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ABSTRACT: Aluminum and aluminum-doped clusters have gained much attention in cluster
science due to their potential applications in nanotechnology. Here, we report a combined
photoelectron spectroscopy and density functional theory study of V-doped aluminum clusters.
The lowest-energy geometric structures of neutral and anionic AlnV

0/− (n = 5−14) clusters are
identified by comparing the theoretical photoelectron spectra with the experimental results. Our
results reveal that ground-state structural evolution of neutral and anionic clusters follows different
patterns. The V atom in neutral AlnV clusters moves from convex capped to surface-substituted, to
encapsulated site at n = 12, and then returns to surface-substituted sites again. However, as for the
anionic AlnV

−, the metal V atom always occupies the convex capped sites with the cluster size
increasing to n = 14. The most stable structure of Al14V

− cluster possesses a C3v symmetric cagelike
structure with the highest occupied molecular orbital−lowest unoccupied molecular orbital gap of
1.52 eV. Molecular orbital and adaptive natural density partitioning analysis of Al14V

− suggests that
the peripheral Al−Al interactions and delocalized Al−V interactions play important roles in its
structural stability.

1. INTRODUCTION

The structures and the electronic properties of pure aluminum
clusters, different from those of the bulk materials, have
attracted intensive research attention in cluster science.
Substantial size- and structure-dependent properties of
aluminum clusters have been studied.1−12 Early theoretical
studies have indicated that Al6 and Al13 clusters exhibit a clear
jellium-type shell structure.3,4 The size-selected Aln

− (n = 1−
162) clusters have been characterized by photoelectron
spectroscopy (PES), and the results showed that the electron
shell effect is related with the cluster size.5 Joint PES and
theoretical investigations have shown that the critical size of
face-centered cubic-resembling structures to decahedral ones
for anionic aluminum clusters occurs at Al20.

7 For Aln (n < 80)
clusters, the ionization potentials have been obtained by
photoionization spectroscopy8 and the structural transition has
been observed by density functional theory (DFT) calcu-
lation.9−11 In addition, the structures and the electronic
properties of Aln

+ (n = 3−26) clusters have been studied. The
results showed that both structural stability and electronic
properties are related to the cluster size.12

Metal doping opens a new route to design cluster structures
and electronic properties.13−22 Importantly, metal-doped
clusters are expected to have higher structural and electronic

stability than bulk materials and pure metal clusters. Several
experimental and theoretical studies have explored the
structural and electronic properties of aluminum clusters
doped with different metal atoms, suggesting that proper
doping can enhance the stability of Al13 cluster

13 and different
atom dopants can remarkably change the structure of the host
aluminum cluster.14−19 Combined PES and DFT research of a
series of gold−aluminum alloy clusters showed that the Al−Al
interaction plays a more dominant role than the Au−Au
interaction in the AuxAly

− (x + y = 7, 8; x = 1−3; y = 4−7)20
clusters, and the two gold atoms are separated due to the
strong interactions between Au and Al in Au2Aln

− (n = 3−11)
clusters.21 Very recently, we have systematically investigated
the geometric structure, growth behavior, and electronic
properties of pure and Mg-doped Aln

0/− (n = 3−20) clusters
and found that the ground-state structures of AlnMg0/− show
new structural configuration and evolutionary pattern, in
contrast to that of the Aln

0/− clusters.22

As most studies indicated, metal doping actually changes the
structural configuration and electronic properties and thus
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improved the stability of the host aluminum clusters. However,
systematic investigations on V-doped aluminum clusters are
relatively scarce, both experimentally and theoretically. V-
doped aluminum cation clusters have been reported by
combined mass spectrometry and theoretical studies, and the
localized position of the V impurity atom gradually changes as
a function of cluster size.23,24 The result showed that, for the
lowest-energy structure of AlnV

+ clusters, the V atom always
localizes at the surface site up to Al17V

+, beyond which the
encapsulated structure arises.23 To our knowledge, there is no
systematic experimental/theoretical research on neutral and
anionic AlnV clusters. Therefore, it is interesting to explore the
structural evolution and electronic properties of neutral and
anionic V-doped aluminum clusters. Here, we perform
photoelectron spectroscopy experiment and theoretical inves-
tigation on AlnV

0/− (n = 5−14) clusters.

