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Experimental and theoretical charge density analysis of polymorphic structures: case of coumarin 314 dye

Experimental charge density distributions in two known conformational polymorphs (orange and yellow) of coumarin 314 dye are analyzed based on multipole modelling of X-ray diffraction data collected at 100K. The experimental results are compared with the charge densities derived from multipole modelling of theoretical structure factors obtained from periodic quantum calculation with DFT method and B3LYP/6-31G(d,p) level of theory. The presence of disorder at the carbonyl oxygen atom of ethoxycarbonyl group in the yellow form, which was not identified earlier, is addressed here.

The investigation of intermolecular interactions, based on Hirshfeld surface analysis and topological properties via quantum theory of atoms in molecule and total electrostatic interaction energies, revealed significant differences between the polymorphs. The differences of electrostatic nature in these two polymorphic forms were unveiled via construction of three-dimensional electrostatic potential maps plotted over the molecular surfaces. The lattice energies evaluated from ab initio calculations on the two polymorphic forms indicate that the yellow form is likely to be the most favorable thermodynamically.

The dipole moments derived from experimental and theoretical charge densities and also from Lorentz tensor approach are compared with the single-molecule dipole moments. In each case, the differences of dipole moments between the polymorphs are identified.

INTRODUCTION

Coumarins and the substituted coumarin derivatives have been extensively studied as they find useful applications in the dye industry 1 and in the area of Laser dyes. 2 Coumarins are also used in several areas of synthetic chemistry, medicinal chemistry and photochemistry. The formation of a [2+2] cycloaddition product upon irradiation of coumarin and its derivatives has contributed immensely to the area of solid-state photochemistry. [START_REF] Vishnumurthy | Molecular and Supramolecular Photochemistry[END_REF] These compounds show state-dependent variation in the static dipole moment. A wide variety of pharmacological activities, such as antiviral [START_REF] Domagala | [END_REF] and antimicrobial activity, [START_REF] Eid | [END_REF] are exhibited by coumarin derivatives and they form the basic building block in the wellknown antibiotic Novobiocin [START_REF] Reynolds | Martindale: The Extra Pharmacopoeia[END_REF] . Coumarin dyes such as coumarin 138, [START_REF] Jasinski | [END_REF] coumarin 152, 8 coumarin 153 9 and coumarin 314 10,11 are found to exist in two different crystalline forms. The phenomenon, existence of a crystal structure in more than one form is known as polymorphism. [START_REF] Bernstein | Polymorphism in Molecular Crystals[END_REF] Further, 4-styrylcoumarin, [START_REF] Moorthy | [END_REF] 3-acetylcoumarin 14 and fluoro derivative of coumarin 15 also display polymorphism. In recent years, the occurrence of polymorphism in molecular crystals has received considerable attention, especially from drug design and crystal engineering viewpoint. [START_REF] Bernstein | Polymorphism in Molecular Crystals[END_REF]16,17 Charge density analysis is now an established sub-field of crystallography. Although, there are numerous reports on polymorphic structures in the literature, [START_REF] Bernstein | Polymorphism in Molecular Crystals[END_REF] the number of charge density studies carried out on such systems is very scarce. 14b,18,19 To our knowledge, there is just one example of organic polymorph (3-acetylcoumarin) studied via both experimental and theoretical charge density analyses by some of us. 14b As pointed out by Overgaard and Hibbs, [START_REF] Overgaard | [END_REF] studies of this kind are potentially highly rewarding. The advantage of a charge density approach is clear from Hohenberg-Kohn theorem, 20 which states that all ground-state properties are a unique function of the charge density. To add some more contributions in this field of charge density, we have performed quantitative analyses of experimental and theoretical charge density distributions in two known conformational polymorphs of coumarin 314 dye (Scheme I). This allows us to have a better understanding of the charge density features associated with the polymorphic structures in general. The surface features, or topology, of the charge density distribution obtained from experimental or theoretical methods can be analyzed via Bader's quantum theory of Atoms In Molecules (AIM). 21 This approach provides a pathway for comparison of the experimental electron density with the theoretically derived density in terms of the topological properties of the charge density ρ(r). The topology of a scalar field, such as ρ(r), which is a physical quantity, can conveniently be summarized in terms of critical points (CP), where the first derivatives of ρ(r) vanish, ρ(r) = 0, indicating the position of extrema (maxima, minima or saddle points). In general, the theory of AIM provides a methodology for the identification of a bond between any two atoms in a molecule in terms of CPs, called bond critical points (BCP). An important function of ρ(r) is its second derivative, the Laplacian  2 ρ(r), which is a scalar quantity and is defined as the sum of the principal curvatures (λ 1 + λ 2 + λ 3 ). It is a representation of the chemical features of the molecule. The physical significance of the Laplacian is that it represents areas of local charge concentration and depletion. If  2 ρ(r) < 0, the density is locally concentrated resulting in shared interactions, while in the case of  2 ρ(r) > 0, the electron density is depleted representing closed-shell interactions. The length of the line of highest electron density linking any two atoms is referred to as 'bond path', R ij , which need not be the same as the inter-atomic vector, d. The electron densities, the Laplacian values, the bond paths, the curvatures, and the bond ellipticities ()

together represent the topology of the charge density distribution in a given molecule. Having derived the electron densities, ρ(r) and its Laplacian,  2 ρ(r) it is possible to relate these quantities to the local electronic kinetic energy density G(r CP ) and hence the local potential energy density V(r CP ). 22 

