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ABSTRACT: The structural, electronic and magnetic properties of VGen
−/0

(n = 3−12) clusters were investigated using anion photoelectron spectroscopy
in combination with density functional theory calculations. We found that the
dominant geometries are exohedral for the VGen

−/0 clusters with n ≤ 7. The
VGe8

−/0 clusters have half-encapsulated boat-shaped structures, and the opening
of the boat-shaped structure is gradually covered by the additional Ge atoms
to form Gen cage from n = 9−11. At n = 12, a D3d distorted hexagonal prism
cage structure is formed. According to the natural population analysis, for both
anionic and neutral VGen clusters of n = 8−12, there is electron transfer from
the Gen framework to the V atom and the total magnetic moments decrease to the minima. The electron transfer pattern and the
minimization of the magnetic moments for these clusters are related to their structural evolution.

1. INTRODUCTION

Germanium is one of the most important alternatives to silicon in
the field of the semiconductor materials because of its superior
electron and hole mobilities.1,2 Although pure germanium clus-
ters are not able to form fullerene-like cage structures, some
theoretical and experimental studies suggested that the doping of
a transition metal (TM) atom can stabilize Ge cage structures
analogous to the case of TM-doped silicon clusters.3−6 The
stable TM-doped germanium clusters may be used as building
blocks for cluster-assembled materials and may have potential
applications in many fields.7−25 It has been suggested by calcu-
lations that metal-doped germanium clusters display different
growth behavior from the metal-doped silicon clusters.26,27 The
mass spectrometric stability investigation on metal-doped Si, Ge,
Sn, and Pb clusters showed that the enhanced stabilities are likely
related to the formation of cage-like structures and the stability
patterns depend on both host and dopant atoms.28 The theo-
retical studies of Wang et al.5,18,29,30 also suggested that the
growth pattern and properties of TMGen clusters depend on the
nature of doped TM impurities, for example, the structural and
electronic features of WGen are very different from those of Cu,
Zn, or Ni-doped Gen clusters.
Vanadium is an important metal widely used in alloy indus-

tries. In our previous studies, we found that the two V atoms are
tightly bonded in V2Sin clusters,

31 and the V2Si20 cluster has a V2
unit encapsulated inside an elongated dodecahedron, thus, forms
the smallest fullerene-like silicon cage.32 Regarding vanadium-
doped germanium clusters, there are also a number of studies
in the literature. Singh et al. have investigated the stability of
germanium nanotubes doped with V atoms using density
functional theory (DFT) calculations and suggested the infinite
V-doped Ge nanotubes to be metallic.33 Bandyopadhyay et al.
investigated the relative stability of Sc, Ti, and V encapsulating

Gen clusters in the size range of n = 14−20 using DFT
calculations and suggested that the enhanced stability of some
clusters can be explained by the formation of a filled shell free-
electron gas or geometric effects.20 Tang et al. studied the
geometric, optical, and magnetic properties of V@Ge12 and the
other 3d-TM@Ge12 clusters.22 Very recently, Atobe et al.34

investigated a number of TM-doped Ge clusters including VGen
by mass spectrometry, anion photoelectron spectroscopy, and
H2O adsorption reactivity experiments and suggested that
VGe16

+ can be considered as a germanium-based superatom. In
this work, in order to get more detailed information about the
structural, electronic and magnetic properties of V-doped
germanium clusters, we investigated VGen

− (n = 3−12) clusters
using anion photoelectron spectroscopy combined with DFT
calculations.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Experimental Method. The experiments were

conducted on a home-built apparatus equipped with a laser
vaporization cluster source, a time-of-flight mass spectrometer,
and a magnetic-bottle photoelectron spectrometer, which has
been described elsewhere.31 The VGen

− clusters were generated
in the laser vaporization source by laser ablation of a rotating and
translating disk target (13 mm diameter, V/Ge mole ratio 1:2)
with the second harmonic of a nanosecond Nd:YAG laser
(Continuum Surelite II-10). The typical laser power used in this
work was about 10 mJ/pulse. Helium gas with ∼4 atm backing
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pressure was allowed to expand through a pulsed valve (General
Valve Series 9) into the source to cool the formed clusters. The
generated cluster anions were mass-analyzed with the time-of-
flight mass spectrometer. The VGen

