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Editorial on the Research Topic
Atomic Clusters: Theory & Experiments

Atomic clusters are finite aggregates of atoms, varying in size from a few Angstrom to a few nanometers. The importance of atomic clusters lies in the fact that they possess very unique properties, which are sometimes, quite different than their bulk analogs. Due to advancements in theory and instrumentation along with the aid of powerful computers, the research and development in this field are greatly accelerated. The topic “Atomic Clusters: Theory & Experiments” provide a compilation of the recent progress made in this very exciting field of research. This topic consists of two review and seven research articles on various themes, which are outlined below.
Pal et al. reviewed the various aspects of atomic clusters. They discussed the structures of certain atomic clusters such as noble gas encapsulated B40 cage, small molecule encapsulated octa acid, (HF)2 confined fullerenes, etc. using different machine learning techniques. The bonding and reactivity of these clusters were discussed with the help of the quantum theory of atoms in molecule (QTAIM) and conceptual density functional theory (CDFT). Srivastava reviewed various optimization algorithms such as genetic algorithm (GA), basin-hopping (BH) method and its variants, heuristic algorithm combined with the surface and interior operators (HA-SIO), fast annealing evolutionary algorithm (FAEA), random tunneling algorithm (RTA), and dynamic lattice searching (DLS) to obtain the global minimum structures of the different type clusters such as pure metallic clusters, bimetallic clusters, trimetallic and tetrametallic clusters, fullerene-like clusters, and dipolar clusters.
Zhou et al. introduced a newly developed NKCS python code based on xTB local optimization and BH global search algorithm. They obtained global minimum structures of the cations of phosphorus clusters, P2n+1+ for n = 1–15 in which the pnicogen bonds play an important role in the stabilization of clusters and identified P29+ and P31+ as the most stable isomers. Their results showed that the NKCS program is effective and robust in searching global minimum structures for atomic clusters. Shi et al. searched the lowest-energy structures of hydrated calcium ion clusters Ca2+(H2O)n (n = 10–18) in the whole potential energy surface by the comprehensive genetic algorithm (CGA) combined with DFT. Their theoretical results could provide useful guidance for analyzing the hydrated calcium ion clusters in experiments, and are of fundamental importance for an in-depth understanding of the microscopic interactions between Ca2+ and water molecules in aqueous environments.
Jiang et al. examined the stability of two transition metal boron clusters Sc2B8 and Y2B8 in the inverse sandwich configuration via first-principle calculations combined with a comprehensive genetic algorithm (CGA). It is confirmed that such novel structures are the lowest-energy isomers and can be extended to 1D nanowires (NWs). They revealed that both theoretically designed 1D-Sc4B24 and 1D-Y2B12 nanowires are nonmagnetic such that the former NW is a direct-band-gap semiconductor, whereas the latter one is a metal. Tiznado et al. investigated the stability of the isolated silicon-lithium nanowire (Li6Si5-NW) assembled from stacking the Li6Si5 units as well as its electronic properties by using DFT methods and Born-Oppenheimer ab initio molecular dynamic simulations. They studied the possibility of using carbon nanotubes (CNTs) as an alternative way to stabilize thus obtained 1D Li6Si5-NW by stacking Li6Si5 units one above another and confirmed its metallic character. They found that finite (Li6Si5)4 systems are stable inside both armchair and zigzag CNTs which supports the hypothesis of possible formation of Li6Si5-NW in CNTs.
Yu et al. reported an osmium-centered aromatic cluster of boron, OsB9− using DFT and QTAIM approaches. They described the structure, energetics, electron delocalization as well as photoelectron spectrum. Their findings suggested that the dual σ + π aromaticity is a key factor to design highly stable borometallic molecular wheels. Meloni et al. studied Li3F2 superalkali encapsulated C60 fullerene by DFT and found that this endofullerene is stable. They noticed that the CO2 molecule can be activated by trapping within this endofullerene. During the activation, an F atom of Li3F2 is bonded to the CO2, unlike a simple electron transfer process. These findings suggested the activation of CO2 at the nanoscale. Qasemnazhand et al. investigated the structure of sila-fulleranes (SinHn; n = 20–60) and the interaction of Si20H20 with glycoprotein. They compared the electronic absorption spectrum of pure Si20H20 with those interacting with glycoproteins through O- and N-links. They suggested that the optical response of sila-fullerane changes when it interacts with viral spikes and therefore, it acts as a sensor for monitoring the environment.
Thus, the topic covers the articles on a variety of themes such as non-metallic clusters, metallic clusters, nanowires, fullerenes, etc. and introduces the readers to the current status in this rapidly growing field of research. We, the editors, thank all the authors for contributing to this topic as well as reviewers for their voluntary support. We believe that the contents of the topic will benefit the scientific community at large.
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The structural characterization of clusters or nanoparticles is essential to rationalize their size and composition-dependent properties. As experiments alone could not provide complete picture of cluster structures, so independent theoretical investigations are needed to find out a detail description of the geometric arrangement and corresponding properties of the clusters. The potential energy surfaces (PES) are explored to find several minima with an ultimate goal of locating the global minima (GM) for the clusters. Optimization algorithms, such as genetic algorithm (GA), basin hopping method and its variants, self-consistent basin-to-deformed-basin mapping, heuristic algorithm combined with the surface and interior operators (HA-SIO), fast annealing evolutionary algorithm (FAEA), random tunneling algorithm (RTA), and dynamic lattice searching (DLS) have been developed to solve the geometrical isomers in pure elemental clusters. Various model or empirical potentials (EPs) as Lennard–Jones (LJ), Born–Mayer, Gupta, Sutton–Chen, and Murrell–Mottram potentials are used to describe the bonding in different type of clusters. Due to existence of a large number of homotops in nanoalloys, genetic algorithm, basin-hopping algorithm, modified adaptive immune optimization algorithm (AIOA), evolutionary algorithm (EA), kick method and Knowledge Led Master Code (KLMC) are also used. In this review the optimization algorithms, computational techniques and accuracy of results obtained by using these mechanisms for different types of clusters will be discussed.
Keywords: global optimization, potential energy landscape, clusters, empirical potentials, homotops
INTRODUCTION
Nanoclusters are considered as a collection of ∼10 to 106 atoms or molecules within a nanometre size range (Lesley and Johnston, 2000; Johnston, 2002) such as fullerenes, metal clusters, molecular clusters and ionic clusters (Jellinek, 1999; Baletto and Ferrando, 2005). Nanometre-size clusters are both crystalline (face-centred cubic (fcc), octahedra or truncated octahedral (TO)) and noncrystalline (icosahedra, decahedra, polytetrahedra and polyicosahedra) structures. The small size nanoclusters exist in noncrystalline shapes. The noble and transition metals are dominated with icosahedra and Marks truncated decahedra structures (Martin, 1996). These structures are not favourable for large clusters due to the strain arising from their noncrystalline packing (Baletto and Ferrando, 2005). However the strain can be released by placing a smaller atom in the core of the nanoalloy (Rossi et al., 2004) as the strain is proportional to the cluster volume. The quantized electronic energy levels of clusters give rise to atomic-like character (Halperin, 1986; Ralph et al., 1995) and this phenomenon is used to enhance the optical and electrical properties of some clusters (Heath, 1995; Papavassiliou, 1979). Advancement in modern research occur with nanoalloy composition (Ferrando et al., 2008; Oderji and Ding, 2011; Liu et al., 2005) and chemical ordering patterns (Scott et al., 2004; Chen et al., 2005; Knudsen et al., 2007; Maksimuk et al., 2007; Ye and Crooks, 2007; Teng and Yang, 2003) in addition to the size, atomic order and structure. Chemical ordering depends upon structure, size and composition, among others (Johnston, 2003). See Figure 1. The theoretical studies for clusters are far cheaper than the experimental trial-and-error approaches, and led to conclusion by following parameters; heat of formation, energies, structural mechanisms, transition states (TS) mechanisms, and molecular spectra analysis (Foresman and Frisch, 1996). Various groups have explored these properties for the generation and characterization of the atomic clusters (Cabaleiro-Lago et al., 2000; Marques and Pereira, 2010a; Marques and Pereira, 2013; Marques and Pereira, 2013, Marques et al., 2018; Bartolomei et al., 2015).
[image: Figure 1]FIGURE 1 | Cross section view of (A) core-shell, (B) subcluster segregated, (C) mixed and (D) multishell patterns. (Ismail, 2012).
The PES is explored to locate the GM for the smaller clusters by different approaches. Electronic structure of these clusters can be defined by either ab initio Molecular Orbital (MO) or semi-empirical atomistic potentials (Wales and Scheraga, 1999; Johnston, 2002). GM structure is the most preferred structure though other metastable structures are also observed due to kinetic effects. Ab initio method are feasible for the smaller systems (tens of atoms) as it is based on the laws of quantum mechanics, atomic, electronic properties and few other physical constants. In this method, the system is studied either by short single-point energy calculation or by geometrically relax the system for more stable configuration. The empirical or semi-empirical methods are used for the medium sized systems. As ab initio methods are computationally demanding so empirical methods are used as an alternative, but empirical methods are not found to be accurate to encounter hydrogen-bonding, chemical transitions or nitrated compounds (Akutsu et al., 1991; Cook, 2005). Further compared to pure elemental clusters, the existence of homotops complicates nanoalloys studies. The conformational stability of clusters is carried out by the global minima and transition states being stationary points with zero potential gradients. Local minima is obtained by the rise in potential energy for any infinitesimal displacement of internal coordinates, where there is a Hessian with positive (second derivative matrix) eigenvalue for the transition states.
GA is considered as a better and popular choice in clusters compared to Monte Carlo (MC) and Molecular Dynamics (MD) Simulated Annealing method. The other techniques are evolution strategies, differential evolution, genetic programming, evolutionary programming, gene expression programming, neuro-evolution, learning classifier systems. Xiao and Williams (Xiao and Williams, 1993) used the GA approach for the molecular clusters (benzene, naphthalene and anthracene) in 1990’s. Then Hartke (Hartke, 1993) reported the genetic algorithms for global optimization of molecular clusters. The binary encoded geometries and bitwise acting genetic operators on binary strings were reported by Xiao et al. (Xiao and Williams, 1993). Further these binary encoding and decoding were replaced by applying cartesian coordinates on GA approach (Zeiri, 1995). A significant contribution was made by Deaven and Ho (Deaven and Ho, 1995) in which gradient-driven local minimization was implemented for the cluster energy. Birmingham Cluster Genetic Algorithm (BCGA) in house GA was developed by Wales group for Morse clusters (Roberts et al., 2000), fullerenes (Johnston, 2003), ionic clusters (Roberts and Johnston, 2001), water clusters (Guimaraes et al., 2002), metal clusters (Lloyd et al., 2002) and bimetallic clusters (Bailey et al., 2003; Lordeiro et al., 2003). BHMC algorithm is based on the MC minimization or BH algorithm (Li and Scheraga, 1987) in which PES is simplified by the transformation of energy which results in a smoother landscape. So these methods are also known as hypersurface deformation (Stillinger and Weber, 1988). In 2005 Karaboga (Karaboga, 2005) proposed artificial bee colony (ABC) algorithm which was very efficient in locating global minima for long range potentials. The ABC algorithm was successfully applied to the atomic clusters (Zhang and Dolg, 2015) and rigid molecules with corresponding ABCluster software (Zhang and Dolg, 2016). Particle swarm optimization (Call et al., 2007), stochastic surface walking (Shang and Liu, 2013), kick method (Saunders, 1987; Bera et al., 2007; Addicoat and Metha, 2009; Zhai et al., 2015) and GIGA (Jäger et al., 2019) have shown good performance for various chemical systems.
Various model or empirical potentials (EPs) are used to describe the bonding in these clusters. It was observed that global minimum configurations show different symmetries for Sutton Chen potentials and Lennard-Jones potentials. The Sutton-Chen potential is a Finnis-Sinclair type potential with two terms providing the pair-wise repulsive and approximate many-body cohesive contributions separately. Gupta potential is a semi-empirical potential derived within the tight-binding second-moment approximation. It is highly recommended for metallic systems (Gupta, 1981) with inter-atomic interactions. This potential function is applied to describe homonuclear and heteronuclear interactions. The parameters used for this potential is given in Table 1 from the work carried out by Srivastava (Srivastava, 2017a) for (Aum-Agn-Pdo-Ptp) (m = 10 and n + o + p = 10) tetrametallic clusters. A, ξ, p and q potential parameters are used to fit the experimental properties as cohesive energy, lattice parameters, elastic constants, among others), while r0 can either be average of the pure bulk distances or can be taken by specific ordered bulk alloy. See Figure 2.
TABLE 1 | Gupta potential parameters used for the four (Pt, Pd, Ag, Au) coinage metals. (Srivastava, 2017b).
[image: Table 1][image: Figure 2]FIGURE 2 | Optimized structures of Fifteen tetrametallic clusters complexes by DFT method. (Srivastava, 2017b).
Due to high computational costs, a combined empirical-ab initio approach is used to carry out the unbiased searches at empirical level for global and local minima structures. These structures were optimized at ab initio level and GO technique was used at EP level to build a database of structural motifs. Global searches were performed with the BCGA and BHMC algorithms by employing Gupta and Gupta-derives potentials. Then the selected minima are locally optimized at the DFT level using various softwares as the Northwest Computational Chemistry (NWChem) (Aprà et al., 2020), Quantum ESPRESSO (QE) (Giannozzi et al., 2020), Gaussian 09 package (Frisch, 2009), VASP (Kresse and Furthmüller, 1996) and ADF (TeVelde et al., 2001; Baerends et al., 2003) etc.
OGOLEM (Hartke, 1993; Dieterich and Hartke, 2017), GMIN (Wales and Scheraga, 1999; Wales, 2010), BCGA (Johnston, 2003; Shayeghi et al., 2015), Gradient Embedded Genetic Algorithm or GEGA (Alexandrova and Boldyrev, 2005), Global Reaction Route Mapping (GRRM) (Ohno and Maeda, 2006; Ohno and Maeda, 2019), Evolutionary Algorithm for Molecular Clusters or EA_MOL (Llanio-Trujillo et al., 2011; Marques and Pereira, 2011), Automated Mechanisms and Kinetics (AutoMeKin) (Martínez-Núñez, 2015a; Martínez-Núñez, 2015b; Martínez-Núñez et al., 2020), ABCluster (Zhang and Dolg, 2015), Genetic Algorithm fitting (GAFit) (Rodríguez-Fernández et al., 2017; Rodríguez-Fernández et al., 2020), AUTOMATON (Yañez et al., 2019; Yañez et al., 2020) and NWPEsSe (Zhang et al., 2020) are some of the computational tools which have included many of these methods.
The energetic analysis of clusters is carried out by average binding energy (pure clusters), second difference in binding energy and excess (or mixing) energy for nanoalloys by both EP and DFT levels. The mixing effect is studied by various factors as size, cohesive energy, surface energy, electronegativity among many others. Radial distribution function (RDF), pair distribution function (PDF) and average nearest-neighbour distance (ANND) are also calculated for bonding analysis. Further chemical ordering and symmetry are studied for the cluster structure analysis. Compositional Mixing Degree is calculated to give emphasis to the mixed bonds (Srivastava, 2017a; Srivastava, 2018a).
In next section, we will discuss the use of these optimization algorithms in various types of clusters.
PURE METALLIC CLUSTERS
Spherical shell model was used to determine the electronic structures of “magic numbers” in Nan and Kn alkali-metal clusters (Brack, 1993; de Heer, 1993). Åkeby et al. (Åkeby et al., 1990) used the configuration interaction (CI) method with an effective core potential for small clusters (n ≤ 10). Full-potential muffin-tin orbitals (FP-LMTO) technique was used for small Cun clusters (Kabir et al., 2003). Tight-binding (TB) approach with quasi-empirical potential was used to study the molecular dynamics for nearly 1,300 atoms (D’Agostino, 1993). A minimal parameter TBMD method was used for transition metal (Nin and Fen) clusters (Menon et al., 1994; Lathiotakis et al., 1996). Random search method has been adopted by Johnston group on (Al, Ca, Fe, Ni, Pd and Pt) bound 17–19 atoms clusters by Murrell–Mottram 2 + 3 body potentials. Results indicated similar structural patterns but different positions of elements for both Murrell–Mottram and Sutton–Chen potentials.
A previous studies indicated amorphous structures for 13 atoms (Au, Ag, Cu) clusters (Oviedo and Palmer, 2002) and large Aun clusters (n = 38, 55, 75) (Michaelian et al., 1999; Li et al., 2000; Wilson and Johnston, 2000). Ab initio studies showed that most of the copper clusters adopt icosahedral structure for (10 ≤ n ≤ 55), derived from the 13 atom icosahedron; polyicosahedral (19, 23, and 26) atom; and icosahedron (55 atoms) clusters by adding or removing atoms (Moore, 2013). Small anionic gold clusters were studied by Häkkinen et al. (Häkkinen et al., 2002) with PBE (Perdew et al., 1996) functional in which Au7− formed a planar structure, whereas both Cu7− and Ag7− form 3D structure. Furche et al. (Furche et al., 2002) found planar structures for Aun− up to n = 15. DFT calculations find stable planar gold clusters (Jain, 2005), while Fa et al. (Fa et al., 2005) predicted 2D→3D transition between n = 13 and n = 15 for neutral gold clusters.
Large magic number Cu clusters tend to adopt close-packed structures such as icosahedron or cuboctahedron (Massobrio et al., 1998). Jackson used local-spin-density approximation for even-numbered Cu clusters, while other study (Winter et al., 1991) predicted jellium model like icosahedral geometrical closure effects for small copper clusters. Density functional theory (DFT) within generalized gradient approximation and BFGS algorithm on Cu20, Ag20, and Au20 clusters study also showed tetrahedral structures with Td symmetry for Ag20 and Au20 clusters (Wang et al., 2003). Li et al. (Li et al., 2003) predicted tetrahedral structure with Td symmetry for Au20; similar to alkali-metal cluster Na20 (Solov’yov et al., 2002). Recently Asenjo et al. (Asenjo et al., 2013) showed that L-BFGS as well as FIRE algorithm is also a fastest minimizer and it led to less fragmented basins of attraction. As these magic number clusters are stable and have closed electronic and/or geometric shell, they can be used as building block in nanoscale materials and devices.
38, 75, and 98 atom Lennard-Jones clusters, truncated octahedron for LJ38 (Doye et al., 1999), tetrahedral symmetry for LJ98 (Leary and Doye, 1999a), Marks decahedra for LJ75–77 (Doye et al., 1995) and LJ102–104 (Doye and Wales, 1995) which are all multiple-funnel systems of the corresponding energy landscapes (Wales et al., 1998, Wales, 2004; Doye et al., 1999) were studied by GMIN optimization code by Wales Group (Wales, 2012; Oakley et al., 2013). Adaptive immune optimization algorithm (AIOA) search algorithm has been used for the structural optimization of monatomic LJ clusters (up to 200 atoms) (Ye et al., 2011; Cheng et al., 2004). Studies on the geometrical optimization of Lennard-Jones clusters within 250 atoms and Ag clusters (within 150 atoms) were carried out by adaptive immune optimization algorithm (AIOA) with dynamic lattice searching (DLS) operation (AIOA-DLS) using many-body Gupta potential (Wu and Wu, 2014a). Dynamic searching approach reduces the searching space and runs at a very high efficiency, especially for larger size clusters. This approach can be effectively used for other molecular or atomic clusters. The performance of DLS for the optimization of LJ clusters with 13 ≤ N ≤ 309 with different parameters are listed in Table 2. DLS method showed a very fast convergence speed compared with monotonic sequence basin-hopping (MSBH). Recently KLMC method is used to locate and explore double funnel landscape of LJ38 atom system (Lazauskas et al., 2017).
TABLE 2 | Parameters Used in Dynamic Lattice Searching Method. For the magic numbers (38, 75–77, 98, 102–104). Nruns 10,000. (Shao et al., 2004b).
[image: Table 2]The Gupta potential parameters with GMIN code were used for the gold and silver clusters for Cystene-coinage metal interactions (Srivastava, 2017a). The clusters were optimized using basin hopping algorithms within higher temperature and the structures validated the experimental studies. Results indicated that basin hopping algorithm based on the Monte Carlo minimization is appropriate for these clusters. The same GMIN code has been used for the structural optimization of silver clusters (Ag8, Ag10 and Ag12) in Agn-A,T/WC complexes interactions (Srivastava, 2018a). See Figure 3. In Mutagen-Au8 complexes, the gold clusters were optimized using Gupta potential parameters and BH algorithm and the electronic and optical properties of the Mutagen-Au8 complexes (Srivastava 2017c) were studied with G09 software. See Figure 4.
[image: Figure 3]FIGURE 3 | Optimized structures of Agn-A,T/WC complexes for n = 8, 10 and 12 by DFT method (Srivastava, 2018a).
[image: Figure 4]FIGURE 4 | Optimized structures of Au8-wobble/WC mispair Complexes by DFT method. (Srivastava, 2018a).
Bimetallic Clusters
In bimetallic clusters, four different types of chemical ordering are possible as core-shell, subcluster segregated (Janus nanoparticles), mixed and multiple shells. See Figure 1. The design of nanoalloys can be changed by fine tuning the mixing pattern. The chemical arrangement of these clusters are influenced by many factors as relative strengths of homo and heteronuclear bonds, atomic sizes, electronic/magnetic effects and many others (Ferrando et al., 2008; Oderji and Ding, 2011).
The highly efficient unbiased optimization methods used for nanoalloys are the genetic algorithm (GA) (Daven et al., 1996; Xiang et al., 2004; Curley et al., 2007), basin hopping (BH) method and its variants (Wales and Doye, 1997; Wales et al., 1998; Leary and Doye, 1999b), self-consistent basin-to-deformed-basin mapping, heuristic algorithm (Leary and Doye, 1999b) with surface and interior operators (HA-SIO) (Takeuchi, 2006), fast annealing evolutionary algorithm (FAEA) (Cai and Shao, 2002), evolutionary algorithm (EA) (Hartke, 2000), random tunneling algorithm (RTA) (Shao et al., 2004a), dynamic lattice searching (DLS) methods (Pillardy et al., 1999; Shao et al., 2004b), modified adaptive immune optimization algorithm (AIOA) (Shao et al., 2004c) and Knowledge Led Master Code (KLMC) (Woodley, 2013) due to larger number of homotops. In a previous study Spin polarized density-functional theory (SP-DFT) (Pant and Rajagopal, 1972) with B3 (Becke, 1993) exchange functional and PW91 (Perdew and Wang, 1992) correlation functional was used to investigate small AgxPt10-x (1 ≤ x ≤ 10) nanoalloys and global reactivity descriptors were used to determine the activity of these bimetallic clusters (Erlinda del et al., 2009). The LANL2DZ pseudo-potential with corresponding double- ζ basis set was used for Ag and Pt atoms (Hay and Wadt, 1985). Nanoalloys as iron and silver are of immense interest as they have distinct properties compared to the pure elemental clusters and corresponding bulk alloys due to finite size effects. These nanoalloys may show both magic sizes and magic compositions (Baletto and Ferrando, 2005). Paz Borbón et al. (Paz Borbón et al., 2008) used combined empirical potential (EP)/density functional (DF) method to study the structural properties and segregation effects for 38 atom binary clusters (combination of Pt-Ag, Ag-Au, Pd-Au and Ag-Pt) metals. Results favored mixed five-fold-symmetric/close-packed or decahedral arrangements for Pt-Pd, Ag-Pt and Ag-Au pairs. We have also used the combined EP-DF approach for structural optimization of nineteen bimetallic Au38-xPtx and Au38-xAgx clusters. The basin-hopping procedures with accept/reject strategies (10,000 Steps) were used and the studied structures were compared to the reference Au38 (theoretical and experimental) structure. Further the geometrical, thermal and other properties were studied for these binary structures (Srivastava, 2018b). See Figure 5.
[image: Figure 5]FIGURE 5 | Optimized structures of Au38-xPt x bimetallic (x = 1–19) clusters. (Srivastava, 2018b).
A general tight-binding (TB) total energy scheme has been used to calculate the structural properties of the smaller bimetallic coinage metal compounds: Cu3Au, CuAu, CuAu2, CuAu3, and Cu6Au8 clusters (Metadjer et al., 2001). The structural and electronic properties of bimetallic gold-silver clusters (Bonacic et al., 2002) and AunXm+ (X = Cu, Al, Y, In) (Bouwen et al., 1999) were studied by the TB energy scheme. Heinebrodt el al. (Heinebrodt el al., 1999) used DFT method for AunXm (X = Cu, Al, Y, In, Cs) clusters and found the electronic shell effects separately in the clusters. Yuan et al. investigated the geometric and electronic structures of AunM (n = 1–7, M = Ni, Pd, Pt) by employing the first-principles method (Yuan et al., 2005). The structures and electronic properties of CunOn (n = 1–8) clusters (Bae et al., 2011) were also carried out by DFT.
The structural stability and electronic properties of PdnSiq (n = 1–7 and q = 0, 1, −1) clusters were studied by DFT within GGA (Begum et al., 2014) framework. The chemical ordering in magic-size Ag–Pd clusters were carried out for global optimization searches with DFT based atomistic potential developed within the second-moment approximation to the tight-binding model (Cyrot-Lackmann and Ducastelle, 1971) using the BH algorithm (Wales and Doye, 1997; Rossi and Ferrando, 2009). BH algorithm consists of Metropolis Monte Carlo simulations in which local minimization are performed after each move. In this study exchange moves were only allowed to search the best homotops for the most favourable chemical ordering patterns. Thermodynamic parameters of surface configurations for the corresponding bulk alloys were studied by Strohl and King et al. (Strohl and King, 1989). In another study different chemical ordering patterns were analyzed for Ag–Pd nanoparticles up to 60 atoms (Bochicchio et al., 2014).
The embedded-atom method was used to study the structural stability of CumAgn nanoalloys with BH algorithm for all (m,n) with N = m + n from 2 to 60 atoms. Most of the structures were icosahedra, polyicosahedra, truncated octahedral and 5-fold pancakes (Molayem et al., 2010). The studies were compared to the NimAgn (Molayem et al., 2011) clusters using the similar approaches. Electronic shell closure effects have been observed for magic size N = 40 for Cu-Ag nanoalloys (Barcaro et al., 2006).
The second moment approximation to the tight binding (SMATB) method with Gupta potential and genetic algorithms (GA) were employed for the global optimization (Rossi et al., 2004; Barcaro et al., 2006; Nu_nez and Johnston, 2010) for CuAg clusters using three different algorithms; basin-hopping (BH) method, the energy-landscape paving method, and the parallel excitable walkers method. The predicted most stable clusters have core shell polyicosahedra structures (Rossi et al., 2004; Nu_nez and Johnston, 2010). Another study has been carried out for Au19X doped (X = Li, Na, K, Rb, Cs, Ag and Cu) clusters by ab initio scalar relativistic DFT method using ADF package based on zero-order regular approximation (ZORA) (vanLenthe et al., 1993; vanLenthe et al., 1994). Perdew-Wang 1991 (PW91) (Perdew, 1991) exchange-correlation (XC) functional within GGA with triple-STO basis set added with two polarization functions at the frozen core approximation level were used for the studies (Ghanty et al., 2010).
KLMC method (Woodley, 2013; Farrow et al., 2014) was used to study the nanocluster structures of binary heteropolar compounds; ZnO, MgO, KF, and CdSe, (Farrow et al., 2014) using interatomic potentials (IP) (within GULP (Gale, 1997; Gale and Rohl, 2003) and density functional theory (DFT) (within FHI-aims (Blum et al., 2009) respectively. The study showed that improved Lamarckian evolutionary algorithm within KLMC proves to be a useful tool for structural prediction for nanoclusters (Woodley, 2013). These algorithms were used for (BaO)n nanoclusters (Escher et al., 2017) and it showed great resemblance for (KF)n clusters, while (MgO)n nanoclusters have barrel shape LM for n = 6. Interestingly (BaO)n for n = (4, 6, 8, 10, 16) were considered to be the magic number clusters (Lazauskas et al., 2017). The similar code has been used to study the ionic semiconductor (ZnO)1–32 and CdSe (Farrow et al., 2014) to explore the energy landscape using interatomic potentials.
Trimetallic and Tetrametallic Clusters
Trimetallic (or ternary) coinage metal clusters have shown potential applications in optics, electronics, magnetic, and catalytic field (Stucky et al., 1989; Teo et al., 1993; Hungria et al., 2006; Fang et al., 2011). These clusters are highly catalytic and selective, yet the studies are very complex (Toshima and Yonezawa, 1998). Various global optimization techniques are used for the structural analysis for these clusters. (See Introduction section paragraph 3).
The interactions of Cu-Ag-Au trimetallic clusters were described by the second-moment approximation of the tight-binding (TB) potentials (N-body Gupta potential) with AIOA method. AIOA is an adaptive heuristic GA based algorithm which is used in the biological applications also. Another modified algorithm, MAIOA is used for the structural optimization of bimetallic (Wu et al., 2009; Wu et al., 2017) and ternary clusters. The immune clone selection and a mutation operation were the basic steps of MAIOA algorithms (Wu et al., 2011). AIOA method was also approved for A(l)B(m)C(n) (l + m + n = 9–55) clusters and A(l)B(m)C(n) (l = 13, m + n = 42) clusters (Wu et al., 2011). Further an improved adaptive immune optimization algorithm (AIOA-IC method) was found to be suitable for Cu8AunPt30-n (n = 1–29), Cu8AunPt47-n (n = 1–46), and partial 75, 79, 100, and 147 atom clusters (Wu et al., 2017). The structures, properties and interatomic interactions of trimetallic M–Pd–Pt (M = Ag and Au) upto 75 atoms were optimized using AIOA with the tight-binding Gupta potential (Wu et al., 2015). The Stacking fault (sf) and twin defects in Pd, Au–Pd, and Au–Pd–Pt clusters were studied with Gupta potential using DFT and fitted averaged parameters (Wu and Dong, 2014b). It was seen that the Gupta and Murrell Mottram potentials (Lloyd and Johnston, 2000) were found to be a good choice for the 19 atom trimetallic Double-icosahedra (DI) clusters (Farges et al., 1985). In another studies, random selection of bimetallic atom pairs were made with their exchanged location (Calvo and Yurtsever, 2004) based on the fact that the atoms with lower number of nearest neighbor contacts have higher potential energies in energy based mutations. Mutation and updating operation were performed for MAIOA runs till the achievement of maximal iteration number (LOOP), as the larger LOOP is needed for the structural optimization of unknown clusters. Limited memory quasi-Newton algorithm (L-BFGS) (Liu and Nocedal, 1989b) was used for local minimization (LM) for the clusters.