EXPERIMENTAL AND THEORETICAL SECTION

Crystallization and Data Collection

All the crystallization experiments were performed at room temperature and in the dark by slow evaporation of solvents. The crystallization of coumarin 314, purchased as a fine powder from Aldrich, from a mixture of chloroform and ethanol, as described by Yip et al, 10 resulted in several yellow coloured crystals with 'block' type morphology. The cell-checking experiments on these yellow crystals revealed that these are of the original known form, the yellow form. 10 Several attempts were made with the coumarin 314 from Aldrich to grow the crystals of the known orange form in ethanol solution as reported earlier, 11 but every time very small or flat crystals of the yellow form appeared. Similar crystals were found even with different solvents like acetone, ethyl acetate, ether etc. Later, the title compound was purchased from Acros, which was actually made of orange colour crystals. The re-crystallization of this compound from an ethanol solution resulted again in block type crystals, which are of the second known crystal form, the orange form. Interestingly, the re-crystallization of this compound from Acros, in mixtures of chloroform and ethanol always led to the orange crystal form.

Crystals of size ~0.3 mm were selected and cooled to 100(3) K with a nitrogen vapor open flow stream device (Oxford Cryosystems 600 series). The crystals were exposed to Mo K radiation and the X-ray diffraction intensities were measured using a Nonius Kappa CCD diffractometer. Data collections were monitored using the program COLLECT. [START_REF] Nonius | Nonius B V[END_REF] The crystal-to-detector distance was fixed at 36 mm for the orange form and at 40 mm for the yellow forms. In total, four batches of data were collected for each crystal form. For the orange form, the detector positions were set at 2 = -13°, 3°, 40° and 60° while for the yellow form the positions were at 2 = -15°, 2°, 40° and 54°. In both cases, the exposure times were set to 30s, 60s and 180s for the two low, the medium and the high resolution sets of frames respectively. The scan angle per frame was  = 1°. A total of 2171 and 1786 frames were collected over a period of three days for the orange and the yellow forms respectively. The diffraction data collection statistics are summarized in Table 1. 

Data Reduction

The integration of intensities was performed using the software DENZO. 24 The refinement of the final unit cell parameters based on all the frames collected and the scaling of the frames were performed using SCALEPACK. 24 The reflection measurements were merged and the empirical absorption corrections were applied using SORTAV. [START_REF] Blessing | [END_REF] For the orange form, the minimum and maximum transmission factors are 0.854 and 0.871, respectively and for the yellow form the corresponding values are 0.814 and 0.821. For the orange form, a higher resolution (0.46 Å) of diffraction data was achieved with an average redundancy of 9.7 whereas for the yellow form, resolution was slightly lower (0.48 Å) and the average redundancy was 9.8. The relevant details of data reduction for both crystal forms are given in Table 1.

Crystallographic modelling

Experimental. The structures were solved using SIR94 26 and refined in the spherical-atom approximation (based on F 2 ) using SHELXL97 27 included in the package WinGX. [START_REF] Farrugia | Version 1.80.03)[END_REF] The charge density modelling and refinement was performed with MoPro 29 using the multipole formalism of Hansen and

Coppens. 30 It allows describing the atomic electron density as a superposition of pseudo-atoms as follows:
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where  core and  val represent the spherical core and valence unitary electron density respectively. P val is the valence population parameter and gives an estimation of the net atomic charge q = N val -P val , where N val is the number of valence electrons. y lm represent multipolar spherical harmonic functions of order l in real form, nl R are Slater type radial functions and P lm are the multipolar populations. The coefficients  and ' describe the contraction-expansion for the spherical and multipolar valence densities respectively. For the structure factor computations, the form factor for the hydrogen atoms was taken from Stewart et al, 31 the form factors for non-hydrogen atoms were calculated from Clementi & Raimondi, 32 wave functions and the real and imaginary dispersion corrections to the form factors were from Kissel et al. 33 Atomic displacement parameters of hydrogen atoms are obtained using the recently described SHADE2 approach. 34

Theoretical. Periodic quantum calculations using CRYSTAL06 [START_REF] Dovesi | CRYSTAL06 User's Manual[END_REF] were performed at the crystal geometry observed experimentally and, using these as starting geometries, optimizations were performed with density functional theory (DFT) method at the B3LYP/6-31G(d,p) level of theory. Due to the presence of disorder at one of the atom sites of yellow form (see results and discussion) and thus the distorted geometry it was noticed for this crystal form that the periodic quantum calculation based on the experimental crystal geometry was producing inaccurate theoretical electron densities. Therefore, the periodic calculations were performed based on the optimized geometries. For consistency and also for a better comparison, the same approach was followed for orange form too. The thresholds for numerical accuracy and convergence criteria used in CRYSTAL06 were the same as in previous studies. 36 Upon convergence on energy (~10 -6 ), the periodic wavefunctions based on optimized geometries were obtained and the option XFAC was used to generate the theoretical structure factors at the same resolutions as observed from the experiments.

