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S1. Experimental and Theoretical Methods

1.1. Experimental methods

A customized reflection time-of-flight mass spectrometer (Re-TOFMS), coupled with a pulsed laser 
vaporization cluster source and an after-grow reaction tube, was utilized to study the formation and 
stability of anionic vanadium oxides.1-4 The apparatus has been successfully applied in the research of 
the reactivity of vanadium (Vn

+) clusters2 and aluminum (Aln+) clusters3 towards oxygen and also the 
discovery of stable metal-benzene clusters4, so a brief description is given here. The anionic vanadium 
clusters Vn

– were generated via a 30-mm long nozzle by laser ablation of a vanadium disk (99.9%) with 
a Nd:YAG (532 nm) laser. The buffer gas He (99.999%) was controlled by a pulsed general valve (Parker, 
Series 9) with a backing pressure of 1.0 MPa. After cluster generation, the Vn

– clusters reacted with 
diluted oxygen in the reaction tube to produce anionic vanadium oxides, and then the molecular beam 
was skimmed into the vacuum system of Re-TOFMS for mass abundance analysis. The reaction gas 
consisting of oxygen at concentrations of 5%, 10%, or 20% in helium at a pressure of 0.1 MPa was 
injected into the reaction tube by another pulsed general valve with an on time of 195 μs for each 100 
ms period. The molecular number density of oxygen in the reaction tube for each concentration of 
reaction gas is estimated to be ~1.8×1019, ~3.7×1019, and ~7.4×1019 molecules/m3, respectively.

1.2. Theoretical methods

Unbiased global-minimum searches were performed on V11O15
– using both the ab initio evolutionary 

algorithm USPEX (Universal Structure Predictor: Evolutionary Xtallography)5, 6 and the basin-hoping 
global minimum search using the TGMin code7 at PBE (Perdew, Burke, and Ernzerhof) level8. More than 
2200 structures were probed until the global minimum (GM) is found.

1.2.1 USPEX structural research and gaussian optimization 

The stable structures of neutral VnOm clusters, including V11O15, V11O14, V10O14 and V13O17, are 
determined by a global search method using the ab initio evolutionary algorithm USPEX (Universal 
Structure Predictor: Evolutionary Xtallography), which has been successfully used to predict various 
crystal structures, nanoclusters and surfaces5. The first-generation structures were created using a 
randomly-selected symmetric point group, and the subsequent generations were produced by different 
variation operators, including heredity, soft mutation, permutation, and random symmetric generator. 
The structure maintaining the lowest enthalpy in 30 successive generations was considered as the most 
stable structure. During the global minimum optimization, all structures were relaxed using Vienna ab 
initio Simulation Package (VASP) software6. The PBE (Perdew, Burke, and Ernzerhof) functional and 
projector augmented wave (PAW) pseudopotentials were employed to describe the exchange and 
correlation potentials and the nuclei-electron interactions8, 9. The kinetic energy cutoff of the plane wave 
basis was set to 400 eV. All atoms were allowed to relax until the ionic relaxation reached the 
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convergence criteria of 0.02 eV/Å. More than 1200 structures have been calculated until the global 
minimum is found. 

Low-lying structures were then fully optimized at the density functional theory (DFT) level of BP86,10, 

11 with the basis set of def2-TZVP,12 implemented in the Gaussian 09 software package.13 Details of the 
global-minimum searches are given in Fig. S7-S8 and Table S1 in ESI. All the DFT calculations were 
performed using tight convergence criteria and ultrafine level of integral lattice. The computational 
method (BP86/def2-TZVP) has been proved to provide accurate geometries for transition metal oxides 
and sulphides,2, 14 and the test calculations utilizing this method provided consistent results (Table S1, 
ESI). Zero-point correction energies were used in this study.

1.2.2 TGMin structural research

To more conclusively determine the structure of V11O15
–, we have also conducted basin-hoping global 

minimum search using the TGMin code method,7 which is based on a self-developed program used for 
global minimum searching for geometric structures, implemented with constrained basin-hopping (BH) 
algorithm. more than 1000 stationary points had been probed on the potential energy surface. As 
results, the global minimum structure of V11O15

– (D5h-geometry) is identical to that found by the 
aforementioned method.

