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The electronic and vibrational structures of Au2Al2
− and Au2Al2 have been investigated using pho-

toelectron spectroscopy (PES), high-resolution photoelectron imaging, and theoretical calculations.
Photoelectron spectra taken at high photon energies with a magnetic-bottle apparatus reveal numer-
ous detachment transitions and a large energy gap for the neutral Au2Al2. Vibrationally resolved PE
spectra are obtained using high-resolution photoelectron imaging for the ground state detachment
transition of Au2Al2

− at various photon energies (670.55−843.03 nm). An accurate electron affinity
of 1.4438(8) eV is obtained for the Au2Al2 neutral cluster, as well as two vibrational frequencies at
57 ± 8 and 305 ± 13 cm−1. Hot bands transitions yield two vibrational frequencies for Au2Al2

− at 57
± 10 and 144 ± 12 cm−1. The obtained vibrational and electronic structure information is compared
with density functional calculations, unequivocally confirming that both Au2Al2

− and Au2Al2 pos-
sess C2v tetrahedral structures. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903784]

I. INTRODUCTION

Doped gold clusters provide opportunities to tune the
properties as a function of composition and may lead to the
design of novel materials.1–6 Hence, they have attracted in-
creasing attention in recent years.6–10 Photoelectron spec-
troscopy (PES) has been combined with theoretical cal-
culations as an effective approach to study the electronic
and structural properties of bimetallic gold-containing
clusters.2, 11–26 Specifically, the prediction of highly stable
MAu12 (M = W and Mo) clusters with a large energy gap8

was quickly confirmed by PES experiments.7 The enhanced
stability of the metal-doped Au12 cluster was attributed to
aurophilic attractions, relativistic effects, and a closed-shell
electron configuration.27 The enhanced stability for specific
bimetallic gold clusters has been investigated using the elec-
tronic shell-model.10 Halogen-like behavior of Au atoms was
proposed in transition-metal doped MAu4 clusters, which
were found to prefer tetrahedral structures.28 Hydrogen-like
behavior of Au atoms was found in a series of boron-gold
and silicon-gold bimetallic clusters,26, 29–31 which were con-
firmed by PES and theoretical studies. However, transition-
metal doped Au6M (M = Ti, Cr, and V) clusters were found
to possess planar structures with the central M atom exhibit-
ing atom-like magnetism.9 Clearly, the structures of doped Au
clusters depend on the nature of bonding between the dopant
atom and the gold clusters. Although most of the studies have
focused on the interaction of Au clusters with transition-metal
dopants,1, 7, 9, 10, 20, 24, 28, 32–34 relatively few studies are avail-
able concerning the interactions of main group elements with
Au clusters.35–40

Due to the limited resolution in conventional PES studies
(10–40 meV), PE imaging has become a powerful alterna-

a)E-mail: Lai-Sheng_Wang@brown.edu

tive PES approach after the implementation of the velocity-
map imaging (VMI) technique for the past decade.41 VMI
allows very low kinetic energy electrons to be detected and
provides a much higher resolution method for PES.42 Re-
cently, the Wang group has developed a high resolution pho-
toelectron imaging system to study size-selected cluster an-
ions produced from a laser vaporization supersonic cluster
source,43 where vibrationally resolved photoelectron images
for the ground state detachment transitions of Au2

− and of a
Y-shaped Au4

− were obtained44–46 while autodetachment pro-
cesses in the high-resolution photoelectron spectra of Au2

−47

and the electronic structure and Au–C chemical bonding in
AuC2

− and AuC2 were also studied.48

In the current article, we report a combined study on
Au2Al2

− an Au2Al2 using conventional PES, high-resolution
PE imaging, and theoretical calculations. An accurate electron
affinity of 1.4438(8) eV, as well as two vibrational frequencies
(57 and 305 cm−1), are obtained for the Au2Al2 neutral clus-
ter from the high resolution PE imaging, whereas the conven-
tional PES at high photon energies reveal a large energy gap.
Vibrational hot bands also yield two vibrational frequencies
for the Au2Al2

− anionic cluster (57 and 144 cm−1). Global
minimum searches lead to a C2v tetrahedral structure for the
anionic and neutral Au2Al2, which are confirmed by both the
calculated frequencies and the simulated PE spectrum.

