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The crucial role of the inter-ring hydrogen bond to explain morin properties

Introduction

The elucidation of the structure of some complexes in solution is a difficult issue due to the lack of methods that determines it on low-concentration solutions. And yet, these solutions are studied as representatives of the interactions in soils or, more generally, in natural conditions that justifies the interest that was developed on this subject. Contrarily to the solid phase, proven methods such as Xray diffraction are not suitable to investigate structures in solution. Combined methodologies are often efficient, especially those associating electronic spectroscopy (whose sensibility is sufficient for this kind of low-concentration solutions) and quantum chemistry computations (that compensate for the lack of direct structural information obtained from electronic spectroscopy and give more insights beyond what is experimentally measured). This kind of methods has often been used in our group for example in the case of the complexation of quercetin with Al III , 1,2 Pb II , [START_REF] Cornard | Computational and Spectroscopic Characterization of the Molecular and Electronic Structure of the Pb(II)-Quercetin Complex[END_REF] and Mg II . [START_REF] Moncomble | Elucidation of complexation multi-equilibrium with Mg II and a multisite ligand. A combined electronic spectroscopies and DFT investigation[END_REF] Indeed, studies that use only one method are very sensitive to the precise conditions of the experiments, that leads to some disagreement in the literature about some systems. It is especially the case of the complex formed between morin and the Zn II cation. [START_REF] Qi | Synthesis, characterization and antitumour properties of metal(II) solid complexes with Morin[END_REF][START_REF] Payán-Gómez | Computational molecular characterization of the flavonoid Morin and its Pt(II), Pd(II) and Zn(II) complexes[END_REF][START_REF] Zhang | Synthesis of Morin-Zinc(II) Complex and its Interaction with Serum Albumin[END_REF][START_REF] Wei | Zinc-Binding Sites on Selected Flavonoids[END_REF][START_REF] Sendrayaperumal | Design, synthesis and characterization of zinc-morin, a metal flavonol complex and evaluation of its antidiabetic potential in HFD-STZ induced type 2 diabetes in rats[END_REF][START_REF] Yasarawan | Chelation behavior of various flavonols and transfer of flavonol-chelated zinc(II) to alanylaspartic dipeptide: A PCM/DFT investigation[END_REF] Figure 1: Structure of two conformers of morin along with the conventional numbering of atoms (blue) and labelling of rings (red). The number describing the atoms of a substituant is the same as the one of the bearing skeleton atom.

Morin is a pentahydroxyflavone whose structure is depicted in Figure 1. As it bears a hydroxyl group in position 3, it is a flavonol which is a family of compounds that have antioxidant properties. [START_REF] Yang | Evaluation of antioxidant and antibacterial activities of morin isolated from mulberry fruits (Morus alba L.)[END_REF] Morin is very special among the flavonols as it is one of the few natural flavonols, with datiscetin, that bears a hydroxyl group in position 2' [START_REF] Goodwin | Chemistry and Biochemistry of Plant Pigments[END_REF] that can be involved in a hydrogen bond with the O3H3 hydroxyl group with far-reaching consequences explored in this article. Morin is naturally encountered in fruits such as guavas or mulberries, and is now used as a chelatant determining the presence of some species such as the Al III cation. [START_REF] White | Determination of Aluminum by Photometric Fluorescence Measurement[END_REF] Indeed, morin is a nonfluorescent molecule but its complexation with some cations possibly enhances the radiative decay pathway. Among them, the Zn II cation has the capacity to bind to morin. [START_REF] Bishop | The influence of anions on the morin test for aluminium, gallium, beryllium and zinc, and the identification of certain anions[END_REF] Therefore, its association with morin was investigated to determine the precise binding mode. Indeed, morin possesses four potential binding sites whose chemical nature is different, making this issue challenging: the Zn II cation can be located between O1 and O2' (1,2'; hydroxy-ether), O3 and O2' (3,2'; dihydroxyl), O3 and O4 (3,4; α-hydroxy-ketone) and O4 and O5 (4,5; β-hydroxy-ketone). The Zn II cation interaction with flavones has already been studied [START_REF] Uivarosi | Bǎrbuceanu, Synthesis and Characterization of Some New Complexes of Magnesium (II) and Zinc (II) with the Natural Flavonoid Primuletin[END_REF][START_REF] Primikyri | Understanding Zinc(II) Chelation with Quercetin and Luteolin: A Combined NMR and Theoretical Study[END_REF] and, more specifically, several research groups worked on the determination of the structure of the morin-Zn II complex, the results of their studies are reported in the Table 1 that enlightens also the diversity of the methods used for these investigations. No consensus can therefore be obtained and no bias seems explained by the use of one method only. Moreover, no study associates both computations and experiments that is, as stated before, a good way to compensate for the limitations of each aspect. Notably, the environment is also not fully considered in these publications, especially the computational ones: the protonation state of morin is either assumed without justification [START_REF] Yasarawan | Chelation behavior of various flavonols and transfer of flavonol-chelated zinc(II) to alanylaspartic dipeptide: A PCM/DFT investigation[END_REF] or chosen on the basis of the lability of proton in free morin [START_REF] Payán-Gómez | Computational molecular characterization of the flavonoid Morin and its Pt(II), Pd(II) and Zn(II) complexes[END_REF] , and possible solvent molecules in the coordination sphere of the cation are often neglected. Therefore, we chose to re-investigate this system using the methodology we developed in our group. The experimental measurements are carried out in standardized conditions used earlier so the results will compare fairly with those obtained for other flavonoids. At the same time, the computational model, detailed in the next section, has been shown to be quite robust and does not need any assumption on the behavior of the complex. A preliminary step assesses its performance in the case of study and focuses on the poorly understood acid-base properties of morin. Then, the model is applied to the study of the morin deprotonation and its complexation with the Zn II cation. Once the structure of the morin-Zn II complex determined, further studies give more insight in some of its physico-chemical properties and shed light on the nature of the interactions in it. 

