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The  Bi2Aln− (n  =  1–4)  clusters  were  investigated  by  anion  photoelectron  spectroscopy  and  density  func-
tional  theory  calculations.  By photoelectron  spectroscopy  the  vertical  detachment  energies  of  Bi2Aln−
vailable online 6 October 2014
(n  =  1–4)  were  determined  to be 2.12  ±  0.08,  2.32  ±  0.08,  2.66  ± 0.08,  and 2.15  ±  0.08  eV,  respectively.  The
structures  of  Bi2Aln− (n =  1–4)  were  determined  by  comparison  of  photoelectron  experiments  and  cal-
culations.  It is found  that  Bi2Aln− (n = 1–4) anions  all have  a Bi2 unit  inside  their structures,  in  which
the Bi Bi bond  lengths  are  in  the range  of  2.81–3.08 Å. The  natural  population  analysis  shows  that  the
negative  charges  mainly  localized  on  the  Bi2 unit  inside  the  most  probable  structures.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The alloys of III–V elements are important materials in the fab-
ication of fast microelectronic devices and light-emitting diodes
1], and also these alloys, such as Bi/Al alloys, have important met-
llurgical characteristics [2] and electrochemical behavior [3]. The
etailed study on the structural and electronic properties of the
lusters of III–V elements as a function of their sizes may  provide
nsight into the evolution of the properties of alloys from molecular
evel to the bulk.

In the last decades, the clusters consisting of III-V elements were
nvestigated intensively by experiments [4–10] and theoretical cal-
ulations [11–17]. Neumark and co-workers [4–6] studied the size
elected Al/P, Ga/P, In/P, and Ga/As cluster anions by photoelec-
ron spectroscopy (PES). Kamal et al. investigated GanPn (n = 2–5)
lusters using density functional theory (DFT) calculations [16]. Bel-
runo studied the electronic and geometric structures as well as
he bonding properties of small GanAsm clusters by DFT calcula-
ions [12]. Guo [14] reported the theoretical studies of the AlmAsn

luster anions. Quek et al. [17] reported the tight binding molec-
lar dynamics investigation of GamAsn and AlmAsn clusters. There

re also a number of studies on Bi/Al clusters. Li et al. [18] studied
he mechanisms of H2 generation catalyzed by Al16Bi clusters in
ater and showed that Al16Bi cluster can make fast H2 generation

∗ Corresponding author.
E-mail address: xuhong@iccas.ac.cn (H.-G. Xu).

ttp://dx.doi.org/10.1016/j.cplett.2014.09.049
009-2614/© 2014 Elsevier B.V. All rights reserved.
rate, high H2 yields and lasting long-term H2 production process.
Jones et al. [19] reported a study of Bi-doped aluminum clusters,
AlnBi− (n = 1–5), using photoelectron spectroscopy and DFT calcu-
lations. They suggested that Al3Bi is an all-metal aromatic cluster,
and Al5Bi is a jellium superatom candidate. Sun et al. [10] also stud-
ied the AlmBin− (m + n ≤ 7) anionic clusters by mass spectrometry
and DFT calculations, and suggested that the Al2Bi3− cluster is a gas
phase Zintl ion with a stable trigonal bipyramidal structure.

In order to further explore the properties of small-sized Bi/Al
clusters, in the present work, we performed a combined PES and
DFT study on double Bi atoms doped aluminum clusters Bi2Aln−

(n = 1–4) and identified these clusters all have a Bi2 unit inside their
structures. In addition, it is found that the negative charges mainly
localized on the Bi2 unit inside the most probable structures.

2. Experimental and theoretical methods

2.1. Experimental method

The experiments were conducted on a home-built apparatus
consisting of a time-of-fight mass spectrometer and a magnetic-
bottle photoelectron spectrometer, which has been described
elsewhere [20]. Briefly, Bi/Al cluster anions were generated in
a laser vaporization source by laser ablation of a rotating disk

target (13-mm diameter, Bi/Al atom ratio 1:1) with the second
harmonic of a nanosecond Nd:YAG laser (Continuum Surelite II-
10). The typical laser power used in this work was ∼10 mJ/pulse.
Helium with ∼4 atm backing pressure was  injected by a pulsed

dx.doi.org/10.1016/j.cplett.2014.09.049
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.09.049&domain=pdf
mailto:xuhong@iccas.ac.cn
dx.doi.org/10.1016/j.cplett.2014.09.049
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Table  1
Relative energies and theoretical VDEs and ADEs of the low-lying isomers of Bi2Aln−

(n = 1–4) as well as the experimental VDEs and ADEs estimated from their photo-
electron spectra.

