DFT study of Si13H20 cluster

Abstract
Density functional theory calculations have been carried out to characterize the electronic structure of Si13H20 cluster, which is among the lowest noticed silicone clusters. The computed HOMO-LUMO gap, ionization potential and a positive value of the electron affinity indicate the cluster's instability against oxidation and especially reduction. Also the structures of exohedrally functionalized cluster (with -OH, -COOH and -NH2) and encapsulated ones with small ions (Li+, Be2+ and F-) has been investigated here. Both processes are favored energetically, but have some effects on the structure and properties of the cluster which has been computationally explored.

Clusters are an embryonic form of matter whose microscopic study provides an insight into the evolution of properties between those of individual atoms and bulk solids [1, 2]. Depending on the size, clusters can show optical properties and reactivities quite different from those in molecules and solids [3-6]. Investigations on small and medium size silicone clusters are currently intense in order to design advanced materials with application in nanoelectronics. Silicone clusters are also fascinating for fundamental researches since it is very desirable to know how properties of matter change as dimension approaches the atomic scale.

Small and intermediate-size Si clusters have received a great deal of attention [7-10]. Most of these medium size silicone clusters consist of five member rings in such a way a Si atom is shared among three rings. Structures consisting six or eight member ring have been studied less. In particular a hydrogenated cluster of 13 silicone atoms could be formed by attaching an eight members ring to three six member rings. In fact it is a qudracyclic compound with the general formula of Si13H20 could be imagined by inserting a SiH2 unit into each side of Sila-Prismane.

We decided to investigate Si13H20 electronic structure employing density functional theory (DFT) calculations [11]. Structure of Si13H20 was drawn with the aid of HyperChem software and its molecular geometry was optimized using PBEPBE method [12] in combination with two basis sets of 6-31G [13] and 3-21G* [14] as implemented in the version of GAUSSIAN03 software package [15]. The resulting level of theory is referred to as PBEPBE/6-31G/auto opt.

The optimized molecular structure of Si13H20, shown in Fig. 1, indicates that cluster deviates slightly from C4v symmetry so as in a group of equal angles, some are tighter and some are wider. As can be seen, a quadracyclic compound with the general formulation of Si13H20 is obtained with an eight member ring of Si and four SiH2 units connected to it and same time to a tetracoordinate Si in the centre top of the ring, that results in an unusual pyramidal geometry for the mentioned sp3 hybridized central Si atom to shift its structure from a tetrahedral geometry to an unusual pyramidal one. Therefore, the equivalent bond lengths are not exactly the same. So the point group of the molecule is C1. Nevertheless three types of Si-Si bonds could be recognized in the optimized structure of the PBEPBE/6-31G/auto opt. computed cluster. The Si-Si bond length pertaining to the base eight rings are at 2.38 A�, the shortest compared to other two kinds of Si-Si bonds. The Si-Si bonds which are marked as a in Fig. 1 are the longest bond length of 2.57 A� and bonds marked as b are 2.39 A�. Similarly, computation with 3-21G* basis set results in three amounts for Si-Si bond lengths, but the results are nonsignificantly lower than those calculated with 6-31G basis set. For comparison purposes, Si13H20 geometry was optimized using BLYP [16] and LSDA [17] functionals. Data correspond to calculations with 6-31G basis set are shown in table 1. As it is clear all three methods give higher amount for a type of Si-Si bonds. Using 3-21G* basis set combined with BLYP and LSDA gives some lower bond lengths like those obtained by PBEPBE method. The HOMO-LUMO (H-L) energy gap of the cluster also is reported in table 1. The H-L gap computed with PBEPBE/6-31G/auto method is 1.59 eV, situated in the middle of the values of 1.36 and 1.78 eV calculated with BLYP/6-31G/auto and LSDA/6-31G/auto methods, respectively. Interestingly, we realized that the H-L energy gap of S is close to that of C3v isomer of bare Si13 cluster, which is characterized by an H-L energy gap of 1.61 eV [18].

The vulnerability of the cluster of being reduced and oxidized either chemically or electrochemically was examined by calculating the ionization potential and electron affinity according Koopman theory [19]. The 5.25 eV is not a rather big amount for IP and especially the EA equal to 3.65 eV shows that molecule is not so stable against reduction processes. The possibility of functionalization of Si13H20 using DFT calculations on its functionalized derivatives were studied whose optimized structures are shown in Fig. 2. As it is clear from Fig. 2, there are three possible H in the cluster to be substituted by each functional group of -OH, -COOH and NH2. First let us asses in what extent the structure of the cluster is being distorted by replacing each above mentioned group. It was observed that replacing -OH group in (a) position, the a type Si-Si bond differs from that in the initial cluster (2.53 A�). Also the b type Si-Si bonds are not equal any more and have different bond lengths of 2.39, 2.38 and 2.4A�, while changes in the c type Si-Si bond lengths are not sensible. Replacing -OH in (b) and (c) position, all the Si-Si bond lengths remain almost unchanged. Replacement of the carboxyl group in each three positions has no remarkable effect on Si-Si bond lengths. Optimized structure of silicone derivative functionalized with -NH2 group shows that when -NH2 group is replaced in situation (a), it increases the a type Si-Si bond lengths up to 2.67 A� while it has no notable effect on b and c type bonds. NH2 substitution in (b) and (c) situations, result in an increase in the a type Si-Si up 2.6 A� and 2.57 A�, respectively.