Material and methods

Materials

Morin hydrate (302.24 g mol -1 ) was bought from Sigma Aldrich. Anhydrous zinc (II) chloride (99.99%) and methanol (ultrapure, spectrophotometric grade, 99.8%) were purchased from Alfa Aesar. Water was obtained by a Millipore water purification system at 18 MΩ cm -1 . The method was optimized by preparing solutions of morin and zinc (II) chloride at a concentration of 4•10 -5 mol L -1 and 8•10 -3 mol L -1 in methanol, respectively. The concentration of metal was chosen to obtain a broad range of molar ratios (metal to ligand) varying from 0 to 150. The experiments were carried out at a pH of 4.2 or 6.5. 1 mol L -1 , 0.1 mol L -1 and 0.01 mol L -1 solutions of NaOH (white pellets, Fischer Scientific) and HCl (Fluka) were used to fix the pH during the titration.

Spectroscopic methods

The UV-vis spectra were recorded on a Varian Cary 100 Bio double beam spectrometer, using 1 cm quartz cells and the fluorescence spectra were registered on the FluoroMax-3 from Jobin Yvon, Horiba.

The experiments were carried out at room temperature (25°C). A flow cell was set up, allowing small additions of the zinc chloride directly in the morin solution at different molar ratios.

2,3, Chemometric methods

The sets of UV-vis spectra obtained during the titration were treated using a evolving factor analysis based method (EFA). By this way, it is possible to extract from each set of spectra one spectrum for each species in equilibrium during the titration. Moreover, the comparison of the evolution of the concentrations (obtained simultaneously with the spectra associated to each species) with hypothetical equilibrium model determines the stoichiometry of the formed complexes.

Quantum chemistry computations details

All the quantum-chemistry computations were carried out using the Gaussian 09 software. [START_REF] Frisch | Gaussian 09 D.01[END_REF] Energies were computed in the framework of Density Functional Theory (DFT), more specifically using the PBE0 global hybrid functional. [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF][START_REF] Adamo | Toward reliable density functional methods without adjustable parameters: The PBE0 model[END_REF] Optimizations were carried out using the standard algorithms of Gaussian 09. During the optimizations, the Kohn-Sham wave function was developed on the 6-311+G(d,p) basis for every atom. [START_REF] Krishnan | Self-consistent molecular orbital methods. XX. A basis set for correlated wave functions[END_REF][START_REF] Mclean | Contracted Gaussian basis sets for molecular calculations. I. Second row atoms, Z=11-18[END_REF][START_REF] Hariharan | The influence of polarization functions on molecular orbital hydrogenation energies[END_REF][START_REF] Clark | Efficient diffuse functionaugmented basis sets for anion calculations. III. The 3-21+G basis set for first-row elements, Li-F[END_REF] The solvent was described using a hybrid model [START_REF] Boumendil | Solvent effects to compute UV-vis spectra for ionic metal complexes[END_REF] that associates few explicit water molecules (that mimic methanol molecules) around the metallic center, while the whole complex is hemmed in by an implicit solvation using the PCM model describing the bulk methanol. [START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF][START_REF] Cossi | New developments in the polarizable continuum model for quantum mechanical and classical calculations on molecules in solution[END_REF] The precise number of water molecules to be introduced in the first solvation shell (or coordination sphere) of the metal atom is studied in the main text.

UV-vis spectra were computed using the time-dependent adaptation of DFT (TD-DFT) with the same functional as for the ground state. For each molecule of interest, as many low-lying excited electronic states as needed to reach a transition wavelength of 200 nm (6.20 eV) were computed, that was generally achieved with the 80 lowest excited electronic states. For these computations, the implicit solvent was computed in the linear response non-equilibrium formalism. In some cases, fluorescence properties were computed by relaxation of the first excited states, the implicit solvent being computed in the linear response equilibrium formalism.