II. EXPERIMENTAL METHODS

A. Magnetic-bottle photoelectron spectroscopy

The Au2Al2
− cluster was first studied using a magnetic-

bottle PES apparatus equipped with a laser vaporization su-
personic cluster source, details of which can be found in
Ref. 49. Briefly, cluster anions were produced by focusing a
pulsed laser beam onto a disk target made of Al and Au (1:4

0021-9606/2014/141(22)/224309/6/$30.00 © 2014 AIP Publishing LLC141, 224309-1
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ratio by mass) in the presence of a helium carrier gas seeded
with 5% Ar. The laser-induced plasma was cooled by the car-
rier gas initiating nucleation and cluster formation. Clusters
were entrained in the carrier gas and underwent a supersonic
expansion. Negatively charged clusters were extracted from
the cluster beam and analyzed by a time-of-flight (TOF) mass
spectrometer. The Au2Al2

− cluster of current interest was
mass-selected and decelerated before being photodetached by
a laser beam. Three detachment photon energies from either
a Nd:YAG laser (355 and 266 nm) or an ArF excimer laser
(193 nm) were used in this study. Photoelectrons were col-
lected at nearly 100% efficiency and analyzed in a 3.5 m long
electron flight tube. The PE spectra were calibrated by using
the known spectra of Au− and Bi−. The resolution of the ap-
paratus, �Ek/Ek, was better than 2.5%, i.e., ∼25 meV for 1 eV
electron.

B. High resolution PE imaging

The high-resolution PE imaging apparatus, consisting of
a laser vaporization supersonic cluster source, a time-of-flight
mass spectrometer, and a new VMI lens system, has been re-
cently described.43 The cluster source is similar to that on
our magnetic-bottle PES apparatus. Clusters formed inside
the nozzle were entrained by a helium carrier gas seeded with
10% Ar carrier gas and underwent a supersonic expansion.
The Au2Al2

− cluster was mass-selected and focused into the
interaction zone of the collinear VMI system, where they were
detached by a laser beam. Photoelectrons were accelerated
toward a position-sensitive detector with a 75 mm diame-
ter micro-channel plate coupled to a phosphor screen and a
charge-coupled device (CCD) camera. The tunable detach-
ment radiation (670.55–843.03 nm, linewidth < 0.3 cm−1)
used was from a Continuum Sunlite OPO system pumped by
an injection-seeded Continuum Powerlite laser. A half-wave
plate combined with a high-quality Glan-Laser polarizer was
used to achieve a high degree of polarization parallel to the
imaging detector plane. Photoelectron images were averaged
with 50 000 to 200 000 laser shots. Inverse-Abel transforma-
tion was used to obtain the three-dimensional (3D) electron
distributions from the recorded two-dimensional (2D) images.
Calibration of the imaging system was done using the known
spectrum of Au−. The reconstruction was done in both the
BASEX50 and pBASEX51 programs.

III. THEORETICAL METHODS

The search for the global minimum structure of Au2Al2
−

was performed using the simulated annealing algorithm52–55

coupled with DFT geometry optimization, where the gen-
eralized gradient approximation was used with the Perdew-
Burke-Ernzerhof (PBE) functional56 and the Los Alamos
ECP plus DZ (LANL2DZ)57 basis set. The low-lying iso-
mers of Au2Al2

− were re-optimized using the PBE0 and the
PW9158 functionals with the Stuttgart’9759 basis set for Au
and the aug-cc-pCVTZ60 basis set for Al. The optimized ge-
ometry of the anion was used as the initial geometry in the
optimization and single point energy calculation of the neu-
tral cluster.

