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Abstract. The structures and properties of binary boron-aluminum B5Al
0/−/+
n (n = 1−4) clusters have

been systematically explored using the density functional theory method at the B3LYP/6–311+G(d)
level and the coupled cluster method at the CCSD(T)/6–311+G(2df)//B3LYP/6–311+G(d) level. Lowest-
energy structures, stabilities, growth behaviors and chemical bonding of these clusters were analyzed. Our
results show that when the number of doped Al atoms is one or two, the Al atoms are located at the
periphery, and the host B5 cluster preferentially forms a W-shape core, which is only slightly affected by

the Al atoms. When there are three or four Al atoms, the B5Al
0/−/+
n (n = 3, 4) clusters have their lowest

energy structures preferentially in capped bipyramid configurations. Neutral B5Aln(n = 1, 3) clusters are

somewhat more stable than their neighboring n clusters, while anionic and cationic B5Al
−/+
n (n = 2, 4)

clusters tend to be somewhat more stable. We also simulated the infrared (IR) spectrum and photoelectron
spectroscopy (PES) of these clusters for future experimental comparison. Adaptive natural density parti-
tioning (AdNDP) analysis shows that a variety of delocalized multicenter bonds appear in these clusters,
which may enhance the stability of the clusters.

1 Introduction

Recent experimental studies showed that metal nanocom-
posites have been prepared based on γ-cyclodextrins
(γ-CDs) and boron clusters, and boron clusters play an
important role of reductant and stabilizer in this pro-
cess [1]. Coincidentally, experimental and theoretical stud-
ies on boron clusters-based persistent phosphors reported
that the phosphors exhibit excellent luminescence prop-
erties, and revealed that non-metallic/heavy-atom boron
clusters may be used to prepare high-performance phos-
phors [2]. Systematic studies of pure boron clusters by
Wang and coworkers showed that pure boron clusters have
relatively large-sized planar or quasi-planar (2D) struc-
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tures [3–6]. There have been important advancements
both experimentally and theoretically in the study of the
electronic stability, bonding properties, and chemical reac-
tivity of the famous closo-[BnXn]2− dianions as function
of the boron cage scaffold number n (n = 12, 11, 10, 6)
as well as the ligand X (X = H, F, Cl, Br, I, At, CN) in
recent years [7–11].

Structures and properties of binary clusters show tun-
ability and flexibility compared with those of pure clusters.
Researchers studied the metal-doped boron clusters, such
as the structural growth pattern of BnNim (n = 2–22,
m = 1–2) clusters using density functional theory calcu-
lations, with the results showing that B14Ni and B22Ni2
were outstanding species with surprising geometric struc-
ture, enhanced thermodynamic stability and large average
binding energy [12]. Theoretical studies on the hydrogen
adsorption capacity of magnesium-doped boron clusters
(Mg2Bn, n = 4–14) found that the Mg2B6 cluster has the
largest H2 adsorption capacity at ambient temperature
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and pressure [13]. And studies of beryllium-doped boron
clusters BeB0/−

n (n = 10–20) revealed that a novel and
fascinating planar BeB−16 cluster with C2v symmetry has
robust relative stability [14].

Boron and aluminum are both group 13 elements and
have the same valence shell (ns2np1). Thus, they can
easily form mixed binary clusters with different ratios.
Recent experimental progress has shown that boron-
aluminum binary clusters are unique in structures and
properties. Wang and coworkers systematically studied
aluminum-doped boron clusters using both photoelectron
spectroscopy and high-level ab initio calculations [15–17].
These studies revealed a series of interesting phenomena.
B−7 and B−12 clusters each had one Al atom substituted for
a B atom to form planar AlB−6 and AlB−11 structures [15].
For AlB−9 and AlB−10, the Al atoms were observed in the
periphery, avoiding the central position [16]. In the case
of the molecular wheels B−8 and B−9 , umbrella structures
AlB−7 and AlB−8 were formed [17]. Furthermore, a recently
published paper shows that AlB6 nanosheets have very
high stability, unexpected structure motifs, triple Dirac
cones, node-loop features and surprisingly high predicted
superconducting critical temperature under strain [18].

These results have stimulated our interest in studies
of boron-aluminum clusters. In last study, we have con-
duct a systematic investigation on boron-aluminum clus-
ters B4Al0/−/+

n (n = 1−5) using density functional theory
(DFT) method and high-level coupled cluster single-
double and perturbative triple [CCSD(T)] method with
the results showing that Al atoms tend to occupy the
periphery sites of the clusters and the structures change
from 2D to 3D configuration as n increases [19]. To further
explore the structures and properties of boron-aluminum
clusters, a detailed study of the B5Al0/−/+

n (n = 1−4) clus-
ters was presented in this article, using similar theoreti-
cal method as before. Generally, the geometric structures,
stabilities, electronic properties, and chemical bonding
properties of B5Al0/−/+

n (n = 1–4) clusters were explored
using DFT and CCSD(T) methods. First, the energies
and structural stabilities of various B5Al0/−/+

n (n = 1–4)
isomers were calculated. Second, the electronic proper-
ties of the most stable B5Al0/−/+

n isomers were explored
using their binding energies (Eb), fragmentation ener-
gies (∆1E), second-order differences of the total ener-
gies (∆2E), HOMO–LUMO gaps (For open shell species,
the calculated HOMO–LUMO gaps refer to the SOMO–
LUMO gaps), ionization potentials (IP), and electron
affinities (EA). Third, the simulated infrared (IR) spec-
tra and photoelectron spectroscopy (PES) of the isomers
were calculated. Finally, the bond structures of the iso-
mers were investigated using AdNDP analysis.