Au@Pd@Pt NPs were studied by DFT total-energy with VASP software (Zhou and Lee, 2007). The projector augmented wave method (PAW) and the Perdew–Burke–Ernzerhof generalized gradient approximation (GGA-PBE) was used for the exchange–correlation functional with an energy cut-off of 400 eV. A dipole correction (Neugebauer and Scheffler, 1992; Makov and Payne, 1995) was employed to use the induced dipole moment. Interestingly the theoretical results match well with the experimental values. In one of the Agpdpt alloys study, both empirical investigation and the theoretical analysis has given strong evidence that these nanoparticles are composed by an AgPd alloy core with Pt atoms lied on the surface (Wang and Yamauchi, 2011).
The structural optimization of (Aum-Agn-Pdo-Ptp) (m = 10 and n + o + p = 10) tetrametallic coinage metal clusters (Srivastava, 2017b) were carried out using combined EP-DF method. Completely random starting configuration was taken subjected to the lowest DF energy minimizations within GMIN code. In this work, the thermal and chemical stability of thirty eight tetrametallic clusters were measured by various parameters. Mixing/segregation effect results indicated that the surface sites are occupied by Au and Ag atoms while inner and middle shell are occupied by Pt and Pd atoms. See Figure 2.
INORGANIC FULLERENES AND FULLERENE-LIKE CLUSTERS
The stability, electronic and mechanical properties of fullerenes has been used broadly in nanotechnological and biomedical applications. The discovery of buckyball C60 (Kroto et al., 1985) has launched a new era and stimulated the search for other related allotropes of carbon as nanotubes, nanopeapods, nanocones, etc. Detailed information about the structure, synthesis, and properties of carbon fullerenes are published in books and reviews (Dresselhaus et al., 1996; Hirsch, 1999, 2002; Hirsch and Brettreich, 2005). In 1970s, the first articles about C20 and C60 cages and their boron derivatives using quantum-mechanical method was published by Bochvar et al. (Bochvar and Galpern, 1973; Bochvar and Galpern, 1974). There are other well-known fullerene-like and fullerenic allotropes, chalcogenides, halides and oxides (Bar-Sadan et al., 2007; Tenne and Seifert, 2009). Small cage-like clusters Sin (n < 60) doped by endohedral metal atoms (Kumar, 2003) showed stable cage structures. The elemental fullerenes based on boron particles form pure boron and mixed borocarbide structures (Albert, 2009). In 1912 Stock reported his pioneering work on boranes (Stock and Massanez, 1912), which led to the identification of neutral boron hydrides (B2H6, B4H10, B5H9, B5H11, and B6H10). Further, Lipscomb and co-workers (Eberhardt et al., 1954) introduced the concept of three-center two-electron (3c-2e) bonding B2H6 diborane. The existence of regular octahedra of boron atoms in several metal hexaborides with general formula MB6 was demonstrated experimentally by Allard et al. (Allard, 1932; Pauling et al., 1934). Longuet-Higgins and Roberts show that the [B6]2− unit has a highly stable closed-shell electronic arrangement (Longuet-Higgins and Roberts, 1954) and B12 icosahedron is a dominant structure of various allotropes of boron (Longuet-Higgins and Roberts, 1955). The existence of other deltahedral boranes, B11H112−, B9H92−, B8H82−, B7H72−, and B6H62− were demonstrated in experimental studies (Klanberg and Muetterties, 1966; Klanberg et al., 1967; Boone, 1964). In another study to search global minima for the BnHn+2 (n = 2–5) series, it was found that classical structures composed of 2c-2e B—H and B—B bonds become progressively less stable. The reason for this might be that the boron atoms are trying to avoid sp2 hybridization and trigonal structure at the boron atoms, which is highly unfavourable as in that case one 2p-AO is empty (Osorio et al., 2012). These studies play a very important role to emulate structures analogous to the C allotropes (i.e., C60), such as in systems containing N-B replacing an isoelectronic C-C fragment. A lot more about boron cluster studies is covered in an extensive review by Alexandrova et al. (Alexandrova et al., 2006). The most stable allotropes of boron exists as B12 (boron polyhedral) while sandwich-like hexagonal-structured “metal” atoms between boron atomic structure is seen in layered borides MgB2, AlB2, and TiB2 (Chernozatonskii, 2001; Ivanovskaya et al., 2004). The most stable crystalline form of binary boron nitride is the hexagonal one, which is held by weak van der Waals interaction. Semi-empirical Hückel Austin Model (AM1) and ab initio Hartree–Fock (HF) methods have predicted possible configurations for BN nanoalloys. Similar approach with coupled-cluster theory (CCSD) method showed stable cage structures for (BN)n (n = 8–11) clusters. DFT tight-binding method (DFTB) was performed to study the structural stability of (BN)n fullerenes with n = 4–30 (Fowler et al., 1996) and (BN)n fullerenes with n = 13–35 (Rogers et al., 2000). Octahedron-like fullerenes structures were found for B12N12, B16N16, and B28N28 (Seifert et al., 1997). Ab initio calculations have been performed for energetically stable small cages B13N13, B14N14, B16N16 clusters (Strout, 2004) and BnNm fullerenes for 20 < (n + m) < 288 (Alexandre et al., 2001; Batista et al., 2006). Semi-empirical PM5 and discrete-variational calculations were carried out for B12N12, B28N28, B36N36 (Oku et al., 2004a; Oku et al., 2004b; Oku et al., 2004c) and B24N24 (Oku et al., 2003) clusters, while semi-empirical AM1 and discrete-variational (DV) calculations were used to study the stability of single atom doped B36N36 fullerene clusters (Nishiwaki et al., 2004). First principle calculations were carried out for boron-carbon nanocages (B12C48, B12C50) and it was found that these structural motifs showed aggregated boron atoms at one location in the form of a patch. These studies have violated all the other previous suggested empirical rules for constructing low-energy fullerenes. Also the energetic stabilities of these two clusters predicted that the structures derived from the C60 (buckminsterfullerene) are not necessarily magic sizes for heterofullerene structures (Mohr et al., 2014).
Ab initio projector-augmented wave (PAW) spin-polarized calculations were performed on La@B36N36 endofullerene, tetrahedral Fe4, Co4, and Ni4 clusters encapsulated into B36N36 fullerene (Nigam and Majumder, 2007), while spin polarized DFT–GGA pseudo-potential calculations were performed for B36N36 fullerene doped by (Fe, Co, and W) and FeO molecule (Batista et al., 2007). The stability of BN tubular structures were studied by DFT calculations, while the sphericity of BN cap models (squares, and pentagon–pentagon and pentagon–heptagon pairs) (Fowler et al., 1999) and octahedral fullerenes B12N12 inside (14,0), (8,8), and (12,4) BN nanotubes (Enyashin and Ivanovskii, 2008) were studied by DFTB method. Different lattice parameters of B12N12 and B24N24 (Pokropivny and Bekenev, 2006, 2007) have been studied by semi-empirical MNDO and ab initio FLAPW methods (Pokropivny et al., 2000) and the results indicated that B12N12 fullerites were the most stable diamond-like lattice structure.
In a latest study entirely unusual derivatives of boron clusters doped with lithium, LiBn0/− (n = 10–20) clusters were studied through Crystal structure AnaLYsis by Particle Swarm Optimization (CALYPSO) structural search approach alongwith the DFT calculations. Three (half-sandwich-type, quasi-planar and drum-type) structures were found for the studied clusters (Shi et al., 2020). The lowest-energy minima of the pure B22 cluster and the capacity of its isomers to form endohedrally doped cages with two transition metal atoms M (M = Sc and Ti) were carried out with genetic search algorithm using DFT calculations (Celaya et al., 2020). Recent reviews on boron clusters (Yan et al., 2020; Axtell et al., 2018; Zhu and Hosmane, 2018; Núñez et al., 2016a; Núñez et al., 2016b) are recommended for the interested readers.
DFTB method was used to investigate the properties of sulfide fullerene-like particles and sulfide MoS2 nanotubes, while DFTB calculations with a derived continuum approach (Bar-Sadan et al., 2006.; Enyashin et al., 2007) was used to investigate WS2, MoS2, and MoSe2 polyhedral nanoclusters (Margulis et al., 1996; Parilla et al., 2004). The semi-empirical Extended Hückel Theory (EHT) level was used to study (MoS2)n upto (n = 64), (MoS2)n upto (n = 576), imperfect MoS2 fullerenes and nanoseashells (Enyashin et al., 2009). Halide fullerenes was studied by ab initio spin-polarized DV method without geometry optimization for (NiCl2)48, (FeCl2)48, and (CdCl2)48 clusters (Enyashin and Ivanovskii, 2005a; Enyashin et al., 2005b), while (TiO2)n nanooctahedra with n upto 108 (Enyashin and Seifert, 2007) were studied by DFTB method. Recently KLMC is used to investigate the metallic Ni13 and covalently bonded C60 (buckminsterfullerene) potential energy surfaces (Lazauskas et al., 2017).
P, As, Sb, and Bi, are the few elements among all the variety of periodic table which can appear as hexagonal atomic layers assembled using covalently bounded sp3 hybridized atoms. The possibility of stable non-carbon fullerenes as phosphorus fullerene-like cage structures was studied on the basis of Density Functional Tight Binding calculations (Seifert et al., 2001). DFT calculations showed that P20 (dodecahedron) is the most stable structure and Pn hollow cages corresponds to the metastable structures. It was observed that with increasing nuclearity these metastable structures become less stable with respect to separate molecular P4 units.
DIPOLAR CLUSTERS
Dipolar interactions form chains with a low coordination number, while spherical particle clusters with isotropic attraction form close-packed structures. The dipolar clusters favor strongly distinguished nearest-neighbour interactions. The combination of both isotropic and dipolar interactions form intricate knot, link and coil structures. The global minima of these interconverted self-organize structures are bound by the Stockmayer potential (Lennard-Jones plus point dipole). The Stockmayer model with dipolar fluids has been summarized in a good review (Teixeira et al., 2000). For these particles, the energy landscape for low-lying minima was obtained by the basin-hopping global optimization. The isotropic Lennard-Jones part of the potential is used to drive the compact structures toward highly-coordinated arrangements for the frustrated Stockmayer clusters, while chain-like motifs are favored by dipolar interactions. The studies of these idealized model systems are useful as it give insight for the knot systems as biomolecules and synthetic organic molecules.
The global optimization calculations for the Stockmayer particle have been carried out for the energetically favorable structures (knots, links, and coils) with a permanent dipole plus anisotropic soft core and alluring tail by Miller et al. (Miller and Wales, 2005). These particles have anisotropic point dipole with five degrees of freedom and cylindrical symmetry. Further, the PES is characterized by scaling out local minima which corresponds to the locally stable structures, connected via first-order saddle points (transition states). The clusters of spherical particles are bound by Lennard-Jones and Morse type of simple isotropic potentials, while the anisotropic Stockmayer potential differs from these potentials as the particles' have the tendency to form chains (Farrell et al., 2013).
ENERGY LANDSCAPE FOR KAGOME LATTICE FROM SOFT ANISOTROPIC PARTICLES
Studies were carried out for the energetically stabilized kagome structures, which are the simple model of triblock Janus particles based on the discoidal building blocks. Basin-hopping global optimization was used for these particles. The three nearest neighbors were detected by an algorithm based on the interparticle distances. Further it was seen that the energetic stabilization is enhanced with the occurrence of sedimentation. The interaction of each ellipsoid of two building blocks occured via the Paramonov–Yaliraki (PY) potential (Paramonov and Yaliraki, 2005). The Paramonov-Yaliraki (PY) potential is used to study the collection of both homomolecular and heteromolecular pyrene, coronene, and circumcoronene below 1000 K within a stochastic Monte Carlo framework (Hernandez-Rojas and Calvo, 2019). This elliptic potential is also applicable for mixtures of any (size, orientation) ellipsoids and/or spheres, hard and soft particles.
ENERGY LANDSCAPE FOR PLANAR COLLOIDAL SYSTEMS
Short-ranged pairwise Morse potential is more appropriate method to study the structural optimization of colloidal clusters with planar morphologies. The PES, global minima, rearrangement paths with discrete path sampling and free energy landscapes are visualized by the disconnectivity graphs. Here the number of nearest neighbor contacts control the short range potential. It was found that the free energy global minimum differs from the potential energy GM in quasi-degeneracy state due to the symmetry effects, which results in higher entropic lower symmetry structures. BH steps were taken as random Cartesian displacements (Wales, 2004) and the possible nominee for the transition states are selected between the minima’s by the doubly-nudged (Trygubenko and Wales, 2004; Carr et al., 2005) elastic band (Henkelman et al., 2000a; Henkelman and Jónsson, 2000b; Henkelman and Jónsson, 2001) method.
ENERGY LANDSCAPES FOR WATER DIMER
The understanding of the structure and thermodynamics of water is very important as water is used in the wide range of applications from biomolecular solvation to the atmospheric chemistry. The angle axis framework with TIP4P potential was used for the water clusters containing eight molecules. In these clusters the energy landscape was mapped with the basin-hopping global optimization and a modified limited-memory Broyden-Fletcher-Goldfarb Shanno (L-BFGS) algorithm to find the global minima and a database for the low energy minima. The combined doubly-nudged elastic band and a hybrid eigenvector-following method (Henkelman and Jónsson, 2000b; Kumeda et al., 2001.) was used to obtain minimum-transition state-minimum triplets. The intermolecular and intramolecular forces were studied over the larger amplitudes to get a connectivity PES graph by exploring the local minima. Recently artificial bee colony (ABC) algorithm with “ABCluster” was used to find the successful location of global minima for TIP4P water clusters (H2O)N (N ≤ 20). The similar methodology was further applied to various clusters of different chemical nature: 10 microhydration clusters, 4 methanol microsolvation clusters, 4 nonpolar clusters and 2 ion–aromatic clusters (Zhang and Dolg, 2016).
ENERGY LANDSCAPES OF HYDRATED SULFATE CLUSTERS
These clusters were optimized using BHMC simulations with a rigid-body EP and a move set, which included the cycle inversions to inquire the hydrogen bond topologies with the sulfate ion, belonging to the Hofmeister series. As the system has large size so the bond parameters (length, angle) of the sulfate clusters were held rigid. The water molecules were described by four-site rigid-body TIP4P water potential (Jorgensen et al., 1983a; Jorgensen et al., 1983b; Jorgensen et al., 1983c; Kazachenko and Thakkar, 2010) to describe the water phase diagram with certain modifications. The TS connecting the minima on the PES were located by doubly nudged elastic band method. Translational (linear interpolation) and rotational coordinates (spherical interpolation) were used for the endpoints interpolation and the artificial frustration was removed by connecting the minima to the global minimum (Małolepsza et al., 2010) with the visualization of disconnectivity graphs (Becker and Karplus, 1997; Morgan and Wales, 2014; Smeeton et al., 2014).
CONCLUSION
The rise of machine learning (ML) has explored the use of these algorithms in atomistic modeling and inference techniques and led it toward the data-driven approaches in the recent years. The machine learning landscape can easily analyze the most fitted functions that exhibit multiple solutions as local minima. Supervised as well as the unsupervised learning methods in combination to the fundamental mathematical concepts are mostly used for the machine learning techniques (Ceriott, 2019). These studies are mainly focused toward clusters, biomaterials, crystals and self-organized structures (Ballard et al., 2017). ML can use the algorithms more effectively to get a new and useful insight about the corresponding predictions, so that the directions for new interdisciplinary research will be explored. Though certain limitations regarding the use of machine-learning techniques in atomistic modeling are still needed to be rectified for materials, chemical, and biomolecular clusters, we hope that machine learning techniques and computational chemical physics will collaborate in highly efficient manner to show great productivity for different models in near future.
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In this paper, we introduce new features of silicon in fullerane structures. Silicon, when placed in a fullerane structure, increases its electron affinity and electrophilicity index, compared to placement in a diamondoids structure. These nanoparticles can be used to make optical sensors to detect viral environments. In this work, we theoretically examine the changes in the UV-Visible spectrum of sila-fulleranes by interacting with viral spikes. As a result, we find out how the color of silicon nanoparticles changes when they interact with viruses. We apply N- and O-Links for viral glycoprotein structures, and Si20H20 silicon dodecahedrane, respectively. Our computational method to obtain optimal structures and their energy in the ground and excited states, is density functional theory (DFT). Besides, to get the UV-Visible spectrum, time-dependent density functional theory (TD-DFT) approach has been used. Our results show that the color of sila-dodecahedrane is white, and turns green in the face of viral spikes. We can use the optical sensitivity of silicon nanoparticles, especially to identify environments infected with the novel coronavirus.
Keywords: sila-fullerane, electrophilicity index, density functional theory, novel coronavirus, glycoproteins
INTRODUCTION
If environmental health can reduce the role of viruses, the complex issue of treating viral patients will be removed from its critical state. But with the spread of human societies, can old methods clean the environment from microbial contamination? These methods are based on disinfecting suspicious, susceptible, and busy places. These are very costly due to the large statistical target population; as a result, it is sometimes impossible to do so [1]. Therefore, the need for substances that detect microbial contamination of the environment, whether viral or bacterial, etc., is felt more and more.
Nanoparticles can be sensitive to the viral environment. This sensitivity can appear as changes in color, light or even electrical properties. Metal nanoparticles have previously been studied to identify a variety of microbes. However, they usually have high chemical softness, which not only causes them to be unstable, but also causes unpredictable changes in biological systems [2, 3]. From non-metallic nanoparticles, carbon can be affected by the environment, if it is located in a structure with sp2 orbital hybridization, such as graphene, fullerenes, etc., due to the resonance of unlocated electrons, and so can be used as a sensor [4–7]. But graphene-based nanoparticles also always tend to oxidize [8].
Silicon, as the most popular metalloid, exhibits significant properties when placed in the form of nanoparticles. In 2013, Moore et al. showed that silicon nanoparticles can be used as optical sensors [9]. Biocompatibility and sensitivity to surface factors make silicon nanoparticles more attractive to therapeutic agents in biological systems [10–12]. In this study, we investigate the sensitivity of silicon nanoparticles to biological contamination, and introduce a type of nanoparticles as a virus-sensitive identifier [13–16]. We indicate that when silicon is placed in a fullerane structure, its electron sensitivity increases, so that we do our study on sila-fulleranes [17–21]. Since the electronic properties of sila-fulleranes with sizes between 1 and 2 nm, are very close to each other, we focus on our smallest samples to save on computational costs [22]. Also, to remove the edge factors, we have selected the most symmetric sila-fullerane for this purpose [23–25]. As a result, we select the sila-dodecahedrane with the chemical formula Si20H20, which has icosahedral (Ih) symmetry [26, 27]. Finally, we generalize the results to a set of sila-fulleranes.
COMPUTATIONAL METHOD
Our calculations are based on density functional theory. We obtain the optimal and stable geometry of the structures and their energy in the ground and excited states, by B3LYP hybrid functional [28–30]. Using time-dependent density functional theory, we obtained the UV-visible spectrum for the studied structures [31, 32]. We describe the orbitals of the atoms by basis set, which include the split valence, polarized and diffuse functions, that is 6-31 + G (d,p) basis set [33, 34, 35]. The calculations are performed by the Gaussian package [36, 37]. We also used AIM2000 software to analyze the interaction between the structure of the sensor and the glycoproteins studied [38].
RESULTS
Virus spikes are usually made up of glycoproteins. Glycoprotein is a combination of protein and carbohydrate. There are different types of glycoproteins, however, the most common glycoproteins that make virus spikes, like the spike of the coronaviruses, are O-Link and N-Link types [39–43]. If the causative of carbohydrate-binding to protein is oxygen atoms, it is called O-Link, and if it is nitrogen atoms, it is called N-Link. The structure of these two types of glycoproteins is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The common glycoproteins, which make up virus spikes, are N-Link and O-Link types.
In this study, we propose that silicon nanoparticles have the ability to sense N-Link and O-Link glycoproteins. Because, in addition to biocompatibility, they are also electron sensitive. Although silicon is usually placed in the diamond structure, but when silicon placed in a fullerane structure, the rate of quantum confinement effect will be smaller. Unlike sila-diamondoids, sila-fulleranes does not consist of pure sp3 hybridization structure. Especially if fulleranes structures consist of a number of fused hexagon rings (NFHR), deviation from sp3 hybridization occurs more frequently [22]. Finally, this deviation causes difference in the electronic properties of sila-fullerans and sila-diamondoids.
Using the following equations [44–47], we can obtain electronic information, such as the HOMO-LUMO gap, chemical potential, chemical hardness, and finally an estimate of electron affinity:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
The new index, electrophilicity, can be obtained using chemical potential and chemical hardness through Eq. 6. Regarding electrophilicity, the difference between the type of structures is clearly visible [48, 49].
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We calculated the above electronic information for the six structures of sila-fulleranes. You can see the electronic information of them in Table 1.
TABLE 1 | A list of some of the electronic features of the first six structures of Sila-fullerane (in unit eV).
[image: Table 1]Our previous researches on silicon nanoparticles shows that diagram of quantum confinement effect (QCE) for sila-fulleranes smoothly change than sila-diamondoids, especially in the range of 1–2 nm [22]. As a result, the HOMO-LUMO gap of fulleranes close to each other in this range, and because many properties such as chemical hardness, chemical potential and indexes such as electrophilicity are derived from this gap, so the properties of these two fullerenes will be similar. For this reason, comparing the values of the above specifications for the Si20H20 and Si60H60 structures, it cannot be concluded that these two structures have different electronic properties. Despite the different values of electrophilicity, even this sensitive index does not classify the two structures studied in different types. In the following, the structures of the studied sila-fulleranes are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The first six structures of Sila-fulleranes.
According to the data in Table 1. It can be concluded that the high chemical hardness combined with significant electron affinity of the sila-fulleranes, make them a good candidate for chemical sensors due to increased electronic interaction with the environment. To determine the advantage of fullerane structures over diamond structures, Figure 3 shows the HOMO and LUMO orbitals in the smallest diamondoids, sila-diamondoids, and sila-fulleranes. The localized orbitals of HOMO and LUMO in diamonds and their silicon analogues mean that the electrons in their structure have less impact on the environment.
[image: Figure 3]FIGURE 3 | The HOMO and LUMO orbitals for diamondoids, sila-diamondoids and sila-fulleranes (Isovalue = 0.02).
As mentioned earlier, we used the most symmetrical structures, to remove the effect of the edges. The formulas for our structures are Si20H20 and Si60H60, which have an icosahedral symmetry. The geometry of these two types of structures is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Si20H20 and Si60H60 structures, which have icosahedral symmetry.
Now, according to the data given in Table 1, our selected sample to save time in calculations, is the sila-dodecahedrane with the chemical formula Si20H20. We investigate the ability of the Si20H20 to see if it can sense the presence of the desired glycoproteins. We examine the reaction of Si20H20 to the presence of the desired glycoproteins with the probable changes in the density of states (DOS) diagram. Figure 5 shows the changes in the diagram of the density of states of the Si20H20, due to the presence of N- and O-Link glycoproteins. The diagrams of this study are plotted with Gauss Sum software [50].
[image: Figure 5]FIGURE 5 | The DOS diagrams of the Si20H20 in the absence and presence of N- and O-Link glycoproteins.
Silicon nanostructures have a very sensitive surface, so that in the face of high electronegative factors such as oxygen, its HOMO energy level increases, which is also confirmed by the density of states diagram, which it is confirmed by the density of states diagram. This is because the presence of oxygen increases the chemical potential of the structure and causes the electron to ionize or excite with less energy than before. So, changes in the DOS indicate differences in properties related to the electronic behaviors, such as optical properties. Now, we want to show how the color of the Si20H20 changes due to the presence of N- and O-Link glycoproteins?
Due to its large EGap of about 4.5 eV, the color of our nanoparticle should be white. In other words, since the spectrum of visible light, about 1.6–3.2 eV, does not have enough energy to act on the electrons of the Si20H20, the total radiation returned to space at each wavelength, without any absorption.
The calculation of the optical gap also confirms our results. Optical gaps are usually smaller than HOMO-LUMO gaps. The optical absorption gap can be calculated by subtracting the total energy of the optimized-ground state from the total energy of the excited state in the same ground state geometry, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | The absorption and emission gaps of the system.
Because the number of electrons of the Si20H20 is even, its spin state will be singlet, in the ground state. The lower-energy triplet excited-state is optically inactive, according to the ΔS = 0 selection rule. Therefore, the lowest-energy allowed optical transition excites the system into the singlet excited state [51–55].
The energy of the singlet excited state is higher than the triplet state, due to larger repulsive Coulomb interactions between antiparallel spins. Therefore, the excited system may relax from the singlet state into the triplet one. Therefore, we calculate the emission bandgap from the relaxed excited triplet state to the ground state at the same energy, as shown in Figure 6. In Table 2, we present the calculated absorption and emission gaps of the Si20H20. The difference between the absorption and emission gaps shows the Stokes shift.
TABLE 2 | The absorption and emission gaps for the Si20H20 (in unit eV).
[image: Table 2]The calculated absorption and emission gaps confirm our prediction, that the color of the Si20H20 is white. Because the absorption gap is about 3.7 eV, and also, the emission gap is about 3.3 eV, none of them are in the range of the visible spectrum.
Our investigates show, the optimal distance between glycoprotein and sila-dodecahedrane depends on the condition and orientation of the glycoprotein relative to the sensor structure. But in general, it can be concluded that when the distance of hydrogens of both strucures have more than 2 Å of together, the energy of the correlation between them is close to zero. Table 3 shows the electron properties of sila-dodecahedrane intracted to the studied glycoproteins.
TABLE 3 | A list of HOMO, LUMO and the H-L Gap for O and N-Link glycoproteins, Si20H20 and their complex systems together (in unit eV).
[image: Table 3]Our calculations using AIM software analysis show that intermolecular interactions can take place between sila-dodecahedrane and glycoproteins in four zones (see Figure 7):
[image: Figure 7]FIGURE 7 | AIM software analysis show that intermolecular interactions can take place between sila-dodecahedrane and glycoproteins in four zones.
Zone (a): Between the hydroxyl oxygen of carbohydrate part of glycoprotein and the hydrogen sila-dodecahedrane, the distance between which is about 7.8 Å. At the critical point of this interaction, the electron density is about 0.0001 e.bohr−3 and the Laplacein density is about −0.0001 e.bohr−5.
Zone (b): Between the carbonyl oxygen of carbohydrate part of glycoprotein and the hydrogen sila-dodecahedrane, the distance between which is about 2.2 Å. At the critical point of this interaction, the electron density is about 0.0179 e.bohr−3 and the Laplacein density is about −0.0147 e.bohr−5.
Zone (c): Between the nearest hydrogens of glycoprotein and sila-dodecahedrane, the distance between which is about 2.0 Å. At the critical point of this interaction, the electron density is about 0.0112 e.bohr−3 and the Laplacein density is about −0.0080 e.bohr−5.
Zone (d): Between the carbonyl oxygen of protein part of glycoprotein and the hydrogen sila-dodecahedrane, the distance between which is about 7.8 Å. At the critical point of this interaction, the electron density is about 0.0003 e.bohr−3 and the Laplacein density is about −0.0003 e.bohr−5.
The following Figure 8 shows the distance between atoms that interact with each other:
[image: Figure 8]FIGURE 8 | The distance between the two structures of sila-dodecahedrane and glycoprotein in four zones that have intermolecular interaction.
Now, by obtaining the UV-Visible spectrum for the desired glycoproteins, we see that these structures also have no absorption in the visible spectrum [56]. The absorption range of N-Link and O-Link glycoproteins is in the ultraviolet part. But, interestingly, when van der Waals interaction between the Si20H20 and the desired glycoproteins is established, the absorption of the new combined system enters the visible region, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Van der Waals interactions are established between the Si20H20 and N- and O-Link glycoproteins, the absorption in the new system also enters the visible spectrum.
The details of our final absorption spectra for the complex system of sila-dodecahedrane and O and N-Linke glycoproteins are given below in Table 4 using Gauss Sum software.
TABLE 4 | The details of absorption spectra for the sila-dodecahedrane and O and N-Link glycoproteins.
[image: Table 4]Since the absorption spectrum of the combined system of Si20H20 and desired glycoproteins also includes violet light, we expect to see the composite system in yellowish-green, based on the complementary wavelength [57–64].
Our investigations show that what is effective in changing the spectrum of optical absorption is the distance of oxygen of the protein part or the carbohydrate part of the glycoprotein from the surface of silicon nanoparticles. Because the presence of oxygen changes the electron density around the silicon nanoparticles, and it increases the dipole moment of the system from 0.002 about to 10 debye.
Since the electronic properties of silicon nanoparticles can be easily engineered, significant changes and desired color can be achieved by functionalizing the Si-nanoparticle surface. It should be noted that in 2015, Wagner et al. synthesized silicon dodecahedrane as a sila-fullerane with an endohedral chlorideIon [65].
CONCLUSION
The present study includes two crucial applications. First, the diagnosis of viral diseases by using diagnostic kits based on silicon nanoparticles, which are biocompatible, in addition to high electrical and optical sensitivity. Second, for environmental hygiene in the facades of houses, schools, etc. or urban structures, or at least handles or gloves, the coating of silicon nanoparticles can be used to detect viral contamination. Coronavirus (COVID-19) is an example of a viral infection that becomes a global problem today.
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We searched the lowest-energy structures of hydrated calcium ion clusters Ca2+(H2O)n (n = 10–18) in the whole potential energy surface by the comprehensive genetic algorithm (CGA). The lowest-energy structures of Ca2+(H2O)10–12 clusters show that Ca2+ is always surrounded by six H2O molecules in the first shell. The number of first-shell water molecules changes from six to eight at n = 12. In the range of n = 12–18, the number of first-shell water molecules fluctuates between seven and eight, meaning that the cluster could pack the water molecules in the outer shell even though the inner shell is not full. Meanwhile, the number of water molecules in the second shell and the total hydrogen bonds increase with an increase in the cluster size. The distance between Ca2+ and the adjacent water molecules increases, while the average adjacent O-O distance decreases as the cluster size increases, indicating that the interaction between Ca2+ and the adjacent water molecules becomes weaker and the interaction between water molecules becomes stronger. The interaction energy and natural bond orbital results show that the interaction between Ca2+ and the water molecules is mainly derived from the interaction between Ca2+ and the adjacent water molecules. The charge transfer from the lone pair electron orbital of adjacent oxygen atoms to the empty orbital of Ca2+ plays a leading role in the interaction between Ca2+ and water molecules.