2. COMPUTATIONAL DETAILS

2.1. Experimental Method. The experiment is performed
on a home-built apparatus.25 The AlnV

− clusters are generated
in the laser vaporization cluster source by laser ablation of a
rotating translating disk of aluminum−vanadium mixture with
a mole ratio of 8:1. Helium gas expands into the source
through a pulsed valve to cool the produced clusters under
about 0.4 MPa. The mass spectra of the generated cluster
anions are measured with a time-of-flight mass spectrometer.
The size of anionic AlnV

− (n = 5−14) clusters is selected with a
mass gate, which is decelerated by a momentum decelerator
and crossed with a laser beam of another nanosecond Nd:YAG
laser. The kinetic energies of the electrons from photodetach-
ment are analyzed by a magnetic bottle photoelectron
spectrometer. The spectral resolution of the magnetic bottle
photoelectron spectrometer is estimated to be 40 meV. On the
basis of the similar experimental conditions, the photoelectron
spectra are calibrated with the spectrum of Cu−.
2.2. Theoretical Method. The unbiased Crystal structure

AnaLYsis by Particle Swarm Optimization (CALYPSO)
structure searching method26−28 is used to search the
ground-state structures of neutral and anionic V-doped
aluminum clusters. The details of this method can be found
in previous publications of various systems.29−36 To achieve
convergence around the lowest minima of the potential energy
surfaces, we have performed global structure searches at the
B3PW9137−39/Al/V/3-21G level of theory and obtained
1000−1500 isomers for low-energy anionic and neutral V-
doped aluminum clusters based on 30 generations searching.
Among these isomers, the top 20 energetically lowest-lying
isomers are selected and reoptimized using the B3PW91/6-
311+g(d) level as implemented in the Gaussian 09 program
package.40 The calculated results indicate that the energy
orders of the top 20 selected isomers obtained are almost the
same by using two different calculation levels. During the
structure optimization, all possible spin states are considered
and no symmetry constraints are imposed. For each isomer,
harmonic vibrational frequency analysis is performed to ensure
that the structure is a truly local minimum. The photoelectron
spectra of AlnV

− (n = 5−14) clusters are simulated using the
time-dependent DFT method. The chemical bonding analysis
is conducted using the adaptive natural density partitioning
(AdNDP) method.41

3. RESULTS AND DISCUSSION
3.1. Experimental Results. The experimental PES of

AlnV
− (n = 5−14) anions recorded at 266 nm wavelength are

displayed in Figure 1. The experimental VDEs are obtained

from the binding energy of the first peaks in the experimental
spectra of AlnV

−. The experimental ADEs are determined by
adding the instrumental resolution to the electron binding
energies at the crossing point between the baseline and the
rising edge of the first peak. The data of the experimental
VDEs and experimental ADEs are presented and compared to
the theoretical values calculated at the B3PW91/6-311+g(d)
level in Table 1.
The spectrum of Al5V

− has a shoulder at about 2.31 eV and
two strong peaks at 2.43 and 2.79 eV. The onset of a broad
feature can also be observed above 3.5 eV. The spectrum of
Al6V

− shows five sharp peaks at 2.26, 2.57, 2.91, 3.17, and 3.30
eV. In the spectrum of Al6V

−, there is also a feature of low
signal-to-noise ratio above 3.80 eV. Al7V

− has a distinct peak
centered at 2.59 eV and two unresolved broad features
centered at ∼3.14 and 3.46 eV. Al8V

− has three major peaks
from 2.57 to 3.64 eV, during which a broad feature occurs
between 2.70 and 3.50 eV. Al9V

− has a weak peak centered at
2.64 eV, a shoulder peak at 2.83 eV, and a strong unresolved
broad feature between 2.90 and 3.50 eV.
Al10V

− has a shoulder peak at 2.72 eV, several other peaks at
2.87, 3.05, 3.31, 3.45, and 3.67 eV, and another peak above
4.00 eV. Al11V

− has a peak centered at 2.83 eV and a strong
unresolved broad feature extending from 3.00 to 4.20 eV.
Al12V

− has four peaks centered at 2.86, 3.20, 3.34, and 3.62 eV.
The front part of another peak is observed above 4.00 eV. The
spectrum of Al13V

− shows a tail from 2.00 to 2.60 eV, a small
broad peak at 2.80 eV, and a strong broad feature above 3.00
eV. Al14V

− shows a small peak at 3.03 eV and a broad feature

Figure 1. Experimental PES of AlnV
0/− (n = 5−14) clusters.
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between 3.10 and 3.60 eV. In addition, two peaks of low signal-
to-noise ratio can also be observed at ∼3.83 and 4.00 eV.
3.2. Theoretical Results. The lowest-energy structures

and the key low-lying isomers of AlnV
− (n = 5−14) clusters are

presented in Figure 2. To further study the geometric
properties, we simulate their photoelectron spectra and
compare the results with experimental PES (Figure 3). In
addition, the relative energies (ΔE) of the low-lying isomers
and the calculated VDEs and ADEs of anions are displayed in
Table 1 and compared to the experimental data.
3.2.1. AlnV

− (n = 5−14) Anions. 3.2.1.1. Al5V−. The most
stable structure of Al5V

−, 5a−, can be considered as adding a
face-capping V atom to Al5 cluster.