Harmonic vibrational frequencies were computed to en-
sure that the low energy isomers are true minima and to com-
pare with the experimental results. The first vertical detach-
ment energy from the optimized Au2Al2

− was calculated as
the energy difference between the neutral and anion at the an-
ion structure. The excitation energies of the deeper orbitals
were calculated using time-dependent-DFT (TD-DFT)61 and
added to the first VDE to approximate the VDEs of the ex-
cited states. Each VDE was fitted with a Gaussian of 0.1 eV
width to yield a simulated PE spectrum while the relative in-
tensities used for the VDEs were assigned empirically on the
basis of the spin multiplicities of the final states, one for sin-
glet and two for triplet final states. This approach has been
used extensively in elucidating the structures of size-selected
clusters previously.62 All these calculations were done using
NWChem.63

IV. EXPERIMENTAL RESULTS

A. High photon energy spectra
using the magnetic-bottle apparatus

Fig. 1 displays the spectra of Au2Al2
− at three photon

energies obtained with the magnetic-bottle PES apparatus. In
each spectrum, the X band represents the transition from the
anionic ground state to that of the neutral. The A, B, . . . bands
denote transitions to the excited states of the neutral species.
The weak signal labeled as a represents a transition that will
be explained later. All the VDEs are summarized in Table I,
where they are compared with theoretical results.

The 355 nm spectrum (Fig. 1(a)) displays a sharp fea-
ture X at a VDE of 1.48 ± 0.05 eV. This sharp peak sug-
gests a minimal geometry change upon photodetachment. The
adiabatic detachment energy (ADE) of this band, which also

FIG. 1. Photoelectron spectra of Au2Al2
− at (a) 355 nm (3.496 eV), (b) 266

nm (4.661 eV), and (c) 193 nm (6.424 eV) obtained from the magnetic-bottle
PES apparatus.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.148.231.12 On: Sun, 08 Feb 2015 16:14:17



224309-3 Lopez et al. J. Chem. Phys. 141, 224309 (2014)

TABLE I. The observed vertical detachment energies (VDEs) for Au2Al2
−, compared with theoretical

calculations.

VDE (eV)a (Expt.) Final state and electronic configuration VDE (eV)b (Theor.)

X 1.4438(8)c 1A1 . . . 2b2
22b1

24a1
23b1

22a2
23b2

24b1
25a1

26a1
0 1.53

A 3.21(4) 3A1 . . . 2b2
22b1

24a1
23b1

22a2
23b2

24b1
25a1

16a1
1 2.81

B 3.70(4) 3B2 . . . 2b2
22b1

24a1
23b1

22a2
23b2

14b1
25a1

26a1
1 3.41

C 3.81(4) 1A1 . . . 2b2
22b1

24a1
23b1

22a2
23b2

24b1
25a1

16a1
1 3.70

1B1 . . . 2b2
22b1

24a1
23b1

22a2
23b2

24b1
15a1

26a1
1 3.72

D 3.95(4) 3B1 . . . 2b2
22b1

24a1
23b1

22a2
23b2

24b1
15a1

26a1
1 3.98

E 4.66(8) 1B2 . . . 2b2
22b1

24a1
23b1

22a2
23b2

14b1
25a1

26a1
1 4.71

3B1 . . . 2b2
22b1

24a1
23b1

12a2
23b2

24b1
25a1

26a1
1 6.18

3A2 . . . 2b2
22b1

24a1
23b1

22a2
13b2

24b1
25a1

26a1
1 6.18

3A1 . . . 2b2
22b1

24a1
13b1

22a2
23b2

24b1
25a1

26a1
1 6.24

1A2 . . . 2b2
22b1

24a1
23b1

22a2
13b2

24b1
25a1

26a1
1 6.25

1B1 . . . 2b2
22b1

24a1
23b1

12a2
23b2

24b1
25a1

26a1
1 6.33

3B1 . . . 2b2
22b1

14a1
23b1

22a2
23b2

24b1
25a1

26a1
1 6.38

1A1 . . . 2b2
22b1

24a1
13b1

22a2
23b2

24b1
25a1

26a1
1 6.46

aNumbers in the parentheses represent experimental uncertainties in the last digit.
bCalculated at PW91/Al/Aug-cc-pCVTZ/Au/Stuttgart’97 level of theory.
cThe experimental value from our magnetic bottle TOF PE spectrometer is 1.48(5) eV.