2 Computational methods

Similar computational methods have been employed as
those for the B4Al0/−/+

n (n = 1–5) system before [19].
Thus the global minimum structures of the B5Al0/−/+

n

(n = 1–4) clusters were searched using the Coalescence
Kick (CK) program [20]. All the CK optimizations were
performed with the DFT-B3LYP hybrid functional [21,
22] and the 3-21G basis set [23]. Then, the struc-
tures were re-optimized using same B3LYP method but
larger 6−311+G(d) basis set [24]. Selecting the low-
lying structures and using their symmetries, harmonic
vibration frequency analyses were performed at the same
B3LYP/6−311+G(d) level. During the structural search,
the two lowest-energy spin states, i.e. the singlet and
triplet for even number electrons systems, and the doublet
and quadruplet for odd number electrons systems, were
considered for each B5Al0/−/+

n cluster. Finally, high-level
CCSD(T) method [25] and larger 6−311+G(2df) basis set
were used to calculate reliable final energies for structures
with relative energies less than 20 kcal/mol. Structural
optimizations with the B3LYP/6–311+G(d) method fol-
lowed by high-level CCSD(T)/6–311+G(2df) single point
computations to refine the energies have also been suc-
cessfully used for boron–aluminum clusters in previous
work [15–17].

To guide future experimental work, we simulated the
vertical detachment energies (VDEs) for the lowest energy
isomers of anionic B5Al−n (n = 1–4) clusters using the time-
dependent DFT (TDDFT) method at the TD-B3LYP/6–
311+G(d) level. The first VDE value of each cluster was
calculated as the energy difference between the lowest
energy structure of the anionic cluster and the correspond-
ing neutral one. Other excited state energies were added
to the first VDE value to obtain the higher VDEs. For the
lowest energy structures with open shells, such as those
of the B5Al− and B5Al−3 clusters, the first two VDE val-
ues were calculated as the energy differences between the
doublet ground states of the anions and the final lowest-
lying singlet and triplet of the neutral clusters with anionic
geometry, respectively. The higher VDE values were calcu-
lated by adding the corresponding vertical excitation ener-
gies for the singlet and triplet states of the neutral species
to the two lowest VDEs. We also performed adaptive natu-
ral density partitioning (AdNDP) [26–29] analysis to inter-
pret the chemical bonding of the lowest energy B5Al0/−/+

n

(n = 1–4) clusters. All of the DFT and CCSD(T) calcula-
tions were carried out with the Gaussian 09 program [30],
and all of the AdNDP analyses were performed using the
Multiwfn 3.6 software [31].

3 Results and discussion

3.1 Structural evolution of the Al-doped boron clusters

Figures 1–3 show numerous low-energy structures of the
B5Al0/−/+

n (n = 1–4) clusters. These are ranked accord-
ing to the reliable CCSD(T)/6–311+G(2df)//B3LYP/6–
311+G(d) energies. In the following discussion, we will
mainly consider these CCSD(T) energies for the struc-
ture energies, while the HOMO–LUMO gap is at the
B3LYP level. We also found some other B5Al0/−/+

n

(n = 1–4) structures with their relative energies within
∼20 kcal/mol, which are included in Figures S1–S3.
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Fig. 1. Optimized geometries for neutral B5Aln (n = 1–4) clusters. The relative energies (in kcal/mol, under each structure) were
obtained at the CCSD(T)/6–311+G(2df)//B3LYP/6–311+G(d) and B3LYP/6–311+G(d) (in parentheses) levels of theory.

3.1.1 Neutral B5Aln (n= 1–4) clusters

For the B5Al cluster, the lowest energy configuration 1n−1
has five boron atoms forming a W-like structure, and a
single Al atom in a bridge configuration (see Fig. 1). The
next configuration has 1.82 kcal/mol higher energy. Both
structures 1n−1 and 1n−2 can be obtained by adding an
Al atom directly to the lowest energy configuration of a
pure B5 cluster [32]. Structures 1n−1 and 1n–2 are consis-
tent with the first two B5Al structures reported by Feng
et al. [33] and by Böyükata et al. [34].

For the B5Al2 cluster, the lowest energy isomer 2n–1 has
a 3D structure, and this can be created by capping an Al
atom onto the surface of the B5Al structure 1n–1. Struc-
ture 2n–2 lies 2.92 kcal/mol above 2n–1, and this can be
created by adding two Al atoms to the lowest energy struc-
ture of the pure B5 cluster. The HOMO–LUMO energy
gap of isomer 2n–1 is 2.48 eV, which is larger than the
1.86 eV gap of isomer 2n–2, indicating that isomer 2n–1
is chemically more stable.

For the B5Al3 cluster, the lowest energy structure 3n−1
has a 3D hexagonal bipyramid configuration with C2v

symmetry and 1A1 electronic state. Isomer 3n–2, hav-
ing slightly higher energy (0.17 kcal/mol) than 3n–1, can
be obtained by capping an Al atom onto the surface of
the B5Al2 structure 2n–2. The HOMO–LUMO gap of iso-
mer 3n–1 is 1.71 eV, which is smaller than the 2.59 eV
gap of isomer 3n–2, and the difference in energy is only
0.17 kcal/mol indicating that isomer 3n–2 may compete
with 3n–1 to become the global minimum of the B5Al3
cluster. Other higher energy isomers 3n–3, 3n–4 and 3n–5
can be obtained by adding an Al atom to the periphery of
the B5Al2 structures 2n–3, 2n–1 and 2n–2, respectively.