− (n = 3−12) cluster anions
were selected with a mass gate, decelerated by a momentum
decelerator, and crossed with the beam of another Nd:YAG laser
(Continuum Surelite II-10, 266 nm) at the photodetachment
region. The electrons from photodetachment were energy-
analyzed by the magnetic-bottle photoelectron spectrometer.
The photoelectron spectra were calibrated with the spectra of
Cu− and Pb− taken at similar conditions. The resolution of the
magnetic-bottle photoelectron spectrometer was about 40 meV
at electron kinetic energy of 1 eV.
2.2. Theoretical Method. All calculations were conducted

with the Gaussian 09 program package.35 Geometry optimiza-
tions of the VGen

− (n = 3−12) clusters were performed using
DFT with the spin unrestricted Becke three-parameter exchange
and the Perdew−Wang generalized gradient approximation
functional (B3PW91).36−39 The 6-311+G(d) basis set was used
for the V and Ge atoms. For all clusters, a large amount of initial
structures were taken into account at all possible spin states,
such as V-capping or V-substituting of pure Gen clusters, the
reported structures of TM-doped Gen or TM-doped Sin clusters
in the literature.5,12,18,21,29,30,40 All geometries were optimized
without any symmetry constraint. Harmonic vibrational frequen-
cies were calculated to make sure that the structures correspond
to real local minima, and the zero-point vibrational energy
corrections were included for the relative energies of isomers.
The natural population analysis (NPA) was conducted using the
Nature Bond Orbital (NBO) version 3.1 program41−48 imple-
mented in the Gaussian 09 package.

3. EXPERIMENTAL RESULTS
The photoelectron spectra of VGen

− (n = 3−12) clusters recorded
with 266 nm photons are shown in Figure 1. The vertical
detachment energies (VDEs) and adiabatic detachment energies
(ADEs) of these clusters obtained from the photoelectron spectra
are summarized in Table 1. The ADEs of these clusters were
determined by drawing a straight line along the leading edge of the
first peaks to cross the baseline of spectra and adding the instru-
mental resolution to the electron binding energy (EBE) values at
the crossing points. The VDEs of these clusters were estimated
from the maxima of the peaks. In Figure 1, the spectra of VGen

−

(n = 5−12) clustersmeasured by us are similar to those reported in
ref 34, except that some of the broad peaks in ref 34 are resolved
into several sharp peaks in this work because the low energy
photons (266 nm) were used.
As shown in Figure 1, the spectrum of VGe3

− has five major
peaks centered at 2.02, 2.80, 3.13, 3.40, and 3.60 eV, respectively.
VGe4

− has four resolved peaks centered at 2.47, 2.84, 3.20, and
3.60 eV and a barely resolved peak at ∼4.09 eV. The spectrum of
VGe5

− shows a small peak at 2.45 eV, followed with three
resolved peaks centered at 3.19, 3.37, and 3.56 eV. The spectrum
of VGe6

− has a small peak centered at 2.63 eV, followed with a
shoulder at 3.23 eV and three barely resolved peaks at 3.43, 3.77,
and 4.16 eV. The spectrum of VGe7

− shows similar features with
that of VGe6

−, there is a resolved peak centered at 2.96 eV and
two broad peaks centered at 3.62 and 3.90 eV. Three discernible
peaks centered at 3.33, 3.76, and 3.99 eV can be observed in the
spectrum of VGe8

−. The spectrum of VGe9
− is similar to that of

VGe8
−, having two peaks centered at 3.42 and 4.07 eV, sug-

gesting that they may have similar structural features. In the
spectrum of VGe10

−, three peaks centered at 3.44, 3.69, and

4.26 eV, respectively, can be observed. For VGe11
−, there are two

barely resolved peaks, with one of them centered at∼4.0 eV and the
other located above 4.2 eV. Besides, there is a shoulder at∼3.85 eV.
The spectrum of VGe12

− has an unresolved peak in the range of
3.5−4.4 eV, and the VDE can be tentatively assigned as 3.7 eV.

4. THEORETICAL RESULTS
We have optimized the structures of VGen

− (n = 3−12) clusters
with B3PW91 functional, and the typical low-lying isomers
are presented in Figure 2 with the most stable ones on the left.

Figure 1. Photoelectron spectra of VGen
− (n = 3−12) clusters recorded

with 266 nm photons.

