Hydrogen Storage Capacity of Be2(NLi)2 Cluster with Ultra-short Beryllium-Beryllium Distance

Kangkan Sarmah,a Amlan J. Kalita,a Dimpul Konwar*b and Ankur K. Guha*a
a Advanced Computational Chemistry Centre, Cotton University, Panbazar, Guwahati, Assam, INDIA-781001

e-mail: ankurkantiguha@gmail.com
b Department of Material Science and Engineering, Gachon University, Bokjung-dong, Seongnam-si, 1342, Republic of Korea

e-mail: dkonwar@gachon.ac.kr
Abstract

Quantum chemical calculations have been carried out to investigate the hydrogen storage capacity of Be2(NLi)2 cluster which contains ultra-short beryllium-beryllium distance. Calculations reveal that the cluster can take up to 6 H2 molecules reaching a maximum gravimetric density of 16.6 wt%. All the H2 binds at the Li atom with a moderate binding energy which is required for reversible storage of H2. Symmetry adapted perturbation analysis reveals significant contribution of electrostatic and induction and very minor contribution of dispersion towards the total interaction energy. The interaction between the H2 and Li centre is found to possess significant covalency. Molecular dynamics simulations reveal that the H2 molecules are strongly bound at 77K and get slowly released at elevated temperature. 
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Introduction

The use of green fuel for future is very challenging task for automobiles as well as industrials purposes. Hydrogen as a fuel satisfies this requirement very nicely as water is the only byproduct during its combustion. But the storage of hydrogen and its applicability is very challenging in energy economical field. Many questions arise such as its volumetric as well as gravimetric density, favorable enthalpies for both hydrogen adsorption and desorption, stability at different temperature etc. Rosi et al.1 experimentally suggested a microporous metal organic framework (MOFs) for H2 storage and find a good adsorption and desorption criteria. After this finding, a large number of materials such that clatherates hydride,2 carbon based nanomaterials,3 fullerene clusters,4 aluminium nitride,5 porous polymer,6 alanates,7 zeolites,8 magnesium cluster,9 have been investigated as H2 storage material. Blomqvist et al.10 studied the hydrogen adsorption in Li doped metal organic framework and showed that there is notable upgrade of hydrogen storage in Li-doped MOF-5 as compared to undoped one. Later Ghosh and coworkers11 investigated an alkali metal doped fullerenes and closo-boranes12 and diborene (B2H4Li2) and diboryne (B2H2Li2)13 systems as H2 storage materials with maximum adsorption of three H2 molecule which corresponds to a gravimetric density 24 wt%. Srinivasu et. al. have performed theoretical investigation in all metal aromatic cluster [14] ,viz Be3M2 , Mg3M2 ,Al4M2 (M= Li, Na, K). In 2012, Giri et al designed a star like C6Li6 cluster as 6-12 hydrogen storage material.15, 16 From these studies it is clear that Li can absorb molecular hydrogen more efficiently when it adsorbed or allowed to react with some chemical system. Chattaraj and coworker revealed that with the incorporation of electronegative element in Pyridine-Li+complex can give a good 1:1 ratio of the complex and hydrogen with a better gravimetric wt%.17 Recently, a unique beryllium cluster, Be2(NLi)2, has been proposed theoretically18 which contains the ultra-short Be-Be distance. Despite of this interesting feature, the cluster contains Li atom. Therefore, it will be interesting to investigate the H2 adsorption capacity of this cluster. Herein, we have undertaken a theoretical study to investigate the H2 adsorption/desorption capacity of this unique cluster. Our calculations reveal that the cluster can form up to 1:6 H2 complex with binding energy between chemisorption and physisorption. The calculated gravimetric density reaches up to 16.6%.
Computational Details

Since the present study deals with weak non-covalent interactions, all the molecules were fully optimized at MP219 and ωB97XD20 levels in combination with def2-TZVP basis set. Harmonic frequency calculations were performed at the same level of theory to understand the nature of stationary points. All these structures were found to be at their local minima with real values of the Hessian matrix. All energies are zero point and thermal corrected. Natural bond orbital (NBO)21 calculations were also performed to understand the electronic structure of the systems. All these calculations were performed using Gaussian 16 suite of program.22

Further, the topology of electron density was analyzed within the realm of quantum theory of atoms in molecules (QTAIM),23 electron localization function (ELF)24 at MP2/def2-TZVP level using Multiwfn program code.25 To decompose the binding energy into physically meaningful quantities such as electrostatic, exchange, induction and dispersion interaction, we have also performed symmetry adapted perturbation theory truncated at second order, i. e., SAPT(2)25 using aug-cc-pVTZ basis set in PSi4 suite of program.27

Finally, desorption phenomenon were investigated using Born-Oppenheimer molecular dynamics (BOMD) at 300 and 400K using ωB97XD/def2-TZVP level. BOMD calculations were also performed using Gaussian16 suite of program.