For the B5Al4 cluster, the lowest energy structure 4n−1
has 3D heptagonal bipyramid configuration with C2v sym-
metry and 2A1 electronic state. The relative energy of
other low-energy B5Al4 isomers are higher than 4n–1 by
more than 7.00 kcal/mol, so we can predict that structure
4n–1 is the global minimum of the B5Al4 cluster.

3.1.2 Anionic B5Al−n (n =1–4) clusters

The low-energy isomers for anionic B5Al−n (n = 1–4) clus-
ters are listed in Figure 2. Some higher-energy isomers

https://www.epjd.epj.org
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Fig. 2. Optimized geometries for anionic B5Al−n (n = 1–4) clusters. The relative energies (in kcal/mol, under each structure)
were obtained at the CCSD(T)/6–311+G(2df)//B3LYP/6–311+G(d) and B3LYP/6–311+G(d) (in parentheses) levels of theory.

are listed in Figure S2. For the B5Al− cluster, the lowest
energy structure 1a–1 with planar 2D configuration and
Cs symmetry is similar to structure 1n–2 of the neutral
B5Al cluster. Comparing structure 1a–1 with structure
1n–2, we find that the B–B bond length hardly changed,
but the B–Al bond changed from 2.207 Å to 2.079 Å. Thus,
the B–Al bond is shorter and stronger in 1a–1. Isomers
1a–2, 1a–3 and 1a–4 are only 0.63, 1.05 and 1.21 kcal/mol
higher in energy than structure 1a–1, respectively. The
HOMO–LUMO gaps of isomers 1a–2, 1a–3 and 1a–4 are
1.84, 1.84 and 2.36 eV, respectively. These are all higher
than the 1.76 eV gap of 1a–1, indicating that they all may
be favorable structures for the anionic B5Al− cluster.

For the B5Al−2 cluster, the lowest energy structure 2a–1
with quasi-planar configuration is similar to structure
2n–2 of the neutral B5Al2 cluster. Comparing structure
2a–1 with structure 2n–2, we find that adding an elec-
tron leaves the B–B bond lengths relatively unchanged,
but the B–Al and Al–Al bond lengths become longer. Iso-
mer 2a–2 with Cs symmetry and 1A′ electronic state has
5.00 kcal/mol higher energy than structure 2a–1, so we can

deduce that structure 2a–1 will be preferred experimen-
tally. There are other higher energy isomers of anionic
B5Al−2 cluster, for example, isomer 2a–3, which can be
formed by adding an Al atom to structure 1a–4. Since we
will see below that the lowest energy structures of anionic
B5Al−n (n = 3, 4) clusters have 3D configuration, n = 2 can
be regarded as the transition point from 2D to 3D struc-
tures.

For the B5Al−3 cluster, the lowest energy structure 3a–1
with 3D configuration can be obtained by capping an Al
atom on the surface of structure 2a–1. This is geometri-
cally similar to structure 3n–2. Isomer 3a–2 with higher
energy (by 1.89 kcal/mol) can be formed by adding an
electron to structure 3n–1. The HOMO–LUMO gap of
isomer 3a–1 is 2.07 eV, which is slightly larger than the
1.98 eV gap of isomer 3a–2. Other B5Al−3 isomers have
even higher energies, so structure 3a–1 should be the dom-
inant structure of the anionic B5Al−3 cluster.

For the B5Al−4 cluster, the lowest energy structure
4a–1 with heptagonal bipyramidal structure is similar
to structure 4n–1 of the neutral B5Al4 cluster. Other

https://www.epjd.epj.org


Eur. Phys. J. D (2020) 74: 223 Page 5 of 13

Fig. 3. Optimized geometries for cationic B5Al+n (n = 1–4) clusters. The relative energies (in kcal/mol, under each structure)
were obtained at the CCSD(T)/6–311+G(2df)//B3LYP/6–311+G(d) and B3LYP/6–311+G(d) (in parentheses) levels of theory.

B5Al−4 isomers have higher energy than 4a–1 by more than
2.45 kcal/mol. Isomers 4a–2 and 4a–4 can be obtained by
adding an Al atom to the periphery of structure 3a–1.
Isomers 4a–3 and 4a–5 can be formed from structures
4n–3 and 4n–5 by electron addition.

3.1.3 Cationic B5Al+n (n =1–4) clusters

The lower-energy isomers of cationic B5Al+n (n = 1–4)
clusters are shown in Figure 3, with other higher-energy
isomers shown in Figure S3. For the B5Al+ cluster, the
lowest energy structure 1c–1 with planar 2D configuration
and Cs symmetry is similar to structure 1n–2 of the neutral
B5Al cluster and structure 1a–1 of the anionic B5Al− clus-
ter. The remaining three low-energy B5Al+ structures can
be formed by adding an Al atom directly to the lowest

energy structure of pure anionic B−5 cluster calculated by
Li.32 Since the three low-energy isomers are energetically
more than 10.29 kcal/mol higher than 1c–1, the structure
1c–1 will be the global minimum of the B5Al+ cluster.