1.2.3 Molecular dynamics simulations 

Having determined the structure of V11O15
– (D5h geometry), Born–Oppenheimer molecular dynamics 

(BOMD) simulations were performed at 300 K, 600 K, 800 K, 1000 K, and 1200 K for 30 ps using the 
software suite of CP2K15.

1.2.4 AdNDP and aromaticity analysis 

The density matrix in the basis of the natural atomic orbitals (NAO) as well as the transformation 

between atomic orbital and natural atomic orbital basis sets was generated at the BP86/def2-TZVP level 

of theory by means of the NBO code16 incorporated in Gaussian 09 software package. Bonding analyses 

were performed using the adaptive natural density partitioning (AdNDP)17, 18 method which recovers 

both the localized and delocalized bonding elements of the concerned systems. The through space NMR 

shielding which was visualized as iso-chemical-shielding surfaces (ICSSs)19, 20 is calculated on the basis of 

gauge-invariant atomic orbitals (GIAO)21, 22 method. All the electronic wavefunction analyses were 

conducted by Multiwfn 3.7 software package23 and VMD24 was the visualization program for the 

structures and orbitals.
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S2. Experimental Details

Fig. S1 The mass spectra of Vn
– , n=5-60 (a) and Vn

– reacting with different amounts of O2 by 5%, 10%, and 20% 

O2/He, respectively (b-d).
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Fig. S2 The mass spectra of Vn
– , n=5-25 (a) and Vn

– reacting with different amounts of O2 by 5%, 10%, and 20% O2/He, 

respectively (b-d).
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S3 Calculation Details

3.1 Structural determination

Fig. S3 (a) Progress of an evolutionary simulation for neutral V11O15 based on USPEX combined with VASP. The blue line 

shows the lowest energy structure and all the energies are relative to the global minimum structure. The evolutionary 

simulation used 20 structures per generation. Besides, the lowest-energy structure of the previous generation survived 

into the next generation. (b) presents the structures from high energy to low energy. (c) shows the structures with 

relative lower energies and the structures are labelled by arrows. 
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Fig. S4 The isomers of anionic V11O15
– and their energy difference (ΔEZPV, kcal/mol) calculated at BP86/def2-TZVP level 

of theory. M indicates spin multiplicities. The initial geometric structures of these isomers are chosen from Fig.S6(c) 

and the corresponding characters are labelled in parentheses.

Table S1 A comparison of zero-vibration corrected energy differences (ΔEzpv, kcal/mol) between different 
spin multiplicities of V11O15

– calculated at different levels of theory.

BP86/def2-TZVP BP86/TZVP12 BPw91(ref.9, 11)/TZVP B3LYP11, 25, 26/TZVP

M=1 4.32 \ \ \

M=3 3.35 1.39 1.56 5.78

M=5 0.00 0.00 0.00 0.00

M=7 11.65 10.77 \ \
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3.2 V11O15
– fragmentation analysis

Table S2 The reaction energies for “ ” calculated at different level of theory.𝑉13
‒ + 10𝑂2→𝑉11𝑂15

‒ + 𝑉2𝑂5

BP86/def2-TZVP BP86/def2-TZVPD BPw91/TZVP B3LYP/TZVP

ΔE (a.u.) -3.217 -3.223 -2.381 -3.317

Table S3 Vertical ionization energy (VDE), O- and V- atom removal 
energies of V11O15

– calculated at BP86/def2-TZVP level of theory.

Dissociation channel ΔE

𝑉11𝑂15
‒

 
→𝑉11𝑂15 + 𝑒 ‒ 3.66 eV

𝑉11𝑂15
‒

 
→𝑉11𝑂14

‒ (𝑎) + 𝑂 191.50 kcal/mol

𝑉11𝑂15
‒

 
→𝑉11𝑂14

‒ (𝑏) + 𝑂 192.07 kcal/mol

𝑉11𝑂15
‒

 
→𝑉10𝑂15

‒ + 𝑉 239.74 kcal/mol

𝑉11𝑂15
‒

 
→𝑉10𝑂14

‒ (𝑎) + 𝑉𝑂 137.98 kcal/mol

𝑉11𝑂15
‒

 
→𝑉10𝑂14

‒ (𝑏) + 𝑉𝑂 146.02 kcal/mol

Note: The optimized structures are given in Fig. S5.

Fig. S5 The optimized structures of likely fragments that referred in Table S3 (M=spin multiplicities).



