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Introduction

Recently, metal-organic complexes have gained more interest due to their potential applications in several fields such as material [1] and medicinal chemistry [2], not only because of their great interesting structural diversity, but also due to their extensive exploitable properties such as in gas or liquid adsorption, ion exchange, catalysis, separation, magnetism, sensing [3-8], radioimmunotherapy and magnetic resonance imaging [9,10]. Among these complexes, the Zn complexes have interesting physical properties especially their photoluminescence allowing them to be used as sensors, biological imaging probes and electrochemical devices [11][12][13][14][15][16][17].

Furthermore, the external electronic configuration d 10 of Zn (II) gives a stabilization energy of the zero crystal field which allows this cation to adopt various geometries, in particular the tetrahedron, the octahedron and the dodecahedron [18]. As part of our continued involvement in the investigation of metal complexes, we report here the synthesis and characterization of a new Zn(II) complex with the 4-amino-6-methoxypyrimidine ligand. We chose a pyrimidine derivative as an organic ligand because the resulting complexes show interesting structural, chemical, and physical properties significant for photoluminescence, magnetism, ferroelectricity, conductivity, and non-linear optics [9][10][11][12]. The Hirshfeld surface analysis was performed to completely characterize the intermolecular interactions and explain the crystalline architecture. Moreover, the vibrational characteristics and NMR properties were also studied and DFT calculations were used for the interpretation of the results.

Materials and methods

Chemical preparation

A solution of ZnCl2 (54.52 mg, 0.4 mmol, Sigma-Aldrich) in water (10 mL) was added drop wise to a solution of 2-amino-4,6-dimethoxypyrimidine (62.1 mg, 0.4 mmol, Sigma-Aldrich) in ethanol (10 mL). After stirring for 45 min, the mixture was filtered and the resultant solution was allowed to evaporate at room temperature. Transparent prismatic single crystals of the title compound, which remained stable under normal conditions of temperature and humidity, were isolated after several days and subjected to X-ray diffraction analysis (yield 68%). Anal. Calc.

for [Zn2Cl4(C6H9N3O2)2]: C, 24.71 %; H, 3.08 %; N, 14.41 %. Found: C, 24.92 %; H, 3.51 %; N, 14.78 %.

Investigation techniques

X-ray data collection and structure solution

A colorless prism, measuring 0.13 x 0.12 x 0.09 mm 3 was mounted on a loop with oil. Data were collected at 21 o C on a Nonius Kappa CCD FR590 single crystal X-ray diffractometer using the Mo-radiation. Crystal-to-detector distance was 30 mm and exposure time was 90 seconds per degree for all sets. The scan width was 1.5 o . Data collection was 99.5% complete to 25 o in . 9529 merged reflections were collected covering the indices, -10h10, -22k25, -19l19. 5366 reflections were symmetry independent and the Rint = 0.0437 factor indicated that the diffraction data were of good quality. Indexing and unit cell refinement indicated the monoclinic lattice. The space group was found to be P21/n (N°. 14). The data were integrated and scaled using hkl-SCALEPACK [START_REF] Otwinowsky | Methods in Enzymology[END_REF]. This program applies a multiplicative correction factor (S) to the observed intensities (I) and has the following form: Solution by direct methods (SHELXS, SIR97 [24]) produced a complete heavy atom phasing model consistent with the proposed structure. The structure was completed by difference Fourier synthesis with SHELXL97 [START_REF] Sheldrick | SHELXL-97[END_REF][START_REF] Mackay | [END_REF]. Scattering factors were from Waasmair and Kirfel [START_REF] Waasmaier | [END_REF]. Hydrogen atoms were placed in geometrically idealized positions and constrained to ride on their parent atoms with C---H distances in the range 0.95-1.00 Å. Isotropic thermal parameters Uiso were fixed such that they were 1.2Ueq of their parent atom for CH and NH2 groups and 1.5Ueq of their parent atom for methyl groups. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares. The drawings were made with Diamond [START_REF] Brandenburg | Diamond Version 2.0 Impact GbR[END_REF].

Crystal data and experimental parameters used for the intensity data collection are summarized in Table 1. 