Keywords: hydrated calcium ion cluster, genetic algorithm, hydrogen bond, coordination number, natural bond orbital
INTRODUCTION
It is well acknowledged that most of the biochemistry reactions accomplished by ions happen in the water environment. The activation of water by metal ions and charge transfer to solvent originating from a metal ion are of fundamental importance for understanding the hydrogen bond formation in aqueous environments (Kistenmacher et al., 1974; Rudolph and Irmer, 2013; Chen and Ruckenstein, 2015; Hadad et al., 2019). By the end of the last century, a series of works used molecular dynamics (MD) or density functional theory (DFT) to study the hydrated ion clusters. These research focused on the structures, the coordination number (CN) of the metal ion, the interaction of ion–solvent or solvent–solvent, and the influential factors of hydration bond structures (Caldwell et al., 1990; Hall et al., 2000; Hofer et al., 2005; Fujiwara et al., 2010; Boda et al., 2012; Yoo et al., 2016; Delgado et al., 2020). For example, Fujiwara et al. used the fragment molecular orbital–based molecular dynamics (FMO-MD) method to investigate the hydration structure of the droplet containing a divalent zinc ion and 64 water molecules and provided the CN of 6 (Fujiwara et al., 2010). Hofer et al. made the comparison of ab initio quantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD) simulations with those of classical simulations based on the pair potential added by three-body interaction potentials to accentuate the difference of the “quantum effect” in the hydrated Ba (II) ion (Hofer et al., 2005). The investigation from microhydration to bulk hydration of the Sr2+ ion has been accomplished by Anil Boda et al. using DFT, MP2, and the molecular dynamics study (Boda et al., 2012). The experimental studies could yield considerable results and make the structural and physical properties obtained from theoretical studies more credible (Misaizu et al., 1995; Siu et al., 2002; Buck et al., 2007; Gao and Liu, 2007; Carrera et al., 2009; Zhang and Liu, 2011). All these make us understand much deeper the actual reactions outside the laboratory and inside organisms.
Calcium, as one of the most important ions in the tissue fluid, participates in many biochemical reactions such as exocytosis, neurotransmitter release, and many vital movements such as muscle contraction or electrical conduction of the heart (Prendergast and Mann, 1977; Hewish et al., 1982; Chizhik et al., 2016). The fundamental study is to describe the CN and microstructures of the hydrated calcium ion clusters since the biological or chemical properties are determined by the structures of hydrated calcium ion clusters (Bakó et al., 2002; González et al., 2005).
In experiments, the CN of the calcium ion varies largely from 5 to 10 by using X-ray diffraction, neutron diffraction, extended X-ray absorption fine structure spectroscopy, and other techniques (Hewish et al., 1982; Probst et al., 1985; Marcus, 1988; Yamaguchi et al., 1989; Peschke et al., 1998; Jalilehvand et al., 2001; Fulton et al., 2003; Megyes et al., 2004). It should be ascribed to the different conditions and environments of water molecules. The ratio between water molecules and ions also could change the CN. For example, when the ion concentration is smaller, the number of first-shell water molecules will be larger (Hewish et al., 1982; Yamaguchi et al., 1989; Jalilehvand et al., 2001; Megyes et al., 2004). Moreover, infrared (IR) spectra could help provide the evolution information of the structures of the hydrated calcium ion clusters (Butler et al., 2014). Williams and colleagues conducted a series of IR spectroscopy of Ca2+(H2O)n with n = 4–69 in experiments (Bush et al., 2007; Bush et al., 2008; Bush et al., 2009). Their results revealed that there are six water molecules adjacent to the calcium dication for Ca2+(H2O)n with n = 6–10 clusters (Bush et al., 2007), and the number of water molecules in the first hydration shell changes from six to eight at n ≈ 12 (Bush et al., 2008). Recently, the binding energy of hydrated calcium ion clusters with up to n = 20 was measured by Bruzzi and Stace using the pick-up technique in conjunction with finite heat bath theory to characterize the interaction between calcium ions with the multi-outer shell water molecules (Bruzzi and Stace, 2017). Their results showed that there are six water molecules in the first hydration shell, and the 2+ charge on the calcium cation has an influence on the molecular interactions that extends far beyond the first hydration shell.
Meanwhile, the CN of the calcium ion and the structures of the hydrated calcium ion attracted lots of attention on the theoretical side. Using a semiempirical coupling method with a basin-hopping global optimization approach, Wales and co-workers searched the low-lying structures of Ca2+(H2O)n with n = 1–20 clusters, showing that Ca2+ prefers to locate at the center of the cluster surrounded by eight adjacent water molecules (González et al., 2005). The CN of the calcium ion attained by Monte Carlo (MC) (Bernal‐Uruchurtu and Ortega‐Blake, 1995) and MD (Obst and Bradaczek, 1996; Tongraar et al., 1997; Todorova et al., 2008; Wanprakhon et al., 2011; León-Pimentel et al., 2018) studies varies from 6 to 10. However, the results from DFT calculations showed that there are six water molecules in the first hydration shell (Megyes et al., 2004; Peschke et al., 2000; Carl et al., 2007; Lei and Pan, 2010). For example, the work by Lei and Pan at the BLYP/6-311+G(d,p) level of theory showed that the first and second hydration shells of the lowest-energy structures of Ca2+(H2O)n with n = 1–20 and 27 are fully occupied by six and nine water molecules, respectively (Lei and Pan, 2010). The discrepancy may be caused by the different computational methods. All the studies imply that still there is some controversy about the ground state structures of medium-sized hydrated calcium ion clusters, especially for the influence of the interaction between Ca2+ and the second- or even the third-shell water molecules on the number of first-shell water molecules. The evolution process of the first and second hydration shells mainly occurs in the range of n = 10–18. Therefore, more efforts are needed to search the potential energy surface (PES) of Ca2+(H2O)n clusters with n = 10–18.
In this work, we use the comprehensive genetic algorithm (CGA) (Zhao et al., 2016) combined with DFT to globally search the PES of hydrated calcium ion clusters Ca2+(H2O)n with n = 10–18. The contrast with the structures given by precedent works and the evolution of the structures with the growth of size is also shown. Finally, we present the interaction between Ca2+ and the water molecules using natural bond orbital (NBO) analyses. This work concentrates on the competition between the first- and second-shell water molecules and shows some new low-energy structures of hydrated calcium ion clusters. Our theoretical results provide useful guidance for analyzing the hydrated calcium ion clusters in experiments.
METHOD
The CGA (Zhao et al., 2016) has been proved to be outstanding for searching the lowest-energy structures of protonated water clusters and fluoride anion–water clusters (Shi et al., 2017; Shi et al., 2018a; Shi et al., 2018b). We used the CGA combined with the DMol3 program (Delley, 1990; Delley, 2000) based on DFT to globally search the PES of Ca2+(H2O)n with n = 10–18. All structures generated by the CGA were fully relaxed with DFT without any symmetry constraint. The double-numerical basis including p- and d-polarization functions (DNP) and the Becke’s exchange functional (Becke, 1988) and the correlation functional by Lee, Yang, and Parr (BLYP) (Lee et al., 1988) were adopted. The self-consistent field (SCF) density calculations were carried out with a convergence criterion of 10–6 a.u. on the total energy.
BLYP and B3LYP (Stephens et al., 1994) as well as 6-311++G(d,p), 6-311+G(d,p), or 6-31+G(d,p) basis set are usually used to describe the hydrated calcium ion clusters (Bakó et al., 2002; Bush et al., 2008; Bush et al., 2009; Lei and Pan, 2010). Meanwhile, MP2 (Møller and Plesset, 1934) is treated as a replacement of CCSD(T) to get more accurate results with low cost for hydrogen bond systems (Shi et al., 2017; Wang et al., 2019; Shi et al., 2020). Thus, we choose MP2 combined with high-level basis set 6-311++G(2d,2p) to evaluate these methods and basis set for describing the geometries of hydrated calcium ion clusters. All the calculations were done with Gaussian 09 package (Frisch et al., 2009). The differences of average adjacent O-O distances and average adjacent O-Ca distances of Ca2+(H2O)10 cluster isomers between several methods and MP2/6-311++G(2d,2p) results are shown in Supplementary Table S1. First, the results of MP2 with 6-311++G(d,p), 6-311+G(d,p), and 6-31+G(d,p) basis set show that the 6-311+G(d,p) basis set could give the most similar results to the 6-311++G(2d,2p) basis set. Thus, we choose 6-311+G(d,p) basis set to optimize hydrated calcium ion clusters. Then the results from BLYP/6-311+G(d,p) and B3LYP/6-311+G(d,p) reveal that B3LYP is outstanding. Finally, we evaluated the dispersion correction on the B3LYP method. We can see from the results of B3LYP/6-311+G(d,p) and B3LYP-D3/6-311+G(d,p) that B3LYP-D3 could give a better geometry of Ca2+(H2O)10 clusters. Considering the computational cost and accuracy, we chose B3LYP-D3/6-311+G(d,p) to optimize the structures of hydrated calcium ion clusters.
Frequency calculations were carried out at the B3LYP-D3/6-311+G(d,p) level of theory, which is same with optimization to ensure each cluster is the true local minimum without imaginary frequency as well as to obtain the zero-point energy (ZPE) and thermal correction at 298 K. Furthermore, the single-point energy (SPE) was calculated at the MP2/6-311++G(2d,2p) level of theory to get more accurate energy. The basis set superposition error (BSSE) correction is considered for the interaction energy. The BSSE correction (ΔEBSSE) is based on the site–site function counterpoise method proposed by Wells and Wilson (1983), which is defined as:
[image: image]
where superscript full or fragm is the energy calculated in the full basis set or in the fragment basis set, and m is the number of fragment for a given cluster. Moreover, NBO analyses were performed at the MP2/6-311++G(2d,2p) level of theory based on the B3LYP-D3/6-311+G(d,p) optimization to obtain the charge transfer between calcium ion and water molecules as well as the natural charge of the clusters.
RESULTS AND DISCUSSION
Lowest-Energy Structures
Figure 1 shows the lowest-energy structures and symmetry of Ca2+(H2O)n clusters with n = 10–18 obtained from the CGA global search. The number of water molecules in the first (N1), second (N2), and third (N3) hydration shells and the number of hydrogen bonds of the lowest-energy structures are listed in Table 1. For comparison, the lowest-energy structures of Ca2+(H2O)n with n = 10–18 taken from Lei and Pan (2010) as well as Wales and co-workers (González et al., 2005) optimized at the B3LYP-D3/6-311+G(d,p) level of theory are shown in Supplementary Figure S1. The structures taken from Lei and Pan as well as Wales and co-workers are described as n-Lei and n-Wales, respectively.
[image: Figure 1]FIGURE 1 | The lowest-energy structures of Ca2+(H2O)n clusters with n = 10–18. The symmetries in parentheses are the symmetries of clusters without hydrogen atoms. The green, red, and white balls denote Ca, O, and H atoms, respectively. The dashed black lines represent the hydrogen bonds.
TABLE 1 | The number of water molecules in the first (N1), second (N2), and third (N3) hydrated shells, and the number of hydrogen bonds (NHB) of the lowest-energy structures of Ca2+(H2O)10–18 clusters.
[image: Table 1]From Figure 1, we can see that, for all the lowest-energy structures, there are no hydrogen bonds between the water molecules in the first hydration shell and Ca2+ prefers to stay inside the cluster, in agreement with n-Lei, n-Wales, and the results of molecular dynamics simulations (Egorov et al., 2003; González et al., 2005; Lei and Pan, 2010). The relatively intensive electronic field makes the water molecules more relaxed and more difficult to form hydrogen bonds (González et al., 2005). For n = 10, there are no hydrogen bonds between the water molecules in the second shell. While from n = 11, there are hydrogen bonds between the water molecules in the second hydration shell. Meanwhile, only Ca2+(H2O)15 and Ca2+(H2O)16 have a water molecule in the third hydration shell.
As shown in Table 1, in the beginning, the first hydration shell of the calcium ion is fully occupied with six water molecules, which is a distorted octahedral core. As the number of water molecules increases, N1 increases to eight. The transition of N1 from six to eight begins at about n = 12, which is corresponding to the experimental results of Bush et al. (2008). As the number of water molecules increases, N1 fluctuates between seven and eight. The number of water molecules in the second shell increases monotonously with the number of water molecules increasing. Like the number of water molecules in the second shell, the number of hydrogen bonds increases as the number of water molecules increases. Thus, in the range of n = 10–18, N1 and N2 are not exactly six and nine, respectively, which is not the same as the simulation of Lei and Pan (2010). There is a strong competition between the first and second hydration shell water molecules.
The average adjacent O-O distance and the average Ca-O distance between Ca2+ and oxygen atoms of the water molecules in the first, second, and third hydration shells of the lowest-energy structures of Ca2+(H2O)10–18 clusters are shown in Table 2. As the number of water molecules increases, the average adjacent O-O distance decreases, meaning that as the cluster size increases, the average interaction between water molecules becomes stronger. The average distance between Ca2+ and O in the first hydration shell water molecules varies from 2.38 to 2.521 Å, which are consistent with the results of MD simulation (Schwenk et al., 2001). Meanwhile, the variation trends of the coordination number of the first hydration shell as well as the average distance between Ca2+ and O in the first hydration shell with the cluster size are the same, as shown in Figure 2. Thus, the average distance between Ca2+ and O in the water molecules of the first hydration shell increases as the number of first-shell water molecules increases, which have the same trend with the previous works (Bakó et al., 2002; Carl et al., 2007; Lei and Pan, 2010). The average distance between Ca2+ and O in the second hydration shell increases as the cluster size increases for n = 10–14, while it decreases as the cluster size increases for 14 < n ≤ 18. Thus, the distance between the first and second hydration shells decreases as the number of water molecules increases. Meanwhile, from n = 14, when the number of water molecules in the first hydration shell remains seven or eight, the number of water molecules in the second hydration shell still increases, and the water molecules in the second hydration shell generate hydrogen bonds. The geometric characteristic of Ca2+(H2O)10–18 clusters reveals that as the cluster size increases, the interaction between Ca2+ and water molecules decreases and the interaction between water molecules increases.
TABLE 2 | Average adjacent O-O distance ([image: image]) and the average Ca-O distance between Ca2+ and oxygen atoms in the first ([image: image]), second ([image: image]), and third ([image: image]) shell water molecules of the lowest-energy structures of Ca2+(H2O)10–18 clusters.
[image: Table 2][image: Figure 2]FIGURE 2 | Comparison between the number of water molecules in the first hydration shell (N1) and the average adjacent Ca-O distance as a function of the number of water molecules.
Relative Energy and Stability
The energy differences at the MP2/6-311++G(2d,2p) level of theory between the structures obtained from the CGA and n-Lei and n-Wales are shown in Table 3. As shown in Figure 1, Supplementary Figure S1, and Table 3, for Ca2+(H2O)10, the number of first hydration shell water molecules is six. The structure is different from 10-Lei and 10-Wales, while has the same number of hydrogen bonds with 10-Lei. Ca2+(H2O)10 has higher symmetry and lower total energy by 3.87 kJ/mol compared with 10-Lei and 10-Wales. Ca2+(H2O)11 is also different from 11-Lei and 11-Wales with lower energy. There are hydrogen bonds between the water molecules in the second shell. Ca2+(H2O)12 is the same with 12-Lei, which is 6.69 kJ/mol lower in energy than 12-Wales. For Ca2+(H2O)13, there are seven water molecules in the first hydration shell. Ca2+(H2O)13 is 2.10 kJ/mol higher in energy than 13-Lei and 7.31 kJ/mol lower in energy than 13-Wales, respectively. Ca2+(H2O)14 has eight water molecules in the first shell and is 1.87 kJ/mol higher in energy than 14-Lei as well as 0.12 kJ/mol higher in energy than 14-Wales. For Ca2+(H2O)15, the third-shell water molecule appears. Meanwhile, Ca2+(H2O)15 is 0.17 kJ/mol lower in energy than 15-Lei and 0.11 kJ/mol higher in energy than 15-Wales. Ca2+(H2O)16 is 0.33 kJ/mol lower in energy than 16-Lei, while is 3.57 kJ/mol higher in energy than 16-Wales. Ca2+(H2O)17 and Ca2+(H2O)18 only have two hydration shells, and several water molecules in the second shell hydrogen bonded to three water molecules in the first shell. Ca2+(H2O)17 and Ca2+(H2O)18 are both more stable than the corresponding ones taken from the work of Lei and Pan, and higher in energy than the ones taken from the work of Wales and co-workers.
TABLE 3 | The energy differences (in units of kJ/mol) between the structures obtained from the CGA and n-Lei as well as n-Wales calculated at MP2/6–311++G(2d,2p)//B3LYP-D3/6–311+G(d, p) level of theory with thermal correction at different temperature.
[image: Table 3]The above-mentioned energy differences are all at 0 K, while the thermal effect could change the relative stability of clusters (Lei and Pan, 2010; Shi et al., 2018b). Thus, we also provide the energy difference at room temperature in Table 3. For n = 10–12, the structures obtained from the CGA are the most stable ones both at 0 K and room temperature. For n = 13, 13-Lei are the most stable ones both at 0 and 298 K. The structures obtained from the CGA are more stable than the 13-Wales. However, for n = 14 and 15, n-Lei and n-Wales become more stable than Ca2+(H2O)n from the CGA at room temperature. For n = 16–18, the structures obtained from the CGA are more stable than the n-Lei, while more unstable than the n-Wales at 0 K. As the temperature arises to 298 K, the structures obtained from the CGA become the most stable structures. In general, as the temperature increases as well as the cluster size increases, the number of water molecules in the first hydration shell is more favored between seven and eight, which is opposite with the trend derived by Bai and co-workers using ab initio molecular dynamic simulation (Bai et al., 2013). Meanwhile, as shown in Table 3, such small energy differences indicate that the structures obtained from the CGA, n-Lei, and n-Wales are concomitant both at 0 K and at room temperature.
The sequential water binding energy (ΔEseq.) of a Ca2+(H2O)n cluster is defined as follows:
[image: image]
As shown in Table 4, the simulated sequential water binding energy of the lowest-energy structures of Ca2+(H2O)n clusters with n = 11–18 is almost overlapped in the error bar though slightly larger than the corresponding experimental results with the same cluster size (Peschke et al., 1998; Bruzzi and Stace, 2017).
TABLE 4 | The sequential water binding energy (ΔEseq., in units of kJ/mol) and the average interaction energy (EI/N1, in units of kJ/mol) of the lowest-energy structures of Ca2+(H2O)10–18 clusters.
[image: Table 4]Another significant energetic property of the Ca2+(H2O)n cluster is the interaction energy between the calcium ion and water molecules. The average interaction energy between the calcium ion and adjacent water molecules of a Ca2+(H2O)n cluster (EI/N1) is defined as follows:
[image: image]
where E[(H2O)n] is the energy of all the water molecules in the same geometry as in the cluster. The EI/N1 of the lowest-energy structures of Ca2+(H2O)10–18 clusters are listed in Table 4. Figure 3 also shows the comparison between the EI/N1 and the average adjacent Ca-O distances as a function of the number of water molecules. As the average distance between Ca2+ and oxygen atoms in the first-shell water molecules increases, the interaction between Ca2+ and water molecules decreases. Furthermore, the trends of the EI/N1 and the average adjacent Ca-O distances as a function of the number of water molecules are similar, indicating that the interaction between Ca2+ and water molecules mainly originates from Ca2+ and water molecules in the first-shell water molecules (Lei and Pan, 2010).
[image: Figure 3]FIGURE 3 | Comparison between the average interaction energy and the average adjacent Ca-O distance as a function of the number of water molecules.
Natural Bond Orbital
NBO analyses could give the information about the natural charge of every atom and charge transfer between different units and so on. Table 5 provides the average natural charge of the calcium ion and the oxygen atoms in the first, second, and third solvation shells. The average natural charge of Ca2+ becomes smaller as the number of first-shell water molecules increases. The average natural charge of the oxygen atoms in the first-shell water molecules is smaller than that in the second- and third-shell water molecules. Meanwhile, the average natural charge of the oxygen atoms in the second and third hydration shells remains almost unchanged. Therefore, the interaction between Ca2+ and water molecules mainly focuses on the interplay between the calcium ion and the first hydration shell (Lei and Pan, 2010).
TABLE 5 | Average natural charge of the calcium ion δ(Ca2+) and the oxygen atoms in the first δ(O1), second δ(O2), and third δ(O3) solvation shells of the lowest-energy structures of Ca2+(H2O)10–18 clusters.
[image: Table 5]Table 6 shows the second-order perturbation energy of the charge transfer between Ca2+ and water molecules, which results in the interaction between Ca2+ and adjacent water molecules. The charge transfer from the lone pair electron orbital of adjacent oxygen atoms and the bonding orbital of adjacent O-H to the empty orbital of Ca2+ occurs in all the lowest-energy structures of Ca2+(H2O)10–18 clusters. Figure 4 provides the schematic diagrams of these two kinds of charge transfer in the lowest-energy structure of Ca2+(H2O)10 clusters. Among them, the charge transfer from the lone pair electron orbital of adjacent oxygen atoms to the empty orbital of Ca2+ plays a leading role. Moreover, for the lowest-energy structures of Ca2+(H2O)n clusters with n = 14, 17, and 18, the empty orbital of Ca2+ is not exactly empty. There is charge transfer from the empty orbital of Ca2+ to the Rydberg orbital of adjacent oxygen atoms, adjacent hydrogen atoms, and Ca2+ as well as to the antibonding orbital of adjacent O-H. Thus, the electron of Ca2+ becomes more diffused as the number of first-shell water molecules is eight.
TABLE 6 | Average second-order perturbation energy (in units of kcal/mol) of several kinds of charge transfer of the lowest-energy structures of Ca2+(H2O)10–18 clusters.a
[image: Table 6][image: Figure 4]FIGURE 4 | Three-dimensional schematics of the charge transfer from (1) to (2): the lone pair electron orbital of adjacent oxygen atoms, and (3)–(6): the bonding orbital of adjacent O-H to the empty orbital of Ca2+ for the lowest-energy structure of Ca2+(H2O)10.
CONCLUSION
By means of CGA combined with DMol3 package, we search the potential energy surface of the hydrated calcium ion clusters Ca2+(H2O)n with n = 10–18. The low-lying structures of Ca2+(H2O)n clusters obtained from the CGA are re-optimized at the B3LYP-D3/6-311+G(d,p) level of theory. The lowest-energy structures of Ca2+(H2O)10–18 clusters reveal that Ca2+ prefers to locate at the center of the cluster. Meanwhile, the lowest-energy structures of Ca2+(H2O)10–12 clusters revalidate the conclusion that the coordination number of first-shell water molecules is six. The switch of the N1 from six to eight is with up to n = 12. As the cluster size rises to n = 18, the N1 fluctuates between seven and eight, indicating that there is a strong competition between the first and second hydration shell water molecules. The complexity of the lowest-energy structures of Ca2+(H2O)10–18 clusters increases as the cluster size increases since the number of the water molecules in the second shell and the total hydrogen bonds becomes more.
As the cluster size increases, the distance between Ca2+ and the adjacent water molecules increases while the average adjacent O-O distance decreases, implying that the interaction between Ca2+ and the adjacent water molecules becomes weaker and the interaction between water molecules becomes stronger. The interaction energy between Ca2+ and the water molecules, the natural charge, certifies that the interaction is mainly derived from the interaction between Ca2+ and the adjacent water molecules. Furthermore, the charge transfer from the lone pair electron orbital of adjacent oxygen atoms to the empty orbital of Ca2+ plays a leading role in the interaction between Ca2+ and water molecules.
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With the aim of finding a suitable synthesizable superalkali species, using the B3LYP/6-31G* density functional level of theory we provide results for the interaction between the buckminsterfullerene C60 and the superalkali Li3F2. We show that this endofullerene is stable and provides a closed environment in which the superalkali can exist and interact with CO2. It is worthwhile to mention that the optimized Li3F2 structure inside C60 is not the most stable C2v isomer found for the “free” superalkali but the D3h geometry. The binding energy at 0 K between C60 and Li3F2 (D3h) is computed to be 119 kJ mol−1. Once CO2 is introduced in the endofullerene, it is activated, and the [image: image] angle is bent to 132°. This activation does not follow the previously studied CO2 reduction by an electron transfer process from the superalkali, but it is rather an actual reaction where a F (from Li3F2) atom is bonded to the CO2. From a thermodynamic analysis, both CO2 and the encapsulated [Li3F2⋅CO2] are destabilized in C60 with solvation energies at 0 K of 147 and < −965 kJ mol−1, respectively.
Keywords: CO2 activation, superalkali, endofullerene, ionization energy, solvation energy
INTRODUCTION
In 1985, Kroto and co-workers discovered an extremely stable cluster consisting of 60 carbon atoms during a study of long-chain carbon molecules. (Kroto et al., 1985). This cluster, called fullerene, has a football shape with 12 pentagonal and 20 hexagonal rings. (Kroto et al., 1985). Shortly after, a study presenting successful formation of fullerenes with a lanthanum atom trapped in the cavity of C60, called endofullerene, C60La, was published. (Heath et al., 1985). Another consequent experiment proved the stability of C60La+ against H2, O2, NO, and NH3. (Weiss et al., 1988). This suggested that the lanthanum atom can be “protected” by being encapsulated in the fullerene. Since then, a number of studies focusing on novel properties of C60 and its interactions with other species have been carried out. (Ruoff et al., 1993; Diederich and Gómez-López, 1999; Bakry et al., 2007; Mignolet et al., 2013; Wang et al., 2014; Elliott et al., 2018; Kouřil et al., 2018) Some investigations concentrated on medical applications, hydrogen storage, and various endofullerene. (Wang et al., 2013; Srivastava et al., 2016; Srivastava et al., 2017; Elliott et al., 2018; Kouřil et al., 2018). Due to the fullerene's unique cage-like cavity, a procedure called molecular surgery can be performed to entrap an atom or molecule. (Murata et al., 2006; Krachmalnicoff et al., 2016). Utilizing this technique, encapsulation of molecular hydrogen and HF were successfully achieved. (Murata et al., 2006; Krachmalnicoff et al., 2016). In addition, a recent paper by Jana and Chattaraj (2020) describes the effects of a molecular reaction environment, dodecahedrane, on the He dimer bonding. Also, theoretical studies of a new type of endofullerenes with superalkali have been performed. (Srivastava et al., 2016; Srivastava et al., 2017) Superalkalis are clusters with very low adiabatic ionization energies. (Gutsev and Boldyrev, 1982; Gutsev and Boldyrev, 1983; Gutsev and Boldyrev, 1987; Lia et al., 1988; Gutsev and Boldyrev, 1990; Tong et al., 2013a; Tong et al., 2013b). The first and most common superalkalis have the formula Mk+1L, where M is an alkali atom with valence k and L is an electronegative atom. (Gutsev and Boldyrev, 1985; Gutsev and Boldyrev, 1987; Zhao et al., 2017). Nambiar et al. (2021) showed the importance of these compounds through a density functional computational study to improve the efficacy of redox reactions.
The concentration of carbon dioxide (CO2) in the atmosphere has been increasing constantly since the early 20th century with rapid industrialization. (D’Amato and Akdis, 2020; Kuzovkin and Semenov, 2020). This is a globally recognized issue as CO2 contributes significantly to the greenhouse effect and the acidification of the oceans. (Crowley and Berner, 2001; Hönisch et al., 2012). Increment of atmospheric temperature causes climate change that threatens the overall ecosystem. To capture CO2 molecules present in the air, various methods have been employed such as packed column of monoethanolamine and metal-organic frameworks. (Lv et al., 2015; Li et al., 2019; Li et al., 2020). The next step is activating CO2 molecules and converting them to value-added chemicals such as hydrocarbon fuels. (Hu et al., 2013). The activation of CO2 is extremely complex due to its stability and much efforts have been made by researchers to directly convert it into liquid hydrocarbons, useful for the aviation sector as novel jet fuels (Boreriboon et al., 2018; Vogt et al., 2019; Yao et al., 2020) or into oxygenates, such as ethanol. (Song et al., 2016; Bai et al., 2017; Wang et al., 2018). This conversion, whether it involves a direct CO2 hydrogenation route or not, entails the usage of metal-based catalysts to ensure an overall reasonable efficiency. (Yao et al., 2020).
In our previous studies, successful activation of CO2 with a superalkali species, Li3F2, were presented. (Park and Meloni, 2017). The computational study showed charge transfer from Li3F2 to CO2, which indicates migration of the unpaired electron from Li3F2 to CO2. The activated CO2 showed geometric change such as bent [image: image] angle. The activated CO2 then can be transformed to other organic molecules with catalysis. (Liu et al., 2016; Luc et al., 2017). Removing the unpaired electron from [Li3F2⋅CO2] cluster weakens the interaction between Li3F2 and CO2 and geometry of CO2 returns back to the linear form. (Park and Meloni, 2017). The superalkali Li3F2 was observed and characterized experimentally. (Yokoyama et al., 2000; Haketa et al., 2002). They also confirmed three stable Li3F2 structures through a computational density functional approach. (Haketa et al., 2002). In this investigation, the Li3F2-doped fullerene and its endo-reaction with CO2 has been characterized using the B3LYP/6-31G* level of theory. These results are explained in terms of energetics and molecular orbitals of the species involved. In addition, these findings will be beneficial in providing insights for CO2 reduction and in helping the exploration of new materials with tailored properties.
Computational Methods
Geometries and total electronic energies of the investigated species were calculated at the B3LYP/6-31G* level of theory (Becke, 1988; Lee et al., 1988) using the computational software Gaussian09. (Frisch et al., 2016). B3LYP is one of the most commonly used density functional theory (DFT) methods that employs a three-parameter exchange functional developed by Becke (1992) and Becke (1993) with a correlational functional proposed by Lee, Yang, and Parr (LYP) Becke (1988) to approximate the exchange-correlation energy. The B3LYP/6-31G* level has been employed to study endofullerene systems because it yields reliable geometries and energies. (Wang et al., 2013; Srivastava et al., 2016; Srivastava et al., 2017). Partial atomic charges are calculated based on the Mulliken population analysis (Mulliken, 1955) and natural bond orbital (NBO) population analysis. (Reed et al., 1985).
