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1 Computational Details

1.1 DFT Method

The all-electron relativistic results for the TMs clusters are generally in agreement with the results 

given by relativistic effective core potential (RECP).1 In LANL2DZ basis set, the core electrons are frozen 

by RECP (scalar relativistic effect is considered) and the valence electrons are treated by a double-zeta 

basis set.2 On the other hand, the spin–orbit (SO) effect was averaged out or only effective SO was 

considered. Since SO effect could be very important for heavy metals like Ta, the results may differ 

compared with the case that SO effect was considered explicitly. The valence electrons of Ta are 

considered to be 5s25p65d36s2 in LANL2DZ basis set. It is well known that the geometries and electronic 

properties are quite sensitive to the exchange and correlation functional used in the DFT method for TM 

clusters. We have dealt with different TM clusters by using different functional, such as, generalized 

gradient approximation (GGA) with the PW91 functional for gold cluster3 and BP86 functional for 

yttrium clusters.4 There are different opinions for which functional is appropriate to deal with the dimer 

and trimer of tantalum in previous studies. A systemic DFT study on several 5d-electron element dimers 
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has been reported by Sun et al.1 Their results show that the BP86 and PBEPBE functionals are generally 

successful in describing the 5d-electron dimers, and the hybrid functionals are not fit to describe Ta2 dimer. 

However, Wang et al.,5 Heaven et al.,6 and Wu et al7 concluded that the hybrid functionals of B3LYP or 

B3P86 gave superior results in terms of spectroscopic constant properties when directly compared to 

experimental results for dimer or trimer of tantalum. 

Therefore, to test the reliability of our calculation, the spectroscopic constant properties of the Ta2 

and Ta3 cluster are calculated at the B3LYP/LANL2DZ level and compared with the previous 

experimental and theoretical data. The spin quintet state (5∑u) is the ground state for Ta2 dimer agrees with 

previous DFT studies,1,7 but is different from its congeners V2 and Nb2. The triplet state and singlet state 

were predicted to be the ground state for V2
8and Nb2

9, respectively. The computed dissociation energy of 

2.896 eV for Ta2 is slightly lower than the measured value of 4±1 eV.10 The computed ionization 

potentials of Ta2 with 6.144 eV is well reproduced in comparison with the measured value of 5.98-6.42 

eV.11 The obtained vibrational frequencies of 285.4 cm-1 is only 14.8cm-1 lower than the resonance Raman 

spectroscopy measured value 300.2 cm-1.12 Until now, no experimental data have been available for the 

equilibrium bond length of Ta2. However, our calculated value (2.260 Å) compares favorably with the 

result obtained by using Guggenheimer’s rule, which is 2.23 Å.13

At the B3LYP/LANL2DZ level, our results show that the ground state for Ta3 trimer is an equilateral 

triangle with three bond lengths 2.508Å at a spin sextet state (6A′). Two competitive candidates for the 

ground state of Ta3 are found, the quartet state and doublet state with isosceles triangle (C2v symmetry) are 

0.094 eV and 0.129 eV higher in energy than the sextet state, respectively. The linear structures of Ta3 

cluster is unstable which is separated by a large energy gap of 2.679 eV from the lowest-energy structure. 

The current structures and energetics for Ta3 agree in general with those from a previous DFT study at the 

GGA level by using DMOL3 package.14 A symmetric Ta-Ta stretching frequency (257.23 cm-1) is 

obtained at our used DFT method, agrees with the resonant Raman spectrum experiment value (251.7 cm-

1).15 The calculated ionization potential of Ta3 trimer is 5.829 eV, also agrees with the reported two 



independent experimental results (5.60 eV16 and 5.58±0.05 eV11, respectively). The obtained electron 

affinity of 1.003 eV is only a little lower than the photoelectron spectroscopy (PES) measured value of 

1.35±0.03 eV.5

When the cluster has less than six atoms, the default self-consistent field convergence of 10−8 is used. 

For the larger clusters (n≥6), the computation cannot converge except to a 10−6 tolerance. The thresholds 

for convergence are 0.000 45 and 0.0003 a.u. for the maximum force and root-mean-square force, 

respectively. The calculated total energies of isomers are all corrected with zero-point vibrational energy. 