For the B5Al+2 cluster, the lowest energy structure 2c–1
with 3D configuration and Cs symmetry is similar to the
global minimum 2n–1 of the neutral B5Al2 cluster. Isomer
2c–2 with 2D configuration and Cs symmetry is similar to
the neutral B5Al2 structure 2n–2. Isomers 2c–3 and 2c–5
can be created by adding one Al atom to the global mini-
mum 1c–1 and isomer 1c–2 of the cationic B5Al+ cluster,
respectively. Since those low-lying isomers are energeti-
cally more than 7.59 kcal/mol higher than 2c–1, structure
2c–1 will be the global minimum of the B5Al+2 cluster.

For the B5Al+3 cluster, the lowest energy structure 3c–1
with C2v 3D configuration and 2A1 electronic state

https://www.epjd.epj.org
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is similar to the lowest energy structure 3n–1 of the
neutral B5Al3 cluster. Since the relative energies of the
remaining isomers are higher than 2.61 kcal/mol, iso-
mer 3c–1 will be the global minimum of the B5Al+3
cluster.

For the B5Al+4 cluster, the lowest energy structure 4c–1
with C2v 3D configuration and 1A1 electronic state can
be obtained by adding an Al atom to the global minimum
3c–1 of the B5Al+3 cluster. Isomer 4c–2 has only slightly
higher energy (0.90 kcal/mol) than 4c–1. It can be cre-
ated by adding two Al atoms to the surface of the B5Al+2
structure 2c–2. The HOMO–LUMO gap of isomer 4c–1
is 1.82 eV, which is slightly smaller than the 2.04 eV gap
of isomer 4c–2. Therefore, both of these clusters might
be observed experimently. In addition, isomer 4c–3 can
be produced by adding two Al atoms onto the surface
of the B5Al+2 structure 2c–4. Isomer 4c–4 can be created
by adding one Al atom to the periphery of the B5Al+3
structure 3c–1. Isomer 4c–5 can be obtained by removing
an electron from the global minimum 4n–1 of the B5Al4
cluster.

3.2 Relative stabilities of the Al- doped boron clusters

In order to evaluate the stabilities of the neutral, anionic
and cationic B5Al0/−/+

n (n = 1–4) clusters, the average
binding energies Eb, the fragmentation energies ∆1E, and
the second-order differences ∆2E were calculated, and
the results are shown in Figure 4. These values were
determined using the total energies of the lowest-lying
B5Al0/−/+

n isomers, and are defined as follows:

neutral Eb(B5Aln) = [5E(B) + n E(Al) – E(B5Aln)]/(5 + n) (1)

∆1E(B5Aln) = E(B5Aln−1) + E(Al) – E(B5Aln) (2)

∆2E(B5Aln) = E(B5Aln−1) + E(B5Aln+1) –

2E(B5Aln)

(3)

anionic Eb(B5Al−n ) = [4E(B)+E(B−) + nE(Al) –

E(B5Al−n )]/(5 + n)

(4)

∆1E(B5Al−n ) = E(B5Al−n−1) + E(Al) – E(B5Al−n ) (5)

∆2E(B5Al−n ) = E(B5Al−n−1) + E(B5Al−n+1) –

2E(B5Al−n )

(6)

cationic Eb(B5Al+n ) = [5E(B)+(n − 1)E(Al) +E(Al+) –

E(B5Al+n )]/(5 + n)

(7)

∆1E(B5Al+n ) = E(B5Al+n−1) + E(Al) – E(B5Al+n ) (8)

∆2E(B5Al+n ) = E(B5Al+n−1) + E(B5Al+n+1) –

2E(B5Al+n )

(9)

where E(M) is the ground state energy of the entity M.
Figure 4a shows the Eb values of the neutral,

anionic and cationic B5Al0/−/+
n (n = 1–4) clusters. For

neutral B5Aln(n = 1–4) clusters, the Eb values decrease
slightly, ranging from 3.53 eV to 3.38 eV. For anionic
B5Al−n (n = 1–4) clusters, the Eb values also decrease
slightly from 3.83 eV to 3.66 eV (these are typically larger
than the values for the neutral clusters). For cationic
B5Al+n (n = 1–4) clusters, the Eb values did not change
significantly, ranging from 3.23 eV to 3.31 eV (these are
typically smaller than the values for neutral and anionic
clusters). This indicates that the anionic B5Al−n (n = 1–4)
clusters are slightly more stable than the neutral and
cationic clusters.

Fig. 4. (a) The atomic binding energies Eb, (b) the fragmenta-
tion energies ∆1E and (c) the second-order differences ∆2E for
the lowest energy B5Aln, B5Al−n , B5Al+n clusters, as a function
of the number of Al atoms n.

Figure 4b shows the ∆1E values of neutral, anionic
and cationic B5Al0/−/+

n (n = 1–4) clusters. For neutral
B5Aln(n = 1–4) clusters, the ∆1E value with odd n is
greater than that with even n, indicating that n-odd
B5Aln clusters are more stable than n-even ones. However,
for anionic B5Al−n (n = 1–4) clusters, the ∆1E value with
even n is greater than that with odd n, suggesting that n-
even B5Al−n clusters are more stable than n-odd ones. For
cationic B5Al+n (n = 1–4) clusters, the change in ∆1E value
is significant, ranging from 3.74 eV–3.12 eV, and also the
value with even n is greater than its neighbor with odd n.