The adiabatic ionization energy (AIE) is calculated by taking the zero-point energy corrected electronic energy difference between the optimized neutral and cation, whereas the adiabatic electron affinity (AEA) is obtained by subtracting the zero-point-energy corrected electronic energy of the optimized anion and neutral. All the optimized structures have real vibrational frequencies and their Cartesian coordinates have been reported in the Supplementary Material.
RESULTS AND DISCUSSION
The main intent of this computational investigation is to study the interactions relevant to the reduction of CO2 by the superalkali Li3F2 inside our molecular reaction vessel, i.e., C60, and see how this environment affects the CO2 activation. The system is fairly large and, therefore, computationally challenging to investigate. We have analyzed the possible interactions between the fullerene and the two reactants, CO2 and Li3F2. All the computed energetics are reported in Table 1 together with the available literature (experimental and computed) values.
TABLE 1 | Energetics of all the species relevant to this study calculated at the B3LYP/6-31G* level of theory. The zero-point-energy corrected total electronic energy (E0) is in Hartree, the adiabatic ionization energy (AIE) and adiabatic electron affinity are in eV, and the binding energy at 0 K is in kJ mol−1. [SA⋅CO2] stays for the endo superalkali⋅CO2 complex.
[image: Table 1]Figure 1 reports the optimized geometries for CO2 and CO2−, Li3F2(C2v), Li3F2(D3h) and their cations. The structures of CO2 and CO2− reproduce well the literature experimental values for both bond distances and bond angles. In fact, for CO2 we have rC-O = 1.17 Å (1.16 Å) (Herzberg, 1966) and for CO2− we have rC-O = 1.25 Å (1.25 Å) (Hartman and Hisatsune, 1966) and ∠OCO° = 134° (127 ± 7°) . (Hartman and Hisatsune, 1966). Both the geometries of the lowest energy Li3F2(C2v) isomer, trigonal bipyramidal Li3F2(D3h), and their cations are in agreement with our previous work. (Park and Meloni, 2017; Cochran and Meloni, 2014). Figure 2 shows the two superalkali isomers reducing the CO2. The geometry for the previously studied C2v isomer interacting with CO2 is in agreement with our previous results, (Park and Meloni, 2017), whereas the D3h⋅CO2 species is reported for the first time. When the D3h structure reacts with CO2, the trigonal bipyramidal geometry is distorted by increasing two “equatorial” Li-Li distances, maintaining only the Li(1)-Li(2) distance of 2.30 Å, with Li(3) being closer to the CO2, Li(3)-O(7) = Li(3)-O(8) = 2.03 Å and increasing the axial F-F distance from 2.40 to 2.68 Å. The ∠OCO° bond angle is 128° and the C-O bond length is 1.26 Å. The Li3F2 isomers have similar binding energy with CO2, with the C2v isomer presenting a stronger interaction of 184 kJ mol−1. These clusters can be defined as “free” or “naked” because they are isolated in the gas phase. The presented energy values are calculated at the B3LYP/6-31G* level and are within 10% from the literature reported quantities, whether they are experimental or computed at very high level of theory.
[image: Figure 1]FIGURE 1 | B3LYP/6-31G* optimized geometries of (A) CO2, (B) CO2−, (C) Li3F2(C2v), (D) Li3F2+(C2v), (E) Li3F2(D3h), (F) Li3F2+(D3h).
[image: Figure 2]FIGURE 2 | B3LYP/6-31G* optimized geometries of (A) Li3F2(C2v), and (B) Li3F2(D3h) reducing CO2.
When a molecule is inserted in the fullerene (yielding an endofullerene), the chemical system is not free, but it will be subjected to the interactions with the carbon cage (“solvation effects”). In Figure 3, the two endofullerenes with CO2 and Li3F2 are shown. In the case of carbon dioxide, it is clear from the energetics presented in Table 1 that CO2 is destabilized by C60 having a negative binding energy at 0 K of −147 kJ mol−1 or a solvation energy at 0 K of 147 kJ mol−1, calculated as E0(CO2) + E0(C60)—E0(C60⋅CO2). The CO2 occupies the center of the C60, aligned with the C3 axis passing through a hexagonal face, minimizing its interactions with the C cage. The solvation energy is more properly defined as the Gibbs free energy change associated with the transfer of a molecule from the gas phase into a solvent, i.e., it provides the relative equilibrium populations of a species between gas phase and the solvent. Therefore, we should also know the entropy change connected with this process. The values that we are reporting in this investigation are at 0 K, so that [image: image], from which we can see that negative binding energies correspond to positive solvation energies (destabilizing effect). For the encapsulated superalkali two main findings can be noticed. First, the superalkali inside the fullerene is “forced” to assume a D3h geometry, a structure almost identical to the free D3h cluster but less stable than the free C2v cluster. Despite having started the Li3F2 geometry optimization from different initial configurations, the optimized structure inside the fullerene resulted in the trigonal bipyramidal geometry. The Li-F distances are shortened in C60 from 1.83 (free superalkali) to 1.77 Å, which corresponds to a compression along the F-F distance from 2.40 to 2.21 Å, and the two Li-Li bonds elongate to 2.40 Å. The second result is that C60 interacts strongly with Li3F2 with a binding energy at 0 K of 119 kJ mol−1 or solvation energy at 0 K of −119 kJ mol−1, calculated as E0(Li3F2(D3h)) + E0(C60)—E0(C60⋅Li3F2(D3h)). This interaction is not a reduction of C60, where the electron from the superalkali is transferred to the fullerene. In fact, upon ionization of C60·Li3F2, the encapsulated Li3F2 retains its trigonal bipyramidal structure, just slightly distorted (as described above) due to the interactions with C60. In addition, looking at the Mulliken population and the natural orbital population neither the endo-Li3F2(D3h) nor the C60 show an increase or change of electron charges. The C60·Li3F2 HOMO, the main contribution of which is given by C 2p AO’s, is delocalized almost entirely on the fullerene (Figure 4). The fact that the C60·Li3F2 AIE is much lower than C60 AIE, 5.64 vs. 7.08 eV, respectively, can be explained using a molecular orbital character argument. The interaction of C60 with the superalkali makes the HOMO of fullerene less bonding, and consequently, most of the C-C bonds are elongated by 0.1–0.2 Å. Upon ionization, the C-C bonds in C60·Li3F2 are shortened on average by 0.1 Å, which can be interpreted as the removal of an electron from a HOMO with antibonding character.
[image: Figure 3]FIGURE 3 | Two different views of B3LYP/6-31G* optimized structures of (A)-(B) C60 · CO2 and (C)-(D) C60 · Li3F2(D3h).
[image: Figure 4]FIGURE 4 | HOMO of C60 · Li3F2(D3h).
The insertion of CO2 within C60⋅Li3F2(D3h) produces an unexpected result (Figure 5). In previous computational studies, (Zhao et al., 2017; Park and Meloni, 2017; Sikorska and Gaston, 2020), naked superalkali have been shown to be capable of reducing carbon dioxide by transferring an electron and yielding an activated bent CO2−. In this investigation, we show that our molecular vessel C60 forces the reaction to proceed in a different way (Figure 6). From an analysis of the optimized geometries inside fullerene, it is clear that CO2 is activated by showing a ∠OCO° bond angle of 132° and C-O bond lengths of 1.20 Å, 0.03 Å longer than rC-O in CO2 but 0.06 Å shorter than rC-O in the free Li3F2(D3h)⋅CO2 species. The activation of CO2 is achieved by a F transfer from Li3F2 to CO2 with the formation of a C-F bond of 1.38 Å, almost identical to the rC-F of 1.382 Å in CH3F. (Demaison et al., 1999). This moiety FCO2 does not resemble either the fluorocarboxyl radical FCO2 for which rC-O is 1.234 Å, rC-F is 1.310 Å, and ∠OCO° bond angle is 118.8°, (Zelinger et al., 2003), or the fluoroformate ion FCO2− for which rC-O is 1.234 Å, rC-F is 1.46 Å, and ∠OCO° bond angle is 135.9°. (Arnold et al., 1995; Thomas et al., 2018). In addition, both fluorocarboxyl radical and fluoroformate ion are planar, whereas the endo-reaction species (Figure 6) resembles a non-planar (trigonal pyramidal) FCO2 that interacts with what it looks like a FLi3 species. All the attempts to optimize this structure outside C60 as free endo-Li3F2⋅CO2 returned a Li3F2(D3h)⋅CO2 geometry. Unfortunately, this prevents us from quantifying the interaction of Li3F2(D3h) with CO2 inside C60. In fact, the reaction we need is
[image: image]
from which the interaction of Li3F2(D3h) with CO2 can be derived if we were able to find the [SA⋅CO2] reaction product as a free species and then its binding energy (or negative solvation energy) with C60, i.e.,
[image: image]
[image: Figure 5]FIGURE 5 | Two different views of B3LYP/6-31G* optimized geometry of C60 · Li3F2(D3h) · CO2.
[image: Figure 6]FIGURE 6 | B3LYP/6-31G* optimized geometry of the Li3F2.CO2 complex inside C60.
In fact, the interaction of Li3F2(D3h) with CO2 inside fullerene can be calculated as:
[image: image]
In other words, this expression tells us that the interaction between endo-Li3F2(D3h) and endo-CO2, i.e., the BE of superalkali-CO2 in fullerene, is equal to the enthalpy of reaction (1) plus the solvation energies of CO2 and Li3F2(D3h) minus the solvation energy of [SA⋅CO2]. Because we cannot derive this last solvation energy absolute value due to the impossibility of optimizing the free endo-[SA⋅CO2] species, we can estimate this interaction by performing a single-point energy calculation of the free [SA⋅CO2] optimized inside C60. This structure necessarily represents a higher energy structure than a real minimum and, therefore, the estimated BE of superalkali-CO2 in fullerene would denote an upper bound providing us some insights on this interaction. From this computation we get an upper bound for [image: image] of −965 kJ mol−1, which tells us that this endo-product is highly destabilized by C60!
CONCLUSION
The activation of CO2 by the Li3F2 superalkali within C60 has been investigated at the B3LYP/6-31G* level of theory. C60 has been utilized as a reaction vessel and its interaction with the reactants, superalkali and carbon dioxide, have been computed. C60 is capable of forcing a superalkali geometry, which does not present the global minimum in the gas phase. Specifically, Li3F2 takes the D3h structure. C60 has a stabilizing effect on the superalkali but a destabilizing effect on the CO2, as it can be deduced by the binding energies of these two systems, BE(C60⋅CO2) = −147 kJ mol−1 and BE(C60⋅Li3F2) = 119 kJ mol−1. Upon interaction of Li3F2(D3h) with CO2 inside fullerene, CO2 is clearly activated showing a ∠OCO° bond angle of 132° and C-O bond lengths of 1.20 Å, 0.03 Å longer than rC-O in CO2 but 0.06 Å shorter than rC-O in the free Li3F2(D3h)⋅CO2 species. The activation of CO2 is achieved by a F transfer from Li3F2 to CO2 with the formation of a C-F bond of 1.38 Å. Due to the impossibility of optimizing a free superalkali-CO2 complex, [SA⋅CO2], resembling the one optimized within the C60, a single-point energy calculation has been performed on the free [SA⋅CO2]. This energy has been utilized to provide an upper bound for the binding energy of Li3F2(D3h) with CO2 within C60 of −965 kJ mol−1, showing that C60 destabilizes the reaction product.
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A new program for searching global minimum structures of atomic clusters using basin-hopping algorithm based on the xTB method was developed here. The program can be performed with a much higher speed than its replacement directly based on DFT methods. Considering the structural varieties and complexities in finding their global minimum structures, phosphorus cluster cations were studied by the program. The global minimum structures of cationic [image: image] (n = 1–15) clusters are determined through the unbiased structure searching method. In the last step, further DFT optimization was performed for the selected isomers. For [image: image] (n = 1–4, 7), the found global minimum structures are in consistent with the ones previously reported; while for [image: image] (n = 5, 6, 8–12), newly found isomers are more energy-favorable than those previously reported. And those for [image: image] (n = 13–15) are reported here for the first time. Among them, the most stable isomers of [image: image] (n = 4–6, 9) are characterized by their C3v, Cs, C2v and Cs symmetry, in turn. But those of [image: image] (n = 7, 8, 10–12), no symmetry has been identified. The most stable isomers of [image: image] and [image: image] are characterized by single P-P bonds bridging units inside the clusters. Further analysis shows that the pnicogen bonds play an important role in the stabilization of these clusters. These results show that the new developed program is effective and robust in searching global minimum structures for atom clusters, and it also provides new insights into the role of pnicogen bonds in phosphorus clusters.
Keywords: global optimization, atomic clusters, basin-hopping algorithm, phosphorus cluster cations, xTB method, pnicogen bond
INTRODUCTION
Clusters bridge atoms, molecules and bulk matter (Johnstom, 2002; Castleman and Jena, 2006; Fehlner et al., 2007; Ha et al., 2019), showing their great potentials for applications in many research fields such as catalysis (Liu and Corma, 2018; Du et al., 2020) and energy storage (VanGelder et al., 2018; VanGelder et al., 2019). They are also characterized by their geometries and electronic structures in many cases (Johnstom, 2002; Fehlner et al., 2007; Ferrando, 2015; Luo et al., 2016; Jena and Sun, 2018; Ha et al., 2019). There are many wonderful examples, including the cage-like fused-ring structure (truncated icosahedron) of C60 fullerene (Kroto et al., 1985), the tetrahedral structure of Au20 (Li et al., 2003), C6v symmetry boron cluster of B36 (Piazza et al., 2014), the borospherene cluster of B40 (Zhai et al., 2014; Li et al., 2017), and the protonated serine octamer (Cooks et al., 2001; Kong et al., 2006; Scutelnic et al., 2018). In lots of cases, the structural information of the clusters can hardly be obtained directly from experiments, and theoretical calculations are very important to provide structural candidates whose predicted properties should be further compared with the experimental results, in order to make the identification stable (Zhang and Glezakou, 2020).
Although the structural determination of small molecules based on density functional theory (DFT) or other methods has become a relatively routine task for computational chemists, the identification of the global minimum structures for clusters, especially those with large sizes, is still a great challenge. The reason is that the complexity of the searching space in their potential energy surface (PES) grows exponentially with the increasing number of atoms inside the clusters. Since the numbers of local minima grow quickly with the size of clusters, the global optimization becomes a very difficult task to overcome. Thus, different search algorithms and methodologies, including the genetic algorithm (GA) (Hartke, 1993; Deaven and Ho, 1995; Hartke, 1995; Daven et al., 1996; Rogan et al., 2013; Kanters and Donald, 2014; Shayeghi et al., 2015; Lazauskas et al., 2017; Rabanal-León et al., 2018; Jäger et al., 2019; Yañez et al., 2019) and relative evolutionary algorithm (EA) (Zhou et al., 2020), the swarm intelligence algorithm (Wang et al., 2012; Jana et al., 2019) and others, have been proposed and applied in the past decades (Zhang and Glezakou, 2020).
It is now accepted that the choosing of a suitable method for a special system based on its properties is very important. Usually, for clusters with tens of atoms, a very detailed investigation on their potential energy surfaces is still too difficult to be performed with reasonable computational cost. The Basin-Hopping (BH) algorithm, has been suggested as a good choice to solve global minima of Lennard–Jones clusters (Wales and Doye, 1997; Wales and Scheraga, 1999). Programs based on the BH algorithm have been developed based on empirical potentials (Zhan et al., 2005; Paz-Borbón et al., 2007) and DFT methods (Yoo et al., 2004.; Bai et al., 2006; Bulusu and Zeng, 2006; Huang et al., 2010; Jiang et al., 2012; Chen et al., 2017; Zhao et al., 2017; Chen et al., 2019). And the self-consistent charge density functional tight binding (SCC-DFTB) methods, including DFTB2, DFTB2-γh, DFTB2-γh + gaus and others, have been also applied (Choi et al., 2013).
Considering the success of the method of GFN-xTB, which was a DFTB3 variant developed by Grimme et al. (2017) (Bannwarth et al., 2019), the current work presents a new BH program named NKCS based on the Python, in conjunction with the xTB method for searching global minima of atomic clusters. Phosphorus clusters are selected to be studied, due to the two facts. The first one is that phosphorus exhibits a variety of structural phases, such as orthorhombic black, rhombohedral, violet, metallic, fibrous red, white, and amorphous. Thus, a better understanding about phosphorus clusters can deepen our knowledge about its structures and properties. The second fact is that although phosphorus cluster ions with wide size distributions have been observed in the laser ablation experiments for a long time (Martin, 1986; Mu et al., 2015; Yang et al., 2016; Kong et al., 2019), its structural studies are still limited for small to medium-sized clusters (Guo et al., 2004; Xue et al., 2010; Mu et al., 2015; Kong et al., 2019). And searching for the global minima in their PES is still a challenging task due to the diverse bonding patterns of the element.
METHODS
The newly developed program NKCS described here is written in Python language. The procedure of the program is shown in Figure 1. It couples the xTB-based local optimization and BH global search algorithm. For all initially generated or distorted structures through the BH processes, xTB-based local optimization was applied. Then these structures were ranked according to their energies. In the last step, the selected isomers were further sent to high-level DFT calculations. The procedure of the program is shown in the middle part of the picture. According to the input parameters set by the user, initial structures of the clusters are randomly built for xTB optimization. Then the BH algorithm are employed to some selected isomers and during the process, the criteria to accept newly distorted isomers are judged according to their energies calculated by the xTB method. At last, some local minima are further selected to perform high-level DFT calculations to identify the global minimum.
[image: Figure 1]FIGURE 1 | The procedure of the whole program is shown in the middle. The left side shows the process of building initial structures, and the right side shows the detail of the basin-hopping algorithm applied here.
To improve the efficiency of the program, the randomly generated or distorted geometries should be instantly checked according to their inter-atomic distances. Unreasonable structures with inter-atomic distances much smaller than the sum of their covalent radii are directly discarded. After that, a similarity check algorithm is applied to avoid duplicated structures. In this process, the ultrafast shape recognition (USR) algorithm is applied to compare the similarities of the randomly generated or distorted structures and the ones stored in the database (Ballester and Richards, 2007a; Ballester and Richards, 2007b; Ballester et al., 2009). For the homo atomic clusters studied here, the previously suggested 12 descriptors were applied here. The set of intra-cluster atomic distances from four locations are considered: the molecular centroid (ctd), the closest atom to ctd (cst), the farthest atom from ctd (fct) and the farthest atom from fct (ftf). So a molecule can be described as: [image: image]. In this way, each structure can be described by the 12 numbers, and the similarity of two structures i and k can be calculated as:
[image: image]
where [image: image], [image: image] are the lth USR descriptors of the ith and kth structures, respectively. The value of Sik is limited between 0 and 1. A high value of Sik indicates that the two isomers have close geometries, and a threshold can be selected in the program to distinguish two structures.
For the randomly constructed structure sets, the xTB method was applied to perform structural optimization and energy calculation. The parametrization in the method covers all spd-block elements and the lanthanides up to Z = 86 and it has been considered as a suitable method for dealing with various clusters with complex electronic structures (Grimme et al., 2017). The BH algorithm was then applied for the selected isomers based on their energies after the xTB optimization. Considering the BH method is one of the individual-based methods (Zhang and Glezakou, 2020), an initialized population with suitable size is applied here to improve its performance in the global optimization. After the selection of initial seed structures for BH algorithm based on their energies calculated by the xTB method, distorted structures are generated from the seeds by the displacement. The reasonability and similarity of the new structure should be checked and then optimized by the xTB method. For the acceptance of the newly distorted structure, the previously suggested criteria by Zhou et al. are applied here (Zhou et al., 2019). And the NKCS program also integrates the interface of Gaussian computing software (Frisch et al., 2009) to perform high-level structure optimization and frequency calculation for the selected isomers by the BH algorithm.
RESULTS AND DISCUSSION
The NKCS program has been tested with the odd-numbered phosphorus cluster cations here. In order to make the process clear, an example for searching the global minimum of [image: image] is displayed in Figure 2. The initial population size for clusters (N0) with N atoms is set as ∼ N2.8 for all the phosphorus clusters studied here. For [image: image], after the reasonability and similarity check, 2000 structures were generated randomly. The distance between two adjacent phosphorus atoms is limited between 2 and 3 Å, and the USR threshold was selected to be 0.98. These 2000 structures were optimized by the xTB method and the top N1 (30 in this case) structures were selected as seeds for BH processes. During the process, structural check for the new distorted isomers were also performed. If a new structure is more favorable in energy than the seed, it will be recorded and accepted as the new seed. Otherwise, the probability of accepting the structure, [image: image] , would be compared with a random number located in (0,1) to decide whether it should be taken as a new seed. For all the phosphorus cluster cations here, the temperature T was set at 273 K. After the BH process, the top N2 (30 in this case) structures were further selected for DFT calculation. These isomers would be optimized and ranked at the level of B3LYP/6–311+G(d) by the Gaussian 09 program.
[image: Figure 2]FIGURE 2 | The process for searching the global minimum by the NKCS program.
Figures 3, 4 show the optimized global minimum geometries of [image: image] (n = 1 ∼ 15). To make sure that the results obtained are indeed global minima, the program has been run three times for each phosphorus cluster. For all reported cationic phosphorus clusters, frequency calculations are preformed to ensure that they are true minima on the potential energy surfaces. For small cationic clusters of [image: image], [image: image] and [image: image], the most stable isomers with D3h, C4v and C2v symmetries in turn, have been revealed by Guo et al. (2004), Xue et al. (2010) previously. These structures have also been reproduced here and are shown in Figure 3. For [image: image], the previously suggested lowest-energy geometry with D2d symmetry was reproduced too (Xue et al., 2010). The second stable isomer of [image: image], has an energy 45.3 kJ/mol higher than that of the former one. It consists of a P6 unit with a chair-like structure below and a triangle of P3 unit above, characterized by its C3v symmetry. For [image: image], besides the previously reported structure ([image: image]) (Xue et al., 2010), a new isomer of [image: image] with a Cs symmetry, was found to be more stable by 9.8 kJ/mol than the former. For clusters with larger sizes, more stable isomers were found. To make them clear, the top eight isomers of [image: image] (n = 6–15) were all shown in Supplementary Figures S1, S2. For [image: image] the previously suggested most stable isomer ([image: image] was found to be accompanied with a more stable isomer, [image: image]. The latter is characterized by its C2v symmetry and has an energy 34.5 kJ/mol lower than that of [image: image]. For [image: image], the found most stable isomer is the same as the one reported by Xue et al. (2020) previously. Another isomer of [image: image] with C2v symmetry was also found by the program, which has an energy 22.2 kJ/mol higher than [image: image]. Interestingly, this isomer [image: image] can be formed by adding two P atoms in the middle of [image: image]. For ions of [image: image], the previously reported isomer was found as the 10th most stable isomer (Xue et al., 2010). Nine more stable isomers have been identified and the three most stable isomers of [image: image] and III are shown in Figure 3. The isomer [image: image], which has an energy 59.6 kJ/mol lower than the previously reported one, can be regarded as a P8 cuneate unit connected with a P7 norbornane though a P2 unit, which has no symmetry. For [image: image], 20 new isomers were found to have lower energies than the one previously reported. The top three isomers are shown in Figure 3, in which the most stable one has an energy 140.9 kJ/mol lower than the one reported before. And it is also characterized by a plane of symmetry.
[image: Figure 3]FIGURE 3 | The most stable isomers of [image: image] (n = 1–9) searched by the NKCS program. The three most stable isomers are identified as [image: image], [image: image], and [image: image], in turn. Their symmetries and relative energies (in kJ/mol) to corresponding global minima are shown below.
[image: Figure 4]FIGURE 4 | The three most stable isomers of [image: image] (n = 10–15) searched by the NKCS program. Their symmetries and relative energies (in kJ/mol) to corresponding global minima are shown below.
As the size increased, the symmetry of the cluster ions decreases. The newly found most stable isomer of [image: image] ([image: image]), is more energy favorable than the previously reported one by 84.3 kj/mol. For [image: image], the discovered isomer of [image: image] has an energy 15.3 kJ/mol lower than the previously reported isomer of [image: image] (Xue et al., 2010). Unlike other cluster ions of [image: image] (n = 7–11), the new isomer of [image: image] does not has the chain-like geometry. There is a P6 trigonal prism unit on the right side, suspended in the middle of the long P18 unit on the left by a single bond. This isomer is energetically more preferred by 80.5 kJ/mol than the previously suggested one ([image: image] in Figure 4).
And the most stable isomers of [image: image], [image: image] and [image: image] were suggested here for the first time. These structures are more complicated and show no symmetry (Figure 4). The most stable isomer of [image: image] has a typical linear structure that likes that of [image: image] or [image: image]. The structure of [image: image], can be regarded as that its left and right sides are connected by a single P-P bond. The left side of the cluster ion has a compact unit of P16, and right side has a unit of P11 that can be regarded as a six-member ring connected with a five-member ring directly. For the second stable isomer [image: image], the two units of P20 and P9 are also linked by a single bond. Interestingly, the structure of [image: image] includes three parts of P19, P4, and P9, in which the first and the latter two parts are both connected though P-P bonds, respectively. And the whole ion has a curved linear structure. In order to make the results more reliable, calculation based on the level of MP2/6–311+G(d)//B3LYP/6–311+G(d) were performed for the top three isomers of [image: image] (n = 12–15). Although the values of their relative energies are some different, their orders in energies keep unchanged (Supplementary Table S1 in the supporting information).
Briefly, the BH algorithm based on the xTB method has been developed for searching global minima of clusters. Considering the parametrization of xTB method covers all spd-block elements and the functional form of the xTB mostly avoids element-pair-specific parameters, the program developed here has a very wide range of applications. And compared with DFT-based methods, it significantly saves computing time. Medium-sized phosphorus cluster cations were studied here, and new energetically favored structures were identified. Based on these results, some structural rules of these cationic clusters should be further discussed, since it might be helpful to get some general pictures about these energetically preferred structures and structural tendency about large-sized clusters.
For one thing, it is interesting to find that symmetric structures are very important for small-sized clusters of [image: image] (n = 1–6). For [image: image], the most stable isomer also has a Cs symmetry. For [image: image], and [image: image], although none of their most stable isomers have symmetry, their second most stable isomers have C2v, Cs, and Cs symmetry, in turn. For clusters with larger size of [image: image] (n = 11–15), all their top three stable isomers show no symmetry. Although this, the symmetry of local unit in the large-size clusters still exists. For example, both units in [image: image] linked by a single bond have rough Cs symmetry. These results also suggest the importance of an unbiased method in searching the global minima of large-sized clusters, which can cannot be directly replaced by simple intuitions.
For the second point, most medium-sized globe minima of [image: image] (n = 5–15) exhibit chain-like configurations, expect that of [image: image]. And the common building units include P7, P8, and P9 building blocks. For clusters with larger sizes, the chains become curved. A statistical view on the size of the energetically preferred structures may provide some clues. The USR parameter ftf that indicates the distance between the farthest atom from fct can be applied as an indicator of the length of the cluster. Based on the xTB calculation results of the initial population built up in the second step of Figure 2, a general picture descripting the relationship between energy and length can be obtained. Figure 5 shows the relative energy-fct diagrams for the xTB-optimized structures of the randomly generated populations of [image: image][image: image], and [image: image]. It can be found that the most of energetically preferred structures for [image: image] have a distribution of fct in the range of 4–6 Å. For [image: image] and [image: image], the lengths of energetically preferred structures were concentrated in the range of 7–10 and 8–12 Å, respectively. The results indicate that the lengths of the clusters grow with their sizes, but not linearly, and the curved structures will be more general for large-size clusters.
[image: Figure 5]FIGURE 5 | The relative energy-fct diagrams for the xTB-optimized structures of the randomly generated populations of (A)[image: image](B)[image: image] and (C)[image: image]. Every dot in the picture corresponds one structure and the dots below the red line indicates the isomers have relative energies less than 0.05 hartree compared to the corresponding global minimum in each subgraph.
For the third point, it is interesting to found that both isomers of [image: image] and [image: image] are characterized by single P-P bonds bridging units inside the clusters. Although this kind of bridging bonds is reasonable in forming one- or two-dimensional phosphorus nanomaterials, it is lesser-known for middle- or large-size homoatomic clusters. For homoatomic clusters, it is usually to suggest that the clusters are inclined to take compact structures with high symmetry or consistent linear structures. So why these clusters are so different? A possible explanation is that the weak polarities of these intra-cluster covalent bonds are distributed in a way to stabilize the whole cluster by enhancing their charge-charge, charge-dipole, or dipole-dipole interactions. However, the natural bond orbital (NBO) charge distribution (Carpenter and Weinhold, 1988; Reed et al., 1988) of these clusters shows although this interaction may help to stabilize the isomer in some extent, it should not be the main reason (Figure 6).
[image: Figure 6]FIGURE 6 | The NBO charge distribution of (A)[image: image] and (B)[image: image].
On the other hand, the short distances between the nonbonding phosphorus atoms indicate that the pnicogen bonds (Zahn, et al., 2011; Scheiner, 2013) inside the clusters may play a very important role. In [image: image], the distances of P5···P11 is 294 pm, which is below the sum of their van der Waals radii of 380 pm. Similarly, the distances of P2···P23 in [image: image] is 333 pm. These attractive P···P interactions are very similar to those previously reported pnicogen bonds in carbaboranes. Chemical bonding analyses were also examined by electron localization function (ELF) analysis with the program of Multiwfn (Lu and Chen, 2012). As shown in Figure 7, regions between P11 and P5 in [image: image], and between P2 and P23 in [image: image], are both characterized by their electron-pair densities. The pnicogen interaction can be further investigated by the second-order perturbation approach. As the example of [image: image] shown in Figure 8A and B, the interactions of LP(P5) →σ*(P11-P15) and LP(P11) →σ*(P5-P16) in [image: image] have the stabilization energies of 9.34 and 3.70 kcal/mol, respectively, showing a very strong pnicogen bond. The second example of [image: image] is shown in Figure 8C and D. The hyperconjugation of the lone pair of electrons at P2 with the adjacent phosphorus–phosphorus bond P23-P9 (LP(P2) →σ*(P23-P9)) was observed with a second-order perturbation stabilization energy of 2.66 kcal/mol. At the same time, the interaction of LP(P23) →σ*(P2-P29) also contributes 0.87 kcal/mol in stabilization the pnicogen bond.