Isomer State Point
group

�Ea VDE ADE

(eV) (eV) (eV)

Cal. Exp.b Cal. Exp.b

Bi2Al− 1a 1A1 C2v 0.00 2.18 2.12 2.03 1.94
1b 3�g D∞h 0.30 2.45 2.43

Bi2Al2− 2a 2A1 C2v 0.00 2.24 2.32 2.18 2.11
2b 2B1 C2v 0.52 2.62 1.66
2c 2A2 C2v 0.55 2.81 1.63

Bi2Al3− 3a 1A1 C2v 0.00 2.99 2.66 2.66 2.30
3b 1A1

′ D3h 0.30 2.67 2.36
3c 1A C1 0.45 2.69 2.21

Bi2Al4− 4a 2A1 C2v 0.00 2.23 2.15 2.05 1.84
4b 2B1 C2v 0.37 2.55 1.68
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Figure 1. Photoelectron spectra of Bi Al − (n = 0–4) clusters recorded with 266 nm
a �E  is the difference of isomer energy relative to the correspondingly lowest
ying structure.

b The uncertainty for the experimental VDE and ADE is ±0.08 eV.

alve into the source to cool the formed clusters. The generated
luster anions were mass-analyzed with the time-of-fight mass
pectrometer. The Bi2Aln− (n = 1–4) clusters were each selected
ith a mass gate, decelerated by a momentum decelerator before

eing photodetached by the laser beam from another Nd:YAG
aser (Continuum Surelite II-10, 266 nm). The electrons from the
hotodetachment were energy-analyzed by the magnetic-bottle
hotoelectron spectrometer. The photoelectron spectra were cali-
rated with the spectra of Cu− and Au− taken at similar conditions.
he resolution of the magnetic-bottle photoelectron spectrometer
as ∼40 meV  at electron kinetic energy of ∼1 eV.

.2. Theoretical method

The structural optimizations and frequency calculations were
arried out using the density functional theory (DFT) with the
ecke’s three-parameter and Lee–Yang–Parr’s gradient-corrected
orrelation hybrid functional (B3LYP) [21,22]. The 6-311++g (3df)
asis set was used for the Al atoms. For the Bi atoms, the LANL2DZ
asis set [23] was used, in which the relativistic effective core
otentials (RECPs) were incorporated. It has been shown that RECPs
re common and efficient ways to reduce the complex calculations
or molecules containing heavy atoms such as Bi [9,10,24–26]. The
eometry optimizations were conducted without any symmetry
onstraint. Harmonic vibrational frequencies were calculated to
ake sure that the structures correspond to the real local minima.
any different spin states were considered for all stable structures.

t is found that the most stable structures of cluster anions are all in
he lowest spin electronic states (singlet or doublet). All the calcula-
ions were carried out with the Gaussian 03 program package [27].
he natural population analysis (NPA) of Bi2Aln− (n = 1–4) clus-
ers was conducted with the nature bond orbital (NBO) version 3.1
rogram [28–30] implemented in the Gaussian 09 package [31].

. Photoelectron spectra of Bi2Aln
− (n = 0–4)

The photoelectron spectra of Bi2Aln− (n = 0–4) clusters recorded
ith 266 nm (4.661 eV) photons are shown in Figure 1. By each

pectrum the vertical detachment energy (VDE) and adiabatic
etachment energy (ADE) of the corresponding cluster were mea-
ured and listed in Table 1. The peaks in the spectrum represent the
lectronic transitions from the anion ground state to the ground

tate and higher excited states of the neutral species. For the first
eak of the spectrum, the value of the maximum intensity is taken
s VDE compared with the theoretical VDE. The ADE was deter-
ined by drawing a straight line along the leading edge of the first
2 n

photons.

peak to cross the baseline of the spectrum and then adding the
instrument resolution to the electron binding energy (EBE) value
at the crossing point.

Bi2− has four broad features centered at 1.33, 1.99, 2.31 and
3.40 eV, and two  sharp peaks centered at 3.78 and 3.93 eV. The
VDE and ADE of Bi2− obtained from 266 nm photoelectron spec-
trum shown in Figure 1 are in agreement with the previous studies
[32,33], and the distribution of the current spectrum also agrees
well with the previous study reported by Gasusa [32].

