Viability of half-sandwich complex of heavier group-14 elements (Si-Pb) with neutral Be3 ring and its potential application as H2 storage material
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Abstract

Quantum chemical calculations were carried out to establish the half-sandwich structural behaviour between heavier group-14 elements (Si-Pb) and neutral Be3 ring. The proposed complexes are found to be global minima on the potential energy surface. Quantum chemical investigation revealed that the complexes found possess high bond dissociation energy and also favorable thermodynamics of their formation. The complexes were also found to possess significant aromatic behaviour. In addition, the half-sandwich complexes were found to possess promising chemical properties to be useful for potential H2 storage material under reversible conditions.
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Introduction

The discovery of ferrocene1-4 opened a new domain in chemistry as numerous sandwich type complexes were proposed and synthesized thereafter along with their bonding analyses.5-22 The origin of half-sandwich complex took place almost parallel to the discovery of ferrocene when Fischer and Hafner carried out the synthesis of tetracarbonyl (cyclopentadienyl) vanadium complex, C5H5V(CO)4.23 Since then, a number of half-sandwich complexes have been predicted and characterized so far.24-34 Although the library of such complexes containing transition metals is rich, but half-sandwich complexes of main group elements are limited in the literature. Recently our group predicted the half-sandwich behavior of neutral Be3 ring with some transition metals (Fe, Ru, Os, Zn, Cd and Hg).35 The motive was to incorporate a transition metal two electron donor to neutral Be3 ring  to make the overall system aromatic. Upon complexation with the transition metals, it was found that aromaticity was induced in ring. Now will similar interaction happen with main group elements? To check this, we have chosen heavier group-14 elements (Si-Pb) for this study (scheme-1). The reason for choosing heavier group-14 elements is the presence of documented evidence of them participating in sandwich type complex formation. In 2018, Tholen et al. stabilized Ge (II) by incorporating it into borole dianion which resulted in the formation of a half sandwich complex.36 Again, Guha et al. carried out high level ab initio calculations to predict a number of half-sandwich complexes between borole dianion and group-14 elements.37 Further in 2020, Heitkemper and his group published the synthesis and characterization of the first neutral η5 -borole complex of Si(II).38 The specificity of this complex is the nucleophilic reactivity which can be applied as a Si-centered donor ligand towards transition metals.38 All of these studied complexes contain group-14 element in their +2 oxidation state as the anionic counterpart made the overall complex neutral.

Moreover, sandwich type complex of Be3 has shown remarkable H2 adsorption ability.39 Based upon this evidence, we also evaluated this property in the studied half-sandwich complexes and found that these complexes can adsorb H2 molecule under reversible condition.
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Scheme 1. Half-sandwich complex formation between neutral Be3 ring and group-14 elements (Si-Pb)

Computational details

 To explore the potential energy surface (PES) for finding the minima of the studied systems, we used ABCluster code40 coupled with M06-2X/TZVP level.41a Low energy isomers were then fully optimized using M06-2X/def2-TZVP level of theory as this functional has been reported to produce better result in predicting the general trends in the conformer relative energies and identifying the global minimum conformer.41b Moreover, this functional is prescribed as one of the best for main group thermochemistry.41a Harmonic frequency calculations were performed at the same level of theory to characterize the nature of stationary states. The global minima structures have all real values of frequencies. To obtain the reliable energies, single point calculations were performed at CCSD(T)/def2-TZVP level of theory42 on the M06-2X optimized geometries. For H2 adsorption study, we re-optimized the half-sandwich and their H2 adsorbed complexes at ωB97XD/def2-TZVP level of theory as this level is reported to produce better results in H2 adsorption study by main group molecular system.43-45 All the calculations were performed using GAUSSIAN16 suite of program.46 Bonding analyses were performed using natural bond orbital (NBO) program,47 quantum theory of atoms in molecules (QTAIM)48 and electron localization function (ELF).49 QTAIM and ELF analyses were performed using Multiwfn program code.50 Nucleus independent chemical shift (NICS) calculations were performed at M06-2X/def2-TZVP level of theory.51
Results and Discussion