When discussions about the molecular orbitals (MO) are presented, those are always Kohn-Sham ones. To study the topology of the electronic density, Quantum Theory of Atom-In-Molecules (QTAIM) computations were carried out using the AIMAll software. 27 The atomic charges given in this article are computed by integration over Bader atoms. Due to the free rotation around the C2-C1' bond, morin exists as several conformers. Among them the most stable one (Figure 1, right) presents a hydrogen bond (H-bond) between the O3 atom and the O2'H2' hydroxyl group (that will be described as the inter-ring H-bond). Two other H-bonds are present between the O3H3 hydroxyl group and the O4 atom, and between the O5H5 hydroxyl group and the O4 atom. The stabilization due to the inter-ring H-bond has been evaluated by computing the energy difference between the structure with and without it (but always with the O2'H2' hydroxyl group in the vicinity of the O3H3 one). The obtained energy difference is quite low (Δ r E = 3.4 kcal mol -1 in favor of the compound with the inter-ring H-bond), and if the vibrational contribution is taken into account, the difference is even less pronounced (Δ r G = 2.6 kcal mol -1 , once again in favor of the compound with the inter-ring H-bond). On the basis of these thermodynamic quantities, it is not possible to discriminate the two structures due to the accuracy of the model. Therefore, the two conformations (with and without the inter-ring H-bond) are used in the assessment of the computational model.

To this aim, the morin electronic transitions were computed by the means of TD-DFT based methods and compared with the experimental spectrum (Figure 2). For the conformer with the interring H-bond, an excellent agreement is obtained for the lowest transition energy (356 nm (3.48 eV) measured vs. 354 nm (3.50 eV) computed). The shape of the band is also consistent, a weak transition being computed at 313 nm (3.96 eV) corresponding to the shoulder measured around 319 nm (3.89 eV). For the form without the inter-ring H-bond, the agreement is not as good as the previous one (348 nm (3.57 eV) for the lowest energy band and 306 nm (4.05 eV) for the shoulder), but the shape of the bond is also recovered. Nevertheless, the similarity of both spectra and the small energy difference between these two structures (in comparison with other H-bonds in flavonoids [START_REF] Falantin | Chalcogen substitution: Effect of oxygen-by-sulfur exchange on structural and spectroscopic properties of flavonols[END_REF] ) prevents the precise determination of the bond scheme. Then, no special care is needed in the UV-vis study on the presence or not of this H-bond that most certainly reflect the easy rotation of the B ring with respect to the C2-C1' bond. On the contrary, for some other properties, such as acid-base properties, the greatest care will be given to this H-bond.

Figure 2: Overlap of the experimental UV-vis spectrum of morin (red curve) and the computed transitions for morin with (plain blue lines) and without (dashed blue lines) the O3--H2' H-bond.

The very good agreement obtained between the experimental and theoretical absorption spectra of morin validates the choice of the computational method. The nature of these two transitions is quite simple: the transition measured at 356 nm is the HOMO → LUMO, that consists in an electron transfer from the B ring and the O3 atom to the C ring and the π* molecular orbital located on the C4=O4 bond. The 319 nm one is the HOMO-1 → LUMO transition, that consists in an electron transfer from the A and B rings to the same orbitals as the previous transition.

Acid-base properties of morin

The morin bears five acidic protons, one on each hydroxyl group. The presence of an extended network of H-bonds is a special feature of morin: oxygen 5, 4, 3 and 2' can partly share the hydrogen atoms that three of them carry. As evoked in the introduction, the most interesting feature is the association of O2' and O3 that could interfere strongly with the departure of a hydrogen atom:

contrarily to the case of the fully protonated morin where the H-bonds are not so strong, the deprotonation of morin enforces the role of the H-bonds involving deprotonated oxygen atoms.

Hence, the influence of this hydrogen-bond network on acid-base properties was studied. To obtain pK A values, a titration of morin by sodium hydroxide was carried out in methanol and the results are reported in Figure 3. The formation of two consecutive deprotonated forms is evidenced: the first one with an absorption wavelength measured at 389 nm, the second one is slightly red-shifted to an absorption maximum around 400 nm. The evolution of the absorbance (A) measured at the maximum of the first deprotonated species was plotted against the pH (inset of Figure 3) along with its derivative to quantify the pK A . The obtained values of the derivative were fitted by the analytical relation expected for an equilibrium between an acid and its conjugated base:

∂ A ∂ pH = α 10 pH -pK A (1+10 pH-pK A ) 2
where α is a constant depending on the absorption molar coefficient of both species, the total concentration in morin and the optical path length. The least-square fitting computes a value of 6.3 for the first pK A of morin. No value was obtained for the other pK A : the pK A values are too close to each other and the spectra of each species are far too similar to be able to compute them by this method.