[image: Figure 7]FIGURE 7 | ELFs of (A)[image: image] and (B)[image: image].
[image: Figure 8]FIGURE 8 | Hyperconjugation of LP(P) → σ*(P–P). The natural bonding orbits were obtained by NBO analysis of (A,B)[image: image] and (C,D)[image: image].
Both Wiberg bond index (WBI) and QTAIM topological analysis were employed to analyze the bonding nature of these bonds. The calculated total WBI values of the bonds P5···P11 in [image: image], P2···P23 in [image: image] are 0.14 and 0.04, respectively, supporting the existence of the pnicogen bonds. Table 1;Supplementary Table S2, show the results of AIM topology parameters, including electron density (ρe) at the pnicogen bond critical points and Laplacian (▽2ρe). The results suggest that intracluster pnicogen bonds play a very important role for their structural stabilization and isomerization. It is also found that the pnicogen bond is important for other curved clusters with small sizes (shown in Figure 4). For example, the structure of [image: image] is characterized by a strong pnicogen bond with a P1 … P4 distance of 297 pm (with a WBI of 0.26). The NBO and QTAIM analysis also support the interaction (Supplementary Figures S3, S4; Table 1 and Supplementary Table S2).
TABLE 1 | Electron densities (ρe, a.u.), Laplacian of the electron densities (▽2ρe, a.u.), Pnicogen bond distances (Å), and Wiberg Bond Indexes (WBI) of the pnicogen bonds in [image: image], compared with those of some pnicogen bonds previously reported.a
[image: Table 1]Although pnicogen bonds have been previously reported and studied for different species by many research groups, this is still the first study showing that the pnicogen bonds can exist and play important roles in homoatomic phosphorus clusters without the help of other ligands or heteroatoms. By comparing the pnicogen bonds reported herein with other previously reported pnicogen bonds, the important roles of these interactions in phosphorus clusters can be further reflected. Thus, some typical pnicogen bonds were selected from relative references (Zahn, et al., 2011; Del Bene et al., 2017; Esrafili and Sadr-Mousavi, 2017; Esrafili and Mousavian, 2018; Mokrai, and Benko, 2019; Wu, et al., 2019) and were compared with those bonds reported here. Results were shown in Table 1. The P … P pnicogen bonds reported here have similar bond distances and WBIs with those previously reported (Zahn, et al., 2011) and similar to other type pnicogen bonds including PN, P … Bi and P … Cl interactions. And the bond of P1 … P4 in [image: image] even has the highest WBI except to the special case of P … Cl in the ternary complex of FCl … PH3 … NCH, in which the P … N pnicogen-bond was enhanced by the P … Cl halogen bond through the σ-hole (Del Bene, et al., 2017).
Briefly, these results reflected that the intracluster pnicogen bonds can greatly stabilize the cluster, thus play important roles in large-size phosphorus clusters and phosphorus-related materials. On the other hand, the ELF analysis shown in Figure 7 also indicates the possibility of the existence of multiple pnicogen bonds in large-size phosphorus clusters. And a very interesting topic is how the introduce of heteroatom can affect the pnicogen bonds and their most stable structures. So, we hope the result reported here can attract more researchers to focus on this issue.
CONCLUSION
A combined algorithm of BH and xTB to locate global minima in potential energy surface of atomic clusters has been developed here. Several strategies, including the similarity check, are considered in the algorithm. The [image: image] cluster cations are selected to be studied using the program due to their structural varieties and complexities. For cluster cations of [image: image] (n = 1–4) and [image: image], the program reproduced the lowest-energy structures reported previously. For [image: image] (n = 5, 6, 8–12), new isomers with energies 10 ∼ 80 kJ/mol lower than those previously reported have been identified on the level of B3LYP/6–311+G(d). The most stable isomers of [image: image] (n = 13–5) are also reported here. Although symmetric structures dominate the most stable isomers of all small-sized clusters of [image: image] (n = 1–6), their importance decrease for the clusters of [image: image] (n = 7–10). And for clusters with larger sizes, no symmetry has been observed for all their top three isomers. The lengths of the clusters grow with their sizes, but only distinct for clusters up to [image: image]. Curved structures with single P-P bonds are found to be important for [image: image] and [image: image]. Further analysis shows that the pnicogen bonds play important roles in these phosphorus clusters. The results show that the new developed xTB-based BH program is effective and robust in searching global minimum structures for atomic clusters. And for large-size phosphorus clusters, a systemic study for a better understanding about the pnicogen bonds is needed very much.
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Atomic clusters lie somewhere in between isolated atoms and extended solids with distinctly different reactivity patterns. They are known to be useful as catalysts facilitating several reactions of industrial importance. Various machine learning based techniques have been adopted in generating their global minimum energy structures. Bond-stretch isomerism, aromatic stabilization, Rener-Teller effect, improved superhalogen/superalkali properties, and electride characteristics are some of the hallmarks of these clusters. Different all-metal and nonmetal clusters exhibit a variety of aromatic characteristics. Some of these clusters are dynamically stable as exemplified through their fluxional behavior. Several of these cluster cavitands are found to be agents for effective confinement. The confined media cause drastic changes in bonding, reactivity, and other properties, for example, bonding between two noble gas atoms, and remarkable acceleration in the rate of a chemical reaction under confinement. They have potential to be good hydrogen storage materials and also to activate small molecules for various purposes. Many atomic clusters show exceptional opto-electronic, magnetic, and nonlinear optical properties. In this Review article, we intend to highlight all these aspects.
Keywords: aromaticity, Electrides, Particle swarm optimization, Firefly algorithm, Confinement, Hydrogen storage, Fluxionality
INTRODUCTION
A cluster is defined as a finite aggregation of atoms, starting with as low as two atoms and extending up to an upper bound of some hundred thousand atoms (Herr, 1993; Corrigan and Dehnen, 2017). A theoretical study elucidates that cluster properties strongly depend on the geometry of the isolated cluster and the topology of the cluster sample. F. A. Cotton first used the term cluster for compounds with metal–metal bonds. Nonmetallic atomic clusters came into the limelight later, from both theoretical and experimental studies. The unique size-dependent properties of clusters are distinct from the molecules and bulk solids (Sergeeva et al., 2014). Experimental and theoretical methods on cluster research have seen substantial amount of improvement over the years in discovering a diversity of size-specific phenomena and physicochemical cluster properties (Jena and Castleman, 2010). Various physicochemical properties of metal clusters such as optical, magnetic, thermal, chemical properties differ remarkably from their bulk counterparts (Tsukuda and Hakkinen, 2015). In the last few decades, several studies have been reported on the ligand protected metal clusters, viz. phosphine-protected small Au cluster, thiolate (RS)-protected Au nanoparticles (Brust et al., 1994), etc. For small metal clusters (<∼100 atoms), the electronic structures are not continuous as in the bulk metals, but rather discretized, which is the primary reason for different physicochemical properties and functionalities in small clusters and bulk metal (Sharma et al., 2017). Studies have shown that clusters made of atoms with appropriate size and composition could potentially mimic the chemistry of elemental atoms in periodic table, and hence are known as superatoms (Li et al., 2008). Various experimental techniques such as laser ablation coupled with mass spectrometry, photoelectron spectroscopy have been employed to get insights into the atomic clusters. Along with experimental studies, theoretical investigations are required to get a better understanding of their geometric arrangement and corresponding properties (Srivastava, 2021).
A large number of theoretical studies have been reported dealing with finding the minimum energy structures of pure elemental clusters by using different optimization algorithms. The potential energy surface (PES) of various atomic clusters is explored to minimize their energy functional with the final objective of locating their global minimum (GM). Different optimization methods such as genetic algorithm (Holland, 1992) (GA), basin hopping (BH) algorithm (Wales and Doye, 1997), particle swarm optimization (PSO) algorithm (Bai, 2010), adaptive particle swarm optimization (APSO) (Zhan and Zhang, 2008), simulated annealing (SA) (Woodley et al., 1999), artificial bee colony optimization (ABC) (Karaboga and Basturk, 2007), honey bee mating optimization (HBMO) (Pham et al., 2005), ant colony optimization (ACO) (Colorni et al., 1991), heuristic algorithm combined with the surface and interior operators (HA-SIO), fast annealing evolutionary algorithm (FAEA), firefly algorithm (FA) (Yang, 2010). etc. are increasingly being used to solve the optimization problem in a time- and cost-efficient manner. Various models/empirical potentials (EPs) such as Lennard–Jones (LJ), Born–Mayer, Sutton–Chen, Gupta and Murrell–Mottram potentials can effectively explain the bonding within various clusters. A number of studies performed by Chattaraj et al. reveal that PSO is more efficient than commonly used techniques such as GA, SA, and BH for finding the GM of small clusters (Mitikiri et al., 2018; Jana et al., 2019). Further developments over PSO algorithm have been accomplished. Global optimization of boron clusters (B5 and B6) has been studied using an advanced PSO approach by Mitikiri et al. (2018). Jana et al. (2019) performed a similar study on carbon clusters, Cn (n = 3–6,10) by using a modified PSO algorithm. Mitra et al. (2020) reported the global optimization of Al42- clusters by using firefly algorithm along with DFT.
The concept of trapping atoms and small molecules into the hollow cavity of clusters has shown several applications in biology (Cagle et al., 1996; Thrash et al., 1999; Wilson et al., 1999) and electrical engineering (Cioslowski and Nanayakkara, 1992). Pan et al. (2018) reported the encapsulation of noble gas (Ng) atoms into the B40 host moiety, which is shown to have a fluxional character (Moreno et al., 2014). The dynamical study of the aforementioned system showed that the fluxional character persists even after the encapsulation. Smaller cages such as C20H20 (Cross et al., 1999; Jiménez-Vázquez et al., 2001), C10H16 (Haaland et al., 2004), BN cages (B12N12 and B16N16) (Khatua et al., 2014a), Pb122-, and Sn122- (Sekhar et al., 2017) can act as host molecules to endohedrally trapped noble gas atoms. Cucurbit[n]urils, abbreviated as CB[n]s, n being the number of gycoluril units, can also act as host for different guest molecules including metal cations, organic dyes, drugs, halide ions, etc. (Lagona et al., 2005; Pan et al., 2013a). CB[7] was also reported to bind different guest compounds such as organic dyes (e.g., Stilbenes, naphthalene), viologens, and metal complexes (e.g., Oxaliplatin) applicable in cancer treatment (Wagner et al., 2003). In 2017, Pan et al. (2017) have reported the adsorption of 14 molecules, viz., CH4, C2H2, C2H4, C2H6, F2, Cl2, NO2, NO, CO, CO2, SO2, H2S, N2, H2 endohedrally within the hydrophobic inner cavity of CB[7]. CB[6] is also known to encapsulate noble gas atoms (Pan et al., 2015). Chakraborty et al. (Chakraborty and Chattaraj, 2015) reported the accommodation of noble gas atoms within the BN-doped (3, 3) single-walled carbon nanotubes. The Ng binding ability of BeX (X = SO4, CO3, O) has been reported by Saha et al. (2015). Pan et al. (2014) have explored the stability of Ng-bound SiH3+ cluster ions. An emerging host molecule is the basket-shaped octa acid (OA) cavitand that can encapsulate different gas molecules (Chakraborty et al., 2016). Various steroids (Liu and Gibb, 2008), hydrophobic moieties such as ethane, ethylene, acetylene (Stang and Diederich, 2008; Hu et al., 2009; Florea and Nau, 2011; Zhang et al., 2011; Yang et al., 2015; Chong et al., 2016) have been confined inside OA. The encapsulation of gas molecules, especially the hazardous ones, by the cluster cavity has great applications in environmental chemistry. Encapsulation of greenhouse gases (CO2) (Zhang and Chen, 2009; Jin et al., 2010; Kim et al., 2010; Jin et al., 2011; Mastalerz et al., 2011; Lü et al., 2014), air pollutants (NO2) (Pan et al., 2017), and poisonous gases (CO, NO) using molecular cages has applications in reducing their negative impact on the atmosphere. N2 encapsulation (Msayib et al., 2009; Akhtar et al., 2012; Schneider et al., 2012) is yet another important research topic in environmental chemistry. Chakraborty et al. (2016) reported a set of small gaseous molecules (C2H2, C2H4, C2H6, CO, CO2, NO2, NO, N2, H2−), and rare gas atoms as guest molecules for the OA host system. In fact, OA is a very efficient reaction vessel for accommodating various different guest molecules. Li+, Na+, K+, Be2+, Mg2+, Ca2+, Li3O+, Na3O+, K3O+ and various nucleobases can occupy the basket-shaped octa acid cavitand as reported by Chakraborty and Chattaraj (2018).
In recent days, the conservation of the atmosphere and the desire to save up fuel for the upcoming generations has been a major concern in the scientific community that led to the search for alternatives of fossil fuel. Hydrogen, being renewable, recyclable, environment friendly, and abundantly available in nature, is now a globally acceptable fuel source with the potential to replace fossil fuels in the near future. The challenge, however, is designing compatible storage and transport materials. To that end, hydrogen-storing capacity of metal-organic-frameworks (MOF) (Rosi et al., 2003; Rowsell and Yaghi, 2005), covalent-organic-frameworks (COF) (Kuc et al., 2007; Cabria et al., 2008), clathrate hydrates (Lee et al., 2005; Chattaraj et al., 2011), polymers (McKeown et al., 2006), carbon nanotubes, BN cages, fullerene, grapheme-like materials (Froudakis, 2001; Deng et al., 2004; Heine et al., 2004; Sun et al., 2005; Wu et al., 2008), metal hydrides (Lee et al., 2005) have been explored. Pan et al. (2012a) performed a theoretical study on the H2-storing capability of some Li-doped clusters and super-alkalis. Zhu et al. (2010) have shown cucurbiturils acting as a promising candidate for hydrogen storage. Pan et al. (2013a) have discussed the hydrogen storage capability of the CB[7] system. A different class of compound, alkali-doped carbon materials (graphene sheet and single-walled carbon nanotubes), have been designed for reversible hydrogen storage for transportation purposes by Wei-Qiao Deng et al. (2004). On the other hand, very explosive acetylene can be stored within the porous MOF-505 analogue as reported by Yunxia Hu et al. (2009).
The confinement effect on atoms and molecules has intrigued both theoreticians and experimentalists alike. It brings out interesting changes in the energy levels of the confined systems, their bonding, reactivity, and properties (Grochala et al., 2007; Schettino and Bini, 2007; Sabin and Brandas, 2009; Gubbins et al., 2011; Chakraborty and Chattaraj, 2019; Pal and Chattaraj, 2021). Khatua et al. (2014b) have performed a theoretical investigation on the entrapment of (HF)2 in Cn (n = 60, 70, 80, 90) cages. Although CO and N2 are isoelectric species, the latter is known to be pretty inert owing to its high ionization potential, low electron affinity, and high frontier orbital energy gap (ΔEHOMO-LUMO). Thus, N2 capture in various transition metal complexes has proven to induce bond activation that has various industrial applications (Chatt and Leigh, 1972; Yandulov and Schrock, 2003; Latysheva et al., 2012; Bergman et al., 2013; Hoffman et al., 2013). In this regard, Saha et al. (2017) reported the CO and N2 bound metal supported boron clusters (MB12-, M = Co, Rh, Ir) which form a spinning umbrella-like structure and activate the bound molecules. Boron clusters have found profound applications in material science owing to their ability to act as nanomaterial building blocks. Their property to act as such is due to a bowl-like structure with an outer rim (B9) and an inner well (B3).
Along with the coordination and inorganic cages, various organic cavitands can also be considered host system for encapsulation. One such class of compounds is the cucurbiturils. Chemical reactions catalyzed by host–guest interactions are comparable to those catalyzed by enzymes (Dong et al., 2012). Hennig et al. (2007) successfully induced protease inhibition using the host–guest interaction with CB[7]. In addition to CB[7], ExBox+4 (Barnes et al., 2013) can also act as an organic host molecule that can encapsulate a wide array of guest moieties. Chakraborty et al. (2017) performed a theoretical study on [4+2] cycloaddition reaction confined within CB[7] and ExBox+4 host systems.
In recent times, low dimensional materials are being given more and more attention to be used as host moiety. Graphene has provided us with a plethora of highly efficient devices such as gas sensors, spintronic devices, nanoelectronics, and optoelectronic devices (Chakraborty and Chattaraj, 2017). An inorganic counterpart of graphene is the boron nitride doped system that can be functionalized with OLi4, CLi6, NLi5, BLi7, Al12Be to achieve some interesting properties (Chakraborty and Chattaraj, 2017). The M3O+ (M = Li, Na, K) functionalized graphene nanoflakes (Chakraborty and Chattaraj, 2016a) are known to sequestrate various polar molecules such as CO, NO, and CH3OH. Sequestration of gas molecules such as H2, O2, O3, CO, NO, and H2O through bare boron nitride flakes (BNF) and metal oxide, MO (M = Cu, Ag, Au) functionalized BNF are also reported (Chakraborty and Chattaraj, 2016b). In this review we report some optimization techniques for the generation of minimum energy structures of some selected clusters and also the bonding, reactivity, and different properties of some selected confined systems. Aromatic behavior and electride properties of some clusters are also investigated.
THEORETICAL BACKGROUND AND COMPUTATIONAL DETAILS
Before optimizing the geometry of any system, we carefully ponder over the requirement of the study and select the level of theory maintaining a parity between the level of accuracy required and the computational cost to be incurred. Most often, the easiest way is to take into consideration the experimental data (if available) and select accordingly. The systems discussed in this article are optimized using the computational chemistry software package, Gaussian 09 (Frisch et al., 2009). We have used B3LYP (Lee et al., 1988; Becke, 1992), BP86 (Perdew, 1986a; Perdew, 1986b; Becke, 1988), ωb97X-D (Chai and Head-Gordon, 2008), PBE (Perdew et al., 1996; Perdew et al., 1997), TPSSTPSS (Staroverov and Scuseria, 2003; Tao et al., 2003), M06, M06-2X (Zhao and Truhlar, 2008), and M05-2X (Zhao et al., 2006) functionals for carrying out DFT calculations of various systems. The exact level of theory (method and basis set) chosen for the individual case studies is mentioned in the Results and Discussion section. Relativistic effects for heavier atoms are taken care of by effective core potentials (ECPs). The stationary states are better understood from the harmonic vibrational frequencies. The minimum energy structure and the transition state (TS) are identified with the presence of zero and one imaginary frequency, respectively.
The atomic charges, nature of interactions present within the systems, and the possible bond formation are analyzed with the help of natural population analysis (NPA) (Reed et al., 1985), Wiberg bond indices (WBI) (Wiberg, 1968) in the NBO scheme (Reed et al., 1988). The electron density topology is mapped using Bader’s quantum theory of atoms-in-molecules (QTAIM) (Bader, 1985) in Multiwfn (Lu and Chen, 2012). Parameters such as electron density [ρ(rc)], total electron energy density [H(rc)], local kinetic energy density [G(rc)], local potential energy density [V(rc)], and Laplacian of electron density [∇2ρ(r)] are computed at the bond critical points (BCPs) and they help analyze the extent of covalent or ionic character present along that bond path. The NCI index reveals the localized binding interaction in a system, and the plot can be visualized as red, blue, or green regions in the NCIPLOT program (Contreras-García et al., 2011) depending on whether the interaction is repulsive, H-bond, or van der Waals, respectively. The nonlinear optical (NLO) properties are evaluated in terms of average linear polarizability ([image: image]), first (β) and second ([image: image]) hyperpolarizabilities.
ADF 2013.01 software (Baerends et al., 2013) is utilized to perform the energy decomposition analysis (EDA) (Morokuma, 1971) with the natural orbitals for chemical valence (NOCV) (Mitoraj et al., 2009). The interaction between two selected fragments of the studied system is represented in terms of three attractive and one repulsive energy terms. The attractive term includes electrostatic energy (ΔEelstat), orbital interaction energy (ΔEorb), dispersion interaction energy (ΔEdisp), while the repulsive term is known as Pauli repulsion energy (ΔEPauli).
[image: image]
In NOCV, the orbital term is represented as the sum of ΔEkorb (pairwise orbital energies) which is related to Δρk(r) (pairwise charge contributions).
[image: image]
Atom-centered density matrix propagation (ADMP) (Iyengar et al., 2001; Schlegel et al., 2001; Schlegel et al., 2002) in Gaussian 09, and Born-Oppenheimer molecular dynamics (BOMD) in deMon2K software (Koster et al., 2011) are used to perform the dynamic study of the systems under discussion in this article.
For the global optimization study using PSO, ADMP-CNN-PSO, and FA, the algorithms are written in Python 3.7 programming language (Van Rossum and Drake, 2009). The single point energies (SPEs) are calculated using Gaussian 09 at the post-processing step. The calculations for all the clusters are performed using the B3LYP (Lee et al., 1988; Becke, 1992) functional of DFT. The basis set 6-311+G(d,p) (McLean and Chandler, 1980; Raghavachari et al., 1980) is used for the boron clusters, 6-311+G(d) for Al42−, C5, and N42-, 6-311G(d) for N64-, and LANL2DZ (Dunning and Hay, 1977; Wadt and Hay, 1985; Hay and Wadt, 1985a; Hay and Wadt, 1985b) with ECPs for Aun (n = 2–8) and AunAgm (2 ≤ (n+m) ≤ 8). The algorithms are executed in a server with two Intel 2.70 GHz Xeon E5-2697 v2 processors (each with 12 cores and 30 threads) and a 256 GB RAM. The software Keras (Chollet, 2015) is used for interfacing with Python 3.7 with convolution neural networks (CNN).
RESULTS AND DISCUSSION
Global Optimization Using Machine Learning Techniques
Minimization of a system’s energy functional is the most fundamental step in the determination of its ground state. Reaching the global minimum (GM) geometry, however, poses a number of challenges, the most important being the high probability of getting stuck in local minima in the PES. Swarm intelligence (SI)-based algorithms have turned out to be very effective in searching for optimal solutions in a given search space. Here we discuss three different techniques, PSO combined with DFT, PSO with CNN, and DFT-integrated FA. They do not need to implement any symmetry constraint, or consider bond characterization. DFT-PSO adjusts each particle’s trajectory at every time stamp while following the convergence criteria. We have successfully implemented these techniques to find the GM configurations for small-sized nonmetallic clusters such as Boron (B5 and B6) (Yuan et al., 2014), Carbon (C5) (Jana et al., 2019), and polynitrogen clusters (N42- and N64-) (Mitra et al., 2021), and metallic clusters such as Al42- (Mitra et al., 2020), Aun (n = 2–8), and AunAgm (2 ≤ n+m ≤ 8) (Mitra et al., 2021).
PSO Combined With DFT (DFT-PSO)
We start off with 14 and 15 random structures for B5 and B6 (Figure 1), respectively, with velocity set at zero and maximum number of iterations set at 1,000. No significant change in bond length is detected after reaching the global best configuration at the end of the PSO run. Following this, the optimization is performed at the B3LYP/6-311+G(d,p) level as the post-processing step that helps align the symmetry of the PSO-obtained final structure and obtain the corresponding exact energy. The post-processing in this case takes only 20 s to complete, and the final geometry obtained is energetically very close (0.0015 eV difference) to that obtained at the end of the PSO run. The zero-point energy (ZPE) corrected energy, free energy, and enthalpy for B5 (C2v) are −123.9873, −124.0135, and −123.9821 a.u., respectively, while those for B6 (C2h) are −148.8100, −148.8381, and −148.8038 a.u., respectively. A comparison drawn between our method and other popular algorithms such as DFT-SA and DFT-BH reveals that while these two require a CPU time of 369.64 and 455.43 min to locate the minimum energy structure of B5, respectively, our method takes only 80.50 min. It is also observed that while the BH and the SA require 600 (unconverged) and 324 number of iterations, respectively, our modified PSO converges after only 138 number of iterations.
[image: Figure 1]FIGURE 1 | Randomly generated configurations of (A) B5 and (B) B6 and their convergence to their respective global minimum energy structures (Bond lengths are provided in Å). (Adapted with permission from Mitikiri et al., 2018. Copyright© 2021, John Wiley & Sons, Inc.).
For the carbon clusters, 10 random configurations are chosen with initial velocity zero and 1,000 number of iterations. For the Cn (n = 3–6) clusters, linear geometries are obtained with D∞h point group as the GM. For n = 4–6, a cyclic isomer for each of them is also obtained with point groups D2h, C2v, and D3h for C4, C5, and C6, respectively, whereas for the relatively larger C10 cluster, the GM geometry is a D10h ring structure. It is to be noted that the geometries and corresponding energies reported here match with those obtained from the experimental reports (Raghavachari and Binkley, 1987; Watts et al., 1992; Hutter and Lüthi, 1994; Pless et al., 1994; Martin and Taylor, 1996; Van Orden and Saykally, 1998). Again, comparing with DFT-SA and DFT-BH, we get encouraging results for our modified PSO approach. The total execution time for our technique is 143.30 min versus 215.98 and 5085.67 min for DFT-SA and DFT-BH, respectively.
For N42- and N64- clusters, convergence takes place after 483 and 627 numbers of iterations with 228 and 323 min of execution time, respectively. The geometries obtained before and after the post-processing step are energetically very close (Figure 2). The N64- cluster, however, shows a higher order saddle point at the post-processing symmetry constrained optimization with point group D6h. In case of the binary gold–silver clusters (AunAgm), AuAg2 has a ring (Cs) doublet GM, those with n+m = 5 have trapezoidal GM, n+m = 6, 7 have triangular 3D geometry (C1), and n+m = 8 failed to converge within the initial coordinates range of [−4, 4].
[image: Figure 2]FIGURE 2 | Structures of N42- and N64- clusters obtained at the end of the PSO run, post-processing step, and geometry-constrained optimization computed at the B3LYP/6-311 + G(d) level. (Reprinted from Mitra et al., 2021 with permission from Theoretical Chemistry Accounts, Springer Nature. Copyright© 2021, Springer-Verlag GmbH, DE.).
CNN With PSO (CNN-PSO)
Supervised learning (CNN) is performed on an initial guess set generated with the help of (ADMP) simulation. Their corresponding single point energies (SPEs) are calculated and stored to be read by the PSO to search for the GM geometry. Statistically relevant analysis is derived by making the method 8-fold (each with 30 files containing number of iterations and the SPEs). Remarkably high success rate (∼77–90%) is observed for this combined ADMP, CNN, PSO technique, indicating its efficiency in finding GMs. This technique is tested with the C5 cluster and we have obtained the previously reported (Van Orden and Saykally, 1998) linear geometry as the GM with a higher convergence rate. However, two local minima are also detected due to a premature convergence (Figure 3).
[image: Figure 3]FIGURE 3 | Global and local minimum energy structures of C5 cluster obtained at the end of the post-processing step computed at the B3LYP/6-311+ G(d,p) level. (Reprinted from Mitra et al., 2021 with permission from Theoretical Chemistry Accounts, Springer Nature. Copyright© 2021, Springer-Verlag GmbH, DE.).
FA With DFT (DFT-FA)
A comparative study of the DFT-integrated FA algorithm with PSO is performed on Al42- cluster considering planar and nonplanar structures, and it turns out that the former performs better than the PSO. The mean convergence times for the PSO and FA are 68.22 and 61.25 min for the planar, and 85.13 and 74.40 min for the nonplanar approach, respectively. The corresponding success rates are also higher for the FA. Since we know that the GM of Al42- is planar, we have also investigated the search space of only the planar geometry to get a faster convergence since the number of variables decreases in this problem. Again, the modified FA performs better. A relation is also drawn between the stabilization energy of the system and the change in its aromaticity and number of iteration steps it takes to converge to the GM. The energy functional optimization and the NICS (0) value of Al42− are scanned and depicted in Figure 4. It is observed that the aromaticity increases with the decrease in the energy, i.e., with the increase in the stability of the system.
[image: Figure 4]FIGURE 4 | Energy profiles (in a.u.) and Nucleus-Independent Chemical Shift (NICS) values on Al42- where 4(A), 4(B), and 4(C) represent plots of Energy vs. Particle serial numbers arranged in an increasing order of energy, NICS vs. Particle serial numbers arranged in an increasing order of energy and NICS vs. Energy, respectively. (Reprinted from Mitra et al., 2020 with permission from Theoretical Chemistry Accounts, Springer Nature. Copyright© 2020, Springer-Verlag GmbH Germany.).
Aromaticity of Clusters From a CDFT Perspective
It is well known from Hückel’s (4n+2) π electron theory (Hückel, 1931) and Pauling’s quantum mechanical description (Pauling and Sherman, 1933) that aromaticity of conjugated systems with cyclic and planar geometry is associated with their increased stability. Various structural, energetic, electronic, and magnetic behavior-based parameters are considered to analyze the aromaticity of the systems, among which the Nucleus-Independent Chemical Shift (NICS) (Schleyer et al., 1996) is, perhaps, the most widely used criterion for aromaticity. CDFT also plays an important role in aromaticity determination (Chattaraj et al., 2005; Chattaraj et al., 2006; Chattaraj et al., 2007), and it does so with the help of reactivity descriptors and associated electronic structure principles (Chattaraj et al., 1993; Chattaraj and Maiti, 2001; Pan et al., 2013b; Chakraborty and Chattaraj, 2021). The relative aromaticity index ΔX, where X could be energy (E), polarizability (α), electrophilicity (ω), or hardness (η), is defined as the difference between the respective indices in the cyclic and open (or localized) systems, i.e., ΔX = XCYCLIC – XOPEN(/LOCALIZED). They are observed to show a similar performance as those of the NICS and MCI values. They also provide valuable insights into the stability, reactivity, and electronic properties of the associated cluster.