The molecular electrostatic potential (MESP) analysis reveals the presence of a positive electrostatic potential zone at the centre of the neutral Be3 molecule (Figure 1). This positive potential zone may attract the electron density of group-14 elements thereby facilitating half-sandwich formation.
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Figure 1. MESP analysis of neutral Be3 ring.
Figure 2 shows the relative energies of three low lying isomers at CCSD(T)/def2-TZVP//M06-2X/def2-TZVP level. All these molecules are closed shell singlet with C3v symmetry. Interestingly most of the isomers were found to get converged to the global minima structures of the complexes. The singlet-triplet gap was found to be 27.0, 25.6, 22.7 and 21.5 kcal/mol for the complexes Be3-Si, Be3-Ge, Be3-Sn and Be3-Pb, respectively.
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Figure 2. Relative energies (kcal/mol) of the low lying isomers calculated at CCSD(T)/def2-TZVP//M06-2X/def2-TZVP level of theory. T1 diagonistic values are given in parenthesis.
Figure 3 shows the global minimum geometries of the molecules at M06-2X/def2-TZVP level. The Be-Be distance in free Be3 molecule is 1.99 Å which almost remains same after complexation in case of Be3-Si and Be3-Ge complex (Figure 1). However, Be-Be distance increases by 0.01 Å in Be3-Sn and Be3-Pb system. The Wiberg bond indices for Y-Be (Y=Si, Ge, Sn, Pb) bonds are found to be close to 1. The natural bonding orbital analyses (NBO) revealed the occupancy of each Y-Be bond to be 1.6e. The hybridization at Y centre is found to be sp2.1. All the complexes are found to have large HOMO-LUMO gap which indicates their stability via principle of maximum hardness (PMH) (Table 1).52 Again, the stability of a complex can be defined based upon their real valued frequencies where the lowest vibrational frequency should be reasonably large. Table 1 listed the lowest vibrational frequencies and HOMO-LUMO gap of the proposed half-sandwich complexes and it is evident that reasonable lowest vibrational frequencies and significant HOMO-LUMO gap of the complexes have attributed to their high stability.
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Figure 3. Optimized geometries of the molecules at M06-2X/def2-TZVP. Bond lengths are in Å. Wiberg bond indices are given in parenthesis.
Table 1. Lowest vibrational frequency (cm-1) and HOMO-LUMO gap (eV) of the proposed complexes.
	Complex
	Lowest vibrational frequency (cm-1)
	HOMO-LUMO gap (eV)

	Be3-Si
	449.0
	4.15

	Be3-Ge
	373.3
	4.06

	Be3-Sn
	356.2
	3.91

	Be3-Pb
	324.2
	3.89



To further investigate the nature of bonding, we performed charge decomposition analysis (CDA) on Be3-Si complex as the representative case. Figure 4 shows HOMO of the studied systems along with the interaction diagram of Be3-Si. The σ symmetric HOMO-2 and π symmetric LUMO (lowest unoccupied molecular orbital) of neutral Be3 ring fragment have been found to interact with the p and s orbital of Si. Extended CDA analysis revealed the transfer of net charge from Y to Be3 fragment. This indicates the Y-Be interaction in the complexes to be of polar covalent in nature.
[image: image5.png]HOMO

=

HOMO-1

HOMO of Bes-Y
(Y = Si, Ge, Sn, Pb) Si

Be3-Si




Figure 4. HOMO of Be3-Y (Y = Si, Ge, Sn, Pb) and interaction diagram of Be3-Si complex.

To investigate the mode of binding of Be3 fragment with Y, we carried out hepticity analysis. From scheme 2, it can be understood that there are three possible binding sites at Be3 above the plane. η1 represents binding of Y to one Be only whereas η2 represents coordinating to two Be. In order to have a symmetrical half-sandwich type complex, we must have η3 coordination mode. For this purpose, we calculated the energy changes while displacing Y from the centre to a distance r (scheme 2). The single point calculations were carried out at CCSD(T)/def2-TZVP theory level. Calculations revealed that η3 mode is the preferred coordination mode of Be3 towards Y (Fig 5). 
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Scheme 2. Possible coordination sites at Be3. ‘η’ represents hepticity, ‘r’ represents displacements parallel to Be3 plane.
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Figure 5. Hepticity curve at CCSD(T)/def2-TZVP level to understand the mode of coordination between Be3 and Y.

We then investigated the aromatic character of the proposed half-sandwich complexes by doing nucleus independent chemical shift (NICS) calculations. As Be3 ring is found to be anti-aromatic in nature with in plane NICS value of 20 ppm, it is expected that after complexation with Y, we should observe induced aromatic behavior. Now NICS can be divided into two parts, NICS(0) and NICS(1) or precisely saying NICSzz. NICS(0) investigates the in plane aromaticity of the molecule while NICS(1) calculates the aromaticity above or below the plane. Upon calculations, we found that both σ and π aromaticity have induced in the complexes (Figure 6). While we go from Be3-Si to Be3-Pb, the amount of sigma aromaticity decreases, in Be3-Sn and Be3-Pb only π aromaticity dominates. In rest of the complexes, both σ and π aromatic character are present but π aromaticity plays the dominant role. The presence of aromaticity is expected to increase the stability of the complexes.
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Figure 6. NICS calculations of Be3-Y.