Figure 4c shows the ∆2E values of neutral, anionic and
cationic B5Al0/−/+

n (n = 1–4) clusters. Similar to the ∆1E
results, for neutral B5Aln(n = 1–4) clusters, the ∆2E value
with odd n (=1,3) is greater than that with even n (=2),
indicating that n-odd B5Aln clusters are more stable than

https://www.epjd.epj.org
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Fig. 5. The HOMO–LUMO gap for the lowest-energy

B5Al
0/−/+
n structures at the B3LYP/6–311+G(d) level.

n-even ones,while for ionic B5Al−/+
n (n = 1–4) clusters, the

∆2E value with even n is greater than that with odd n,
suggesting that n-even B5Al−/+

n clusters are more stable
than n-odd ones.

The HOMO–LUMO gap, the energy difference between
HOMO and LUMO, can illuminate the stability of the
clusters. The wider the gap, the more stable the cluster.
The HOMO–LUMO gaps for the lowest energy structures
of the B5Al0/−/+

n (n = 1–4) clusters are shown in Figure 5.
For neutral B5Aln (n = 1–4) clusters, as n is increase,
the HOMO–LUMO gaps are significantly reduced from
3.08 eV to 1.71 eV. For anionic B5Al−n (n = 1–4) clusters,
the gaps first rise and then fall over a range of 1.57 eV to
2.08 eV. For cationic B5Al+n (n = 1–4) clusters, the gaps
first rise and then fall (between 1.82 eV and 3.74 eV). The
maximum in this case occurs at n = 2, indicating that the
chemical stability of the B5Al+2 cluster is higher than the
other clusters, which is consistent with the earlier result
from Figure 4c.

The ionization potential (IP) and electron affinity (EA)
measure the ability of a cluster to lose and gain elec-
trons. Clusters with larger IP values require more energy
to remove an electron, and therefore are more likely to be
stable. Clusters with large EA values can aquire an extra
electron more easily, and therefore the anionic cluster will
be more stable. The IP and EA values for B5Aln (n = 1–4)
clusters can be calculated using equations 10 and 11:

IP(B5Aln) = E(optimized cation B5Al+n ) –

E(optimized neutral B5Aln)

(10)

EA(B5Aln) = E(optimized neutral B5Aln) –

E(optimized anion B5Al−n )

(11)

As shown in Figure 6, the IP values range from 7.69 eV
to 6.81 eV. The n-odd clusters have larger IP than their
n-even neighbors, indicating that the n-odd clusters hold
onto electrons more strongly than the n-even ones. This
is consistent with the results from Figures 4b and 4c. The
EA values range from 1.98 eV to 2.54 eV. The n-even clus-
ters have larger EA than their n-odd neighbors, suggesting
that the n-even clusters are more likely to obtain electrons
than the n-odd clusters.

Fig. 6. The ionization potential (IP) and the electron affinity
(EA) of the B5Aln (n = 1–4) clusters as a function of n.

3.3 Simulated spectra

To provide further insight into the understanding of
future infrared and photo-electron spectroscopy experi-
mental measurements, computational frequency analysis
and VDE simulation were performed for each cluster.
These results are shown in Figures 7 and 8, respectively. IR
spectra can facilitate the determination of the B5Al0/−/+

n

structures in future experimental measurements, while PE
spectra can generally be used as a fingerprint for anionic
clusters.

3.3.1 Calculated infrared spectra

As shown in Figure 7, structure 1n–1 has the strongest
absorption peak at 679 cm−1, which originates from the
stretching vibration of the five boron atoms. For structure
1a–1, the main peak is located at 1165 cm−1. Other weaker
absorption bands are at lower frequencies, and are much
lower in intensity. For structure 1c–1, the two main peaks
at 1076 cm−1 and 1230 cm−1 correspond to vibrations of
the five boron atoms. For the B5Al0/−/+

2 clusters, the IR
spectral shapes are much more complicated. For struc-
ture 2n–1, there are three main peaks, which are located
at 386 cm−1, 766 cm−1 and 1034 cm−1 respectively. For
structure 2a–1, there are two main peaks located at
354 cm−1 and 738 cm−1, respectively (these mainly orig-
inate from various vibrations of the five boron atoms).
For structure 2c–1, there is a stronger absorption peak at
1172 cm−1, and other weaker absorption peaks are at lower
frequencies. For structure 3n–1, there are two main peaks
at 471 cm−1 and 897 cm−1, respectively (these mainly
derive from various vibrations of the five boron atoms).
For structure 3a–1, there is a stronger absorption peak at
491 cm−1, while many other weaker absorption peaks also
are seen. For structure 3c–1, the strongest absorption peak
is at 369 cm−1, which mainly originates from the stretch-
ing vibration of the six-membered ring. For 4n–1, there
are stronger absorption peaks at 417 cm−1 and 1340 cm−1,
which are different vibration modes mainly from the five
boron atoms. Structure 4a–1 and 4c–1 have the strongest
absorption peak at 1245 cm−1 and 920 cm−1, respectively,
which both correspond to the stretching vibration of five
boron atoms.
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Fig. 7. Calculated IR spectra for the lowest-energy structures of the B5Al
0/−/+
n (n = 1–4) clusters at the B3LYP/6–311+G(d)

level.

3.3.2 Simulated photoelectron spectra

The simulated PE spectra for anionic B5Al−n clusters are
shown in Figure 8, with the calculated VDEs, using the
TD-DFT method at the TD-B3LYP/6–311+G(d) level.
The corresponding final electronic configurations are listed
in Tables S1–S4.

