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Experimental electron densities of neutral and zwitterionic forms of piroxicam drug

† Electronic supplementary information (ESI) available:CIF files deposit (CCDC): nPX (1430948), zPX (1430947), sulfathiazole III (1430949), sulfathiazole IV (1430950). Table S1. Conformations and configurations of the piroxicam molecules. Figures S1 to S6, residual density, deformation density, Laplacian of the electron density and molecular surfaces colored by the electrostatic potential for piroxicam and sulfathiazole in the four crystal structures.

Introduction

Nowadays, high resolution X-ray diffraction experiments yield very accurate data permitting a precise description of the electron density of molecules in the crystal lattice. This electron density can be carefully analyzed through its topological features to reveal the nature of atomic bonds: covalent, van der Waals, aromatic, hydrogen, metallic and so on. For this purpose, Atoms In Molecules (AIM) theory of Bader [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] is generally applied and is based on the features of the gradient and the Laplacian of the electron distribution. For organic compounds, the experimental molecular electron density obtained in the crystal is very comparable to that obtained by high-level quantum mechanics calculations as we recently show for carbamazepine. [START_REF] Hassan | [END_REF] It means that the electrostatic properties of molecules in the crystal lattice do not significantly change in other media; except when strong external fields due to polar solvents or pH's can affect the molecular electron density. This makes the high resolution Xray diffraction experiment a powerful tool to study the structure-activity and the chemical reactivity of molecules. This approach is especially important for the development of drugs and the understanding of their specific biological activities. In this field, the crystalline polymorphism exhibited by API's (Active Pharmaceutical Ingredients) can have crucial impacts on oral absorption and bioavailability of numerous drugs. The most known example is that of Ritonavir (Norvir®, Abbot) used to treat HIV disease and which, after months, precipitates inside the gelatin capsules in the less soluble and undesired form II.
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The purpose of this study is to characterize the electron density of piroxicam (PX) molecule, (4-Hydroxy-2-methyl-N-(2pyridinyl)-2H-1,2-benzothiazine-3-carboxamide 1,1-dioxide) (scheme 1) in neutral (nPX) and zwitterionic (zPX) states. In the last case, the intramolecular proton transfer yields significant changes in the molecular conformation. Piroxicam is a well known non-steroidal anti-inflammatory drug (NSAID) which is used for fever, pain (rheumatoid arthritis and osteoarthritis) and inflammation. It was known from the 80's that its biological mechanism of action is the inhibition of the prostaglandin biosyntheses 4 and for cancer chemoprevention.

The bioavailability problem arises from its low water solubility and dissolution rate in the acid medium in which the absorption takes place. Oral piroxicam administration is characterized by a slow absorption. 6 According to Yazdanian et al., 7 piroxicam belongs to Class I in Biopharmaceutics Classification System. 8 While based on its low water solubility and high permeability, Gwak et al. 9 have suggested that piroxicam could be classified as a Class II drug. In the crystalline state, piroxicam exhibits three polymorphs (I, II, III) and a monohydrate with the zwitterionic PX. [10][11][12][13] Recently a new polymorph has been identified. 14 All the polymorphic crystals of PX are colorless whereas the hydrated pseudopolymorph is yellow. This yellow color is the signature of the presence of the ionized state of PX. This was carefully quantified in amorphous PX or crystalline PX under mechanical stress by spectroscopic methods and 13 C NMR. 15 The polymorph crystal color was attributed by the authors to the change of the molecular conformation and to the hydrogen bondings. 15 Proton transfer and polymorphism in co-crystals have also been extensively investigated for complexes of PX with mono-substituted benzoic acids, with carboxylic acids 16-17 or various organic species. [START_REF] Fucke | [END_REF][START_REF] Allen | The Cambridge Structural Database: A quarter of a million crystal structures and rising[END_REF][20] In the case of cocrystal of PX/fumaric acid, both forms of PX were found in the asymmetric unit but, interestingly, only the neutral form of PX interacts with the fumaric acid; the ionized molecules are separately grouped in dimers. 17 Atom numbering of the neutral and the PX charged forms used in this paper are presented in Scheme 1. PX could present different configurations according to the existence of three rotatable bonds (C1-C10, C10-N2, N2-C11) (red arrows, Scheme 1). Following IUPAC rules, 17bis three different configurations have crystallized in the solid state: 1E, 10Z, 2Z; 1Z, 10Z, 2Z and 1Z, 10Z, 2E. For sake of clarity these configurations will be named as EZE, ZZZ and ZZE, the numbers being omitted (scheme 2). Atoms concerned by the proton position are indicated in parentheses. The number of crystal structures found in the CSD is indicated in parentheses.

