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Synthesis, X-ray single crystal structure, likelihood of occurrence of intermolecular contacts, spectroscopic investigation and DFT quantum chemical calculations of zwitterionic complex: 1-Ethylpiperaziniumtrichlorozincate (II)

Introduction

Polymeric and extended metal (II) halide complexes have recently received a great attention for their particular properties related to their ability to optimize both the inorganic and organic components. These materials have recently attracted further interest due to their potentially interesting catalytic, thermal, magnetic and electrical properties. The polymeric halometallates with Zn(II) metal ion, which have been reported to exhibit a wide range of attractive properties, such as optical, photoluminescent, catalytic, and electrical properties [1][2][3][4][5][6][7][8][9][10], belong to this class of compounds. The Zn(II) metal is recognized to be essential for life, being present in several naturally occurring metalloenzymes. Then, the metal complexes should be investigated as potential cytotoxic agents. In fact, we are now interested in the synthesis, the Hirshfeld surface analysis and the physicochemical characterization of the 1ethylpiperaziniumtrichlorozincate (II) zwitterionic complex in the course of an ongoing program of research regarding the metal complexes of 1-ethylpiperazine. The synthesized complex, 1-ethylpiperaziniumtrichlorozincate (II), is isostructural to trichloro(1ethylpiperazin-1-ium)cobalt(II), for which only the structural study has been described [11].

Experimental procedure

Chemical preparation

A solution of 1-ethylpiperazine(11.4 mg, 0.1 mmol) dissolved in 15 mL of absolute ethanol and ZnCl2 (0.137 g, 1 mmol) dissolved in water, were mixed with an aqueous HCl solution (2 M, 20 mL). The resulting solution was evaporated slowly at room temperature over a period of several days, leading to the formation of transparent colorless prismatic crystals with suitable dimensions for single crystal structural analysis. The crystals were isolated after several days and subjected to X-ray diffraction analysis. They are stable for months under normal conditions of temperature and humidity (yield 73%).Anal. Calc.: C, 25.09 %; H, 5.22 %; N, 9.75%. Found: C, 25.14 %; H, 5.18 %; N, 9.81%.

Computational details

The theoretical calculations were performed using GaussView molecular visualization program [START_REF] Dennington | GaussView, Version[END_REF] and Gaussian 09W program package [START_REF] Frisch | Gaussian 09,Revision B.01 Gaussian[END_REF]. he molecular structure of our compound was fully optimized using the DFT approach. The B3LYP method with 6-31+G(d,p) basis set was used for all atoms except for the metal LanL2DZ is used. The NMR chemical shifts and infrared spectrum were calculated with the Gaussian 09 software. All calculations were made at the B3LYP/6-311++G** level. The positions of the atoms were those determined by the X-ray diffraction study except for the hydrogen atoms which were first optimized at the same level of theory. Indeed the positions determined by X-ray do not correspond to the location of the proton but to that of the barycenter of charges. The chemical shifts were then calculated by use of the GIAO method. The infrared spectrum was also calculated and the absence of imaginary frequencies was checked. The same calculations were also performed after a full optimization of the complex.

X-ray single crystal structural analysis

A single crystal was carefully selected under polarizing microscope in order to perform its structural analysis by X-ray diffraction. Diffraction data were collected on a Gemini diffractometer with graphite-monochromatized MoKα radiation (λ=0.71073Å) and equipped with an Atlas CCD detector. Intensities were collected at 100 K by means of the CrysAlisPro software [START_REF] Crysalispro | AgilentTechnologies[END_REF]. Reflection indexing, unit-cell parameters refinement, Lorentz-polarization correction, peak integration and background determination were carried out with the CrysAlisPro software [START_REF] Crysalispro | AgilentTechnologies[END_REF]. An analytical absorption correction was applied using the modelled faces of the crystal [START_REF] Clark | [END_REF]. The structure was solved by direct methods with the SIR97 suite of programs [16] and refinements were performed on F 2 by full-matrix least-squares methods with all non-hydrogen atoms anisotropic. The H atoms were all located in a difference map, but those attached to carbon atoms were repositioned geometrically. The H atoms were initially refined with soft restraints on the bond lengths and angles to regularize their geometry (C-H in the range 0.93-0.98, N-H in the range 0.86-0.89, N-H to 0.86,O-H = 0.82Å) and Uiso(H) (in the range 1.2-1.5 times Ueq of the parent atom), after which the positions were refined with riding constraints. The structure was refined by CRYSTALS [17]. The crystal data are gathered in Table 1. The drawings were made with Diamond [18] and Mercury [19].

