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Abstract: Based on the Crystal structure Analysis by Particle Swarm Optimization (CALYPSO) searching method and density functional theory (DFT), theoretical studies about structures, electronic and thermodynamic properties have been investigated systematically at the TPSSh/6-311+G(d) level for NiB2n0/- (n=7-11) clusters. Results found that the lowest energy structures possess a Ni atom-centered double ring tubular boron structures, NiB180/- except. Relative stabilities were analyzed via computing their vertical ionization potentials (VIP), vertical electronic affinity (VEA), adiabatic electronic affinity (AEA), HOMO-LUMO gaps and hardness. The infrared spectra, Raman spectra and photoelectron spectra were computationally simulated to facilitate their experimental characterizations. At last, aromatic properties (Nucleus independent chemical shift) and thermodynamic properties (enthalpy and entropy) with temperature were discussed in detailed for studied systems. 
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1. Introduction
[bookmark: _GoBack]Owing to boron electron-deficiency, boron clusters display diverse nanostructures and novel physicochemical properties, which may play important applications in semiconductors, superhard materials, antiviral agents [1-4]. In the past decade, experimental studies combined with high-level calculations have shown that anionic boron clusters have planar or quasi-planar (2D) structures for Bn- (n=3-30, 33-38, 40), neutral Bn clusters favor 2D geometries with n up to 20 [5-14]. Remarkably, a set of pure boron clusters have been systematically characterized, which constantly pushes current understanding of the structural evolution of isolated boron clusters [15-17]. Due to the excellent performances on physical and chemical properties, magnetic and catalytic aspects, transition metal (TM) clusters have become one of the most attractive areas of current investigation. Up to now, persistent joint photoelectron spectroscopy (PES) and density functional theory (DFT) investigations have demonstrated that after doping single TM atom into boron clusters could result in structural diversity and shape variations. Some special structures, such as half-sandwich structures [18-19], metal centered monocyclic rings [16], TM atom-centered tubular structures and cages [20-22], metallo-borophene structures [23-24], and metallo-borospherene structures [20], were obtained for TM-doped systems. Obviously, TM dopants can remarkably modify the geometric structures. Among the 30 kinds of pure TM clusters, due to their extensive catalytic and important magnetic properties, nickel clusters become the fundamental target of many research group. Recently, experimental and theoretical investigations about nickel-doped boron clusters have been performed extensively by many researchers [25-28]. As an example, Luo et al. carried on a series studies on the adsorption of sulfur atoms on NimB2 (m=1-4) clusters using the DFT calculations [25]. Results found that adsorbed sulfur atoms tend to be connected with boron, not with nickel in the Ni-B alloy catalyst. Based on the first-principles DFT with generalized gradient approximation, the stability, electronic and magnetic properties of NiBn (n≤7) were explored by Liu and coworkers [26]. Results revealed that NiBn (n≤5) clusters can be obtained by directly adding Ni atom to the Bn clusters, NiB6 cluster consists of hexagon geometry with a boron atom at the ring center, while NiB6 marks the onset of three-dimensional structure. In 2019, Zhao’s groups presented a systematic first-principles theory investigation on half-sandwich NiB10, NiB11-, NiB12, NiB13+, which all turns out to be well-defined global minima of the systems with a universal coordination bonding pattern of σ plus π double delocalization [27]. Most recently, Pham and coworkers reported the structure, relative stabilities, dissociation behavior and bonding of BnNim (n=2-22, m=1-2) clusters [28]. Theoretical calculations indicated that BnNim (n<14) clusters are generally formed by capping Ni atoms on the edge or the surface of Bn frameworks. For B14Nim clusters, the structures are comprised of double ring tubular boron structures. With n≥20, the Ni2 dimer is entirely enclosed into the Bn double ring because of a grand enough volume. 
Up to now, the experimental researchers have found that B140/- (C2v), B160/- (C2h), B180/- (C3v), B200/- (D10d C1), B220/- (C2h C2) is composed of planar or tubular-shape structures, respectively. Thus, an interesting question is whether a Ni atom ([Ar]4s23d8) doped-boron clusters possess special structures and outstanding properties? How does the structural evolution with the increasing of size? More importantly, because of difficulty associated with experimental detection, less attention was paid to the Ni-doped B2n0/- (n=7-11) clusters. In this paper, we addressed this question by investigating the structures, electronic and thermodynamic properties using the CALYPSO structural searching method and DFT calculations for NiB2n0/- (n=7-11) clusters. We believe that the current study could be helpful in understanding the material structure on properties, and provide some theoretical guidance for developing the nickel doped boron-based nanomaterials. 

