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Introduction

Scientific, clinical, and public health interests concerning folic acid (FA; Pteroyl-L-glutamic acid) have long been established. The importance of FA and its anionic species in food engineering, pharmacology, nanotechnology, and nanomedicine, among other fields is undeniable. The global market of FA production has been estimated at around half a billion dollar per year with an increasing prospect [START_REF] Strouse | Folic Acid Market Size, Share & Trends Analysis Report by Application (Food & Beverages, Pharmaceuticals, Nutraceuticals), By Region, And Segment Forecasts[END_REF]. The list of uses for FA is extensive, mostly because its chemical composition and molecular structure. As illustrated in Figure 1a, the FA molecule is constituted by three distinct moieties: pterin (PT), p-aminobenzoic acid (p-ABA) and L-glutamic acid (Glu). ), as determined by Szakács and Noszál [START_REF] Szakács | Determination of dissociation constants of folic acid, methotrexate, and other photolabile pteridines by pressure-assisted capillary electrophoresis[END_REF]; b) Chemical speciation of FA in the range of pH values from 0 to 14, obtained by CurTiPot software.

FA is the basic structural synthetic analogue and the most oxidized form of the essential micronutrients group commonly termed as folates and vitamin B 9 [START_REF] Saini | Folates: Chemistry, analysis, occurrence, biofortification and bioavailability[END_REF][START_REF] Blakley | IUPAC-IUB Joint Commission on Biochemical Nomenclature (JCBN). Nomenclature and symbols for folic acid and related compounds. Recommendations 1986[END_REF]. Folates act as enzymatic cofactors in a set of cellular biochemical reactions denominated as one-carbon (1C) metabolism [START_REF] Guéant | Folate and fetal programming: A play in epigenomics?[END_REF][START_REF] Ducker | One-Carbon Metabolism in Health and Disease[END_REF], and are necessary for the proliferation of cells, genic expression control and in the maintenance of the cellular redox balance [START_REF] Guéant | Folate and fetal programming: A play in epigenomics?[END_REF][START_REF] Ducker | One-Carbon Metabolism in Health and Disease[END_REF]. Furthermore, FA presents antioxidant properties [START_REF] Qin | In vitro antioxidant activity and in vivo antifatigue effect of layered double hydroxide nanoparticles as delivery vehicles for folic acid[END_REF][START_REF] Jones | Folate and Inflammationlinks between folate and features of inflammatory conditions[END_REF] and prevents inflammation, which can lead to endothelial dysfunction [START_REF] Jones | Folate and Inflammationlinks between folate and features of inflammatory conditions[END_REF] and cognitive impairment/dementia [START_REF] Ma | Folic acid supplementation improves cognitive function by reducing the levels of peripheral inflammatory cytokines in elderly Chinese subjects with MCI[END_REF]. FA consumption is encouraged in several countries to fight against malnutrition and strengthen the little ones, especially birth defects as FA-sensitive neural tube defects [START_REF] Wallingford | The Continuing Challenge of Understanding, Preventing, and Treating Neural Tube Defects[END_REF][START_REF] Kancherla | A 2017 global update on folic acidpreventable spina bifida and anencephaly[END_REF]. FA is taken orally using diverse drugs formulations [START_REF] Hofsäss | Biowaiver Monographs for Immediate-Release Solid Oral Dosage Forms: Folic Acid[END_REF], as well as some products containing FA and iron(II) complexes recommended as antianemia drugs by the United Nations Children's Fund (UNICEF), in line with the World Health Organization (WHO) [START_REF]UNICEF Supply Division, Iron, folic acid and combined iron and folic acid tabletstechnical bulletin[END_REF].

