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Abstract Germanium cluster anions doped with transition metal (TM) atoms from groups 4 and 5, TMGeg.17~ (TM =Ti, Zr, Hf, V,
Nb, Ta), have been computationally investigated. Low-lying energy isomers of these clusters were found through a genetic algorithm
coupled with density functional theory. The photoelectron spectra were simulated accordingly which reproduce well the measured
spectra, indicating the proper identification of the ground-state structures. In these clusters, the TM atoms tend to be surrounded by
Ge atoms, and the structures begin to change from exo- to endohedral at n = 9. From n = 10 the endohedral structures start to build
up, and at n = 14, the complete close-cage is formed. The 4th and 5th group TM doped clusters share the same geometric structure
(except for sizes 10 and 12 for 4th group) and own very similar bonding and electronic properties, especially for the 2nd and the
3rd rows. It is also shown that the larger the atomic number of TM, the greater the binding energy of the Ge clusters doped with
TM from the same group. The complete closed cage structure shows high stability, i.e., TMGej4~ (TM =V, Nb, Ta) clusters have
closed electronic shells with very high stability. They satisfy the 18-electron rule, which make them superatom clusters, and may
be suitable as building blocks for novel nanomaterials.

1 Introduction

Germanium (Ge) clusters have attracted much attention [1-8] due to their potential applications in nanoelectronics to continue the
miniaturization trend according to the Moore’s law. However, since the pure Ge clusters are not stable, their applications are largely
limited. Fortunately, doping one or multiple TM atoms can effectively increase their stability [9-13], meanwhile possibly could
gain extra electronic and magnetic properties [14—16]. Therefore, a large number of experimental and theoretical studies have been
devoted to the TM-doped Ge clusters. For instance, Atobe et al. [9] systematically synthesized Ge clusters doped with the groups 3,
4 and 5 TM atoms (TM = Sc-Lu, Ti-Hf, and V-Ta) through measured mass spectra and anion photoelectron spectroscopy (PES).
Zheng et al. investigated the structures and properties of TiGe;.12~ [17, 18], VGes.;2~ [19], CraGes-14~ [20], MnGes.14~ [21],
Fe1.2Ges.1o 0 [15,16], CoGes.11~ [22], RuGes.12~ [23], AuGey.12~ [24], and AusGe g 0 [25] clusters using anion photoelectron
spectroscopy (PES) and DFT calculations. They found that the TM atom prefers to be surrounded by Ge atoms for single TM-doped
Ge clusters, except for Au. And, with the increase of Ge atoms, the cluster gradually wraps to form an endohedral structure.

In addition, several theoretical studies have been conducted on TM-doped Ge clusters. For instance, ab initio calculations indicated
that ThGeje¢,18,20 clusters can form stable structures with high symmetry, in which Th@Ge¢ has a large highest occupied-lowest
unoccupied molecular orbital (HOMO-LUMO) gap of 1.72 eV [10]. Jing et al. [14] systematically studied the geometries, electronic
and magnetic properties of CoGej.13 and found that their magnetic moments do not quench for all sizes, which was attributed to
the existence of unpaired electrons of the Co atom in the clusters. Moreover, the structural evolution and electronic properties of
ScGeg.16 [26], TMGe|.29 (TM = Ti, Zr, Hf, Mo, Au, Ni) [27-30], VGej.19 [31], CrGe.17 [32], FeGeg_1¢ [33], NiGes_14 [12],
TMGej.19 (TM = Cu, Ag, Au) [34], NbGe7.13 [35], M02Geg.15 [36], RuGey., %3 [37], and WGej.17 [11] clusters also have been
theoretically investigated through DFT calculations.

