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The Bi,Al,~ (n=1-4) clusters were investigated by anion photoelectron spectroscopy and density func-
tional theory calculations. By photoelectron spectroscopy the vertical detachment energies of BiAl,~
(n=1-4) were determined to be 2.12 + 0.08, 2.32 £+ 0.08, 2.66 + 0.08, and 2.15 4 0.08 eV, respectively. The
structures of Bi;Al,~ (n=1-4) were determined by comparison of photoelectron experiments and cal-

culations. It is found that Bi;Al,~ (n=1-4) anions all have a Bi, unit inside their structures, in which
the Bi—Bi bond lengths are in the range of 2.81-3.08 A. The natural population analysis shows that the
negative charges mainly localized on the Bi; unit inside the most probable structures.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The alloys of I1I-V elements are important materials in the fab-
rication of fast microelectronic devices and light-emitting diodes
[1], and also these alloys, such as Bi/Al alloys, have important met-
allurgical characteristics [2]| and electrochemical behavior [3]. The
detailed study on the structural and electronic properties of the
clusters of III-V elements as a function of their sizes may provide
insight into the evolution of the properties of alloys from molecular
level to the bulk.

In the last decades, the clusters consisting of I1I-V elements were
investigated intensively by experiments [4-10] and theoretical cal-
culations [11-17]. Neumark and co-workers [4-6] studied the size
selected Al/P, Ga/P, In/P, and Ga/As cluster anions by photoelec-
tron spectroscopy (PES). Kamal et al. investigated Ga,P, (n=2-5)
clusters using density functional theory (DFT) calculations [ 16]. Bel-
Bruno studied the electronic and geometric structures as well as
the bonding properties of small Ga,As;, clusters by DFT calcula-
tions [12]. Guo [14] reported the theoretical studies of the Al;;Asy
cluster anions. Quek et al. [17] reported the tight binding molec-
ular dynamics investigation of Ga,Asp and Al Asy clusters. There
are also a number of studies on Bi/Al clusters. Li et al. [ 18] studied
the mechanisms of H, generation catalyzed by Al;gBi clusters in
water and showed that Al;Bi cluster can make fast H, generation
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rate, high H, yields and lasting long-term H, production process.
Jones et al. [19] reported a study of Bi-doped aluminum clusters,
Al,Bi~ (n=1-5), using photoelectron spectroscopy and DFT calcu-
lations. They suggested that Al3Bi is an all-metal aromatic cluster,
and AlsBiis a jellium superatom candidate. Sun et al. [ 10] also stud-
ied the Al;Bi,~ (m+n<7) anionic clusters by mass spectrometry
and DFT calculations, and suggested that the Al,Biz ~ 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 BiAl,~
(n=1-4)and identified these clusters all have a Bi, unit inside their
structures. In addition, it is found that the negative charges mainly
localized on the Bi; 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 m]/pulse.
Helium with ~4atm backing pressure was injected by a pulsed
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Table 1

Relative energies and theoretical VDEs and ADEs of the low-lying isomers of Bi, Al,~
(n=1-4) as well as the experimental VDEs and ADEs estimated from their photo-
electron spectra.

Isomer State  Point AE? VDE ADE
group  (ev)  (eV) (eV)

Cal. Exp) Cal. Exp.

BibAl-  1a A, Gy 000 218 212 203 194
1b 3%, D 030 245 243
Bi,Al,~ 2a 20 Gy 000 224 232 218 211
2b 2B, Coy 052 262 1.66
2c 20 Gy 055 2.81 1.63
Bi,Al;~  3a AT Gy 000 299 266 266 230
3b A Dy 030 267 2.36
3¢ A G 045 269 221
Bi,Al,~  4a 201 Gy 000 223 215 205 184
4pb 2B, Cov 037 255 1.68

2 AE is the difference of isomer energy relative to the correspondingly lowest
lying structure.
b The uncertainty for the experimental VDE and ADE is +0.08 eV.

valve into the source to cool the formed clusters. The generated
cluster anions were mass-analyzed with the time-of-fight mass
spectrometer. The BiyAl,~ (n=1-4) clusters were each selected
with a mass gate, decelerated by a momentum decelerator before
being photodetached by the laser beam from another Nd:YAG
laser (Continuum Surelite 1I-10, 266 nm). The electrons from the
photodetachment were energy-analyzed by the magnetic-bottle
photoelectron spectrometer. The photoelectron spectra were cali-
brated with the spectra of Cu~ and Au~ taken at similar conditions.
The resolution of the magnetic-bottle photoelectron spectrometer
was ~40 meV at electron kinetic energy of ~1eV.