Multipole refinement

Experimental. The multipolar non-spherical atom refinement was carried out with the full-matrix least-squares program MoPro. 29 The function minimized was
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, for all reflections with I/σ(I)>0. Initially, the scale factor was refined against the whole resolution range of diffraction data. The positional and anisotropic thermal displacement parameters of the non-hydrogen atoms were refined against the reflections with sin/ > 0.7 Å -1 . The lower resolution (sin/ < 0.7 Å -1 ) reflections were used to refine the positional parameters of the hydrogen atoms. The hydrogen-carbon bond lengths were restrained with an allowed standard deviation of 0.002 Å; the targets for Csp 2 -H, >CH 2 and -CH 3 were set to the values obtained from the calculations based on optimized geometries. The optimized bond lengths for Csp 2 -H and >CH 2 were found to be very similar to the reported average neutron diffraction values. 37 However, for the -CH 3 group, the optimized C-H bond lengths were systematically higher (~1.092 Å) than the average neutron diffraction values (1.059 Å) and were similar to that of >CH 2 values (1.092 Å). For non-hydrogen atoms, the scale, positional and thermal displacement parameters, P val , P lm, ,  and ' were allowed to refine in a stepwise manner, until the convergence was reached. The multipole expansion was truncated at the hexadecapole level for oxygen and nitrogen atoms and at the octupole level for carbon atoms. Appropriate local site symmetry constraints were imposed on the multipole populations of all the non-hydrogen atoms. Chemically equivalent atoms were constrained to have the same set of  and '. For hydrogen atoms, the anisotropic thermal parameters were fixed to the values obtained from SHADE2 analysis and only bond directed dipole (d z ) and quadrupole (
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components were allowed to refine. Chemically equivalent H atoms were restrained (with standard deviation of 0.01) to refine with similar values of valence and multipole populations. Three sets of  and ' were attributed to the hydrogen atoms, depending on their chemical type, Csp 2 -H, >CH 2 and -CH 3 . The  and ' values of all atoms were restrained (with standard deviation of 0.002) to the values obtained from the multipole model fitted to the theoretical structure factors, which is detailed in the following section. The advantage of this approach has been discussed elsewhere. 38 The same multipole refinement strategy was applied for both the polymorphic forms. However, due to the presence of disorder at the atom site O20 of the yellow form, it was not feasible to refine the charge densities of this atom while the neighboring atom O21, the ester O atom of the ethoxycarbonyl group was also affected.

Initially, an effort was made to perform the multipole refinement of these atoms with X-ray diffraction data. However, it led to an unstable model with non realistic deformation electron densities. Modelling of these atoms using Gram-Charlier expansion even up to fourth order did not improve the results.

Therefore, the multipoles and kappa parameters of the disorder atoms O20A and O20B and of atom O21

were transferred from the theoretical multipole model of the yellow form. It has been realized that the multipole modelling of disordered structure is a challenging problem in high resolution experimental charge density studies. 39

Theoretical. During the multipole refinement based on the amplitude of the theoretical structure factors (|F|) and with unit sigma on |F|, the atomic positions were held fixed to the values obtained from the geometry optimization. To consider a static model, the thermal displacement parameters were set to zero. To allow comparison with experimental results, the same multipoles, as those refined with the Xray diffraction data, were allowed to refine here for all the atoms. Exactly the same constraints, as those applied in case of experimental multipole model, were imposed here too. However, no restraints were applied on any parameters.

RESULTS AND DISCUSSIONS

Crystal structures

The crystallographic details and the parameters from multipolar refinement of single crystal X-ray diffraction data for the orange and the yellow forms are listed in Table 1. Both forms crystallize in monoclinic centrosymmetric space group P2 1 /n with Z = 4. The ORTEP diagram along with the atom labeling of the molecules in the respective forms are displayed in Figure 1. The detailed discussion on geometrical analyses of the yellow 10 and the orange 11 forms based on X-ray diffraction data collected at room temperature are already reported in the literature. Although the report on the yellow form points out the higher thermal parameters of atom O20, no disorder was considered for this atom. Interestingly, in the structure determined from the X-ray diffraction data collected at 100K it was found that the atom O20 is actually disordered and has two positions with occupancies of 77% (O20A) and 23% (O20B) (Figure 1). On the other hand, the orange form at room temperature is shown to have disorder at atom site C13 (labeled as C16A and C16B in earlier report 11 ) but our present study at 100K does not display such disorder. For the yellow form, the geometry with highest occupied position of atom O20 (O20A, 77%) was used as a starting geometry for the optimization calculation and the relevant discussions in the following are also based on this atom, O20A. It is to be noted that the ethoxycarbonyl group in these two polymorphic forms has two distinct conformations and hence the two crystal forms are conformational polymorphs (Figure 2). The molecular packing arrangements shown in Figure 3 clearly highlight the distinct orientation of the molecules in the crystals of the two polymorphic forms. However, in both forms, the molecules pack in an anti parallel fashion with different orientations. The geometrical analysis via PARST 43 revealed that the inter-planer distance between the coumarin moieties are 3.5562(4) Å in the orange form and 3.6581(3) Å in the yellow form.