represents the electron affinity (EA) of Au2Al2, is estimated
by drawing a straight line along the rising edge of band X and
then adding the instrumental resolution to its intersection with
the binding energy axis. The ADE value was evaluated to be
1.40 ± 0.05 eV. Following a large energy gap (∼1.7 eV) and
a weak band a, a broad and intense band A is observed with a
VDE of 3.21 ± 0.04. The large energy gap between bands X
and A suggests that neutral Au2Al2 is closed shell with a large
gap between its highest occupied (HOMO) and lowest unoc-
cupied (LUMO) molecular orbitals. The spectrum at 266 nm
(Fig. 1(b)) reveals three closely-lying detachment features: B
(VDE: 3.70 eV), C (VDE: 3.81 eV), and D (VDE: 3.95 eV).
At 193 nm (Fig. 1(c)), no distinct detachments are observed
except some weak continuous signals (E) in the high bind-
ing energy side. One weak feature labeled as a at 2.40 eV is
observed in all three spectra in Fig. 1. It is most likely due
to autodetachment, as observed in a number of other clusters
with large HOMO-LUMO gaps.64–66 It could also be due to a
hydride contamination, as observed in the case of Au2

−.67

B. High resolution PE imaging

We also obtained high-resolution PE spectra of the
ground state transition (X) using PE imaging at four photon
energies, as shown in Fig. 2. The spectrum taken at 670.55 nm
(Fig. 2(d)) resolves a short vibrational progression with a
frequency of 305 ± 13 cm−1. At 775.10 nm (Fig. 2(c)), a
low frequency progression is clearly resolved off the peak
corresponding to the 0-0 transition with a frequency of 57
± 8 cm−1. The low frequency mode is resolved even better at
826.12 nm (Fig. 2(b)) and 843.03 nm (Fig. 2(a)). In addition,
the low photon energy spectra (Fig. 2(a) and b) resolve two
weak features at the low binding energy side, labeled as ‘*’.
These features are due to vibrational hot bands of Au2Al2

−,
yielding two anion vibrational frequencies at 57 ± 10 and
144 ± 12 cm−1. More importantly, the 843.03 nm spectrum
(Fig. 2(a)) yields the most accurate measurement of the EA

FIG. 2. Photoelectron spectra of Au2Al2
− obtained from the PE imaging

at (a) 843.03 nm (1.4707 eV), (b) 826.12 nm (1.5008 eV), (c) 775.10 nm
(1.5996 eV), and (d) 670.55 nm (1.8490 eV). The vertical lines represent
vibrational structures. Vibrational hot bands are labeled with *.
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for the Au2Al2 cluster as 1.4438 ± 0.0008 eV, which is
significantly more accurate than that afforded by the
magnetic-bottle apparatus (Fig. 1).

V. THEORETICAL RESULTS

Fig. 3 shows the optimized structures of the three lowest-
lying isomers of Au2Al2

− and the global minimum of Au2Al2,
obtained at the PW91/Al/Aug-cc-pCVTZ/Au/Stuttgart’97
level of theory. The global minimum of Au2Al2

− (2A1) is
a tetrahedral structure with C2v symmetry (Fig. 3(a)). Neu-
tral Au2Al2 (1A1, shown in Fig. 3(b)) has an almost identical
structure as the anion with little structural change: Al-Al and
Al-Au distances are slightly decreased by 0.03–0.05 Å in the
neutral, whereas the Au-Au distance is increased by 0.02 Å in
the neutral. The current results are in good agreement with a
previous calculation.6

The relative energies calculated at the PW91 level of the-
ory (Fig. 3(a)) show that the global minimum of Au2Al2

− is
significantly more stable than the nearest low-lying isomer
(9 Kcal/mol higher). Thus, the contributions of other isomers
to the experiment can be ruled out. The ADE and VDEs of
the global minima were calculated for comparison with the
experimental data. The calculated ADE and the first VDE
at two levels of theory and basis sets are given in Table II,
Both PBE0 and PW91 give consistent results, within 0.07 to
0.09 eV of the experimental values.