Figure 3: Set of UV-vis spectra measured during the titration of morin by sodium hydroxide: whole set (top), and restriction to values of pH below (bottom left) and above (bottom right) 8.2. Inset: absorbance at 389 nm (plain blue curve), and its derivative function (red +) and interpolation (dashed dark curve) versus pH.

Previous studies were carried out to determine pKas of flavonoids, especially by capillary electrophoresis measurements. [START_REF] Cabot | Determination of acidity constants of sparingly soluble drugs in aqueous solution by the internal standard capillary electrophoresis method: CE and CEC[END_REF] Whereas most flavonoids first pK A values range from 7.0 to 9.0, a surprisingly low value of 5.0 was obtained for morin in water. pK A values in methanol being higher than those in water, [START_REF] Rived | Acidity in methanol-water[END_REF] the value that we obtained for morin in methanol (6.5) is consistent with the one measured in water. This value is very low when compared with the pK A of other flavonoids that leads us to a more precise study of the deprotonation scheme. To determine which hydroxyl was involved in the first deprotonation of morin, DFT computations were used. The difficulties to compute accurate pK A values using DFT computations, especially with a static approach, are well-known. [START_REF] Thapa | Density Functional Theory Calculation of p K a 's of Thiols in Aqueous Solution Using Explicit Water Molecules and the Polarizable Continuum Model[END_REF][START_REF] Bochevarov | Multiconformation, Density Functional Theory-Based p K a Prediction in Application to Large, Flexible Organic Molecules with Diverse Functional Groups[END_REF][START_REF] Galano | Empirically Fitted Parameters for Calculating pKa Values with Small Deviations from Experiments Using a Simple Computational Strategy[END_REF] Therefore, we did not compute absolute pK A , but the differences of pK A between the different conceivable acid-base pairs, using the variation of Gibbs free energy between the two optimized bases. The lowest obtained pK A value was used as a reference. The results are gathered in the Table 2. As stated above, H-bonds have a very important role in the stability of conjugates bases. This is illustrated by the two possible ways to remove the H2' atom: either with the conservation of the initial H-bond between O3H3 and O4 or by its removal to form a new one between O3H3 and O2' (by a rotation of 180° around the C3-O3 bond). The latter case is favored by more than 8 pK A units. Remarkably, the same base is also obtained by removing the H3 atom and keeping the initial inter-ring H-bond.

These observations give clues to explain the relative acidity of morin among flavonoids. Whether the removed hydrogen is H2' or H3 is not so important as the resulting base is the same. However, the synergy between the O2'H2' and O3H3 hydroxyl groups is needed to remove one of the protons. In the absence of one of these two functional groups and of the induced H-bonds, the remaining hydrogen atom (H2' or H3) is not acidic enough: the associated ΔpK A values are the two highest ones (8.22 or 11.44). In this case, H7 (or H4' depending on the other modifications on the substitution pattern of the molecule) becomes the most acidic proton. The influence of the hydrogen bond has already been highlighted in previous studies [START_REF] Álvarez-Diduk | Deprotonation Mechanism and Acidity Constants in Aqueous Solution of Flavonols: a Combined Experimental and Theoretical Study[END_REF] but the similarity of the deprotonation of O3H3 and O2H2 due to the formation of a same conjugate base (that results from the flexibility of the hydrogen bond network) was not evoked. To sum up, in most flavonoids, when there is no cooperation between O2'H2' and O3H3, then the most acidic protons are either H7 or H4'. In morin, this special cooperation leads to a strong increase in the acidity: the H7 is outperformed by 3.5 pK A units. Linking this to the common values for the first pK A in water of flavones (7.0-9.0), a value between 3.5 and 5.5 is guessed for morin, perfectly in line with the measured value in water (5.0).

Structural assignment of the complex between morin and the Zn II cation

Once the role of the H-bond network enlightened for the acid-base properties of morin, its reactivity with the Zn II cation was studied. The monitoring of UV-vis spectra was carried out for two different apparent pH values (6.5 and 4.2, Figure 4). The first one is more representative of the interactions in a natural environment. Nevertheless, in these conditions, the neutral and monodeprotonated forms of morin coexist in solution, consistently with the low value of the pK A presented in the earlier subsection. Contrarily, the spectra acquired in more acidic conditions (pH = 4.2) confirms the very low presence of the monodeprotonated form when the pH is fixed 2 units under the pK A value of morin in methanol (6.3). This feature is illustrated by the difference in the shape of the first spectra between sub-figures (a) and (b) of the Figure 4: in the case of the more alkaline conditions (a), another absorption band is present around 390-400 nm, corresponding to the values measured for the conjugated base. For both pH values, a main species of 1:1 (zinc:morin) stoichiometry is observed when Zn II salt is added, but the lack of isosbestic point suggests the presence of an intermediate complex of stoichiometry 1:2 that has not been characterized. Indeed, the application of chemometrics on the set of spectra was inconclusive for this latter complex that is probably present in too small an amount to characterize it. Therefore, our study focuses on the nature of the 1:1 complex. The spectra of the 1:1 complex extracted from these two experiments are very similar and their comparison confirms the formation of a same 1:1 complex in both cases. Nevertheless, due to the lowest value of the absorbance in the experiment at pH = 4.2, the signal-to-noise ratio is lower than for the other experiment. Therefore, the spectrum obtained from the data acquired at pH = 6.5 has been used and compared with computed data in the following.