2.2. Theoretical method

The structural optimizations and frequency calculations were
carried out using the density functional theory (DFT) with the
Becke’s three-parameter and Lee-Yang-Parr’s gradient-corrected
correlation hybrid functional (B3LYP) [21,22]. The 6-311++g (3df)
basis set was used for the Al atoms. For the Bi atoms, the LANL2DZ
basis set [23] was used, in which the relativistic effective core
potentials (RECPs) were incorporated. It has been shown that RECPs
are common and efficient ways to reduce the complex calculations
for molecules containing heavy atoms such as Bi [9,10,24-26]. The
geometry optimizations were conducted without any symmetry
constraint. Harmonic vibrational frequencies were calculated to
make sure that the structures correspond to the real local minima.
Many different spin states were considered for all stable structures.
It is found that the most stable structures of cluster anions are all in
the lowest spin electronic states (singlet or doublet). All the calcula-
tions were carried out with the GAussiaN 03 program package [27].
The natural population analysis (NPA) of BiyAl,~ (n=1-4) clus-
ters was conducted with the nature bond orbital (NBO) version 3.1
program [28-30] implemented in the GAussIAN 09 package [31].

3. Photoelectron spectra of BiyAl,~ (n=0-4)

The photoelectron spectra of Bi Al,~ (n=0-4) clusters recorded
with 266 nm (4.661eV) photons are shown in Figure 1. By each
spectrum the vertical detachment energy (VDE) and adiabatic
detachment energy (ADE) of the corresponding cluster were mea-
sured and listed in Table 1. The peaks in the spectrum represent the
electronic transitions from the anion ground state to the ground
state and higher excited states of the neutral species. For the first
peak of the spectrum, the value of the maximum intensity is taken
as VDE compared with the theoretical VDE. The ADE was deter-
mined by drawing a straight line along the leading edge of the first
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Figure 1. Photoelectron spectra of Bi,Al,~ (n=0-4) clusters recorded with 266 nm
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.

Bi,~ has four broad features centered at 1.33, 1.99, 2.31 and
3.40eV, and two sharp peaks centered at 3.78 and 3.93eV. The
VDE and ADE of Bi,~ 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 Bi,Al~
is dominated by two intense peaks at 2.12 and 2.33 eV, and two
slightly weaker peaks at 3.61 and 4.21eV. In the spectrum of
BiyAl, ~, 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 Bi, Al3~ 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 2.27-2.76eV. It will be shown later
that the spectrum of Bi, Al; ~ is contributed by different isomers. In
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the case of BiyAl4~, the spectrum shows five barely resolved peaks
centered at 2.15, 2.89, 3.28, 3.52 and 3.81 eV, respectively.

From the above, the Bi;Al3~ cluster shows larger VDE and ADE
than the other clusters. This is because that the Bi;Al3~ cluster has
a closed shell electronic structure. The electrons in a doubly occu-
pied HOMO will feel a stronger effective core potential due to less
effect of the electron screening for electrons in the same orbital
than for the inner shell electrons. It needs more energy to remove
an electron in the doubly occupied HOMO. This idea will also be
presented further by the following molecular orbital analysis.

4. Theoretical results and discussion

The optimized geometries of the low-lying isomers of the
BiAl,~ and Bi,Al, (n=1-4) clusters are presented in Figures 2 and
3, respectively. The Cartesian coordinates of the low-lying isomers
of the BiyAl,~ and Biy Al (n=1-4) clusters are available in the sup-
plementary material. The relative energies between these isomers
as well as their theoretical VDEs and ADEs are also summarized
in Table 1. It can be seen from Figure 2 that two Bi atoms tend to
form Bi—Bi bond in the most stable structures of Bi,Al,~ (n=1-4)
clusters. The Bi—Bi bond length in Bi,Al~ cluster is 2.81 A, close to
that of Bi, ~ dimer (2.77 A) [34], which shows that the more Al atom
has little effect on the - bond of the Bi, ~ dimer. The Bi—Bi bond
length in BiyAl,~ (n=2-4) clusters is about 3.00A, in agreement
with the average bond length of anionic Bi, ~ clusters [35]. It shows
that the increase of Al atom number results in the increase of the
Bi—Bibond length in the Bi, ~ dimer. This idea will also be discussed
further by following the molecular orbital analysis.

