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The cyclopentazol (N5H) and its anion counterpart (N5 -) have been studied extensively over the years and detected in the gas phase as well as in solution recently. In the present investigation, an attempt has been made to understand the interaction with water molecule using first principle calculations. Nature of interactions have been studied using both energy decomposition analysis and atoms in molecule (AIM) theory calculations. Further, the strength of non-covalent interactions were analysed using IGMplots.

INTRODUCTION

High energy materials have triggered substantial attention of researchers due to their potential applications. Indeed, the pentazole molecule have received enormous interest of inorganic chemists owing to its interesting structure, properties and applications in the field of high energy materials. [START_REF] Christe | N5 + : A Novel homoleptic polynitrogen ion as a high energy density material[END_REF][START_REF] Vij | Polynitrogen chemistry. synthesis, characterization, and crystal structure of surprisingly stable fluoroantimonate salts of N5 +[END_REF][START_REF] Schroer | The race for the first generation of the pentazolate anion in solution is far from over[END_REF][START_REF] Liu | Structures and stability of N7 + and N7clusters[END_REF][START_REF] Wang | Stability and the structures of Nitrogen clusters N10[END_REF] Pentazole molecule consist of five membered nitrogen ring and one hydrogen atom attached to one of these nitrogen atoms in ring structure. Further, the structure of pentazole molecule is inorganic analogous of cyclopentadienyl anion. O ̈stmark et al. have first reported the preparation of cyclo-N5 -in 2002 and in the same year pentazolate anion have been detected by Christe et al. [START_REF] Wallin | Detection of pentazolate anion (cyclo-N5 -) from laser ionization and decomposition of solid p-dimethylaminophenylpentazole[END_REF][START_REF] Vij | Experimental detection of the pentaazacyclopentadienide (pentazolate) anion, cyclo-N5[END_REF] Furthermore, the stable salt consists of pentazolate anions have been reported by Zhang and co-workers. [START_REF] Zhang | Synthesis and characterization of the pentazolate anion cyclo-N5ˉ in (N5)6(H3O)3(NH4)4Cl[END_REF] Close analysis of structural parameters clearly emphasize that the N5 -stabilized via formation of hydrogen bonding with H3O + and NH4 + ions. [START_REF] Zhang | Synthesis and characterization of the pentazolate anion cyclo-N5ˉ in (N5)6(H3O)3(NH4)4Cl[END_REF] Thermogravimetric analysis of the salt demonstrated that the initial thermal decomposition temperature is as high as 117 °C. [START_REF] Zhang | Synthesis and characterization of the pentazolate anion cyclo-N5ˉ in (N5)6(H3O)3(NH4)4Cl[END_REF] The first report published in 2016 by Haas and co-worker to put an end to the race of detection of N5 -in solution. [START_REF] Bazanov | Detection of cyclo-N5in THF solution[END_REF] In this study, they showed that the N5 -ion formation, stability, and separation method. The N5 -prepared by reduction of phenylpentazole using an alkali metal followed by thermal dissociation. [START_REF] Bazanov | Detection of cyclo-N5in THF solution[END_REF] Numerous attempts have been made to understand the structure, stability and properties of various all N-ring structured compounds. [START_REF] Glukhovtsev | Besides N2, What is the most stable molecule composed only of nitrogen atoms?