The set of starting configurations chosen is extensive enough to ensure sufficiently thorough exploration 

of the cluster potential energy surfaces. To search the lowest energy structures of tantalum clusters, lots of 

initial isomers, which include one-, two- and three-dimensional (3D) configurations, had been taken into 

account in our geometry optimizations. The structures considered for initial optimizations are constructed 

by using two different routes. In the first one, we employ the reported results of other transition metal 

clusters as the initial structures, including all isomers found in reasonable geometries of neutral and 

charged Vanadium, Niobium, Tantalum clusters in other previous works. In the second route, the initial 

geometries of a certain size Tan are generated from the lowest lying isomers of a cluster of size n-1 or n+1 

by adding or subtracting an extra Ta atom systematically at all possible positions. We also add or subtract 

two atoms from a cluster of size n to obtain geometry for a cluster of size n+2 or n-2. This procedure can 

also be called a successive growth algorithm.[17] Then, all possible isomeric structures obtained from 

above step is reoptimized by setting various spin multiplicities to determine their spin ground state. 

To confirm the stability of structures the vibrational frequencies are analyzed. If an imaginary 

vibrational mode is found, a relaxation of the structure is performed until the true local minimum is 

actually obtained. All the geometrical structures obtained in this work are stable. Harmonic vibrational 

frequencies are computed also used to simulate vibrational spectra of clusters in this paper. Vibrational 

frequencies are computed by determining the second derivatives of the energy with respect to the 

Cartesian nuclear coordinates and then transforming to mass-weighted coordinates. The vibrational 



spectrum directly come from GaussView 5.08 software which combined with Gaussian 03 without 

broadening and scaling. Please note that the intensity values are relative to the highest value in the present 

set, and bear no precise relationship to experimental band intensities. We use Multiwfn program 

(http://sobereva.com/multiwfn/), which is the open-source and an extremely powerful electronic 

wavefunction analysis to calculate the deformation charge density and the projected DOS. The 

wavefunction information obtained from the Gaussian formatted check file ***.fch.

1.2 Definition of Reactivity Descriptors

We computed the vertical ionization potentials (VIP) using the formula:

VIP = E(Tan)+ − E(Tan)

where E(Tan)+ and E(Tan) are the ground state energy of the cationic clusters at the optimized geometry of 

the cation and the optimized geometry of neutral cluster, respectively.

The adiabatic and vertical electron affinities (VEA) are calculated from the equation:

VEA = E(Tan) − E(Tan)–

where E(Tan) and E(Tan)– is the ground state energy of the optimized geometry of neutral cluster and the 

anionic clusters at the optimized geometry of anion, respectively.

In DFT, the molecular chemical hardness (η) for the N-electron system with total energy E and 

external potential v(r) are defined as the following second derivatives of the energy with respect to N: 18,19

𝜂 =
1
2(∂2𝐸

∂𝑁2)𝑣(𝑟) =
1
2(∂𝜇

∂𝑁)𝑣(𝑟)

It has been customary to employ a finite difference approximation to the derivatives, using the 

energies of N, (N+1), and (N-1) electron systems and the Koopmans theorem;18 thus, η is calculated 

through the following approximate equation: 

𝜂 ≈ (𝑉𝐼𝑃 ‒ 𝑉𝐸𝐴)/2

where VIP and VEA are the first vertical ionization energy and electron affinity of the chemical species, 

respectively.



1.3 Finite Field Treatment

The static response properties of a molecule can be defined in two different ways. The field-

dependent energy E(F) can be expanded in a series

𝐸(𝐹) = 𝐸(0) ‒ ∑
𝑖

𝜇𝑖𝐹𝑖 ‒
1
2∑

𝑖𝑗

𝛼𝑖𝑗𝐹𝑖𝐹𝑗 ‒ ⋯⋯

where E(0) is the total energy of the molecular system in the absence of the electric field, the 

quantities Fi are components of the applied field in different directions (i, j= x; y; z), and and are i ij

components of the static dipole moment and polarizability tensor, respectively. 