To quantify the stability of the complexes, we calculated the bond dissociation energies (BDE). Bond dissociation of the studied complexes can take place in two ways which is shown by the following two reactions (equation 1 and 2). However, as per calculations, reaction represented by the equation 2 requires less energy for fragmentation which indicates that dissociation of the complex through two neutral fragments is the most favourable path.
Be3Y (S = 0) → Be32- (S = 0) + Y2+ (S = 0) (equation 1)

Be3Y (S = 0) → Be3 (S = 0) + Y (S = 1) (equation 2)

(Y = Si, Ge, Sn, Pb)
It should be noted that the ground state of Y is triplet. Thus, the BDE values using equation 2 are singlet-triplet promotional energy corrected. Table 2 contains the BDE values along with force constant calculated at M06-2X/def2-TZVP level of theory. It is evident from Table 2 that all these complexes have high bond strength. Among them, BDE value for Be3-Si is the highest and for Be3-Pb is the lowest which is also supported by their force constant data. 
Table 2: Bond dissociation energies (BDE, kcal/mol) of the proposed half-sandwich complexes and force constant, k (mDyne/Å) at M06-2X/def2-TZVP level
	Complex
	BDE
	k

	Be3-Si
	115.75
	1.66

	Be3-Ge
	100.52
	0.95

	Be3-Sn
	79.49
	0.82

	Be3-Pb
	72.54
	0.66


Further, to check their thermodynamic feasibility of formation, we have calculated the change in Gibbs free energy of the following reaction in gas phase at 298K at M06-2X/def2-TZVP level of theory. The calculated values of the ∆G are significantly negative suggesting their thermodynamic feasibility of formation (Figure 7).
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Figure 7. Change in Gibbs free energy (ΔG298) of the studied reactions.
The topology of electron density was evaluated in the realm of quantum theory of atoms in molecules (QTAIM)48 and electron localization function (ELF)49. QTAIM is based on topological properties of electron density and its derivatives. It describes the bonding process with the help of bond paths and critical points. The electron density (ρ) exhibits a maximum, a minimum, or a saddle point in space. These points are referred to as critical points (CPs). At this point, the first derivatives of ρ(rc) vanishes, i.e., ∇ρ(rc) = 0, where 
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and rc is the CP. The Laplacian (∇2ρ) plays a major role in the characterization of chemical bonding. For covalent interactions (also referred to as ‘‘open-shell” or ‘‘sharing” interactions), the electron density at the bond critical point (BCP), ρb, is large (>0.2 a.u) while its laplacian, ∇2ρ is large and negative. On the other hand, for closed-shell interactions (e.g., ionic, van der Waals, or hydrogen bonds), ρb is small (<0.10 au) and ∇2ρ is positive. But a clear distinction between the closed-shell and covalent type of interaction cannot be done unless determining the local electronic energy density, given by H(r) = G(r) + V(r), where G(r) and V(r) are the local kinetic and potential energy densities. According to Cremer and Kraka,53 positive laplacian, ∇2ρ(r) > 0, and negative local electronic energy density, H(r) < 0 are associated with polar covalent bonds. Table 3 contains the numerical data at Y-Be bond critical point. The Y-Be bonds are characterized by positive values of laplacian, ∇2ρ and negative values of local electronic energy density, H(r). This suggests polar covalent nature of these bonds.48
Table 3. Electron density, ρ, at the bond critical point (bcp), laplacian of electron density, ∇2ρ, local electronic energy density, H(r) and electron localization function, ELF values. All values are in a. u.

	Molecule

	Bcp (Y-Be);
Y=Si, Ge, Sn, Pb
	ρ
	∇2ρ
	H(r)
	ELF

	Be3-Si
	Si-Be bcp
	0.072
	0.058
	-0.039
	0.41

	Be3-Ge
	Ge-Be bcp
	0.063
	0.045
	-0.030
	0.32

	Be3-Sn
	Sn-Be bcp
	0.051
	0.034
	-0.024
	0.27

	Be3-Pb
	Pb-Be bcp
	0.038
	0.021
	-0.017
	0.17


H2-adsorption studies

Reversible adsorption of molecular hydrogen is very vital and challenging task. H2 molecule does not have a dipole moment but it has quadruple moment which helps in their adsorption on surfaces with positive potential via ion-quadrupole and ion-induced dipole interactions. It is evident from Fig 8 that there is formation of three positive potential zones close to the beryllium atoms in the half-sandwich complexes with a high value of Vmax. We therefore investigated the possibility of H2 adsorption on these half-sandwich complexes. The optimized geometries of the H2 adsorbed complexes are shown in Fig 9.
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Figure 8. MESP analysis of half-sandwich complexes.
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Figure 9. Optimized geometries of H2 adsorbed half-sandwich complexes. Bond lengths are in Å.