The sustained release of FA is also reported in innovative formulations in cosmetics [START_REF] Qin | In vitro antioxidant activity and in vivo antifatigue effect of layered double hydroxide nanoparticles as delivery vehicles for folic acid[END_REF][START_REF] Pagano | Folic acid-layered double hydroxides hybrids in skin formulations: Technological, photochemical and in vitro cytotoxicity on human keratinocytes and fibroblasts[END_REF]. In nanomedicine field, studies focused on harnessing the power of FA as a targeting agent for imaging and/or therapy (theragnosis) of cancer and inflammatory diseases [15][START_REF] Farran | Folate-conjugated nanovehicles: Strategies for cancer therapy[END_REF][START_REF] Nogueira | Folate-targeted nanoparticles for rheumatoid arthritis therapy, Nanomedicine Nanotechnology[END_REF][START_REF] Kharkar | An outlook on procedures of conjugating folate to (co)polymers and drugs for effective cancer targeting[END_REF]. The nanoengineering of smart delivery systems includes plenty of organic and inorganic nanoparticles as well as FA-drug conjugates [START_REF] Farran | Folate-conjugated nanovehicles: Strategies for cancer therapy[END_REF][START_REF] Nogueira | Folate-targeted nanoparticles for rheumatoid arthritis therapy, Nanomedicine Nanotechnology[END_REF][START_REF] Kharkar | An outlook on procedures of conjugating folate to (co)polymers and drugs for effective cancer targeting[END_REF]. In addition, FA forms complexes with a series of metal cations by coordination with its Glu or PT moieties [START_REF] El-Wahed | Synthesis, spectroscopic and thermal characterization of some transition metal complexes of folic acid[END_REF][START_REF] Ragone | Water-Soluble (Pterin)rhenium(I) Complex: Synthesis, Structural Characterization, and Two Reversible Protonation-Deprotonation Behavior in Aqueous Solutions[END_REF][START_REF] Dametto | Synthesis, characterization and thermal behaviour of solid-state compounds of folates with some bivalent transition metals ions[END_REF][START_REF] Naglah | Synthesis of a vanadyl (IV) folate complex for the treatment of diabetes: Spectroscopic, structural, and biological characterization[END_REF][START_REF] El-Habeeb | Novel Gallium(III), Germanium(IV), and Hafnium(IV) Folate Complexes and Their Spectroscopic, Thermal Decomposition, Morphological, and Biological Characteristics[END_REF][START_REF] He | Palladium and platinum complexes of folic acid as new drug delivery systems for treatment of breast cancer cells[END_REF]. Such complexes can be used as antimicrobial agent [START_REF] El-Wahed | Synthesis, spectroscopic and thermal characterization of some transition metal complexes of folic acid[END_REF][START_REF] El-Habeeb | Novel Gallium(III), Germanium(IV), and Hafnium(IV) Folate Complexes and Their Spectroscopic, Thermal Decomposition, Morphological, and Biological Characteristics[END_REF], anticancer-drug [START_REF] He | Palladium and platinum complexes of folic acid as new drug delivery systems for treatment of breast cancer cells[END_REF] or in the treatment of diabetes [START_REF] Naglah | Synthesis of a vanadyl (IV) folate complex for the treatment of diabetes: Spectroscopic, structural, and biological characterization[END_REF]. In nanomaterial and nanotechnology science, FA has been used as precursor of supramolecular structures (liquid crystals and gels) [START_REF] Bonazzi | Self-Assembly and Liquid Crystal Formation of Folic Acid Salts[END_REF][START_REF] Xing | Supramolecular gel from folic acid with multiple responsiveness, rapid self-recovery and orthogonal self-Assemblies[END_REF][START_REF] Wang | Folic acid self-assembly synthesis of ultrathin N-doped carbon nanosheets with single-atom metal catalysts[END_REF] and nitrogen doped carbonaceous materials [START_REF] Wang | Folic acid self-assembly synthesis of ultrathin N-doped carbon nanosheets with single-atom metal catalysts[END_REF][START_REF] Liu | Synthesis of Luminescent Carbon Dots with Ultrahigh Quantum Yield and Inherent Folate Receptor-Positive Cancer Cell Targetability[END_REF].