Alternatively, the static response properties of a molecule can be defined by expanding the field-

dependent dipole moment, calculated from the field-induced charge distribution, as a series of the external 

electric field

𝜇𝑖(𝐹) =‒
∂𝐸(𝐹)

∂𝐹𝑖
= 𝜇𝑖(0) + ∑

𝑗

𝛼𝑖𝑗𝐹𝑗 + ⋯⋯

The equivalence of these two definitions for field-independent basis sets accord with the Hellmann-

Feynman theorem. In our density functional calculation the dipole moment expansion is used and the 

polarizability is defined by

𝛼𝑖𝑗 =
∂𝜇𝑖(𝐹)

∂𝐹𝑗
=‒

∂2𝐸(𝐹)
∂𝐹𝑖∂𝐹𝑗

        𝑖,𝑗 = (𝑥,𝑦,𝑧)

Using the finite difference expressions for the first and second derivatives, the diagonal elements of 

the polarizability tensor  can be find from the dipole moment , or from the total energy E(F) at ii ( )Fi

F=0, and applied along the ith axis. In the present work, the external field is applied along x, y, z Fi F

axes with a magnitude of 0.005 a.u and a tighter self-consistent field (SCF) convergence of 10-8 hartree is 

adopted as a criterion. These values have been found to yield well-converged results for the polarizability. 

The measured data in experiments are usually the mean polarizabilities (<α>), and it is sufficient to 



compute only the diagonal components αii of the polarizability tensor, which can be obtained by the trace 

of the polarizability tensor to be

< 𝛼 >=
1
3

𝑡𝑟(𝛼𝑖𝑗) =
1
3

(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧)

Because of rotational invariance of the trace of the polarizability tensor, this value does not depend 

on the choice of the coordinate system. The finite field approach20 implemented within the GAUSSIAN 

03 package is used to calculate dipole moment and static electric polarizability components at 

B3LYP/LANL2DZ level. In the DFT framework, B3LYP functionals combined with LANL2DZ basis 

sets can give a good description of the bonding as well as the geometrical and electronic features of TM 

clusters. Thus, our method is expected to describe the tantalum clusters polarizabilities well at a level of 

acceptable computational precision and time. 

2 Geometrical Isomers and Energy Difference

Natural Ta2 and Ta3 clusters have been discussed above in the Computational Details of ESI. For 

tantalum tetramer (Ta4), there are three relative stable planar and three-dimensional (3D) structures gotten 

in our optimization. The total energies for the two 3D structures are all lower than the planar 

configurations’. The tetrahedron with Td symmetry (4-a) is found to be the most stable structure from 

frequency analysis and corresponds to the lowest energy among the stable isomers of Ta4 clusters. The 

obtained ground state of tantalum tetramer is a spin single state (1A1). However, with the same structure 

which is a distorted tetrahedron with C2 symmetry, the spin triplet state isomer (3A) is 0.520 eV above in 

energy than the spin single ground state. Though the “butterflylike” geometry with C2v symmetry (4-b) is 

the next stable structure of Ta4 cluster, it is significantly higher in energy at 1.513 eV above the ground 

state. The obtained planar rhombus isomer (4-c) with D2h symmetry is also significantly higher in energy 

at 1.699 eV above the ground state. The calculated two metastable isomers (4-b and 4-c) of Ta4 clusters 

are all found to be triplet state. Their single state are all unstable and did not find relative stable 

geometries in our calculation.



For Ta5, the initial geometries used in our optimization are triangular bipyramid, square pyramid, and 

the planar structures in certain symmetry. The obtained triangular bipyramid (C2v) with spin sextet state 

(6A) is more stable than the square pyramid (C4v) with spin sextet state (6B2) by 1.421 eV in total energy. 

In addition to the 3D structures, one stable planar (5-c) with C2v symmetry which is significantly higher in 

total energy at 1.699 eV above the ground state is obtained. The obtained ground state and metastable state 

with different configurations for Ta5 cluster are all spin sextet state.

The lowest energy structure for neutral Ta6 cluster is a distorted octahedron isomer (6-a) with D4h 

symmetry and spin triplet state (3A1g). The face-capped trigonal bipyramid (6-b) a slightly distorted C2v 

octahedral configuration is the next stable structure of Ta6, which is only 0.028 eV higher in total energy 

than the ground state. Thus, there exists rivalrousness for the ground state between these two isomers. In 

addition, this ground state with distorted octahedral isomer is a spin triplet configuration (3A) and only 

0.006 eV lower than the spin single state (1A) in total energy with the same structure. The results 

demonstrate that there exists a different distorted octahedral structure and spin multiplicities with nearly 

degenerate energies for Ta6 cluster. The triangular prism isomer (6-c) with D3h symmetry and spin single 

state (1A1') is found to be 2.022 eV less stable in total energy than the ground state. The pentagonal 

pyramid isomer (6-d) with C5v symmetry is the next stable structure of Ta6, which is 4.647 eV higher in 

energy than the lowest energy structure. Our calculation obtained three planar structures for Ta6 cluster 

which are all evolved by adding one atom at different position to “W”-shaped planar of Ta5 cluster. 