2. Theoretical Procedure
For obtaining the lowest energy structures of NiB2n (n=7-11) and their anions clusters, the CALYPSO structural searching method based on the particle swarm optimization (PSO) algorithm is included in present work [29-31]. Notably, PSO is a population based stochastic optimization technique developed by Eberhart and Kennedy in 1995 [32, 33], which is a stochastic global optimization method based on population optimization. It is metaheuristic as it makes few or no assumptions about the solutions and can search very large spaces of candidate solutions. According to PSO, the behavior of each individual is affected by either the best local or the best global individual to help it fly through a hyperspace. Moreover, an individual can learn from its part experiences to adjust its flying speed and direction. Therefore, all the individuals in the swarm can quickly converge to the global position. This method has been successfully confirmed in structural prediction of several systems with merely given the chemical composition [34-44]. In this searching method, we followed 50 generations to achieve the converged structure, each generation contain 20 structures, 70％ of which are generated by PSO, the others 30％ are new and will be generated randomly. According to the generations and maximum step for iterations, about 1000 trial geometries are obtained for each sized clusters. Subsequently, the 1000 isomers within the top energy range of 5 eV are re-optimized using the TPSSh functional in conjunction with 6-311+G(d) basis sets for Ni and B atoms [45-46]. TPSSh functional has been proved to be reliable in the study of TM-doped boron clusters [47-49]. More importantly, in the optimization process, spin multiplicity and harmonic vibrational frequency are taken into account. To check that the calculated results are independent with the diverse functional, PBE0 functional level are included for the optimization of structures [50-51], which has been widely used for studying the structures and electronic properties of TM-doped boron clusters [20, 52-54]. All calculations are performed with the aid of the Gaussian 09 package [55].