As shown in Figure 1, the photoelectron spectrum of Bi2Al−

is dominated by two  intense peaks at 2.12 and 2.33 eV, and two
slightly weaker peaks at 3.61 and 4.21 eV. In the spectrum of
Bi2Al2−, there are four major broad features centered at 2.32, 2.84,
3.88 and 4.19 eV, and some unresolved peaks between the first and
second features. The spectrum of Bi2Al3− shows four resolved fea-

tures centered at 2.88, 3.14, 3.57 and 3.92 eV, and a shoulder before
the first peak in the range of 2.27–2.76 eV. It will be shown later
that the spectrum of Bi2Al3− is contributed by different isomers. In
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he case of Bi2Al4−, the spectrum shows five barely resolved peaks
entered at 2.15, 2.89, 3.28, 3.52 and 3.81 eV, respectively.

From the above, the Bi2Al3− cluster shows larger VDE and ADE
han the other clusters. This is because that the Bi2Al3− cluster has

 closed shell electronic structure. The electrons in a doubly occu-
ied HOMO will feel a stronger effective core potential due to less
ffect of the electron screening for electrons in the same orbital
han for the inner shell electrons. It needs more energy to remove
n electron in the doubly occupied HOMO. This idea will also be
resented further by the following molecular orbital analysis.

. Theoretical results and discussion

The optimized geometries of the low-lying isomers of the
i2Aln− and Bi2Aln (n = 1–4) clusters are presented in Figures 2 and
, respectively. The Cartesian coordinates of the low-lying isomers
f the Bi2Aln− and Bi2Aln (n = 1–4) clusters are available in the sup-
lementary material. The relative energies between these isomers
s well as their theoretical VDEs and ADEs are also summarized
n Table 1. It can be seen from Figure 2 that two Bi atoms tend to
orm Bi Bi bond in the most stable structures of Bi2Aln− (n = 1–4)
lusters. The Bi Bi bond length in Bi2Al− cluster is 2.81 Å, close to
hat of Bi2− dimer (2.77 Å) [34], which shows that the more Al atom
as little effect on the �–� bond of the Bi2− dimer. The Bi Bi bond

ength in Bi2Aln− (n = 2–4) clusters is about 3.00 Å, in agreement
ith the average bond length of anionic Bin− clusters [35]. It shows

hat the increase of Al atom number results in the increase of the
i Bi bond length in the Bi2− dimer. This idea will also be discussed

urther by following the molecular orbital analysis.
We  have also simulated the photoelectron spectrum of each

somer based on theoretically generalized Koopmans’ theorem
36,37], in which each transition corresponds to removal of an
lectron from a specific molecular orbital of the anionic cluster.
n the simulation, we first set the transition related to the highest
ccupied molecular orbital (HOMO) of the anionic cluster to the
osition of VDE, and shifted the transitions of the deeper orbitals
ccording to the HOMO transition. For convenience, we  call the
imulated spectrum as density of states (DOS) spectrum [37], and
he energy levels are plotted as sticks in the DOS spectra. The sim-
lated DOS spectra and experimental spectra of Bi2Aln− (n = 1–4)

lusters are compared in Figure 4. It can be seen that the theoretical
imulated DOS spectra of the most stable isomers of Bi2Aln− fit the
xperimental spectra quite well. Furthermore, we also analyzed the
rbital compositions of the most possible anionic clusters and the

igure 2. Optimized geometries of the low-lying isomers of the Bi2Aln− (n = 1–4) clusters
somers are shown.
etters 615 (2014) 56–61

calculated molecular orbital (MO) pictures for Bi2Aln− (n = 1–4)
clusters are given in Figure 5.

4.1. Bi2Al−

As shown in Figure 2, the most stable isomer (1a) of Bi2Al− clus-
ter is a triangular structure with C2v (1A1) symmetry, and the linear
isomer (1b) with D∞h (3�g) symmetry is 0.30 eV higher in energy
than isomer 1a. The calculated VDE of isomer 1a is 2.18 eV, which
is in agreement with the experimental value of 2.12 eV. The VDE of
isomer 1b is 2.45 eV, much higher than the experimental value.

The simulated DOS spectrum of isomer 1a agrees well with the
experimental PE spectrum of Bi2Al− cluster. On the other hand,
the simulated spectrum of isomer 1b is not in agreement with the
experimental PE spectrum. Therefore, isomer 1a is the most likely
structure for Bi2Al− cluster.

We  also analyzed the molecular orbital (MO) pictures of isomer
1a (as shown in Figure 5). We  can see that HOMO-2 is the big � bond
in the Al Bi Bi triangular structure. It needs more energy to pump
one electron from HOMO-2 to HOMO-1. Thus, there is a big gap
(1.28 eV) between the second and third peaks in the PE spectrum
of Bi2Al− cluster. Due to the big � bond, the Bi Bi bond length in
the Bi2Al− cluster is much smaller than that of other clusters. The
Bi Bi bond length in Bi2Al− cluster (2.81 Å) is close to that of Bi2−

dimer (2.77 Å) [34].