[END_REF][START_REF] Gagliard | A theoretical study of ten N8 isomers[END_REF][START_REF] Gagliardi | Dissociation reaction of N8 azapentalene to 4N2: A theoretical study[END_REF][START_REF] Chung | An ab initio study of potential energy surfaces for N8 isomers[END_REF][START_REF] Kortus | First-principles DFT study of the structural, electronic and vibrational properties of azidopentazole[END_REF][START_REF] Klapotke | The interconversion of N12 to N8 and two equivalents of N2[END_REF][START_REF] Goldberg | A multi-configurational study of the one-dimensional dissociation of azidopentazole (N8) and derived N7CH isomers[END_REF][START_REF] Wu | Structure and stability of perazido substituted azacycloalkanes, Nn(N3)n[END_REF] To find high-energy nitrogen-rich pentazolide materials various pentazolides derivatives of groups 6 and 13-15 were studied theoretically. [START_REF] Straka | One Metal and Forty Nitrogens. Ab Initio predictions for possible new high-energy pentazolides[END_REF] It is interesting to note that some of these pentazolides derivatives showed higher, thermodynamic and kinetic stability (in the gas-phase) than the experimentally known phenylpentazole. [START_REF] Straka | One Metal and Forty Nitrogens. Ab Initio predictions for possible new high-energy pentazolides[END_REF] Oleynik and co-workers have theoretically developed new hydro-nitrogen crystalline compounds, pentazole (N5H) and ammonium pentazolate (NH4)(N5) using density functional theory (DFT) calculations. [START_REF] Steele | Pentazole and ammonium pentazolate: Crystalline hydronitrogens at high pressure[END_REF] The electronic band structure and density of state analysis of newly predicted crystal structure of N5H and (NH4)(N5) clearly demonstrates that band gap of these are 3.5 and 3.9 eV, respectively. [START_REF] Steele | Pentazole and ammonium pentazolate: Crystalline hydronitrogens at high pressure[END_REF] Recently, Huang et al have scrutinized proton-transfer mechanism and dynamic of crystalline (N5)6(H3O)3(NH4)4Cl using DFT based nudged elastic band (NEB) and ab inito molecular dynamic (AIMD) simulations. [START_REF] Huang | Reconciling the debate on the existence of pentazole HN5 in the pentazolate salt of (N5)6(H3O)3(NH4)4Cl[END_REF] Their report clearly showed that as the temperature increases the endothermic proton transfer becomes increasingly feasible, during the process H2O-H-N5 found to be as an intermediate species. [START_REF] Huang | Reconciling the debate on the existence of pentazole HN5 in the pentazolate salt of (N5)6(H3O)3(NH4)4Cl[END_REF] The non-covalent interaction plays decisive role in the structure, stability and properties of various systems. [START_REF] Latimer | Polarity and ionization from the standpoint of the lewis theory of valence[END_REF][START_REF] Pauling | The nature of the chemical bond[END_REF][START_REF] Jeffrey | Hydrogen bonding in biology and chemistry[END_REF][START_REF] Buckingham | Principles of molecular recognition[END_REF][START_REF] Jeffrey | An introduction to hydrogen bonding[END_REF][START_REF] Scheiner | Hydrogen bonding. a theoretical perspective[END_REF][START_REF] Desiraju | The weak hydrogen bond in structural chemistry and biology[END_REF][START_REF] Desiraju | Hydrogen bridges in crystal engineering: interactions without borders[END_REF][START_REF] Ravinder | Substitution effects of diborane on the interaction with borazine (inorganic benzene)[END_REF][START_REF] Ravinder | Stone-Wales transformation in double-walled carbon nanotubes and the role of inner tube[END_REF][START_REF] Ravinder | Role of encapsulation of Na + and Fions on the Diels-Alder reactivity of C32[END_REF][START_REF] Ravinder | Fullerene based endohedral metallocenes[END_REF] Further a step ahead, the hydrogen bonding (H-bonding) interactions considered to be the key element of many physical, chemical, and biological phenomena of utmost scientific interest. For nearly a century, H-bonding has been the subject of contemporary research interest. [START_REF] Latimer | Polarity and ionization from the standpoint of the lewis theory of valence[END_REF][START_REF] Pauling | The nature of the chemical bond[END_REF][START_REF] Jeffrey | Hydrogen bonding in biology and chemistry[END_REF][START_REF] Buckingham | Principles of molecular recognition[END_REF][START_REF] Jeffrey | An introduction to hydrogen bonding[END_REF][START_REF] Scheiner | Hydrogen bonding. a theoretical perspective[END_REF][START_REF] Desiraju | The weak hydrogen bond in structural chemistry and biology[END_REF][START_REF] Desiraju | Hydrogen bridges in crystal engineering: interactions without borders[END_REF] It is believed to play a crucial role in the hydration of various systems and their solvent-mediated interactions in aqueous solutions. [START_REF] Savelyev | Molecular renormalization group coarse-graining of electrolyte solutions: application to aqueous NaCl and KCl[END_REF][START_REF] Mirzoev | Effective solvent mediated potentials of Na + and Clions in aqueous solution: temperature dependence[END_REF] Interaction of various molecules with most commonly available non-toxic solvents is of fundamental interest. Further, H-bonding interactions play vital role in the stabilization of pentazole salts and the interaction pattern with water governs the reactivity of these materials. [START_REF] Zhang | Synthesis and characterization of the pentazolate anion cyclo-N5ˉ in (N5)6(H3O)3(NH4)4Cl[END_REF] An attempt has also been made by Oziminski to understand the proton transfer kinetics in azole in the presence of water. Author considered 1,2,3-triazole, 1,2,4-triazole, tetrazole and pentazole in the presence of different water molecules. [START_REF] Oziminski | The kinetics of water-assisted tautomeric 1,2-proton transfer in azoles: a computational approach[END_REF] It has pointed out with help of computational calculation that the addition of "helper" water molecule lowers the proton transfer energy barrier. [START_REF] Oziminski | The kinetics of water-assisted tautomeric 1,2-proton transfer in azoles: a computational approach[END_REF] Although a great deal of information is available on H-bonding, identification of new types of H-bonds in solid state, supramolecular chemistry and biology has triggered intense research on the nature of H-bonding. [START_REF] Latimer | Polarity and ionization from the standpoint of the lewis theory of valence[END_REF][START_REF] Pauling | The nature of the chemical bond[END_REF][START_REF] Jeffrey | Hydrogen bonding in biology and chemistry[END_REF][START_REF] Buckingham | Principles of molecular recognition[END_REF][START_REF] Jeffrey | An introduction to hydrogen bonding[END_REF][START_REF] Scheiner | Hydrogen bonding. a theoretical perspective[END_REF][START_REF] Desiraju | The weak hydrogen bond in structural chemistry and biology[END_REF][START_REF] Desiraju | Hydrogen bridges in crystal engineering: interactions without borders[END_REF][START_REF] Ravinder | Substitution effects of diborane on the interaction with borazine (inorganic benzene)[END_REF][START_REF] Ravinder | Stone-Wales transformation in double-walled carbon nanotubes and the role of inner tube[END_REF][START_REF] Ravinder | Role of encapsulation of Na + and Fions on the Diels-Alder reactivity of C32[END_REF][START_REF] Ravinder | Fullerene based endohedral metallocenes[END_REF][START_REF] Savelyev | Molecular renormalization group coarse-graining of electrolyte solutions: application to aqueous NaCl and KCl[END_REF][START_REF] Mirzoev | Effective solvent mediated potentials of Na + and Clions in aqueous solution: temperature dependence[END_REF] As it is known that the water molecules play vital role in the structure and stability of these high-energy materials. [START_REF] Zhang | Synthesis and characterization of the pentazolate anion cyclo-N5ˉ in (N5)6(H3O)3(NH4)4Cl[END_REF] Hitherto, no attempt has been made to unravel the nature of interaction of N5H with most commonly available nontoxic solvent (water). Therefore, in this investigation a systematic attempt have been made to understand the interaction of N5H with H2O. The nature of interaction and properties of N5H in the presence of solvation have been summarized.

