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Different physisorption properties by 2D and 3D isomers of Aun
� clusters are observed and used to

probe the 2D to 3D structural transition. Strong Ar clustering occurs on planar Aun
� and the planar faces

of the pyramidal Au20
�. An abrupt change of Ar clustering at Au12

� confirms the 2D to 3D structural

transition at this size, where both isomers coexist. The minor 2D isomer can be titrated out by Ar to

produce a clean 3D-Au12
� beam and beams of Au12Arm

� with enhanced 2D isomers. Using the Ar

titration and tagging, isomer-specific photoelectron spectra for the 2D and 3D Au12
� are obtained.
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Size-selected gold clusters have attracted significant
attention since the discovery of unexpected catalytic ef-
fects by supported gold nanoparticles [1]. An interesting
early finding in the study of size-selected Aun

� clusters is
the discovery of two-dimensional (2D) structures using ion
mobility and density functional theory (DFT) calculations
[2]. The planar gold cluster anions Aun

� have been under-
stood by the relativistic effects of gold [3,4] and confirmed
by several subsequent experiments [5–7]. However, the
critical size for the 2D to 3D structural transition has
been controversial. Although the initial ion-mobility ex-
periment showed that Au12

� is the crossover size [2], DFT
calculations continued to predict that 2D Aun

� clusters are
more stable than 3D isomers for much larger cluster size
[5,8,9]. A recent study combining trapped ion electron
diffraction and state-of-the-art electronic structure calcu-
lations has reaffirmed that the 2D to 3D transition does
occur at Au12

� [10]. This work further showed that DFT
methods using traditional generalized gradient functionals
are biased in favor of 2D structures and suggested that
density functionals yielding accurate jellium surface ener-
gies are more suitable for gold clusters. By using the
appropriate density functionals and including spin-orbit
effects, zero-point energy correction, and thermal correc-
tion at 100 K, the authors showed that the 2D Au12

� is
0.190 eV higher in energy than the global minimum 3D
structure [10]. This result agrees well with both ion mo-
bility [2] and photoelectron spectroscopy (PES) [5] experi-
ments, which show that the intensity of the 3D isomer is
about 2–3 times more intense than the 2D isomer; i.e., the
3D isomer should be slightly more stable than the 2D
isomer for Au12

�.
Model studies have shown that low dimensionality may

be important for supported gold catalysts [11,12]. High-
resolution electron microscopy has also revealed that very
small gold clusters containing one or two atomic layers are
the active species for catalysis [13,14]. Thus, understand-
ing the properties of the size-selected 2D gold clusters and
the 2D to 3D structural transition is of critical importance

in using gas-phase clusters as model systems to provide
insight into the mechanisms of the catalytic effects of
supported gold nanoparticles. Here we use argon tagging
to probe the 2D to 3D transitions in negatively charged
gold clusters. Weakly bound rare gas complexes have been
widely used for action spectroscopy in cluster science
[15,16]. They have also been used to provide structural
information because different isomers may have different
strengths of van der Waals interactions with rare gases
[17,18]. In particular, in a previous study of the electronic
photodissociation spectroscopy of Aun

�Xe (n ¼ 7–11),
planar gold clusters in the size range of 5–11, as well as
Au20

�, exhibit higher propensity for Xe physisorption [6],

but argon complexes were not observed due to the more
weakly bound nature between Ar and Aun

�. In the current
Letter, we report observation of extensive argon clustering
onto planar gold clusters in the size range of n ¼ 6–11 and
Au20

�, which consists of four Au(111) faces [19]. The

abrupt drop of argon clustering at Au12
� provides clear

evidence for the 2D to 3D transition. More interestingly,
we find that the strong propensity of Ar physisorption onto
planar clusters allows the planar isomer to be titrated out of
the beam in the case of Au12

�, for which both 3D and 2D
isomers coexist, to produce a nearly clean 3D beam of
Au12

�, whereas the Au12Arm
� beam contains enhanced

populations of the 2D isomer. Using the Ar titration and
tagging, we have been able to obtain isomer-specific PES
spectra for Au12

� for the first time.
The experiment was carried out using a laser vaporiza-

tion supersonic cluster source equipped with a magnetic-
bottle PES analyzer [20]. A gold disk target was vaporized
by a pulsed laser to generate a plasma inside a cluster
nozzle. A high-pressure helium (or He=Ar mixed) carrier
gas pulse was delivered to the nozzle simultaneously to
cool the plasma and help cluster growth. Clusters formed
inside the nozzle were entrained in the carrier gas and
underwent a supersonic expansion. Negatively charged
clusters from the beam were extracted at 90� into a time-
of-flight mass spectrometer. A PES experiment at 193 nm
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(6.424 eV) was performed for selected cluster anions using
the magnetic-bottle analyzer. The photoelectron kinetic
energies were calibrated by the known spectra of Au�
and subtracted from the photon energies to obtain the
reported electron binding energy spectra. The electron
kinetic energy (Ek) resolution of our apparatus is
�Ek=Ek � 2:5%, i.e., �25 meV for 1 eV electrons.