However, for the lowest energy planar isomer (6-e), there is still significantly higher in total energy at 

4.883 eV above the 3D-structured ground state.

In the case of neutral Ta7 cluster, the pentagonal bipyramid (PBP) geometry with D5h symmetry (7-a) 

corresponds to the lowest-energy configuration. The face-capped octahedron structure with C3v symmetry 

(7-b) comes next in energy which is 1.568 eV higher than the lowest-energy structure. The stable C2 

structure shown in Fig. 1 (7-c), having the highest energy for Ta7 clusters, can be regarded as two 

triangular bipyramid (TBP) fused together at one trigonal face. For Ta8, the lowest-energy structure (8-a) 



is found to be a bicapped distorted octahedron with C2v symmetry and spin single state (1A). A distorted 

one-capped PBP geometry (8-b) based on the ground state of Ta7 is only 0.966 eV higher in energy than 

its lowest-energy structure, and it’s a spin triplet configuration (3A”). A face-capped octahedron structure 

with C2v symmetry (8-b) comes from one atom added on Ta7 (7-b) structure, however, it’s higher in 

energy (2.107 eV) than the lowest-energy structure of Ta8 cluster. For Ta8, we also obtained the most-

highest energy (2.701 eV) structure (8-d) which is a three triangular bipyramid (TBP) geometry with D2d 

symmetry evolved from Ta7 (7-c) geometry. 

For Ta9, a tricapped prism structure with C3h symmetry (9-a) is the ground state geometry. We also 

obtained two two-atom-capped geometry on different positions of pentagonal bipyramid (PBP), which are 

all higher in energy (0.115 eV for 9-b, 1.084 eV for 9-c, respectively) than the lowest-energy structure of 

Ta9. For Ta10, the bicapped antiprism structure with C2v symmetry (10-a) and spin triplet state (3A) is 

found to be most stable. A three-atom-capped geometry on pentagonal bipyramid (PBP) only has 0.762 

eV higher in energy than its lowest-energy structure. We also calculated a capped pyramid isomer which 

are much higher (5.951 eV) in energy than the ground state structure. For neutral Ta11 cluster, the four-

capped distorted pentagonal bipyramid (PBP) structure with C2v symmetry (11-a) only lies 0.478 eV lower 

in total energy than the three-capped hexagonal bipyramid (HBP) structure with Cs symmetry (11-b). We 

also calculated a penta-capped prism (11-c) with C2v symmetry, which only lies 0.826 eV higher in total 

energy than the lowest-energy structure. 

For Ta12, a slightly distorted empty cage icosahedron (12-a) with S10 symmetry and spin triplet state 

is found to be the lowest-lying state. The closed-lying energy structure (12-b) with Cs symmetry and spin 

single state (1A) is regarded as capping of Ta11(11-b) isomer by an apex atom. The second close-lying 

isomer (12-c) with Cs symmetry and spin single state (1A) of Ta12 is regarded as capping one atom on Ta11 

(11-a) ground state structure or a four-capped hexagonal bipyramid structure, which only lies 0.219 eV 

higher in energy than the isomer of Ta12 (12-b). The 12-d isomer is a five-capped hexagonal bipyramid 

structure but missing one apex atom with Cs symmetry and spin single state (1A'). The 12-e isomer is a 



distorted two-layer octahedron with C2v symmetry, which is based on two fused triangular prisms with 

capping of four atoms (a different view is a distorted capped cube) with C2v symmetry and spin triplet 

state (3A2). 

The ground state of Ta13 cluster is a spin double state (2A) and with Cs symmetry, which is a distorted 

five-capped hexagonal bipyramid (HBP) structural pattern (13-a) based on the ground states of Ta11. The 

icosahedral isomers with distorted obviously C1 symmetry (13-b) and distorted slightly C2h symmetry (13-

c), are the two following close-lying structures which are higher in total energy at 0.335 and 0.929 eV 

above the ground state structure (13-a), respectively. This result agrees with the previous reports for Ta13. 