In the present study, we report the structural and electronic properties of the two forms of PX, nPX (neutral piroxicam) and zPX (zwitterionic piroxicam). The electron densities were derived from accurate high resolution low temperature X-ray diffraction data. The electron densities were carefully analyzed using the topological AIM method. The atomic charges, dipole moments and electrostatic potential are presented in this paper. A particular attention was paid to the sulfonyl cyanide SO 2 CN fragment which is also present in the sulfathiazole molecule, a local antimicrobial agent, for which we possess our own experimental electron density. Recently, the electron topological properties of 4 polymorphs (I-IV) of sulfathiazole was independently published. 21 More than 100 forms are described for sulfathiazole. 22 The statistical analysis of the electrostatic potential on the molecular surface as initiated by Politzer et al. has also been made for PX molecules. [23][24][25][26] This gives a quantitative description of the electrostatic potential on the molecular surface. Finally, the intermolecular interactions are characterized by the electrostatic energies. 

Experimental and methodological section Crystallization

Crystal samples used in this study were obtained by slow evaporation of supersaturated solutions of piroxicam. Several solvent were tested to examine all possibilities of crystallization. Crystals of piroxicam form I (nPX) were obtained in acetonitrile solvent and those of the monohydrated piroxicam (zPX) in 3:1 volume mixture of acetonitrile and water. They both display multi-surface prismatic morphology, the former is colorless and the latter is yellow. The crystal forms of these two compounds were identified by their unit cell parameters according to the published structures. 

X-ray data collections

The data for nPX and zPX crystals were collected at 100 K on a Bruker-D8 Venture four axis diffractometer equipped with a Photon 100 detector using graphite monochromated MoK Xradiation (wavelength = 0.71069 Å). The data spots were recorded as -scans ( = 0.5°) in order to reconstruct accurate three dimensional diffracted intensity peak profiles. According to the -dependence of the diffracted intensities, different exposure time strategies were used. For the nPX compound, 5 seconds (low Bragg angles) and 10 seconds (high Bragg angles) were applied; for zPX compound, exposure time was varied from 10 seconds (low Bragg angles) to 15 seconds (high Bragg angles). The maximum resolution reached for these experiments are sin max = H/2 = 1.21 Å -1

, where H is the Bragg vector modulus. Integration of the diffracted intensities and an empirical absorption correction were performed using APEX2 software [START_REF]APEX2[END_REF] suite which includes SADABS computer program for absorption correction. SORTAV [START_REF] Blessing | [END_REF] program was used for sorting and averaging data.

Details of the X-ray diffraction experiment conditions are given in Table 1.

Spherical and electron density refinements

The four crystal structures were solved using SIR92 program 30 and refined using SHELX 31 implemented in WinGX 32 package.

Hansen-Coppens aspherical model 33 was applied for the electron density refinements. The frozen core and normalized spherical valence densities are determined using the Hartree-Fock wave functions of the free atoms or ions. [START_REF] Clementi | Atomic data and Nuclear data tables Academic press[END_REF] The contraction-expansion coefficient and the corresponding refined electron population Pval are used for a more precise spherical description. The aspherical part of the pseudo-atom electron density is projected onto a set of real normalized harmonic basis set (l = 0 (monopole) to 4 (hexadecapole ) of the radial functions are chosen contraction-expansion coefficient used to adjust the maximum of the radial function of the multipole expansion. MoPro program 37,38 was used for the electron density refinement against all the structure factors F with no statistical standard deviations based cut-off (I > 0). Indeed, this program combines both conventional and conjugated gradient least-square procedures and requires all observed diffraction intensities.