NMR and IR measurements

The NMR spectra were recorded on a solid-state high-resolution Bruker DSX-300 spectrometer operating at 75.49 MHz for 13 C and 30.30 MHz for 15 N with a classical 4 mm probehead allowing spinning rates up to 10 kHz. 13 C and 15 N NMR chemical shifts are given relative to tetramethylsilane and neat nitromethane, respectively (precision 0.5 ppm). The spectra were recorded by use of cross polarization (CP) from protons (contact time 2ms) and magic angle spinning (MAS). Before recording the spectrum it was checked that there was a sufficient delay between the scans allowing a full relaxation of the protons. The IR spectra were recorded in the range 4000-400 cm -1 with a ''Perkin-Elmer FTIR'' spectrophotometer1000 using samples dispersed in spectroscopically pure KBr pressed into a pellet.

Results and discussion

X-ray diffraction study

The asymmetric unit of the title compound contains one protonated 1ethyl)piperazinium cation coordinating a zinc atom, that is further terminally bound by three chlorine atomsas shown in Fig. 1. This compound is a so called "zwitterion" where the 1ethyl)piperazine ligand has one positive charge that is derived from the protonated nitrogen atom while the negative charge is found in the vicinity of the three chlorine atoms. The Zn atom has a slightly distorted tetrahedral geometry, coordinating with a nitrogen atom from one 1ethyl)piperazinium ligand and three terminal chlorine atoms. This complex is isostructural to trichloro(1-ethylpiperazin-1-ium)cobalt(II) [11]. In particular they are zwitterionic species with the 1-ethylpiperazinium ring protonated at the N2 nitrogen atom, the piperazine ring is in the characteristic chair conformation and both complexes present a very uncommon and distorted tetrahedral amino trichloro metal(II), NMCl3 group, where N is a nitrogen atom of the aliphatic amine.

In the ZnCl3N tetrahedron, the Zn-Cl bond lengths range from 2.2306(13) to 2.2532(11) Å with an average value of 2.2425 Å (Table 2), which are normal and comparable with the counterparts found in the literature [20]. The bond angles of Cl-Zn-Cl and N-Zn-Cl range from 102.91 (11) to 114.67 (5), which are close to those in a regular tetrahedron, and agree with those found for other similar compounds [21]. In the crystal, the ZnCl3N tetrahedra interact with each other through two N-H…Cl hydrogen bonds. An 𝑅 (8) homosynthon [22] is formed through these hydrogen-bonding interactions giving rise to dimers located at (0, 0, 0) and (0, ½ , ½ ) (Fig. 2). The organic groups are inserted between these dimers through N-H…Cl and C-H…Cl hydrogen bonds to form layers parallel to the (b, a+c) plane (Figs. 3 and4, Table 3).

These layers are interconnected via C-H…Cl hydrogen bonds to build a three-dimensional network (Fig. 3).

The conformation of the piperazine six-membered ring can be described in terms of Cremer & Pople puckering coordinates [23], i.e. evaluating the parameters Q (total puckering amplitude), q2, q3,  and φ. Their calculated value for the C1-C2-N2-C3-C4-N1 ring are Q = 0.5687 Å, q2 = 0.0170 Å, q3 = -0.568 Å, θ = 178.29° and φ = 134.41° corresponding to the most stable chair conformation.

Hirshfeld surface and enrichment ratios of contacts

Many applications in the recent past years demonstrated that Hirshfeld surface analysis can be very valuable in the exploration of the packing modes and intermolecular contacts. Then, molecule crystal packings are often dominated by the hydrogen bonding patterns. Visualization and exploration of intermolecular close contacts of a structure is invaluable, and this can be achieved using the Hirshfeld surface. A large range of properties can be visualized on the Hirshfeld surface with program CrystalExplorer [24] including the distance of atoms external, de, and internal, di, to the surface. The intermolecular distance information on the surface can be condensed into a two-dimensional histogram of de and di, which is a unique identifier for molecules in a crystal structure, called a fingerprint plot.