All-metal aromatic Al42− (Li et al., 2001) and antiaromatic Al44− (Kuznetsov et al., 2003) clusters are investigated at the B3LYP/6-311G(d, p) level of theory to analyze their aromaticity from a CDFT perspective (Chattaraj et al., 2005; Chattaraj et al., 2006; Chattaraj et al., 2007). While Δη > 0 represents aromaticity and Δη < 0 represents antiaromaticity, the reverse is true in the cases of E, α, and ω indices. Their values for the aluminum clusters are compared with those of benzene (C6H6) and cyclobutadiene (C4H4). While Al42− and C6H6 show positive Δη and negative ΔE, Δα, and Δω values indicating an aromatic behavior, C4H4 shows an exact opposite trend to account for its antiaromaticity. For the Al44− cluster, however, we have obtained somewhat contradictory results. ΔE and Δα values indicate the cluster’s antiaromatic nature, whereas Δη, Δω, and NICS values reflect its aromatic nature. It is in conformity with the current knowledge that this cluster exhibits conflicting aromaticity. Experimental synthesis and theoretical studies reported along with ELF analysis (Li et al., 2001; Santos et al., 2005) suggest the cluster to be antiaromatic. Its σ-aromaticity directs the overall aromaticity by dominating over its π-counterpart as studied through NICS (Chen et al., 2003) and magnetic field induced current density (Havenith et al., 2004) analyses. Such conflicting aromaticity, along with other varieties of multiple aromaticity and antiaromaticity, δ- and Φ-aromaticity, bond stretch isomerism, etc. are exhibited by several other all-metal clusters (Zubarev et al., 2009; Zubarev and Boldyrev, 2011). Be32−, Ca32−, and Mg32− clusters are classified as aromatic in terms of the ΔX indices (Roy and Chattaraj, 2008; Giri et al., 2010). Other applications of aromatic clusters are studied by our group through molecular electronic transport (Khatua et al., 2008), hydrogen storage (Havenith et al., 2005; Giri et al., 2011a; Giri et al., 2011b; Das and Chattaraj, 2012; Srinivasu et al., 2012; Pan et al., 2012b), and Zn–Zn and Be–Be bond stabilization (Chattaraj et al., 2008; Roy and Chattaraj, 2008) in the domain of CDFT. The ΔX and NICS parameters show their versatility in quantifying the aromaticity of not just planar and cyclic systems, but also any other nonplanar closed structure. They are both easily computable and ΔX also has a conceptual lucidity since it originates from the electronic structure principles of CDFT.
Structure, Bonding, and Reactivity of Various Molecular Electrides
Certain chemical entities contain loosely bound electrons not directly connected to any atom(s) within the cluster, but trapped within a hollow space (cavity of cage compounds or packing void in crystals) that act as anions. Such entities are known as electrides and they are known for their nonlinear optical (NLO) properties. Besides showing NLO properties, which is considered to be an identifiable character of an electride, it is also widely applicable in electron emission, catalysis, reversible hydrogen storage, super conductivity, etc. (Toda et al., 2007; Xu et al., 2007; Kitano et al., 2012). Organic electrides of crown ethers and cryptands (Ellaboudy et al., 1983; Ward et al., 1988; Dawes et al., 1991; Xie et al., 2000), and inorganic electrides such as [Ca24Al28O64]4+(4e−) (Matsuishi et al., 2003), Y5Si3 (Lu et al., 2016), [Ba2N2](e−), [Li2Ca3N6](2e−) (Qu et al., 2019), [Ca2N]+(e−) (Lee et al., 2013), [Y2C]1.8+·1.8e− (Zhang et al., 2014), Sr5P3 (Wang et al., 2017), and Yb5Sb3 (Lu et al., 2018) are well reported in the literature. A different class of electrides, known as molecular electrides, are basically guest@host complexes containing a significant amount of localized electron cloud within the void of the host. Cavity-containing molecular structures such as decaborane (Muhammad et al., 2009; Muhammad et al., 2011), pyrrole (Chen et al., 2005), tetracyanoquinodimethane (TCNQ) (Li et al., 2009), fullerene cages (Das et al., 2020), C20F20 (Wang et al., 2012), C60F60, extended (3.1.3.1) porphyrin (EP) (Saha and Chattaraj, 2018), and many more are utilized for this purpose. The guest atoms are usually alkali and alkaline earth metals. For a guest@host complex to be characterized as a molecular or cluster electride, certain criteria need to be fulfilled such as the presence of a non-nuclear attractor/maximum (NNA/NNM) (a non-nuclear critical point with a local maximum of electron density), a negative Laplacian of electron density [∇2ρ(rc)], presence of an ELF basin near the NNM, high NLO properties, and a green region in the NCI plot showing accumulation of electron density.
The Mg2EP complex studied at the M06-2X-D3/6-311G(d,p) level of theory (Saha and Chattaraj, 2018) shows the presence of NNA in between the two Mg atoms where the value of ∇2ρ(rc) < 0, with an ELF basin nearby. The electron population at said NNA is 1.02 e with 46% localization. The NLO properties in terms of [image: image], β, and [image: image] are calculated and compared with other electride systems that show that [image: image] is higher while β and [image: image] are lower in the studied systems. The donation of the loosely trapped electron to antibonding MOs of certain bonds in small molecules (H-H in H2, C-O in CO2, N-O in N2O, and C-H in CH4 and C6H6) results in the activation followed by the dissociation of the respective bonds (Saha and Chattaraj, 2018). Another study (Saha et al., 2019) performed by our group utilizes the modified form of β-diketiminate ligand (DippNacnac) to hold four Mg atoms with two equivalent Mg(I)-Mg(I) bonds ([Mg4([image: image])2]2–) in its lower energy singlet state. Two NNAs are found to be present at the center of each Mg(I)-Mg(I) bond with an electron population of 1.18 |e| and 52% localization. The calculated values of [image: image], β, and [image: image] are 891.7, 0.0, and 8.9 × 105 a.u., respectively, which clearly indicate the system to be classified as an electride. This system is further stabilized by sandwiching it between two K@crown-6-ether+ [K@CE]+ counter cations. Again, the C60 cage trapping a magnesium dimer (Mg2@C60) (Das et al., 2020) and a lithium trimer (Li3@C60) (Das and Chattaraj, 2021a) act as electrides as indicated by the presence of NNA at the center of the Mg-Mg bond path and Li3 cluster in the respective complexes. The Li3 cluster encapsulated within a B40 cage (Li3@B40) (Das and Chattaraj, 2020) shows a similar behavior with a lower electron population at the corresponding NNA owing to the electron deficiency in the B cage atoms. Binuclear sandwich complexes formed with Be and Mg dimers with C5H5−, N5−, P5−, and As5− ligands forming M2(η5-L)2 complexes (Das and Chattaraj, 2020) contain NNAs at the center of the M-M bonds with population varying between 0.95 and 1.39 and percentage localization ranging within 43–62%. Discernible substituent effects on electride characterizers have also been reported (Das and Chattaraj, 2021b).
Noble Gas Encapsulated [image: image] Cage
The encapsulation of noble gas (Ng) atoms in B40 cavitand along with their structure and interactions of Ng with the Ng and B atoms in the host–guest complex is discussed with the help of DFT-based computations (Pan et al., 2018). Dissociation energy (∆Ediss) and Gibbs free energy change (∆Gdiss) are calculated to study the stability of the encapsulated complexes. NBO, EDA, and NOCV calculations have been done for studying the nature of bonding. The optimized structure of the B40 cage along with the Ng@B40 and Ng2@B40 systems (at ωB97X-D/def2-TZVP level) are depicted in Figure 5. The size of the B40 cage is suitable to accommodate He and Ne atoms at its center, whereas for heavier atom (Ar-Rn) encapsulation, the cavity diameter expands with the help of a certain amount of energy (preparation energy, ΔEprep). Although these complexes are thermochemically unstable, they remain in their encapsulated form on account of their high kinetic barrier. Despite that, the lighter Ng encapsulated complexes have very low ∆Ediss (−1.8 kcal mol−1 for He and −7.1 kcal mol−1 for Ne) as compared with the experimentally identified He@C20H20 complex (−33.8 kcal mol−1). For the heavier Ng atom-encapsulated Ng@B40 systems (Ng = Kr-Rn), the ∆Ediss increases with the size of Ng. The possibility of releasing Ng atoms in the dissociation process is either through B7 or B6 holes for the lighter He-Ar atoms, whereas the heavier ones can only escape through the B7 holes due to their larger size. Decapsulation through the B7 hole has ΔG≠ values ranging within 84.7–206.3 kcal mol−1. The rate constant (k) calculated at 298 K for the dissociation through either the B7 or the B6 hole comes out to be pretty low suggesting that all the Ng@B40 systems are kinetically stable.
[image: Figure 5]FIGURE 5 | Optimized structures of B40, Ng@B40, C2v, and D2d isomers of Ng2@B40 optimized at the ωB97X-D/def2-TZVP level. (Adapted from Pan et al., 2018 with permission from the PCCP Owner Societies.).
In the case of two Ng atoms encapsulation, the inter atomic distance decreases from that of their free state. For Ar2@B40 and Kr2@B40, larger repulsion results in the exergonic dissociation of Ng2@B40 into Ng and Ng@B40. Along with this, large ∆Eprep indicates the nonviability of Ar2B40 and Kr2B40. For even heavier Ng atoms (Xe and Rn), no minimum energy structures are obtained for the corresponding dimer encapsulation. The corresponding transition states of the Ng release process of Ng2@B40 (Ng = He-Ar) suggest that one Ng atom approaches and leaves through the B7 rings, while the other remains near the center of the cavity. The associated ΔG≠ values for the He and Ne dimer encapsulated complexes are high enough for them to be kinetically viable.
The B40 cage exhibits a fluxional behavior due to the continuous interconversion between the B6 and B7 rings caused by the transfer of one B center from B7 to B6. The encapsulated system, Ng@B40, also shows similar dynamic behavior as that of the bare B40. The Ng atom inside the cage does not have any substantial influence on the fluxionality of the cage which is reflected in the free energy barrier values (16.4 kcal mol−1 for the bare cage, and a range of 16–18.9 kcal mol−1 for Ng@B40). Topological analysis of Ng@B40 explains the nature of the interactions therein. ∇2ρ(rc) and H(rc) values being positive at the BCPs of Ng-B bond suggest the presence of noncovalent character in most of the complexes except for Rn@B40, Ar2B40, and Kr2B40, where H(rc) < 0. For the encapsulation of Ng2 (Ng = Ar2 & Kr2) the Ng-Ng bond becomes partially covalent in contrast to their noncovalent character in the free state, except in the cases of He2@B40 and Ne2@B40 where no covalency is imparted. From NBO analysis it has been shown that Ng → B40 charge transfer increases with increasing the size of the Ng atoms. The electron transfer further increases in the case of Ng2 encapsulation. Along He–Rn, an increase in WBI values indicates that the increasing size of Ng atoms increases the degree of covalency between the Ng and B centers. EDA analysis reveals a high positive ∆Epauli which leads to positive ∆Eint suggesting the interaction to be repulsive in case of the heavier noble gas encapsulated B40 systems. Also, both the attractive terms, ∆Eelstat and ∆Eorb, increase with the increasing size of Ng atoms.
Small Gas Molecule Encapsulation Within Octa Acid Cavitand
Small gas molecules such as C2H2, C2H4, C2H6, CO, CO2, NO2, NO, N2, H2, and Ng atoms (Hen-Xen, n = 1,2) are selected as guest molecules encapsulated in OA cavitand (Figure 6) and analyzed via DFT approach (Chakraborty et al., 2016). The systems under study are optimized at the ωB97X-D/6-311G(d,p) level of theory (LanL2DZ basis set with ECP is used for Xe). There are two possible cavities for the accommodation of the guest atoms, the inner cavity of OA is more suitable as it increases the host–guest interaction. In the case of Ng@OA, due to encapsulation of Ng atoms, no notable distortion is observed in the OA. For Ng2@OA systems, one guest atom can occupy the center of the host cavity, whereas the other one remains in the outer cavity. The Ng–Ng bond distances inside OA are 3.6, 3.7, 3.8, 3.9, and 4.1 Ǻ, respectively, for He2, Ne2, Ar2, Kr2, and Xe2. In the cases of CO@OA and NO@OA, the guest molecules prefer to stay in the inner cavity of OA. Their orientation with respect to the two nearest benzene-like fragments is almost perpendicular, whereas it is parallel to the rest of the benzene fragments of OA. The presence of these π electron clouds close to the encapsulated guests is expected to have a significant impact on the stability of the complexes, the nature of interaction, and dynamical behavior as well. For N2@OA and H2@OA, N2 and H2 remain well inside the inner cavity. Thermochemical study reveals that except for He@OA, in all cases, D0 value is positive indicating the stability of the host–guest complexes concerning their dissociation into the corresponding individual components. Going from lighter to heavier Ng atoms (also for Ng2@OA), D0 value increases, i.e., the host–guest interaction increases. This could most likely be due to the increasing polarizability of the Ng atoms down the group. The dissociation channels for all the encapsulated complexes have positive D0 values. Most of them, however, dissociate spontaneously at room temperature except in the cases of Kr, Kr2, Xe, C2H2, C2H4, C2H6, and N2 guest molecules. Thus, the encapsulation of the mentioned guest molecules is favorable at 298 K. In the cases of NO/NO2@OA and CO/CO2@OA, an increase in D0 value is observed from NO to NO2 and from CO to CO2. It can thus be deduced that the encapsulation of NO2 and CO2 inside OA forms more stable complexes compared with NO and CO, respectively. Having said that, it is to be noted that all the four complexes have favorable dissociation channels at room temperature. The hydrocarbons have better interaction with the OA and hence are not prone to dissociation at ambient temperatures.
[image: Figure 6]FIGURE 6 | The surface representation of the optimized geometries of the guest encapsulated OA, where the guests are: (A) He, (B) Ne, (C) Ar, (D) Kr, (E) Xe, (F) He2, (G) Ne2, (I) Ar2, (J) Kr2, (K) Xe2, (L) C2H2, (M) C2H4, (N) C2H6, (O) CO, (P) CO2, (Q) H2, (R) N2, (S) NO, and (T) NO2. (Adapted from Chakraborty et al., 2016 with permission from Theoretical Chemistry Accounts, Springer Nature. Copyright© 2016, Springer-Verlag Berlin Heidelberg.).
The interaction between the host and guest moieties is analyzed with the help of NBO, NCI, and EDA. All the Ng atoms acquire some positive charges, i.e., transfer of electron density occurs from the Ng atoms to the host OA surface. The donation primarily occurs from the lone pair (LP) of Ng to the C-H antibonding orbital of OA for all the Ng atoms [except Ne where it takes place from LP to antibonding Rydberg state (Ry*)] and for CO, NO, N2, and CO2 molecules. WBI values for Ng–Ng and Ng–OA interactions indicate a purely noncovalent character therein. From this discussion it is clear that the confinement brings about an increase in the reactivity of all the guest atoms/molecules within the OA. NCI isosurfaces show the presence of green surface around the guest molecules indicating van der Waals interaction that stabilizes the host–guest complexes. EDA results show that there exists closed shell type of interaction between guest Ng/H2 and OA. The ΔEdisp and ΔEorb are the largest and the smallest contributors toward the total attractive interaction, respectively. The former increases in magnitude with increasing size of the encapsulated Ng atoms. For the guest hydrocarbons, the contribution from ∆Edisp increases and ΔEelstat decreases with the increasing number of H atoms. This is because the molecules such as C2H2 and C2H4 containing labile electron cloud can accumulate enough positive charge to favorably interact with the electron-rich fragments of the OA. This makes the contribution from ∆Eelstat very important in stabilizing these complexes. The contribution from charge transfer and polarization are very less toward ∆Etot as indicated by the very low values of ΔEorb. A similar type of situation is observed for CO/CO2@OA complexes. For nitrogen-containing guests, the ∆Eorb outweighs the ∆Eelstat contribution toward ΔEtot. Since the main stabilizing factor for all the complexes is ∆Edisp, the nitrogen-containing guest molecules are prone to be affected by the polarization or charge transfer by OA, in comparison with the other guest molecules. ADMP simulation performed at 298 K shows that all the Ng atoms (except Ne) are prone to leaving the cavity, whereas at 50 K they remain within the OA. Polar molecules such as CO, CO2, NO, and NO2 have a higher tendency to stay within the OA than the nonpolar H2. Again, C2H2, C2H4, and N2 containing π electron cloud also prefer to stay inside OA. From the above thermochemical, kinetic, and dynamical analyses, it can be said that OA makes a reasonably good choice for accommodating gas molecules.
Cucurbit[n]urils as a Host Moiety
Cucurbiturils are methylene-linked macrocyclic molecules having glycoluril unit [=C4H2N4O2=] as a building block. This repeating glycoluril unit can bind with hydrogen with sufficient amount of binding energy. Thus CB[n] can be designed as an effective hydrogen storage compound. The nitrogen and the oxygen centers are found to be the most active centers to bind with hydrogen with positive binding energy. It was found that (CH3)2C4H2N4O2(CH3)2 unit can interact with total 13H2 atoms (Pan et al., 2013a). Since hydrogen has an electric quadrupole moment, a charge–quadrupole interaction plays a pivotal role in binding the hydrogen with the host. NPA charge analysis reveals that the charge transfer occurs from the N and O centers to the [image: image]* orbital of [image: image] molecule.
Among the CB[n] family, CB[7] can accommodate five H2 molecules endohedrally. The O centers can adsorb a total of 28 [image: image] molecules (two per O atom) and 19 H2 molecules get adsorbed at the N centers exohedrally, making it a total of 52 hydrogen molecules. The binding energy and adsorption enthalpy are positive and negative, respectively, indicating CB[7] to be a potentially promising H2 storage material. The gravimetric wt% of hydrogen for the CB[7] adsorbing 52 H2 molecules comes out to be 8.3 with an average binding energy of 7.8 kJ mol−1. These values are very encouraging when compared with various other potential hydrogen storage materials such as α-cyclodextrin (Zhu et al., 2010), COFs (Klontzas et al., 2008; Li et al., 2010), MOFs (Bhatia and Myers, 2006; Vitillo et al., 2008), Li-doped nanotubes (Wu et al., 2008), and polyacetylenes (Li and Jena, 2008), with average binding energies ranging within 5–8 kJ mol−1.
The endohedral adsorption of gas molecules such as C2H2, C2H4, C2H6, CH4, CO, CO2, NO2, NO, N2, H2, F2, Cl2, H2S, and SO2 into the CB[7] cavitand is depicted in Figure 7. Geometry optimizations are performed at the ωB97X-D/6-31G(d,p) and ωB97XD/6-311+G(d,p) levels (Pan et al., 2017). Both the CB[7] cage and the encapsulated gas molecules remain unaffected by the encapsulation. For SO2 encapsulation, the binding enthalpy shows the highest value (14.3 kcal mol−1) followed by Cl2 and C2H2 (11.6 and 10.4 kcal mol−1, respectively). CB[7] also encapsulates C2H4 and C2H6 more favorably than CO2, NO2, and H2S. The binding enthalpies for NO/F2/N2/CO/CH4@CB[7] systems vary from 4.7 to 5.8 kcal mol−1, the highest value corresponding to CH4. From the enthalpy values it is clear that CB[7] can selectively adsorb SO2 among various gas molecules, and hence can be applicable in the SO2 separation process from gas mixtures. ∆G value suggests that C2H6 is less prone to be encapsulated than CO2 inside CB[7]. SO2, Cl2, and C2H2 adsorb with negative ΔG values, whereas those of C2H4 and CO2 are slightly endergonic (0.6–0.7 kcal mol−1). The corresponding ΔG values for the adsorption of C2H6, N2, F2, NO2, NO, and H2S vary within 1.3–2.8 kcal mol−1 at 298 K temperature. EDA results show that for all the discussed complexes, ∆Edisp contributes more toward the stabilization of the host–guest systems. ∆Eelstat term also plays an important role here. In the hydrocarbons, as the number of H atoms increases, ∆Eelstat decreases gradually due to the reduction in the acidic character of the H atoms. Higher ∆Eelstat and lower ∆Epauli values in the SO2 encapsulated complex make the interaction between the host and the guest stronger than for C2H4 and C2H6 analogues. This again validates the higher SO2 selectivity of CB[7].
[image: Figure 7]FIGURE 7 | Optimized geometries of the guest encapsulated CB[7] systems at the ωB97X-D/6-311+G(d,p) level of theory. (Reproduced from Pan et al., 2017 with permission from the PCCP Owner Societies.).
Cucurbit[6]uril, among the CB[n] family, is found to be a compatible host for the encapsulation of Ngs within its cavity (Pan et al., 2015). The optimized geometries at the ωB97X-D/6-311G(2d,p) level of theory of the Ngn@CB[6] complexes are provided in Figure 8. CB[6] effectively accommodates three Ne atoms, but can only trap two of the large Ar and Kr atoms. No significant distortion in the cage is observed for trapping all the three Ne atoms or for the first atom of Ar and Kr, whereas inserting a second atom deforms the shape of the host. The Ng dissociation process becomes more endothermic as we move from Ne to Kr. At 298 K, the dissociations of all Ngn@CB[6] are exergonic except Kr@CB[6]. At 77 K, apart from the second Ng (Ar and Kr) atom dissociation from Ng2 encapsulated CB[6], all dissociations become endergonic. Kr encapsulation at 298 K and 1 atm pressure is thermochemically favorable, whereas for Ne and Ar encapsulation, high pressure and moderately low temperature are preferred.
[image: Figure 8]FIGURE 8 | Optimized geometries of noble gas encapsulated CB[6] complexes at the ωB97X-D/6-311G(2d,p) level. (Reprinted with permission from Pan et al., 2015. Copyright© 2015, American Chemical Society.).
NPA charge analysis reveals N and O to be negatively charged in Ngn@CB[6], while C and H have positive charges. Slight charge transfer (∼0.01 e-) occurs from Ng→CB[6] moiety. Small ρ(rc) value and positive ∇2ρ(rc) and H(rc) values from topological analysis suggest the interaction to be of closed shell type. ELF analysis shows an absence of electron localization between the Ng-Ng and Ng-cage atoms, corroborating the result obtained from AIM. EDA analysis reveals the contribution from ∆Edisp to be the largest, followed by ∆Eelstat, and the smallest contribution is from ∆Eorb, all of which gradually increases going from Ne to Kr. The green surfaces observed between the Ng and CB[6] units in the NCI isosurface (Figure 9) are an indication of a small van der Waals interaction, which increases with the size of the Ng atoms. The dynamical study (ab initio MD) for 1 ps and at 298 K reveals that Ne and Ar remain inside the cavity, whereas Kr and all the Ng2 in Ng2@CB[6] move toward the open end but do not leave the cage. At 77 K, all guests stay inside the host.
[image: Figure 9]FIGURE 9 | NCI plots of Ngn@CB[6] complexes. (Reprinted with permission from Pan et al., 2015. Copyright© 2015, American Chemical Society.).
Small Molecules Bound Metal Coordinated Boron Cluster
The activation of small molecules by a metal-supported boron cluster is studied through DFT calculations (Saha et al., 2017). They are known to be applicable in nanomaterial building blocks, automobiles (Norbye, 1971; Jiménez‐Halla et al., 2010) etc. The global minimum energy structures calculated at PBE/def2-TZVPPD (Perdew et al., 1996; Weigend and Ahlrichs, 2005) level of MB12-, CO@MB12-, N2@MB12- clusters and their corresponding TSs for the internal rotation of the B3 ring are provided in Figure 10. The coordination of the small molecules with the MB12- cluster forms an umbrella-shaped structure in which the M-L bonds act like the stick of the umbrella. The coordination of CO with the metal center can take place through both the C and O ends, the former producing a more stable isomer. For both OCMB12_ and NNMB12_, the Ir-L bond has the highest strength, followed by Co and Rh, while for a particular M center, CO forms a stronger bond than N2. ∆G values of these complexes are highly positive which suggest that the corresponding complexes are thermodynamically stable concerning the dissociation process. The O-side bound isomers, however, have low positive ∆G for Co and Ir, and become slightly negative for Rh. They can be made viable by lowering the temperature. The N−N and C–O bonds get lengthened due to complexation in the order COMB12- < N2MB12- < OCMB12- causing a red shift in their bond stretching frequencies which is the highest for the Ir analogues.
[image: Figure 10]FIGURE 10 | Optimized geometries of MB12- and ligand bound MB12- at the PBE/def2-TZVPPD level, and their transition state structures for the internal rotation of the B3 ring. Bond distances are provided in Angstrom unit. (Reprinted with permission from Saha et al., 2017. Copyright© 2017, American Chemical Society.).
NBO analysis reveals that upon complexation, the metal centers get more negatively charged, apart from COIrB12_ and NNIrB12_, where Ir still contains positive charge (less than that in IrB12−). L→M and M→L back transfers take place, and in certain complexes the latter completely compensates (or overcompensates) the former which is indicated by the zero (or negative) charge on the ligand. The Wiberg bond indices suggest that the covalent character follows the order M-C in OCMB12- > M-N in N2MB12- > M-C in COMB12-. From EDA-NOCV, it is seen that the bonding between the metal and the ligand is predominantly orbital and electrostatic interactions (in more or less equal contributions), indicating the L-M bonds to have both covalent and ionic characters. For OCMB12-, however, the contribution from ∆Eelstat is higher than ∆Eorb. Figure 11 shows the deformation densities [Δρ(r)] for the pairwise orbital interactions for the LMB12_ complexes, where a shift in the electron density occurs from the red to the blue region. The Δρ([image: image]) plot reveals that the shift of electron density occurs through the L→M→B scheme. Δρ(π1) and Δρ(π2) explain the π electron density shift from the dL→M. The extent of L←M π-back-donation is greater than the L→M σ-donation, causing a red-shift in its stretching frequency. The σ-donation occurs from the HOMO(CO) to the [image: image] fragment and π-back-donations occur from the degenerate [image: image] to the degenerate π* LUMO(CO).
[image: Figure 11]FIGURE 11 | Deformation density plots of the pairwise orbital interactions in LCoB12- (OC, CO, and NN) systems at the revPBED3/TZ2P//PBE/def2-TZVPPD level. Energies are provided in kcal/mol. (Reprinted with permission from Saha et al., 2017. Copyright© 2017, American Chemical Society.).
An internal rotation of the inner B3 ring with respect to the outer B9 ring occurs within the MB12- cluster. The energy barrier associated with this rotation is reported (Popov et al., 2014; Liu et al., 2016) to follow the order Co > Rh > Ir. BOMD simulation at 800 K shows the L-M bonds to be intact during the rotation. This makes the complex seem like a spinning umbrella with the L-M bond as the stick.
Hydrogen Storage in Clathrate Hydrates, Li-Doped Clusters, and Super Alkalis
Clathrate hydrates, a class of inclusion compounds, are known to encapsulate guest compounds within its hydrogen bonded polyhedral cage (Mao et al., 2002; Mao and Mao, 2004; Lee et al., 2010). They constitute a very effective host for hydrogen storage. Four types of clathrate hydrates and their maximum possible hydrogen-encapsulated complexes studied at B3LYP/6-31G(d) level (Chattaraj et al., 2011) are depicted in Figure 12. 512 represents the cavity having 12 pentagonal faces, whereas 5126k (k = 2,4,8) represents 12 pentagonal faces along with k hexagonal faces. Here we discuss the structure, bonding, and stability of the bare and hydrogen-encapsulated complexes from a density functional theory perspective. For nH2@512 complexes it is seen that for the first H2 encapsulation, the process is energetically favorable although the overall nH2 encapsulation is method dependent. Owing to the small size of 512 cavity, it can accommodate a maximum of five H2 molecules, after which a deformation in the cavity is observed. The GM for H2 confinement in the 512 cavity occurs endohedrally. The H2 molecules favor the inside of 512 more than the outside. In the case of 51262 cage, it can also take up a maximum of five H2 molecules. Slight distortion is observed in the system that becomes more noticeable during the third H2 encapsulation which slowly decreases for the fourth and the fifth hydrogen molecule encapsulation. This is reflected in the slightly conflicting trend in the corresponding interaction energies. Now in the case of 51264 clathrate, obtaining the minimum energy structure was difficult. It is fascinating to note that the encapsulation of one H2 into the cage stabilizes the structure although it could not provide with the minimum energy structure. Further incorporation of guest molecules deforms the structure of the system. For 51268, the interaction energy for all the six H2 encapsulation is negative making the process favorable. The large size of the host cavity makes it feasible to accommodate all the six guest molecules efficiently. Positive ∆G value suggests that the complexes are kinetically stable. Finally, it can be concluded that the 512 and 51262 clathrates can encapsulate up to two hydrogen molecules without undergoing any structural distortions, whereas the 51268 clathrate may entrap up to six H2 molecules depending upon the level of theory used. Calculation of CDFT-based reactivity descriptors of the complexes with and without H2 encapsulation suggests that for most of the systems, stability increases with the increase in number of trapped hydrogen molecules. This is concluded from the increasing hardness and decreasing electrophilicity values.
[image: Figure 12]FIGURE 12 | Optimized geometries of the clathrate hydrates along with their maximum possible H2 molecule encapsulated complexes. (Adapted with permission from Chattaraj et al., 2011. Copyright© 2011, American Chemical Society.).
Li ion is popularly known to bind well with hydrogen molecule owing to its positive charge (Pan et al., 2012a). Inspired by this, a number of efforts have been made to effectively polarize the Li center of various clusters to increase its hydrogen adsorbing ability. Here we study the H2 storage potential of the Li-doped clusters, M5Li7+ (M = C, Si, Ge), M4Li4 (M = Si, Ge) at the M06/6-311+G(d,p) level, and some super-alkali ions at the M052X/6-311+G(d) level (Figures 13, 14). The Li centers attain a net positive charge due to the high polarizability of the clusters, facilitating electrostatic interactions to bind with the H2 molecules. The negative values of interaction energies and enthalpies indicate the efficacy of these clusters to be good H2 storage materials. The gravimetric wt% of adsorbed H2 are 28.0, 18.3, 9.3, 14.7, and 7.1 for C2Li7+, Si5Li7+, Ge5Li7+, Si4Li4, and Ge4Li4, respectively. For the super-alkali ions, the values range from 13.2 to 40.9%, with the highest being that for BLi6+. On applying electric field, a gradual improvement is observed in the interaction energy value. Thus, in terms of gravimetric wt%, BLi6+ is preferable whereas the interaction energy per H2 molecule suggests B2Li11+ to be the preferred choice for hydrogen storage.
[image: Figure 13]FIGURE 13 | Optimized structures of C5Li7+, M5Li7+, M4Li4 (M = Si, Ge) and their H2-trapped analogues at the M06/6-311+G(d,p) level. (Adapted from Pan et al., 2012b with permission from the PCCP Owner Societies.).
[image: Figure 14]FIGURE 14 | Optimized structures of studied super-alkali ions and their hydrogen-trapped analogues at the M052X/6-311+G(d) level. (Adapted from Pan et al., 2012b with permission from the PCCP Owner Societies.).