We have also simulated the photoelectron spectrum of each
isomer based on theoretically generalized Koopmans' theorem
[36,37], in which each transition corresponds to removal of an
electron from a specific molecular orbital of the anionic cluster.
In the simulation, we first set the transition related to the highest
occupied molecular orbital (HOMO) of the anionic cluster to the
position of VDE, and shifted the transitions of the deeper orbitals
according to the HOMO transition. For convenience, we call the
simulated spectrum as density of states (DOS) spectrum [37], and
the energy levels are plotted as sticks in the DOS spectra. The sim-
ulated DOS spectra and experimental spectra of Bi;Al,~ (n=1-4)
clusters are compared in Figure 4. It can be seen that the theoretical
simulated DOS spectra of the most stable isomers of BiAl, ™ fit the
experimental spectra quite well. Furthermore, we also analyzed the
orbital compositions of the most possible anionic clusters and the

Bi, Al

\2.87

calculated molecular orbital (MO) pictures for BiAl,~
clusters are given in Figure 5.

(n=1-4)

4.1. BiAl-

As shown in Figure 2, the most stable isomer (1a) of Bi Al~ clus-
ter is a triangular structure with C,, ('A;) symmetry, and the linear
isomer (1b) with Dy, (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 Bi;Al~ 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 Bi;Al~ cluster.

We also analyzed the molecular orbital (MO) pictures of isomer
la(asshowninFigure 5). We can see that HOMO-2 is the big r 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 BiAl~ cluster. Due to the big 7 bond, the Bi—Bi bond length in
the Bi,Al~ cluster is much smaller than that of other clusters. The
Bi—Bi bond length in Bi,Al~ cluster (2.81A) is close to that of Bi,~
dimer (2.77 A) [34].

4.2. BiyAl,~

The most stable structure of Bi;Al,~ cluster (2a) is a butterfly
structure with Cy, (2A;) 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
(2.32eV). 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 Bi, Al, ~ 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 BiyAl,~.

4.3. Bi2A137

For the Al;Bi3~ cluster, the most stable structure is isomer 1a
with Cy, symmetry, in which an Al atom caps on the butterfly
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Figure 2. Optimized geometries of the low-lying isomers of the Bi,Al,~ (n=1-4) clusters. Bond lengths are given in Angstroms, and the relative energies to the most stable

isomers are shown.
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Figure 3. Optimized geometries of the low-lying isomers of the neutral Bi,Al, (n=1-4) clusters. Bond lengths are given in Angstroms, and the relative energies to the most

stable isomers are shown.

structure of BiyAl,~ cluster (isomer 2a). Isomer 3b is a distorted
bipyramid structure with D3, ('A;’) symmetry, which is 0.30eV
higher in energy than isomer 3a. Isomer 3c is 0.45eV higher in
energy than isomer 3a. The calculated VDE of isomer 3a is 2.99 eV,
which is higher than the experimental value of 2.66 eV, but it is
close to the position of the second peak (2.89 eV). The VDE of iso-
mer 3b is 2.67 eV, close to the experimental value (2.66eV). The
VDE of isomer 3c is also close to the experimental value, but it is
unlikely to be presented in the experiments because it is much less
stable than isomer 3a and 3b.

The comparison of the experimental PE spectrum of BiyAl3~
with the simulated DOS spectra of isomers 3a and 3b is shown
in Figure 4. The two peaks of the simulated DOS spectrum of iso-
mer 3a are corresponding to the second and fourth peaks in the
experimental PE spectrum. While the three peaks remaining in
the simulated spectrum of isomer 3b are corresponding to the
first, third and fifth peaks in the experimental PE. The simulated
DOS spectrum of isomer 3c is not in agreement with the exper-
imental PE spectrum (see the supporting information). Thus, we

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

The BiyAl3~ cluster shows larger VDE and ADE than the other
clusters, for the BiyAl;~ 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 7 bond in the three
Al atoms part, and HOMO-1 of isomer 3b has a big 7 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 Al,Bi3~
cluster, respectively. The first peak comes from the HOMO of isomer
3b.

4.4, BigAl4_

The most stable structure of the BiyAly~ cluster is an edge-
capped trigonal bipyramid (4a) with Cy, (?A;) symmetry, which
is built by capping an Al atom on isomer 3a. Isomer 4b with Cy,
(®B1) 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

Electron binding energy (eV) Electron Binding Energy (eV)

Bi, Al Bi,Al, Bi,Al, Bi,Al,
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Figure 4. Comparison between the experimental photoelectron spectra and the simulated DOS spectra of the low-lying isomers of Bi;Al,~ (n=1-4) cluster. The simulations
were conducted by fitting the distribution of the transition lines with unit-area Lorentzian functions of 0.1 eV width.
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Structure HOMO HOMO-1

HOMO-2

HOMO-3 HOMO-4

Figure 5. Molecular orbital pictures for the most possible structures of Bi,Al,~ (n=1-4) cluster.