Results and Discussion

We first start with the structural and electronic description of the Be2(NLi)2 cluster. Figure 1 shows the optimized geometry of the cluster. From the values of the Wiberg bond indices and natural charges, it is clear that Li atoms are bonded to N atoms through electrostatic attraction. 2D-plot of electron localization function (Figure 1b) clearly reveals that there is hardly any localized electron between N and Li atom, thus rendering electrostatic interaction. The calculated natural charge at the Li atom is 0.94 e while it is 1.65 e in Be. Thus, considering the natural charges, Be seems to the most likely target of the H2 molecules. However, the molecular electrostatic surface potential (MESP) plot (Figure 1c) reveals that the most electropositive zone is localized at the Li atom with Vmax of 156.4 kcal/mol compared to Vmax of 38.4 kcal/mol at Be. We feel that MESP region of maximum best describes the location of the incoming H2 molecule. We therefore, started attaching H2 molecules at the Li atoms. Figure 2 shows the optimized geometries of 1:n H2 adsorbed molecules (n = 1-6).
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Figure 1. (a) MP2/def2-TZVP calculated optimized geometry of Be2(NLi)2. Bond lengths are in Å and Wiberg bond indices are given within parenthesis. Natural charge, q (e) for each atom is also shown. (b) 2D-plot of ELF in the molecular plane and (c) MESP isosurface of Be2(NLi)2 showing the positions (pink dots) and values (kcal/mol) of the Vmax.

The Li-H distances range from 2.1 to 2.3 Å and the H-H distance elongates marginally from the normal H-H distance of 0.738 Å at MP2/def2-TZVP level. However, there is decrease in H-H stretching frequency. The calculated H-H stretching frequencies at MP2/def2-TZVP and ωB97XD/def2-TZVP levels are 4543.72 and 4438.19 cm-1 respectively. The decrease in H-H stretching frequency in the 1:n complexes reflects a substantial amount of charge transfer from H-H σ bond to Li centre. Figure 3 shows the electron density shift plot of 1:1 complex as a representative case. The amount of charge transfer from H2 to Li in 1:n complexes are summarized in Table S1, supporting information.
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Figure 2. MP2/def2-TZVP calculated optimized geometries of the 1:n (n = 1-6) complexes. Bond lengths are in Å.


We then analyzed the topological feature of electron density at the H…Li bond critical points (BCPs) of the 1:n complex within the realm of quantum theory of atoms in molecules (QTAIM).23 Table 1 summarizes the results. Positive values of the Laplacian, ∇2ρ(rc) and negative values of the local electronic energy density, H(rc) along with the negative ration of G(rc) and V(rc) indicate the covalence character of Li…H interaction.28 The molecular graph of all these 1:n complexes are shown in Figure S1, supporting information.
Table 1. Electron density descriptors (au) at the BCPs of hydrogen and Li atom of Be2(NLi)2 cluster calculated at MP2/def2-TZVP level. 
	1:n
	ρ(rc)
	∇2ρ(rc)
	H(rc)
	G(rc)
	V(rc)
	-G(rc)/V(rc)

	1:1
	0.008
	0.047
	0.0027
	0.0089
	-0.0061
	1.45

	1:2
	0.008
	0.048
	0.0027
	0.0092
	-0.0065
	1.41

	1:3
	0.006
	0.04
	0.0028
	0.0081
	-0.0055
	1.47

	1:4
	0.006
	0.04
	0.0027
	0.0053
	-0.0046
	1.15

	1:5
	0.009
	0.03
	0.0067
	0.0049
	-0.0040
	1.22

	1:6
	0.006
	0.04
	0.0027
	0.0082
	-0.0053
	1.54



The calculated H-H stretching frequency (νH-H, un-scaled) values of the 1:n complexes are shown in Table 2. There is a decrease in νH-H values indicating adsorption of the H2 molecule at the Li atom of the cluster. This adsorption may lead to a loss of stability of the system due to the increase in translational energy of the H2 molecule. However, the calculated HOMO-LUMO gaps (in eV, Table 2) of the hydrogen-adsorbed systems are all greater than 6.1 eV and the gap increases substantially with the number of hydrogen molecule adsorbed, indicating stability of the hydrogenated systems.
Table 2. Calculated binding energy (BE, eV), H-H stretching frequency (cm-1), HOMO-LUMO gap (eV) and gravimetric density (GD in wt%).
	1:n Complex
	MP2
	ωB97XD
	GD (wt%)