The optimization of all the complex structure hypotheses has been carried out. Ten structures have been first proposed depending on the complexation site (four possibilities, Figure 5) and the protonation state of the involved sites (four possibilities in the case of the 3,2' site, two in the other cases).

Figure 5: Localization and denomination of the four considered complexation sites

Due to some difficulties in the precise determination of the coordination sphere of the Zn atom in the literature, each of these hypotheses has been declined into three flavors, with 4, 3 or 2 explicit molecules of solvent around the metal atom. All these possibilities lead together to a total of thirty starting structures. Among them, only twenty lead to a reasonable optimized structure. This is due to the fact that no structure was obtained in any of the proposed cases for the binding of the Zn II cation to the 1,2' site: the geometrical constraints appears too strong to allow the cation to bind on these two oxygen atoms, whatever its coordination sphere. This leads to the first conclusion that the binding site is not the 1,2'. More incidentally, the binding of the Zn II cation to the 3,2' site was only achieved with a coordination number for Zn lower than or equal to 5: the fourth explicit solvent molecule was always released and the stereochemistry around the cation was no longer derived from an octahedral, meaning that it was not just an artifact from the implicit model mimicking the explicit molecule.

To discriminate between the remaining twenty hypotheses, the computed electronic transitions were compared with the experimental spectrum. The best result obtained for each site was selected with respect to the position of the lowest-energy band. The three results (one for each site) are depicted in the Figure 6: the retained hypothesis for the 4,5 site involves the loss of the H5 proton and bears three solvent molecules around the cation (this hypothesis is denoted H 45 in the following), the one for the 3,4 site (denoted H 34 in the following) involves the loss of the H3 proton and bears only two solvent molecules around the cation, while the one for the 3,2' site (denoted H 32' in the following)

involves the loss of both the H3 and the H2' protons and bears three solvent molecules around the cation. The possibility of a binding on the 4,5 site (a) is clearly rejected by the data comparison: the transition computed at 328 nm (3.78 eV) has an oscillator strength of 0.28, much too high in comparison with the experimental data. Indeed, the oscillator strength calculated for the 328 nm transition has the same order of magnitude as the transition calculated in the longer wavelengths, whereas the recorded absorption around 337 nm (3.68 eV) is ten times weaker than the one measured in the longer wavelengths. When comparing the two other possibilities (H 34 and H 32' ),

there is no such a big difference in terms of shape of the computed spectra. Nevertheless, the agreement between the measured wavelength for the lowest-energy band (413 nm, 3.00 eV) and computations is better in the case of H 34 (403 nm, 3.07 eV) than of H 32' (385 nm, 3.22 eV).

Therefore, the proposed binding site for the Zn II cation on morin is proposed to be the α-hydroxyketone group (3,4 site).

Figure 6: Overlap of the experimental UV-vis spectrum of the 1:1 complex between morin and the Zn II cation (red curve) and the computed transitions (blue lines) for H 45 (a), H 34 (b), and H 32' (c) (see main text for the notation used for the hypotheses).