Infrared spectroscopy

The Fourier Transform Infrared (FTIR) spectrum of a powder sample was obtained using a Nicolet 5700 spectrophotometer with potassium bromide (KBr) pellets (2 mg of sample in 200 mg of KBr). The number of scans was 32. The scanning range was 4000-400 cm -1 and the resolution 2 cm -1 .

DFT calculations

DFT calculations were performed with the Gaussian 09 Revision A-02 software [START_REF] Frisch | Gaussian 09, Revision B.01[END_REF]. The B3LYP functional was used with the 6-31+G* base set for all atoms, including zinc. Two studies were made, one on a species containing one ZnCl2 group and the two organic ligands and one where the effect of the two surrounding ZnCl2 groups was included, the coordination of Zn being completed by a NH3 group. The positions of all non-hydrogen atoms were those determined by the X-ray diffraction study. The positions of hydrogens were optimized at the B3LYP/6-31+G* level, starting from the positions of the X-ray diffraction study. The spectroscopic parameters (NMR and infrared spectra) were then calculated on this semioptimized geometry.

Results and discussion

Structure description

The main geometrical features of zinc(II) coordination polymer of formula [Zn2Cl4(C6H9N3O2)2]n are reported in Tables 2 and3 2). These values are similar to those reported for other tetrahedral Zn(II) complexes such as 2-[(2-aminoethyl)amino]ethanaminium dichlorozincate [START_REF] Nbili | [END_REF] and 4-(3,5diphenyl-1H-pyrazol-1-yl)-6-(piperidin-1-yl)pyrimidine dichlorozincate complexes [31]. The geometry of four-coordinated metal complex my conveniently be measured by the Yang 4parameter [32], 4 = [360 -(β + α)]/141 with β and α being the two largest angles, that is zero for a perfect square planar geometry and one for a perfect tetrahedral geometry. 3) to form layers parallel to the (a, c) plane which cross the unit cell at y = ½ (Figs. 3 and4).

These layers are; in turn, connected to each other via C6-H

•••Cl2, C8-H•••Cl3 and C11- H•••Cl3
hydrogen bonds to form a three-dimensional supramolecular network (Fig. 4).

Moreover, the cohesion of the structure of this compound is reinforced by strong hydrogen bonds of type N-H…Cl whose N...Cl distances vary between 3.184 (3) and 3.268 (3) Å.

Table 3. Hydrogen-bond geometry (Å, º) in the title complex. ). This can be attributed to the donor mesomeric effect of the methoxy group [33][34][35]. Furthermore, the C-N bond distances of the NH2 groups ([C4-N3]= 1.327 (4)

D-H•••A D-H H•••A D•••A D-H•••A C2-H2•••Cl2 i 0.
Å and [C10-N6]= 1.336 (4) Å) are short for C-N single bonds, but still not quite as contracted as one would expect for a fully established C=N double bond. These bond length features are consistent with an imino resonance form as it is commonly found for a C-N single bond involving sp 2 hybridized C and N atoms [36,37]. 

Hirshfeld contacts analysis

Analysis of intermolecular interactions using the Hirshfeld surface represents a tool to gain insight into the crystal packing. The Hirshfeld surface was computed with the MoProViewer software [38]. The fingerprint plots (Fig. 5) were obtained from software CrystalExplorer3.1 [39]. The contact enrichment ratio Exy between chemical species X and Y is obtained by comparing the actual contacts Cxy in the crystal with those computed as if all types of contacts had the same probability to form. The chemical nature of contacts and their enrichment in the crystal structure are shown in Table 4. To obtain an integral Hirshfeld surface around each moiety (Zn(II), chloride anion and organic ligands), a set of entities not in contact with each other were selected in the crystal packing (Fig. 6).

The major contact is constituted by the weak C-H…Cl -; it is moderately enriched (Exy=1.54) as

Hc and Cl -are the most abundant atoms on the Hirshfeld surface (Cxy=21.4%). The strong hydrogen bond Cl -…H-N is the second most abundant contact and is quite over-represented at Exy=2.33. The zinc cation is interacting with Cl -, N and O atoms and all these contacts are enriched, the Zn(II)…Cl -ionic bridge being the most abundant and the Zn(II)…N the most enriched at E=3.7. The Cl -anions are mostly interacting with the zinc cations and hydrogen atoms. The zinc cation is not coordinated by the methoxy oxygen atoms but there are four long distance attractive electrostatic interactions (in the 2.76-2.84 Å range) between these weakly polar oxygen atoms and the Zn(II) atom.