Table 1. Experimentally Observed VDEs and ADEs from the
Photoelectron Spectra of VGen

− (n = 3−12)a

cluster ADE (eV) VDEs of the peaks (eV)

VGe3
− 1.73 2.20, 2.80, 3.13, 3.40, 3.60

VGe4
− 2.20 2.47, 2.84, 3.20, 3.60, 4.09

VGe5
− 2.26 2.45, 3.19, 3.37, 3.56

VGe6
− 2.33 2.63, 3.43, 3.77, 4.16

VGe7
− 2.78 2.96, 3.62, 3.90

VGe8
− 3.14 3.33, 3.76, 3.99

VGe9
− 3.26 3.42, 4.07,

VGe10
− 3.26 3.44, 3.69, 4.26

VGe11
− 3.6 ± 0.2 3.85 ± 0.2, 4.0 ± 0.2, 4.2 ± 0.2

VGe12
− 3.4 ± 0.2 3.7 ± 0.2

aThe uncertainties of the ADE and VDE values are ±0.08 eV, unless
specified.
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The relative energies of these isomers as well as their theoretical
VDEs and ADEs are summarized in Table 2. The Cartesian

coordinates of the low-lying isomers of VGen
− (n = 3−12) are

available in the Supporting Information.

Figure 2. Geometries of the typical low-lying isomers of VGen
− (n = 3−12) clusters. The relative energies to the most stable isomers are shown.
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4.1. Anionic VGen
− (n = 3−12) Clusters. VGe3−. The most

stable structure of VGe3
− (isomer 3A) is a rhombus with C2v

symmetry, and its theoretical VDE is 1.94 eV, close to the
experimental value (2.02 eV). Isomer 3B is a tetrahedron, and its
energy is 0.37 eV higher than 3A. Isomer 3C is also a rhombus,
and it is 0.49 eV higher than 3A in energy. Therefore, we sug-
gest that isomer 3A is the most likely isomer observed in our
experiments.
VGe4

−. For VGe4
− cluster, isomers 4A and 4B are triangular

bipyramids with the V atom at different location. Isomer 4A can
also be considered as the V atom interacting with a bent Ge4
rhombus, while isomer 4B can be viewed as the V atom capping a
Ge4 tetrahedron. Isomer 4B is higher in energy than 4A by
0.15 eV. The VDEs of isomers 4A and 4B are calculated to be
2.44 and 2.33 eV respectively, both are very close to the experi-
mental value (2.47 eV). Isomer 4C is a distorted square pyramid
with the V atom at the square base. The energy of 4C is higher
than 4A by 0.17 eV, and its theoretical VDE (2.14 eV) deviates

from the experimental value. Therefore, we suggest that isomer
4A is the most likely structure detected in our experiments, but
the existence of 4B cannot be ruled out.

VGe5
−.The first two isomers of VGe5

− cluster (5A and 5B) are
square bipyramids, and 5B is higher than 5A by 0.18 eV in
energy. Isomers 5C and 5D can be viewed as a Ge atom capping
on the different faces of VGe4 triangle bipyramid. Isomers 5C and
5D can be ruled out because they are less stable than 5A by
0.43 and 0.69 eV in energy, respectively. The calculated VDE of
isomer 5A is 2.76 eV, which is slightly overestimated compared
with the experimental value of 2.45 eV, but can still be regarded
as a reasonable agreement at this level of theory. The theoretical
VDE of 5B (2.23 eV) is also in reasonable agreement with the
first peak in the spectrum of VGe5

− (2.45 eV). Therefore, we
suggest that isomers 5A and 5B coexist in our experiments.

VGe6
−. The most stable isomer of VGe6

− (6A) is a pentagonal
bipyramid with the V atom at the vertex. The structure of isomer
6B is similar to that of 6A but with different spin multiplicity, and
it is higher in energy than 6A by 0.20 eV. Isomer 6B can be
considered as a low-lying electronic excited state of isomer 6A.
Isomer 6C is also a pentagonal bipyramid but with the V atom at
the equatorial ring. Isomer 6D can be viewed as the V atom
locating above a chair-shaped Ge6 ring. The calculated VDE of
6A is 2.96 eV, and it may be considered as contributing to the
shoulder at 3.23 eV in the experimental spectrum. The theo-
retical VDE of 6B is calculated to be 2.75 eV, in good agreement
with the VDE of the first peak in the experimental spectrum
(2.63 eV). Thus, isomers 6A and 6B are suggested to be the
probable ones detected in our experiments. The existence of
isomers 6C and 6D in the cluster beam can be ruled out because
they are much less stable than isomer 6A.