22 The calculated VDE is
very close to the experimental result. The spectrum of 5a− can
roughly reproduce the experimental peak positions, although
the overall spectrum is a little narrower and is moved to lower
binding energy. In the low-lying isomer (5b−) of Al5V

−, five Al
atoms constitute a pentahedron and the V atom locates at the
bottom, forming a bottom-capped octahedron. The energy of
5b− is 0.24 eV higher than that of 5a−. The ADE and VDE of
5c− are 1.68 and 1.83 eV, which have relatively large
discrepancy with the experimental values. Therefore, it seems

that the most stable structure of 5a− is the most likely structure
detected in the experimental spectrum.

3.2.1.2. Al6V
−. As the ground-state structure of Al6V

−, 6a−

can be considered as an Al6 triangular prism face-capped by a V
atom. The theoretical VDE of 6a− agrees well with the
experimental result, and its theoretical spectrum matches well
with the experimental one. Isomer 6b− is formed by adding an
Al atom to side-cap the ground-state structure of 5a−. Although
both the theoretical VDE and ADE of 6b− are close to the
experimental data, the existence of 6b− can be excluded
because it is much less stable than isomer 6a−. For isomer 6c−,
it can be ruled out in our experiments because it is higher in
energy than isomer 6a− by 0.74 eV. Therefore, isomer 6a−

makes the main contribution to our experiments.
3.2.1.3. Al7V

−. The most stable isomer of Al7V
− (7a−) is of

C1 symmetry, in which all of the atoms form a 1-4-3 layered
structure.42 The calculated VDE (2.35 eV) of isomer 7a− is
slightly lower than the experimental value (2.60 eV), but the
spectrum features for simulated and experimental PES match
very well. Isomer 7b− can be viewed as an Al atom face-
capping the low-lying structure of Al6V

− (6c−). The energy is
only 0.05 eV higher than that of 7a−. The theoretical VDE
(2.25 eV) of isomer 7b− is a little lower than the experimental
result, but there are two peaks of the simulated spectrum in
excellent agreement with the experimental peaks centered at
2.60 and 3.05 eV. For isomer 7c−, the structure is similar to
that of isomer 7a−, while its energy is 0.30 eV higher than that
of 7a−. Therefore, both isomers 7a− and 7b− contribute to our
experimental spectrum.

3.2.1.4. Al8V
−. The lowest-energy structure of Al8V

− (8a−)
can be viewed as a cagelike structure with the doped V atoms
at the bottom. The low-lying isomer (8b−) can be obtained by
an additional Al atom capping the triangular face of 7b−. The
VDEs of 8a− and 8b− are 2.62 and 2.60 eV, respectively, both
of which are consistent with the experimental result (2.58 eV).
Compared to experiment, the overall spectrum of 8a− moves
backward in binding energy and reproduces the peak positions
and patterns. Meanwhile, two peaks of the simulated spectrum
of isomer 8b− are in good agreement with the experimental
peaks at 2.60 and 3.30 eV. Isomer 8c− is impossible to be
observed in the experimental spectrum because it is higher in
energy than 8a− by 0.45 eV. Thus, both isomers 8a− and 8b−

make important contribution to the experiments.
3.2.1.5. Al9V

−. In the ground-state structure of Al9V
− (9a−),

nine Al atoms constitute a semienclosed cagelike structure and
one V atom fills in the projecting position, forming a face-
capped cagelike structure. Both isomers 9b− and 9c− have
prolate structures, which are 0.25 and 0.50 eV higher in energy
than 9a−, respectively. In the simulated spectrum of 9a−, both
the VDE and ADE are in reasonable agreement with
experimental resutes. Besides, the essential characteristics and
trends of experimental spectrum are excellently reproduced by
theoretical spectrum. Therefore, the isomer 9a− is the major
one detected in our experiments.

3.2.1.6. Al10V
−. The most stable isomer 10a− follows the

structural motif of 9a−, which can be viewed as capping one Al
atom inside the Al4 diamond of 9a−. Adding one Al3 unit inside
the isomer 7c− leads to the 10b−. Isomer 10c− can be seen as
capping an Al atom on 9a− with some reconstruction. The
calculated VDE of 10a− is slightly lower than the experimental
value. In the simulated spectrum of 10a−, the first two peaks
moved forward in binding energy while the overall spectral
characteristics are consistent with the experimental trend. The

Table 1. Data of Experimental and Theoretical VDEs and
ADEs as well as the Electronic States and ΔE of the AlnV

−

(n = 5−14) Clusters and Their Corresponding Low-Lying
Isomersa

VDE ADE

isomer sta. ΔE expt. theo. expt. theo.