21-23 One atom capped empty cage distorted icosahedron with C3 symmetry (13-d) and spin quadruple state 

(4A) is significantly higher in total energy at 1.903 eV above the ground state. The penta-capped prism 

structure (13-e) with C2v symmetry and spin double state (2B1) which can be regard as evolving from 

adding one atom on the isomer of 11-c lies 2.301 eV higher in energy than the ground state. However, this 

geometry is developed to the body-centered-cubic (BCC) structure which is energetically preferred in our 

structure optimizations for the neutral Ta15 cluster.

Three degenerated isomers that competed the global minimum of Ta14 are found. Two of them can be 

derived from a 15-atom icositetrahedron with hexagonal layered structure: one misses a hexagonal surface 

atom and the other removes an apex atom. The former with an approximate Cs symmetry (14-a) is only 

0.349 eV lower in energy than other isomer with C6v symmetry (14-b). A BCC-type structure with C4v 

symmetry (14-c) can be considered as another degenerate isomer, which lies only 0.628 eV higher in total 

energy than the lowest energy isomer (14-a). A hexagonal layer with center atom capped with a rhombus 

above and below (15-a), which is a slight distortion cubic structure is the ground state geometry for Ta15 

cluster. The next isomer (15-b) with C2v symmetry, which is obtained through fusing four octahedrons 

together, lies only 0.044 eV higher in total energy. The energy difference of these two isomers is so tiny 

that they can be concomitant in experiments. In addition, the two capped icosahedron isomer (15-c) of 

Ta15 are 1.448 eV higher in energy than the lowest energy structure. 



Based on the capping of hexagonal bipyramid structure of Ta15 (15-b) with a dimer and a trimer on 

one of hexagonal faces, developed the lowest-energy structure for Ta16 (16-a) and Ta17 (17-a) cluster. By 

adding two atom on the face (16-b) and bottom (16-c) of pentagonal bipyramid structure, respectively, the 

two closed energy isomers of Ta16 cluster are slight higher in energy than its lowest-energy structure. One 

atom-capped cubic structure (16-d) based on Ta15 clusters (15-a) is only 0.876 eV higher in energy than 

the lowest-energy structure. Thus, we can obviously concluded that the obtained three isomers are the 

competitive candidates of the ground state for Ta16 clusters. A capped decahedron (17-b) is the first close-

lying isomer of Ta17, lying 1.567 eV higher in energy. And the two atom-capped on cubic structure (17-c) 

formed from 15-a and 16-d is much higher in energy (2.559 eV) than the lowest-energy structure.

Table S1  The calculated parameters for all obtained stable isomers of neutral Tan(n=2-17) clusters, and 

their geometries, symmetry, spin multiplicities (S), the total energy (E), binding energy per atom (Eb/n), 

the energy gap of HOMO-LUMO (Egap), electric dipole moment (EDM), mean static dipole 

polarizabilities per atom (<α>/n), vibrational frequencies for the most clear six vibrational peaks, and 

zero-point vibrational energies (ZPVEs).



n Isomer Geometry 
(Symmetry) S E 

(a.u.)
Eb/n
 (eV)

Egap 
(eV)

EDM 
(Debye)

<α>/n 
(Å3)

Vibrational frequencies
(cm-1)

ZPVEs 
(eV)

2 Dimer(D∞h) 5 -115.382 1.448 2.450 0.000 68.181 285.42 0.018

3 Equilateral triangle(D3h) 6 -173.180 2.412 2.318 0.000 66.190 174.95, 174.98, 257.23 0.038
Linear chain (C∞v) 6 -173.081 1.520 1.764 0.005 73.779 34.74, 136.46, 168.81 0.021

4 4-a Distorted tetrahedron(C2) 1 -231.030 3.253 1.504 0.579 56.961 106.05, 106.13, 180.64, 183.39, 192.67 0.065
4-b “Butterflylike”(C2v) 3 -230.974 2.875 1.759 0.400 59.060 64.91, 145.28, 155.01, 226.52, 248.76 0.060
4-c Planar rhombus(D2h) 3 -230.967 2.829 1.323 0.019 67.345 120.68, 127.23, 168.42, 238.86, 247.93 0.056

5 5-a Triangular bipyramid (C2v) 6 -288.803 3.342 1.710 0.000 65.391 81.14, 138.49, 143.16, 143.16, 212.48 0.083
5-b Square pyramid (C2v) 6 -288.751 3.058 1.041 0.168 89.115 54.20, 58.58, 154.11, 154.13, 245.37 0.063
5-c “W”-shaped planar(C2v) 6 -288.717 2.873 1.300 0.841 63.941 18.51, 110.73, 111.85, 120.56, 142.05 0.074

