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The experimental electron density of bis(tiosemicarbazide)zinc(II) dinitrate complex, [Zn(CH 5 N 3 S) 2 ](NO 3 ) 2 , was studied. The Hansen-Coppens multipole model was used to extract the electron density from high resolution X-ray diffraction data collected at 100 K. Careful strategies were designed for the electron density refinements regarding the charge transfer between the anionic and cationic parts of the complex. Particular attention was also paid to the treatment of the electron density of the zinc atom interacting with two thiosemicarbazide ligands in a tetrahedral coordination.

Nevertheless, the filled 3d valence shell of Zn was found unperturbed and only the 4s shell was engaged in the metal-ligand interaction. Topological properties of both electron density and electrostatic potential, including kinetic and potential energy densities, and atomic charges were reported in order to quantify a metal-ligand complex with particular Zn-S and Zn-N bonds and hydrogen bonding features.

Chemical activities were screened through the molecular surface on which the 3D electrostatic potential function was projected. The experimental results were confronted to those obtained from gas phase quantum calculations and a good agreement was reached between these two approaches. Finally, among other electrostatic potential critical points, the values at the maxima corresponding to the nuclear sites were used as indices of the hydrogen bonding capacity of the thiosemicarbazide ligand.

Introduction

The metal-ligand bonding features represent an interesting area of investigation in transition metal chemistry and also in bioinorganic research. Among transition metals in biology, zinc atom is the second most abundant metal, following the iron atom. It is essential for the functionalities of a number of metalloproteins, expressing both catalytic and structural role. [1][2][3] In biological systems, zinc ion forms complexes with proteins and nucleic acids. Zinc is very flexible considering the number of coordinated atoms which can vary from 4 to 7, however in the case of enzymes and zinc finger proteins, the cation is usually tetrahedrally coordinated. 1 Biological zinc is only present as the d 10 Zn(II), thus most of the common spectroscopic techniques cannot provide sufficient information about the metal-ligand bonding. 4 Thiosemicarbazide based compounds have been extensively studied in the last couple of decades. 5 The various Schiff bases of thiosemicarbazide (the thiosemicarbazones) and their corresponding complexes have attracted much attention due to their very wide biological activities. 6 Among them, complexes of Zn with different thiosemicarbazones, show evident antitumor activities. 6 In one of the most recent studies, Cowley et al have demonstrate that Zn bis(thiosemicarbazone) complexes reveal the use of their intrinsic fluorescence for illumination of cancer cells, 7 while Kovala-Demertzi et al have shown that some complexes of zinc with thiosemicarbazone derivatives derivates are similar or better than cisplatin drug for their anti-proliferative activity in vitro. 8 The thiosemicarbazide (TSC) itself, N 1 H 2 -N 2 H-C(=S)-N 3 H 2 and its metal complexes do not show any biological activities. However, recent investigations in the field of supramolecular chemistry find some of these complexes suitable building blocks or so called "synthons" for supramolecular structures. 9,10 Owing to the fact that the thiosemicarbazide is a relatively small unit, it possesses considerable hydrogen donor capacity, and therefore can be easily incorporated into hydrogen bonding systems. Using the [M(TSC) 2 ] 2+ complex cations (M = Ni and Zn) and the anions of different dicarboxylic acids, Burrows et al 9 have developed a synthetic method for generation of supramolecular arrays with the incorporated metal ions. 9,10 In the aggregation process of these ionic spaces particular importance has been devoted to the complementary hydrogen bonding formed between pair of donors (N 2 , N 3 ) of the thiosemicarbazide complex and the pair of acceptors that are the oxygen atoms of the carboxylate group. The complementary hydrogen bonding, which is assigned in the Etter's graph set notation 11 as a ) 8 ( R motif, has been considered as the basis of the process of the self-assembly.

In the synthesis of all [Zn(TSC)] 2+ polymers such as [Zn(TSC) 2 (H 2 O) 2 ](tere), 9g [Zn(TSC) 2 (H 2 O) 2 ](fum), 9d [Zn(TSC) 2 (citr)]•H 2 O 9d and {[Zn(TSC)(µ-κ 1 ,κ 2 1,2-malonate)]•H 2 O} n , 9a (tere = terephthalate, fum = fumarate, citr = citraconate), TSC has been used to provide the cationic synthon for these aggregates. Moreover, besides the donor capacity of TSC in building up hydrogen bonded polymers, the formed M-L bonds are sufficiently strong, due to the high coordination abilities of TSC ligand. Consequently, this ligand will be not replaced with, for example, the terephthalate anion, known as a rather strong ligand 12 and which in this case would only serve as a hydrogen bond acceptor (anionic synthon).

Among the different methods employed to investigate the nature of the chemical bonds and noncovalent interactions, the experimental charge density analysis 13a has proven to be very useful since it offers the information on the electronic level. [START_REF] Coppens | X-ray charge density and chemical bonding[END_REF] Due to the particular electronic configuration of the zinc atom (3d 10 4s 2 ) with filled 3d shell unaffected by the ligand field strength [START_REF] Cotton | Advanced Inorganic Chemistry[END_REF] and energetically stable the respect to the acceptor ligand, this element is particularly interesting from the aspect of the charge density analysis. However, in the case of the zinc containing compounds (including coordination and inorganic complexes) a very few publications have been reported. [START_REF] O'toole | [END_REF][16][17] To our knowledge only two of them describe the electronic properties of the zinc complex compounds. 16,17 The octahedral [Zn(C 4 O 4 )(H 2 O) 4 ] has been investigated as a part of the systematic charge density study performed to explore the bonding properties of different 3d metal ions to the squarate ligand. 16 These complexes showed consistent deformation density and topological features, however in contrast to Fe, Co and Ni ions which are nearly neutral, Zn atom was found highly positively charged (+1.97 e).