3 Results and discussion
[bookmark: _Toc321314876]3.1 Geometric structure
The lowest energy structures of B2n0/- and NiB2n0/- (n=7-11) clusters are displayed in Fig.1, along with the point group symmetry. First, the lowest energy structures of B2n0/- (n=7-11) clusters are consistent with the previous report by joint photoelectron spectroscopy measurement and first principle calculations [56]. It indicates that current approaches are reliable to describe B2n0/- and NiB2n0/- (n=7-11) systems. Second, at the PBE0/6-311+G(d) and TPSSh/6-311+G(d) levels of theory, the tubular structures of NiB2n0/- (n=7-11) clusters are found to be identical lowest energy structures. It means that the lowest energy structures are reliable for NiB2n0/- (n=7-11) clusters. Third, the lowest energy structures of NiB2n0/- (n=7-11) clusters are different from those of B2n0/- (n=7-11) clusters. In other words, the structures of doped boron clusters undergo drastic changes drastic structural changes respect to the corresponding boron clusters. Furthermore, although the NiB2n0/- (n=7-11) clusters of corresponding same sizes possess the similar shape, the point group symmetry is different. Particularly, NiB140/-, NiB160/-, NiB180/-, NiB200/-, NiB220/- possess closed-shell tubular-shape structures of C2h C2h, D8d C4v, C1 C1, D10d Cs, Cs C2, respectively. For NiB140/- (C2h, C2h) and NiB160/- (D8d, C4v) clusters, the lowest energy structures are composed of a central Ni atom sandwiched by two seven (eight) monocyclic rings, respectively. For NiB180/-, the lowest energy structures can be obtained by doping a Ni atom into the distorted B18 double rings. In other words, the structures could be generated by doping two B atoms at two rings of NiB160/- clusters with largely distortion, respectively. Previous studies have found that B200/- clusters bear a double ring shape and quasi-planar structures, respectively. The doped NiB200/- (Cs, Cs) clusters display a distorted cylinder with a Ni atom sandwiched by two B10 rings, respectively. Moreover, due to the large space in the B20 rings, the Ni-B bond lengths become too long to hold the center Ni atom of cylinder. The most stable structures of NiB220/- (Cs, C2) clusters form distorted double rings structures with a trimer NiB2 into the B200/- cylinder, respectively. Compared with the NiB200/-, the empty volume of NiB220/- is large enough to hold the entire trimer NiB2. Additionally, the corresponding Ni-B distances are 1.985Å and 1.957Å in the NiB2 triangle unit, respectively. In conclusion, studied clusters adopt a Ni atom-centered double ring tubular boron structures except NiB180/- clusters. Above corresponding Cartesian coordinates are shown in Table S1 (ESI) for the lowest energy structures of NiB2n0/- (n=7-11). Simultaneously, to further understand the doping effect, the bond lengths and Wiberg bond indices (WBIs) are discussed. The structural details are tabulated in Table 1. First, the averaged Ni-B distances between 2.049Å~2.243Å belong to natural transition-metal-boron coordination bond lengths [57]. Contrasting with bond lengths and Wiberg bond indices, the stability of Ni-B interaction in neutral systems is stronger than that of the Ni-B interaction in anionic systems. Moreover, all of Ni-B interaction is higher than the corresponding B-B interaction. The analyses are in agreement with the conclusion, namely, the shorter the bond length is, the stronger bond is. Second, the values of WBIB-B(av) and WBIB-B(av) decrease when the cluster size grows, which means that the interaction brings down with increasing nickel atoms. Third, for Ni-B bond in NiB2 triangle unit, the calculated bond order Ni-B (0.553) of NiB22 is markedly higher than that of Ni-B (0.521) of NiB22-.

3.2 PES spectra
Photoelectron spectroscopy (PES) is an important experimental method for probing the geometric structure, and further lends support to the accuracy of the theoretical approach. Here, by adding the occupied orbital energy relative to the HOMO to the first VIP and fitting them with a Lorentz expansion scheme and a broadening factor of 0.3eV, PES spectra of the lowest energy structures for B2n0/- (n=8-11) and NiB2n0/- (n=7-11) clusters are simulated in Fig. 2 based on the Multiwfn software [58]. First, the simulated PES of B16-, B18-, B20- and B22- clusters agree well with the experimental spectrum [6,14, 59-60], which means that Multiwfn software is reliable and precise to simulate the PES spectra. In addition, the simulated spectrum of NiB14- includes five intense features including two double peak features at 1.59 eV, 3.06 eV, 4.61 eV, 4.84 eV and 5.80 eV, respectively. In the PES of NiB16-, there are five prominent peaks (2.56 eV, 3.28 eV, 5.23 eV, 5.53 eV and 5.79 eV), and the first peak emerges at 2.56 eV, the strongest peak located at 5.79 eV. The first peak at 2.98 eV in the NiB18- spectrum is followed by four congested peaks (3.65 eV, 3.91 eV, 4.83 eV and 5.49 eV). The PES of NiB20- has seven high-intensity peaks at 2.86 eV, 3.62 eV, 4.21 eV, 4.52 eV, 5.19 eV, 5.55 eV and 5.88 eV. The theoretical spectra of NiB22- possess seven high-intensity peaks (2.89 eV, 3.45 eV, 3.99 eV, 4.87 eV and 5.53 eV) and the maxima are situated at 5.53 eV. For studied systems, there is no experimental data available for the PES spectra. Afterward, we wish that present simulated PES spectra could provide a guide to recognize these clusters. 