6 6-a Distorted octahedron(D4h) 3 -346.653 3.748 1.525 0.000 57.041 32.92, 189.04, 196.92 0.104
6-b Face-capped TBP(C2v) 3 -346.652 3.743 1.340 0.085 58.936 55.30, 88.54, 186.51, 189.83, 221.41 0.108
6-c Triangular prism(D3h) 1 -346.579 3.411 1.879 0.000 54.569 130.31, 183.35, 183.35, 261.75 0.101

6-d Pentagonal pyramid(C5v) 1 -346.483 2.973 0.370 0.806 63.954 137.50, 146.30, 146.56, 214.55, 214.84, 
220.74 0.092

6-e Distorted rhombus(C2h) 1 -346.474 2.934 0.830 0.000 70.217 8.989, 66.16, 108.27, 162.52, 249.67 0.090

7 7-a PBP(D5h) 4 -404.500 4.023 0.880 0.001 50.606 94.50, 169.96, 173.42, 173.46, 208.94 0.103
7-b Face-capped octahedron(C3v) 4 -404.442 3.800 1.416 1.155 55.369 79.43, 79.48, 118.99, 128.44, 138.28, 204.30 0.126
7-c Two TBP(C2) 4 -404.426 3.734 1.278 0.268 59.806 70.72, 95.24, 96.36, 128.45, 143.23, 174.56 0.123

8 8-a Bi-capped octahedron(C2v) 1 -462.311 4.110 1.400 0.876 51.379 105.09, 109.57, 135.52, 177.58, 188.03, 
211.30 0.171

8-b Singly capped PBP(Cs) 3 -462.276 3.989 1.367 0.476 55.167 83.22, 97.37, 118.37, 137.91, 146.65, 196.84 0.156
8-c Bi-capped octahedron(C2v) 1 -462.234 3.847 1.091 2.627 57.423 99.77, 118.15, 123.34, 125.91, 153.43, 157.40 0.161
8-d Tetra-capped tetrahedron(D2d) 1 -462.212 3.773 1.048 0.000 54.056 107.73, 131.19, 140.77, 190.22, 200.55 0.139

9 9-a Tri-capped prism(C3h) 4 -520.112 4.147 1.549 0.002 51.075 133.01, 133.17, 177.32, 177.40, 178.12, 
203.56 0.189

9-b Bi-capped PBP(C2v) 4 -520.108 4.134 1.093 1.686 55.522 64.34, 94.36, 119.51, 127.63, 167.63, 171.26 0.178
9-c Bi-capped PBP(C2v) 4 -520.069 4.016 1.217 1.431 54.617 43.84, 136.70, 175.96, 179.62, 213.42, 223.49 0.171

10 10-a Bi-capped antiprism(C2v) 3 -577.952 4.282 1.653 0.554 49.517 101.18, 160.89, 167.10, 172.29, 180.03, 
209.65 0.215

10-b Tri-capped PBP(C3v) 5 -577.924 4.206 1.300 2.872 60.217 108.37, 108.61, 133.32, 133.45, 217.78, 
217.93 0.187



10-c Tetra-capped octahedron(Td) 1 -577.733 3.687 1.049 0.000 59.993 58.48, 109.32, 172.79, 238.83, 0.195

11 11-a Tetra-capped PBP(C2v) 4 -635.751 4.292 1.556 1.727 53.410 40.27, 77.87, 100.79, 123.63, 141.07, 154.81 0.223
11-b Tri-capped HBP(Cs) 4 -635.734 4.249 0.709 0.864 54.574 82.08, 91.32, 129.41,160.24, 164.13, 211.88 0.238
11-c Penta-capped prism(C2v) 2 -635.721 4.217 1.108 2.528 58.020 85.59, 119.60, 170.13, 173.22, 184.73, 217.78 0.239

12 12-a Distorted icosahedron(S10) 1 -693.604 4.420 1.893 0.254 52.237 50.66, 79.92, 91.61, 121.07, 151.81, 167.99 0.260
12-b Five-capped PBP(Cs) 1 -693.571 4.346 1.105 1.154 53.819 32.25, 53.60, 118.29, 172.17, 187.94, 210.09 0.252
12-c Four-capped HBP(Cs) 1 -693.563 4.328 0.933 2.344 52.710 75.88, 95.64, 109.64, 117.82, 154.97, 165.65 0.252