The total number of d electrons was also refined and was found equal to 8.4 e for the Zn atom. In the experimental charge density of the tetrahedral [Zn(aspirinate) 2 (H 2 O) 2 ] a 3d 10 metal bonding to a drug ligand has been investigated. The analysis revealed that in this complex only the Zn 4s orbital participates in the interaction with ligand, while the metal 3d shell remains unperturbed. In this compound, the net atomic charge of Zn atom was found equal to +1. 29 e. 17 In the present study, we present the results of the experimental charge density of [Zn(TSC) 2 ](NO 3 ) 2 complex where zinc metal is tetrahedrally coordinated to the simple bidentate ligand, thiosemicarbazide,

N 1 H 2 -N 2 H-C(=S)-N 3 H 2 ,
comprising N and S donor atoms. The crystal structure of [Zn(TSC) 2 ](NO 3 ) 2 has been derived at room temperature by Ramanenko et al 18a and Tong et al. 18b Considering the quality of the crystallographic data in both cases this structure could be classified as one of the best among the thiosemicarbazide based structures deposited deposed in CSD. 19 Such a property makes it very suitable for an experimental charge density analysis.

High resolution and accurate experiment at low temperature (100 K) has been performed. This allows to carefully analyze the electron density distribution in the [Zn(TSC) 2 ](NO 3 ) 2 complex. Through these analyses, we have gained additional insights into the nature of the M-L bond for a metal filled d orbital.

As far as we know, this is the first charge density study of any transition metal complex with thiosemicarbazide based ligand. However, the electron density of two TSC based ligands has already been studied: 1-formyl-3-thiosemicarbazone 20 and salycyladehyde thiosemicarbazone. 21 We also explore the coordination properties of the non-substituted ligand at the electronic level by ab initio calculations. It should bear in mind that N 1 S coordination mode and formation of five membered chelate ring represents the basic property of almost all TSC based transition metal complexes. 5 Due to the presence of the nitrate group as an anion, the title compound also forms extensive hydrogen bonding network. It contains above described complementary ) 8 ( R hydrogen bonding motif 11 , which is, in this case, formed with the nitrate oxygen as the acceptor pair. Thus, we were prompted to explore the complex system of the hydrogen bonding interactions present in this crystal structure. Subsequent application of the topological analysis [START_REF] Bader | Atoms-in-Molecules: A Quantum Theory[END_REF] to the determined experimental electron density was of particular significance in revealing the nature of the chemical bonds and interactions. Finally, since the title compound is used as a reactant in supramolecular synthesis we have derived the net atomic charges and electrostatic potential within this molecule in attempt to understand its further reactivity. [START_REF] Coppens | X-ray charge density and chemical bonding[END_REF] 

Experimental section

Data collection

A well formed colorless crystal sample of [Zn(TSC) 2 ](NO 3 ) 2 , with the dimensions 0.47 x 0.43 x 0.30 mm 3 was chosen for the high resolution X-ray diffraction experiment. The data were collected at 100.0(1) K on a Bruker-SMART three axis diffractometer equipped with a SMART 1000 CCD area detector using graphite monochromated Mo Kα X-ray radiation (wavelength λ = 0.71073 Å). The low temperature was reached by an evaporated liquid nitrogen flux over the crystal, provided by the Oxford Cryosystem device. The area detector surface was placed at 4.08 cm from the crystal sample. The diffraction data were collected at five different detector positions: 2θ = 0, 28, -45, 60, -85° where θ is the Bragg angle. The diffraction data were collected as ω-scans, with the scan width of -0.15°. The maximum resolution reached for this experimental data set was (sinθ/λ) max = 1.10 Å -1 . The Lorentzpolarization correction and the integration of the diffracted intensities were performed with the SAINT software package. 23 The final refined cell parameters are given in Table 1. An empirical absorption correction was applied using the SADABS computer program. 23 The SORTAV program 24 has been used for final data sorting and averaging of 55584 reflections collected giving a total of 7616 unique reflections with final R int = 1.7 %. In the conventional and multipole refinement a total of 5904 reflections were used. 
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Electron density distribution

The Hansen-Coppens multipole model has been used for the description of the molecular electron density. 25
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According to this model, the electron density of each atom is given as a sum of a core electron density (ρ core ), a spherical valence electron density (ρ valence ) and aspherical part of the atomic electron density.

The core and valence electron densities are both obtained from the Hartree-Fock wave function of the free atoms or ions. κ is a contraction-expansion coefficient which modifies the radial distribution of the valence electron density. It is refined along with the P val parameter which represents valence electron population. The atomic charge thus can be estimated as: q = P val -N val where N val is the population of the free atom. The final term which describes the aspherical part of the electron density is given as a series of density normalized spherical harmonics. The radial part for the deformation function is given as Slater type function: R n1 (r) = Nr n l exp(-ξ l r), where N is a normalization factor. In equation ( 1) the κ' is the contraction-expansion coefficient of the radial part of aspherical valence shell, while P lm are multipole population parameters. The ξ l exponents (in bohr -1 ) are chosen equal to 3.0 and 4.5 and n 1 = 2, 2, 3 up to octupoles (l = 3) for C and O atoms respectively; ξ l = 2.26 bohr -1 and n 1 = 1 (dipole level, l = 1) for the hydrogen atoms; ξ l = 4.1 bohr -1 and n 1 = 4, 4, 4, 6 up to hexadecapole (l = 4) for S. Taking into account the special position of the metal ion, the local coordinate system for the Zn atom was defined in such a way that the principal axis was parallel to the 2-fold axis (the local axis divides the interligand angle S1-Zn-S1' i.e. it is directed toward the dummy atom placed in the middle point of the S1…S1' line). Assuming that the 3d shell electron density of a transition metal like Zn (3d 10 4s 2 ) is fully described by the even orders l = 0, 2, 4 of the multipolar expansion (equation 1), one monopole (P 00 ), the quadrupoles, and hexadecapoles can be introduced for the zinc. For all refinements in this study, the P val population was always assigned to the diffuse 4s electron density of the zinc metal atom.