The self-contacts between charged species (Zn(II), N -, O -and Hn + ) are all strongly avoided with Exx values equal or close to zero, as they represent electrostatic repulsion. The contact proportions Cxy of the two independent but identical organic ligands are very similar as they are 94.3% correlated.

40% of the surface is occupied by the hydrophobic Hc and C atoms and the C…C contacts are the most enriched at Exy = 2.8. There is no parallel aromatic stacking occurring, rather the two cycles form contacts with the angle between the two planes being 78.6°. Slightly enriched C-H… weak hydrogen bonds occur with the methyl groups. Globally the contacts between hydrophobic atoms are slightly enriched at Exy = 1.17, those between polar atoms are normally represented (Exy=0.99) while polar…hydrophobic interactions are only slightly impoverished (E=0.88) due to the presence of CH3…Cl -weak hydrogen bonds.

The electrostatic complementarity of molecules in a crystal packing can be mapped on the Hirshfeld surfaces [40]. The electrostatic potential (ESP) values on the Hirshfeld surface around the two independent organic ligands are shown in Fig. 7. The ESP was computed using software MoPro [41] using a multipolar atom model transferred from the ELMAM2 electron density database [42]. Electroneutrality constraint was applied after transfer to the asymmetric unit by adjusting the charge of Zn cation to +1.2e, while the transferred charge of Cl -was -0.56e. 

NMR results

The 13 C CP-MAS NMR spectrum of the coordination polymer [Zn2Cl4(C6H9N3O2)2]n is shown in Fig. 8. It exhibits in the resonance domain of the methoxy groups, between 57.9 and 60.6 ppm, three sharp resonances with one of the peaks, at 57.9 ppm, having about double the integrated intensity of the other two and corresponding to the four crystallographically independent methoxy carbon atoms, . The spectrum can thus be interpreted as featuring four resonances in this region, with two of them in close proximity with substantial overlap. This is in agreement with two organic molecules being present in the asymmetric unit cell as revealed by X-ray structure determination. The peak at 78.6 ppm corresponds to the C5 carbon atom since it is located between two carbon atoms of the pyrimidine ring, so it is the most shielded (see below for the calculation of the NMR chemical shifts). The carbon atoms C4 and C6, which are linked to oxygen, have practically the same chemical environment and therefore they are the less shielded and resonate at 172.8 ppm.

The 15 N CP-MAS NMR spectrum of the title compound, presented in Fig. 9, exhibits two well-resolved peaks. The first one at -287.5 ppm is assigned to aliphatic nitrogen atoms of the NH2 groups, while the second one, at -211.7 ppm, corresponds to the aromatic nitrogen atoms.

Theoretical calculations were undertaken in order to assign the NMR resonances to the different crystallographic non-equivalent carbon and nitrogen atoms of the unit cell. All calculations were carried out with Gaussian 09, the B3LYP method and the 6-31+G * base for all atoms. In a first study, the calculations were made on a system containing only one zinc complex with its two surrounding organic ligands but as one nitrogen of the organic molecule is also linked to another metallic atom, these calculations cannot allow a good determination of the chemical displacements in NMR and therefore another calculations were carried out by adding two ZnCl2 groups and completing the coordination around these two zinc atoms with an NH3 group. In both cases the positions of the protons were optimized before doing these calculations. The atoms are labeled as depicted below:

The results are listed in Table 5. Clearly, there is a very good agreement between the experimental and theoretical values calculated after optimization of the position of the protons, allowing unambiguously the attribution of the different NMR signals. 