3.3 Relative stabilities
Based on the TPSSh/6-311+G(d)+ZPE calculations, the average binding energies (Eb) is discussed. The formulas are defined as: 

                                         (1)
E stands for the total energy of the relevant systems. The calculated Eb as a function of cluster size is shown in Fig. 3. As shown in Fig. 3, Eb has a monotonically increasing with an increase of boron atoms, implying these clusters can continuously gain energy as the cluster size increase. Moreover, the values of Eb (NiB2n0/-) clusters are higher than those of the Eb (B2n0/-) clusters, indicating that the introduction of a Ni atom could enhance the stability of host B2n0/- clusters. In addition, the anionic NiB2n- clusters possess relatively lower stability than the corresponding NiB2n clusters. 
The adsorption energy (Ead) of NiB2n0/- (n=7-11) clusters could be calculated using the following equation:

                     (2)
From the Table 2, all the adsorption energies of NiB2n0/- clusters are negative, the corresponding absolute values are 4.21~5.03 eV and 3.49~5.17 eV, respectively, which indicates that there exists a strong binding interaction between Ni atom and B2n0/- clusters. Moreover, the striking dips for NiB140/-, NiB160/-, NiB180/-, NiB200/-, and NiB220/- clusters could prove that a mass of energy is released when a Ni atom is absorbed by the B140/-, B160/-, B180/-, B200/- and B220/- clusters, respectively. 
To further gain the stability of doped systems, some essential parameters, such as vertical ionization potentials (VIP), vertical electronic affinity (VEA), adiabatic electronic affinity (AEA), and vertical detachment energies (VDE), are defined as the difference of total energies:

                  (3)
The VIP, VEA, VDE and AEA are calculated and listed in Table 2. The relationships of VIP, VEA, VDE and AEA are plotted in Fig. 4. First, VIP values are higher than the VEA values, implying NiBn clusters easily gain electrons. Second, AEA and VEA curves show a similar oscillation tendency, indicating that the anionic clusters basically keep the similar structural framework of the corresponding neutral clusters, as observed in Fig. 1. Third, some maximal local peaks at n=18, 22 for AEA and VEA are determined, which means that these clusters are energetically less stable than their neighbors. Contrarily, VIP values reach the maximum at n=14 and 20, signifying the high stability of the NiB14 and NiB20 clusters. 
It is well known that both hardness (η) and HOMO-LUMO gaps are considered to be an important criterion in terms of the electronic stability of clusters. Based on difference approximation and Koopmans’ theorem [61-65], the following equation could be obtained:
η=VIP-VEA= ELUMO-EHOMO                                         (4)
So, we can say that the variation trend of η is in keeping with that of HOMO-LUMO gaps. Indeed, in Fig. 4, we find that Egap and hardness (η=VIP-VEA) possess the same variation with clusters size. More importantly, combing the analyses of the VIP, Egap and hardness, we can conclude that the NiB140/- cluster is more stable than those of doped systems. 

3.4 Charge transfer
To check into charge transfer between nickel atoms and boron fragment, the charges of the lowest energy structures of NiB2n0/- (n=7-11) clusters are calculated by using the natural population analysis (NPA). The detailed results are shown in Table 1. Results indicated that Ni([Ar]3d84s2) atoms of studied systems carry the positive net atomic charges, which may be caused by the electronegativity of B (2.04eV) is great than that of Ni (1.92eV) [66]. So, the charges transfer from Ni atom to B frame. Most interestingly, based on the natural electron configuration (NEC), a Ni atom donates its 4s2 electrons almost completely to the tubular-shaped B2n0/- ligand; however, occupied 3d orbital accepts nearly 0.85~1.26 electrons via p→d back donations. In addition, Ni 4p orbitals are compose of the low occupation numbers of 0.02~1.73 electrons, which make negligible contribution to Ni-B2n0/- coordination interactions. 