High-order refinement using data with resolution sin > 0.8 -1

was performed for accurate atomic positions and atomic displacement parameters of non hydrogen atoms in the first cycles of the refinements. The hydrogen anisotropic thermal displacements parameters (ADPs) were obtained from SHADE2 analysis for both compounds of piroxicam. 39 equal to 3.8 and n l = 2, 4, 6, 8 up to hexadecapoles (l = 4) for S atom; and N atoms, respectively; l = 2.00 bohr -1 and n l = 1 (dipole level, l = 1) for the hydrogen atoms. ' is a

Topological analysis of the experimental electron density

The analysis of the topological features of the electron density was carried out following the AIM (Atoms in Molecules) theory. [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] The AIM approach is a model used for the characterization of the chemical bonding and the electronic structure of atoms in molecules. The atomic basin enclosed by zero-flux surfaces ( (r).n(r) = 0) is used for separating the electron density distribution between atoms. On these surfaces, the critical points (CP) corresponding to the extrema and saddle points of (r) are characterized by two numbers: the number of the eigenvalues (for non-degenerating cases) and the signature of the eigenvalues triplet 1 2 3 ). The ellipticity defined by = 1 2 2 is an index of the type of the chemical bonds ( or ).

Experimental electrostatic potential and interaction energies

VMoPro 37, 38 computer program was used to generate the electrostatic potential based on the Hansen-Coppens electron density model. 33 The electrostatic potential exhibits the nucleophilic (negative potential) and electrophilic (positive VS potential) regions of the molecule and is a good indicator of the chemical reactivity. The electrostatic potential projected on a well-defined surface (for instance an isodensity surface) is a common qualitative indicator of the molecular chemical reactivity. For quantitative interpretation, several statisticallydefined quantities have been introduced by Politzer et al. 23-26 to characterize the surface potential, including: i) positive , negative VS and overall average potentials on the surface VS ; ii) average deviation which indicates the local polarity; iii) positive, negative and total variances 2 σ , 2 σ and 2 tot σ ; iv) which is a degree of balance between the positive and negative surface potentials (its maximum equal to 0.25 is reached when 2 σ = 2 σ ). 24 These quantities explicitly reflect the magnitude of V S at each point and can be used to characterize the non-covalent interactions.
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Here, m and n are the number of grid points where the electrostatic potential is positive (+) and negative (-), respectively.

Finally, the electrostatic interaction energy 37,38 E elec between two charge distributions A (through its charge density A ) and B (through its electrostatic potential V B ) is estimated by the integral of A .V B , A and B can be chosen as fragments or entire molecules.