Refinement strategies

The crystal structure was determined on the basis of accurate low temperature data using the WinGX program packing. [START_REF] Farrugia | WINGX Program package for structure solution[END_REF] Conventional and electron density refinements were performed with the MOLLY program implementing Hansen-Coppens multipole model. 25 In the first cycles of the refinements, to obtain the best estimation of the atomic positional and thermal parameters for non-H atoms the high order (sinθ/λ > 0.8 Å -1 ) refinement strategy was first applied. Residual Fourier maps calculated with high order data revealed features of the anharmonic thermal motion for Zn, thus Gramm-Charlier expansion 27 up to sixth order was included for Zn atom during the refinement. Before the electron density refinement the positions of hydrogen atoms were extended to the corresponding neutron distances 28 . The N-H bond lengths are relaxed in the last cycle of refinement.

Two strategies have been applied during the multipole refinement. In the first case the neutrality constraint was imposed to the complex as a whole allowing for charge transfer between the ionic spaces (strategy I). This refinement started by considering a neutral zinc atom with separated 3d and 4s valence shells. In the second refinement the charges within the ions are constrained to +2 for cation and -1 for each anion, not allowing a charge transfer between the ions (strategy II). In the start of the refinement by the strategy II, the positive charge of +2 was located on Zn atom (P val = 0), while the excess of negative charge of 1 e was split between the oxygen atoms of NO 3 anion. All attempts to refine the Zn multipole parameters failed and have yielded unrealistic 3d occupations larger than 2 electrons per orbital. However with fixed P 00 (3d) it was possible to refine Zn multipole parameters and these results are presented in the second part of the Supporting Information. The second monopole P 00 (3d) refined value remained stable at 10 e and was fixed in the subsequent refinements whereas multipole parameters were set to zero. Consequently, in final strategies (I and II) the second monopole P 00 (3d) value was fixed at 10 e whereas multipole parameters were set to zero, that is, only the Zn 4s orbital interaction with the ligands has been finally considered in this study. A similar refinement method was successfully applied in the case of tetrahedral [Zn(aspirinate) 2 (H 2 O) 2 ]. 17 The main differences between the results obtained by these two strategies consist in the values of the atomic charges which are calculated after a κ-refinement. Namely, in contrast to strategy II where the charges of ions are fixed ([Zn(TSC) 2 ] +2 and 2(NO 3 ) -1 ), unconstrained strategy I led to the values of +1.92(28) e and -0.95(10) e for the cation and each of the anions respectively. The statistical least square features did not differ significantly between these two strategies thus the results presented in this work correspond to those obtained by the strategy I. The detailed results for both strategies are included in Supporting Information. The crystallographic details are presented in Table 1. 

Computational method

Theoretical calculations have been performed with DFT calculation methods using the Gaussian 03 program package. [START_REF] Frisch | Gaussian[END_REF] In the case of the title compound, [Zn(TSC) 2 ](NO 3 ) 2 and its TSC ligand (which in complex molecule displays cis-configuration) the coordinates used in calculations are those obtained from the multipole refinement. The coordinates of the analyzed Zn supramolecular complexes 9g,9d have been extracted from CSD bank (Table 2). The coordinates of the to additional forms of the TSC ligand, the trans-TSC [START_REF] Andreetti | [END_REF] and the protonated cis-TSC 31 
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Results and discussion

Crystal structure

The crystal structure of the title compound consists of [Zn(TSC) 2 ] +2 complex cations and nitrate anions. Zn atom is located in a tetrahedral environment formed by two bidentate thiosemicarbazide ligands comprising N and S donor atoms. Figure 2 depicts the ORTEP view of the crystal structure.

Inspection of the geometrical parameters does not reveal significant difference from the room temperature data. 18 Due to the small bite angle of TSC ligand (88.47(6)°), the tetrahedral coordination geometry (109.28°) of the complex is significantly deformed. The intermediary values of two N-C and C=S bond lengths (column 2 in Table 3) suggest a considerable degree of delocalization within the ligand. Consequently, the chelate ring is practically planar with the mean plane deviation of the constitute atoms of 0.014 Å. Due to the high hydrogen donating capacity of the complex cation and the presence of the NO 3 anion as an acceptor, crystal packing of [Zn(TSC) 2 ](NO 3 ) 2 exhibits a rather complex hydrogen bonding network. There are nine hydrogen bonds of the same N-H…O type involved in stabilization of the complex. It is important to mention that two of the five hydrogen atoms existing in this structure are involved in a bifurcated and one in a trifurcated hydrogen bond which additionally increasing the complexity of the pattern (Table 4).

Table 3. Interatomic distances and topological properties of the electron density for the covalent bonds. d1, d2 are the distances (Å) from the critical point to atoms 1 and 2 respectively; ρ(r cp ) is the electron density in (e•Å -3 ); ∇ 2 ρ(r cp ) is the Laplacian (in e•Å -5 ), λ 1, λ 2, λ 3 are the principle curvatures in (e•Å -5 ), is the ellipticity, G, V, H are kinetic energy density, potential energy density and total energy density respectively in (KJ•mol•bohr -3 ). As previously mentioned the complex cation provides a combination of the hydrogen bonding donors suitably oriented for the interaction with the anion hydrogen bonding acceptor pair. Thus, the complementary hydrogen bonds are formed on each side of the molecule involving hydrazine (N2-H2)

Bond Length d 1 d 2 ρ(r cp ) ∇ 2 ρ(r cp ) λ 1 λ 2 λ 3 ε G(r cp ) V(r cp ) H(r cp ) Zn1-N1 Zn1-S1 N1-N2 C1-N2 C1-N3 C1-S1 O1-N4 O2-N4
and thioamide (N3-H3a) fragments on the ligand side and O1, O2 acceptor pair of the NO 3 anion. The hydrogen bonding motif formed in this way (Figure 2) can be assigned in Etter's graph set notation as

) 8 ( R

. 11 According to geometrical parameters presented in Table 4, these complementary hydrogen bonds exhibit the shortest length and very good directionality (with quite large N-H…O angles). In these interactions donor and acceptor atoms are forming a torsion angle, N2-N3-O1-O2, of 8.2°.