12-d Five-capped HBP missing an apex 
atom (Cs)

1 -693.488 4.159 0.963 0.584 56.405 53.24, 127.70, 167.57, 170.97, 193.71, 210.77 0.244

12-e Distorted capped cube (C2v) 3 -693.471 4.120 0.921 1.057 54.183 114.45, 136.45, 142.73, 163.14, 193.15, 
233.01 0.229

13 13-a Five-capped HBP(Cs) 2 -751.408 4.429 1.224 0.608 53.448 66.48, 81.53, 114.27, 162.19, 165.86, 192.84 0.287

13-b Distorted icosahedron (C1) 2 -751.396 4.404 1.216 1.877 54.105 164.16, 170.73, 202.74, 217.55, 228.13, 
250.85 0.268

13-c Distorted icosahedron (C2h) 2 -751.374 4.358 1.065 0.000 56.565 153.90, 156.12, 164.71, 231.00, 277.69, 
282.94 0.249

13-d Singly capped empty cage 
icosahedron(Cs)

4 -751.368 4.345 1.150 3.212 52.394 81.24, 101.43, 117.07, 144.65, 163.35, 182.99 0.281

13-e BCC(C2v) 2 -751.324 4.252 0.805 0.431 60.997 57.13, 84.42, 110.05, 140.65, 173.36, 182.99 0.253

14 14-a Icositetrahedron missing an apex 
atom(Cs)

1 -809.244 4.498 0.947 1.839 52.232 97.38, 115.13, 119.37, 138.37, 160.81, 242.0 0.281

14-b Icositetrahedron missing a 
hexagonal surface atom(C6v)

3 -809.231 4.473 0.902 0.734 55.060 89.16, 89.49, 98.12, 124.30, 125.77, 126.32 0.275

14-c BCC(C4v) 1 -809.219 4.449 0.922 0.701 52.016 90.99, 91.06, 147.12, 159.99, 160.04, 174.01 0.316

15 15-a Distorted quartet BCC(Cs) 2 -867.072 4.543 1.189 0.554 52.323 138.36, 142.82, 164.97, 165.37, 220.81, 
230.92 0.332

15-b Icositetrahedron(C3) 4 -867.071 4.541 0.801 1.478 60.068 60.61, 105.46, 127.00, 130.85, 159.21, 230.96 0.293
15-c Bi-capped icosahedron(C2) 4 -867.020 4.447 1.061 1.636 56.524 26.28, 83.14, 98.50, 126.74, 159.01, 240.41 0.309

16 16-a Capped icositetrahedron(Cs) 1 -924.866 4.524 0.963 2.248 54.648 60.26, 152.65, 169.23, 174.67, 222.13, 243.55 0.326

16-b Bi-capped icositetrahedron 
missing an apex atom(Cs)

1 -924.856 4.508 0.958 1.160 53.389 98.34, 104.07, 121.91, 158.37, 180.61, 194.19 0.348

16-c Tri-capped icosahedron(C1) 3 -924.843 4.485 0.928 1.730 54.301 40.99, 54.19, 58.96, 108.81, 180.32, 203.28 0.307
16-d Capped BCC(C1) 1 -924.834 4.470 0.784 3.078 52.254 53.32, 102.50, 121.87, 132.92, 232.28, 243.22 0.331

17 17-a Bi-capped icositetrahedron (Cs) 2 -982.718 4.602 0.820 3.116 52.459 38.60, 114.30, 122.54, 165.78, 192.80, 221.45 0.353
17-b Four-capped icosahedron(C1) 2 -982.661 4.509 0.851 0.976 54.342 38.66, 45.74, 97.78, 147.99, 157.01, 229.64 0.354



17-c Bi-capped BCC(C1) 2 -982.624 4.451 1.019 2.119 52.652 71.36, 116.07, 180.15, 197.11, 211.80, 222.80 0.341



Figure S1 The s-, p-, d-projected partial density of states and total density of states for the lowest energy 

structure of representative Tan clusters with n=7, 10, 13 and 15 along with the corresponding HOMO and 

LUMO orbitals surfaces. (The dashed orange lines refer to the Fermi levels.)
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