As shown in Figure 8, the first VDE peak of structure
1a–1 is at 2.22 eV. This is a result of detaching one electron
from a singly occupied molecular orbital (SOMO). The
second VDE corresponds to detaching one electron from
its HOMO-1, producing the first triplet state at 2.66 eV.
The remaining singlet and triplet peaks are observed in
the range of 2.99 eV–4.52 eV. The simulated spectra for
2a–1 reveal that the first VDE at 2.75 eV comes from elec-
tron detachment from its HOMO. The second and third
VDEs are obtained by detaching one electron from its
HOMO-1 and HOMO-2 at 3.43 and 3.76 eV. The fourth
VDE at 3.94 eV overlaps the fifth VDE at 3.99 eV, forming
the fourth peak and corresponding to an electron detach-
ment from the HOMO-3. The remaining peaks for 2a–1
are in the range of 4.20 eV–4.74 eV. Similar to 1a–1, for
3a–1, the simulated PE spectra shows that there are many
strong peaks which are very close to each other. The first
VDE peak at 2.85 eV rises from electron detachment from
its SOMO. The second VDE is at 3.05 eV, and is obtained

by detaching one electron from its HOMO-1 resulting
in the first triplet state. The third peak is formed by
the overlap of the third VDE at 3.48 eV and the fourth
VDE at 3.54 eV. There are many VDEs in the range of
3.80 eV–4.31 eV. For 4a–1, the first VDE at 2.65 eV comes
from detaching one electron from its HOMO (similar to
2a–1). The second VDE at 3.34 eV corresponds to electron
detachment from its HOMO-1, and other intense peaks
range from 3.45 eV to 4.48 eV.

3.4 Chemical bonding analysis

Chemical bonding is very important in chemistry. From
the chemical bonding analysis, we can understand the rela-
tionship between the component atoms and the stability
of the cluster. In this paper, the chemical bonds for the
most stable structures of each B5Al0/−/+

n cluster were ana-
lyzed by the AdNDP method. AdNDP is based on the con-
cept of the electron pair as the main element of chemical
bonding models. AdNDP represents the electronic struc-
ture in terms of nc–2e bonds, where n is the number of
atoms included in a multi-center bond. This allows the
identification of multi-center bonds in addition to normal
two-center classical bonds. The AdNDP bonding patterns
for the most stable B5Al0/−/+

n structures are displayed
in Figures 9–12. The occupation numbers (ON) for each
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Fig. 8. Simulated PE spectra for the lowest-energy
B5Al−n (n = 1–4) structures obtained using the TD-B3LYP/6–
311+G(d) method with vertical detachment energies (VDE)
indicated.

individual chemical bond are shown. The ideal ON value
for a saturated bond is 2.0 |e|, but there are some varia-
tions from this observed. On the other hand, we can also
evaluate the strength of the interaction between two atoms
by the bond distance. In this paper, we use the sum of
single bond radii of boron and boron (RB−B = rB +
rB = 1.70 Å), of boron and aluminum (RB−Al = rB +

rAl = 2.11 Å) and of aluminum and aluminum (RAl−Al =
rAl + rAl = 2.52 Å) [35] as reference bond distances. We
can then compare the calculated bonding of the clusters
to the reference bond distances.

3.4.1 Chemical bonding of the B5Al0/−/+ clusters:

As shown in Figure 9, the AdNDP bond analysis of the
B5Al0/−/+ clusters shows that they have delocalized σ
and π bonds. For the neutral B5Al structure 1n–1, there
are two B–Al σ bonds, five peripheral 2c–2e B–B σ bonds
in the W-like B5 core, a delocalized 5c–2e σ bond, and
a delocalized 5c–2e π bond over the molecular plane.
Similarly, for the anionic B5Al− structure 1a–1, there is
one peripheral B–Al σ bond, five peripheral 2c–2e B–
B σ bonds in the W–like B5 core, one delocalized 5c–
2e σ bond, and one delocalized 5c–2e π bond over the
molecular plane. Furthermore, structure 1a–1 possesses
a lone pair (LP) on the Al atom (ON = 1.95 |e|) which
is presumably due to the neutral B5Al cluster having
gained one electron. The cationic B5Al+ cluster also has a
B–Al σ bond, five peripheral 2c–2e B–B σ bonds in the
B5 core, a delocalized 5c–2e σ bond, and a delocalized
5c–2e π bond. Structure 1c–1 has no LP on the Al atom,
which may be because the neutral B5Al cluster has lost
an electron.