VGe7
−. For VGe7

− cluster, isomers 7A and 7B can be seen as a
Ge atom capping one of the upper faces of the distorted VGe6
pentagonal bipyramid, but with different spin multiplicities.
Isomer 7C can be considered as a Ge atom capping one of the
lower faces of the distorted VGe6 pentagonal bipyramid. The
calculated VDE of 7A (2.72 eV) agrees with the experimental
value (2.96 eV), but those of 7B and 7C (2.47 and 2.38 eV) are
much lower than the experimental measurement. Isomer 7D is
0.44 eV higher than 7A in energy. Thus, we suggest isomer 7A to
be the most likely structure observed in our experiments. This is
consistent with the similar spectral features of VGe6

− and VGe7
−

observed in experiments.
VGe8

−. The most stable isomer of VGe8
− (8A) can be viewed

as a half-endohedral structure with the V atom locating in a boat-
shaped Ge8 framework. Isomer 8A also can be seen as two square
bipyramids sharing one face. Isomer 8B has a structure similar to
that of 8A but with different multiplicity, and it is higher in energy
than 8A by 0.44 eV. Isomer 8C can be considered as two Ge
atoms capping on a VGe6 pentagonal bipyramid. Isomer 8D can
be obtained by bonding three Ge atoms to the VGe5 tetragonal
bipyramid. The calculated VDE of 8A (3.22 eV) is in good
agreement with the experimental value (3.33 eV). The calculated
VDEs of 8B and 8C deviate from the experimental result, and
they are less stable than 8A in energy. The energy of isomer 8D is
higher than 8A by 0.78 eV. Therefore, the existence of isomers
8B, 8C, and 8D can be ruled out. We suggest isomer 8A to be
the most probable isomer contributing to the experimental
spectrum.

VGe9
−. For VGe9

−, isomers 9A, 9B, and 9C can be viewed as a
Ge atom capping the different location of boat-shaped structure
of VGe8

− (8A). Isomers 9B and 9C have similar structures with
different spin multiplicities, and they are 0.51 and 0.66 eV higher

Table 2. Relative Energies of the Low Energy Isomers of the
VGen

− (n = 3−12) as Well as Their VDEs and ADEs Obtained
by DFT Calculations

isomer VDE (eV) ADE (eV)

sym. state
ΔE
(eV) theo. expt. theo. expt.