(HF)2 Confinement in Fullerene Cages
The influence of encapsulation on the hydrogen bond strength in (HF)2 within the fullerene cages is studied using DFT and ab initio MD (Khatua et al., 2014b). The optimized geometries of (HF)2@Cn (n = 60, 70, 80, 90) complexes wB97X-D/6-31G are depicted in Figure 15. The dissociation energy, enthalpy, and change in free energy are negative for the (HF)2@C60 system which indicates that the encapsulation process is thermodynamically unfavorable, whereas positive values for the rest of the HF encapsulated Cn cages imply them to be favorable (highest being for the C80 cage). Owing to the smaller size of the C60, the HF units orient themselves antiparallelly to reduce repulsion at the cost of hydrogen bond strength. Thus, the energy associated with the HF-HF interaction is observed to be highest in the C60 cage (positive, and hence repulsive in nature). For all the studied cases, upon encapsulation, the hydrogen bond distance reduces from that in the free state, the least being inside the C70 cage. The EDA study reveals that the contribution from ∆Epauli increases and the ∆Eint value decreases with decreasing the Cn cage cavity except for C80 cage. For the C60 cage, a very large value of ∆Epauli makes the overall ∆Eint value positive. On account of the smaller H-bond distance within the C70 and C90 cages compared to the same within the C80 cavity, both the ∆Eelstat and ∆Eorb contribute more to the attractive interaction than those in C80. AIM analysis reveals that for all these confined systems, ∇2ρ(rc) > 0 and H(rc) < 0 implying the partial covalent nature of the hydrogen bonds. The hydrogen bond is mostly covalent in case of (HF)2@C70 ELF analysis that also supports this observation.
[image: Figure 15]FIGURE 15 | Optimized structures of (HF)2@Cn (n = 60, 70, 80, 90) and free (HF)2 at ωB97X-D/6-31G level. (Reprinted from Khatua et al., 2014b with permission from Elsevier. Copyright© 2014, Elsevier B.V.).
CONCLUDING REMARKS
There exists an appreciable amount of interest in the field of cluster chemistry, especially in the gas-phase and surface-adsorbed studies, and for good reasons. Common curiosities in this area include the difference between the properties exhibited by the bulk and individual clusters, how the cluster size affects the overall behavior of the bulk, etc. Other important branches of this cluster chemistry include solving their global optimization problem in a fast and cost-effective way, and investigating the effect of confinement on the cluster-encapsulated systems.
The global optimizers discussed in this review are shown to locate the global minimum configurations for small metallic and nonmetallic clusters with less execution time and higher success rate than commonly used optimization algorithms, without having the need to impose any symmetry constraint or any other external restrictions. The only requirement is to adjust the local and global best parameters at each iteration. Comparisons made between our modified PSO with other DFT-integrated BH and SA reveal the superiority of the former with respect to the total execution time and number of iterations the program takes to converge. Again, the DFT-integrated FA turns out to be more efficient than the modified PSO. Furthermore, the ADMP-CNN-PSO technique is well suited for locating the global solution from a huge dataset of initial configurations.
The effect of adsorption and confinement of hydrogen, noble gas atoms, and various other small molecules on their stability, reactivity, nature of interactions, and dynamics are studied from a DFT perspective. The concept of aromaticity is analyzed in terms of CDFT-based descriptors such as E, α, ω, and η, where a lower value of the first three parameters and a higher value of hardness in comparison with that of a reference system characterize an aromatic molecule. The reverse is true for antiaromatic compounds. Certain guest@host complexes containing loosely bound electrons acting as anions and showing high NLO properties, known as molecular electrides, are capable of bond activation in small molecules. Other host–guest complexes exhibit fluxionality. One such example is the B40 cage whose fluxional property remains unaltered even after Ng atoms encapsulation. The complexation ability of the B40 cage is also studied in some sandwich complexes and it is seen than the presence of Xe within the cage enhances its complexation ability. The gas molecules accommodated within the Octa acid cavitand become slightly more reactive compared to their free state. Most of the OA-guest complexes are stable with respect to dissociation. OA can thus be designated as a reasonably good storage material for a variety of small gas molecules. Cucurbiturils form another class of compounds which is well known for its hosting capabilities. CB[6] can act as an efficient noble gas carrier and CB[7] can bind up to 52 hydrogen molecules (8.3 wt%). CB[7] is also found to be highly selective toward the adsorption of SO2 and hence can be used in separating SO2 from a gas mixture. It is also known to accelerate the otherwise slow [4+2] cycloaddition reaction. The binding ability of the transition metal boron cluster (MB12-) with isoelectronic species, CO and N2, is studied along with its fluxionality. Bond activation in both CO and N2 is observed, and the rotation of the ligand-bound complex makes it look like a spinning umbrella. Hydrogen storage capabilities of clathrate hydrates, Li-doped clusters, and super alkali are investigated and it is found that the former can accommodate 2–6 hydrogen molecules, whereas the Li systems show a gravimetric wt% range of 7.1–28.0% for the star-like clusters and 13.2–40.9% for the super-alkali systems. The (HF)2 encapsulation by the fullerene cages describes the confinement effect on the H-bond therein. Apart from C60, all the cages form the complexes in a thermodynamically favorable process. Also, a partial covalent character is observed in the H-bonds upon confinement.
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Transition-metal-centered monocyclic boron wheels are important candidates in the family of planar hypercoordinate species that show intriguing structure, stability and bonding situation. Through the detailed potential energy surface explorations of MB9− (M = Fe, Ru, Os) clusters, we introduce herein OsB9− to be a new member in the transition-metal-centered borometallic molecular wheel gallery. Previously, FeB9− and RuB9− clusters were detected by photoelectron spectroscopy and the structures were reported to have singlet D9h symmetry. Our present results show that the global minimum for FeB9− has a molecular wheel-like structure in triplet spin state with Cs symmetry, whereas its heavier homologues are singlet molecular wheels with D9h symmetry. Chemical bonding analyses show that RuB9− and OsB9− display a similar type of electronic structure, where the dual σ + π aromaticity, originated from three delocalized σ bonds and three delocalized π bonds, accounts for highly stable borometallic molecular wheels.
Keywords: molecular wheel, bonding, electron delocalization, dual aromaticity, electronic structure calculation
INTRODUCTION
The pure and doped boron clusters have attracted great attentions because of their novel structures, intriguing chemical bonds and promising building blocks for boron-based nanomaterials (Alexandrova et al., 2006; Jian et al., 2019). Up to date, great achievements of boron-based clusters have been attained by extensive experimental and theoretical studies (Albert and Hillebrecht, 2009). They show a zoo of structural diversity ranging from planar (Pan et al., 2008; Piazza et al., 2014; Bai et al., 2019) or quasi-planar (Popov et al., 2013) configurations, tubular nanostructures (Kiran et al., 2005; Yang et al., 2008) to all-boron borospherenes/borophenes (Wang 2016; Li et al., 2017) with the increasing Bn size. On the other hand, the striking electronic properties, i.e., multiple aromaticity, nuclear dynamics, hydrocarbon analogues strongly enrich our knowledge of electronic theory. These unusual structural and electronic properties can be regarded as a consequence of the electron deficiency of boron atom, which gives rise to the extraordinary ability of boron to form delocalized multi-center bonds with itself and other elements. Indeed, the introduction of heteroatoms in boron clusters has created a variety of intriguing doped boron clusters, including metal-centered monocyclic ring/tubular/cage structures, (Romanescu et al., 2011; Jian et al., 2016; Dong et al., 2018; Liang et al., 2018; Chen et al., 2019; Lu et al., 2021), half-sandwich structures, (Chen et al., 2018; Ren et al., 2019), inverse sandwich structures, (Cui et al., 2020; Jiang et al., 2021), metallo-borophenes (Li et al., 2016; Zhang et al., 2016) and metallo-borospherenes, (Chen et al., 2020; Zhang et al., 2021), strongly leading to a new direction of research on boron chemistry and pushing the limit of structural chemistry as well as the record of coordination number in 2D and 3D environments for central metal atoms. (Islas et al., 2007; Liu et al., 2007; Miao et al., 2009; Li et al., 2012; Popov et al., 2014; Pan et al., 2018; Chen et al., 2019).
Amongst, the metal-centered monocyclic wheels represent a family of fascinating planar double aromatic borometallic compounds (Luo 2008; Pu et al., 2009; Romanescu et al., 2013; Romanescu et al., 2013). Such species were firstly found in the global minimum of CoB8− and FeB9− predicted by computational studies (Ito et al., 2008; Pu et al., 2009). After that, a set of MBn− monocyclic wheels (CoB8−, FeB8−, FeB9−, RuB9−, RhB9− and IrB9−) (Ito et al., 2008; Luo 2008; Romanescu et al., 2011; Li et al., 2012; Yang et al., 2015) have been characterized by the photoelectron spectroscopy supported by the computational studies. Thereafter, TaB10− and NbB10−, the largest member setting the new limit of maximum coordination number in planar form, were also experimentally detected (Galeev et al., 2012; Li et al., 2013). The extraordinary stability in planar structures in all these metal-centered monocyclic wheels can be rationalized by the presence of σ and π double aromaticity, making it an effective electronic design principle.
We noted that MBn− (M = group 8 and 9 elements) clusters have been detected and characterized to be the global monocyclic wheels except for M = Os. Thus, the question remains as to whether OsB9− is a real exception. To address this issue, the detailed potential energy surfaces (PESs) of MB9− (M = Fe, Ru, Os) were explored herein, and structural and electronic properties of the lowest-energy structures were systematically analyzed by coupling with various chemical bonding approaches. Interestingly, we found a new global minimum for FeB9−. A molecular wheel-like structure in triplet spin state with Cs symmetry is lower in energy than the previously reported singlet molecular wheel form with D9h symmetry (Romanescu et al., 2012). On the other hand, OsB9− is a singlet global monocyclic wheel that behaves similarly to RuB9−, where σ and π double aromaticity (three delocalized σ bonds and three delocalized π bonds) gives rise to their high stability, making it a suitable target for future experimental detection. (Romanescu et al., 2011).
COMPUTATIONAL METHODS
The CALYPSO (Wang et al., 2016) (Crystal structure AnaLYsis by Particle Swarm Optimization) code was used for the detailed structural explorations of MB9− (M = Fe, Ru, Os) in their singlet, triplet, and quintet spin states at the PBE0/def2-SVP level. For the low-lying energy isomers, further reoptimization followed by harmonic vibrational frequency calculation were done at the PBE0/def2-TZVPP level. For comparison, another level of theory, TPSSh/def2-TZVPP was also chosen. For further energetic refinement, singlet point calculations were further done at the CCSD(T) (Pople et al., 1987)/def2-TZVPP//PBE0/def2-TZVPP level. Total energies were corrected by the zero-point corrected energies (ZPE) of PBE0/def2-TZVPP level. The natural bond orbital (NBO), (Glendening et al., 2019), nucleus-independent chemical shift (NICS), (Mitchell 2001), adaptive natural density partitioning (AdNDP), (Zubarev and Boldyrev, 2008), quantum theory of atoms in molecules (QTAIM) and electron localization (ELF) analyses (Fuster et al., 2000) were performed for these global monocyclic molecular wheels using Multiwfn code (Lu and Chen, 2012). To facilitate future experimental characterization, the simulated photoelectron spectra of RuB9− and OsB9− were calculated at the BP86/def2-TZVPP level based on generalized Koopmans’ theorem (Tsuneda et al., 2010). The aromaticity was understood by the gauge including magnetically induced current (GIMIC) analysis (Fliegl et al., 2011) and the anisotropy of the current induced density (ACID) (Geuenich et al., 2005). All the calculations were performed using the Gaussian 09 package. (Frisch et al., 2016).
Structures and Energetics
The singlet PES of FeB9− was explored in 2008, (Ito et al., 2008), where the singlet D9h-symmetry planar nonacoordinate Fe-centered monocyclic boron wheel (isomer d in Figure 1) was reported to be the lowest-energy structure that lies 14.9 kcal/mol more stable than the second alternative at the BP86/TZVPP level. In 2012, the photoelectron spectroscopy of FeB9− was explained based on the singlet wheel isomer (Romanescu et al., 2012). However, by the detailed structural searches of singlet, triplet, and quintet states, we found that the triplet molecular wheel with Cs symmetry (a) is 19.5 kcal/mol lower in energy than d at the PBE0/def2-TZVPP level. Meanwhile, large T1 diagnostic values obtained with the coupled-cluster wave function indicate that FeB9− system is a multireference problem. Note that the broken-symmetry spin-unrestricted approach was used for the monocyclic boron wheel, which is still 2.1 kcal/mol lower in energy relative to the closed-shell one. Thus, the coexistence of triplet global state of the molecular wheel FeB9− could be the reason of the observed broad features in photoelectron spectrum, as assumed by the authors. (Romanescu et al., 2012).
[image: Figure 1]FIGURE 1 | The low-lying energy isomers of FeB9− computed at the PBE0/def2-TZVPP level and T1 diagnostic values obtained with coupled-cluster wavefunction are given in curly braces. All energies are corrected from zero-point energies (ZPE) at the PBE0/def2-TZVPP level.
Figure 2 displays the low-lying energy isomers of RuB9− and OsB9−. The monocyclic boron wheel with D9h symmetry and 1A1’ electronic state is predicted to be a real global minimum having the lowest vibrational frequencies of 62.2 and 17.2 cm−1 for RuB9− and OsB9−, respectively. At the CCSD(T)/def2-TZVPP level, the monocyclic boron wheel is a global minimum that lies 30.4 and 37.1 kcal/mol more stable than the second alternative for RuB9− and OsB9−, respectively. The triplet monocyclic boron wheels are also located, but unlike FeB9−, they are significantly high-energy isomers. Note that the results at the TPSSh/def2-TZVPP level are very similar to the PBE0/def2-TZVPP level, except for the relative energy between isomer a and d of FeB9− (see Supplementary Figure S1). This is presumably because of the multireference character in these systems. The T1 diagnostic factors of RuB9− and OsB9− are within 0.05, suggesting that the single-reference method can be safely used for these two clusters. Given the fact that RuB9− was detected earlier by photoelectron spectroscopy, we believe that the monocyclic boron wheel OsB9− cluster is also a suitable target for the gas-phase experimental study.
[image: Figure 2]FIGURE 2 | The minimum energy geometries and the corresponding bond distances in Å and WBI values in parentheses of RuB9− (top) and OsB9− (bottom) are given at the PBE0/def2-TZVPP level. Relative energies in kcal/mol of the low-lying energy isomers of [RuB9−] and {OsB9−} are given at the CCSD(T)/def2-TZVPP//PBE0/def2-TZVPP level with ZPE correction of PBE0. The T1 diagnostic are less than 0.05.
To understand the high stability of the MB9− monocyclic wheels, their detailed structural parameters are given in Figure 2. We found the MB9− (M = Ru, Os) clusters possess similar structural properties. In the case of OsB9−, like all other metal-centered monocyclic boron wheels, the B-B bonds show strong multiple bonding characteristic as indicated by the short bond distance of 1.54 Å and Wiberg bond indices (WBIs) value of 1.37, which is clearly shorter than the single B-B bond (1.70 Å) using the self-consistent covalent radius of Pyykkö (Pyykko and Atsumi, 2009). The strong peripheral B-B bonds is because each boron atom fully participate in the two-center two electron (2c-2e) B-B σ bonds and two sets of the delocalized σ and π bonds (see discussed below). The M-B bonds of OsB9− have the bond distance of 2.247 Å (WBI = 0.46), which is slightly longer than the M-B single bond using the self-consistent covalent radius of Pyykkö, a common characteristic for the multicentered bonds. (Pyykko and Atsumi, 2009).
Electronic Delocalization
The adaptive natural density partitioning (AdNDP) (Zubarev and Boldyrev, 2008) analyses were carried out for OsB9− to further understand its chemical bonding and electronic structure. As shown in Figure 3A, the first row displays three one center-two electrons (1c-2e) lone pair electrons associated with d orbitals of Os center, where the occupation number (ON) for the dz2 LP is 1.99 |e| and the same for others two are 1.49 |e|. Somewhat lower ON for these LPs are because of partial delocalization to boron rings. An alternative 10c-2e description gives ideal 2.00 |e| ON, but we continue it as 1c-2e LPs for similarity since in the previously reported AdNDP results for RuB9− the authors describe them as LPs (Romanescu et al., 2011). Nevertheless, even consideration of them as 10c-2e delocalized σ-bonds would not change the nature of aromaticity drawn based on the number of delocalized electrons. Nine 2c-2e bonds with ONs of 1.96 |e| account for the peripheral B-B bonds. The second row presents three delocalized 10c-2e σ bonds (left) and three delocalized 10c-2e π bonds (right), and they vividly satisfy the σ + π double aromaticity. The electron localization function (ELF) (Fuster et al., 2000) as shown in Figure 3B further confirms AdNDP results. The plot of ELF shows that the strong electron density is localized in the peripheral boron ring, but relatively lower electron density between M center and boron ring because of the delocalized σ and π clouds.
[image: Figure 3]FIGURE 3 | (A) AdNDP results, and (B) color-filled map of ELF and (C) contour plot of Laplacian of electron density of OsB9−. In c, the contour line map of Laplacian of electron density, red solid lines and blue dotted lines represent positive and negative regions, respectively. Blue and orange points correspond to position of bond critical points (BCPs) and ring critical point (RCP), respectively. Values of some real space functions at the BCP are given, including ρ (electron density), V (potential energy density), ∇2ρ, H (energy density).
We performed quantum theory of atom in molecules (QTAIM) analysis to shed additional light into the nature of Os-B interaction. The contour plot of Laplacian of the electron density (∇2ρ(r)) at the molecular plane is given in Figure 3C. There are nine bond paths and bond critical points (indicated by the small blue spheres) between Os and boron centers. The plot also shows that there are electron density accumulated regions (indicated by blue dotted lines) in between B and Os centers but BCPs just lie outside of the blue dotted regions because of polar nature of the bond giving positive ∇2ρ(rc) value at BCP. This is a very usual feature for the bonds involving heavier elements where the criterion of negative ∇2ρ(rc) value at BCP for covalent bond does not satisfy. For these cases, the total energy density H(rc) is more suitable descriptor for such cases which is negative for covalent bonds (Cremer and Kraka, 1984).55 The corresponding value of H(rc) at the BCP of Os-B bonds is −0.04 au, showing their covalent nature. On the other hand, for B-B bonds as expected both ∇2ρ(rc) and H(rc) are negative. Similar electron topology is noted in case of RuB9− as well (see Supplementary Figure S2 in supporting information).
Aromaticity
The dual σ + π aromaticity was further confirmed in the following discussion. The nucleus-independent chemical shift (NICS) (Mitchell 2001) is a key method to quantify aromaticity, where NICSzz values (the out-of-plane (“zz”) shielding tensor component of NICS). As shown in Figure 4A, the grids of NICSzz points are created at the center of wheels, the center of B-M-B ring and out of the ring associated with 1.0 Å vertical spacings from the wheel plane. The considerable negative NICSzz values vividly show aromatic boron wheels, especially the big NICS(1)zz of the wheel centers (−123.6 ppm) is consistent with the reported transition-metal-centered borometallic molecular wheel family. Figure 4B displays a gauge including magnetically induced current (GIMIC) map, (Fliegl et al., 2011), where the induced ring current is generated by employing an external magnetic field perpendicular to the molecular plane. The diatropic (clockwise) current comply with the left-handed rule. It is worthy of note that the inner and outside of the peripheral ring both show a diatropic and unidirectional current. This current behavior is similar to the C18 clusters with double aromaticity (σ + π) but sharply different from the benzene (π aromaticity only), where the ring current show a diatropic inside but paratropic outside of benzene ring. The induced current density (Jind) is integrated into a specific area, which starts at the center of the ring and intersects the B-B bond ending about 4 Å away for the current system. The ring-current strength of RuB9− (25.4 nA/T) and OsB9− (26.4 nA/T) is similar to C18 (Lu et al., 2020) (25.3 and 21.2 nA/T), and stronger than the benzene (11.5 nA/T) at the wB97XD/def2-TZVP level, which could be another indicator of dual σ + π aromaticity. The anisotropy of the current induced density (ACID) is able to describe the σ and π contribution for aromaticity as given in Figure 4C. Overall, the σ and π dual aromaticity is strongly confirmed by these analyses in Figure 4 and Supplementary Figure S3 for OsB9− and RuB9−, respectively.
[image: Figure 4]FIGURE 4 | (A) NICSzz, and (B) GIMIC map and (C) induced ring current of the delocalized σ and π electrons based on ACID values of OsB9−. In b), the arrows indicate direction of induced current, the color correspond to magnitude of induced current.
Simulated Photoelectron Spectra
The simulated photoelectron spectra of RuB9− and OsB9− are given in Figure 5 based on the generalized Koopmans’ theorem (Tsuneda et al., 2010). The simulated spectrum for RuB9− is in good agreement with the experimental data as shown in Figure 5A. Thus, to facilitate the experimental confirmation, the simulated photoelectron spectrum of OsB9− cluster is illustrated in Figure 5B, where the well-resolved detachment transitions at the lower-binding-energy side, are labeled as X (4.08), A (5.31), B (5.67), C (6.24) in eV.
[image: Figure 5]FIGURE 5 | The simulated photoelectron spectrums of (A) RuB9− and (B) OsB9− were calculated at the BP86/def2-TZVPP level based on generalized Koopmans’ theorem. The experimental results of RuB9− are given in parenthesis.
CONCLUSION
The OsB9− cluster was found to be a new member of transition-metal-centered borometallic molecular wheel family. The detailed electronic structure analyses including the AdNDP, ELF, NICS, and ACID approaches all suggested that the dual σ + π aromaticity (three delocalized σ bonds and three delocalized π bonds) occurs in RuB9− and OsB9−, and it is a key factor to design highly stable borometallic molecular wheels. Additionally, we found a different picture relative to the previous work for FeB9−. The present results show that the global minimum for FeB9− has a molecular wheel-like structure in triplet spin state with Cs symmetry, whereas previously reported singlet molecular wheels with D9h symmetry is higher energy isomer.
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Borophene has important application value, boron nanomaterials doped with transition metal have wondrous structures and chemical bonding. However, little attention was paid to the boron nanowires (NWs). Inspired by the novel metal boron clusters Ln2Bn− (Ln = La, Pr, Tb, n = 7–9) adopting inverse sandwich configuration, we examined Sc2B8 and Y2B8 clusters in such novel structure and found that they are the global minima and show good stability. Thus, based on the novel structural moiety and first-principles calculations, we connected the inverse sandwich clusters into one-dimensional (1D) nanowires by sharing B−B bridges between adjacent clusters, and the 1D-Sc4B24 and 1D-Y2B12 were reached after structural relaxation. The two nanowires were identified to be stable in thermodynamical, dynamical and thermal aspects. Both nanowires are nonmagnetic, the 1D-Sc4B24 NW is a direct-bandgap semiconductor, while the 1D-Y2B12 NW shows metallic feature. Our theoretical results revealed that the inverse sandwich structure is the most energy-favored configuration for transition metal borides Sc2B8 and Y2B8, and the inverse sandwich motif can be extended to 1D nanowires, providing useful guidance for designing novel boron-based nanowires with diverse electronic properties.
Keywords: first-principles, clusters, inverse sandwich structure, boron-based nanowires, magnetic and electronic properties
INTRODUCTION
Boron-based materials were found wide applications in the fileds of emissions, supercapacitors, optical absorptions, photodetectors, etc. (Xu et al., 2013; Sussardi et al., 2015; Akopov et al., 2017; Carenco et al., 2013; Tian et al., 2019). Unlike the extensive attention on carbon clusters such as fullerenes and carbon fibers, boron clusters and materials are relatively less studied by scientists. However, there is much space and potential to develop boron-based nanomaterials.
Boron shows a strong tendency to form multi-center-two-electron bonds (mc-2e) in both polyhedral molecules and bulk isotopes (Wang, 2016; Jian et al., 2019; Lipscomb, 1977; Alexandrova et al., 2006) due to its electron deficiency. Therefore, boron clusters have the characteristic of electron delocalization bonding with some delocalized electronic structures and unique aromaticity (Li et al., 2018). In the past two decades, the structure and chemical bonding of bare boron clusters have been studied by combining experimental and theoretical methods (Li et al., 2017; Li et al., 2017; Pan et al., 2019), and planar clusters, nanotube-like cluster structures, graphene-like boron spheres and fullerene-like boron spheres have been found (Kiran et al., 2005; Piazza et al., 2014; Li et al., 2014; Bai et al., 2019; Zhai et al., 2014). Also due to the characteristic of electron deficiency, boron can be doped with metal to form different kinds of metal boride structures. Boron has formed a large number of important boride materials, ranging from superconducting MgB2 and superhard transition metal borides to borides with extremely high thermal conductivity (Nagamatsu et al., 2001; Chung et al., 2007).
As the 5th element adjacent to carbon in the periodic table, ring and cage boron clusters have poor stability due to their electron-deficient properties. However, the introduction of transition metals can greatly improve the stability of boron clusters. Transition-metal-doped boron clusters have led to a new direction of boron nanomaterials, such as the metal-centered aromatic borometallic wheels and tubular metal-centered drums (Romanescu et al., 2011; Popov et al., 2015; Jian et al., 2016; Jian et al., 2016; Li et al., 2017). On the other hand, assembling boron clusters by doping them with different types of atoms is a potential way to change properties. For example, CoB18‒ and RhB18‒ planar clusters have been found, which makes it possible to dope metal with borographene (Li et al., 2016; Jian et al., 2016). Wang and Boldyrev’s joint research group have reported a variety of neutral or charged planar wheel clusters centered on supercoordination transition metals M©Bn (M = Fe, Co, Nb, Ru, Rh, Ir, Ta; n = 8–10) (Romanescu et al., 2011).
Recently, Wang’s experimental group and Li’s theoretical group jointly observed several new metal boron clusters Ln2Bn− (Ln = La, Pr, Tb; n = 7–9) with an inverse sandwich structure (Li et al., 2018; Chen et al., 2019). It is found that these clusters have the double aromatic properties of π and σ bonding contributions, showing high stability and symmetry, and the magnetization of B8‒ ring is high. The study provides a novel pattern for the design of new lanthanide borides, and a few inverse sandwich complexes were proposed (Wang et al., 2019; Cui et al., 2020; Shakerzadeh et al., 2020; Xiao et al., 2021). A few questions arise naturally: Would the transition metal borides adopt the inverse sandwich structure in a stable manner? Can the inverse sandwich structure motif be extended to periodic nanomaterials, like designing the super stable 1D-P10 nanowire and 2D-P8N2 nanosheet based on all pentagon containing P8 clusters (Wang et al., 2020; Dong et al., 2021)? Thus, in this work, by means of first-principles calculations, we examined the stability of M2B8 (M = Sc and Y) clusters with the inverse sandwich structure, and extended the inverse sandwich moiety to design novel boron-based nanowires (NWs). The constructed 1D-Sc4B24 and 1D-Y2B12 NWs show good stability, and the former/later one is a semiconductor/metal. Our theoretical work successfully extended the inverse sandwich moiety to the 1D crystals, which is helpful to design novel boron-based nanowires with diverse electronic properties.
METHODS
The comprehensive genetic algorithm (CGA) (Zhao et al., 2016) combined with the DMol3 program (Delley, 1990; Delley, 2000) was used to search the global minimum of Sc2B8 and Y2B8 clusters. The low-energy clusters generated by CGA were further optimized using density functional theory (DFT) implemented in the Vienna Ab initio Simulation Package (VASP) code (Kresse and Furthmuller, 1996; Kresse and Hafner, 1993; Kresse and Hafner, 1994). The exchange and correlation functional are defined by the generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional (Perdew et al., 1996). The k points of the geometric optimization and the molecular dynamics simulation were set to 1 × 7 × 1 and 1 × 3 × 1. The phonon spectra were calculated by VASP and Phonopy codes (Togo and Tanaka, 2015). Thermal stability was assessed at 300 and 500 K based on first-principles molecular dynamics [FPMD simulations conducted at the DFT level using a canonical ensemble having a constant number of atoms, volume with the temperature controlled by the Nosé-Hoover thermostat (Martyna et al., 1992; Kresse and Hafner, 1993)], and temperature (NVT) with 1 fs time steps for a total simulated time duration of 5 ps. The band structures of the designed nanowires were calculated by PBE and Heyd-Suseria-Ernzerhof (HSE06) hybrid functional (Heyd et al., 2003). To predict the clusters and nanowires in a more reliable manner, we also considered the PBE + D2 approach (Bučko et al., 2010). Almost no difference was found between the PBE-D2 and PBE structures and cohesive energies.
RESULTS
Structure, Stability and Magnetic Properties of Sc2B8 and Y2B8 Clusters
Based on the inverse sandwich structure of La2B8−, we optimized the neutral transition metal boron clusters of the same configuration—Sc2B8 and Y2B8 clusters (the two Sc/Y atoms locate symmetrically to the two sides of the B8 ring). In Figure 1, M−B (M = Sc and Y) and B−B bond lengths in two cluster structures are given. For the cluster Sc2B8, the bond lengths of Sc−B (dSc−B) and B−B (dB−B) are 1.68 and 1.62 Å, respectively. For the cluster Y2B8, Y−B bond length (dY−B) is 2.81 Å and the bond length of B−B (dB−B) is 1.62 Å. Both two optimized neutral clusters well preserve the inverse sandwich structure of D8h symmetry.
[image: Figure 1]FIGURE 1 | Side and top views of the optimized Sc2B8(A) and Y2B8(B) clusters.
As shown in Supplementary Figure S1, the two vibrational spectra have simple vibration modes due to the high symmetry, and no negative mode was found, indicating the stability of these two clusters. In the Sc2B8 cluster, the intensity peaks of 144 and 752 cm−1 can be assigned to Sc−B bond and B−B bond vibrations, respectively. The sharp asymmetric oscillations in the Y2B8 cluster are at 149 and 721 cm−1, indicating the vibration modes of the Y−B bond and the B−B bond, respectively.
At the same time, a FPMD simulation lasting for 5 ps was performed for both clusters at room temperature (300 K). The annealed structures well remain the original inverse sandwich configuration, as shown in Supplementary Figure S2, which also suggests the good stability of the Sc2B8 and Y2B8 clusters adopting inverse sandwich structure.