Results and discussion

Crystal structures

Molecular structures of nPX (form I) and zPX (hydrated PX) molecules are given in Figure 1. Form I of PX crystallizes in monoclinic P2 1 /c space group and the zPX in the triclinic P . The atomic positions and ADP's were first refined using SHELX program. 31 The values of these parameters were then improved after the multipole refinements. 33,37,38 Table 2 gives a selected set of bond distances and angles obtained after the multipole refinements of the crystallographic data. The nPX molecule and the two molecules labeled R (right) and L (left) of the asymmetric unit in zPX are characterized by particular dihedral angles: O4-C10-C1-N1 = 174.37(2)° (nPX), -2.32(2)° (zPXL) and -0.22(2)° (zPXR); N3-C11-N2-C10 = -176.78(3)° (nPX), -14.74(1)° (zPXL) and -6.55(1)° (zPXR); C1-C10-N2-C11 = -176.71(3)° (nPX), -175.93(2)° (zPXL) and -170.08(2)° (zPXR). The proton transfer in zPX molecules has also an impact on the bond distances: C2-O3 = 1.3327(5) Å (nPX), 1.2676(1) Å (zPXL) and 1.2768(1) Å (zPXR); C10-N2 = 1.3557(6) Å (nPX), 1.3917(1) Å (zPXL) and 1.3881(1) Å (zPXR); C11-N2 = 1.4055(7) Å (nPX), 1.3536(1) Å (zPXL) and 1.3637(1) Å (zPXR); C1-C10 = 1.4692(8) Å (nPX), 1.4284(1) Å (zPXL) and 1.4406(1) Å (zPXR); C11-N3 = 1.3368(5) Å (nPX), 1.3462(1) Å (zPXL) and 1.3444(1) Å (zPXR); C15-N3 = 1.3397( 7) Å (nPX), 1.3554(1) Å (zPXL) and 1.3552(1) Å (zPXR). C2-O3 and N2-C11 simple bonds are shortened towards C10-O4 and N3-C11 respectively whereas C1-C2 double bond is extended towards C1-C10 simple bond. These observations indicate the existence of an electron delocalization along the chain (O3, C2, C1, C10, N2, C11) in zwitterionic form. Figure 2 displays the intramolecular and intermolecular hydrogen bonds found in the crystal lattices of nPX and zPX. The intramolecular hydrogen bonds involves O3 and O4 (H3O…O4 = 1.730(2) Å) in nPX molecule and N2 and O3 (H2NL…O3L = 1.714(2) Å, H2NR…O3R = 1.780(2) Å) in zPX molecules. In the nPX crystal, the molecules are grouped in dimers as shown in Figure 2. In the other crystal, four zPX molecules are connected through hydrogen bonds, two zPXL and two zPXR. Only one water molecule (O5B in Figure 2), among the two in the asymmetric unit, is linked to zPX molecules (O5B-H5OB…O3R = 1.838(2) Å, O5B-H6OB…O4L = 1.882(1) Å; the other (O5A) is connected to the former (O5A- 

Electron deformation density and topological analysis

The electron deformation distribution, as calculated from the Hansen-Coppens model, 33 is shown in Figure 3. This Figure illustrates the static electron deformation density of nPX molecule which is similar to those of the two zPX molecules. Sigma bonds for C-C, C-N, C=O and C-H are clearly revealed by the overlap of the atomic electron densities of the connected atoms. In Figure 3, we can also see the polarizations of the lone pairs of N3, O3 and O4 atoms. The electron densities of the oxygen atoms O1 and O2 of the sulfonyl cyanide fragment exhibit, however, a quasi-cylindrical shape. The negative deformation electron density regions are found surrounding the sigma bonds and in the middle of the rings. These regions correspond to the depletion of the electron density i.e. the reduction of the electron density over the sum of the spherical atomic densities.

We have applied the topological analysis to the total electron density following the theory of Bader.

1 Figure 4 depicts the three dimensional representation of the Laplacian of the electron density for the nPX molecule, the features of zPX molecules being very similar. For sake of clarity, only two isosufaces were chosen corresponding to 0.3 eÅ -5 values. For carbon and hydrogen atoms, the positive Laplacian isosurface has a spherical shape and surrounds the atomic nuclei. For O1, O2, O3 and O4 atoms, the positive isosurface corresponding to +0.3 eÅ -5 is also present externally to the lone pairs but without features of electronic In contrast, for N atoms, three positive lobes surround N1, N2 and N3 which reveal the octupolar deformation of the electron density. The negative Laplacian isosurfaces present more variations: i) the covalent C-C bonds are characterized by a cylindrical saddle form, for heteroatom bonds like C-N, C=O and C-H, the form becomes asymmetric; ii) the lone pair of N3 nitrogen atom is clearly revealed in the plane of the pyridine ring. The quantitative topological characteristics of the electron density of the studied molecules are reported in Table 3. For all bonds within a given organic molecule, the Laplacian [ 2 (r cp )] of the electron density at the (3,-1) bond critical point (CP) is negative, emphasizing their shared shell or covalent character. [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] Bonds in SO 2 CN fragment shared by the studied molecules exhibit the same topological characteristics as shown in Table 3. Laplacian values [ 2 (r cp )] for S-O bonds are highly negative in the range from -25.9 to -36.5 e.Å -5