Contact distances are normalized in CrystalExplorer using the van der Waals radius of the appropriate internal and external atom of the surface:

dnorm= (di -ri vdw )/ ri vdw + (de -re vdw )/ re vdw (1)
Analysis of intermolecular interactions using the Hirshfeld surface-based tools represents a major advance in enabling supramolecular chemists and crystal engineers to gain insight into crystal packing behavior. The percentage CXY of actual contacts on the Hirshfeld surface between two chemical elements X, Y in a crystal packing is information retrieved by the program CrystalExplorer.

The Hirshfeld surface in the complex C6H15N2ZnCl3 is representative of the region in space where molecules come into contact. Therefore, its analysis gives the possibility of obtaining quantitative insights into the nature of intermolecular interactions in the crystalline state. The Hirshfeld surface was computed for the complex C6H15N2ZnCl3 with

CrystalExplorer. The visualization of the Hirshfeld three-dimensional dnorm surface [24] of the title compound is shown in Fig. 5. The intensive red hot spots on the surface colored according to dnorm correspond to four interactions involving the chlorine atom, which correspond to the C6-H6C…Cl2 i , N2-H2N…Cl1 ii , C2-H2A…Cl2 iii and N1-H1N…Cl3 iv hydrogen bonds (Table 3, Fig. 6).

The definition of contacts enrichment ratios was previously described [25,26]. Hence, the ratio of random contacts RXY between two chemical elements X and Y is introduced. The RXY values are defined as if all contact types X•••Y in the crystal packing were equi-distributed between all chemical types and are obtained by probability products. Then, the enrichment ratio EXY for a pair of elements (X, Y) is defined as the ratio between the proportion of actual contacts in the crystal and the theoretical proportion of equi-distributed random contacts:

EXY =CXY/ RXY (2) 
An enrichment ratio larger than unity reveals that a pair of elements has a high propensity to form contacts in crystals, while pairs which tend to avoid contacts with each other should yield an E value lower than unity.

The nature of the contacts was analyzed on the Hirshfeld surfaces of a cation and ZnCl3 moiety, not interacting with each other in the crystal, in order to obtain two full surfaces. The lowly charge Hc and more positively charged Hn hydrogen atoms were distinguished as they have different interaction properties.

The title compound divided in the cation and ZnCl3 moieties contains 51.4% H and 32.5 % Cl on the Hirshfeld surface. Globally, the H…Cl contacts represent as much as 62.5% of the interaction surface. There are indeed two C-H…Cl and two N-H…Cl hydrogen bonds in the crystal structure (Table 3, Fig. 6, Table 4).

The Hc…Cl interactions constitute 53.4% which is more than half of the contact surface (Table 4) and are moderately enriched with E=1.6, Hc…Cl contacts can be considered as weak hydrogen bonds, they are electrostatically slightly favorable due to the small positive charge of the relatively non-polar Hc atoms. The Hn⋯Cl contacts are electrostatically very favorable due to the partial charges with opposite signs of Hn and of chloride atoms. They represent only 9.1% of all contacts but turn out to be very enriched with E=2.5.

The Hc…Hc contacts are the second most frequent interactions due to the abundance of hydrogen on the molecular surface, but these hydrophobic contacts are slightly underrepresented with an enrichment ratio of 0.77 (Table 4). The Zn…N ionic bridge is the most enriched contact (E=13), it represents a major attraction in the crystal despite its small surface (3.8 of the total). The Hc…Zn contacts which represent as much as 7.7% of the surface and are slightly enriched (E=1.1) are presumably a secondary effect due to the proximity with the N1 atom which coordinates the Zn ++ atom. The electrostatically unfavorable Cl…Cl contacts, which represent only 0.8% on the Hirshfeld surface, are extremely impoverished in the crystal (E=0.07).