All the half-sandwich complexes are found to successively adsorb three H2 molecules. The H-H bond distance in the adsorbed complexes ranges from 0.74-0.77 Å. It is evident from Table 4 that the average adsorption energy, Ead values for all the complexes are in the range of 0.10-0.50 eV. This range falls in the scale of 0.10-0.80 eV which indicates intermediate process between physisorption and chemisorption. Therefore, all the studied half-sandwich complexes are feasible for reversible hydrogen storage and release under ambient conditions. However, the gravimetric density reaches more than that of the target of 5.5 wt% proposed by US DOE in case of Be3Si and Be3Ge system only (Table 4). The average adsorption energy (Ead) of the half-sandwich complexes is summarized in Table 4 which is calculated as per the following equation.
Ead = [E(Be3Y) + nE(H2) - E(Be​3Y-nH2)]/n
Table 4. H-H bond distance in the adsorbed complexes, average adsorption energy, Ead, HOMO-LUMO gap and gravimetric density of the H2 adsorbed half-sandwich complexes. 
	System

	RH-H (Å)
	Ead(eV)
	HOMO-LUMO gap (eV)
	Gravimetric Density (wt%)

	
	
	
	
	

	Be3Si-H2
	0.74
	0.17
	6.04
	9.8

	Be3Si-(H2)2
	0.74
	0.18
	6.07
	

	Be3Si-(H2)3
	0.74
	0.08
	6.14
	

	Be3Ge-H2
	0.74
	0.20
	5.79
	5.6

	Be3Ge-(H2)2
	0.77
	0.22
	5.67
	

	Be3Ge-(H2)3
	0.76
	0.20
	5.68
	

	Be3Sn-H2
	0.77
	0.29
	5.71
	3.9

	Be3Sn-(H2)2
	0.77
	0.29
	5.64
	

	Be3Sn-(H2)3
	0.76
	0.24
	5.68
	

	Be3Pb-H2
	0.77
	0.48
	5.72
	2.8

	Be3Pb-(H2)2
	0.77
	0.29
	5.66
	

	Be3Pb-(H2)3
	0.76
	0.20
	5.76
	


Reversibility Analysis


To check the reversibility of H2 adsorption, we have performed Born-Oppenheimer molecular dynamics (BOMD) at ωB97XD/Def2-TZVP for H2 adsorbed Be3-Si molecules (as a representative case) for 500 fs at 100 and 300 K. The simulations were performed from the equilibrium geometry as the starting point. It is evident from Fig 10 that at 100 K, desorption of H2 starts at 350 fs while it starts at 100 fs at 300 K. This signifies the reversibility of the studied system.
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Figure 10. Snapshots of BOMD simulation at different time and temperature for H2 adsorbed Be3-Si molecule.
Conclusion
In summary, high level quantum chemical calculations were carried out to investigate the half-sandwich complex formation between neutral Be3 ring and heavier group-14 elements (Si-Pb). The complexes are found to be global minima in the potential energy surface. High BDE values attributed to their high stability which is also backed by large HOMO-LUMO gap. The calculated ΔG298 values are found to be significantly negative for all the geometries which favor their thermodynamic feasibility. The aromatic nature, based upon NICS calculations revealed the presence of both σ and π aromatic character in the proposed complexes. However, σ aromaticity gradually drops from Be3-Si to Be3-Pb. The QTAIM analyses revealed the Y-Be bond (Y = Si, Ge, Sn, Pb) to be polar covalent in nature which is characterized by positive laplacian (∇2ρ) and negative energy density values H(r). Further, the H2 storage ability of the complexes was analyzed. Among them, gravimetric density reaches more than the target level by US DOE in case of Be3Si and Be3Ge system. However, the average adsorption energy Ead for all the complexes ranges between physisorption and chemisorption process, thereby suggesting their reversible H2 storage property. We feel that our in-silico study will provide impetus to the experimentalists working in this area. 
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