3.5 IR and Raman spectra 
In this section, based on the structural optimization, we computationally simulated the IR (red) and Raman (blue) spectra of the most stable structures of NiB2n0/- (n=7-11) clusters to facilitate their spectra characterization in Fig. 5. The units of infrared intensity and Raman activity are km/mol and A4/amu, respectively [67]. The vibrational modes of each atom are also listed in Figure S1. For NiB14 cluster, the calculated IR spectrum with a dominant peak locates at 457cm-1 related to the anti-vibration of axis of 7B-15Ni-11B. The strongest Raman peak at 760cm-1 corresponds to breath of all of boron atoms; however, Ni atom almost sustains silent. The NiB16 cluster possesses the D8d point group symmetry with two degenerate modes of strongest IR vibration peak (475cm-1), corresponding to the anti-vibration of all of the atoms. The strongest Raman is 679 cm-1, which is assigned to the typical breathing mode. For NiB18 cluster, the highest IR peak (192 cm-1) is located in lower frequency region, which is formed by vibrating of 1B, 10B, and 16B-19B atoms. The most intense Raman peak appears at 720 cm-1 corresponds to the swing of all of boron atoms, but, Ni atom almost remains static. NiB20 cluster exhibits the strongest IR vibration peak at 295 cm-1, corresponding to the swing of Ni atom. Nevertheless, Raman spectrum with a dominant peak locates at 505 cm-1 related to the swing vibration mode of all of boron atoms. For NiB22 cluster, the highest IR peak (883 cm-1) is located in higher frequency region, which is formed by swing vibration of 22B and 23B in the centre of drum-shaped B20 cluster. The strongest peak (705 cm-1) in the Raman spectrum contains the breathing mode of all of the atoms. For NiB14-, the strongest IR peak is at 597 cm-1, attributable to the anti-swing of all of B atoms together, the doped Ni atoms keep silent. The strongest Raman spectrum of NiB14- cluster appears at 1138 cm-1, arising mainly from the anti-swing mode of 7B-15Ni-11B, the other next boron atoms contain to the anti-vibration mode. For NiB16- cluster belong to C4v point group symmetry, the strongest IR and Raman peaks are found at the same frequency (578 cm-1) corresponding to the stretching of all of boron atoms around the doped Ni atom. For NiB18-, the highest IR and Raman peak are at 396 cm-1 and 396 cm-1, respectively. Two highest peaks correspond to the anti-swing of two different face of tubular B18- cluster, the corresponding Ni atom almost keeps silent. The asymmetric swing of all of boron atoms and Ni atom is found at the highest Raman peak (287 cm-1) for NiB20-. The strongest Raman is 510 cm-1, which is assigned to the typical breathing mode. For NiB22-, the calculated IR spectrum with a dominant peak locates at 373 cm-1 related to the same swing of 1Ni, 22B and 23B, the other boron atoms related to the breathing vibration mode. The vibration at 994 cm-1 can be viewed as anti-swing mode in the Raman active modes. 

3.6 Aromatic properties
   Based on magnetic shielding tensor of the ghost atom, Nucleus independent chemical shift (NICS) are calculated by employing gauge-independent atomic orbital (GIAO) method [68]. Moreover, the nuclear magnetic resonance (NMR) parameters are included as a ghost atom, and are put at the centre of ring. Extensive studies found that negative NICS values in interior positions of ring indicated the presence of induced diatropic ring currents or aromaticity; positive values denoted paratropic ring currents and interpreted as anti-aromaticity. Moreover, the more negative the NICS, the more aromaticity in the system. In present work, five NICSzz values are calculated at five positions: points 0.0, 0.5, 1.0, 1.5, 2.0Å above the center of the ring, which is denoted as NICS(0.0)zz, NICS(0.5)zz, NICS(1.0)zz, NICS(1.5)zz, and NICS(2.0)zz, respectively. The results are listed in Table 3. First, NiB14- and NiB16- clusters possess the positive values of NICSzz, which means that the structures of NiB14- and NiB16- clusters possess anti-aromatic properties. However, the other doped systems with aromatic are supported by negative NICSzz values. Second, the calculated NICSzz values illustrate that the NICS values decrease in the order of NICS(0.0)zz, NICS(0.5)zz, NICS(1.0)zz, NICS(1.5)zz, and NICS(2.0)zz. For all of studied systems, the aromaticity of NiB16 cluster is larger than those of NiBn clusters, NiB16- cluster has the strongest anti-aromatic properties for all of anionic systems.