Furthermore, CGA was used to generate low-energy isomers of Sc2B8 and Y2B8 clusters. The four low-lying structures, and an isomer, which can be viewed as the B-centered B7 ring sandwiched by two Sc/Y atoms, were presented in Supplementary Figure S3, and the inverse sandwich configuration for both Sc2B8 and Y2B8 clusters is the most stable one (0.69–1.34 eV lower than the other four low-energy isomers at PBE-D2 level of theory). In particular, the CCSD(T) test computations also support the PBE-D2 results that the inverse sandwich structures are much lower in energy than other isomers. Thus it is feasible to synthesize the inverse sandwich Sc2B8 and Y2B8 clusters in experiments.
Additionally, we examined the dissociation of inverse sandwich M2B8 (M = Sc, Y) clusters. For the first M dissociation (M2B8 → M + MB8), the reaction is endothermic by 2.11 and 2.08 eV, respectively for M = Sc and Y; and for removing the second M (MB8 → M + B8), it is also an endothermic reaction with the energy input of 2.37 and 2.17 eV for M = Sc and Y, respectively. The highly endothermic dissociations of M from B8, indicate reaction barriers are >2 eV. Meanwhile, when the M atoms were put 5 Å from the B8 center, it will be optimized to the energetically favored inverse sandwich structure. The above results as summarized in Supplementary Figure S4 again confirmed that the M2B8 (M = Sc, Y) clusters with inverse sandwich configuration are highly stable.
Besides, we further explored magnetic properties of the global minimum structures. Three magnetic configurations were compared, namely, antiferromagnetic (AFM), ferromagnetic (FM) and nonmagnetic (NM) states. We set the energy value of NM as 0 eV and all other energy values as their relative differences. Our calculations revealed that both Sc2B8 and Y2B8 clusters are nonmagnetic (Table 1).
TABLE 1 | Relative energies of Sc2B8 and Y2B8 clusters with different magnetic configurations (in eV).
[image: Table 1]Structure and Stability of 1D Nanowires
Considering that the Sc2B8 and Y2B8 clusters of inverse sandwich configuration are the global minima, the inverse sandwich structural moiety might be extended to a periodic manner. Therefore, we connected the inverse sandwich clusters into 1D nanowires by sharing B−B bridges between adjacent clusters, similar to the observation of inverse triple-decker La3B14− (Chen et al., 2019). The 1D-Sc4B24 and 1D-Y2B12 nanowires were obtained after structural relaxation as displayed in Figure 2. For the optimized 1D-Sc4B24 (Figure 2A), neither the inverse sandwich moiety of Sc2B8 nor the sharing B−B bonds was clearly observed, largely due to the formation of B4 rhombus, which is regarded as a stable unit of boron analogs. The shared B–B (dB−B) key length is ∼1.59 Å, and the other B–B (dB−B) lengths are in the range of 1.58–1.62 Å. The Sc–B bond lengths (dSc−B) are 2.41–2.49 Å. In contrast, for the 1D-Y2B12 NW (Figure 2B), the unitcell is formed by two Y2B8 clusters of inverse sandwich moiety by sharing a B−B bond. The length of the shared B−B bond (dB−B) is 1.56 Å, the lengths of others B−B bonds are ranged from 1.56 to 1.60 Å. The Y–B bond lengths (dY−B) are ranged in 2.56–2.72 Å. Compared to the free cluster structures, the dY−B were compressed in 1D-Y2B12 nanowire, while the dSc−B were significantly stretched in the 1D-Sc4B24, indicating that although Sc2B8 and Y2B8 clusters have the same structure, they have different structural characteristics when forming one-dimensional nanowires.
[image: Figure 2]FIGURE 2 | Two views of the 1D-Sc4B24 NW (A) and 1D-Y2B12 NW (B). The unitcell was marked by black dashed lines. The inverse sandwich unit M2B8 was marked by red and blue dashed rectangle. The sharing B‒B bonds and the B rhombus were highlighted in purple and orange, respectively.
In order to confirm the stability of the two nanowires, we first examined their thermodynamic stability by calculating the cohesive energy (Ecoh). In our work, the cohesive energy is defined as equation 1, where, E1/E2 is the energy of an isolated transition metal atoms (Sc or Y)/B atom, Etot is the total energy of nanowire, n/m is the number of transition metal/B atoms.
According to the above definition of cohesive energy, the larger the calculated value is, the more stable the structure is. The calculated cohesive energies of 1D-Sc4B24 and 1D-Y2B12 nanowires are 5.92 and 6.00 eV/atom, respectively, much larger than the Ecoh values of the clusters (5.35 and 5.29 eV/atom, respectively for Sc2B8 and Y2B8). These high cohesion energies show that two 1D nanowires have good thermodynamic stability.
Then, we calculated the phonon dispersion to investigate their dynamic stability. In these phonon dispersions, no imaginary frequencies were observed (Figure 3), indicating that the two designed nanowires based on the inverse sandwich Sc2B8 and Y2B8 clusters are dynamically stable.
[image: Figure 3]FIGURE 3 | The calculated phonon spectra of the designed 1D-Sc4B24(A) and 1D-Y2 B12(B).
Finally, we performed FPMD simulations in order to access their thermal stability with the supercell of 112 atoms (16 transition metal atoms and 96 B atoms). The 1D-Sc16B96 was annealed at 300 K for 5 ps, and the final structure retained the original B8 rings (Supplementary Figure S5A), and the structure obtained remains intact. For the one-dimensional nanowire structure constructed by Y2B8, we conducted two 5 ps simulation at room temperature of 300 K (Supplementary Figure S5B) and 500 K (Supplementary Figure S5), respectively. The 1D-Y16B96 structure still showed structural integrity under both simulation conditions. It also preserves structural integrity at 500 K in particular. The results of FPMD simulations confirm that two designed nanowires possess good thermal stability.
Magnetic and Electronic Properties
Through the above analysis of thermodynamic, dynamic and thermal stability, it is found that the two designed nanowires are stable. Therefore, we further explored the magnetic and electronic properties of the two nanowires. For the magnetic feature, five magnetic orderings were considered, namely AFM (including AFM1: − + − +, AFM2: + − − +, and AFM3: − − + +, Supplementary Figure S7, FM, and NM. Our computations showed that neither 1D-Sc4B24 nor 1D-Y2B12 is magnetic. The relative energies of examined magnetic configurations of the two structures were given in Table 2. In addition, through the analysis of charge transfer, we found that each Sc/Y atom transferred ∼1.5/2.0 electrons to boron. The differential charge density diagrams of the two 2D nanostructures (Figure 4) showed that the electrons have delocalized bonding characteristics.
TABLE 2 | Relative energies of 1D- Sc4B24 and 1D-Y2B12 nanowires with various magnetic configurations (in eV).
[image: Table 2][image: Figure 4]FIGURE 4 | Differential charge density diagrams of designed nanowires 1D-Sc4B24(A) and 1D-Y2B12(B). The isosurface value was set to be 0.015 e/Bohr3.
We used the PBE method to predict the electronic band structures of the two designed nanowires (Figure 5). Compared to the metallicity of teetotum cluster Li2FeB14 based nanowire (Shakerzadeh et al., 2020), the 1D-Sc4B24 nanowire is a direct-bandgap semiconductor with the bandgap of 0.51 eV, while the 1D-Y2B12 NW is a metal, and the p orbital of B dominates the state near the Fermi level. The commonly used PBE method usually underestimates the bandgaps. Therefore, we also used HSE06 method to calculate the electronic band structure of 1D-Sc4B24 nanowire, as shown in Supplementary Figure S8. The bandgap calculated by the HSE06 method is about 0.85 eV, 0.34 eV larger than the PBE value. The different electronic behavior of the two designed nanowires may originate from the different structures (Zeng et al., 2019).
[image: Figure 5]FIGURE 5 | Energy band and density of states of 1D-Sc4B24(A), 1D-Y2B12(B) nanowires predicted by PBE.
CONCLUSION
In summary, by means of first-principles calculations combined with CGA search, we found that Sc2B8 and Y2B8 clusters of inverse sandwich structure are the lowest-energy isomers and have good stability, and we constructed one-dimensional nanowires containing the structural moiety of the two clusters. The high stability of 1D-Sc4B24 and 1D-Y2B12 nanowires is confirmed by the investigation of thermodynamical, dynamical and thermal perspectives. Both 1D-Sc4B24 and 1D-Y2B12 nanowires are nonmagnetic; in terms of electronic behavior, the 1D-Sc4B24 is semiconducting with the HSE06 bandgap of 0.85 eV, while the 1D-Y2B12 is metallic. Our theoretical work not only identified the inverse sandwich configuration as the lowest-energy one for transition metal borides Sc2B8 and Y2B8 clusters, but also successfully extended the inverse sandwich moiety to 1D nanomaterials. Thus, it is helpful to design novel boron-based nanowires for both experimental and theoretical communities.
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We computationally explore an alternative to stabilize one-dimensional (1D) silicon-lithium nanowires (NWs). The Li12Si9 Zintl phase exhibits the NW [image: image], combined with Y-shaped Si4 structures. Interestingly, this NW could be assembled from the stacking of the Li6Si5 aromatic cluster. The [image: image]@CNT nanocomposite has been investigated with density functional theory (DFT), including molecular dynamics simulations and electronic structure calculations. We found that van der Waals interaction between Li’s and CNT’s walls is relevant for stabilizing this hybrid nanocomposite. This work suggests that nanostructured confinement (within CNTs) may be an alternative to stabilize this free NW, cleaning its properties regarding Li12Si9 solid phase, i.e., metallic character, concerning the perturbation provided by their environment in the Li12Si7 compound.
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INTRODUCTION
The insertion of inorganic materials into single-walled carbon nanotubes (SWCNTs), hereinafter identified simply as CNT, enables the encapsulation of extreme nanowires (NWs) with diameters comparable to a unit cell of the parent material (Green, 1998; Sloan et al., 2002; Spencer et al., 2014). Although NWs of similar diameter can be produced using several templates, such as zeolites (Derouane, 1998), mesoporous phases (Alba-Simionesco et al., 2006; Ke et al., 2009), and metal-organic framework (MOF) (Lu et al., 2012) type materials, CNTs present many advantages as templates; they are atomically smooth, electron transparent, readily available, and can be filled by bulk infiltration to create milligram quantities of encapsulated nanowires, at least on a laboratory scale. Thus, encapsulated NW-CNT are scientifically interesting not only on their own but also as precursors to a wide range of other extreme nanowire materials.
In 2016, Ivanov et al. published a theoretical prediction of helix-shaped lithium-phosphorus nanowires encapsulated into single-walled carbon nanotubes (LiP@CNTs) (Ivanov et al., 2016). Note that helix-shaped LinPn clusters (n = 5–9) had previously been reported as global minimum structures (Ivanov et al., 2012). Some solid phases consist of structural motifs like atomic clusters, i.e., in Zintl phases. This connection brings consistency to the use of models based on stable clusters to generate NWs inside nanotubes, as proposed in Ivanov’s work (Ivanov et al., 2012). The study of these clusters inside CNTs can provide relevant information about these hybrid materials, for example, about their viability (stability analysis), their structural characteristics (geometry analysis), their physical and chemical properties (analysis of their electronic structure).
Due to its excellent energy storage capacity, Si has been extensively studied experimentally as a negative electrode material for Li-ion batteries (Gao et al., 2001; Ryu et al., 2004; Li et al., 2006, Li et al., 2008, Li et al., 2009; Obrovac et al., 2007; Song et al., 2014; Shin et al., 2020). Hence, Si lithifies at high temperature (415°C) in a LiCl-KCl melt, identifying potential plateaus evidencing the crystalline phases Li12Si7, Li7Si3, Li13Si4, and Li22Si5 (Wen and Huggins, 1981). In particular, the binary (non-paramagnetic) Zintl-type Li12Si7 silicide contains semi-infinite sandwich-like [image: image] linear chains, consisting of Si5 pentagons intercalated with Li atoms (see Scheme 1). Note that the unit cell of the Zintl Li12Si7 phase has been rationalized (Nesper, 1990; Chevrier et al., 2010; Köster et al., 2011; Kuhn et al., 2011a, Kuhn et al., 2011b) as (Li66+[Si5]6)2 (Li1210+[Si4]10)2, with two well-defined silicon moieties: planar Si5 rings and the Y-shaped Si4 moiety. Such a structural pattern is justified by assigning 26 electrons (20 from 6Si + 6 from 6Li) to the Si56- ring, favoring Hückel’s aromaticity (Hückel, 1930, Hückel, 1931a, Hückel, 1931b; Zhao et al., 2017). This aromatic character is supported by experimental evidence of an upfield shift (to -17.2 ppm) of Li (at the center of the Li6 fragment in Scheme 1) in the corresponding magic angle NMR (MAS) spectrum (Kuhn et al., 2011b; Köster et al., 2011). It is noteworthy that the Si56- structural motif is also present in the ternary compound Li8MgSi6 (Nesper et al., 1986a). On the other hand, at the cluster level, our group has identified that the global minimum (GM) of the Li6Si5 cluster, consists of an aromatic Si56- pentagon surrounded by 6 Li+ counterions (Tiznado et al., 2009; Perez-Peralta et al., 2011; Contreras et al., 2013; Vásquez-Espinal et al., 2018). More recently, we have identified the GM structures of the oligomers (Li6Si5)2 and (Li6Si5)3 (Yañez et al., 2019b; Manrique-de-la-Cuba et al., 2021), which also consist of aromatic Si5 rings surrounded by Li’s (see Scheme 1). However, the stacking of Li6Si5 units does not tend to form the nanowire identified in Li12Si7, suggesting that Li1210+[Si4]10- component (with the Y-shaped Si4 moiety) contributes decisively to the stabilization of this NW. In mentioned cluster studies, explorations of the potential energy surface have been performed by hybrid methods, including genetic algorithms (Yañez et al., 2019a, Yañez et al., 2020).
[image: Scheme 1]SCHEME 1 | Structures of [image: image] NW, Li6Si5, Li12Si10, and Li18Si15 global minima structures, where the square brackets show a repeating unit.
To build new class of materials with desirable properties, using atomic clusters instead of atoms as building blocks, is a remarkable possibility. However, it requires that atomic clusters must retain their identity when assembled, as Khanna and Jena first outlined when they coined the word “cluster-assembled materials” (CAMs) (Khanna and Jena, 1992). These authors argued that the clusters’ coupling would have a unique effect on both the assembled material’s electronic structure and mechanical properties, which is not possible when the assembly blocks are atoms (Khanna and Jena, 1995; Jena et al., 1996; Jena and Khanna, 1996; Claridge et al., 2009; Jena and Sun, 2018). For a more detailed and timely overview of advances in the assembly of materials from clusters, please refer to the following reviews: (Chakraborty and Pradeep, 2017; Jena and Sun, 2018; Pinkard et al., 2018; Zheng et al., 2019; Doud et al., 2020).
Given the above background, here we evaluated, in silico, the stability of the isolated [image: image] NW, as well as its electronic properties. In addition, we studied the hybrid material consisting of the NW confined in a CNT. The latter focused on identifying alternative ways to stabilize this conformation and to evaluate the effect of this association on NW electronic properties. Our density functional theory (DFT) calculations demonstrate that Li-Si@CNTs hybrid systems have excellent stability and thus have potential for experimental realization.
COMPUTATIONAL METHODS
In the finite models (clusters), geometry optimizations and frequency calculations were performed at the PBE0 (Adamo and Barone, 1999)/Def2TZVP(Weigend and Ahlrichs, 2005) level with the Gaussian 16 program (M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., 2016).
For the solid-state study, we performed first-principles calculations based on DFT (Sham and Kohn, 1966; Kohn et al., 1996) as implemented in the Vienna Ab Initio Simulation Package (VASP) (Kresse and Furthmüller, 1996). The exchange-correlation energies were calculated at PBE-D3 level (Ernzerhof and Perdew, 1998; Grimme et al., 2010). Plane-wave basis set with a kinetic energy cutoff of 400 eV, and the projector augmented-wave method for the core-valence interaction was employed (Blöchl et al., 1994). The [image: image] NWs were simulated in a large unit cell with volume (20 × 20 × z0) Å3, considering periodic boundary conditions along the NW direction, where z0 is the periodicity. Within this supercell, the lateral distance between NW images is set to 15 Å. We use a (1 × 1 × 10) Monkhorst-Pack k-point mesh (Monkhorst and Pack, 1976). We also study finite (Li6Si5)4 structures in the free space, also inside both an armchair and a zigzag single-walled carbon nanotube (SWCNTs). We consider armchair CNTs with chiral indexes (8,8), (9,9), and (10,10), which have diameters of 10.93, 12.27, and 13.63 Å, and zigzag CNTs with chiral indexes (14,0), (15,0), and (16,0) which have diameters of 11.04, 11.80, and 12.59 Å, respectively. For (Li6Si5)4@CNT simulation, (22 × 22 × z0) Å3 volume was used, where z0 is the periodicity chosen for the CNTs. All studied structures were allowed to freely relax without any constraint until forces on each atom were smaller than 25 meV/Å. To gain insights on the stability of the NW models in the free space and inside the SWCNTs, we performed Born-Oppenheimer ab initio molecular dynamics (BO-AIMD) simulations within the NVT ensemble at different temperatures, over a total simulation time of 10 ps, considering a time step of 1 fs.
RESULTS AND DISCUSSION
Finite Model Tests to Estimate the Optimal Width of SWNTS
The first question that arises is which is the optimal SWCNT width to favor the [image: image] NW grown? This is a relevant question, considering that the electronic structure of group 1 elements, such as Li, is particularly sensitive to confinement (Robles-Navarro et al., 2020). To get an idea of the nanotube widths to be considered in our study, we first performed a finite model analysis. This model consists of [n]cyclacenes (n = 13–20) in their optimal structure (at the PBE0/Def2TZVP level), covering the diameter range from 10.2 to 15.6 Å. Then the Li7Si5+ cluster was placed, centering it on emulating the growth pattern towards the nanowire (see Scheme 1). We choose the star-shaped D5h-Li7Si5+ cluster as a suitable model for projecting the nanowire inside the CNT due to its high symmetry and its analogy in electronic structure with the Li6Si5 unit. In this study, we have kept the [n] cyclacene structure rigid, allowing only the optimization of the Li7Si5+ structure (at the PBE0/Def2TZVP level).
In the case of small [n]cyclacenes (n = 13–15), Li7Si5+ cluster undergoes noticeable changes in the optimization process due to the confinement effects. In contrast, when [n]cyclocenes with n = 16–20 are used, the Li7Si5+ cluster maintains its structure at the end of the optimization process, leading to the best interaction energy, [Eint = E (Li7Si5+at[n]cyclacene)-(E (Li7Si5)+E ([n]cyclacene))], with [16]cyclacene (-70.1 kcal mol−1 at PBE0/Def2TZVP level). Since this analysis is only a reference for estimating the most suitable nanotube diameters to explore in the periodic calculations, we have not included basis set superposition error (BSSE) corrections. The most stable structures, as well as the Eint, are shown in Figure 1. The structures for the other complexes are shown in Supplementary Figure S1 and their Cartesian coordinates in Supplementary Table S1. These results guided us to use CNTs with diameters in the range of 11–14 Å in next steps of our research.
[image: Figure 1]FIGURE 1 | (A) Top-and side-views of optimized structures of Li7Si5+ inside both [16]cyclacene and [17]cyclacene at PBE0/def2-TZVP level. (B) Li7Si5+ and [n]cyclacene interaction energy (Eint), number of hexagonal rings and diameter (in Å) of the [n]cyclacene.
Insights on the stability of free [image: image] NW.
We first studied the stability of periodically repeated Li6Si5 units (Li6Si5-NW), which are stacked along the z direction, forming a one-dimensional structure, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Stability of the [image: image] isolated model (Li6Si5-NW) obtained from periodic DFT calculations: (A) Energy as a function of the distance between Li6Si5 units, (B) top and side views of the equilibrium geometry, (C) electronic density distribution for the isosurface at 0.05 e/Å3.
We found a stable structure with an equilibrium distance between Si5 rings of 4.04 Å which is the periodicity of the Li6Si5 unit cell. In the equilibrium geometry, the distance between Li atoms of the border is 3.33 Å while the distance with respect to the center one is 2.83 Å. The Si-Si distance between neighboring atoms is 2.37 Å, very close to the ones in Li6Si5 monomer (between 2.30 and 2.35 Å). Our computations of the electronic band structure of the Li6Si5-NW in the primitive unit cell suggest a metallic character (see Figure 3). Note that the bandgaps of Li12Si7 was reported from conductivity-temperature experimental measurements and found to be 0.6 eV (Nesper et al., 1986b).
[image: Figure 3]FIGURE 3 | Band structures calculation of the Li6Si5-NW in the unit cell. The dashed line indicates the Fermi energy.
The stability of the Li6Si5-NW was also verified by BO-AIMD simulations at 300 K and 500K, during a simulation time of 10 ps. The simulation was performed by considering four Li6Si5 units in the periodic unit cell, as shown in Figure 4. We observe that at 500 K the Si5Li6 NW preserves its stability, showing energy fluctuations of around 2 eV. Supporting information contains short movies extracted from the BO-AIMD simulations.
[image: Figure 4]FIGURE 4 | Energy as a function of time for the molecular dynamic simulations at 500 K of the infinite Si5Li6 nanowire. The unit cell for this simulation considers four Si5Li6 units. The right images show top and side views of a snapshot taken at 10,000 fs
Stability of the Li6Si5-NW Inside the CNTs
Next, we studied a finite Li6Si5 structure (f-Li6Si5) in the free space and encapsulated it inside both armchair and zigzag carbon nanotubes (f-Li6Si5@CNT). For the f-Li6Si5 structure, we consider four Si5 rings surrounded by five Li6 moieties. BO-AIMD simulations provide insights on the stability of the f-Li6Si5 system in the free space at 300 K and 500 K. We find that at 300 K, the f-Li6Si5 structure preserves its stability. Still, at 500 K, it tends to form Si-Si bonds between adjacent Si rings without losing its one-dimensional array, as shown in Figure 5. However, it is important to note that this model does not have the exact stoichiometry of NW because, to maintain symmetry, an extra Li6 unit group is added, i.e., [(Li6)5(Si5)4].
[image: Figure 5]FIGURE 5 | Energy as a function of time for molecular dynamic simulations at 500 K for the finite Li6Si5 structure (f-Li6Si5). The right images show top and side views of a snapshot taken at 10,000 fs
To study the f-Li6Si5 structure inside the CNTs, we consider three armchair CNTs with chiral indexes of (8,8), (9,9), and (10,10), and three zigzag CNTs with chiral indexes of (14,0), (15,0), and (16,0). With this choice, we seek to find the CNT size that best accommodates the Li6Si5-NW inside. Note that we selected these CNTs according to our preliminary findings from the Li7Si5+@[n]cyclacene model, suggesting diameters between 12 and 15 Å. The CNTs were simulated with periodic boundary conditions along its axis with a periodicity of z0 = 30 Å. The latter allows a vacuum region for the encapsulated f-Li6Si5 structure of 14 Å, allowing the atomic movement inside the CNT. Next, we calculate the [image: image] between encapsulated f-Li6Si5 and the CNTs by the equation:
[image: image]
where [image: image] and [image: image] are the total energies of the isolated f-Li6Si5 and the CNT, respectively, and [image: image] is the total energy of f-Li6Si5 unit inside the CNT. Our results for the [image: image] are shown in Figure 6. The armchair (9,9) and the zigzag (15,0) CNTs of 12.3 and 11.8 Å in diameter, respectively, exhibit the more stabilizing [image: image], being the best candidates to accommodate the f-Li6Si5 inside. In addition, the f-Li6Si5 is better stabilized inside the zigzag (15,0) CNT than inside the armchair (9,9) CNT by 0.9 eV. Noteworthy, the larger-diameter CNTs are energetically less favorable to encapsulate the f-Li6Si5, as shown in Figure 6, in agreement with the Li7Si5+@[n]cyclacene model. This behavior is presumable due to the van der Waals (vdW) interaction between the f-Li6Si5 and the CNT internal walls, stabilizing the system. The non-covalent interaction index (NCI) plots confirm the non-covalent character of f-Li6Si5 with the CNT [f-Li6Si5 inside the zigzag (15,0) CNT]. In the NCI method (Johnson et al., 2010; Contreras-García et al., 2011), an isosurface of the reduced density gradient (s) is colored with the density times the sign of the second eigenvalue of the electron density Hessian matrix, λ2, to distinguish between attractive and repulsive interactions. The following color code is used: blue for attractive such as hydrogen bonds, green for very weak interactions such as vdW and red for steric repulsion. Figure 7 depicts the second one (vdW) between f-Li6Si5 and the walls of the CNT.
[image: Figure 6]FIGURE 6 | Interaction energy as a function of the nanotube diameters for the finite Li6Si5 structures inside armchair CNTs with chiral indexes (8,8), (9,9), and (10,10) and zigzag CNTs with chiral indexes (14,0), (15,0), and (16,0).
[image: Figure 7]FIGURE 7 | f-Li6Si5@NTC optimized structure, for zigzag CNTs with chiral indexes (15,0), with NCI surfaces (s = 0.3, color range: −0.03 to 0.03 a.u.). Geometries and electron density were taken from solid state computations.
We also calculate the band structure of the Li6Si5-NW inside the zigzag (15,0) CNT. It is important to note that the unit cells of the Li6Si5-NW and the CNT have a mismatch of 5.7%, which means that the Li6Si5-NW is not in its equilibrium geometry in the Li6Si5-NW@CNT unit cell, where the distance between the Si5 rings increases by 0.23 Å. However, this mismatch is relatively small and should not affect the electronic properties of the system. For the isolated CNT we find a small bandgap of 0.02 eV as shown in Figure 8A, which is in good agreement with the measured value of 0.029 ± 0.004 eV (Ouyang et al., 2001). Whereas the Li6Si5-NW@CNT system exhibits metallic properties as shown Figure 8B, suggesting that the Li6Si5-NW would preserve its electronic properties inside the CNT as can be compared with Figure 3.
[image: Figure 8]FIGURE 8 | Band structure calculations of the infinite Li6Si5-NW inside the zigzag carbon nanotubes, (A) the isolated (15,0) CNT, and (B) the Li6Si5-NW@CNT system. The dashed line indicates the Fermi energy.
Finally, we study the stability of the f-Li6Si5 structure inside both zigzag (15,0) and armchair (9,9) CNTs by performing BO-AIMD simulations. Figure 9A shows the equilibrium geometry of the f-Si5Li6 structure inside the (15,0) CNT. We find that the structure remains almost unchanged with respect to f-Si5Li6 in the free space, showing that the CNT would have a small influence in the Li6Si5 NW stability. We only note a small displacement of the Li ions at the extreme of the f-Li6Si5 structure which move toward the CNT wall. The integrity of the f-Li6Si5 structure inside the (15,0) and (9,9) CNTs was investigated by BO-AIMD simulations at 300 K. We find that the f-Si5Li6 structure preserves its stability where the Li ions move around the Si5 ring without detaching. Similar results are found for the f-Li6Si5 structure inside the armchair (9,9) CNT, indicating that the formation and stability of the Li6Si5 NW inside the CNTs is independent of its chirality. This result suggests that Li6 Si5-NW are likely to form inside CNTs in a compact form, which would allow efficient storage of Li ions into CNTs mediated by Si5 rings. Supplementary Figure S2 shows the variation of the total energy for the BO-AIMD simulation of f-Li6Si5 inside the (15,0) and (9,9) CNTs at 300 K. We observe energy fluctuation of around 5 eV in both CNTs, preserving the stability of the f-Li6Si5 structure.
[image: Figure 9]FIGURE 9 | The f-Li6Si5 structure inside a zigzag (15,0) CNT. (A) Top and side views of the equilibrium geometry at 0 K. (B) Top and side views of a snapshot taken at 2000 fs of BO-AIMD simulation at 300 K. The periodicity of the CNT along its axis is z0 = 30 Å.
CONCLUSION
Using periodic DFT calculations and Born-Oppenheimer ab initio molecular dynamic simulations, we have shown that Li6Si5 units can be stacked one above the other, forming a one-dimensional structure linked together by Coulomb interactions. This study complements previous findings, where we demonstrated that Li6Si5, (Li6Si5)2, and (Li6Si5)3 lowest energy structures contain one, two, and three Si56- aromatic rings stabilized by Li+ counterions. Additionally, the [image: image] nanowire was identified in the Zintl Li12Si7 compound but coexisting with Y-shaped Si4 moieties. In this case, we support the stability of the isolated Si-Li-nanowire—additionally, the relaxed structure (at room temperature) exhibits metallic characteristics.
We also found that finite (Li6Si5)4 systems are stable inside both armchair and zigzag carbon nanotubes of around 12 Å in diameter, preserving its stability at room temperature, supporting the viable formation of Li6Si5-NW inside the CNTs. Interestingly, the Li6Si5-NW@CNTs hybrid nanocomposite maintains the metallic character. Finally, in the Li6Si5-NW, the Li6Si5 units are connected by strong electrostatic interactions (Si56- aromatic pentagons intercalated with the Li66+ moiety) in agreement with the Zintl ion concept. In the [Li6Si5-NW]@CNTs, NCI predicts that Li6Si5-NW interacts with the CNT walls by van der Waals interactions Frisch et al., 2016.
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co, -188.569349 136 13.78 Herzberg (1966) -127  -0.60 Wang et al. (1988) - =
~1.60 de Vries et al. (1992)
LiaF2(Cz) 222473494 391 .80 Hartman and Hisatsune (1966)  0.63 0.5 Hartman and Hisatsune (1966) - =
LigF2(Dan) 222450703 4.24 3.86 Hartman and Hisatsune (1966)  0.36  0.75 Hartman and Hisatsune (1966) - -
Coo 2285799198 7.08 7.54 Skorska and Gaston (2020) 225  2.68 Knapp et al. (1986) - -
LigF2(C2)CO,  -411.112817 542 5.21 Park and Meloni, (2017) 097  0.36 Park and Meloni (2017) 184 163 Park and Meloni (2017)
LioF2(Dan} CO,  -411.096882  5.25 = 0.80 - 178 -
Cs0'CO2 -2474.312373  7.08 L 287 » -147° -
Ceo-LisF2(Dsn) -2508.304346  5.64 = 245 = 119* =
Cor[SACO,] 2696601627 573 - 256 - s -

aThis binding energy at 0 K comesponds 1o the negative solation energy at 0 K that Cep éxarts on the encapsulaiad species, reactants, LisF» and COs, and product SA-CO» (see texd).
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