Orange

A quite different set of intermolecular contacts were noticed in these two polymorphs and the Hirshfeld surface analysis 44 was performed with CrystalExplorer 45 to quantify all of these contacts. The details of the Hirshfeld surface approach for the quantification of intermolecular contacts 46 and to compare polymorphic forms 47 A statistical analysis was performed on the static deformation electron density grids obtained from the experimental and theoretical multipole modeling of the two polymorphic forms. The correlation between the experimental and theoretical deformation electron densities  is 95% and 92% for the orange and the yellow forms, respectively. The diffraction data of orange crystal form are of slightly better quality in terms of resolution and R-factors, which is in accordance with the higher correlation. 

Topology of covalent bonds

The topological analysis of the total electron density (r) and the localization of the BCP were performed using VMoPro, a properties visualization tool of the MoPro software. 29 The topological parameters of the covalent bonds are listed in Table S1 in the supplementary information. The experimental and theoretical values of the two forms are in good agreement, demonstrating that both methodologies provide consistent measure of the topological properties of the charge densities. The a r 1 and r 2 are the distances from the critical point to the first atom (A) and second atom (B) respectively. The interaction length, R ij = (r 1 + r 2 ). Values in italics are from theoretical calculations. The symmetry codes are given in the second row under each interaction.

Topology of intermolecular interactions
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b dimers with involutive symmetry operators.

The symmetry codes for the orange form are (i) X+1/2; -Y+3/2; Z+1/2, (ii) -X+1; -Y+1; -Z+1, (iii) -X+3/2; Y+1/2; -Z+1/2, (iv) -X+3/2; Y-1/2; -Z+3/2, (v) -X+1/2; Y+1/2; -Z+1/2, (vi) X-1/2; -Y+3/2; Z+1/2, (vii) -X+1; -Y+2; -Z+1, (viii) -X+1; -Y+1; -Z, (ix) -X+1/2; Y+1/2; -Z-1/2.

The symmetry codes for the yellow form are (i) X+1/2; -Y+3/2; Z+1/2, (ii) -X+1; -Y+1; -Z+1 (iii) -X+2; -Y+1; -Z+1, (iv) -X+1; -Y+2; -Z+1, (v) -X+1/2; Y+1/2; -Z+1/2, (vi) -X+3/2; Y+1/2; -Z+1/2, (vii) -X+3/2; Y+3/2; -Z+3/2, (viii) -X+3/2; Y-1/2; -Z+1/2, (ix) -X+1/2; Y-1/2; -Z+1/2.

As far as C-H…O intermolecular contacts are concerned, the two polymorphs are shown to have different networks of interactions. In both forms, no intermolecular BCP was found involving atom O1.

However, the atom O1 in orange form seems to remotely interact with atom H16A, which forms a relatively strong hydrogen bond with the atom O11, the neighbor of atom O1 (Figure 6). No such interactions were observed for atom O1 of the yellow form. In the orange form, the atom O11 is ranging from 9 -15 kJ mol -1 bohr -3 and 6 -12 kJ mol -1 bohr -3 , respectively. In the yellow form, the corresponding atom O20A also has three such intermolecular contacts but with higher values of G(r CP ) (15 -24 kJ mol -1 bohr -3 ) and |V(r CP )| (10 -21 kJ mol -1 bohr -3 ). Although there is no C-H…O contact involving atom O21 in the orange form, there are two such intermolecular contacts present in the yellow form (Table 2). Contours are drawn at ±2  10 n , ±4 × 10 n , ±8 × 10 n (n = -3 to +3) e Å -5 levels.

As expected for colored dyes, there are number of C-H… interactions present in the two crystal forms. These  electrons are either from C atoms or from the aromatic bonds involving those C atoms.

As seen from Table 2, these interactions are mainly concentrated in the vicinity of the rings of the coumarin moiety in both the crystal forms. There is only one such interaction involving the atom N15, which is present in the orange form. The atom H22B in the orange form is interacting with the atoms C3 and C4 via a common CP, indicating that this H atom is essentially interacting with the  electrons of the C3-C4 bond. A similar scenario is observed for atom H14B, with the  electrons of the C5-C6 bond.