Optimized geometry

The optimized geometry of the title compound which confirm the convergence to the minimum on the potential energy surface, is compared with the structural parameters obtained from the Cif file and the optimized bond lengths and bond angles obtained using the B3LYP method with LanL2DZ basis set are listed in Table 2. As seen from Fig. 7 

Mulliken population analysis

Mulliken charge transfert of atomic orbitals [27,28] obtained using B3LYP method with LanL2DZ basis set. The charge distribution of all atoms in the title compound is shown in Fig. 8 and represented by colors according to charge. For instance, the atomic charge distribution shows the three chlorine atoms have negative charges of -0.46022, -0.48556 and -0.48383 a.u respectively and the Zn atom of the ZnCl3 part bear positive charge (0.59052). The negative charge for the ZnCl3 part is transferred from the N1 of the piperazine ring which coordinate with it. As can be seen, the four carbon atoms in the piperazine ring have negative charge in the range -0.3034 to -0.38629. The C6 as figure 1 of the ethyl group bear maximum negative charge -0.6388, this is due to the attachment of negatively charged atoms C5 and N2 atoms. All hydrogen atoms carry positive charge in the range 0.2044 to 0.3519.

Thermodynamic analysis

Thermodynamic data are key in the understanding and design of chemical processes.

Thermodynamic parameters of this compound which was considered to be at room temperature (298.15 K) and at a pressure of 1 atm calculated at the same level of theory. All thermodynamic calculations were done in gas phase only. Several thermodynamic properties such as zero-point vibrational energy, thermal energy, specific heat capacity (Cp), entropy (S), enthalpy and the calculated dipole moment are listed in Table 5. The thermodynamic data may be used as a reactant to take part in a new reaction would provide practical information to determine different thermodynamic energies and estimate directions of chemical reactions to put into the second law of thermodynamics [START_REF] Mcquarrie | Molecular Thermodynamics[END_REF].

Molecular electrostatic potential(MEP

The molecular electrostatic potential (MEP) is used to predict the molecular reactive behavior towards electrophilic and nucleophilic attack and defined sites of electrophile (electron-deficient positively charged species) and the nucleophile (an electron rich, negatively charged species).

The negative regions of the MEP which represent high electron density appear in red and related to the electrophilic reactivity while the positive (blue) regions related to nucleophilic reactivity. As can be seen from Fig. 9, the red region located around the ZnCl3 part which can be considered as the electrophilic reactivity while the positive region is localized on the organic cation which will be the reactive sites for nucleophilic attack and these sites involved in intermolecular contacts [START_REF] Tokatlı | [END_REF][31][32][33]. Also, Fig. 9 shows the total density, contour of total density, alpha density, electrostatic potential, the contour of electrostatic potential and molecular electrostatic potential.

HOMO-LUMO analysis

HOMO-LUMO orbitals were calculated from the crystal data with DFT method at the B3LYP/6-31+G* level except for zinc for which the LANL2DZ pseudopotential was used. Clearly the HOMO is localized on the inorganic part of the crystal, while the LUMO is located on the N2 nitrogen atom, bonded to the ethyl group, of the organic cation.

The ionization potential is determined using the HOMO energy value which described the ability of electron giving. The electron affinity is defined by the value of the LUMO energy which represents the ability of electron accepting [34].

Thus, we have been determined the parameters such as electronegativity, the Chemical Hardness-Softness and electrophilicity index were calculated using the energy of HOMO and LUMO energy (Table 6) and are given as follows using Koopman's theorem :

where ionization potential I (eV) ≈ -E(HOMO), electron affinity A (eV) ≈ -E(LUMO) [35][36][37][START_REF] Pearson | Proc. Natl. Acad. Sci. USA[END_REF]. Since, the chemical hardness, large HOMO-LUMO energy gap indicates that the compound is ''hard'' and small HOMO-LUMO energy gap indicates that compound is 'Soft'.

The large HOMO-LUMO gap (3.493 eV) implies a good stability and a high chemical hardness for the title compound [START_REF] Xiao-Hong | [END_REF].

NMR results

The 13 C CP-MAS NMR spectrum of C6H15N2ZnCl3 is shown in Fig. 11. It exhibits six

well-resolved resonances corresponding to the six crystallographically independent carbon atoms. This is in agreement with only one organic molecule being present in the asymmetric unit cell as revealed by the X-ray structure determination.

The 15 N CP-MAS NMR spectrum of the title compound (Fig. 12) is also in good agreement with the X-ray structure. Indeed, it exhibits two well-defined resonances at -372.4

and -346.7 ppm corresponding to the two crystallographic independent nitrogen atoms, in agreement with only one organic molecule in the asymmetric part of the unit cell.