Al5V
− 5a− 4A′ 0.00 2.31 2.17 2.13 1.83

5b− 6A′ 0.24 1.90 1.78

5c− 4A″ 0.28 1.83 1.68

Al6V
− 6a− 5A1 0.00 2.26 2.12 2.10 1.90

6b− 5A 0.69 2.40 2.10

6c− 1A′ 0.74 1.60 1.80

Al7V
− 7a− 4A 0.00 2.59 2.35 2.25 2.11

7b− 6A′ 0.05 2.25 1.84

7c− 4A 0.30 2.20 1.99

Al8V
− 8a− 5A 0.00 2.57 2.62 2.38 2.42

8b− 3A 0.02 2.60 2.32

8c− 5A 0.45 2.35 2.15

Al9V
− 9a− 4A′ 0.00 2.64 2.49 2.49 2.30

9b− 4A″ 0.25 2.80 2.60

9c− 4A 0.50 3.05 2.42

Al10V
− 10a− 3A″ 0.00 2.72 2.48 2.56 2.35

10b− 3A 0.30 3.10 2.80

10c− 1A′ 1.55 1.60 1.44

Al11V
− 11a− 4A 0.00 2.83 2.60 2.59 2.41

11b− 6A′ 0.23 2.55 2.30

11c− 4A 0.50 2.75 2.60

Al12V
− 12a− 3A′ 0.00 2.86 2.79 2.60 2.51

12b− 3A 0.16 2.95 2.72

12c− 3A′ 0.59 3.30 2.70

Al13V
− 13a− 6A′ 0.00 2.80 2.05 2.36 2.01

13b− 6A′ 0.19 3.00 2.40

13c− 4A″ 1.70 2.80 2.62

Al14V
− 14a− 3A1 0.00 3.03 3.00 2.84 2.82

14b− 5A′ 0.04 2.50 2.26

14c− 1A 1.21 2.45 2.24
aAll energies are in eV.
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simulated spectrum of 10c− is consistent with the experimental
characteristic centered at 3.00 and 3.30 eV. The existence of
isomer 10b− can be ruled out by comparing the simulated
spectrum and the experimental one. Thus, isomer 10a− is the
main one observed in our experiments and isomer 10c− less
possibly contributes to the experimental spectrum of Al10V

−.
3.2.1.7. Al11V

−. In the ground-state structure of Al11V
−

(11a−), the V atom tends to move inside the caged aluminum
framework. The location of V atom is still in the surface of
11b−. For isomer 11c−, the V atom is already sunken. Isomer

11c−, which is 0.50 eV higher in energy than 11a−, can be
viewed as an Al atom capping on the most stable isomer of
10a−. The theoretical VDEs of isomers 11a− and 11b− (2.60
and 2.55 eV) are consistent with the experimental value (2.83
eV). Also, the simulated spectrum of 11a− shows a similar
trend to the experimental peak in the range of 3.56−3.79 eV,
and the simulated spectrum of isomer 11b− is in reasonable
agreement with the experimental peak in 2.83 eV. From the
calculated spectra of Al11V

−, it is possible that both isomers
11a− and 11b− contribute to our experimental spectrum.

Figure 2. Geometrical structures of the ground-state and low-lying isomers of AlnV
0/− (n = 5−14) clusters. The pink (yellow) spheres represent the

Al (V) atoms.
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Multiple isomers coexisting in the experimental result give the
reason why the spectral feature of Al11V

− is relatively broad.
3.2.1.8. Al12V

−. Isomer 12a− has a Cs symmetric cagelike
structure with one Al atom encapsulated inside the cage of
10a− and another Al atom capping the top of 10a− with some
reconstruction. The structure of isomer 12b− is similar to that
of 12a−, but it is less stable than isomer 12a− by 0.16 eV.
Isomer 12c− with Cs symmetry is higher in energy than isomer
12a− by 0.59 eV. Therefore, 12c− is improbable to be observed
in the experimental spectrum. The experimental VDE (2.86
eV) is excellently reproduced by the calculated VDEs (2.79
and 2.95 eV, respectively) of 12a− and 12b−. In addition, the
experimental trend is successfully simulated by the theoretical
PES of 12a−. According to the analysis, we can conclude that
both 12a− and 12b− contribute to the experimental spectrum
of Al12V

−.
3.2.1.9. Al13V

−. As the lowest-energy isomer, 13a− is
constructed by doping an Al atom on the face of 12a−. For
13b− and 13c− isomers, the V atom is fully encapsulated in the
aluminum framework. The calculated VDE of isomer 13b− is
3.00 eV, very close to the experimental value (2.83 eV). The
energy of isomers 13b− is only 0.19 eV higher than that of
13a−. Therefore, 13b− is the most probable structure for
Al13V

− detected from the experimental PES. For isomer 13a−,
the VDE (2.05 eV) is much lower than that of the

experimental value. Isomer 13c− also can be ruled out, which
is much higher in energy than 13a−.

