to the Y atom of Au8Y, the energy differences be-
tween the four isomers are enlarged. Let us take 8.1 and 8.4
as an example: the energy difference between them is in-
creased from 0.08 to 0.19 eV upon Xe attachment. By compar-
ing the computed spectra to the experimental results
(Figure 10), it can be concluded that the 8.2-Xe is seemingly
the dominant isomer of Au8YXe present in the molecular
beam, and the intensive experimental band(s) around
180 cm�1 originate from Au–Y stretching vibrations.

It should be noted that Au8Y can also bind two Xe atoms
under the present instrumental conditions, and the compari-
son of the experimental and calculated vibrational spectra is
shown in Figure 11. However, the signal of Au8YXe2 is even
lower than that of Au8YXe, and therefore prudence is called for
while examining the experimental IR spectrum. The most in-
tense band centered at 88 cm�1 of 8.1-Xe2 agrees relatively
well with the most pronounced band in the experiment; how-
ever, the bands around 180 cm�1 may be rather related to 8.2-
Xe2. Thus, unfortunately no clear assignment can be made for
the structure of Au8Y.

Figure 10. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the three lowest-lying Au8YXe isomers (relative energies in eV are
given in parentheses) with the experimental FIR-MPD spectrum.

Figure 11. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the three lowest-lying Au8YXe2 isomers (relative energies in eV are
given in parentheses) with the experimental FIR-MPD spectrum.
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Au9Y

This cluster size also prefers a low-spin ground state, and the
structures of three associated isomers on the singlet-state
energy surface are shown in Figure 1, as well as two other iso-
mers having the triplet state. Among a variety of local minima
found for Au9Y, 9.1 (C2v,

1A1) is predicted to be the most stable
isomer, being energetically favored by 0.15 eV over 9.2 (D3h,
1A1’) and 9.3 (Cs,

1A’). The related singlet–triplet energy gap of
9.1 is predicted to be �1.00 eV. Contrary to what is found for
Au8Y, attachment of Xe to Y induces a decrease of the energy
difference between low-lying isomers of Au9Y. The binding en-
ergies of Xe to the Y of 9.2 and 9.3 are predicted as 0.16 and
0.13 eV, respectively, which are much larger than that of 9.1
(0.04 eV). It is surprising that the binding energy of Xe to the Y
of 9.1 is so small, as it is different from those of other isomers
discussed above. The Au-attached 9.1-Xe turns out to be only
~0.01 eV higher in energy than the Y-attached 9.1-Xe complex
(9.1-Xe-I).

A comparison of the IR spectra is shown in Figure 12, in
which only one of the Au-attached 9.1-Xe complexes, namely
9.1-Xe-II, is plotted. The reason is that all these complexes

have similar relative energies and vibrational spectra. The ex-
perimental absorption bands of Au9YXe are quite intense and
narrow, which differs substantially from those of the neighbor-
ing cluster size Au8YXe, and in addition, there is no Au9YXe2

complex detected in the experiment. The correspondence be-
tween the calculated spectrum of 9.1-Xe-I and the experimen-
tal FIR-MPD spectrum is less convincing than for the other
sizes. However, good matching for all but one mode (at
145 cm�1) suggests that the main spectral carrier is identified,
although the Au-attached Au9YXe complexes most likely make
a small contribution.

The Growth Pattern of AunY Clusters

The number of structural isomers dramatically increases with
increasing cluster size. Even though the search was carried out
with a lot of care, it does not guarantee that for all clusters the
global minimum has been located. However, in the present
case of doped AunY (n = 4–9) clusters, the agreement between
calculated IR spectra and experimental results lends support to
the structural determination discussed above. Figure 1 gives a
summary of the lowest-lying isomers of AunY (n = 1–9) identi-
fied by BP86/cc-pVDZ-PP calculations, and different lowest-
lying isomers have been predicted for Au6–9Y compared to
what was reported previously in the literature.[56]

Au2Y has a triangular form (AuYAu, C2v), which is formed by
adding a second Au atom to Y of the diatomic AuY. Addition
of the third Au atom to the Y of Au2Y leads to a D3h symmetric
Au3Y. However, attachment of the fourth Au atom tends to
break the high symmetry of Au3Y and forms lower-symmetry
structures 4.1 (Cs) and 4.2 (C2v) containing similar energy,
rather than a Td form. Incorporation of the fifth Au atom to the
Y of 4.1 leads to two low-lying Au5Y forms, again with the
same energy but different geometries, in which 5.1 is planar
(C2v) whereas 5.2 still keeps the Cs structure of 4.1. Introduction
of the sixth Au atom to 5.1 and 5.2, at the Y center, produces
6.1 (C2v) and 6.2 (Cs), respectively. Attachment of the seventh
Au atom to the energetically preferred isomer 6.1 gives rise to
two different species 7.1 and 7.2, in which 7.1 is planar (C2v)
and 7.2 is nonplanar (Cs). Addition of the eighth Au atom to
7.1 and 7.2 yields several structures for Au8Y with similar ener-
gies (see Figure 1, and also Figure S3 in the Supporting Infor-
mation for more isomeric forms), in which the two most stable
isomers 8.1 (Cs) and 8.2 (C2v) bear, as in the previous cases,
rather low symmetry. Au9Y does not present many isomers
with close energies as in Au8Y, and the lowest-energy isomer
9.1 (C2v) can be considered to be constructed by introducing
the ninth Au atom into 8.2.