To help assign the observed vibrational modes, we cal-
culated the frequencies for the C2v structures of both anionic
and neutral clusters, as given in Table III. The displacement
vectors of the normal modes of Au2Al2 are shown in Fig. 4
while a description of the normal modes and symmetries for

FIG. 3. Optimized structures and symmetries for (a) Au2Al2
− and (b)

Au2Al2, at PW91/Al/Aug-cc-pCVTZ/Au/Stuttgart’97 level of theory. � Au-
Al-Au = 75.56o, � Al-Al-Au = 57.84o, and � Al-Au-Au = 52.22o for the
C2v anion and � Au-Al-Au = 77.79o, � Al-Al-Au = 57.61o ,and � Al-Au-Au
= 51.11o for the neutral. Bond lengths are given in Å. The two low-lying
isomer of Au2Al2

− are also included.

TABLE II. Observed and calculated adiabatic detachment energy (ADE)
and first VDE of Au2Al2

− at different levels of theory and basis sets. Al/Aug-
cc-pCVTZ/Au/Stuttgart’97 level of theory was used in all the cases and all
energies are in eV.

ADE VDE
Theory PBE0 1.49 1.52

PW91 1.51 1.53
Experimenta 1.4438(8) 1.4438(8)

aNumbers in the parentheses present experimental uncertainties in the last digit.

both Au2Al2− and Au2Al2 are given in Table III, with three
totally symmetric modes (a1) in each case. The results for the
anion and neutral are very similar, because of the small ge-
ometry change. Table III compares the calculated frequencies
with the experimental results.

VI. DISCUSSION AND COMPARISON BETWEEN
EXPERIMENT AND THEORY

The molecular orbitals of Au2Al2 are shown in Fig. 5,
where the extra electron in the anion resides in the 6a1 LUMO
(i.e., SOMO in the anion). The first detachment channel cor-
responds to the removal of the electron from the 6a1 SOMO.
The calculated first VDE (Table II) of 1.53 eV at PW91 or
1.52 eV at PBE0 is in excellent agreement with the experi-
mental values of 1.4438 eV. Two vibrational modes are ob-
served with frequencies of 57 and 305 cm−1, which are in
excellent agreement with the calculated frequencies of the ν3
and ν1 totally symmetric modes, respectively (Table III and
Fig. 4). As described in Table III and also shown in Fig. 4, the
ν3 mode involves primarily symmetric Au–Au stretching and
the Al atoms moving away from the Au-Au axis. The activa-
tion of this mode is in excellent agreement with the geometry
change from the anion to the neutral of slightly shorter Au-Al
bonds and a slightly longer Au-Au bond. The ν1 mode in-
volves symmetric Al-Al stretching and the activation of the
mode also agrees well with the slight Al-Al bond change be-
tween the anion and the neutral. Furthermore, the observed
two frequencies for the anion (57 and 144 cm−1) from the hot

TABLE III. Comparison between the experimental vibrational frequencies
and theoretical calculations (unscaled) for the global minimum C2v tetrahe-
dral structure of Au2Al2 and Au2Al2

−.

Mode Symmetry Description Calc. Expt.a

Au2Al2 ν1 a1 Symmetric Al-Al stretching 307 305(13)
ν2 a1 Symmetric Al-Al bending 157
ν3 a1 Symmetric Au–Au stretching 56 57(8)
ν4 a2 Al-Al rocking 177
ν5 b1 Asymmetric Al-Al stretching 238
ν6 b2 Al-Al rocking 216

Au2Al2
− ν1 a1 Symmetric Al-Al stretching 309

ν2 a1 Symmetric Al-Al bending 154 144(12)
ν3 a1 Symmetric Au–Au stretching 52 57(10)
ν4 a2 Al-Al rocking 152
ν5 b1 Asymmetric Al-Al stretching 213
ν6 b2 Al-Al rocking 191

aNumbers in the parentheses present experimental uncertainties in the last digit.
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FIG. 4. The normal modes and their symmetries of Au2Al2 at PW91/Al/Aug-cc-pCVTZ/Au/Stuttgart’97 level of theory. Displacement vectors are shown by
blue arrows.

bands are also in good agreement with the calculated frequen-
cies of the ν3 and ν2 modes for the anions (Table III).