Quantum mechanical study

DFT calculations were made (by use of the B3LYP/6-31+G* method for all atoms) on the geometry obtained after optimization of the protons. The energies of the frontier orbitals in the two calculation models are listed in Table 6. It follows from these calculations that the HOMO is localized essentially on the chlorine atoms, whatever the chosen model, while the LUMO is localized on the organic groups (Figs. 10a and10b). The difference in HOMO / LUMO energy is 5.46 eV in the case of the complex alone and 4.34 eV if the ZnCl2NH3 groups are added, values proving the stability of this compound. The energy distribution of the different orbitals for both cases (Fig. 11) shows a great analogy between the two distributions. 

Molecular Electrostatic Potential analysis (MEP)

The Molecular Electrostatic Potential (MEP) surface is depicted on Fig. 12. The MEP is used to determine the nuclear and electronic charge distribution of a given molecule. The maps were obtained at the B3LYP/6-31+G * level of theory. As it can be seen, the electrostatic potential maps are color-coded and are subdivided into many regions where those various colors are used to identify different potentials. Blue and red colors indicate the positive and negative potentials, respectively. In both cases, the most negative zones are on the aromatic ring, while the most positive ones are located at the protons bonded to the nitrogen atom.

IR spectroscopy

FT-IR spectroscopy was used to verify the functional groups present in the crystal, and to investigate their vibrational behavior in the solid state. The IR spectrum of [Zn2Cl4(C6H9N3O2)2]n is shown in Fig. 13a. The assignments of the observed bands are based on comparisons with data previously reported for similar materials [43][44][45]. The bands in the high-wavenumber region, between 3500 and 3200 cm -1 , correspond to the stretching vibrations of the N-H and O-H groups interconnected by a system of hydrogen bonds in the crystal [44]. The weak band at 2942 cm -1 corresponds to the C-H stretching modes. The bands at 1667 and 1607 cm -1 are assigned to the stretching vibrations of C=C and C=N groups and to the N-H bending vibration modes [46,47].

The bands of medium intensities observed at 1470 and 1385 cm -1 are associated to the C-H asymmetric and symmetric bending vibrations, respectively. The characteristic absorption peak at 1223 cm -1 can be associated to Ar-O-C stretching vibration. The observed bands in the 1200 -1000 cm -1 region correspond to the valence vibrations of C-C and C-N groups [48,49]. The bands in the range 1000-600 cm -1 can be attributed to the out of plane bending modes of C-H, N-H, C-C and C-N groups [50]. DFT calculations of the frequencies were made by use of the B3LYP/6-31+G* method on the geometry obtained after optimization of the protons. The resulting IR spectrum between 4000 and 400 cm -1 is shown on Fig. 13-b and is very similar to the experimental one. A close agreement between the experimental and theoretical wave numbers (R 2 = 0.9932) is mostly achieved in the finger print region as shown in Fig. 14. Thus, the precision is well-sufficient to assign the experimental frequencies and to confirm the attributions proposed above. 

S

  is calculated from the scale factor and the B factor which are determined for each frame and is then applied to I to give the corrected intensity (Icorr).

  . The zinc polymeric complex crystallizes in the monoclinic space group P21/n. The asymmetric unit of the title compound consists of two Zn(II) cations, two neutral bidentate 2-amino-4,6-dimethoxypyrimidine ligands and four chloride ions Cl -(Fig.1). The asymmetric unit is in fact a [Zn2Cl4(C6H9N3O2)2] unit which leads to a 1-D chain with molecular formula [Zn2Cl4(C6H9N3O2)2]n running along the b-axis direction (Fig.2). The coordination geometry around each Zn(II) atom can be described as a distorted tetrahedral ZnCl2N2 moiety. Each Zn(II) center is tetracoordinated by two nitrogen from the pyrimidine ring of the organic ligand and two chloride anions (N1, N4, Cl1 and Cl2 for Zn(1); N2, N5, Cl3 and Cl4 for Zn(2)). In the atomic arrangement of this compound, the Zn-N and Zn-Cl bond lengths vary respectively in the range 2.082(3)-2.2401(9) and 2.077(3)-2.2381(10) Å and the bond angles around the Zn atom vary between 97.24(10) and 115.30(8)° for the Zn(1)Cl2N2 tetrahedron and between 107.96(9) and 112.02(4)° for the Zn(2)Cl2N2 tetrahedron (Table