METHODOLOGY

The geometries of various N5H…H2O clusters were optimized using the second order Møller-Plesset perturbation theory (MP2=FC) employing 6-31+G* basis set. The stationary points found to be local minima on the corresponding potential energy surfaces by using criterion of no imaginary IR stretching frequency. In order to assess the complete basis set limit, the geometries of small clusters (n=1-3) were re-optimized using MP2/Aug-cc-pVDZ level of theory. Single point calculations were performed using MP2 method employing Augcc-pVDZ and Aug-cc-pVDZ basis sets. Detailed calculation methodology using complete basis set limit is given in electronic supplementary information.

The stabilization energy of the clusters was calculated using following equation.

(

)

∑ - - = monomer cluster complex E E SE / (1)
where, cluster complex E / and ∑ monomer E are the energy of complex and the energy of monomeric units, respectively. The energies of the monomers were calculated from the respective monomer geometries in the complexes, or in other words, the energy that results from complexation was taken into account. The calculated SEs were corrected for basis set superposition error using the counterpoise method suggested by Boys and Bernardi. [START_REF] Boys | The calculation of small molecular interactions by the differences of separate total energies. Some procedures with reduced errors[END_REF] Combined fragment wave function energy decomposition analysis was carried out to unveil the nature of interaction between N5H and H2O molecules. [START_REF] Lu | Multiwfn: A multifunctional wavefunction analyser[END_REF] According to this method, complex wave functions were generated utilizing all the monomer wave functions. The wave function of each fragments (monomer) was generated using 6-31+G* basis set.

The resulting BSSE uncorrected stabilization energies of these complexes were decomposed as follow:

(

)

orbital exchange tic electrosta E E E IE ∆ + ∆ + ∆ = (2) tic electrosta E ∆ , exchange E ∆
, and orbital E ∆ are the electrostatic, exchange, and orbital contributions in the IE. Further, algebraic sum of electrostatic and exchange interactions resulted as steric contribution.

exchange tic electrosta steric E E E ∆ + ∆ = ∆ (3)
The geometries of monomers in the optimized complexes were utilized to calculate the fragment energies. The orbital interaction energies of various complexes were calculated using first and last step of SCF energies obtained from the combined wave function calculations.

To probe the role of dispersion interactions involved in the interaction energy of these complexes, the single point calculations were performed using both B3LYP and B3LYP-D3 methods employing 6-311+G** basis set. [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF][START_REF] Lee | Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density[END_REF][START_REF] Grimme | Effect of the damping function in dispersion corrected density functional theory[END_REF] The dispersion energy was calculated using following equation. Further, to gain insight into the nature of non-covalent interactions atoms in molecule (AIM) theory calculations were performed. [START_REF] Lu | Multiwfn: A multifunctional wavefunction analyser[END_REF] The optimized (acceptable) wave functions were generated using MP2/6-31+G* level of theory. Both, electron density and Laplacian of the electron densities were calculated. All these calculations were carried out using Gaussian 09 and multiwfn program packages. [START_REF] Lu | Multiwfn: A multifunctional wavefunction analyser[END_REF]41 

RESULTS AND DISCUSSION

Geometry

Optimization of geometries of various lower clusters (n=1-3) were also carried out Furthermore, it can be seen from the optimized geometries of the complexes that as the number of water molecule increases the N-H bond displaces significantly out of the molecular plane. Moreover, it can also be observed from the optimized geometries of N5H…(H2O)7 and N5H…(H2O)8 that the slightly distorted bowl structures with N5-unit as base of bowl. Calculated depth of bowl structures for N5H…(H2O)7 and N5H…(H2O)8 are ~2.85 and ~3.15 Å, respectively. Thus, the geometrical parameters clearly demonstrate that the N5 -planar structure can be more preferred over the N5H structure in the presence of solvent.

Stabilization energy

Calculated BSSE corrected H-bond stabilization energies of various complexes using different level of calculations are given in Table 1. b Values in parenthesis are obtained from MP2/CBS limit (details are given in Figure S1).

The SE value obtained using MP2/CBS limit significantly differs when compared with the same value calculated using smaller basis set. It is interesting to observe that the trend in SE values remain unaltered upon change in basis set. Therefore, in this investigation the results obtained from MP2/6-31+G* level of theory are highlighted.