; the electron density peaks around 2.9 e.Å -3 at the CPs are located slightly closer to the sulfur atom. Critical point positions for the S-N bond in the three sulfathiazole molecules (two molecules for polymorph III and one for polymorph IV) shift closer to the nitrogen atoms than in the three piroxicam molecules with higher Laplacian and electron density magnitudes; this holds true for the S-C bond. The N-C bonds in zwitterionic piroxicam (zPX) exhibit different electron density characteristics than those found in the neutral form (nPX): higher at CPs of N2-C11 bonds and lower at CPs around the pyridine nitrogen atom. The proton transfer also influences the characteristics of the C=O double bonds: C2=O3 bonds have more negative Laplacian values -31.9 and -33.1 e.Å -5 with much higher electron densities corresponding to 2.67 and 2.62 e.Å -3 at CPs in zPX, while C10=O4 bond displays similar topological characteristics for the three molecules. The ellipticity is a measure of the anisotropy of the electron density in the atomic bonds; = 0 indicates no -character of the bond and a large value of denotes a substantial amount of bonding. For the studied molecules including sulfathiazole polymorphs , C-C and C-N bonds in the aromatic rings exhibit expected large values of ; the highest values were found for C1-C2, C1-C10, N2-C10 and N2-C11 as indicated in Table 3. In contrast, the bonds of sulfonyl cyanide fragment have weak ellipticities except S1-C8 of the sulfathiazole molecules. In the resonant form depicts in Scheme 1b, the C1-C10 and C10-N2 bond distances are drawn as single bond, nevertheless the ellipticity of the corresponding bonds are clearly different from zero. Therefore, the resonant form which better represents the experimental results is drawn in Scheme 3.

Scheme 3 Resonant form of zPX in agreement with the experimental results.

The Laplacian at the bond critical point is positive (closed-shell character) [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF] for hydrogen bonds and intermolecular contacts given in Table 3. The ellipticity is not given for these hydrogen contacts since it is an index of the character of covalent bonds. Both Laplacien and density values are indicators of the bond strength; the intramolecular contacts are stronger than intermolecular ones. The intramolecular contact O4…H30 in nPX, O3L…H2NL and O3R…H2NR in zPX are characterized by high values of 2 (r cp ) and (r cp ) respectively equal to 3.4, 2.6, 3.2 e.Å -5 and 0.32, 0.47, 0.34 e.Å -3

; other intramolecular and intermolecular contacts exhibit 2 (r cp ) in the range of 1.0 to 3.7 e.Å -5 (this latter value corresponds [E HB = V(r cp )/2], 40 are listed in the last column of Table 3. The strongest O4…H30 in nPX and O3L…H2NL, O3R…H2NR in zPX are characterized by high value of E HB = -15.1, -23.9, -16.1 kJ/mol. Other contacts have much smaller energy values ranging from -1.7 (intermolecular O1L…H3NR) to -8.5 kJ/mol (intramolecular O4R…H3NR). Compared to nPX, the zPX crystal lattice exhibits numerous hydrogen intermolecular bonds mainly due to the presence of water molecules. The only intermolecular N2-H2N…O2 hydrogen bond in nPX compound is characterized by a weak E HB interaction energy (-2.7 kJ/mol). As a comparison, in zPX crystal five intermolecular hydrogen bonds (last lines in Table 3) with energy values ranging from -4.7 to -7.2 kJ/mol. This shows that a high crystal energy (see below the energy section) can be expected for zPX crystal. 