  Symmetry codes: (i) -x-½, y+½, -z+½; (ii) -x-½, y-½, -z+½.The calculated 4 values of the title compound are4(Zn1) = 0.93 for the Zn(1)Cl2N2 tetrahedron (β = 115.30 (8)° and α = 113.07 (8)°) and 4(Zn2) = 0.96 for the Zn(2)Cl2N2 tetrahedron (β = 112.02 (4)° and α = 111.89 (8)°), indicating a quite small distortion from the regular tetrahedral and that the first tetrahedron is slightly more distorted than the second one. The chains [Zn2Cl4(C6H9N3O2)2]n, located at z = (2n+1)/4, are interconnected via C12-H•••Cl1 (C…Cl = 3.776 (4) Å) and C5-H•••Cl2 (C…Cl = 3.542 (3) Å) weak hydrogen bonds (Table

  The inner and outer ESP values are anticorrelated with r=-0.57 and -0.65 for the ligand #1 and #2, respectively. In both cases, the outer potential shows mostly electropositive values on the surface while the inner potential shows more balanced positive and negative values. This is due to the fact that the ligand was modeled with a global negative charge of -0.08e while the "external" ZnCl2 moiety bears a charge of +0.08e. The two ligands have in common the strong N -…Zn(II) coordination contacts with strong negative/inner and positive/outer ESP values.The strong Hn…Cl -hydrogen bonds are also shared by the two ligands with highly positive inner ESP values. The negative outer ESP around the chloride anions is attenuated by the nearby presence of Zn(II) cation. Significant Hc…Cl -weak H-bonds are also visible for both ligands in Fig.7a,b in regions of weaker inner ESP. The O…Zn contacts occur for the two ligands and involves the most negative inner ESP values. Globally, the two scatterplots show very similar trends for the two independent molecules.
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Table 1

 1 Experimental details of coordination polymer [Zn2Cl4(C6H9N3O2)2]n

	Crystal data	
	Chemical formula	C12H18Cl4N6O4Zn2
	Mr (g.mol -1 )	582.86
	Dx (Mg m -3 )	1.757
	F(000)	1168
	Crystal system, space group	Monoclinic, P21/n
	Temperature (K)	294
	a, b, c (Å)	7.5855 (3), 19.7127 (9), 14.8326 (6)
	β (°)	96.599 (2)
	V (Å 3 )	2203.23 (16)
	Z	4
	Radiation type	MoKα (λ = 0.71073 Å)
	µ (mm -1 )	2.69
	Crystal size (mm)	0.13 × 0.12 × 0.09
	Data collection	
	Diffractometer	KappaCCD
	No. of measured, independent and	9529, 5366, 3165
	observed [I > 2σ(I)] reflections	
	Rint	0.047
	sinθmax /λ (Å -1 )	0.667
	Refinement	
	R[F 2 > 2σ(F 2 )], wR(F 2 ), S	0.041, 0.087, 0.96
	No. of reflections	5366
	No. of parameters	257
	H-atom treatment	H-atom parameters constrained
	Δρmax, Δρmin (e Å -3 )	0.38, -0.55

Table 2

 2 Selected bond distances and angles (Å, º) in the title complex

	N1-Zn1	2.092 (3)	N4-Zn1-N1	97.24 (10)
	N4-Zn1	2.082 (3)	N4-Zn1-Cl1	115.30 (8)
	Cl1-Zn1	2.2152 (10)	N1-Zn1-Cl1	112.74 (8)
	Cl2-Zn1	2.2401 (9)	N4-Zn1-Cl2	113.07 (8)
	N2-Zn2	2.084 (2)	N1-Zn1-Cl2	110.28 (8)
	N5-Zn2 i	2.077 (3)	Cl1-Zn1-Cl2	107.95 (4)
	Cl3-Zn2	2.2471 (10)	N5 ii -Zn2-N2	111.02 (10)
	Cl4-Zn2	2.2381 (10)	N5 ii -Zn2-Cl4	107.96 (9)
	C1-N1	1.347 (4)	N2-Zn2-Cl4	111.89 (8)
	C1-C2	1.375 (4)	N5 ii -Zn2-Cl3	109.06 (8)
	C2-C3	1.371 (4)	N2-Zn2-Cl3	104.88 (8)
	C3-N2	1.343 (4)	Cl4-Zn2-Cl3	112.02 (4)
	C4-N3	1.327 (4)	C10-N6	1.336 (4)
	C4-N2	1.344 (4)	C10-N4	1.342 (4)
	C4-N1	1.353 (4)	C10-N5	1.351 (4)
	C9-N4	1.344 (4)	C7-O3	1.330 (4)
	C1-O1	1.328 (4)	C11-O3	1.442 (4)
	C5-O1	1.430 (4)	C9-O4	1.324 (4)
	C3-O2	1.339 (4)	C12-O4	1.449 (4)
	C6-O2	1.443 (4)		