S-10

3.3 Stability and molecular dynamics simulation

Fig. S6 The optimized structures of VnOm
– clusters. The initial structures of V10O14

–, V11O14
– and V13O17

– (corresponding 

to Fig. 2a) are obtained by USPEX global research and optimized at BP86/def2-TZVP level, and the initial structures of 

other VnOm
– clusters refer to the previous reported isomers which are proved to be relatively stable.27-30 M indicates 

spin multiplicities.

Fig. S7 Structural relaxation of naked V11
– based on DFT calculations at BP86/def2-TZVP level of theory. The initial 

structure is the metal core of V11O15
–.
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Fig. S8 Born-Oppenheimer molecular dynamics simulations of D5h V11O15
– at 300K, 600K, 800K, 1000K and 1200K for 30 

ps, with the average root-mean-square-deviation (RMSD) values and maximum bond length deviation (MAXD) values 
indicated in Å. 
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3.4 Spin density

Fig. S9 (a) Spin density pattern of the V11O15
–. (b) Hirshfeld spin population of V11O15

–.

3.5 Electrostatic potential

Fig. S10 Surface electrostatic potential (ESP) analysis of V11O15
–. The cyan dots indicate the minima of the surface 

electrostatic potential and the orange dots indicate the maxima of ESP.

Generally, the space indicated by vanadium atoms contains the maxima of electrostatic potential (ESP) 
and the minima of ESP locate in the space indicated by oxygen atoms. The enhanced stability of oxygen-
bridge passivation of metal clusters is reminiscent of the M-S-M bonding in various thiol-protected metal 
clusters synthesized via wet chemistry.31-38
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3.6 Vn
– clusters and energetics

Fig. S11 The optimized structures of anionic Vn
– (n=1-15) at BP86/def2-TZVP level. M indicates spin multiplicities. 

Relative zero-point vibration corrected energies (ΔEZPV) between different isomers, given in kcal/mol.

Fig. S12 Calculated incremental binding energies (blue ●) and the second-energy differences (red) of the Vn
– 

clusters. Energies are given in kcal/mol. The binding energies and second-order binding energies of s are 

calculated according to the equations ; .                 𝐼𝐵𝐸 = 𝐸(𝑉0
 ) + 𝐸(𝑉 ‒

𝑛 ‒ 1) ‒ 𝐸(𝑉 ‒
𝑛 ) ∆2𝐸(𝑛) = 𝐸(𝑉 ‒

𝑛 ‒ 1) + 𝐸(𝑉 ‒
𝑛 + 1) ‒ 2𝐸(𝑉 ‒

𝑛 )
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3.7 Orbitals and density of states

Fig. S13 (a) Total and partial density of states (DOS) and (b) canonical molecular orbitals (CMO) of the valence shell electrons of V11O15
–.
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Fig. S14 Atomic orbital contributions to MO 185, 183, 173 and 143 based on natural atomic orbital (NAO) method. The composition numbers are listed in Table S5-S8.
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3.8 A Comparison of V11O15
– with V2O5

–

Fig. S15 The calculated partial density of states (PDOS) of the V-O-V unit in (A) V11O15
– and (B) V2O5

– at BP86/def2-TZVP 
level conducted by Multiwfn program23 using SCPA method. The red line and blue line indicate the two vanadium atoms 
respectively and the green line indicates the oxygen atom between them. The brown area indicates the overlap 
population density of states (OPDOS) of the two vanadium atoms.
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3.9 A Comparison with V11O15
+,0

Fig. S16 The CMO energy levels of open-shell Cs V11O15 (6A′) and D5h V11O15
+ (7A1′) calculated at BP86/def2-

TZVP level of theory, with the superatomic orbital features (S, P, D, and F) indicated. 
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3.10 NPA charge, electronic configuration, and bond order

Table S4 Natural atomic charges (q/|e|), electronic configurations, and Wiberg bond orders of the central V atom, the 
10 V-ligands and 15 O-bridges in V11O15

±,0, calculated at BP86/def2-TZVP level of theory using NBO6.0 method.16

Atoms Atomic charges q Electronic Configurations Wiberg bond orders

D5h V11O15
–

(5A1′)