A consistent feature that emerges from the set of assigned
AunY structures is that the Y atom prefers high coordination.
Such behavior is different from that of most other transition-
metal-doped gold clusters mentioned in the Introduction.
Except for AuY and Au2Y, the Y-doped gold clusters AunY (n =

3–9) adopt very different structural patterns from those of
Aun + 1. In other words, doping one yttrium atom into pure
gold clusters induces a full reconstruction of the structure for
AunY (n = 3–9). Furthermore, we find that a small AunY cluster
can already adopt 3D shapes (see Figure 1), with the smallest
3D isomer being Au4Y, whereas the pure Aun clusters prefer a
planar form up to n = 11.[7, 8]

While the cluster grows, it is found that the larger the cluster
size, the longer the average Au�Y bond length (see Table S1 in
the Supporting Information). Attachment of Xe to Y also makes
the Au�Y distance elongate further, and as a consequence a
red shift of the corresponding IR band is induced.

The energy gap between frontier orbitals is usually consid-
ered as an important parameter to evaluate the electronic sta-
bility of small clusters. The size dependence of the HOMO/
SOMO–LUMO gaps of pure Aun and doped AunY clusters is

Figure 12. Comparison of the calculated (BP86/cc-pVDZ-PP) vibrational spec-
tra of the four lowest-lying Au9YXe isomers (relative energies in eV are given
in parentheses) with the experimental FIR-MPD spectrum.
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shown in Figure 13. Noticeable peaks are found at n = 3 and 6
for both series, which suggests that Au3, Au6, Au3Y, and Au6Y
have relatively higher chemical stability than the neighboring
clusters. Except for n = 1, 2, and 5, the HOMO/SOMO–LUMO
gap is found to be enlarged upon incorporation of a Y atom
into Aun, thus indicating that the doped clusters are more
stable than their bare counterparts.

The clusters’ stability can also be discussed on the basis of
the binding energy per atom. Figure 13 points out that the
average binding energy of AunY shows odd–even oscillations
from n = 2, with higher abundance for the odd sizes at n = 3, 5,
7, and 9. The average binding energy of AunY is higher than
that of Aun + 1, thus implying stronger interaction between the
atoms in AunY, which can be attributed to the enhancement of
the binding between Y and Au due to ionic bonding. In fact,
the NBO charge analysis shows that the Y atom is always posi-
tively charged in AunY (Table S3 in the Supporting Information),
which suggests that there is an effective charge transfer from
Y to Au.

Additionally we compared the calculated dissociation energy
rations D’n + 1/D’n with the experimental ones obtained from
previous investigations.[52] The structures of the lowest isomers
of Aun

+ (n = 3–10) were taken from the literature[9] and reopti-
mized with BP86/cc-pVDZ-PP, while the AunY+ (n = 2–9) were
obtained by optimizing the cationic isomer starting from the
four lowest AunY isomers (Figure S4 in the Supporting Informa-
tion). It should be noted that these doped counterparts may
not yet be the global minima. From Figure 14 it is clear that
the experimentally observed odd–even alternations are con-
firmed by theory. We show a comparison between the calculat-

ed dissociation energies of Aun
+ and AunY+ with the experi-

mental energies from ref. [52] , and include the calculated dis-
sociation energies of AunY from the structures predicted in this
article.

The vertical ionization energy (VIE) and vertical electron af-
finity (VEA) of AunY were also calculated, and both patterns
show odd–even oscillations (Figure 15). For the VIE, higher
values are found for n = 1, 3, 5, 7, and 9, with the opposite
odd–even effect for the VEA sequence and higher stability for
the anions Au2Y� , Au4Y� , Au6Y� , and Au8Y� .

Conclusions

In this combined study, we employed FIR-MPD spectroscopy
and quantum chemical calculations (BP86 and CCSD(T) meth-
ods) to probe the spectroscopic, geometric, and electronic
properties of yttrium-doped gold clusters AunY (n = 1–9). For
each isomeric system considered, a large number of possible

Figure 13. The HOMO/SOMO–LUMO gap and the average binding energy of
the lowest-energy isomer for both Aun and AunY (n = 1–9) calculated at the
BP86/cc-pVDZ-PP level.

Figure 14. Comparison between the dissociation energy ratios obtained by
delayed fragmentation[52] and theory for AunY+ (upper trace) and Aun

+

(lower trace). The dissociation energy ratios of AunY are also included to
allow comparison of these values with those of their cationic counterparts
with the same number of valence electrons.

Figure 15. Vertical ionization energy (VIE) and vertical electron affinity (VEA)
as a function of the number of gold atoms for AunY (n = 1–9). All the data
were obtained with BP86/cc-pVDZ-PP.
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structures were explored. Comparison of the observed and cal-
culated vibrational spectra allowed the basic structural features
of the most likely isomers to be determined. The isomers
whose vibrational spectra agree best with experiment are con-
sistently the energetically most stable forms, except for Au7Y
and Au8Y where the computational energy differences be-
tween low-energy structures are very small. Attachment of
xenon to the AunY cluster can induce a band shift, occasionally
also a splitting of the band, and can have a notable influence
on the band intensities in the IR spectra and in some cases
(n = 4, 8) on the symmetry of the cluster.

In contrast to pure gold clusters, small AunY cluster sizes, in
particular Au4Y, show a 3D shape. Several other sizes of AunY
(n = 5–8) adopt a 2D shape in their lower-lying isomers, al-
though there is a fairly small distortion from perfectly planar
structures. However, for n = 5 and 8, low-lying 3D structures
also emerge with an energy content similar to their 2D coun-
terparts. The largest Y-doped species studied here, Au9Y, pre-
fers a 3D shape. The Y atom invariably prefers high coordina-
tion, which is different from the behavior of other transition-
metal-doped gold clusters. Overall, the presence of a dopant is
predicted to enhance considerably the thermodynamic stabili-
ty of the gold clusters for many cluster sizes.
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