Table 4 .

 4 Analysis of contacts on the Hirshfeld surface. Reciprocal contacts X…Y and Y…X are merged. The second line shows the chemical content on the surface. The % of contact types between chemical species is given followed by their enrichment ratio. The major contacts as well as the major enriched ones are highlighted in bold characters. The hydrophobic hydrogen atoms bound to carbon (Hc) were distinguished from the more polar one bound to nitrogen

	(Hn).							
	atom	Zn	Cl	N	O	Hn	Hc	C
	%	11.0	28.3	7.7	5.6	8.1	26.1	13.2
	Zn	0.0						
	Cl	13.7	2.1		%	surface		
	N	8.1	0.3	0.0				
	O	3.5	1.4	1.6	0.0			
	Hn	1.7	10.2	0.0	0.1	0.2		
	Hc	2.7	21.4	3.6	1.1	2.2	5.1	
	C	0.9	6.8	0.4	1.9	0.8	6.6	3.5
	Zn	0						
	Cl	1.55	0.25			enrichment		
	N	3.7	0.08	0				
	O	2.3	0.49	2.41	0			
	Hn	0.72	2.3	0.03	0.12	0.35		
	Hc	0.36	1.54	1.08	0.48	0.59	0.9	
	C	0.23	0.96	0.21	1.66	0.41	1.14	2.4

Table 5 .

 5 Comparison of calculated and experimental chemical shift values (ppm) of carbonand nitrogen atoms in the title complex.

	Atoms	Complex		Complex + 2 ZnCl2(NH3)	Experiment
	C1	53.5	55.2	52.6	54.7	57.9
	C2	54.1	54.0	54.9	55.0	
						59.6 and 60.5
	C3	154.2	154.5	152.0	152.7	159.6

Table 6 .

 6 Energy values of frontier orbitals (eV) in the title complex.

	Energy (eV) Zn complex	Zn complex +
	Orbitals	alone	2 ZnCl2NH3 groups
	HOMO-5		-7.13
	HOMO-4		-7.10
	HOMO-3		-6.90
	HOMO-2		-6.86
	HOMO-1		-6.66
	HOMO	-6.53	-6.65
	LUMO	-1.07	-2.31
	LUMO+1		-2.23
	LUMO+2		-1.50

Conclusions

A new Zn(II) polymeric complex with the 2-amino-4,6-dimethoxypyrimidine, [Zn2Cl4(C6H9N3O2)2]n, has been prepared at room temperature. In the title compound, the organic entity behaves as a neutral bidentate ligand and Zn(II) adopts a tetrahedral coordination.

The contacts enrichment ratios derived from the Hirshfeld surface analysis shows that besides formation of the Zn(II) metal coordination complex with N ligands and chloride anions, the crystal packing is mainly stabilized by N/C-H…O and N/C-H…Cl -hydrogen bonds. The MEP map defines the nucleophile and the electrophile sites. The band gap energy between HOMO and LUMO indicates that the title compound is kinetically stable. NMR signals are in full agreement with the crystallographic data. DFT calculations allow the attribution of the experimental NMR lines and of IR bands at low frequencies. As a solution study has not been done, we cannot know if this complex is stable in solution.

Supplementary data

Crystallographic data for the structural analysis have been deposited at the Cambridge Crystallographic Data Centre, CCDC No 1983914. 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.