Atomic charges and dipole moments

In Table 4 are given the integrated charges over the atomic basins obtained for nPX and zPX compound using the Bader's method.
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The charges of S (1.85 e in average) and O1 (-1.06 e) and O2 (-1.0 e) of the SO 2 groups are very comparable and stay unchanged for the three molecules. These values are consistent with those found in the sulfonyl cyanide group of the sulfathiazole polymorphs as shown in Table 4. Surprisingly, the proton transfer (H3O with a charge of 0.61 e in nPX molecule) does not seem to really affect the charges of O3 and O4 oxygen atoms (-1.02 to -1.12 e). However, the charge of C2 carbon atom is higher in zPX molecules (0.76 e in averaged) than in nPX one (0.59 e). In addition, the nitrogen N3 charges are different for nPX (-0.93 e) and zPX (-1.16 e for zPXL and -1.05 e for nPXR); the charges of attached H3N are similar for zPXL and zPXR and very high (0.52 e). Furthermore, the summation of the charges beared by the O3, O4, N2 and N3 is more negative for the zwitterionic forms than for the neutral one (-3.93 e for nPX; -4.34 e for zPXL and -4.22 e for zPXR) in agreement with the resonant form present in Scheme 3. The hydrogen atom H2N have different charges in the two compounds (0.33 e in nPX and 0.42 e in zPX) whereas the charge magnitude of N2 is slightly higher in zPX molecules (-0.98 e in zPXL and -1.02 e in zPXR) than in nPX molecule (-0.94 e). In the bottom of Table 4 are listed the dipole moment magnitudes found for the three molecules. The values of the dipoles are quiet different: 9.1 D for nPX, 6.8 D and 22.7 D for the two molecules of zPX. This has to be compared with the weak value found by Abu-Eittah et al. 41 from an ab initio calculation in the gaz state, for which the geometry of the nPX has been optimized (2.2 D). The respective orientation of the C9 methyl atom with respect to SO 2 group considerably enhances the dipole moment of the zPXR molecule. The total charge and dipole moment for the sulfonyl cyanide group are also given in Table 4. The charges of the sulfonyl cyanide fragment are slightly higher in the sulfathiazole polymorphs (-1.20 e in average) than those found in the piroxicam molecules (-0.93 e in average). For the same chemical group, the dipole moment magnitudes are different for the PX compounds, the lowest value was found for nPX (9.28 D) and the highest for zPXR (13.64 D). Comparatively, in the sulfathiazole polymorphs, the dipole 

Electrostatic potential

The electrostatic potential features for nPX and zPX molecules are shown in Figure 6. Positive isovalue (+0.2 eÅ -1

) surface is depicted in grey color and negative isovalue surface (-0.1 eÅ -1

) is in red. This last surface surrounds the negatively charged atoms as oxygen and nitrogen ones. However, the negative region of the electrostatic potential is more extended for zPX molecule in comparison to nPX one. This reveals a more pronounced chemical reactivity for the zwitterionic piroxicam, even though the strict minima of the potential (-0.24 eÅ -1 for nPX, -0.25 eÅ -1 for zPXL and -0.28 eÅ -1 for zPXR) are not very different. The zwitterionic character of the piroxicam is also revealed by the extended surface of the positive electrostatic potential around the pyridyl group; this is more evident for zPXR molecules and can be related to the high value found for the dipole moment. Another way to quantitatively compare the features of the electrostatic potential is to use the statistical descriptors defined by Politzer et al. [23][24][25][26] and described in the methodological section. The electrostatic potential is projected on the isodensity surface (0.007 eÅ -3

) taken as a molecular surface. The surface is meshed [START_REF] Portmann | MOLEKEL: An Interactive Molecular Graphics Tool[END_REF] then the value of the electrostatic potential is estimated for each point of the mesh. [START_REF] Ghermani | FIELD+: Computer programs to calculate electrostatic properties from high resolution X-ray diffraction[END_REF][START_REF] Bouhmaida | [END_REF] Table 5 lists the main statistical characteristics found for the three molecules of this study. Among these molecules, zPXR presents the highest statistical characteristics. This is revealed by high values of V max (0.54 eÅ -1

) and V min (-0.27 eÅ ) and zPXL (0.31 and -0.24 eÅ -1

); this also holds true for the average positive and negative potential on the surface (0.18 / -0.11 eÅ -1 compared to 0.09 /-0.08 eÅ -1 for nPX and 0.09 / -0.09 eÅ -1 for zPXL). The high polarity detected on the surface of the zPXR molecule is also illustrated by the indices (equal to 0.15 compared to 0.08 (nPX) and 0.09 (zPXL)) and (0.22 compared to 0.25 for both nPX and zPXL). All these results are consistent with the remarkable dipole moment value found for zPXR molecule. 