Almost all the first row TM-doped Ge clusters have been studied, while the second and third rows much less. In this work, we
conducted a systematically theoretical investigation on the structural evolution and electronic properties of TM-doped Germanium
anionic clusters, TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, Ta) with respect to the experimentally measured photoelectron spectroscopies
as references.
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2 Computational methods

The global search was conducted through a homemade genetic algorithm code, incorporated with the ORCA program [38, 39]
for energy calculation, to obtain the low-energy isomers of TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, Ta) clusters. The built-in BP86
functional [40] and the def2-SVP basis set [41, 42] were chosen for DFT calculation. For each cluster, more than 1000 configurations
were generated to ensure a high probability of locating the global minimum on the potential energy surface. In order to obtain more
accurate results, the def2-TZVP basis set [41, 42] was employed to further optimize the 10 isomers with lowest energies, and then the
diffuse def2-TZVP basis set (def2-TZVPD) [43] was further used to evaluate their energies at even high-order accuracy. Zero point
energy and dispersion corrections are included in the energy calculations. During geometry optimizations and energy calculations,
the identity (RI) approximation [44] was adopted for a better computing efficiency routinely.

To confirm the correctness of the found lowest-energy structures of TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, Ta), the reported PESs
were chosen as criteria [9]. The simulated PESs were generated according to the generalized Koopmans’ theorem [45] to compare
with the experimentally measured spectra. First, the vertical detachment energy (VDE) is calculated from the total energy difference
between the anionic and the neutral state of a cluster with the relaxed structure of the anionic state. Each line of the calculated
Kohn—Sham (KS) eigenvalue spectrum is shifted to align the highest occupied KS molecular orbital with the calculated VDE, and
then the simulated photoelectron spectrum is obtained by Gaussian broadening of these translated energy levels with a FWHM of
0.06 eV which corresponds to the resolution of measured PESs experimentally.

The stability of a TMGe,,~ cluster was evaluated by the binding energy (E}p) defined as:

Ey(TMGe; ) = [nE(Ge) + E(TM™) — E(TMGe; )]/(n+ 1) (1)

where E(TMGe, ™) is the energy of the anionic TMGe,, ™ cluster, E(Ge) and E(TM™) are the energies of an individual Ge atom and
TM™ anion, respectively. The secondary energy difference (A2E) was calculated using the formula:

A’E(TMGe, ) = E(TMGe, ,) + E(TMGe;,,) — 2E(TMGe; ) 2)

All the graphs of the clusters were rendered by using Visual Molecular Dynamics (VMD) software [46]. The average bond lengths
and Wiberg bond orders were calculated with the Multiwfn 3.8 (dev) code [47] from the output of ORCA.

3 Results and discussion
3.1 Structures of the low-lying TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, Ta) clusters

The structures of several low-lying isomers of TMGes.17~ (TM = Ti, Zr, Hf, V, Nb, Ta) are displayed in Fig. 1. Their optimized
Cartesian coordinates at the BP86/def2-TZVP level are included in the Supplementary material.

The calculations show that the lowest-lying structure (LLS) of TMGeg ™ (TM = Ti, Zr, Hf, V, Nb, Ta) (8 A) adopts a pentagonal
bipyramid with the TM atom at the vertex site as the structural motif with two extra Ge atoms on the top. This has been previously
identified as their ground-state structure [18, 19, 48-51]. Moreover, it is also adopted by VSig™ [19], ScGeg™ [26], CrGeg [32],
MnGeg ™ [21], and FeGeg™ [15] clusters. The ship-like structure isomer 8B is composed of the eight Ge atoms with one TM atom
enclosed inside. The isomer 8C is a deformed pentagonal bipyramid with two Ge atoms, one above and one below.

For TMGeg —, the isomers 9A and 9B can be obtained by adding an extra Ge atom to different positions of 8A, while the isomer
9C is an endohedral structure constructed by a TM surrounded with nine Ge atoms. As previously confirmed, the LLS of TMGeg ™
(TM = Ti, Zr, Hf, V, Nb) [18, 19, 48-50] is 9A, which was also considered as the ground-state structure of other TM doped Geg
and Sig, such as CrGeg [32], MnGeg ™~ [21], FeGeg™ [15], VSig™ [19] and CuSig~ [52]. However, in the case of TaGeg ™, previous
calculations predicted that the energy of isomer 9C was 0.1 eV lower than that of 9A at B3LYP/SSD level [51]. Furthermore, isomers
9A and 9C were investigated by using double hybrid functional PWPB95-D3 [53] and def2-TZVPPD [43] basis set. It indicates that
the lowest energy state indeed is 9A with energy of 1.128 eV lower than 9C.