The atom H12A is found to be interacting with the  electrons of three bonded atoms N15-C7-C8 via a common CP as well. There are two such cases observed in the yellow form. One of them is between atom H14B and the bond C2-C3 and the other one is between atom H22A and the bond C5-C6. Overall, the strengths of these interactions are found to be similar in both forms and compares well with their corresponding theoretical values. The values of G(r CP ) and |V(r CP )| range from 5 -13 kJ mol -1 bohr -3 and 4 -10 kJ mol -1 bohr -3 respectively for the orange form and the corresponding values for the yellow form are 4 -13 kJ mol -1 bohr -3 and 3 -10 kJ mol -1 bohr -3 respectively.

The other type of intermolecular interactions involving  electrons, the … interactions, is of extreme importance in the context of coloured dyes. The orange form is found to have three such contacts (Table 2), two of them between the same type of atoms (O20…O20 and C19…C19) and the other one is between two different types of atoms (O21…N15). However, no such contacts were found in the yellow form. This is mainly due to the shorter inter-planar distance between the molecules in the orange form (3.5562(4) Å) compared to those in the yellow form (3.6581(3) Å), as mentioned before.

Consequently, a variation of color is seen in these two polymorphic dye crystals.

The experimental and theoretical values of topological parameters including energy densities of the orange and the yellow forms are in agreement (Table 2). However, the subtle differences between the experimental and theoretical topological values and especially for intermolecular bond lengths are due to the fact that the theoretical results are based on the optimized geometry obtained from periodic quantum calculations, whereas the experimental results are from experimental crystal geometries. It is, in this context, to be noted that the energy difference between the crystals with optimized geometry and with experimental geometry is -42 kJ mol -1 and -63 kJ mol -1 for the orange form and the yellow form respectively. The topological properties, such as electron densities, Laplacian and local kinetic and potential energy densities of both of these polymorphic forms are also comparable to earlier such studies 36,49 and seem to correlate well with the interaction lengths. 50 For both crystal forms, the total electrostatic interaction energies (E es,tot ) between the involved in C-H…O, C-H… and … types of contacts were computed based on their experimental and theoretical electron densities (Table 2). The methodology for the calculation of E es,tot using VMoPro is discussed elsewhere. 51 The experimental and the theoretical values of E es,tot are found to be comparable, with some exceptions. The electrostatic interactions energies were summed for all these dimers, with a weighting of one half for dimers with involutive symmetry operators. For the orange form, the summation of E es,tot are -152 kJ mol -1 (experimental) and -134 kJ mol -1 (theoretical) and for the yellow form, the corresponding values are -162 kJ mol -1 (experimental) and -173 kJ mol -1 (theoretical). From these results, it appears the orange form has weaker electrostatic interaction energies compared to the yellow form. However, the values of E es,tot between the polymorphs are closely related.

Electrostatic potentials

Analysis of electrostatic potential (ESP) on the molecular surfaces was performed to highlight the effect of crystalline environment and also to point out the differences and the similarities between the two polymorphic forms. The construction of a three-dimensional ESP map plotted over the molecular surfaces from experimental charge densities clearly brings out the differences of electrostatic nature of the two forms (Figure 7). The electropositive and electronegative surfaces are well separated in both forms. The orange form display a larger electronegative surface compared to the yellow form. This is due to the conformational difference at the ethoxycarbonyl side chain and additionally due to the involvement of the  electrons of three bonded atoms N15-C7-C8 in C-H… type of contacts and the presence of … type of contacts in the orange form (Table 2). As expected, in both the polymorphs, the spread of electronegative surface is mainly seen around the O atoms, which are involved in C-H…O type of intermolecular contacts. However, the atom O1 in the yellow form is shown to have less prominent electronegative surface compared to the other O atoms. This is due to the fact that the atom O1 is not involved in any intermolecular contacts whereas the corresponding atom in the orange form is seen to interact remotely with the neighbor molecule (see Figure 6). These ESP maps correlate well with the observations of intermolecular contacts (Table 2) as discussed in the previous section. The corresponding maps from the theoretical analysis revealed similar features. The ESP maps clearly emphasize the preferred binding sites to form the networks of interactions and also highlight the difference in nature of interactions in the two polymorphic forms. 

Lattice Energies

The lattice energies, defined as the difference between the molecular interaction energy in crystal and the molecular relaxation energy upon sublimation, were calculated according to the procedure outlined by Abramov et al. [START_REF] Abramov | [END_REF] The package CRYSTAL06 was used to calculate the molecular interaction energies, which is essentially the difference between the energy of the molecule in the crystal and that of the isolated molecule with crystal geometry. The basis set superposition error was corrected by adopting the counterpoise method. 54 Relaxation energies, which measures the difference between the energy of the isolated molecule with optimized geometry and the molecule with crystal geometry, were calculated using GAUSSIAN03 [START_REF] Frisch | GAUSSIAN 98[END_REF] with DFT method at the B3LYP/6-31G(d,p) level of theory.