3.7 Thermodynamic properties

Thermodynamic properties are important parameters and essential in predicting reactive properties of chemical reactions. Here, the thermodynamic parameters, such as the standard molar heat capacity (Cp), standard molar thermal entropy (S), and enthalpy of formation () are investigated and tabulated in Table 4 at 298.15 K and 1.013 ×105 Pa. The enthalpy of formation is defined as follows:

                          (5)   
E represents the total energy of the relevant system. Research finding when the enthalpy of formation is negative, the corresponding clusters are stable on thermodynamics; or else, the clusters with positive enthalpy of formation are not stable on thermodynamics. Current investigation indicated the enthalpy of formation for all the NiB2n0/- (n=7-11) clusters are negative, so, these clusters are stable on thermodynamics. Moreover, the thermodynamic stability as well as Cp and S increase with the increment in the number of constituent boron atoms. 
In order to gain insight into the Cp and S, variation of Cp and S as a function of the temperature also are calculated and depicted ranging from 200K to 800K in Table 5 and Fig. 6. Results indicated that Cp and S increase with the temperature increasing. Take NiB140/- clusters as an example, the relationships between the thermodynamic parameters and temperature are expressed as (6)-(9): 
Cp=-33.27763+0.8770T-5.6707×10-4T2                        (6)
S=169.4870+0.7777T-2.3846×10-4T2                                      (7)
Cp=-20.7341+0.8728T-5.7526×10-4T2                         (8)
S=195.3648+0.8355T-2.7616×10-4T2                          (9)
Then, the correlation coefficients R2 are 0.9963, 0.9999, 0.9951, and 0.9999, respectively. Simultaneously, 
                 dCp/dT=0.8770-1.1342×10-3T                              (10)
dS/dT=0.7777-4.7692×10-4T                               (11)
                 dCp/dT=0.8728-1.1505×10-3T                              (12)
dS/dT=0.8355-5.5332×10-4T                               (13)
Obviously, the gradients of Cp and S decrease with the increasing temperature. Furthermore, since the coefficients of T2 are very small, these correlations approximate to linear equations. 

4 Conclusions
Based on the CALYPSO structural searching method and DFT calculations, the structures, electronic and thermodynamic properties have been investigated systematically for NiB2n0/- (n=7-11) clusters, the conclusions are summarized as follows:
(1) CALYPSO structural searching method and DFT/TPSSh functional with the 6-311+G(d) basis set are used to optimize the structures of NiB2n0/- (n=7-11) clusters. Results found that studied clusters adopt the shape of a Ni atom-centered double ring tubular boron structures, NiB180/- except. 
(2) Based on the analyses of VIP, VEA, AEA, HOMO-LUMO gaps and hardness, NiB140/- clusters turn out to be remarkable species with relatively higher stability.
(3) NPA and NEC analyses revealed the charge transfer occurs from the nickel atom to the base boron fragment. 
(4) NiB14- and NiB16- clusters possess antiaromatic properties. The other doped systems have aromatic properties. In addition, the aromaticity of NiB16 cluster is larger than those of the NiBn clusters, NiB16- cluster has the strongest antiaromatic properties.
(5) All of studied systems with negative enthalpy of formation are stable on thermodynamics stability. The thermodynamic stability and parameters (Cp and S) increases with the increment in the number of constituent boron atoms. Moreover, the gradients of Cp and S decrease with temperature increasing. 
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