3.2.1.10. Al14V
−. The most stable isomer Al14V

− (14a−) is a
C3v symmetric cagelike structure with one V atom encapsulated
inside the Al14 cage. The isomer 14b− can be regarded as
adding an Al atom to the top of 13a−. The theoretical VDE
(3.00 eV) of isomer 14a− excellently repeats the experimental
value (3.03 eV). In addition, its theoretical spectrum
successfully reproduces the experimental peaks and presents
the same tendency with the experimental one. Although the
energy of isomer 14b− is only slightly higher than that of 14a−,
the theoretical VDE (2.50 eV) is much lower than our
experimental value (3.03 eV). Thus, isomer 14b− is unlikely to
be observed in the experiments. Meanwhile, isomer 14c− can
be ruled out because its energy is 1.21 eV higher than that of
14a−. Therefore, we suggest that isomer 14a− is the major one
observed in the experiment. As described above, we can see a
reasonable agreement between theoretical and experimental
photoelectron spectra, demonstrating the reliability of the
present computational results.

3.2.2. AlnV (n = 5−14) Neutrals. The ground-state
structures and some typical low-lying isomers of neutral AlnV
(n = 5−14) clusters are displayed in Figure 2 with the
corresponding anions for comparison. In addition, the
electronic states and ΔE of them are also listed in Table S1.

Figure 3. Experimental and simulated PES of AlnV
− (n = 5−14) clusters.
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From Figure 2, we can find that the ground-state structures of
Al6,7,8,12,14V clusters are different from those of the correspond-
ing anions. The lowest-energy structure of Al6V is analogous to
that of anion 6a− with a slight distortion of top triangle. The
ground state of Al7V, 7a, is obtained by adding one V atom to
cap one angle of Al6V, forming a starfish structure. The
ground-state structure (8a) of Al8V can be viewed as a slant
four-prism capped with one V atom on the left-hand side. As
for Al12V, the ground-state structure (12a) can be seen as a
doped V atom encapsulated by the caged aluminum frame-
work. The most stable isomer (14a) of Al14V can be described
as a caged aluminum cluster capped with an additional Al atom
and a doped V atom on either sides. For the neutral low-lying
isomers, except for 5b, 10b, and 12c, the structure and energy
sequences are similar to those of AlnV

− anions with slight
difference in symmetries. Isomer 5b is a C4v symmetric
pyramid structure with the V atom located at the bottom. The
low-lying isomer 10b is a cagelike structure, which can be
viewed as adding a V atom to the surface of the structure. As
for Al12V, the low-lying isomer 12c is an encapsulated structure
with the V atom adding to the top of the Al12 cluster.
3.3. Discussion. The theoretical results described above

show that the structural evolution of the neutral AlnV clusters
is somewhat different from their anions. For anions, the V
atom in the ground-state structures is invariably inclined to
stay in the convex capping position when n ≤ 11. With the size
of clusters increasing, a significant structural transformation is
observed at the Al14V

− cluster, in which the V atom occupies
the center site to form an encapsulated structure. However, the
first encapsulated structure of anionic low-lying structures
occurs at n = 13. For neutral AlnV clusters, the occupied
position of the V atom in ground-state structures moves from
the convex capping position when n ≤ 10 to the surface-doped
position when n = 11, and subsequently to the encapsulated
state when n = 12 and to the convex capping position again
when n reached 13 and 14. In short, the cage configuration
appears at n = 14 for anions. However, for neutral clusters, the
metal V atom encapsulation of Aln cage can be achieved at n =
12. In addition to the different structural evolution patterns, we
obtain that the ground-state structures of AlnV

− (n = 6, 8, 12,

13, 14) clusters are different from those of the corresponding
neutral ones, that is, the extra electron would affect the
geometric structures of AlnV clusters.
To confirm that the dopants can induce novel geometric

structures and different structural evolution patterns, we make
a detailed comparison of the structures of the AlnV

0/−,
MgAln

0/− (n = 3−20), and pure Aln
0/− (n = 3−20) clusters.22

For the pure Aln
0/− (n = 5−14) clusters, only the ground-state

structure of the Al5
0/− cluster is planar, and the neutral and

anionic Aln
0/− (6 ≤ n ≤ 14) clusters all have three-dimensional

cagelike structures. However, the ground-state structures of
both AlnV

0/− and MgAln
0/− clusters are stereoscopic. The

structural analysis results show that both AlnV
0/− and MgAln

0/−

clusters with 5 ≤ n ≤ 8 always form the exohedral-doped
structures by attaching or substituting the atom of host
aluminum clusters, but the most stable structures of
Al9,10,11V

0/− clusters are slightly different from those of either
Aln units or MgAln

0/− clusters. The structural evolution of
MgAln

0/− clusters shows that the doped Mg atom prefers to
stay at the convex capping position and no encapsulated
structure has been found from n = 3 to 20. For neutral AlnV
clusters, the endohedral structure starts to form from n = 11
and the V atom is totally encapsulated in an aluminum cage at
n = 12, while encapsulated structures for anions occur at n =
14. This clearly implies that different dopants not only
influence the structural properties of the host aluminum
clusters but also follow different structural evolution patterns.
Previous papers43,44 have pointed out that the critical size of
the cagelike structure is always related to the radius of doped
atom. The bigger the doped atom is, the bigger host cluster is
needed. The radius of V atom is larger than that of Mg, but the
smallest cagelike structure of AlnV