Density functional theory (DFT) calculations were undertaken in order to assign the NMR resonances to the different crystallographic non-equivalent carbon and nitrogen atoms of the unit cell. These calculations were made at the B3LYP/6-311++G** level. The different atoms were labeled as depicted below:

Three different calculations were made on the organic cation and in all cases the theoretical chemical shifts were subtracted from those of the reference (tetramethylsilane for carbon with exp = 0 ppm and glycine for nitrogen with exp = -347.2 ppm) calculated at the same level of theory:

(1) Calculation of the NMR chemical shifts (with the GIAO method) by using the positions of atoms obtained by X-ray diffraction;

(2) Optimization of the positions of the protons in the above molecule and calculation of the NMR chemical shifts in this semi-optimized geometry. Indeed X-ray diffraction leads always to underestimate X-H bond lengths (typically below 0.1 nm), due to the fact that it is sensitive to the electronic cloud and does notsee the nuclei; As a consequence the positions of protons were first optimized, the C and N atoms being located at the positions given by the X-ray study.

The resulting C-H and N-H distances correspond to what is usually obtained (typically 0.109 nm for C-H and 0.104 nm for N-H).

(3) Full optimization of all atoms and calculation of NMR chemical shifts. This calculation, compared to the above ones can give indications on the steric hindrance around the organic cation and on the positions where it is the strongest.

The results are listed on Table 7. Clearly, there is a very good agreement between the experimental and the theoretical values, particularly after optimization of all atoms, allowing unambiguously the attribution of the different NMR signals. However the optimization of all atoms leads to a modification of the configuration of the cycle to the most stable chair form.

This leads to a great difference in 15 N chemical shifts, those obtained after optimization of the protons only being separated by 28.7 ppm as observed experimentally (25.7 ppm), while the full optimization leads to a difference of 20.9 ppm.

4. IR spectroscopy

To gain more information on the crystal structure, we have undertaken a vibrational study using infrared spectroscopy. The experimental IR spectrum is shown in Fig. 13. The assignments of the observed bands are essentially based on comparisons with data previously reported for similar compounds [START_REF] Silverstein | Morill Spectrometric identification of organic compound[END_REF][START_REF] Aloui | [END_REF][42].

Heterocyclic compounds containing an N-H group exhibit N-H stretching absorption in the region from 3500 to 3200 cm -1 . In the present work, bands between 3415 and 3181cm -1 are assigned to the stretching vibrations of the N-H groups. The bands of medium intensities at 3011, 2967 and 2883 cm -1 were assigned to the C-H stretching vibrations. The band observed at 2799 cm -1 was attributed to νsym(NH + ). The bands at 1459, 1424 and 1405 cm -1 are assigned to CH3 and CH2 deformation modes. The bands of medium intensities at 1265 and 1216 cm -1

were assigned to C-N stretching. The observed bands at 1104 and 1048 cm -1 were attributed to asymmetric and symmetric C-C stretching modes. The infrared bands observed in the range 913-500 cm -1 were assigned to CCN groups deformation vibrations.

The frequencies calculation was made on the geometry obtained after optimization of the positions of the protons. The resulting IR spectrum between 500 and 4000 cm -1 is shown on Fig. 14 and is very similar to the experimental one. A close agreement between the experimental and theoretical wavenumbers is mostly achieved in the fingerprint region as shown in Fig. 15.

Thus, the precision is well-sufficient to assign the experimental frequencies and to confirm the attributions proposed above.

Conclusion

A new 1-ethylpiperaziniumtrichlorozincate (II) zwitterionic complex has been prepared at room temperature and characterized by physicochemical methods. On the structural level, it can be described as built up by layers of ZnCl3N entities, which are deployed along the b-axis to form layers. The organic entities are inserted between these layers through N-H…Cl and C- 

  , the chair conformation of the piperazine ring is changed to boat conformation therefore some variations in the bond lengths and angles are observed. Also, others bond angles are very close to the corresponding reported values obtained by XRD such as N2-C3-C2, C1-C4-N2, C3-C2-N1, C4-N2-C5, C4-N2-C3 and C5-N2-C3. In general, all the calculated parameters are in good agreement with the experimental data for the title compound and the actual change in the bond lengths of C-C and C-N would be influenced by the change of the piperazine conformation and can also be explained by the reason that the calculations related to the molecule was made isolate where the intermolecular interactions around this molecule with the neighboring molecules are absent.