We intended to produce cold Aun
� clusters by using a

10% Ar seeded helium carrier gas but found that under this
condition extensive Ar clustering was taking place. The
resulting AunArm

� cluster distribution was very compli-
cated due to the near mass degeneracy between five Ar
atoms (200 amu) and one Au atom (197 amu).
Subsequently, we diluted the 10% Ar carrier gas to about
1%–3% Ar by mixing in a pure helium stream using a
needle valve. The resultingAunArm

� cluster distribution is
shown in Fig. 1 in the size range of n ¼ 6–30. Because of
the perpendicular cluster extraction in our mass spectrome-
ter, only a limited range of clusters can be detected for a
given deflector voltage used to compensate the transverse
beam velocity. The overall bell-shaped distribution in each
mass spectrum reflected the transmission of our time-of-
flight mass spectrometer. But the local intensity variations
can be used to judge the relative cluster abundances.
Significant Ar clustering was observed, in particular, for
n ¼ 8–11 and 20, where more than four Ar atoms are
physisorbed onto the gold clusters and the corresponding
bare Aun

� clusters become minor species.

The size-dependent propensity for the physisorption of
Ar to the Aun

� clusters is striking; in particular, the
extensive Ar clustering onto Au20

� is quite dramatic in

comparison to its neighbors. We should point out that a
similar propensity for Xe clustering ontoAun

� clusters has
been observed previously [6], albeit in a less dramatic
fashion. The enhanced ability for the formation of rare
gas complexes by those Aun

� clusters seems to be asso-
ciated with their planarity. Although Au20

� is a 3D cluster

[19], its unique tetrahedral pyramidal structure consists of
four Au(111) faces. The enhanced physisorption of the
planar Aun

� clusters can be understood by comparing
the van der Waals interactions between a rare gas atom
with a molecule and a planar surface [21]. The interaction
potential of a rare gas atom with a molecule is proportional

FIG. 1 (color online). Mass spectra of AunArm
� produced

from laser vaporization of a gold target with a helium carrier
gas seeded with 1%–3% Ar. Note the extensive Ar clustering for
Au7–11

� and Au20
� and the drop of Ar clustering at Au12

�.

FIG. 2 (color online). The 193 nm photoelectron spectra of
(a) Au12

� using a pure He carrier gas, (b) Au12
� using a He

carrier gas seeded with 1%–3% Ar, (c) Au10Ar
�, and

(d) Au10Ar2
�.
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to 1=R6, where R is the distance between the atom and the
molecule. However, the van der Waals interaction between
a rare gas atom with a surface is stronger and is propor-
tional to 1=R3 due to the pairwise additive nature between
the interactions of the rare gas atom and the surface atoms
[21]. Although the Au(111) faces in Au20

� or the planar

Aun
� clusters are finite, one can readily understand that the

interactions between Ar and a planar Aun
� cluster are

enhanced relative to a 3D isomer of the same size.
Definitive experimental evidence for the enhanced

van der Waals interactions between Ar and planar Aun
�

clusters is provided by the photoelectron spectra of Au12
�

and Au12Arm
� shown in Fig. 2. Figure 2(a) is a spectrum

taken with a pure helium carrier gas, where the X and X0
peaks correspond to the 3D and 2D isomers, respectively,
as reported in detail previously [5]. The ratio of X=X0 (i.e.,
3D=2D) is about 2.3, which is similar to the previous ion-
mobility data [2]. Figure 2(b) is a spectrum of Au12

� taken
with the 1%–3% Ar=He carrier gas, showing that the X0
feature or the 2D isomer is almost completely gone. This
observation suggests that the 2D Au12

� has been titrated
out of the Au12

� beam by Ar, because of the enhanced
interactions between Ar and the planar isomer. This is
shown clearly in the spectra of the Au12Arm

� complexes.