0/− clusters forms before
MgAln

0/− clusters. However, the neutral AlnV and VSin
clusters45 form the smallest cagelike structure at the same
size n = 12. The bonding of MgAln

0/− clusters is dominated by
the s electrons of Mg atom and the p electron of Al atoms,
corresponding to sp hybridization. However, the bonding of
AlnV

0/− and VSin clusters, corresponding to pd hybridization, is
formed primarily by the d electrons of V atom and the p
electron of Al (Si) atoms. So, on the basis of the above

Figure 4. Chemical bonding of anionic Al14V
− cluster. ON is the occupation number.
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discussions, we can deduce that the reason why AlnV
0/− and

MgAln
0/− clusters form cagelike structures at different sizes can

be explained by the bonding properties and orbital hybrid-
ization between the doped atom and Al atoms.
The average binding energy (Eb) of AlnV

0/− (n = 5−14)
clusters is displayed in Figure S1a, which is a useful measure of
inherent stability. To investigate the chemical bonding
properties of V-doped aluminum clusters, we analyzed their
molecular orbitals (MOs). For simplicity, we just present the
results of Al14V

− cluster, which have higher stability and larger
highest occupied molecular orbital−lowest unoccupied molec-
ular orbital (HOMO−LUMO) energy gap (1.52 eV) than
other clusters (see Figure S1b). The bonding interactions can
be seen from MOs in Figure S2, where the interactions
between the central V and the peripheral Al atoms are strong
and make the C3v structure of Al14V

− more stable. To get an in-
depth understanding of the bonding nature, the chemical
bonding in Al14V

− cluster is also analyzed using the AdNDP
method and is presented in Figure 4, which yields two different
types of bonds (localized and delocalized bonds). The total
valence electron numbers of the Al14V

− anion is 48, which
includes 42 valence electrons of the 14 Al atoms, 5 valence
electrons of the V atom, and an excess electron. From Figure 4,
we can see that there are only three 2c−2e localized Al−Al σ
bonds, which include six valence electrons of the Al14V

− anion.
The remaining 42 valence electrons are occupied by the
additional 21 delocalized Al14V

− bonds. The delocalized bonds
include six 3c−2e bonds, six 4c−2e bonds, four 6c−2e bonds,
one 7c−2e bond, and four 8c−2e bonds. The occupation
number (ON) of the 2c−2e bonds is 1.81|e|, suggesting little
interaction with the central V atom. The six 3c−2e bonds with
ON = 1.85|e| represent the interactions between the six
localized σ bonds and the central V atom, while the six 4c−2e
delocalized σ bonds with ON = 1.81−1.89|e|, three of which
are 1.81|e| and the other three are 1.89|e|, represent the
bonding in each Al3 unit and the central V atom. The four 6c−
2e bonds, where ON = 1.83−1.89|e|, are mainly formed by
bonding the peripheral Al5 units and the central V atom. There
is only one 7c−2e σ bond, shown in Figure 4, representing
bonding interactions among seven Al atoms. For the 8c−2e
Al7V MOs, the bonding interactions between the peripheral
Al7 units and the central V atom may lead to its high electronic
stability. According to the above analysis, we can see that both
the Al−Al bonds and the Al−V bonds are important for the
substantial stabilization of the C3v symmetric structure of
Al14V

− anion.

4. CONCLUSIONS
In conclusion, we have presented a joint photoelectron
spectroscopy experiment and theoretical investigation on the
structural and electronic properties of neutral and anionic
AlnV

0/− (n = 5−14) clusters. The ground-state structures of
AlnV

0/− (n = 5−14) clusters are determined by an unbiased
CALYPSO structure searching method. It is found that the
neutral and anionic AlnV clusters show different structural
evolution patterns. The V atom in neutral AlnV moves from
convex capped to surface-substituted, to encapsulated site at n
= 12, and then returns to surface-substituted sites again.
However, as for the anionic AlnV

−, the metal V atom always
occupies the convex capped sites with the cluster size
increasing to n = 14. These results indicate that an extra
electron visibly affects the geometric structures of AlnV
clusters. Most remarkable is that the Al14V

− cluster shows

superior stability with a C3v cagelike structure and a large
HOMO−LUMO gap. The present results provide us a
complete picture of the structural evolution on V-doped
aluminum clusters, with a hope that it can offer valuable
information for further experimental and theoretical studies.
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Schöllkopf, W.; Balbaś, L. C.; Fielicke, A.; Janssens, E. Hydrogen
Chemisorption on Singly Vanadium-Doped Aluminum Clusters.
Chem. - Eur. J. 2017, 23, 15638−15643.
(25) Xu, H. G.; Zhang, Z. G.; Feng, Y.; Yuan, J. Y.; Zhao, Y. C.;
Zheng, W. J. Vanadium-Doped Small Silicon Clusters: Photoelectron
Spectroscopy and Density-Functional Calculations. Chem. Phys. Lett.
2010, 487, 204−208.
(26) Wang, Y. C.; Lv, J.; Zhu, L.; Ma, Y. M. CALYPSO: A Method
for Crystal Structure Prediction. Comput. Phys. Commun. 2012, 183,
2063−2070.
(27) Lv, J.; Wang, Y. C.; Zhu, L.; Ma, Y. M. Particle-Swarm
Structure Prediction on Clusters. J. Chem. Phys. 2012, 137,
No. 084104.