However the dihedral angle formed between the mean planes of the chelate ring and the nitrate anion is 31.1°. It seems that the engagement of the third oxygen atom of the NO 3 anion in the additional relatively strong N1-H1a…O3 hydrogen bond slightly shifts the acceptor plane. This third hydrogen bond connects the neutral complex molecules into an extended ribbon as presented in Figure 3a. Due to the presence of the second row axis passing through the metal ion and changing the orientation of the donors, the ribbon takes a more twisted form. The ribbons are further mutually interconnected by two medium, N3-H3b…O1 and N1-H1b…O3 and four weaker hydrogen bonds (minor components 32 ), giving rise to more complex hydrogen bonded arrangements. Part of the crystal packing is shown on Table 4. Interatomic distances and topological properties of the electron density for the hydrogen bonds.

Properties and unites defined in Table 13. For a more quantitative characterization of the bonds, a topological analysis of the total electron density has been carried out. [START_REF] Bader | Atoms-in-Molecules: A Quantum Theory[END_REF][START_REF] Souhassou | Atomic Properties from Experimental Electron Densities: Program Newprop[END_REF] The obtained results are listed in Table 3. According to topological features, the differences between the two C-N bonds are more pronounced. The value of the electron density at the bond critical point (BCP) for the terminal C1-N3 bond is higher comparing to the C1-N2

Bond N…O (Å) H…O (Å) N-H…O (°) d1 d2 ρ(r cp ) ∇ 2 ρ(r cp ) λ 1 λ 2 λ 3 ε G(r cp ) V(r cp ) H(r cp ) N3-H3a…O2 i N2-H2…O1 i N1-H1a…O3 ii N3-H3b…O1 iii N1-H1b…O3 iv N1-H1b…O2 iv N1-H1a…O1 ii N3-H3a…O3 v N1-H1b…O2 vi
bond. The higher value of the ellipticity ε and the resulting local total energy densities [START_REF] Abramov | [END_REF] for the C1-N3

bond, indicate slightly higher covalency character for this bond which is not included in the chelate ring.

The position of the BCP clearly indicates that both C-N bonds are polarized and, in both cases, the BCP is found at equal distance from the C atoms (0.554 Å). In a recently reported charge density analysis of the uncoordinated TSC derivate 1-formyl-3-thiosemicarbazide, 20 very similar topological properties have been reported for the two corresponding C-N bonds. The values of ρ found in the BCP of this ligand are 2.31 and 2.44 e•Å -3 which is almost identical to those found in the present complex.

The values of ρ and Laplacian at the BCP of the C=S bond are as expected much less than for C=N bonds. However, the ellipticity value indicates a significant double bond character which confirms that C=S bond is involved in the conjugation process. This is in agreement with the reported C=S bond lengths which is of intermediary value. The lower value of ellipticity for N1-N2 bond indicates that this bond is more cylindrical and closer in nature to the single one. The reported topological features emphasize the conjugation effect which is particularly present in the thioureide fragment of the ligand. 

Electron deformation density and topology of hydrogen bonds

The space distribution of all the hydrogen donor groups around nitrate acceptor is illustrated in Figure 6. The topological analysis gives a reliable quantitative description of the hydrogen bonds. The bond critical points have been found for each of the nine interactions and the corresponding parameters are given in Table 4. The first two BCP's (first two lines of Table 4) correspond to the shortest and the strongest complementary hydrogen bonds. Although slightly stronger according to its geometrical parameters, the N3-H3a…O2 hydrogen bond shows lower value of the electron density comparing to the other bond from the complementary pair (N2-H2…O1). However, due to the higher value of the Laplacian the resulting kinetic energy density for N3-H3a…O2 interaction prevails in magnitude. It should be noticed that N3-H3a…O2 is bifurcated hydrogen bond since the H3a is also engaged in the weakest hydrogen bond to O3. On the contrary, the N2-H2 fragment is involved in interaction to the single O1 donor (Figure 7).

It is worth to point out some marked similarities concerning the topology of these bonds. Analyzing ). The ellipticities for N4-O1 and N4-O2 are identical (0.13) and again quite smaller than in the case of the third bond (0.17).

Considering the donors' sites, the N-H bonds lengths are similar within the standard uncertainties.

The BCP in these bonds are found at a similar distance from the H atoms (0.25 Å) and exhibit the similar amounts of the electron density (2.12 and 2.14 e•Å -3 for N2-H2 and N3-H3a respectively).

Finally BCP's of hydrogen bonds are positioned on the almost identical distances from the oxygen acceptors (1.30 Å). The main difference regarding the position of BCP's of the two complementary hydrogen bonds arises in the H…BCP distances which differ for about 0.075 Å. A comparison of the H…O-N4 angles for these two bonds, shows that, in the case of the shorter H3a…BCP distance (N3-H3a…O2 bond), this angle is 120.3° which is very close to the position of the free electron pair in sp 2 hybridized oxygen. In the second bond, the corresponding H2…O1-N4 angle is quite smaller, 112.6°.

One of the reasons could be an additional engagement of the O1 atom in the other relatively strong N3-H3b…O1 hydrogen bonds which connect the formed ribbons into the two-dimensional structures. In contrast to O1 the further engagement of O2 atom in hydrogen bonding implies much weaker N1-H1b…O2 interaction. Generally, each of the oxygen atoms is involved in three hydrogen bonds of various strengths. Considering that most of the hydrogen atoms are involved in more than one hydrogen bond there is a rather continuous dependence of the d(N…H) versus G as suggested by Espinosa and coworkers. 39

Net atomic charges

Table 5. Net atomic charges.

Net atomic charges derived from κ-model 13a and integration over the atomic basins [START_REF] Bader | Atoms-in-Molecules: A Quantum Theory[END_REF] are given in Table 5. The different partitioning methods cause the differences between the obtained values; however the general trend is roughly the same. The nitrogen atoms of the TSC ligand are all negatively charged, with the lowest value found for the terminal thioamide N3 atom. The thioamide C1 atom, which is placed between the two electronegative nitrogen and the sulfur atoms is positively charged. The hydrogen atoms provide the rest of the positive charge of the chelate ligand.