  HOMO and LUMO energy gaps indicate the chemical stability of the compounds. The highest occupied molecular orbital (HOMO) which behaves as an electron donor and the lowest occupied molecular orbital (LUMO) which behaves as an electron acceptor of the molecule are displayed in Fig 10.
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 14 Fig. 14 Calculated IR absorption spectrum of C6H15N2ZnCl3.
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 15 Fig. 15 Comparison between experimental and calculated frequencies of C6H15N2ZnCl3.

Table 1 .

 1 Experimental details of C6H15N2ZnCl3.

	Crystal data	
	Chemical formula	C6H15Cl3N2Zn
	Mr	286.94
	Crystal system, space group	Monoclinic, P21/n
	Temperature (K)	100
	a, b, c (Å)	7.4490 (12) Å, 18.1170 (4) Å, 8.4792 (10)
	β	90.206 (14)°
	V (Å 3 )	1144.3 (2)
	Z	4
	Radiation type	Mo Kα
	µ (mm -1 )	2.80
	Crystal size (mm)	0.52 × 0.36 × 0.07
	No. of measured, independent and observed	9097, 2783, 2321
	[I > 2σ(I)] reflections	
	Rint	0.057
	Refinement	
	R[F 2 > 2σ(F 2 )], wR(F 2 ), S	0.053, 0.154, 0.98
	No. of reflections	2776
	No. of parameters	115
	Δρmax, Δρmin (e Å -3 )	1.02, -1.33

Table 2 .

 2 Selected bond distances and angles (Å, º) and calculated geometric parameters of the title compound.

	Parameters	XRD Data Theoretical data
	Bond lengths (Å)		
	Zn1-Cl1	2.2532 (11)	2.429

Table 5 .

 5 The calculated thermodynamic parameters and total static dipole moment (μ) of C6H15N2ZnCl3 determined by B3LYP/LanL2DZ.

	Thermodynamic Parameters	Values
	Thermal total energy (kcal/mol)	151.231
	Vibrational energy (kcal/mol)	149.453
	Zero point vibrational energy (kcal/mol)	141.30908
	Entropy (Cal/Mol -1 k -1 ) Total	129.642
	Heat capacity (Cal/Mol -1 k -1 )	53.777
	Rotational constants (GHz)	
	a	0.66570
	b	0.34043
	c	0.33018
	Dipole moment (Debye)	
	µx	-14.4345
	µy	-0.1058
	µz	7.0717
	µtotal	16.0740

Table 6 .

 6 The calculated HOMO, LUMO energy values, HOMO-LUMO energy gap, electrophilicity index, electronegativity, chemical hardness and softness of the title compound.

	Parameters	1-ethylpiperaziniumtrichlorozincate (II)
	HOMO (eV)	-5.716
	LUMO (eV)	-2.223
	|ΔE| (energy gap (eV))	3.493
	χ (eV)	3.9695
	η (eV)	1.7465
	ξ(eV)	0.286
	ψ (eV)	15.756/3.493 = 4.511

Table 7 .

 7 Comparison of calculated and experimental chemical shift values of the carbon and nitrogen atoms in title compound.

	Atoms	X-Rays	Optimisation of	Optimisation of	Experimental
			protons	all atoms	
	C1	-13.1	11.2	11.2	10.5
	C2	40.2	58.3	58.1	54.6
	C3	46.3	65.4	52.0	49.1
	C4	38.6	57.2	53.7	53.7
	C5	31.5	47.1	42.7	44.4
	C6	30.2	46.8	41.4	43.2
	N1	-336.9	-305.6	-315.1	-372.4
	N2	-313.2	-276.9	-294.2	-346.7

H…Cl hydrogen bonds to form infinite three-dimensional network. The contact analysis for this compound suggests that beyond the formation of the Zn ++ 

Supplementary data

Crystallographic data for the structural analysis have been deposited at the Cambridge Crystallographic Data Centre, CCDC No 1434489. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK: fax: (+44) 01223-336-033; e-mail: deposit@ccdc.cam.ac.

Table 3. Hydrogen-bond geometry (Å, °)