For TMGe 1o, isomer 10A can be obtained by adding one more Ge atom to isomer 9B, while 10B and 10C can be considered
as adding an extra Ge atom to different sites of 9A. Isomer 10C is not stable for group-4 TM dopant, it will convert to isomer
10B eventually. The calculations show that isomer 10B has the lowest energy for TiGejo~ and HfGe;o~, while 10A is adopted
as the lowest-lying structure for TMGejp~ (TM = Zr, Nb, Ta). 10B and 10C were previously predicted as the LLSs for clusters
ZrGejo~and TaGeo~, respectively [48, 51]. VGeo~ is the only one that adopts 10C as the ground state based on our calculation,
which is consistent with a previous result [19].

For TMGe; ", isomer 11A can be viewed as evolving from isomer 10A by adding one Ge atom on the top. Both isomers 11B
and 11C are half-endohedral type structures. The calculations show isomer 11A is the LLS for TMGe;;~ (TM = Ti, V, Nb, Ta),
while both ZrGe;~ and HfGe;; ~ clusters adopt 11B. It is consistent with previous calculations for TMGe{;~ (TM =V, Nb, Ta)
[19, 50, 51]. Moreover, 11A also was adopted as the ground-state structure for VSij; ~ and CrSij; ~ clusters [19, 54].

In the case of TMGej, ", isomer 12A is a regular hexahedral antiprism cage with the TM atom embedded inside, while 12C is
a puckered hexagonal prism structure. Isomer 12B can be obtained by adding two additional Ge atoms on the top of isomer 10B.
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Fig. 1 Structures of low-lying
isomers of TMGeg.17~ (TM = Ti,
Zr, Hf, V, Nb, Ta) clusters. They
are marked with nA, nB, nC, and
nD and ordered by energy. For
each structure and dopant, the
symmetry and the total energy
difference with respect to the nA
isomer (eV) are given. Orange and
blue balls represent germanium
and transition metal atoms (Ti, Zr,
Hf, V, Nb, Ta), respectively. The
isomers denoted by “~” indicate
that they are not stable
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ZrGeiy~ and VGejp~ adopt 12A and 12C as their ground state, respectively, while the others favor 12B which was previously
predicted for ZrGe,~ [48]. It is worth noting that 12C was predicted as the LLS for both TMGe> (TM = Mn™~ [21], Cr [32], Fe™
[15], Ti, Zr, Hf [23], Nb [34]) and TMSijp (TM = Cr~ [54], Cu~ [51], Nb—° [55, 56], Ta™ [57]) clusters.
For TMGe 3™, the isomer 13A can be obtained by adding one more Ge atom to 12B. Isomers 13B and 13D have endohedral
structures with TM atom enclosed inside a 13-Ge-atom cage. 13C can be viewed as inserting one Ge atom on the side of 12C with
C; symmetry. The calculations show that isomer 13A and 13B are adopted as the LLS for Gej3~ cluster doped with atoms from
group-4 (Ti, Zr, Hf) and -5 (V, Nb, Ta), respectively, which is consistent with previous works on Zr, Hf, Nb and Ta [48-51].
AllTMGe 4~ (TM =Ti, Zr, Hf, V, Nb, Ta) clusters have 14A as the LLS, which has a bi-capped pentagonal prism as the structural
motif with two atoms inserted to the waist of the prism with C; and C,, symmetries for group 4 and 5, respectively. It is consistent
with previous reported structure of TMGe 4~ (TM = Zr, Hf, Nb, Ta) clusters [48—51]. Similarly, isomer 14A with C, symmetry is
also preferred as the ground-state structure of TiSij4~ [58], VSija~ [59], and CrSij4~ [60, 61] clusters. Isomers 14B and 14C can
be viewed as variants of 14A, while isomer 14D is an endohedral structure which is not stable for VGe 14—, NbGe 4~ and TaGe 4,

and eventually transforms into the 14A.