Among the hydrogen atoms, those attached to the thioamide N3 are the most positively charged. Both analyses also show that the S atom is the least charged atom in the structure. The charges of the nitrate anion obtained by two different methods are real, q(NO 3 ) κ = -0.95 (10) e and q(NO 3 ) AIM = -1.02 e. The more significant difference between two groups of charges emerges if we compare the relative distribution of the positive charge between the Zn atom and TSC ligands. Namely, the κ-model yielded to the high value of charge for Zn atom equal to +1.45(4) e. In this case the Zn atom represents the center of the positive charge, since the each TSC ligand is carrying much less positive charge of +0.24 (20). According to AIM method the positive charge is more dissipated within the cation which resulted in relatively low positive charge for Zn atom of +0.61 e, while the charge of TSC ligand is higher and equal to +0.72 e. Such a low integrated charge for the Zn basin could be the consequence of the specific Zn-ligand interaction, which in contrast to the other metal ions does not involve d orbital.

ATOM Kappa AIM

Zn1

Namely, in the case of the title compound the Zn atom has fully occupied d orbitals and thus only 4s introduced in the metal ligand interaction. Since the 4s orbital is very diffuse in the direct space it is possible that the charge of Zn is spread out over the ligand i.e. not localized as a non-zero 3d electron occupation usually is. Consequently the net charge integrated over the Zn basin is low.

In order to check this explanation, the AIM charges of the [Zn(aspirinate) 2 (H 2 O) 2 ] compound 17 

Electrostatic potential

In addition to the analysis of the electron density distribution, we also derived the electrostatic potential (EP) of [Zn(TSC) 2 ](NO 3 ) 2 in attempt to get a better understanding of its further chemical reactivity. In this analysis we focused only on the EP generated on the surface on the complex cation.

We employed the MOLEKEL graphic tool 40 to distinguish between the fine differences in positive EP.

Thus Figure 8(a) displays 3D isodensity surface (0.007 e Å -3 ) of the complex cation colored in accordance with the EP determined on the basis of data obtained after the multipole refinement. Beside the EP of the complex cation isolated from the crystalline environment, we also present the features of the EP of the isolated gas phase cation obtained by the quantum mechanical calculation (Figure 8(b)).

The less positive EP coincides with the conjugated thioureide fragment (Figure 8 As previously mentioned, [Zn(TSC) 2 ](NO 3 ) 2 complex, together with some dicarboxylic salts has been used as the reactant in the synthesis of several supramolecular structures. 9a,g,d In each of these structures, Zn atom within a corresponding cationic TSC building block increases its coordination number to 5 or 6, in contrast to nickel building block, [Ni(TSC) 2 ] 2+ which often preserves its original coordination number of 4. 9b,h,10a The rather nucleophic zone (F) could be responsible for the increasement of the coordination number of Zn in the synthesis of the complexes entering the mentioned supramolecular structures.

The theoretically EP agrees rather well with the described experimentally derived properties for Grey and red correspond to V max = +0.18 and V min = -0.18 e• Å -1 , respectively.

To investigate the coordination abilities of the TSC ligand alone we have further used the quantumchemical calculation [START_REF] Frisch | Gaussian[END_REF] to explore the distribution of the EP within two different forms of this molecule.

The trans form of the TSC molecule [START_REF] Andreetti | [END_REF] is present in the solid state and thus corresponds to the molecule which is entering the complex synthesis. In this uncoordinated form the atoms S1 and N1 are placed on the opposite sides regarding the C1-N2 bond. According to the EP distribution represented in Figure 9 (a), we can assume that in trans configuration of the TSC, the sulfur atom surrounded with the most negative EP, represents the only relevant center of the nucleophile attack and thus the coordination to the central metal ion. The monodentate coordination of the TSC is rare, but in some complexes of Ag the coordination is realized via S atom. 41 To achieve more stable bidentate coordination which is also favored by chelate effect, the only available atom is N1 as it has the free electron pair. The engagement of the N1 is also geometrically favorable due to the formation of the very stable five-membered chelate ring. The NS bidentate coordination and the formation of the five membered chelate is a basic property of almost all TSC based compounds. 5 The distribution of the EP within the cis form of the TSC ligand present in the complexes is given in Figure 9 (b). It is obvious that in comparison with the trans configuration (Figure 9 (a)) the minimum of the EP is shifted from the S atom toward the place where the binding of cental metal ion is expected. This minimum is much deeper than that existing on the S atom in trans form due to the contribution of the free electron pair of the N1 atom. Figure 10 represent the isopotential surface of the coordinted form of TSC which confirms that the EP minimum is located exactly between the donor atoms in the place of the metal coordination. It is worth mentioning that cis configuration of TSC present in the complexes also causes the redistribution of the positive EP generated by its hydrogen atoms. The positive EP of the ligand is joined into a broad region (Figure 9(b)) which in formed bis(TSC) compounds (takes the lateral sides and) symmetrically surrounds the complex unit. In the presence of the appropriate hydrogen bonding acceptor this unit becomes defined building block as is the case with the above mentioned supramolecular structures. The electrostatic potential V(r) (hereafter EP) is one of the derived properties that is directly related to the reactivity of molecules. 13a,42 Electrophilic and nucleophilic regions are easily revealed and can serve for the quantitative electrostatic characterization of the chemical system and for the chemical activity prediction as well. Topographical characteristics of the EP are complementary to those of the electron density. The gradient E(r) = -∇V(r) of EP, that is the electric field, can be calculated analytically from the Hansen-Coppens model used in the experimental electron density refinement. [START_REF] Ghermani | POTNUC: Computer Program to Calculate Electrostatic Properties from high-resolution X-ray diffraction[END_REF] Based on this model, two of the authors have developed the FIELD program for the calculation and visualization of the electric field lines around the molecules. [START_REF] Bouhmaida | [END_REF] As for the electron density, the molecular space is partitioned in pseudo-atomic basins or volumes delimited by the zero flux surfaces of the electric field. These correspond to electro-neutral space units in which the electron density concentrates in order to screen the positive contribution of the nuclear charges to the EP. In contrary to the electron density ρ(r) which is a local property and positive everywhere around the chemical system, EP can be a sharp function that changes its sign in particular regions where the electronic concentration dominates. This gives rise to open basins for positive atoms like peripheral hydrogen's and closed and smallest ones for electronegative atoms like O and N. We emphasize here that these basins correspond to neutral charges while those of electron density gradient define the atomic volume in the molecule and therefore its charge transfert. The electric field and electron density gradient offer complementary physic methods to separate the intramolecular space between atoms and therefore the corresponding atomic basins ovelap.