V1

V2-11

O1-10

O11-15

−0.13
+0.84
−0.62
−0.63

[Ar]4s0.833d4.224p0.025S0.014d0.065d0.01

[Ar]4s0.293d3.814p0.024d0.06

[He]2s1.782p4.813s0.013p0.013d0.01

[He]2s1.782p4.823p0.013d0.01

5.93
5.23
2.27
2.26

Cs V11O15

(6A′)

V1

V2-11

O1-15

−0.15
+0.85 ~ +0.91
−0.57 ~ −0.59

[Ar]4s0.853d4.224p0.024d0.075d0.01

[Ar]4s0.293d3.74~3.814p0.024d0.06

[He]2s1.78~1.792p4.77~4.783s0~0.013p0.013d0.01

5.94
5.13~5.24
2.29~2.32

D5h V11O15
+

(7A1′)

V1

V2-11

O1-10

O11-15

−0.17
+0.93
−0.54
−0.55

[Ar]4s0.873d4.214p0.025S0.014d0.085d0.01

[Ar]4s0.283d3.734p0.024d0.06

[He]2s1.782p4.743s0.013p0.013d0.01

[He]2s1.782p4.743p0.013d0.01

5.92
5.12
2.36
2.34

3.11 Kohn-Sham orbital energy level correlation diagram in V11O15
-

The core-shell interaction between the interior mono-vanadium and the outer V10O15 cage can 
be also revealed by Kohn-Sham orbital energy-level correlation diagram between fragments based on 
the method of natural bond for chemical valence (NOCV)39, 40. Analysis of the energy decomposition 
analysis based on natural orbitals for chemical valence (EDA-NOCV), was conducted by using ADF 
software package. The BP86 functional combined with the all-electron Slater basis set of triple-zeta with 
polarization function (TZ2P) was employed.  As indicated by the energy-level correlation diagram in Fig. 
S18, the superatomic S orbital of D5h V11O15

– is contributed by both the 4s2 orbital of V– and the 
correlated orbital of V10O15 moiety. Similarly, the superatomic D orbital of D5h V11O15

– is also contributed 
by the both fragments. In comparison, the superatomic P and F orbitals are mainly contributed by the 
outer V10O15 fragment (actually mainly by V10 as revealed in Fig. 3 of the main text) which functions as a 
shield for d-d and s-s coordination allowing correlative electrons to occupy the lower energy levels, 
hence enhanced stability of the D5h V11O15

– cluster. 
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Fig. S17 provides a comparison with the canonical molecular orbital (CMO) energy levels of D5h 

V11O15
+ (7A1’) and Cs V11O15 (6A1). Interestingly, both exhibit obvious open-shell superatomic orbital 

features, but the former cation exhibits more degenerate orbitals than the latter neutral. The D5h V11O15
+ 

(7A1’) has an electronic configuration of S2P6D10F6 possessing six spin-up unpaired electrons, allowing the 

addition of one or two more electrons in Cs V11O15 (6A1) and D5h V11O15
– (5A1’) to fill the beta orbitals. 

Although the three clusters V11O15
±,0 have a similar geometric structure, the relatively lower symmetry 

and higher spin multicity of V11O15
+,0 account for their lower stability, which is in consistent with the 

mass spectrometry observations.

Fig. S17 Kohn-Sham energy-level correlation diagram of D5h V11O15
– cluster. Inset: The proposed superatom-atom 

orbital modellings. 
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3.12 Atomic orbital contribution

Table S5 Atomic orbital contribution to α-MO.183 based on NAO method.

Center Composition
1(V) 6.24%
2(V) 8.89%
3(V) 8.89%
4(V) 8.89%
5(V) 8.89%
6(V) 8.89%
7(V) 8.89%
8(V) 8.89%
9(V) 8.89%

10(V) 8.89%
11(V) 8.89%
12(O) 0.02%
13(O) 0.02%
14(O) 0.02%
15(O) 0.02%
16(O) 0.02%
17(O) 0.02%
18(O) 0.02%
19(O) 0.02%
20(O) 0.02%
21(O) 0.02%
22(O) 0.81%
23(O) 0.81%
24(O) 0.81%
25(O) 0.81%
26(O) 0.81%



S-21

Table S6 Orbital composition analysis of α-MO.183 based on NAO method.