For TMGe;s5~, isomers 15A, 15B, and 15D can be obtained by adding a Ge atom to the waist, front, and back of 14A, respectively.
Isomer 15C can be viewed as evolving from isomer 14C. The calculations show that the Zr and Hf doped Ge;s~ adopt 15A, while
the others prefer 15B as the LLS. 15B is also proposed as the LLS for NbGejs~ [50]. Meanwhile, TiSij5~ adopts isomer 15B as
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the ground-state structure [58]. They are different from the previous reported results which 15C was considered as the ground-state
structures for HfGe 5~ and TaGe 5, and 15B as for ZrGe s~ [48, 49, 51].

For TMGe 6™, isomer 16A can be viewed as evolved from isomer 15B, and it is adopted as the LLS of ZrGe|6~ and HfGe 6,
which are consistent with previous calculations [48, 49]. Isomer 16B has a Frank-Kasper (FK) polyhedron structure. Only neutral
TMGei6 (TM = Ti, Zr, and Hf) (see Fig. S9) shows T4 symmetry, but not for their anionic state and TM = V, Ta due to the
Jahn—Teller distortion. Since the neutral TMGe ¢ (TM = Ti, Zr, and Hf) clusters possess a closed shell filling of 68 valence electrons
according to the Jellium model, their anionic states PESs are signaled by the singly occupied molecular orbital (SOMO) yielded
small peak [9]. In case of TMGe6~ (TM = Ti, Zr, Hf, V, Nb, and Ta) one and two extra electron filling will make the cluster
experience the Jahn—Teller distortion, resulting the HOMO orbital degeneracy left-off and finally present as a slightly deformed
FK configurations. The same happens to TMSij¢~ (TM = Ti, Zr, Hf, V, Nb, and Ta) [62—64]. This FK structure is not stable for
NbGej¢~, and it eventually converts into 16A. Our calculations show that only TiGe¢~ adopts this FK polyhedron as the LLS,
which also was previously suggested as the ground-state structure for neutral and anionic TiSijg clusters [58, 65]. Both of isomers
16C and 16D adopt a Ges cage as the structural motif with one TM atom encapsulated inside and an extra Ge atom adsorbed on the
top, exhibiting C; symmetry. All the group-5 TM doped Gej¢~ prefer taking 16C as a structure embryo. Isomer 16D is not stable
for group-4 TM doped Gej¢~, and eventually transforms into 16A. The energies of NbGe ¢~ and TaGej¢~ with 16C structure are
0.115 and 0.139 eV lower than that of the predicted one at BP86-D3/def2-TZVPD level [50, 51].

For TMGe 7™, the isomer 17A can be viewed as an extra Ge atom attached to a distorted 16B. Isomer 17B adopts a TM@Ge 3
structural motif capped with four additional Ge atoms on the top. Isomers 17C and 17D can be obtained by capping three Ge atoms
to different sites of a TM@Ge4 structural motif. All these TMGe;~ clusters prefer 17A as the LLS. The calculated energies of
ZrGey7~, HfGe 17—, NbGe7~and TaGe7 ~are 0.108, 0.050, 0.294 and 0.109 eV lower than that of the lowest energy structures pre-
viously reported at BP86-D3/def2-TZVPD level [48—51]. The optimized structures of these previously reported ZrGe ;7 ~, HfGe 7,
NbGe ;7 ~and TaGe; ~at BP86/def2-TZVP level are displayed in Fig. S1.