Topology of the electrostatic potential

The topology of EP also displays critical points (CP's positioned by a vector r cp in the unit cell) similar to those of the electron density: Table 6 gives the topographical features of the EP generated around the Zn-TSC complex. As pointed out in prior electric field study [START_REF] Bouhmaida | [END_REF] , the CP atomic distances define the van der Waals radii. In exception of the N1-N2 bond, all others are heteroatomic links. That means that the contributions of the nuclear charges to the EP are in principle dissymmetrical. That holds particularly true for N-H bonds where the CP is pushed toward the H atoms (<d1> = 0.63 Å and <d2> = 0.36 Å) and for C1-S1 (d1 = 0.78 Å and d2 = 0.94 Å). However, for all other bonds, even for Zn-N and Zn-S, CP's are located approximately at the midpoint of the atomic link. It's worthy to note that each atom shows directionally van der Waals radii referring to the type of bonds and atoms involved in. In Table 6 are also reported the values of ρ(r cp ) and V(r cp ) for each bond. For all covalent bonds, these values are greater than unity reflecting here the electron accumulation and the positive high value of potential at the vicinity of the nuclei. The Zn1-N1 and Zn1-S1 corresponding values are however weak and are almost of the same order of magnitude of hydrogen bonds reported in Table 6. It is an expected result since only the diffuse 4s orbital of the metal is involved in the interaction with the ligand and the 3d shell was found unperturbed. In the last part of Table 6, the hydrogen bond characteristics of the title complex are given.

The accumulation of the electron density at the CP's is in the range of 0.2 to 0.3 eÅ -3 . However, we can note that for the two last longer bonds (H…O ≥ 2 Å), V(r cp ) becomes negative. The eigenvalues of the Hessian matrix of EP (-1/4π is included to compare directly to ρ) shows positive values for λ 3 in the bond direction and negative values in the perpendicular ones. According to Poisson's equation, that is ρ(r cp ) = λ 1 + λ 2 + λ 3 , these values reflect the electron density accumulation (λ i positive)/depletion (λ i negative) at the EP critical points. As expected the λ 3 is higher than λ 1 or λ 2 which correspond to axial symmetry of electron density when λ 1 = λ 2 . According to Hellman-Feynman theorem, 45 the electric field at the nuclear positions is zero ((3, -3) CP's) but EP does not vanish. The values of EP at these particular points are in relation with the coreelectron binding energy. 44 This is particularly interesting for the hydrogen atom with its single electron.

Accordingly, Galebov and coworkers [START_REF] Galabov | [END_REF] emphasized the usefulness of the electrostatic potential in nuclear sites (EPN corresponding to (3, -3) CP's defined above) as hydrogen bonding reactivity parameters. The authors found an excellent correlation between the theoretically determined values of EPN at the site of the hydrogen atom and the energies of the hydrogen bond formation. Considering the significant hydrogen donating capacity of [Zn(TSC) 2 ] 2+ , we decided to employ this quantity in further analysis of its hydrogen bonding features. We derived the EPN values [START_REF] Ghermani | POTNUC: Computer Program to Calculate Electrostatic Properties from high-resolution X-ray diffraction[END_REF] for the molecule [Zn(TSC) 2 ](NO 3 ) 2 extracted from the crystalline environment on the basis of the experimental data obtained after the multipole refinement ( The EPN values derived for all the complex cations in the gas phase (3-5) (including the one for the title compound), follow the identical pattern. The least negative EPN value (in bold in Table 7) is found for the H2 atom attached to hydrazine N2, than follow the H1a and H1b attached to coordinated hydrazine N1, and finally H3a and H3b from the thioamide N3. This should be an indication of the hydrogen's reactivity toward the hydrogen bond formation (pattern, sequence) and an indication of the relative strength of the formed hydrogen bonds and therefore their corresponding bond energies.

According to these results, in each of these cations, the H2 atom shows the highest affinity for hydrogen bonding. This atom is the one which is involved in complementary hydrogen bonding; however its pair H3a has a more negative EPN value meaning that its tendency to form the hydrogen bonds is slightly less than for hydrogen's attached to N1. Despite these arguments, in the above mentioned crystal become more negative. These values are particularly decreasing for the H2, H3a atoms which form the hydrogen bonds to the present anion. The experimental EPN's (Table 7, ( 1)) cannot be directly compared to theoretical since they are generally lower than the gas phase values. It is interesting to note that, in contrast to the gas phase cases, the EP at the hydrogen's sites of the molecule from the crystal lattice reflects the present state of the hydrogen bonding regarding their strength. The highest EPN values are found for the H2 and H3a donors set, then follow the H3b and H1a which are involved in hydrogen bonds of similar strength and finally H1b which is engaged in the less strong N1-H1b…O3 hydrogen bond.

The EPN values of the two neutral TSC forms (Table 7 (6) and ( 7)) are mutually similar and suggest the lower tendency of the hydrogen atoms to enter the hydrogen bonding. The protonation of the ligand (Table 7 (8 This significantly increases the EPN values of the hydrogen atoms and stimulates the engagement of ligand in hydrogen bonds. It can be suggested that by coordination to the metal ion TSC ligand increase its capacity for hydrogen bonding to the level of protonated ligand.

Table 7. EPN values (in a.u.) in the title compound (1-3), in similar supramolecular building blocks (4,5) and for different forms of the TSC ligand (6-8). The values are determined by POTNUC [START_REF] Ghermani | POTNUC: Computer Program to Calculate Electrostatic Properties from high-resolution X-ray diffraction[END_REF] for case 1 and by Gaussian 29 for cases 2-8. In bold the less negative EPN for hydrogen. 