It can be noted from the table, that the SE value increases as the number of water molecules increase. Furthermore, it is also interesting to note that the ΔSE value for N5H…(H2O)5 to N5H…(H2O)6 is significantly large. Typically, calculated ΔSE value for N5H…(H2O)5 to N5H…(H2O)6 is 79.99 kcal. The anomalous increment in SE value from N5H…(H2O)5 to N5H…(H2O)6 complex formations is attributed to the proton transfer from N5H to water cluster in the case of N5H…(H2O)6 complex. Thus, it is worth to mention that the proton transfer process during the solvation of N5H plays key role in stabilization of the resulting complex. It is also interesting to observe from the same table that the ΔSE values for N5H…(H2O)6 to N5H…(H2O)7 and N5H…(H2O)6 to N5H…(H2O)8 are significantly smaller when compared with the same values for N5H…(H2O)5 to N5H…(H2O)6. Thus, evidences clearly advocate that minimum six water molecules per N5H is required to transfer the proton.

Energy decomposition analysis (EDA) Orbital and Steric Energies

To probe the nature of interactions involved in this investigation, the energy decomposition analysis was carried out. Calculated interaction energies (IE) along with its components (i.e. orbital energy and steric energy) is displayed in Table 2.

Table 2. Calculated IE along with its components (orbital and steric contributions). All the energies are in kcal/mol a The interaction energies of the complexes were calculated using

Complex/Cluster

∑ - = monomer cluster complex E E IE /
It is interesting to note that the steric interaction component has negative value for N5H…(H2O)1 to N5H…(H2O)5 complexes (low hydration complexes). In principle, the steric component is sum of repulsive exchange and attractive electrostatic components. Thus, it is noteworthy to understand that the electrostatic component is predominating factor in these complexes when compared to that of exchange contribution. It can also be noted that the orbital interaction for these complexes is attractive. Therefore, the interaction of H-bonded complexes resulted from N5H…(H2O)n (n=1-5) are driven by electrostatic as well as orbital interactions and the leading electrostatic interactions are of dipole-dipole-type. Furthermore, scrutiny of N5H…(H2O)n (n=6-8) demonstrates that the orbital interaction energy component value is higher when compared to the corresponding SEs. Thus, the stability of these complexes are governed by the orbital interactions. In addition, the steric interaction of these complexes mainly governed by the repulsive exchange. Thus, charge-dipole interactions are dominant in the larger clusters. It may be attributed due to the crowding effect of the water molecules in the vicinity of N5H which influences the dipole significantly.

Dispersion energy

To gain insight into the role of dispersion interaction in the stabilization of the noncovalent complexes, in this investigation the dispersion contribution to the total SE has been calculated. Calculated SEs using B3LYP and B3LYP-D3 level of calculations along with Edisp (Dispersion contribution to the total SE) are tabulated in Table 3. 3 that the dispersion interaction (EDips) contribution to the total SE increases as the number of water molecules increases in the complex. Close analysis of the energy decomposition analysis (EDA) result clearly emphasizes that the EDisp contributes ~10% of total SE for the low hydration (i.e. N5H…(H2O)1 to N5H…(H2O)5) complexes. Whereas, the same contribution is very low for the complexes with large number of H2O molecules. Therefore, it is interesting to mention that the EDisp play significant role in the stabilization of N5H…H2O complexes without proton transfer. It can also be seen from the dispersion component of various complexes that the Edisp follows odd-even effect. The change in the value of dispersion contribution to the total SE for odd number to consequent higher even number of water molecule is large when compared with even number to odd number.

Independent Gradient Model Plots (IGMPlots)

Calculated AIM molecular graphs of various complexes along with electron density (ρ(r)) and its laplacian (▽ 2 ρ(r)) at BCP1 and BCP2 are given in electronic supplementary information. Calculated IGMplots of various complexes are shown in Figure 3. Furthermore, it can also be noted from the IGMPlots of N5H…(H2O)6, N5H…(H2O)7, and N5H…(H2O)8 that the eigen cationic structure formation due to the complete donation of proton. Evidences clearly indicate that the H-bond strength of OH…N in same complex with different N atom is dissimilar. Thus it is worth to mention that all the N-atoms of N5H (N5 -) are interact differently with the H2O molecule depending on location.