To fully account for the solvation sphere of the Zn II cation, that consists in two explicit solvent molecules for the case depicted in the Figure 6b, the hypotheses with three and four solvent molecules were also compared with the experimental data and are depicted in the Figure 7. Even if the wavelengths are slightly better with two explicit solvent molecules around the Zn atom (H 34 ), the difference between the better and the worse of these three hypotheses is 4 nm (0.03 eV) for the lowest-energy transition and 6 nm (0.08 eV) for the second lowest one, in both cases below the accuracy of TD-DFT. Therefore, no definitive conclusion can be drawn from these results, but due to the lability of water molecules in the solvation sphere of the Zn II cation, the number of solvent molecules in the first coordination sphere may have only little sense and molecular dynamics could be a better tool to precise it, but this would be beyond the scope of this work: recent works associating neutron scattering and molecular dynamics have shown that current force fields are not well-fitted for the reproduction of the coordination sphere of the Zn II cation. [START_REF] Duboué-Dijon | Hydration and Ion Pairing in Aqueous Mg 2+ and Zn 2+ Solutions: Force-Field Description Aided by Neutron Scattering Experiments and Ab Initio Molecular Dynamics Simulations[END_REF] In the following, the structure of the complex will be assumed to possess two explicit molecules of solvent, but it has to be kept in mind that the sphere of the Zn II cation is certainly more complex due to the aforementioned effects. Once the structure of the studied complex was mostly understood, the computed spectra were carefully examined. It should be noted that our previous work [START_REF] Moncomble | Elucidation of complexation multi-equilibrium with Mg II and a multisite ligand. A combined electronic spectroscopies and DFT investigation[END_REF] dealing with the complexation between quercetin (another flavonoid: 3,3',4',5,7-pentahydroxyflavone) and the Mg II cation shares some features with this study. Indeed, quercetin has a structure similar to the one of morin, with a shift of the O2'H2' hydroxyl group (in morin) to the position 3' (in quercetin). Then, the 3,4 and 4,5 binding sites are present in both molecules. The spectral features of the complex where the Mg II cation binds on these two sites of quercetin had been obtained both by experiments and by computations and are quite similar to the computed transitions presented in the Figure 6a andb as reported in the Table 3. Some striking similarities are obtained: in both cases, the nature of the MO involved is the same, and the general shapes of the spectra are the same with a large low-energy band and a small higher-energy one for the 3,4-site binding, and with two transitions having relatively equivalent oscillator strengths in the low-energy domain for the 4,5-site binding. These common features with two different ligands, even in the same family, and with two different divalent metals could enforce our conclusions of the previous work about the strong closed-shell character of the ligand-metal bond in these systems. Indeed, the precise nature of the binded metal cation does not appear to play a key-role in the manner it affects the spectral features of the ligand, even if it obviously influences the binding site. To discuss these aspects, the precise composition of the transition in some hypothetical complexes presented here and the nature of the bonding are investigated in the next section. The nature of the excitations involved in the transition of the complexes was studied to shed light on the similarities evoked above. To study a less cation-dependant system, the deprotonated morin corresponding to the removal of the Zn II cation (and its solvation sphere) from H 34 , H 45 , and H 32'

were optimized and their lowest-energy electronic transitions were computed. These transitions are gathered in Table 4 along with the corresponding ones from the originating hypothetical complexes.

No comparison is made with experimental data, for these deprotonated structures cannot be experimentally observed in these conditions as explained in the previous acid-base study. The most striking result is the similarity between the relative oscillator strength values for the transitions computed with and without the Zn II cation. Especially, a strong contribution of the HOMO-1 → LUMO transition is computed for the species where the O5H5 group is deprotonated. This contribution is very small in the other cases. Some MOs are depicted for the deprotonated morin in position 3 or 5 (Figure 8) and for H 34 and H 45 (Figure 9). The MOs for the H 32' hypothesis and the corresponding deprotonated morin were not depicted to save place as they are very similar to those for the H 34 one. The results obtained for the deprotonated morin are quite easy to understand. In the case of the O3H3 deprotonated form, the HOMO-1 → LUMO transition has a pronounced nπ* character, that explains a low intensity band due to the selection rules, while in the O5H5 deprotonated form, this transition is a ππ* one. The same explanation cannot be given for the case of the complexes. Indeed, even if the influence of the cation on the shape of the orbitals is low, it has an influence on the energies, which is coherent when we consider the ionic character of the bond that will be investigated in the next sub-section. Especially, the MO corresponding to the HOMO-1 of the O3H3 deprotonated form is stabilized in its complex with the Zn II cation: it is recovered at the HOMO-5 position (1.68 eV below the HOMO-1).

Then, to explain the different behavior of H 34 and H 45 , several parameters such as the D CT value [START_REF] Bahers | A Qualitative Index of Spatial Extent in Charge-Transfer Excitations[END_REF] or the transferred charge have been computed for each transition but without significant difference.

Moreover, the difference between the charge of the species could lead to some misinterpretations.

Nevertheless, the computation of the ratio η between an approximated version of the Λ diagnostic tool [START_REF] Peach | Excitation energies in density functional theory: An evaluation and a diagnostic test[END_REF] (using only the most involved orbital pair for each transition) for the second and the first transition was processed:

η= < | ψ LUMO | | | ψ HOMO-1 | > <| ψ LUMO | | | ψ HOMO | >
The physical significance of each term of this ratio is the unsigned spatial overlap between involved orbitals for the considered transition. Therefore, their ratio η estimates the ratio between the spatial shift of the electronic density for the two transitions. This value has been computed to 0.75 for H 34 , 0.88 for H 45 , and 0.72 for H 32' . An explanation for the difference of behavior for the second lowenergy band of the complexes of morin with the Zn II cation could root in this observation: the second transition of H 45 appears to be different in nature from those of the other complexes.

Nevertheless, this explanation is to be confirmed by a further examination on a wider range of compounds.