Conclusion

From the first experimental charge density on a thiosemicarbazide based complex compound and some quantum calculations, we have been able to point out some main results concerning the electrostatic properties of this compound. iii) The EP of the complex part of the molecule which is entering the supramolecular structures has been derived. The significantly high positive EP found in the region of the Zn atom suggests that the increase of coordination number of Zn (by coordination of the additional ligands) in the supramolecular complexes could be induced by this property. The theoretical calculations show that in the gas phase this nucleophilic zone is retained.

iv) The topologic features of the EP in the vicinity of the Zn atom confirm that the Zn-S or Zn-N bonds are weak bonds. Internal atoms like C1, N2 and N3 display a triangularly-shaped closed basins whereas peripheral H2, H3a and H3b have extended basins.

v) The EPN values calculated by DFT method for the several TSC complexes entering the supramolecular structures show the identical sequence of the hydrogen reactivity toward the hydrogen bonding. These values suggest that in each of the complexes the hydrazine fragment N2-H2 shows the highest tendency to form the hydrogen bond; however the affinity of the other donor from the complementary pair is less pronounced. It can be suggested that the formation of the strongest, complementary hydrogen bonding in the crystal is rather a consequence of the suitable geometrical orientation of the H2 and H3a atoms than their preferable reactivity. The EP at the hydrogen sites of the molecule retrieved from the crystal lattice reflects the present state of the hydrogen bonding regarding their strength.

Figure 1

 1 represents the residual density map obtained after the multipole refinement for the plane of the complex cation and the NO 3 anion. The residual electron densities are computed as Fourier transform of the (F o -F c ) difference where F o and F c were observed and model calculated structure factors. The residual density maps are essentially featureless. The highest residual density peaks of 0.2 e Å -3 are found in the vicinity of the Zn atom.

Figure 1 .

 1 Figure 1. Residual electron density maps: (a) Zn1-C1-N1 plane; (b) N4-O3-O1 plane. The contour

  have been also extracted from CSD bank For all extracted compounds the corresponding N-H bond lengths are elongated to the experimental values obtained after the multipole refinement of the title compound. The optimizations of the molecules were not performed. The calculation of the electrostatic potential and electrostatic potential at the nuclear sites have been performed in a vacuum using B3LYP functional with 6-31++G(2d,2p) basis set as suggested by Dudev and Lim for the Zn containing compounds.3 

Figure 2 .

 2 Figure 2. Crystal structure of [Zn(TSC) 2 ](NO 3 ) 2 .

Figure 3

 3 Figure 3(b).

Figure 3 .

 3 Figure 3. (a) One dimensional chain formed by the strongest hydrogen bonds; (b) segment of the crystal

Figure 4 .

 4 Figure 4. Static electron deformation density maps (a) Zn1-C1-N1 plane; (b) N4-O3-O1 plane; (c) in

Figure 5

 5 Figure 5 contains the behavior of the topological parameters ρ and H, obtained from the experiment, as

Figure 5 .

 5 Figure 5. ρ(r c ) vs bond length (a) and H(r c ) vs bond length (b) for C-S, N-N and M-N bonds. 36-38 (R-TSC is for other TSC based compounds20,21 ).

Figure 7 (

 7 a) displays the static electron deformation density maps (in N-H…O planes) corresponding to the first three strongest hydrogen bonds, whileFigure 7(b) displays the polarization of each oxygen's lone pair in a plane containing the oxygen atom and the two hydrogen atoms which form the strongest hydrogen bonds. When the oxygen lone pair is involved in the slightly equivalent hydrogen bonds (case 20 of O1) the electron density of the free electron pairs is equitably oriented toward the two hydrogen atoms. This is not the case when one of the hydrogen bonds is significantly stronger than the other one (case of O2 and O3).

Figure 6 .

 6 Figure 6. Space distribution of the donor atoms around the nitrate acceptor.

Figure 7 .

 7 Figure 7. Hydrogen bonds static electron deformation density maps: (a) The maps are plotted in the

  the acceptor site, we can find rather equivalent topological parameters for N-O bonds whose oxygen atoms are involved in complementary hydrogen bonding. The N4-O1 and N4-O2 bonds have relatively similar lengths (1.2561(2) and 1.2568(3) Å respectively) which are evidently longer than that of the N4-O3 bond(1.2418(3) Å). The corresponding values of the electron density are similar (ρ = 3.07 and 3.08 e•Å -3 for N4-O1 and N4-O2 bond respectively) and lower than in the case of the third bond (ρ = 3.20 e•Å -3 for N4-O3) while the values of the Laplacian's(-5.83 and -6.03 e•Å -5 ) are nearly half of that found for the third bond(-10.82 e•Å -5 

  have been determined. The trends above described observed in the [Zn(TSC) 2 ](NO 3 ) 2 remain in the second complex [Zn(aspirinate) 2 (H 2 O) 2 ] (q(Zn) κ = +1,8(1) and q(Zn) AIM = +1.00 e). The net atomic charges obtained by a κ -refinement, when the tetrahedral Zn is modelized as d 10 are closer than the net charge obtained for the third octahedral complex [Zn(C 4 O 4 )(H 2 O) 4 ] when the d orbitals are refined (+1.97 e).16 

  (a)). One of the two least positive EP regions is found in the surroundings of S atom (A). The part of the cation surface close to Zn exhibits the middle value of the overall positive EP (B). The second EP minimum (the least positive value) on the complex surface is found in the vicinity of the terminal nitrogen N3, which is also reported as the most negative atom in this structure (C). Starting from this region with the least positive EP, the positive EP increases through the number of successive narrow regions of EP magnitudes (D), finally reaching the highest positive value in the vicinity of the hydrogen atoms attached to N1 donor (E). The positive contribution of the central metal ion to the EP also appears on the surface of the complex cation (F).

Figure 8 .