(28) Wang, Y. C.; Lv, J.; Zhu, L.; Ma, Y. M. Crystal Structure
Prediction via Particle-Swarm Optimization. Phys. Rev. B 2010, 82,
No. 094116.
(29) Zhu, L.; Liu, H. Y.; Pickard, C. J.; Zou, G. T.; Ma, Y. M.
Reactions of Xenon with Iron and Nickel are Predicted in the Earth’s
Inner Core. Nat. Chem. 2014, 6, 644−648.
(30) Li, Y. W.; Hao, J.; Liu, H. Y.; Li, Y. L.; Ma, Y. M. The
Metallization and Superconductivity of Dense Hydrogen Sulfide. J.
Chem. Phys. 2014, 140, No. 174712.
(31) Wang, H.; Tse, J. S.; Tanaka, K.; Iitaka, T.; Ma, Y. M.
Superconductive Sodalite-Like Clathrate Calcium Hydride at High
Pressures. Proc. Natl. Acad. Sci. USA 2012, 109, 6463−6466.
(32) Lv, J.; Wang, Y. C.; Zhu, L.; Ma, Y. M. Predicted Novel High-
Pressure Phases of Lithium. Phys. Rev. Lett. 2011, 106, No. 015503.
(33) Zhu, L.; Wang, H.; Wang, Y. C.; Lv, J.; Ma, Y. M.; Cui, Q. L.;
Ma, Y. M.; Zou, G. T. Substitutional Alloy of Bi and Te at High
Pressure. Phys. Rev. Lett. 2011, 106, No. 145501.
(34) Sun, W. G.; Wang, J. J.; Lu, C.; Xia, X. X.; Kuang, X. Y.;
Hermann, A. Evolution of the Structural and Electronic Properties of
Medium-Sized Sodium Clusters: A Honeycomb-Like Na20 Cluster.
Inorg. Chem. 2017, 56, 1241−1248.
(35) Jin, Y. Y.; Lu, S. J.; Hermann, A.; Kuang, X. Y.; Zhang, C. Z.;
Lu, C.; Xu, H. G.; Zheng, W. J. Probing the Structural Evolution of
Ruthenium Doped Germanium Clusters: Photoelectron Spectroscopy
and Density Functional Theory Calculations. Sci. Rep. 2016, 6,
No. 30116.
(36) Xia, X. X.; Hermann, A.; Kuang, X. Y.; Jin, Y. Y.; Lu, C.; Xing,
X. D. Study of the Structural and Electronic Properties of Neutral and
Charged Niobium-Doped Silicon Clusters: Niobium Encapsulated in
Silicon Cages. J. Phys. Chem. C 2016, 120, 677−684.
(37) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(38) Perdew, J. P.; Wang, Y. Pair-Distribution Function and its
Coupling-Constant Average for the Spin-Polarized Electron Gas. Phys.
Rev. B 1992, 46, 12947−12954.
(39) Perdew, J. P.; Ziesche, P.; Eschrig, H. Electronic Structure of
Solids; Akademie Verlag: Berlin, 1991.
(40) Frisch, M. J.; Trucks, M. J.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; et al. Gaussian 09, revision C.0; Gaussian, Inc.:
Wallingford, CT, 2009.
(41) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction
Analyzer. J. Comput. Chem. 2012, 33, 580−592.
(42) Huang, X. M.; Lu, S. J.; Liang, X. Q.; Su, Y.; Sai, L. W.; Zhang,
Z. G.; Zhao, J. J.; Xu, H. G.; Zheng, W. J. Structures and Electronic
Properties of V3 Sin

− (n = 3−14) Clusters: A Combined Ab Initio and
Experimental Study. J. Phys. Chem. C 2015, 119, 10987−10994.
(43) Ma, L.; Zhao, J. J.; Wang, J. G.; Wang, B. L.; Lu, Q. L.; Wang,
G. H. Growth Behavior and Magnetic Properties of SinFe (n = 2−14)
Clusters. Phys. Rev. B 2006, 73, No. 125439.
(44) Kawamura, H.; Kumar, V.; Kawazoe, Y. Growth Behavior of
Metal-Doped Silicon Clusters SinM (M = Ti, Zr, Hf; n = 8−16). Phys.
Rev. B 2005, 71, No. 075423.
(45) Guo, L. J.; Zhao, G. F.; Gu, Y. Z.; Liu, X.; Zeng, Z. Density-
Functional Investigation of Metal-Silicon Cage Clusters MSin (M =
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn; n = 8−16). Phys. Rev. B 2008,
77, No. 195417.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b09010
J. Phys. Chem. C 2019, 123, 1931−1938