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

The comparison of the experimental PE spectrum of BiyAls~
with the simulated DOS spectra of isomers 4a and 4b is shown in
Figure 4. The simulated DOS spectrum of isomer 4a is in agreement
with the experimental PE spectrum, while the simulated spectrum
of isomer 4b is not in agreement with the experimental one. Thus,
we suggest that isomer 4a contributes to the measured PE spectrum
of BipAl4~ anion.

From above analysis, we can see that the two Bi atoms tend to
form Bi-Bi bond in the most stable structures of BiyAl,~ (n=1-4)
clusters. The structures of BiAl,~ (n=1-4) clusters are built from
the Bi—Bi unit with increasing number of Al atoms. The geometric
structures of Bi,Al,~ clusters transform from 2D to 3D configura-
tion with increasing number of Al atoms.

It would be interesting to compare the structures of BiyAl,;~
(n=1-4) clusters with their corresponding neutrals. The structures
of neutral BiyAl and BiyAl, clusters are very similar to their cor-
responding anions except that the Bi-Al bonds are slightly longer
and the Al—Al bonds are slightly shorter in the neutral clusters. For
Bi,Als cluster, the structures of isomers 3A and 3B are similar to the
most stable anionic structures (isomer 3a). Compared to isomer 3a,
isomers 3A and 3B are distorted and have lower symmetries due
to the removal of the excess electron. For neutral BiyAly, the most
stable structure is similar to the second stable structure of BiyAl4~
anion. Therefore, the difference between anionic and neutral clus-
ters of BiyAls and BiyAly indicates that the charge has effect on the
stable geometric configuration for the big size clusters.

We conducted the natural population analysis to understand the
electronic properties of anions and neutral of BiyAl, (n=1-4) clus-
ters, and the charge distributions on Bi and Al atoms in the most
probable isomers are presented in Tables 2 and 3 (the atom labels
are displayed in the supporting information). As shown in Table 2,
the negative charge on the two Bi atoms is higher than the sum of
negative charge on the Al atoms, and the negative charges on the Bi,
unit have little difference with the increase number of Al atoms. In
addition, the natural populations of the two Bi atoms were found to

Table 2
NPA charge distributions in the most probable isomers of BiyAl,~ (n=1-4) clusters.
Cluster Atom NPA charge Cluster Atom NPA charge
(e) (e)
Bi,Al- Bi1l -0.407 BiyAl;~ Bi1 —0.646
Bi2 -0.407 (3b) Bi2 —0.646
Al -0.186 All 0.097
BiyAly~ Bi1l -0.532 A2 0.097
Bi2 -0.532 Al3 0.097
All 0.032 BiyAls~ Bil —-0.398
Al2 0.032 Bi2 -0.398
BiyAl;~ Bil -0.362 All 0.052
(3a) Bi2 -0.362 Al2 0.052
All —-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 Bi,Al, (n=1-4) clusters.
Cluster Atom NPA charge Cluster Atom NPA charge
(e) (e)
BiAl Bil —-0.088 BiyAl, Bil -0.146
Bi2 —-0.088 Bi2 —0.146
Al 0.176 All 0.146
Al2 0.146
BiAls Bil -0.324 BiyAly Bil -0.433
Bi2 -0.073 Bi2 -0.433
All 0.284 All 0.253
Al2 0.153 Al2 0.093
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 Bi, unit. Our results indicate that the Bi,
unit in BiyAl,~ (n=1-4) clusters acts as an electron acceptor, influ-
encing the electron populations and chemical bonding properties
of the Al, cluster framework.
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5. Conclusions

The electronic and structural properties of BiAl,~ (n=1-4)
cluster anions were studied by anion photoelectron spectroscopy
and DFT calculations. The VDEs of Bi;Al,~ (n=1-4) clusters were
estimated from their photoelectron spectra. The most probable
structures of BiyAl,~ (n=1-4) cluster anions were identified by
comparing the calculated VDEs and the simulated DOS spectra to
the experimental results. It is shown that the two Bi atoms tend to
form Bi—Bi bond in the most stable structures of BiAl,~ (n=1-4)
clusters. The NPA shows that the negative charges distribute mainly
on the Bi—Bi unit in these clusters.
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