The orange form is shown to have weaker interaction energy (-26.3 kJ mol -1 ) compared to the yellow form (-42.0 kJ mol -1 ). It is to be noted that, irrespective of the crystal geometry, whether it is from experimental geometry or from theoretically optimized geometry, the same as above interaction energy values were obtained for both forms. The relaxation energy of the orange form (7.9 kJ mol -1 ) is as low as half of the yellow form (15.8 kJ mol -1 ). Therefore, the orange form has weaker lattice energy of -18.4 kJ mol -1 compared to the yellow form with lattice energy of -26.3 kJ mol -1 . However, these two lattice energies are closely related and this clarifies the cause of occurrence of polymorphism in coumarin 314.

These observations are in accordance with the results of E es,tot obtained from the charge density distributions as discussed above (Table 2). However, from these results, it is tempting to conclude that the yellow form is thermodynamically the favored form compared to the orange form.

The single point energies of isolated free molecules calculated using GAUSSIAN03 revealed that the polymorphs with two distinct confirmations have almost equal energies. The energy difference between the two forms is only16.0 kJ mol -1 . This observation once again supports the cause of the occurrences of two polymorphic structures of coumarin 314 dye.

Atomic Charges

The values of atomic charges derived from the experimental and theoretical multipole refinements of the two polymorphs are listed in Table S2. From each method, it is noticed that the atoms in these two polymorphic forms carry rather different charges. In each case, the electronegative O and N atoms are found to carry negative charges. However, the ester O atoms have higher charges than the carbonyl O atoms. In the orange form, the atoms C2 and C19, bonded to two electronegative O atoms are either a little negatively charged (experiment) or a little positively charged (theory). The corresponding atoms in the yellow form are almost neutral within the estimated standard deviation or negatively charged (atom C19, experiment). It is to be noted that in the yellow form, the atom C19 is bonded to atoms O20 and O21 whose multipole populations are transferred from the theoretical model. In each case, the atom C9, bonded to the ester O atom of coumarin moiety carrying slightly negative charges whereas the atom C22 of >CH2 group, with negative charges on H atoms, bonded to the other ester O atom carrying positive charges. The H atoms are negatively charged and are in agreement with the UBDB theoretical electron density database. 56 It is to be noted that the atomic charges (N val -P val ), derived from the

Hansen & Coppens multipole formalism, 30 do not take into account the charge transfer between atoms inherent to the dipoles. In the yellow form, the atoms H4 and H5 from the theoretical model are however found to carry a little positive charge; the corresponding C atoms have slightly negative charges. Similar charges were noticed for these types of atoms from other experimental and theoretical studies of this kinds. 14b,36,56 These appropriate atomic charges obtained from the multipole refinements certainly assure the accuracy of the charge density models.

Dipole moments

A quantitative charge density analysis of accurate single crystal X-ray diffraction data is capable of providing detailed information on the dipole moment of a molecule in crystal environment. However, the molecular dipole moments derived from such studies may often lead to pronounced enhancement compared to independent theoretical estimates. 57 This simplest one-electron property can have considerable significance in the context of polymorphism. The values of dipole moments, calculated from different approaches, are listed in Table 3. Almost from all approaches, the dipole moment value of the orange form is seen to be lower than the yellow form. The difference between the values of dipole moments obtained from experimental charge densities ( X-ray ) of the two forms is 2.4 D. However, no difference in dipole moment is observed from the calculation based on the multipole model refined with the theoretical structure factors ( theo ). The difference is found to be 1.9 D, when the dipole moments were calculated on isolated single-molecules ( 0 ) and based on optimized geometries obtained from periodic theoretical calculations. However, in both forms, the  0 values based on experimental geometries were very similar to the one listed here from optimized geometries. The dipole moments were also calculated using dipole lattice sums to estimate the electric field from Lorentz factor tensors ( LT ). 58 These values are slightly lower compared to the values obtained from the experimental multipole models and in this case the difference is 3.1 D. These last two calculations were performed with GAUSSIAN03 using DFT method at B3LYP/6-31G(d,p) level of theory. Upon calculation of percentage enhancement with respect to  0 , the values of  X-ray of the orange and the yellow form showed a reasonable enhancement of 61% and 54%, respectively. Enhancement of this kind is well below the maximum acceptable enhancement of about 75% as stated in the detailed study on enhancement of dipole moments for a large number of molecules by Spackman et al. 57 For the orange form, the enhancement of  theo indicates similar trend as seen in case of  X-ray and a relatively smaller enhancement is noticed from Lorentz tensor approach (Table 3). However, for yellow forms, similar enhancements of  theo and  LT are noticed and the enhancements are smaller compared to the enhancement of  X-ray . The magnitude of the polarizing field produced by the zero-field molecular dipoles of the orange form is found to be less than half (1.0 GV m -1 ) of the yellow form (2.4 GV m -1 ).