NAO# Center Label Type Composition

17 1(V) pz Val(4p) 4.83%

166 4(V) dx2y2 Val(3d) 3.27%

346 8(V) dx2y2 Val(3d) 3.27%

64 2(V) dxy Val(3d) 2.96%

244 6(V) dxy Val(3d) 2.96%

424 10(V) dxy Val(3d) 2.96%

469 11(V) dxy Val(3d) 2.96%

80 2(V) dz2 Val(3d) 2.76%

125 3(V) dz2 Val(3d) 2.76%

170 4(V) dz2 Val(3d) 2.76%

215 5(V) dz2 Val(3d) 2.76%

260 6(V) dz2 Val(3d) 2.76%

305 7(V) dz2 Val(3d) 2.76%

350 8(V) dz2 Val(3d) 2.76%

395 9(V) dz2 Val(3d) 2.76%

440 10(V) dz2 Val(3d) 2.76%

485 11(V) dz2 Val(3d) 2.76%

121 3(V) dx2y2 Val(3d) 2.14%

211 5(V) dx2y2 Val(3d) 2.14%

301 7(V) dx2y2 Val(3d) 2.14%

391 9(V) dx2y2 Val(3d) 2.14%

16 1(V) pz Cor(3p) 1.42%

109 3(V) dxy Val(3d) 1.13%

199 5(V) dxy Val(3d) 1.13%

289 7(V) dxy Val(3d) 1.13%

379 9(V) dxy Val(3d) 1.13%

148 4(V) py Val(4p) 1.06%

328 8(V) py Val(4p) 1.06%

…… … …… …… ……

                       Summing up the compositions listed above:     99.43%

                                             Rydberg composition:      0.57%

Note:  Cor: core NAO; Val: valence shell NAO.
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Table S7 Atomic orbital contribution to α-MO.173 based on NAO method.

Center Composition

1(V) 19.48%

2(V) 7.86%

3(V) 7.86%

4(V) 7.86%

5(V) 7.86%

6(V) 7.86%

7(V) 7.86%

8(V) 7.86%

9(V) 7.86%

10(V) 7.86%

11(V) 7.86%

12(O) 0.07%

13(O) 0.07%

14(O) 0.07%

15(O) 0.07%

16(O) 0.07%

17(O) 0.07%

18(O) 0.07%

19(O) 0.07%

20(O) 0.07%

21(O) 0.07%

22(O) 0.22%

23(O) 0.22%

24(O) 0.21%

25(O) 0.21%

26(O) 0.22%
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Table S8 Orbital composition analysis of α-MO.173 based on NAO method.

NAO# Center Label Type Composition

4 1(V) S Val(4S) 13.10%

3 1(V) S Cor(3S) 6.00%

162 4(V) dyz Val(3d) 2.84%

342 8(V) dyz Val(3d) 2.84%

113 3(V) dxz Val(3d) 2.57%

203 5(V) dxz Val(3d) 2.57%

293 7(V) dxz Val(3d) 2.57%

383 9(V) dxz Val(3d) 2.57%

49 2(V) S Val(4S) 1.93%

94 3(V) S Val(4S) 1.93%

139 4(V) S Val(4S) 1.93%

184 5(V) S Val(4S) 1.93%

229 6(V) S Val(4S) 1.93%

274 7(V) S Val(4S) 1.93%

319 8(V) S Val(4S) 1.93%

364 9(V) S Val(4S) 1.93%

409 10(V) S Val(4S) 1.93%

454 11(V) S Val(4S) 1.93%

72 2(V) dyz Val(3d) 1.86%

252 6(V) dyz Val(3d) 1.86%

432 10(V) dyz Val(3d) 1.86%

477 11(V) dyz Val(3d) 1.86%

166 4(V) dx2y2 Val(3d) 1.57%

346 8(V) dx2y2 Val(3d) 1.57%

64 2(V) dxy Val(3d) 1.42%

244 6(V) dxy Val(3d) 1.42%

424 10(V) dxy Val(3d) 1.42%

469 11(V) dxy Val(3d) 1.42%

121 3(V) dx2y2 Val(3d) 1.03%

211 5(V) dx2y2 Val(3d) 1.03%

301 7(V) dx2y2 Val(3d) 1.03%

391 9(V) dx2y2 Val(3d) 1.03%

…… …… …… …… ……

                       Summing up the compositions listed above:    99.80%

                                                       Rydberg composition:      0.20%

Note:  Cor: core NAO; Val: valence shell NAO.
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