4.2. Bi2Al2−

The most stable structure of Bi2Al2− cluster (2a) is a butterfly
structure with C2v (2A1) symmetry. Isomers 2b and 2c are 0.52 eV
and 0.55 eV higher in energy than isomer 2a, respectively. The cal-
culated VDE of isomer 2a is 2.24 eV, close to the experimental value
(2.32 eV). The VDEs of isomers 2b and 2c are 2.62 and 2.81 respec-
tively, much higher than the experimental value.

The simulated DOS spectrum of isomer 2a is in agreement with
the experimental PE spectrum of Bi2Al2− cluster. And the simulated
spectrum of isomer 2b is not in agreement with the experimental
PE spectrum. Thus, we  suggest isomer 2a to be the most probable
structure of Bi2Al2−.
4.3. Bi2Al3−

For the Al2Bi3− cluster, the most stable structure is isomer 1a
with C2v symmetry, in which an Al atom caps on the butterfly

. Bond lengths are given in Angstroms, and the relative energies to the most stable
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igure 3. Optimized geometries of the low-lying isomers of the neutral Bi2Aln (n = 

table  isomers are shown.

tructure of Bi2Al2− cluster (isomer 2a). Isomer 3b is a distorted
ipyramid structure with D3h (1A1

′) symmetry, which is 0.30 eV
igher in energy than isomer 3a. Isomer 3c is 0.45 eV higher in
nergy than isomer 3a. The calculated VDE of isomer 3a is 2.99 eV,
hich is higher than the experimental value of 2.66 eV, but it is

lose to the position of the second peak (2.89 eV). The VDE of iso-
er  3b is 2.67 eV, close to the experimental value (2.66 eV). The
DE of isomer 3c is also close to the experimental value, but it is
nlikely to be presented in the experiments because it is much less
table than isomer 3a and 3b.

The comparison of the experimental PE spectrum of Bi2Al3−

ith the simulated DOS spectra of isomers 3a and 3b is shown
n Figure 4. The two peaks of the simulated DOS spectrum of iso-

er  3a are corresponding to the second and fourth peaks in the
xperimental PE spectrum. While the three peaks remaining in

he simulated spectrum of isomer 3b are corresponding to the
rst, third and fifth peaks in the experimental PE. The simulated
OS spectrum of isomer 3c is not in agreement with the exper-

mental PE spectrum (see the supporting information). Thus, we

igure 4. Comparison between the experimental photoelectron spectra and the simulate
ere  conducted by fitting the distribution of the transition lines with unit-area Lorentzia
lusters. Bond lengths are given in Angstroms, and the relative energies to the most

suggest that both isomers 3a and 3b contribute to the experimental
spectrum.

The Bi2Al3− cluster shows larger VDE and ADE than the other
clusters, for the Bi2Al3− cluster has a closed shell electronic struc-
ture. The MO  pictures for isomers 3a and 3b are given in Figure 5.
We can see that HOMO of isomer 3a has a big � bond in the three
Al atoms part, and HOMO-1 of isomer 3b has a big � bond in the
Al Bi Bi part. HOMO of isomer 3a and HOMO-1 of isomer 3b corre-
spond to the second and third peaks in the PE spectrum of Al2Bi3−

cluster, respectively. The first peak comes from the HOMO of isomer
3b.

4.4. Bi2Al4−

The most stable structure of the Bi2Al4− cluster is an edge-

capped trigonal bipyramid (4a) with C2v (2A1) symmetry, which
is built by capping an Al atom on isomer 3a. Isomer 4b with C2v
(2B1) symmetry is 0.37 eV higher in energy than isomer 4a. The cal-
culated VDE of isomer 4a is 2.23 eV, close to the experimental value

d DOS spectra of the low-lying isomers of Bi2Aln− (n = 1–4) cluster. The simulations
n functions of 0.1 eV width.
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ost possible structures of Bi2Aln− (n = 1–4) cluster.
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Table 2
NPA charge distributions in the most probable isomers of Bi2Aln− (n = 1–4) clusters.