However, in both cases, this field is closely parallel to the zero-field dipole, 15  and 25  for the orange and the yellow forms respectively. It is to be noted that comparatively a little larger difference of dipole moment values (3.1 D) between the polymorphs was seen from the Lorentz tensors approach and it is due to the presence of higher magnitude of the polarizing field in the yellow form compared to the orange form. a percentage enhancement, % X = 100 ( 0 - X )/ 0 ; where X is either experimental(X-ray), theoretical (theo) or Lorentz factor Tensor (LT)

CONCLUSIONS

The quantitative analyses of experimental and theoretical charge density distributions in two known conformational polymorphs of coumarin 314 dye have led to a better understanding of the variation of the charge density features associated with the polymorphic structures in general. The presence of disorder at the carbonyl oxygen atom of ethoxycarbonyl group in the yellow form, which was not identified earlier, is addressed here. On the other hand, the earlier study on the orange form at room temperature found some disorder at the carbon atom site of one of the piperidine ring systems but our present study at 100K does not show any such disorder. The presence of disorder for a particular atom in the yellow form led us to transfer the multipoles and radial parameters of the agitated atoms from the corresponding theoretical model. The strategies of transferability of multipole parameters either from theoretical calculations or from charge density database [START_REF] Zarychta | in two known conformational polymorphs (orange and yellow) of coumarin 314 dye are analyzed based on multipole modelling of both[END_REF] is very encouraging to circumvent the challenging problem in performing multipole modelling of disordered structures from experimental charge density studies.

The values of topological properties of covalent bonds in these two crystal forms appeared to be comparable. Unlike previous study, [START_REF] Overgaard | [END_REF] a variation in intermolecular interaction pattern is seen in these two conformational polymorphs. The quantification of intermolecular contacts via Hirshfeld surface analysis successfully revealed the differences and similarities between the polymorphs. The distinct networks of interactions with varying strengths are seen in these two polymorphs. The variation of colors of these polymorphic dyes is mainly due to the … interactions, which are present in the orange form only. The polymorphic forms are distinguishable in terms of their topological properties of intermolecular interactions. The summation of total electrostatic interaction energy values of the dimers suggest that the orange form has weaker electrostatic interaction energy compared to that of the yellow form. The plotting of three-dimensional electrostatic potential maps over the molecular surfaces elucidates the difference in nature of interactions of these two polymorphs. Theoretical estimates of lattice energies indicate that the yellow form is thermodynamically the favored crystal form. The existence of polymorphism in coumarin 314 is believed to be due to the occurrence of nearly equivalent lattice energies of the polymorphs with distinct confirmations.

Slightly different atomic charges are noticed in these two polymorphs, with O atoms generally more negative in the orange form. However, the dipole moment values obtained from ECDA and the theoretical approaches unravel these two polymorphs conveniently. The yellow form is shown to have indeed a slightly higher dipole moment. This is because of the conformational differences of the ethoxycarbonyl group in the two forms, which brings two carbonyl groups together in the yellow form and approximately opposed in the orange form. This is also due to the higher magnitude of the polarizing field produced by zero-field molecular dipoles of the yellow form compared to the orange form. Lastly, this study is an additional contribution to the field of charge density analysis of polymorphic structures, which merit many more such studies.

  Scheme I. Chemical diagram of coumarin 314

YellowFigure 1 .

 1 Figure 1. ORTEP diagram of coumarin 314 at 100K with 50% ellipsoid probability The diagrams are generated using ORTEP-III 40 and POV-Ray.[START_REF]Persistence of Vision Raytracer (Version 3[END_REF] 

Figure 2 .

 2 Figure 2. Overlay of polymorphs of coumarin 314 showing the differences in molecular geometry and conformation, the orange form in light grey color and the yellow form in black color. The rotation centre is at atom O1 and the molecules are viewed perpendicular to the O1-C2 bond. The diagram is generated using Mercury. 42

  have been discussed in their recent articles by Spackman's group. The relative contributions to the Hirshfeld surface areas due to H…H, O…H, C…H and 'other' (C…C, O…C, C…N, O…O, O…N, N…N and N…H) intermolecular contacts are illustrated in Figure4for both the polymorphs. For the yellow form, the hypothetical 'ordered' structure (i.e. atom O20A with 100% occupancy) was considered to construct the entries in the chart in Figure4. The pictorial representation of the quantitative analysis of intermolecular contacts clearly shows that the two polymorphic forms have similar fractions of H…H and O…H contacts and these two types of contacts together contributes 77% of the total contacts. The major differences in intermolecular contacts are seen for C…H (i.e. C-H…) and 'other' types of contacts. The yellow form contains higher fraction (21%) of C…H contacts compared to that of the orange form (16%). The yellow form contains only 2% (with neither O…O nor N…H contacts) of 'other' contacts and the orange form contains 7% of it. Further quantitative and qualitative analyses of each of the intermolecular contacts are performed using the charge density distributions of these two polymorphs and discussed in the following sections. Here, our main focus is on the evaluation of charge density features associated with these two polymorphs.

Figure 3 .Figure 4 .

 34 Figure 3. Molecular packing diagram viewed down the a axis and highlighting the orientation of molecules in the two polymorphic forms, with hydrogen atoms omitted for clarity. The diagrams are generated using Mercury. 42

Figure 5 .