Electronic density topology analysis

The nature of the bonding was investigated in the complexes to better understand the characteristics of the absorption spectra. Especially, the similarities between the complexes and the associated deprotonated forms evoke an ionic bonding that need to be checked. The main structural and electronic parameters are gathered in Table 5. A first interesting result is the small differences between the charges of deprotonated and protonated oxygen atoms in the morin derivatives. For instance, when the deprotonation occurs on the O5H5 hydroxyl group (example chosen because it is the one where the H-bond network is least perturbed, see Figure 10), the O5 atom bears a -1.25 charge while the other oxygen atoms bear charges ranging from -1.17 to -1.19. This low variation is due to a large delocalization over the entire molecule. Indeed, the removal of the H5 atom in morin modifies mainly the C5 charge (increase of 0.28 upon deprotonation) but the other charge changes are below 0.1 units. This can be understood by the great charge (+0.64) carried by the H5 atom in morin: only -0.36 had to be redistributed on the whole molecule after the deprotonation. q(Zn II ) q(O3) q(O4) q(O5) q(O2') Considering these small differences between the complexes and the deprotonated forms leads us to propose, in line with our previous studies on this kind of systems, that the ionicity of the bonds between the oxygen atom of morin and the Zn II cation is quite important. To test this hypothesis, a study of the local QTAIM properties at the two Bond Critical Points (BCPs) binding morin to the Zn II cation was processed, and the results are reported in Table 5. The small values of the electronic density and the positive value of the laplacian of the electron density at the BCPs confirms our hypothesis of an ionic bonding as proposed by usual criterions. [START_REF] Matta | Hydrogen Bonding-New Insights[END_REF] The values of -G b /V b computed around 1 confirms this even if it appears to be a slight dative bonding (the values being always less than 1). The comparison of the bond parameters with previously published values assesses the nature of this bond as comparable to those between the catechol of esculetin and the Cu II cation. [START_REF] Le Person | The Complexation of Al III , Pb II , and Cu II Metal Ions by Esculetin: A Spectroscopic and Theoretical Approach[END_REF] 

Zn-O3 l ρ b ²ρ ∇ b -G b /V b Zn-O4 l ρ b ²ρ ∇ b -G b /V b Zn-O5 l ρ b ²ρ ∇ b -G b /V b Zn-O2' l ρ b ²ρ ∇ b -G b /V

Fluorescence studies

To support our structural assignment for the complex in the morin-Zn II system, the fluorescence spectra were recorded using an excitation wavelength corresponding to the absorption maximum of the complex. The experiment was carried out with a pH fixed to 4.2 to prevent, as much as possible, the formation of the fluorescent deprotonated form of morin. The resulting set of spectra is depicted in Figure 11. A small emission is measured at the beginning of the titration, illustrating the low emission of morin (deprotonated form). During the titration, the emission wavelength shifts to 509 nm (2.44 eV) and the intensity increases strongly. To check our structural proposition, the first excited state was relaxed for the three main hypotheses and their structures optimized. A quite good agreement is obtained as the value computed for the fluorescence wavelength for our proposition 

Conclusions

The importance of the inter-ring hydrogen bond is assessed for the description of the properties of morin that, in turn, has important consequences both in the complex and in the sole morin.

Especially, it rationalizes the singular acid-base properties of morin among flavonoids by explaining the importance of the H-bond network to stabilize the first conjugated base of morin and to enhance the acidity of the flavonoid.

The structure of the complex formed by morin with the Zn II cation has been determined and the results were compared with those previously proposed. The structure we proposed involves the 3,4 site of morin, with a deprotonated O3H3 group in line with only one previous publication [START_REF] Yasarawan | Chelation behavior of various flavonols and transfer of flavonol-chelated zinc(II) to alanylaspartic dipeptide: A PCM/DFT investigation[END_REF] . This assignment, that involves both spectroscopic measurements and computational studies, is plausible due to the robustness of the methodology assessed by previous works. The coordination sphere of the cation is not fully determined due to the previously studied flexibility of the Zn II cation solvation shell which has been previously studied. The formation of an hydrogen bond between the O2H2 group and the O3 atom appears to enhance the stability of this complex. Once the structure of the complex determined, the comparison of its measured properties, including fluorescence emission, with computed values was fruitful. More particularly, the similarities between the spectra obtained for deprotonated forms of morin and its complexes with the Zn II cation were compared. Some apparent common features were then shown to have different explanations. Finally, computations have assessed the nature of bonding in this complex, that could be partly explained by the strong delocalization of the charge over morin.
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 31 Properties of the sole ligand 3.1.1. Validation of the computational model

Figure 4 :

 4 Figure 4: Set of UV-vis spectra measured during the titration of morin by the Zn II salt with pH adjusted to 6.5 (molar ratio ranging from 0 to 15) (a) and to 4.2 (molar ratio ranging from 0 to 150) (b).