Cluster Atom NPA charge Cluster Atom NPA charge
(e)  (e)

Bi2Al− Bi1 −0.407 Bi2Al3− Bi1 −0.646
Bi2 −0.407 (3b) Bi2 −0.646
Al −0.186 Al1 0.097

Bi2Al2− Bi1 −0.532 Al2 0.097
Bi2 −0.532 Al3 0.097
Al1 0.032 Bi2Al4− Bi1 −0.398
Al2 0.032 Bi2 −0.398

Bi2Al3− Bi1 −0.362 Al1 0.052
(3a) Bi2 −0.362 Al2 0.052

Al1 −0.030 Al3 −0.153
Al2 −0.123 Al4 −0.153
Al3 −0.123

Table 3
NPA charge distributions in the most stable structures of Bi2Aln (n = 1–4) clusters.

Cluster Atom NPA charge Cluster Atom NPA charge
(e) (e)

Bi2Al Bi1 −0.088 Bi2Al2 Bi1 −0.146
Bi2 −0.088 Bi2 −0.146
Al 0.176 Al1 0.146

Al2 0.146
Bi2Al3 Bi1 −0.324 Bi2Al4 Bi1 −0.433

Bi2 −0.073 Bi2 −0.433
Al1 0.284 Al1 0.253
Al2 0.153 Al2 0.093
Figure 5. Molecular orbital pictures for the m

2.15 eV), while the VDE of isomer 4b is 2.55 eV, much higher than
he experimental result.

The comparison of the experimental PE spectrum of Bi2Al4−

ith the simulated DOS spectra of isomers 4a and 4b is shown in
igure 4. The simulated DOS spectrum of isomer 4a is in agreement
ith the experimental PE spectrum, while the simulated spectrum

f isomer 4b is not in agreement with the experimental one. Thus,
e suggest that isomer 4a contributes to the measured PE spectrum

f Bi2Al4− anion.
From above analysis, we can see that the two Bi atoms tend to

orm Bi-Bi bond in the most stable structures of Bi2Aln− (n = 1–4)
lusters. The structures of Bi2Aln− (n = 1–4) clusters are built from
he Bi Bi unit with increasing number of Al atoms. The geometric
tructures of Bi2Aln− clusters transform from 2D to 3D configura-
ion with increasing number of Al atoms.

It would be interesting to compare the structures of Bi2Aln−

n = 1–4) clusters with their corresponding neutrals. The structures
f neutral Bi2Al and Bi2Al2 clusters are very similar to their cor-
esponding anions except that the Bi-Al bonds are slightly longer
nd the Al Al bonds are slightly shorter in the neutral clusters. For
i2Al3 cluster, the structures of isomers 3A and 3B are similar to the
ost stable anionic structures (isomer 3a). Compared to isomer 3a,

somers 3A and 3B are distorted and have lower symmetries due
o the removal of the excess electron. For neutral Bi2Al4, the most
table structure is similar to the second stable structure of Bi2Al4−

nion. Therefore, the difference between anionic and neutral clus-
ers of Bi2Al3 and Bi2Al4 indicates that the charge has effect on the
table geometric configuration for the big size clusters.

We conducted the natural population analysis to understand the
lectronic properties of anions and neutral of Bi2Aln (n = 1–4) clus-
ers, and the charge distributions on Bi and Al atoms in the most
robable isomers are presented in Tables 2 and 3 (the atom labels
re displayed in the supporting information). As shown in Table 2,

he negative charge on the two Bi atoms is higher than the sum of
egative charge on the Al atoms, and the negative charges on the Bi2
nit have little difference with the increase number of Al atoms. In
ddition, the natural populations of the two Bi atoms were found to
Al3 −0.040 Al3 0.093
Al4 0.426

be negative in the neutral clusters from Table 3 because Bi element
is more electronegative than Al element. Thus, this charge transfers

from the Al atoms to the Bi2 unit. Our results indicate that the Bi2
unit in Bi2Aln− (n = 1–4) clusters acts as an electron acceptor, influ-
encing the electron populations and chemical bonding properties
of the Aln cluster framework.
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. Conclusions

The electronic and structural properties of Bi2Aln− (n = 1–4)
luster anions were studied by anion photoelectron spectroscopy
nd DFT calculations. The VDEs of Bi2Aln− (n = 1–4) clusters were
stimated from their photoelectron spectra. The most probable
tructures of Bi2Aln− (n = 1–4) cluster anions were identified by
omparing the calculated VDEs and the simulated DOS spectra to
he experimental results. It is shown that the two Bi atoms tend to
orm Bi Bi bond in the most stable structures of Bi2Aln− (n = 1–4)
lusters. The NPA shows that the negative charges distribute mainly
n the Bi Bi unit in these clusters.
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