VGe3
− 3A C2v

5A 0 1.94 2.02 1.93 1.73

3B Cs
3A 0.37 1.73 1.56

3C Cs
3A 0.49 1.93 1.57

VGe4
− 4A C2v

3A 0 2.44 2.47 2.09 2.20

4B Cs
3A 0.15 2.33 2.01

4C Cs
5A 0.17 2.14 1.88

VGe5
− 5A C4v

3A 0 2.76 2.45 2.32 2.26

5B C2v
5A 0.18 2.23 2.15

5C Cs
3A 0.43 2.21 1.88

5D C1
3A 0.69 2.36 1.62

VGe6
− 6A C5v

3A 0 2.96 2.63 2.79 2.33

6B C1
5A 0.20 2.75 2.73

6C C2v
5A 0.64 2.06 2.05

6D Cs
3A 0.81 2.46 2.20

VGe7
− 7A Cs

3A 0 2.72 2.96 2.48 2.78

7B Cs
5A 0.09 2.47 2.39

7C Cs
3A 0.17 2.38 2.29

7D Cs
3A 0.44 2.69 2.51

VGe8
− 8A C2v

1A 0 3.22 3.33 3.08 3.14

8B C2v
3A 0.44 2.67 2.64

8C Cs
3A 0.53 2.94 2.85

8D Cs
3A 0.78 3.13 2.29

VGe9
− 9A C3v

1A 0 3.35 3.42 3.26 3.26

9B Cs
3A 0.51 3.24 3.11

9C Cs
1A 0.66 3.10 2.96

9D C3v
1A 0.90 3.65 3.58

VGe10
− 10A C1

1A 0 3.56 3.44 3.26 3.26

10B Cs
1A 0.03 3.79 3.56

10C C1
1A 0.96 3.38 3.24

VGe11
− 11A C1

1A 0 3.71 3.85 3.59 3.6

11B C1
1A 0.13 3.52 3.12

11C C1
3A 0.60 3.23 2.96

VGe12
− 12A D3d

1A 0 3.63 3.7 3.51 3.4

12B Cs
1A 0.37 3.64 3.44

12C Cs
1A 0.45 3.46 3.40
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than 9A in energy, respectively. Isomer 9D can be described as
three Ge atoms capping the chair-shaped structure of VGe6

−

(6C), and its energy is 0.90 eV higher than 9A. The calculated
VDE of 9A (3.35 eV) is in agreement with the experimental value
(3.42 eV), thus, it is considered as the most probable one
detected in our experiments. This is also in agreement with the
experimental result that VGe8

− and VGe9
− have similar spectral

features. The existence of isomers 9B, 9C, and 9D can be exclu-
ded because they are much less stable than 9A.
VGe10

−. With respect to VGe10
−, all of the low-lying isomers

are endohedral structures. Isomers 10A and 10B can be regarded
as two Ge atoms connecting to different locations of the boat-
shaped structure of VGe8

− (8A). Isomer 10B is higher in energy
than 10A by only 0.03 eV. The calculated VDE of isomer 10A
is 3.56 eV, in reasonable agreement with the experimental
measurement (3.44 eV). Although the calculated VDE of 10B
(3.79 eV) is higher than the first peak of the experimental
spectrum, it can be considered as contributing to the features of
higher binding energy in the experimental spectrum. The struc-
ture of isomer 10C is an oblique pentagonal prism with the V
atom at the center. Its presence in the experiment is unlikely
because it is much less stable than 10A by 0.96 eV. Thus, isomer
10A is assigned as the most probable structure for VGe10

−

detected in our experiments, but the existence of 10B cannot be
ruled out.
VGe11

−. The most stable structure of VGe11
− (isomer 11A)

can be generated by addition of three Ge atoms on the top of
the boat-shaped structure of VGe8

− (8A) with two Ge atoms
interacting with two ends of the boat, respectively, and the third
Ge atom bridging the two Ge atoms. Isomer 11B can be formed
by capping a Ge atom on the VGe10 oblique pentagonal prism.
Isomer 11C can be described as a basket-shaped structure with
two Ge atoms forming the handle of the basket, the other Ge
atoms forming the containing part of the basket, and the V atom
encapsulated into the basket. Isomers 11B and 11C are higher in
energy than 11A by 0.13 and 0.60 eV, respectively. The calcu-
lated VDE of 11A (3.71 eV) is in good agreement with the
experimental value (3.85 eV), while those of 11B (3.52 eV) and
11C (3.23 eV) are much lower than the experimental value.
Thus, isomer 11A is regarded as the most probable one observed
in our experiments.
VGe12

−. We found that the most stable isomer of VGe12
−

(12A) is a D3d distorted hexagonal prism structure with the V
atom at the center. It can also be viewed as a double-chair style
hexagonal cage structure. Its VDE is calculated to be 3.63 eV,
which is in agreement with the experimental measurement
(3.7 eV). Isomers 12B and 12C are higher than 12A by 0.37 and
0.45 eV, respectively, much less stable than isomer 12A. There-
fore, their existence in the experiments can be ruled out. We
suggest isomer 12A to be the most probable structure detected in
our experiments. Isomer 12A is similar to the structure of
CuSi12

− reported previously.49 The theoretical calculations of
Tang et al. suggested the most stable structure of neutral VGe12
cluster to be a pseudoicosahedron.22 In this work, we have con-
sideredmany initial structures for VGe12

− cluster, including those
reported in the literature. We found that the pseudoicosahedron
type of structure is less stable. Huang et al. found that VSi12

− has a
D6h hexagonal prism cage structure.50 Here, we found the struc-
ture of VGe12

− is slightly distorted to lower symmetry compared
to the D6h structure of VSi12

−, more likely because the Ge atom
has larger radius than the Si atom.
4.2. Neutral VGen (n = 3−12) Clusters. We have also

investigated the structures of the neutral VGen (n = 3−12)

clusters with DFT calculations at B3PW91/6-311+G(d) level
and displayed them in Figure 3. The most stable structures of the
neutral VGen clusters are almost identical to those of VGen