The five peripheral B=B bond lengths in structure 1n–1
range from 1.579 Å to 1.586 Å. These are slightly longer
than the sum of the double bond radii of boron (1.56 Å)
but much shorter than the sum of the single bond radii of
boron (1.70 Å). This indicates that the B=B has double
bond character, which is consistent with the five periph-
eral 2c–2e B–B σ bonds and the two 5c–2e delocalized
bonds in the B5 unit predicted by the AdNDP analy-
sis above. The two internal B–B bond lengths in struc-
ture 1n–1 are 1.742 Å, which is somewhat longer than
that of the B–B single bond (1.70 Å), corresponding to
slightly weakened B–B single bonds. Therefore there are
no direct 2c–2e B–B bonds between them other than the
two 5c–2e delocalized bonds in the B5 unit, as shown by
the AdNDP analysis. The B–Al bond lengths in structure
1n–1 are 2.231 Å, which is close to the sum of the sin-
gle bond radii of boron and aluminum (2.11 Å), and 2c–
2e B–Al σ bonds are also present in the AdNDP results.
Similarly, the bond lengths in structures 1a–1 and 1c–1
also correspond to their AdNDP results. The five periph-
eral B=B bond lengths in structures 1a–1 and 1c–1 are
1.521 Å to 1.663 Å and 1.549 Å to 1.591 Å, respectively,
which are similar to the sum of the double bond radii of
boron (1.56 Å), indicating they are B=B double bonds.
The two internal B–B bond lengths in structures 1a–1
and 1c–1 are 1.734 Å to 1.802 Å and 1.819 Å to 1.952 Å,
respectively. These are slightly longer than the standard
B–B single bond of 1.70 Å, suggesting that they are weaker
B–B single bonds. The B–Al bond lengths in structures
1a–1 and 1c–1 are 2.079 Å and 2.183 Å, respectively. These
lengths are close to the sum of the single bond radii of
boron and aluminum (2.11 Å), indicating that they are
B–Al single bonds. Therefore, in structures 1n–1, 1a–1,
and 1c–1, the B5 ring has five B = B double bonds on the
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Fig. 9. AdNDP bonding pattern for the lowest energy structures of the B5Al, B5Al− and B5Al +clusters.

periphery. The presence of two 5c–2e delocalized bonds
makes the B5 ring have a strong conjugate effect and adds
additional stability, which may be the reason why the Al
atoms are preferentially located on the periphery of the
ring.

3.4.2 Chemical bonding of the B5Al0/−/+
2 clusters:

Figure 10 shows that the neutral B5Al2 structure 2n–1,
and the cationic B5Al+2 have very similar AdNDP bond-
ing patterns: a LP on the Al atom, five 2c–2e B–B/B–Al
σ bonds, three 3c–2e bonds, and one 5c–2e delocalized σ
bond. For the anionic B5Al−2 structure 2a–1, there are two
LPs on the two Al atoms, five 2c–2e B–B/B–Al σ bonds,
three 3c–2e delocalized σ bonds, and one 5c–2e delocal-
ized π bond. The bond lengths in structures 2n–1, 2a–1,
and 2c–1 are also consistent with the bonding pattern
predicted by the AdNDP analysis above. The B=B bond
lengths of 1.558 Å to 1.607 Å (in 2n–1), 1.565 Å to 1.603 Å
(in 2a–1), and 1.584 Å to 1.592 Å (in 2c–1) are similar to
the sum of the double bond radii of boron (1.56 Å), cor-
responding to B = B double bonds. The other B–B bond
lengths of 1.674 Å to 1.696 Å (in 2n–1), 1.669 Å to 1.717 Å
(in 2a–1), and 1.622 Å to 1.732 Å (in 2c–1) are close to the
sum of the single bond radii of boron (1.70 Å), suggesting
B–B single bonds. The B–Al bond lengths of 2.116 Å (in
2n–1), 2.097 – 2.151 Å (in 2a–1), and 2.136 Å (in 2c–1),
are close to the sum of the radii of single bonds of boron
and aluminum (2.11 Å), indicating B–Al single bonds. The
other B–Al bonds with longer distances correspond to very
weak B–Al bonds. The Al–Al bond lengths of 3.011 Å,
2.810 Å, and 2.798 Å, in 2n–1, 2a–1, and 2c–1, respec-
tively, are longer than the sum of the single bond radii
of aluminum (2.52 Å), indicating very weak Al–Al bonds,
so they do not appear in the AdNDP results.

3.4.3 Chemical bonding of the B5Al0/−/+
3 clusters:

As shown in Figure 11, the neutral B5Al3 structure 3n–1,
and the cationic B5Al+3 structure 3c–1 also have similar

AdNDP bonding: seven 2c–2e B–B/B–Al σ bonds, one
6c–2e π bond, two 7c–2e σ/π bonds, and one 8c–2e delo-
calized π bond. Furthermore, structure 3n–1 has one more
3c–2e delocalized σ bond. For the anionic B5Al−3 structure
3a–1, there is one LP on an Al atom, six 2c–2e B-B/B-Al σ
bonds, two 4c–2e delocalized σ bonds, two 5c–2e delocal-
ized σ bonds, and one 6c–2e delocalized π bond. Combined
with the AdNDP analyses above, the B=B bonds with
lengths 1.557 Å to 1.625 Å (in 3n–1), 1.555 Å to 1.579 Å
(in 3a–1), and 1.549 Å to 1.592 Å (in 3c–1), are similar to
the sum of the double bond radii of boron (1.56 Å), and
will be B=B double bonds. The B–B bonds with lengths
1.702 Å to 1.735 Å in 3a–1, are close to the sum of the
single bond radii of boron (1.70 Å), and should be con-
sidered B–B single bonds. The B–Al bonds with lengths
2.098 Å to 2.490 Å (in 3n–1), 2.061 Å to 2.335 Å (in 3a–1),
and 2.066 Å to 2.442 Å (in 3c–1), are similar to the sum of
the single bond radii of boron and aluminum (2.11 Å), and
are therefore B–Al single bonds. The Al–Al bond length in
structure 3a–1 is 2.650 Å which is close to the sum of the
single bond radii of aluminum (2.52 Å), and the AdNDP
analysis shows that this is a 2c–2e Al–Al σ bond.