3.2 Photoelectron spectra of the TMGes.17~ (TM = Ti, Zr, Hf, V, Nb, and Ta)

In order to assess the correctness of the found ground-state structures, the calculated photoelectron spectra of each isomer are
compared with the experimental spectra [9], and they are shown in Fig. 2. The agreement of theoretical and experimental PESs
indicates that the lowest-energy structures have been correctly predicted. It also shows that most of spectra of TMGe,,” for TM =
Ti, Zr, Hf are similar except for n = 10, 11 and 12. Particularly, for ZrGe, ~and HfGe, ~are almost identical for all sizes, except for
n=10and 12.

Although TiGe6~, ZrGej¢~ and HfGe 6~ (TM = Ti, Zr, Hf) have rather similar measured spectra, TiGe ¢~ has quite different
geometric structure from the other two. This is similar to the case of TMSij¢~ (TM = Ti, Zr, Hf), where TiSij¢ ™ adopts the FK
structure, while ZrSij¢~and HfSij¢~ clusters take a fullerene-like bitruncated square trapezohedron as the ground-state structure
[65].

Regarding TMGes.17~ (TM =V, Nb, Ta) clusters, for NbGe,, ~ and TaGe,, ~, they share the same lowest energy structures in the
range of n = 8-17, which is also same in the case of VGe, ~ except for n = 10 and 12.

3.3 Growth pattern of TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, and Ta)

The identified global minima for all of the TMGeg_17~ (TM = Ti, Zr, Hf, V, Nb, Ta) clusters are presented in Fig. 3. It shows that the
TM atoms are always surrounded by Ge atoms, and the clusters grow from semi-closed structure to completely enclosed structure
with the increase of size. n = 15 and 16 are the smallest endohedral structure for group-4 and 5 TM atom doped Ge, ~ clusters,
respectively. Then, it grows into larger endohedral structures, showing C; symmetry.

The TM @Geg motif of a pentagonal bipyramid with the TM atom at the vertex site can always be found in TMGe,,~ (TM = Ti,
Zr, Hf, V, Nb, Ta) clusters with n = 8—15. In addition to the clusters discussed here, other TM-doped Si and Ge clusters, such as
CrSiz.12~ [55], MnGes.14~ [21], FeGes.12~ [15], CoGes-11~ [22], and RuGs.13 [23] also adopt this motif as their framework.

3.4 Bonding and electronic properties of TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, and Ta)

To better understand the bonding and electronic properties of the TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, Ta) clusters, bond lengths,
Wiberg bond orders, VDEs, HOMO-LUMO gaps, binding energies, and the secondary energy differences of ground-state structures
are calculated and presented in Figs. 4 and 5 as well as summarized in tables S1-S5 in the Supplementary material.

The results show that the bond length of Ge—Ge ranges from 2.515 to 2.770 A, while the bond length of TM-Ge (TM = Ti, Zr,
Hf, V, Nb, Ta) varies in a rather large scope (from 2.603 to 2.963 A) with an increase trend when cluster sizes grow.

It also shows that, for the same cluster, TM-Ge bond is longer than Ge—Ge bond but lower bonder order in the size range n =
11-17. Both the bond order of TM-Ge and Ge—Ge decrease gradually with size increasing. While, for Ge—Ge bond after it reaches
a minimum at n = 16, it starts to increase again. Also the second- and third-row TM-doped Ge,, ~ clusters in the same group share
almost the same bond lengths and orders for both TM-Ge and Ge—Ge bonds. Particularly, for the case of Hf and Zr, Nb and Ta, a
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Fig. 2 Photoelectron spectra of
LLSs of TMGeg_17~ (TM =Ti,
Zr, Hf,V, Nb, and Ta) from
experiment [9] (blue lines) and
theory (red lines)
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close look shows that Ti and V are a little bit away from the other two of their groups. This may be explained by the similar atom
radius between Hf and Zr, Nb and Ta.