−,

Figure 3.Geometries of the typical low-lying isomers of VGen (n = 3−12)
clusters. The relative energies to the most stable isomers are shown.
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except that the structures of VGe6, VGe7, and VGe11 are slightly
different from their corresponding anions. For VGe6, the most
stable isomer (6A′) is a pentagonal bipyramid with the V atom at
the equatorial ring, which is similar to isomer 6C of VGe6

−. The
second isomer (6B′) is similar to the most stable structure of
VGe6

− anion (6A, pentagonal bipyramid with the V atom at the
vertex), and it is higher than 6A′ by 0.10 eV. As for VGe7, isomers
7A′ and 7B′ can be seen as a Ge atom capping on different faces
of VGe6 pentagonal bipyramid, and they are nearly degenerate in
energy with 7B′ being higher than 7A′ by only 0.02 eV. The
structure of 7B′ is close to the most stable structure of VGe7

−

(7A). The most stable isomer of VGe11 (11A′) can be viewed as
a Ge3 triangle capping on the boat-shaped structure of VGe8.
Therefore, the cage structure of the neutral VGe11 is closed more
tightly than that of the anion.

5. DISCUSSION
The dominant structures of the small size anionic and neutral
VGen clusters, with n = 3−7, are exdohedral structures, which
adopt the geometries of Gen or Gen+1, with the V atom at
adsorption or substitutional sites.51−53 At n = 8, the VGen

−/0

clusters show half-endohedral boat-shaped structures, and the
opening of the boat-shaped structure is gradually covered by the
additional Ge atoms to formGen cage from n = 9 to 11. At n = 12,
a D3d distorted hexagonal prism cage structure is formed. The
structures of VGe12

−/0 are not simply evolved from the boat-
shaped structures of VGe8

−/0 due to the formation of more
symmetric geometries. The water adsorption reactivity experi-
ment conducted by Atobe et al. showed that the water adsorption
reactivity of VGen

+ decreased quickly at n = 8, and there is almost
no reactivity at VGe12

+.34 The structural evolution of VGen clus-
ters found in this work is consistent with the water adsorption
reactivity experiment of VGen

+ clusters. It seems that the changes
of VGen

− photoelectron spectra are related to their structural
evolution. The VDE of VGe4

− is higher than that of VGe3
− by

0.45 eV, probably due to the 2D to 3D structure transition. The
spectral profiles of VGe5

−, VGe6
−, and VGe7

− are rather similar
except that their VDEs increase gradually with the number of Ge
atoms. That is more likely related to their similar structures. In
addition, the significant increase of VDE and change of spectral
profile at n = 8 may be associated with the formation of half-
endohedral boat-shaped structure. The structures of VGe9

− and
VGe10

− are derived from the boat-shaped structure of VGe8
−,

which perhaps gives them similar spectral profiles.
It is also interesting to compare the structures of VGen

− with
those of VSin

−. The structures of VSin
− (n = 3−6) have been

reported by Xu et al.31 and that of VSi12
− by Huang et al.50 There

is no report of the structures of VSi7−11
− in the literature. Thus,

we conducted DFT calculations on the VSi7−11
− clusters and

presented them in the Supporting Information (Table S2 and
Figure S1). We found that the structural evolution of VGen

− is
very similar to that of VSin

−, except that themost stable structures
of VGe3

−, VGe10
−, and VGe12

− are slightly different from those of
VSi3

−, VSi10
−, and VSi12

−. The most stable structure of VGe3
− is a

rhombus instead of a tetrahedron in the case of VSi3
−. The most

stable structure of VGe10
− is similar to the second stable isomer

of VSi10
−. The structure of VGe12

− is slightly distorted to lower
symmetry compared to the D6h structure of VSi12

−. The clusters
with n = 8 show half-encapsulated boat-shaped structures, and
the opening of the boat-shaped structure is gradually covered by
the additional Ge or Si atoms. The H2O adsorption reactivity
experiments of VSin