Interaction energies

The electrostatic interaction energies E elec were calculated using VMoPro 37, 38 program. These calculations are based on the experimental electron density. The resulted values are summarized in Table 6. For nPX molecules grouped in a dimer through two N-H…O hydrogen bonds (see Figure 2), the electrostatic interaction energy was found equal to -21.73 kJ/mol. This interaction involves one atom of the SO 2 group and is weaker than that found in zPX crystal (E elec = -110.62 kJ/mol) also involving one oxygen atom of the SO 2 group. The difference of the electrostatic energy values can be explained by the stacking of the molecules in the two lattices: as shown in Figure 2, the interacting molecules of nPX are parallel and approximately in the same plane; the corresponding zPX molecules are also parallel but not in the same plane making the pyridine ring of one molecule to face the phenyl group of the other in a supplementary interaction. The zPXL and zPXR molecules (see Figure 2) interacting through a double hydrogen bonds (N3L-H3NL…O4R and N3R-H3NR…O4L) present the highest electrostatic energy equal to -161.55 kJ/mol. On the other hand, the electrostatic interaction energies between the water and zPX molecules are found equal to -37.62 kJ/mol (zPXR) and -29.78 kJ/mol (zPXL). These values are higher than that found for the water-water interaction (-11.21 kJ/mol).

The packing energy E pack including the dispersive-repulsive forces (van der Waals, hydrogen bonding) was estimated by the empirical formulae of the atom-atom potential model. 45 -47 This property is important since it is directly related to the dissolution rate of crystals which is fundamental for active pharmaceutical substances. In Table 6 are given the corresponding values of E pack for interacting molecules. The magnitudes of the packing energy are quiet different from those of experimental electrostatic interaction energy E elec also given in Table 6. By summing all packing energies in the crystal lattice, we obtained the total packing energy. The values were found equal to -188.96 and -500.0 kj/mol for nPX and zPX crystals, respectively. The twisted molecular conformations, the presence of water molecules and the numerous hydrogen bonds in zPX crystal increase considerably the lattice energy for this compound. As a comparison, for the polymorphs III and IV of sufathiazole, which some results are reported in this paper, the packing energies were found respectively equal to -258.9 and -137. 9 kj/mol. 

Conclusions

In the present study we have derived the electron density and electrostatic properties for neutral (nPX) and zwitterionic (zPX) piroxicam molecules from high resolution low temperature Xray diffraction experiments. The electron density distribution was carefully analyzed through its topological features. For covalent bonds, the topological characteristics are really consistent for all molecules. The comparison of these parameters for the SO 2 CN sulfonyl cyanide group with those found in 2 polymorphs of sulfathiazole molecule is excellent.

According to the interatomic distances, ellipticity and charges a resonant form describing the zPX behavior have been determined. The conformation and crystal environment modify the electrostatic properties like the dipole moment, which was found higher in zPX (6.83 and 22.69 D) molecule than in nPX (9.12 D) one. The statistical analysis of the electrostatic potential also reveals different chemical reactivity for the piroxicam molecules. The calculations of the intermolecular electrostatic interaction energies for the three molecules of piroxicam also highlight the impacts of the molecular conformation and the proton transfer. Using an empirical atom-atom potential model, the lattice energies were estimated emphasizing the great difference in the solid properties of nPX (-187.96 kj/mol) and zPX (-500 kj/mol) compounds.