It shows that VDEs of TMGeg.;7~ are the same when TM belongs to the same group and having the same cluster size as evidenced
in Fig. 5. However, they are significantly different when TM atoms are from different groups. The local minima of VDE for TMGe,, ™
(TM = Ti, Zr, and Hf) happens at n = 16, which is much smaller than those when TM is V, Nb or Ta. This suggests that the neutral
TMGei6 (TM = Ti, Zr, and Hf) are all closed-shell clusters with a large HOMO-LUMO gap. In particular, the highest VDEs of
TMGe,, appears at n = 14, implying the high electronic affinity of TMGe4 (TM = Ti, Zr, Hf, V, Nb, and Ta). To evaluate the stability
of neutral TM @Ge ¢ (TM = Ti, Zr, and Hf) clusters, HOMO-LUMO (H-L) gaps, embedding energies (Ee) and nucleus-independent
chemical shifts (NICS) were calculated and shown in Table 1. Considering the criteria of energy minimization, the stability of the
neutral TM@Ge ¢ isomers are characterized by the embedding energies (Ee) of TM atom in the Geg cage of TM@Ge ¢, which is
defined as:

Ee(TM@Gei6) = E(Ges) + E(TM) — E(TM@Gej¢) 3)

where E(TM@Ge¢) is the energy of the neutral TM @ Ge 4 cluster; E(Ge1¢) is the energy of the exterior Geg cage without structural
relaxation, and E(TM) is the energy of the individual TM atom.

The calculations show that the HOMO-LUMO gaps of these isomers of the three TM@Ge¢ clusters are in a range of
1.800-1.997 eV, indicating the existence of closed shell structures. The embedding energies of these isomers range from 10.17 eV
to 11.51 eV, and Zr and Hf have higher embedding energies in the Ge ¢ cage than that of Ti. Furthermore, the large NICS (— 23.28 ~
— 29.47 ppm) for all TM doped Ge6*~ cage signal their aromatic feature. Therefore, the high stability of these neutral TM@Ge 4
clusters may be attributed to their strong aromaticity.
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Fig. 3 Nascent growth diagram of
TMGeg.17~ (TM =Ti, Zr, Hf, V,

Nb, Ta) clusters

Fig. 4 Average bond lengths and
Wiberg bond orders of Ge-Ge &
TM-Ge bond of the ground-state
structures of TMGeg_ 17~ (TM =
Ti, Zr, Hf, V, Nb, Ta) clusters
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The HOMO-LUMO gaps of group 5 elements doped Ge,~ clusters are generally larger than those with group 4 elements. This
can be attributed to the unpaired electrons of the group-4 TM-doped Ge,, ~ clusters, which is not the case for group-5. HOMO-LUMO
gaps of TMGe,,~ (TM =V, Nb, and Ta) reach their maximum (1.511 eV, 1.744 eV, 1.852 eV) at n = 14, implying the closed-shell

electronic configuration of these clusters.

The binding energies of the TMGeg.17~ (TM = Ti, Zr, Hf, V, Nb, and Ta) show that for the same group elements doped Ge
clusters, the larger the atomic number of doping atom, the greater the binding energy is. Moreover, for the ones who are doped with
the same periodic elements, the higher the atomic number, the greater the binding energy is. The binding energy gradually increases

and then decreases with the maximum at n = 14-15 which may correlate to their endohedral structures.
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Table 1 The HOMO-LUMO Cluster H-L gap (eV) Ee (eV) NICS (ppm)
(H-L) gaps, embedding energies
(Ee) and NICS of the two Ti@Ge6-A 1.808 10.18 —29.47
TM@Gej¢ isomers A and B (TM . _
— Ti. Zt. and H) Ti@Ge4-B 1.800 10.17 29.06
Zr@Gej6-A 1.813 11.45 — 23.66
Zr@Ge4-B 1.991 11.31 —23.59
Hf@Ge|6-A 1.820 11.51 —23.39
Hf@Ge|4-B 1.997 11.39 —23.28

The binding energies of VGe,,~ clusters are similar to that of HfGe, ™ in the range of n = 815, but are much smaller at size n
= 16, 17 and close to that of TiGe, ~, which indicates the lower stability of VGe1g.17 . This is consistent with the experimentally
measured mass spectra [9] of VGe,, ™.