− conducted by Koyasu et al.54 showed that
the adsorption reactivity of VSin

− decreases dramatically starting

at n = 8 and reaches a minima at n = 9−12. These phenomenons
are consistent with the encapsulation of the V atom into the Si or
Ge cages.
Here, we investigate the electronic and magnetic properties of

the VGen (n = 3−12) clusters. The natural population analyses
(NPA) were conducted for themost stable isomers of the anionic
and neutral VGen (n = 3−12) clusters. The results are shown in
Table 3. It is found that the negative charge is mainly localized on

the Ge atoms for the small size, with n = 3−6, then there is slight
electron transfer from the Gen framework to the V atom at n = 7.
For cluster size of n = 8−12, the negative charge on the V atom
increases significantly, suggesting that there is more electron
transfer from the Gen framework to the V atom. The transfer of
electron from the Ge atoms to the V atom is related to the
formation of endohedral structures. We also found that the
magnetic moments of the VGen clusters decrease dramatically
upon the formation of endohedral cage structures. For the cluster
size of n = 3−7, the total magnetic moments of VGen− anion are 4
or 2 μB, and those of the neutral VGen are 3 or 5 μB. For n = 8−12,
the total magnetic moments of the anionic clusters decrease to 0
and those of the neutral clusters decrease to 1 μB. These results
are similar to those of CoGen

−/0 (n = 2−11) clusters.55
To further investigate the bonding properties of the VGe12

−

cluster, the molecular orbitals of the most stable isomer of
VGe12

− (12A) were analyzed and displayed in Figure 4. The
HOMO of VGe12

− is mainly composed by the 3dx
2
−y

2 orbital of
the V atom and the 4s4p hybridized orbitals of the Ge atoms,
while the HOMO−1 of VGe12− involves the 3dxy orbital of the V
atom and the 4s4p hybridized orbitals of the Ge atoms. The
HOMO−2 has an interesting sandwich shape with the electron
cloud delocalized in the planes of the pair of six-membered Ge
rings, more likely due to the interactions between the V 4pz
orbital and the Ge 4s4p hybridized orbitals. The HOMO−3 has
the components from the V 3dxz and Ge 4s4p orbitals. These
molecular orbitals illustrate that there are strong interactions
between the V and Ge atoms. The valent electrons of the V and

Table 3. NPA Charges, Atomic Magnetic Moments (μA),
Total Magnetic Moments (μT) of the Most Stable Isomers
of Anionic and Neutral VGen (n = 3−12) Clusters

cluster NPA charge on V (e) μT (μB) μV (μB)

VGe3
− 0.01 4 4.17

VGe4
− −0.06 2 3.11

VGe5
− −0.33 2 3.10

VGe6
− −0.41 2 3.05

VGe7
− −0.75 2 2.81

VGe8
− −1.85 0 0

VGe9
− −2.80 0 0

VGe10
− −4.92 0 0

VGe11
− −3.32 0 0

VGe12
− −3.25 0 0

VGe3 0.58 3 3.44
VGe4 0.29 5 4.07
VGe5 0.27 3 3.37
VGe6 0.28 3 3.40
VGe7 −0.12 3 3.27
VGe8 −1.55 1 0.83
VGe9 −2.64 1 1.03
VGe10 −4.11 1 0.89
VGe11 −4.80 1 1.04
VGe12 −3.38 1 0.37
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Ge atoms are delocalized over the whole VGe12
− cluster with

most of them surrounding the V atom. It seems that the strong
delocalized V−Ge ligand interactions strengthen the V−Ge
bonds, therefore, make the D3d distorted hexagonal prism struc-
ture of VGe12

− stable.

6. CONCLUSIONS
We investigated the structural, electronic and magnetic proper-
ties of VGen

−/0 (n = 3−12) clusters using anion photoelectron
spectroscopy and DFT calculations. For both anionic and neutral
VGen clusters, with n≤ 7, the dominant geometries are exohedral
structures. At n = 8, the VGen

−/0 clusters show half-endohedral
boat-shaped structures, and the opening of the boat-shaped
structure is gradually covered by the additional Ge atoms to form
Gen cage from n = 9 to 11. At n = 12, a D3d distorted hexagonal
prism cage structure is formed. At n = 8−12, the electron transfer
from the Gen framework to the V atom and the magnetic
moments also decrease to the lowest values. The charge transfer
pattern and the minimization of the magnetic moments are
related to the structural evolution.
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