Fig. 6 Experimental electrostatic potential (two orientations as in Figure 3). Isovalue surface cutoffs are +0.2 eÅ -1 (grey) and -0.1 eÅ -1 (red). The minimum of the electrostatic potential is also indicated. 
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Scheme 1

 1 Scheme 1 Atom numbering of the neutral and zwitterionic PX forms used in this paper (carbon in black, nitrogen in blue, oxygen in red). The 3 rotatable bonds C1-C10, C10-N2 and N2-C11. a) Neutral form; b) zwitterionic form.
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 11272 Scheme 2 Neutral form, zwitterionic form, cationic form and 3 different conformations (ZZZ, EZZ and EZE) of anionic form found in crystal structures respectively from (a) to (f). Atoms concerned by the proton position are indicated in parentheses. The number of crystal structures found in the CSD is indicated in parentheses.[START_REF] Allen | The Cambridge Structural Database: A quarter of a million crystal structures and rising[END_REF] 

  n l = 2, 2, 3 up to octupoles (l = 3) for C, O

Fig. 1

 1 Fig. 1 Molecular structures of nPX (left) and zPX (right) molecules. Hydrogen atoms are omitted for clarity except in N-H and O-H bonds.

Fig. 2

 2 Fig. 2 Main hydrogen bonds in the crystal lattices of nPX (up) and zPX (down, L and R refer to left and right molecules, the oxygen atoms of the water molecule are in ball). Hydrogen atoms are omitted for clarity.

Fig. 3

 3 Fig. 3 Static deformation density of nPX molecule (two orientations). Isovalue surface cutoffs are 0.01 eÅ -3 . Positive density is in grey and negative density is in red.

Fig. 4

 4 Fig.4Laplacian [ 2 (r)] of the electron density of nPX molecule (two orientations as in Fig.3). Isovalue surface cutoffs are 0.3 eÅ -5 . Positive Laplacian is in yellow and negative Laplacian is in red.
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 1 compared to nPX (0.35 and -0.23 eÅ -1

Fig. 5

 5 Fig. 5 The dipole moment values obtained for the two parts (separated by the dashed line) of the piroxicam molecules.
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 8 -L (x, y, 1+z) H6OB…O4L -29.78 -26.5 dimer A-B (1-x, 1-y, 1-z) H5OA…O5B -11.21 -18.5 dimer L-R (2-x, 1-y, -z)

Table 1

 1 Crystal Data and refinement Details.

Table 2

 2 Hydrogen bond geometrical characteristics, D is the donor and A, the acceptor.

Table 3

 3 Topology 

	H-bonds nPX	symmetry	H…A	D…A
	O3-H3O...O4	x, y, z	1.730(2)	2.561(1)
	N2-H2N...O2	2-x, -y, -z	2.301(2)	2.999(2)
	H-bonds zPX			
	N2L-H2NL...O3L	x, y, z	1.713(2)	2.5300(1)
	N2R-H2NR...O3R	x, y, z	1.780(2)	2.5873(1)
	N3L-H3NL...O4L	x, y, z	1.987(2)	2.6732(2)
	N3R-H3NR...O1L	x, y, z	2.561(1)	2.9396(2)
	N3R-H3NR...O4R	x, y, z	1.924(2)	2.6501(2)
	O5B-H5OB...O3R	x, y, z	1.838(2)	2.7522(1)
	O5B -H6OB...O4L	x, y, 1+z	1.882(1)	2.8075(2)
	O5A -H5OA...O5B	1-x, 1-y, 1-z	1.982(1)	2.9134(2)
	N3L -H3NL...O4R	2-x, 1-y, -z	2.052(1)	2.7824(1)
	N3R -H3NR...O4L	2-x, 1-y, -z	2.207(1)	2.8857(1)

of the experimental electron density of piroxicam (nPX, zPXL and zPXR). Values in italic correspond to the sulfathiazole polymorphs III and IV. EHB (in kJ/mol) indicates the hydrogen bond energy.

Table 3 (

 3 continued)

Table 4

 4 Atomic charges (in e unit) and dipole moment values (in Debye) of nPX, zPXL and zPXR. Comparisons are made to sulfathiazole (S) polymorphs.

Table 5

 5 Statistical Features of The Electrostatic Potential on the Isodensity Surface (0.007 eÅ -3 ).

Table 6 .

 6 Experimental electrostatic interaction energy Eelec and packing energy Epack (in kJ/mol) of piroxicam molecules. A and B are the water molecules in the zPX crystal.
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