The results from calculations revealed that hydroxylated Si13H20 clusters are energetically more favored (about 47.04 kcal/mol) in compare with the initial silicone cluster. This energy difference is 118.16 and 34.71 kcal/mol for carboxylated and aminated silicone cluster, respectively. There is no energy difference for the substituted clusters which were functionalized with the same functional group in various sites that could be due to the similarities in steric effects that a substituted group is subjected to. Comparing dipole moment values of these derivatives, we observe that they are quite different from the initial cluster and also each other. As it is expected, the most increase in dipole moment is seen for carboxylated cluster and the less polar is hydroxylated one. But different trends are observed when clusters functionalized in different positions are compared to each other. For example a cluster which has functionalized in (a) situation with -COOH is the most polar one in its category, but the hydroxylated cluster in (c) situation is the most polar one in its class. It is obviously because of the different orientation of highly electronegative oxygen atom in the two functional groups of -OH and -COOH in the cluster. There is no significant change in ionization potential between -COOH and -OH functionalized and the initial cluster. -NH2 substituted cluster shows some decrease in ionization potential. Furthermore, electron affinity doesn't change by substitution.

Electronic structures of Si13H20 and its functionalized derivatives were of interest. Since the pointed group of the molecule is C1, there is no degeneracy in molecular orbital diagram. As it is displayed in Fig. 4, HOMO has its most weight on the top of the cage and a little on the eight members ring. LUMO situation is more critical so that the eight member ring has no association with LUMO. After -COOH substitutions HOMO and LUMO orientations to each other is similar to that of the initial cluster. The functional group has a little association with HOMO and LUMO. The condition for -OH and -NH2 derivatives is the same. In all cases, involvement of functional group in LUMO is more than that of HOMO.

The last issue explored here in is whether encapsulation of small, spherical ions in the Si13 cage yields stable endohedral complexes. There have been some reports on incorporation of charged species into silicone clusters and consequence tuning of their electronic properties [20-22]. For this purpose, geometries of X@Si13H20 (X= Li+, Be+2 and F-) were optimized with the aid of PBEPBE/6-31G/auto method and their optimized molecular structures are shown in Fig. 3. The results of DFT calculations on the three endohedral complexes are summarized in Table 3. As expected, inserting a charged spherical ion into Si13H20 cage progressively affects Si-Si bond lengths and shorten and longer them. So the cluster deviates from the supposed C3v symmetry in larger extent. As it appears from Si-X distances, the ions location in the cluster is different from each other. For F- Si13H20 the average distance of F- to Si atoms belonge to eight members ring is 2.82 A� while the distance of F- to the unique Si on top of the cluster is 3.57 A�. So the F- anion doesn't enter the cage completely. In contrast, the average distance of Li+ cation to top of the cluster is 2.84 A� and to the base eight members ring is 3.13 A� that is because of the smaller size of Li+ cation in compare with fluoride anion that enable it to enter the cage more. The behavior of Be+2 is different. Not only it enters the cage completely but also causes the upper Si atom to shift into the cluster (Fig. 3). Effective charge density on Be+2 make it capable of interacting with the upper Si and result in Si atom inversion. Also Be+2 cation is off centered with the maximum and minimum of Be-Si distance at 2.35 and 3.95 A� respectively. The Mulliken atomic charges indicate that Li+ cation donates 89% of its charge density to the cage whereas the amount of charge density transfer is 78% and 61% for Be+2 and F- ,respectively. The IP value for both cations of Be+2 and Li+ decreased drastically. The similar behavior was observed for F- after insertion into the silicone cluster. Besides inclusion of the ions into the cluster increases the amount of H-L gap, as it is mentioned in Table 3. Inclusion of all the three ions is an energetically favorable process by ~ -8228, -62641 and -4452 kcal/mol for Be+2, F- and Li+ , respectively.

The frontier orbitals of endohedrally doped clusters are shown in Fig. 5. In case of Li+ doped cluster, the cation has no participation nor in HOMO neither LUMO. In F- dopped cluster, the anion has some association in HOMO, but not in LUMO. As expected from the optimized structure of Be+2Si13H20, its plots of HOMO and LUMO is different from those of former ones. Be+2 has more association with HOMO and interestingly nothing with LUMO.

In conclusion, we have demonstrated for the first time that hydrogenated silicon cluster consisting eight and six member rings attached to each other could be energetically favored. Also substituting with polar functional groups (-OH, -COOH and -NH2) leads to more stable products. Since these are more commonly present groups in biological media, such functionalized clusters have the ability to be contributed in development of new drugs and bio-medical applications such as photo-therapy and imaging [23]. Furthermore, insertion of small ions, such as Li+, Be+2 and particularly F- into the cluster's cage is favored and represent a possible approach for tuning HOMO-LUMO gap by choosing a suitable ion. The study present here opens a new way to explore novel silicone clusters for a variety of applications including biomedical ones. We hope that the results of our study will stimulate further theoretical and experimental work toward the synthesis of these clusters.
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