Figure 7 :

 7 Figure 7: Overlap of the experimental UV-vis spectrum of the 1:1 complex between morin and the Zn II cation (red curve) and the computational results for the 3,4 site with two (blue lines), three (green lines), and four (black lines) explicit solvent molecules (water) around the Zn atom.

Figure 8 :

 8 Figure 8: LUMO (top), HOMO (middle) and HOMO-1 (bottom) for the morin deprotonated in position 3 (left) and 5 (right).

Figure 9 :

 9 Figure 9: LUMO (top), HOMO (middle) and HOMO-1 (bottom) for H 34 (left) and H 45 (right).

Figure 10 :

 10 Figure 10: AIM charges computed for morin (top) and its O5H5-deprotonated base (bottom).

(H 34 )

 34 is 491 nm (2.52 eV). The values computed for the two other hypotheses are also quite close to the measured one (485 nm (2.56 eV) for the H32' site and 486 nm (2.55 eV) for H45 site). Even if the closeness of these values prevents a definitive attribution of the structure on the sole basis of this fluorescence study, it is satisfactory to obtain the closest computed value from the experimental one for our structural proposition.

Figure 11 :

 11 Figure 11: Set of fluorescence spectra (excitation wavelength: 410 nm) during the titration of morin by the Zn II salt with pH adjusted to 4.2 (molar ratio ranging from 0 to 150).

  

  

Table 1 :

 1 Propositions found in the literature for the binding site of the Zn II cation on morin.

	Proposed site	Stoichiometry	Method
	1,2'	1:2 1:2 and 1:1	NMR, IR, UV-vis 5 NMR 8
	3,2'	1:2 1:2	DFT computations 6 NMR 7
	3,4	1:2 and 1:1	DFT computations 10
	3,4 and 4,5	1:2	Literature comparison 9

Table 2 :

 2 Acid-base features for the conceivable deprotonation of morin: ΔpK A are computed with the lowest value as a reference. The H-bond network is depicted only where an ambiguity occurs.

	Removed hydrogen	H-bond network	ΔpK A
	H3	O4 O3 O2' --H	11.44
	H3	O4 O3 --H --O2'	0.00
	H5		9.44
	H7		3.51
	H2'	O4 --H --O3 O2'	8.22
	H2'	O4 O3 --H --O2'	0.00
	H4'		5.68

Table 3 :

 3 

	Binding site	Morin-Zn II	Quercetin-Mg II (from ref. 4)
	3,4	404 (3.07); f=0.484; H → L 323 (3.84); f=0.056; H-1 → L	420 (2.96); f=0.580; H → L 328 (3.78); f=0.045; H-1 → L
	4,5	389 (3.19); f=0.268; H → L 328 (3.78); f=0.280; H-1 → L	411 (3.01); f=0.341; H → L 342 (3.62); f=0.372; H-1 → L
	3.3. Subsequent studies of the morin-Zn II system	
	3.3.1. Electronic transition studies	

Computed wavelengths (nm), energies (eV), oscillators strengths and decomposition in excitations (H stands for HOMO and L for LUMO) for two lowest-energy transitions for two hypothetical 1:1 complexes of morin and zinc, and of quercetin and magnesium.

Table 4

 4 

	: Computed wavelengths (nm), energies (eV), oscillators strengths for the transitions corresponding to H → L and H-1 → L (H stands for HOMO and L for LUMO) for the three deprotonation schemes of morin corresponding to H 34 , H 45 and H 32' , and for the complexes themselves.
	Deprotonated hydroxyl group(s)	Without the Zn II cation	With the Zn II cation
	None*	354 (3.50); f=0.541; H → L 313 (3.96); f=0.088; H-1 → L	--
	O3H3	418 (2.97); f=0.346; H → L 341 (3.63); f=0.002; H-1 → L	404 (3.07); f=0.484; H → L 323 (3.84); f=0.056; H-1 → L
	O5H5	403 (3.08); f=0.186; H → L 337 (3.68); f=0.002; H-2 → L 304 (4.08); f=0.426; H-1 → L	389 (3.19); f=0.268; H → L 328 (3.78); f=0.280; H-1 → L
	O3H3 and O2'H2'	456 (2.72); f=0.393; H → L 369 (3.36); f=0.011; H-1 → L	385 (3.22); f=0.475; H → L 337 (3.68); f=0.013; H-1 → L
	* Fully protonated morin		

Table 5 :

 5 Selected QTAIM charges (q, au) for H34 , H 45 and H 32' and the associated deprotonated morin (in brackets), bond lengths (l, pm), electronic densities at the BCP (ρ b , au), laplacian of the electronic density at the BCP (∇²ρ b , au) and opposite to the ratio of the kinetic energy density to the potential energy density at the BCP (-G b /V b ) for H 34 , H 45 and H 32' . For each hypothesis, bolded values indicates the oxygen atoms involved in the complexation (or deprotonation).

	H 34	H 45	H 32'
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