The second electron detachment channel occurs from
the 5a1 HOMO, leaving the final neutral species in the low-
est triplet state (3A1). The molecular orbital contour (Fig. 5)
shows the HOMO has most electron density over the Al-Al
and Au-Au atoms, in agreement with the Al-Al and Au-Au
bond length change upon electron detachment. The calculated
VDE of this detachment channel is 2.81 eV, compared to the
VDE of band at 3.21 eV (Table I). The corresponding detach-
ment into the singlet final state (1A1) has a calculated VDE of
3.70 eV, which can contribute to band C at 3.81 eV. The next
electron detachment occurs from the 3b2 (HOMO − 2), with
a calculated VDE of 3.41 eV, in good agreement with band
B at 3.70 eV. The calculated VDEs for higher detachment
channels are all in reasonable agreement with the observed
experimental features (Table I). The simulated spectrum at
PW91/Al/Aug-cc-pCVTZ/Au/Stuttgart’97 is compared qual-
itatively with the 193 nm spectrum in Fig. 6.

The doped clusters can result in completely different
structures relative to the bare clusters because both Au4 and
Al4 are known to have 2D structures.45, 68–73 Experimental
and theoretical evidence of aromaticity in an all-metal sys-
tem, the Al4

2− dianion in a series of bimetallic and ionic clus-
ters MAl4− (M = Li, Na, or Cu) has been reported.68 The
Al4

2− dianion, both as an isolated species and in the bimetal-
lic molecules (MAl4− , M = Li, Na, or Cu), was found to be
square planar and to possess two delocalized π electrons con-
forming to the structural criterion and the (4n + 2) Hückel’s
rule for aromaticity.68 The delocalization of the two π elec-
trons is critical for the planar structure and aromaticity of

FIG. 5. Molecular orbitals and symmetries of Au2Al2 at PW91/Al/Aug-cc-
pCVTZ/Au/ Stuttgart’97 level of theory.

Al4
2−.68 Thus, removing one or both of the π electrons breaks

the delocalization hence modifying the square planar structure
observed in Al4

2−. The ground states of the Al4 cluster and its
anion have been predicted to have rhombuslike (D2h) 2D sym-
metrical structures.69 The tetramer of Au, on the other hand,
is important as the neutral and anionic Au4 clusters show dif-
ferent ground state geometries in the gas phase. Au4

− has re-
cently been confirmed to be a Y-shaped 2D (C2v) structure by
analyses of the vibrational resolved PE spectra obtained with
our high resolution PE imaging apparatus,45 while the neu-
tral Au4 was found to have a 2D rhombus (C2v) structure. The
planarity of gold clusters has been attributed to the strong rel-
ativistic effects of gold70 which reduce its 5d–6s energy gap
and enhance its s–d hybridization.71–73 The directional bond-
ing and reduced Au–Au bond length as favored by the Au
5d electrons lead to the preference of planar geometries of
the small gold clusters such as the tetramer of Au.73 The 3D
tetrahedral structures of the anion and neutral Au2Al2 species
from this study are quite different from the anion and neutral
Au4 and Al4 clusters. The doping of gold with Al atoms and
vice versa dramatically affects the structure of the host an-
ion and neutral Al4 or Au4 species. It seems that the Au-Al
interactions are critical in determining the stability of the Au-
Al alloy cluster. The 3D tetrahedral structures keep the Al-Al
and Au-Au bonding while optimizing the Au-Al bonding.

FIG. 6. Comparison between the photoelectron spectrum at 193 nm and
the simulated spectrum, which is obtained by fitting VDEs calculated at
PW91/Al/Aug-cc-pCVTZ/Au/ Stuttgart’97 level of theory with unit area
Gaussians of width 0.1 eV.
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VII. CONCLUSIONS

The current study demonstrates that conventional PES at
high photon energies, high-resolution PE imaging, and den-
sity functional calculations complement each other to pro-
vide electronic, vibrational, and structural information for
size-selected clusters. The high-resolution PE imaging spec-
tra at lower photon energies are particularly powerful to reveal
vibrational information, which rival infrared spectroscopy.
The vibrationally resolved PE spectra unequivocally confirm
the global minimum structure of the Au2Al2

− and Au2Al2
bimetallic clusters to be 3D tetrahedral, which are quite dif-
ferent from the 2D structures of the anion and neutral Au4 and
Al4 clusters.
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