 8 Figure 8. EP (e•Å -1 ) generated on the cationic three-dimensional isodensity surface (0.007 e.Å -3 ): (a)

[

  Zn(TSC) 2 ] 2+ cation(Figure 8(b)). The complex cation in the gas phase still retains nucleophilic zone above the Zn atom (G), suggesting that it is not the result of the influence of the surrounding anions in crystal packing. The least positive EP is again found in the region of the S and N3 atoms (H). Due to the absence of the influence of the crystalline environment the EP minima are more symmetrically distributed. These trends remain in the two cations [Zn(TSC) 2 (H 2 O) 2 ](tere), 9g [Zn(TSC) 2 (H 2 O) 2 ](fum), 9dfor which the theoretical EP has been computed based on the room crystal structure geometry, while they are less expressed. The presence of the water molecules leading to an O h symmetry for the Zn atom, does not significantly influence the EP value nearby the TSC ligand.

Figure 9 .

 9 Figure 9. Theoretically determined EP (e•Å -1 ) generated on the three-dimensional isodensity surface

Figure 10 .

 10 Figure 10. Three-dimensional isopotential surfaces of the coordinated form (cis) of the TSC ligand;

Figure 11 .Figure 12 .

 1112 Figure 11. (a) Electrostatic potential in the Zn-TSC ligand plane. Contour intervals 0.05 eÅ -1 ; negative

( 3 ,

 3 -1) saddle,(3, -3) local maximum,(3, +3) local minimum but also ring(3, +1) CP's and so on. 3 is here the number of non zero eigenvalues λ 1 , λ 2 , λ 3 of the Hessian matrix of V(r) and the second numbers -3, -1, +1 and +3 are the sum of the algebraic signs of λ i . The eigenvector associated to λ 3 is conventionally chosen along the atomic link. The Poisson's equation ∇ 2 V(r) = -4πρ(r) is valid everywhere inside or outside the chemical system and relates the two properties. Saddle (3, -1) CP's are generally found between a pair of covalently bonding atoms or in hydrogen bonds. At these positions, the electric field and thus the electric force on a probe charge vanishes showing the balance between the two screened nuclear charges. As also remembered byTsirelson et al,44 the electrostatic energy density proportional to the square of the electric field modulus reaches zero at all critical points.

Figure 11 (- 1 )

 111 Figure 11(a) displays the EP calculated in the plane containing the Zn cation and the TSC ligand. As

  packings of [Zn(TSC) 2 ](NO 3 ) 2 , [Zn(TSC) 2 (H 2 O) 2 ](tere) 9g and [Zn(TSC) 2 (H 2 O) 2 ](fum) 9d the H3a atom is always part of the donor set for complementary hydrogen bonding. It seems that suitable, almost parallel orientation of the H2, H3a donor set toward the corresponding acceptors (torsion H2-N2-N3-H3a = 6.9°) makes the engagement of H3a atom in complementary hydrogen bonds more favourable than for the atoms H1a and H1b (torsion H2-N2-N3-H1 = 50.9° and -66.2° respectively).

  )) obviously increases the EPN values of the corresponding hydrogen atoms particularly those attached to the protonated nitrogen atom. It is interesting to notice that the EPN values of the listed complex cations(3-5) are similar to those found for the protonated ligand. The positively charged metal ion spread its charge to the coordinated ligands causing the redistribution of the electron density.

i)

  According to the results of the electron density distribution and the topological analysis, the TSC ligand represents a highly delocalized system. The resonance effect particularly increases the amount of the negative charge and thus the donor abilities of the S atom. The coordination bond between Zn and S atoms is the result of the polarization of the torus shaped electron density of the free electron pair of the S atom toward the central metal ion. In contrast to S, the free electron pair of N atom is clearly directed toward the Zn atom. The corresponding values of ρ at the BCP's are 0.52 and 0.41 e.Å -3 , for Zn-N1 and Zn-S1 bonds, respectively. Both coordination bonds can be classified as polar covalent.ii) The nine hydrogen bonds stabilize the crystal structure of [Zn(TSC) 2 ](NO 3 ) 2 . The structure also contains complementary hydrogen bonding intrinsically characteristic for the majority of TSC based supramolecular structures. The complementary hydrogen bonds are formed between the pair of donors from the complex cation and the nitrate oxygen atoms as acceptors. The complementary bonds slightly differ in their topological values. The lower amount of ρ at the BCP is found in the case of bifurcated N3-H3a…O1 hydrogen bond. The topological characteristics of the O1-N4 and O2-N4 bond whose O atoms are involved in complementary hydrogen bonding are similar.
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 1 Crystallographic details.

Table 2

 2 Labelling of the compounds used in this paper

	Compound	reference	CSD code

Table 6 .

 6 Topological properties of the electrostatic potential for the covalent bonds and the hydrogen

	bonds							
	Bond	d1	d2	ρ(r cp )	λ 1	λ 2	λ 3	V(r cp )
	Zn1-N1	1.155	0.945	0.632	-0.062	-0.029	0.723	0.225
	Zn1-S1	1.102	1.174	0.404	-0.129	-0.117	0.650	0.463
	N1-N2	0.707	0.706	2.128	-0.911	-0.867	3.905	1.670

Table 7 ,

 7 (1)). In addition, we determined the values of EPN for isolated gas phase molecule [Zn(TSC) 2 ](NO 3 ) 2(2) and its cation [Zn(TSC) 2 ] +2 (3) from quantum chemical calculations. The theoretical EPN values were also derived for two octahedral cations

	[Zn(TSC) 2 (H 2 O 2 )] 2+ which are real building blocks of the supramolecular structures
	[Zn(TSC) 2 (H 2 O) 2 ](tere) (4), 9g and [Zn(TSC) 2 (H 2 O) 2 ](fum) (5). 9d Each of these structures exhibits the
	same feature, namely each of them forms the strongest, complementary hydrogen bonds with the same
	N2-H2, N3-H3a donor set. Finally, the EPN values were also calculated for different configurations of
	the neutral TSC ligand (6, 7) and for its porotonated form TSCH + (8), from the corresponding chloride
	salt 31 .
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