 5 Figure 5. Static deformation density maps drawn in the plane containing atoms O1, O11 and C2, origin at atom O1. Contour intervals are at 0.05 eÅ -3 , positive and negative contours are in solid blue and broken red lines respectively, contour at zero level is shown as broken yellow line.

  values of covalent bond length (d), electron density (ρ b ) and Laplacian ( 2 ρ b ) of the two crystal forms, obtained from experiment and theory, are compared for the covalent bonds involving non H atoms and shown in FigureS2in the supplementary information. The d values of the corresponding covalent bonds between these two polymorphic forms are found to follow a linear trend. The experimental and the theoretical values of d are also found to follow the similar trend. However, ρ b and  2 ρ b values obtained from the experimental and theoretical analyses seem to follow a slight different trend, theoretical values tend to be a little higher than the experimental values. The values of these two entities are found to be comparable between the two polymorphic forms. As expected, in terms of the values of the topological properties, in both forms the C=O bonds are found to be the strongest one (TableS1). Conversely, in both forms the bond O21-C22 has lowest values of ρ b and the highest values of  2 ρ b and thus the weakest bond. From both methods and in both forms, the values of ρ b and  2 ρ b of C-H bonds are found to agree well. The bond ellipticity () values for all of the covalent bonds in both forms are found within their expectation limits.

  involved in three relatively strong and one weak C-H…O contacts with R ij in the range of 2.31 -2.75 Å, ρ b ; 0.03 -0.08 e Å -3 ,  2 ρ b ; 0.6 -0.9 e Å -5 , G(r CP ); 12 -21 kJ mol -1 bohr -3 and |V(r CP )|; 7 -18 kJ mol -1 bohr -3 . The corresponding O atom in the yellow form is involved in six such contacts but there are only five CPs. This is because of the common CP shared by two interactions between atom O11 and the atoms H17A and H17B. These interactions are relatively weak with R ij in the range of 2.52 -2.89 Å, ρ b ; 0.04 -0.06 e Å -3 ,  2 ρ b ; 0.5 -0.7 e Å -5 , G(r CP ); 10 -15 kJ mol -1 bohr -3 and |V(r CP )|; 7 -11 kJ mol -1 bohr -3 . The atom O20 in the orange form has three C-H…O contacts with G(r CP ) and |V(r CP )| values

Figure 6 .

 6 Figure 6. Laplacian [ 2 ρ b (r)] distribution of one of the C-H…O intermolecular interactions in the orange form. The map is drawn in the plane containing atoms O1, O11 and H16A and with origin at atom H16A. Solid blue and broken red lines represent positive and negative contours respectively.

Figure 7 .

 7 Figure 7. Experimental deformation electrostatic potential ∆ (eÅ -1 ) plotted over the molecular surfaces of coumarin 314. The potential of +0.1 eÅ -1 is shown in blue and -0.1 eÅ -1 in red. The potential∆ is derived from the deformation electron density ∆. The view was generated with Pymol.[START_REF] Delano | The PyMOL Molecular Graphics System[END_REF] 

Table 1 .

 1 Summary of crystallographic data

	Crystal Form	Orange	Yellow
	Chemical formula	C 18 H 19 O 4 N 1	C 18 H 19 O 4 N 1
	Molecular density	1.409	1.404
	a, b, c (Å)	12.163(2), 11.887(1), 10.224(1)	8.388(1), 14.867(2), 11.919(1)
	 (°)	92.38(1)	94.43(1)
	V (Å 3 )	1476.9(2)	1481.9(2)
	Space group; Z	P2 1 /n; 4	P2 1 /n; 4
	sin max  (Å -1 )	1.10	1.03
	# measured reflections	156 578	129 400
	# unique reflections	16 036	13 239
	R merge ()	0.0457	0.0577
	Spherical-atom refinement		
	GOF (F 2 )	0.94	0.88
	R 1 ; wR 2 (all data)	0.0492; 0.0967	0.0676; 0.1090
	N ref	a (I >2(I))	11 954	8316
	R 1 ; wR 2 (I >2(I))	0.0357; 0.0917	0.0418; 0.1040
	Multipole refinement		
	GOF (F)	0.84	0.85
	N ref (I>0(I))	15 398	12 274
	R 1 ; wR 2 (I>0(I))	0.0340; 0.0492	0.0488; 0.0659
	N ref (I>2(I))	11 954	8 316

a N ref ; number of reflections used for the refinement

Table 2

 2 

summarizes the experimental and theoretical values of topological parameters (R ij , ρ b , and  2 ρ b ) and the energy densities [G(r CP ) and V(r CP )] of the intermolecular interactions present in both forms. A number of C-H…O, C-H… and … type of intermolecular contacts have been identified in these two polymorphic forms of coumarin 314 dye (Table

2

).

Table 2 .

 2 Topological features of intermolecular contacts with O or  acceptors and … interactions. a

	Orange

Table 3 .

 3 Molecular dipole moments and their percentage enhancements, values are in Debye. a

	forms	 0	 X-ray	% X-ray	 theo	% theo	 LT	% LT
	orange	8.2	13.2	61	13.0	58	10.0	22
	yellow	10.1	15.6	54	13.0	29	13.1	30
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