3.4.4 Chemical bonding of the B5Al0/−/+
4 clusters:

Figure 12 shows the neutral B5Al4 structure 4n–1 has
seven 2c–2e B–B/B–Al σ bonds, one 5c–2e π bond, two
6c–2e σ bonds, two 6c–2e π bonds, and one 9c–2e delo-
calized σ bond. For the anionic B5Al−4 structure 4a–1,
there are eight 2c–2e B–B/B–Al σ bonds, two 5c–2e π
bonds, two 6c–2e σ bonds, one 8c–2e σ bond, and one 8c–
2e delocalized π bond. The cationic B5Al+4 structure 4c–1
has similar bonding to the B5Al+3 structure 3c–1: eight
2c–2e B–B/B–Al σ bonds, one 4c–2e σ bond, one 6c–2e π
bond, one 7c–2e σ bond, one 7c–2e π bond, and one 8c–2e
delocalized π bond. Based on the AdNDP analysis above,
the B=B bonds with lengths 1.553 Å to 1.555 Å (in 4n–1),
1.549 Å to 1.563 Å (in 4a–1), and 1.584 Å to 1.600 Å (in
4c–1) should be B=B double bonds. This is consistent
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Fig. 10. AdNDP bonding pattern for the lowest energy structures of the B5Al2, B5Al−2 and B5Al+2 clusters.

Fig. 11. AdNDP bonding pattern for the lowest energy structures of the B5Al3, B5Al−3 and B5Al+3 clusters.

with the bond length 1.56 Å of the B=B double bond
from the sum of the double bond radii of boron. The B–Al
bonds with lengths 2.009 Å to 2.321 Å (in 4n–1), 2.001 Å to
2.400 Å (in 4a–1), and 2.055 Å to 2.253 Å (in 4c–1) should
be B–Al single bonds. This is consistent with the bond
length 2.11 Å of the B–Al single bond from the sum of
the single bond radii of boron and aluminum. Structure
4c–1 has a B–Al bond length of 2.659 Å, which corresponds
to a weaker B–Al single bond. The Al–Al bond lengths
in structures 4n–1 and 4a–1 are 2.497 Å to 2.792 Å and
2.526 Å to 2.707 Å, respectively. These are close to the

sum of the single bond radii of aluminum and aluminum
(2.52 Å), so they should be Al–Al single bonds. Structure
4c–1 has a longer Al–Al bond length of 2.966 Å, which
corresponds to a weaker Al–Al single bond.

In summary, for the B5Al0/−/+
n (n = 1–4) systems, the

bond orders based on the bond lengths are consistent with
the AdNDP results. Our AdNDP analyses show some mul-
ticenter delocalized bonding in the B5Al0/−/+

n systems.
The delocalized bonds in the B5Al0/−/+ and B5Al0/−/+

2
systems cross the W-like B5 ring, which enhances the
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Fig. 12. AdNDP bonding pattern for the lowest energy structures of the B5Al4, B5Al−4 and B5Al+4 clusters.

stability of the B5 unit and causes the Al atom(s) to be
preferentially located outside the B5 ring. For the B5Al0/+

3

and B5Al0/−/+
4 systems, there is enough energy to open

the B5 unit and place Al atom(s) amongst the B atoms,
maybe since their 6 π electrons satisfy the 4n + 2 rule
for aromaticity (n = 1) and enhance the stability of the
cluster. The B5Al−3 cluster can be seen as a turning point.
Although there is also a W-like B5 ring, the delocalized
bonds on the B5 ring are dispersed, due to the action of
three Al atoms, and the 6π aromaticity also exists, which
results in some stability.

4 Summary

In this paper, binary boron-aluminum B5Al0/−/+
n (n = 1–

4) clusters were systematically studied using DFT and

CCSD(T) methods, at the B3LYP/6–311+G(d) and
CCSD(T)/6–311+G(2df) levels, to understand their geo-
metric structures, stabilities, electronic properties, and
chemical bonding. For one or two Al atoms, the lowest
energy B5Al0/−/+

n structures have the five boron atoms
preferentially forming a W-like structure with the Al
atoms at the periphery. For three or four Al atoms, the
clusters have their lowest energy structures in a bipyra-
midal configuration. The binding energy results show that
the anionic B5Al−n (n = 1–4) clusters are more stable than
their corresponding neutral and cationic clusters. The
∆1E and ∆2E results show that neutral B5Aln(n = 1,
3) clusters are more stable than neutral B5Aln(n = 2,4)
clusters, while anionic and cationic B5Aln(n = 2, 4) are
more stable than neutral B5Aln(n = 1, 3). The HOMO–
LUMO gaps illustrate that the B5Al+2 cluster has the
highest chemical stability among the B5Al0/−/+

n (n = 1–4)

https://www.epjd.epj.org


Eur. Phys. J. D (2020) 74: 223 Page 13 of 13

clusters. The IP values for the neutral B5Aln clusters are
consistent with the ∆1E and ∆2E results. The EA values
show that neutral B5Aln(n = 2, 4) clusters can more eas-
ily obtain electrons than n-odd B5Aln clusters. AdNDP
analysis shows that there are a variety of delocalized mul-
ticenter bonds in the clusters. This explains why the Al
atoms are preferentially located at the periphery of the
B5 ring. The existence of the 4n + 2 rule 6 π delocalized
bonds indicates that some of the clusters have aromaticity,
which may enhance their stablities.
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