As shown in Fig. 5, the secondary energy differences (A”E) of TMGeg.17 ™ clusters of the same group TM are the same with the
same size, however, they are quite different for different groups. The maxima of A?E appears at n = 11, 14, 15 and 16.

The above results show that the second- and third-row TM-doped Ge, ™ in the same group share very similar bonding and
electronic properties, which is the consequence of having the same geometric structures and similar electronic configurations. More
importantly, the group-5 TM-doped Ge4~ clusters not only have an enclosed geometric structure, but also own large VDE, E;, and
AZE, indicating their closed electronic shells. It could be explained as the 18-electron rule satisfaction due to the fact that TMGe 4~
(TM =V, Nb, Ta) clusters have the same count electrons as CrSiy4 cluster [66]. Therefore, for the same reason, the TMGe 4~ (TM
=V, Nb, Ta) clusters also could be viewed as superatoms.

Although both electronic and geometric structures of these clusters have been found, however, some questions still open, i.e.
Why is the structure of TMGe 4 so insensitive to the TM dopant but TMGe ¢ is completely opposite even they are both closed shells
in case of TM are 5th and 4th groups, respectively.

4 Conclusion

The structural evolution and electronic properties of a series of transition metal-doped germanium clusters were investigated through
DFT calculations at BP86/def2-TZVP//BP86-D3/def2-TZVPD level. All the ground-state structures of TMGes.17~ M = Ti, Zr,
Hf, V, Nb, Ta) clusters have been identified and evaluated by comparison of the experimental photoelectron spectra. All of these
TMGe,,~ clusters adopt the same structures for the size n = 8, 9, 14. For Ge,,~ clusters doped with the same group (4 or 5) TM
atoms, they have the same geometry in several sizes, especially from the second- and third-row that they adopt the same structures in
range of n = 8-17. The transition from exo- to endohedral structure for all the TMGe,,~ occurs at n = 9. And n = 10 is the smallest
size with endohedral structure. Moreover, the TM @ Geg motif of a pentagonal bipyramid shape with the TM atom at the vertex
site is adopted as the framework for the size range n = 8-15. Different from the first-row TM-doped Geg.17 ™ clusters, the second-
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and third-row share the same geometric structure (except for sizes 10 and 12 with 4th group TM atom), very similar bonding and
electronic properties when they belong to the same group.

These results show that doping different transition metals can significantly change the stability of Ge clusters. For Ge clusters
doped with the same group elements, the larger the atomic number of doping atom, the greater the binding energy is. The TMGe™
clusters of endohedral structure tend to show high stability. TMGe4~ (TM =V, Nb, Ta) clusters with closed electronic shells and
high stability may also be suitable as building blocks for novel nanomaterials.

5 Electronic supplementary material

See the supplementary material for the average Ge-Ge and TM-Ge bond lengths (Table S1) and bond orders (Table S2) for the
ground state structures of TMGeg.17- (TM=Ti, Zr, Hf, V, Nb, Ta) clusters. The VDE values, HOMO—LUMO gaps, Average binding
energies, and the second energy difference for the lowest-lying isomer of TMGeg_17- (TM = Ti, Zr, Hf, V, Nb, Ta) clusters are
summarize in Table S3-S5. Photoelectron spectra of higher-energy isomers of TMGeg_17- (TM = Ti, Zr, Hf, V, Nb, Ta) clusters from
experiment and theory are shown in Fig. S2-7. The Cartesian coordinates of the low-lying isomers of TMGeg_17- (TM = Ti, Zr, Hf,
V, Nb, Ta) clusters at the BP86/def2-TZVP level can be found in the compressed file TMGe-xyz.zip.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/epjp/s13360-022-03141-4.
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