The spectrum of Au12Ar
� is similar to that of Fig. 2(a),

except that the 2D contribution is significantly enhanced.
Within our spectral resolution, the Ar complexation in
Au12Ar

� induced a negligible shift in the electron binding
energies in the spectrum of Au12Ar

� relative to that of the
bare Au12

�. The spectrum of Au12Ar2
� shows that the 2D

isomer becomes the dominant species.
These observations imply that the interactions of Ar with

2D Aun
� clusters are stronger than with 3D clusters, as

revealed by the extensive Ar clustering for Au7–11
� and

Au20
� (Fig. 1). These results also confirm unequivocally

that Au12
� is the crossover size from 2D to 3D structures

and that the 3D-Au12
� is more stable than the 2D-Au12

�.
However, the energy difference between the 3D and 2D
Au12

� must be very small because the physisorption of two

Ar atoms reverses their stability; i.e., the 2D-Au12Ar2
� is

already more stable than the 3D-Au12Ar2
�, as suggested

by the relative intensities of the X and X0 peaks in Fig. 2(d).
Thus, our data show that even though the Ar complexation
does not change the structures of the clusters, it can change
the relative abundances of different isomers if their ener-
gies are very close. However, if energy separations be-
tween the 2D and 3D isomers are large, Ar complexation
is expected to have little effect on the isomer distributions,
as shown in Fig. 3, which shows that the spectra of
Au11Ar

�, Au13Ar
�, and Au20Ar

� are identical to the
bare clusters [5,19].
Figure 2 also allows isomer-dependent PES information

to be obtained. In addition to the X0 peak, new features B0,
C0, and D0, which become more clear in the Au12Arm

�

FIG. 3 (color online). The 193 nm photoelectron spectra of
(a) Au11Ar

�, (b) Au13Ar�, and (c) Au20Ar
�.

FIG. 4 (color online). Comparison of the isomer-specific pho-
toelectron spectra of (a) 3D-Au12

� [the same as Fig. 2(b)]

and (b) 2D-Au12
� obtained by subtracting (a) from Figs. 2(c)

and 2(d). The insets show the 3D and 2D structures of Au12
�

from Ref. [5].
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spectra, should also be due to the 2D-Au12
� isomer. The

peak C, which comes from the 3D-Au12
�, should contain

contributions from the 2D isomer, because its relative
intensity increases in the Au12Arm

� spectra. Since the
spectrum in Fig. 2(b) comes from a nearly pure
3D-Au12

� beam and because of the fact that there is a
negligible binding energy shift between the spectra of the
bare Au12

� and the Au12Arm
� van der Waals complexes,

we can subtract the spectrum in Fig. 2(b) from the spectra
of Figs. 2(a), 2(c), and 2(d) to obtain isomer-specific
spectra for the 2D-Au12

�. The so-obtained spectrum for
the 2D-Au12

� isomer is compared with the 3D-Au12
�

spectrum in Fig. 4. Although the spectral subtraction is
not perfect, the peak A0, which overlapped with the peak C
of the 3D isomer, is clearly resolved [Fig. 4(b)]. The high
binding energy part of the spectra above 5 eV for both
isomers is completely overlapped, and the spectral sub-
traction allowed the high binding energy features of the 2D
isomer to be revealed quite clearly. The vertical electron
binding energies for the labeled low-lying transitions in
Fig. 4 are given in Table I for the two isomers. In addition
to its higher electron binding energies, the 2D-Au12

�
isomer also exhibits a larger energy gap of 1.08 eV (the
X0-A0 separation) relative to that of the 3D isomer
(0.93 eV).

In conclusion, we observed extensive Ar clustering onto
the planar Aun

� clusters and the unique pyramidal Au20
�

cluster. This observation is understood on the basis of
the strong physisorption of a surface relative to a molecule
and is confirmed by the preferred Ar tagging onto the
2D-Au12

� over the 3D-Au12
� isomer. The Ar tagging

also confirmed unequivocally that Au12
� is the crossover

size from 2D to 3D structures and that the two isomers of
Au12

� are very close in energy with the 3D isomer being
slightly more stable. Isomer-specific photoelectron spectra
were obtained for Au12

� for the first time by using the Ar
titration and tagging, which may also be used more gen-
erally for other clusters with close isomers [22] but very
different structures.
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TABLE I. Measured vertical electron detachment energies for
the low-lying transitions for the 3D and 2D isomers of Au12

�.
All energies are in eV, and the uncertainties are �0:02 eV.

3D-Au12
� 2D-Au12

�

3.06 (X) 3.22 (X0)
3.99 (A) 4.30 (A0)
4.15 (B) 4.58 (B0)
4.30 (C) 4.68 (C0)
4.47 (D) 4.85 (D0)
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