	
	BE
	νH-Ha
	ΔH-L
	BE
	νH-Hb
	ΔH-L
	

	1:1
	-0.15
	4495.38
	6.16
	-0.19
	4210.41
	5.52
	3.2

	1:2
	-0.15
	4495.12
	6.75
	-0.18
	4208.81
	5.71
	6.3

	1:3
	-0.22
	4492.79
	6.81
	-0.19
	4232.76
	5.74
	9.1

	1:4
	-0.22
	4491.77
	6.92
	-0.16
	4244.41
	5.87
	11.8

	1:5
	-0.24
	4486.03
	6.94
	-0.24
	4258.74
	5.89
	14.2

	1:6
	-0.29
	4481.57
	6.96
	-0.31
	4271.33
	5.90
	16.6


 a νH-H in free H2 molecule at MP2/def2-TZVP level is 4543.72 cm-1. b νH-H in free H2 molecule at ωB97XD /def2-TZVP level is 4438.19 cm-1.
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Figure 3. Electron density shift plot of 1:1 complex. The red and yellow isosurfaces correspond to +0.0003 and -0.0003 au, respectively.


The calculate binding energy (BE) values of these 1:n complexes are in the range of 0.15 – 0.31 eV which are between physisorption and chemisorptions with maximum gravimetric density of 16.6% which exceeds the target set by Department of Energy (DOE, U.S.A).29 Further, the binding has been transformed to physically meaningful components such as electrostatic, exchange, induction and dispersion interaction through symmetry adapted perturbation truncated at 2nd order, i. e., SAPT(2). Figure 4 shows the energy components of SAPT(2)/ aug-cc-pVTZ level. It is evident from Figure 4 that exchange in induction plays the vital role towards the total interaction energy of the 1:1 complex. The dispersion contribution is very less which justifies the large rotational barrier (14.2 kcal/mol) of the H2 molecule around the symmetry axis.
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Figure 4. Energy components of SAPT(2) analysis of 1:1 complex.


Calculated BE values indicates that reversible binding of H2 is feasible for this cluster. We therefore, carried out BMOD simulation at 77, 300 and 400K for a time period of 2.0 ps. Figure 4 depicts the snapshots at different interval of time for the 1:6 complex. At 77K, all the H2 are adsorbed up to 2000 fs (Figure 4a). At, 300K, two H2 molecules starts desorbing and reaches a distance of ~7 Å at 1021 fs (Figure 4b). At 1920 fs, three H2 molecules completely leaves the electrostatic attraction field of the Li atoms (Figure 4b) and finally when the temperature reaches 400K, dissociation of all the adsorbed H2 molecule takes place at a 1392 fs. This BOMD simulation reveals that the cluster can strongly adsorbed the H2 molecule at low temperature (77K) which slowly releases the adsorbed H2 molecules at room or at elevated temperature, thus, fulfilling the condition of reversibility.
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Figure 4. Snapshots of BOMD simulation at different time and temperature for 1:6 complex.
Conclusion

The search for reversible H2 storage materials with high gravimetric density has continued for a long time. Herein, our computation reveals that Be2(NLi)2 neutral cluster is capable of showing reversible H2 storage capacity reaching the gravimetric density more than the target level set by US DOE. QTAIM analysis reveals that the interaction between the H and Li atoms has significant covalent contribution. The cluster can adsorb up to six H2 molecules with binding energy which lies between the preferred range of physisorption and chemisorption. Decomposition of the binding energy into physically meaningful components using SAPT(2) calculations reveal that both exchange and induction plays vital role towards the total interaction energy of the 1:1 complex. The minor contribution of dispersion is responsible for a high rotational barrier of H2 molecule along the symmetry axis. BOMD simulations reveal that all the H2 molecules are strongly adsorbed at 77K up to a time frame of 2000fs. With increase in temperature, H2 molecule starts desorbing from the cluster and at 400K, all the adsorbed H2 molecule get desorbed within a time frame of 1392 fs. Our study provides a hint towards the applicability of the cluster with ultra-short Be-Be distance towards reversible H2 storage.
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Reversible H2 storage capacity of the above cluster has been studied quantum chemically.