1938

http://dx.doi.org/10.1021/acs.jpcc.8b09010
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpcc.5b09453&coi=1%3ACAS%3A528%3ADC%252BC2MXitVGrsLvK&citationId=p_n_76_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.jpcc.7b04997&coi=1%3ACAS%3A528%3ADC%252BC2sXht1eksrfF&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Facs.inorgchem.6b02340&coi=1%3ACAS%3A528%3ADC%252BC2sXht1aksLg%253D&citationId=p_n_72_1
http://pubs.acs.org/action/showLinks?pmid=10053465&crossref=10.1103%2FPhysRevLett.70.2078&coi=1%3ACAS%3A528%3ADyaK3sXisVWitbo%253D&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?pmid=22162017&crossref=10.1002%2Fjcc.22885&coi=1%3ACAS%3A528%3ADC%252BC3MXhsFykurjN&citationId=p_n_87_1
http://pubs.acs.org/action/showLinks?pmid=10053465&crossref=10.1103%2FPhysRevLett.70.2078&coi=1%3ACAS%3A528%3ADyaK3sXisVWitbo%253D&citationId=p_n_29_1
http://pubs.acs.org/action/showLinks?pmid=22162017&crossref=10.1002%2Fjcc.22885&coi=1%3ACAS%3A528%3ADC%252BC3MXhsFykurjN&citationId=p_n_87_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.57.4939&coi=1%3ACAS%3A528%3ADyaK1cXhtFyju7s%253D&citationId=p_n_33_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.464913&coi=1%3ACAS%3A528%3ADyaK3sXisVWgtrw%253D&citationId=p_n_79_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.479458&coi=1%3ACAS%3A528%3ADyaK1MXksVCis7s%253D&citationId=p_n_25_1
http://pubs.acs.org/action/showLinks?pmid=27711644&crossref=10.1039%2FC6CP05571K&coi=1%3ACAS%3A528%3ADC%252BC28XhsVCnurnI&citationId=p_n_48_1
http://pubs.acs.org/action/showLinks?pmid=10041738&crossref=10.1103%2FPhysRevLett.64.2539&coi=1%3ACAS%3A528%3ADyaK3cXks1Gmsr8%253D&citationId=p_n_21_1
http://pubs.acs.org/action/showLinks?pmid=10041738&crossref=10.1103%2FPhysRevLett.64.2539&coi=1%3ACAS%3A528%3ADyaK3cXks1Gmsr8%253D&citationId=p_n_21_1
http://pubs.acs.org/action/showLinks?pmid=27119726&crossref=10.1039%2FC6NR01506A&coi=1%3ACAS%3A528%3ADC%252BC28Xms1Wgtr8%253D&citationId=p_n_44_1
http://pubs.acs.org/action/showLinks?pmid=22492976&crossref=10.1073%2Fpnas.1118168109&coi=1%3ACAS%3A528%3ADC%252BC38Xmslyjt7g%253D&citationId=p_n_67_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.60.2020&coi=1%3ACAS%3A528%3ADyaK1MXktlagsbc%253D&citationId=p_n_36_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1481386&coi=1%3ACAS%3A528%3ADC%252BD38Xkslert7k%253D&citationId=p_n_40_1
http://pubs.acs.org/action/showLinks?pmid=24950336&crossref=10.1038%2Fnchem.1925&coi=1%3ACAS%3A528%3ADC%252BC2cXmsVKmsrk%253D&citationId=p_n_63_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.451948&coi=1%3ACAS%3A528%3ADyaL2sXit1Sitbw%253D&citationId=p_n_28_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp5112845&coi=1%3ACAS%3A528%3ADC%252BC2cXitFOgsbjJ&citationId=p_n_90_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.cplett.2010.01.050&coi=1%3ACAS%3A528%3ADC%252BC3cXit1Sgurg%253D&citationId=p_n_55_1
http://pubs.acs.org/action/showLinks?pmid=10003333&crossref=10.1103%2FPhysRevB.46.12947&coi=1%3ACAS%3A280%3ADC%252BC2sfmtVWjtg%253D%253D&citationId=p_n_82_1
http://pubs.acs.org/action/showLinks?pmid=10003333&crossref=10.1103%2FPhysRevB.46.12947&coi=1%3ACAS%3A280%3ADC%252BC2sfmtVWjtg%253D%253D&citationId=p_n_82_1
http://pubs.acs.org/action/showLinks?pmid=18205448&citationId=p_n_43_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.cpc.2012.05.008&coi=1%3ACAS%3A528%3ADC%252BC38XnvFGis7o%253D&citationId=p_n_58_1