CONCLUSIONS

Salient findings of the study are: (i) The N5H predominantly acts as hydrogen bond donor in the presence of water solvent, (ii) water solvation stabilizes the N5H, and minimum six

  energies calculated using B3LYP-D3 and B3PW91 level of theories, respectively.
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 112 Figure 1. Geometries of all other stable point structures (less stable when compared with the structures given in text) on PES are given in electronic supplementary information.

Figure 3 .

 3 Figure 3. Calculated IGMPlots of various non-covalent complexes (iso value = 0.02 a.u).The iso-surface between two atoms indicates the non-covalent interaction and size of the surface indicates the strength of H-bond interaction. Indeed, IGMPlot indicates the non-covalent interactions pictorially. The size of iso surface (same iso-values) present between the atoms which are involving in non-covalent interaction indicates the strength of non-covalent interaction. Thus it is possible to classify the strength non-covalent interactions using IGMPlots. It can be seen from the figure that calculated IGMPlots clearly emphasizes that N-H…O bond is the strongest non-covalent bond formed among all these systems (i.e. N5H…(H2O)1 to N5H…(H2O)5). It is possible to say that the electronegativity difference of these atoms are large and the lone-pair electron of O atom shared with the proton. The weakest interaction involved in these compound stabilization is OH…N. It may be attributed due to the lone-pair electron of N atom involvement in the delocalization. The OH…O bond strength is intermediate between above two.

  

Table 1 .

 1 Both basis set superposition error (BSSE) corrected and uncorrected H-bond strength of various N5H and water complexes using MP2/6-31+G* level of calculation.

	Complex/Cluster	SE (kcal/mol)		Complex/Cluster				a SE (kcal/mol)
	N5H…(H2O)1	9.66 (10.92) b																						
	N5H…(H2O)2	17.08 (20.44) b																						
	N5H…(H2O)3	21.09 (24.76) b																						
	N5H…(H2O)4	28.03																						
	N5H…(H2O)5	33.79																						
	N5H…(H2O)6	113.78		N5 -…H3O + …(H2O)5						195.75
	N5H…(H2O)7	122.60		N5 -… H3O + …(H2O)6					199.60
	N5H…(H2O)8	133.69		N5 -… H3O + …(H2O)7					205.91
	a Values are calculated using SE=	-	(	Complex E	/	Cluster	-	(	E	N	5 -	+	E	H	3	O	+	+	(	n	-	) 1	E	H	2	O	))
	here, n indicates the number of water molecules in cluster.														

Table 3 .

 3 Calculated SE along with dispersion contribution.

	Complex/Cluster SEB3LYP SEB3LYP-D3 EDisp
	N5H…(H2O)1	9.52	10.58	-1.05
	N5H…(H2O)2	16.98	19.50	-2.52
	N5H…(H2O)3	21.07	23.78	-2.71
	N5H…(H2O)4	28.38	32.52	-4.14
	N5H…(H2O)5	35.12	39.17	-4.05
	N5H…(H2O)6	115.74	121.24	-5.50
	N5H…(H2O)7	122.67	129.99	-7.32
	N5H…(H2O)8	133.51	141.01	-7.50
	All the energies are in kcal/mol		

Comparative analysis of SE values using different level of calculations reveal that the trend attained for SEs is akin to that of MP2 calculation. It can be noted from Table
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water molecules required to transfer the proton from N5H to solution spontaneously and pseudo Zundel cationic structure formation can be found, (iii) the electrostatic contribution plays vital role in the stabilization of low hydration complexes along with orbital interactions, whereas, the high solvation driven by exchange interaction as well as orbital interactions. (iv)

The dispersion contribution linearly vary with number of water molecules and odd-even effect can be seen, (iv) AIM calculation clearly indicates the conversion of non-covalent interaction to covalent bond, and (v) IGMPlot calculation reveals that H-bond strength among these complexes vary as: N-H…O > H-O…H > O-H…N.
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