The development of photoelectric devices containing FA is envisaged because of its electronic properties [START_REF]z ł w k B b h acid/titanium dioxide system[END_REF]. Spectroscopic analyses combined with theoretical calculations using the Density Functional Theory (DFT) are powerful tools to characterize organic compounds and nanomaterials. Despite their very wide applicability, only a limited number of studies on FA following this approach are reported in the literature. Studies use crystalline FA as the standard, performing experimental infrared (IR) and/or Raman spectroscopies, and interpret the results by combining with theoretical DFT calculations. Most works focus on the FA analysis by Surface-enhanced Raman scattering (SERS) spectroscopy because its promising use in analyses of biological samples. In general, the studies investigate the influence of the temperature and substrate (gold or silver) on the SERS spectral profile of FA [START_REF] K K Á T H Š Á O | čák ějk adsorbed on various metal substrates: does the type of substrate play an essential role in temperature dependence of spectral features?[END_REF] as well as the adsorption mechanism of FA onto different substrates [START_REF] Castillo | Silver-capped silicon nanopillar platforms for adsorption studies of folic acid using surface enhanced Raman spectroscopy and density functional theory[END_REF][START_REF] Castillo | Adsorption and Vibrational Study of Folic Acid on Gold Nanopillar Structures Using Surface-Enhanced Raman Scattering Spectroscopy[END_REF][START_REF]T k g h interactions of folic acid on gold surface by SERS spectroscopy[END_REF]. Furthermore, the photodegradation (under UV) [START_REF] Baibarac | Optical properties of folic acid in phosphate buffer solutions: the influence of pH and UV irradiation on the UV-VIS absorption spectra and photoluminescence[END_REF] and the hydrothermal decomposition [START_REF] Abramova | Molecular nature of breakdown of the folic acid under hydrothermal treatment: a combined experimental and DFT study[END_REF] of FA is inspected by a spectroscopic approach combining experimental and theoretical data.

The solubility of neutral FA is low (0.1069 mmol kg -1 at 25 ºC, 1 bar and pH = 4.28) [START_REF] Wysoczanska | Toward Thermodynamic Predictions of Aqueous Vitamin Solubility: An Activity Coefficient-Based Approach[END_REF] and pH-dependent in water. It is significantly increased in pH values above 5 [START_REF] Younis | Influence of pH on the dissolution of folic acid supplements[END_REF], for which the dianion (HFol 2-) and trianion (Fol 3-) are then dominant species [START_REF] Szakács | Determination of dissociation constants of folic acid, methotrexate, and other photolabile pteridines by pressure-assisted capillary electrophoresis[END_REF] (Figure 1b). Therefore, folate anionic species which studies are often neglected must nevertheless be considered because of: (i) at physiological pH value for which HFol 2-is predominant [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF][START_REF] Chen | Structural basis for molecular recognition of folic acid by folate receptors[END_REF][START_REF] Singh | Optimized peptide based inhibitors targeting the dihydrofolate reductase pathway in cancer[END_REF]; (ii) the preparation of many materials and compounds (or the handle of FA in some studies) are performed at pH values above 5 [START_REF] Qin | In vitro antioxidant activity and in vivo antifatigue effect of layered double hydroxide nanoparticles as delivery vehicles for folic acid[END_REF][START_REF] Pagano | Folic acid-layered double hydroxides hybrids in skin formulations: Technological, photochemical and in vitro cytotoxicity on human keratinocytes and fibroblasts[END_REF][START_REF] Naglah | Synthesis of a vanadyl (IV) folate complex for the treatment of diabetes: Spectroscopic, structural, and biological characterization[END_REF][START_REF] El-Habeeb | Novel Gallium(III), Germanium(IV), and Hafnium(IV) Folate Complexes and Their Spectroscopic, Thermal Decomposition, Morphological, and Biological Characteristics[END_REF][START_REF] He | Palladium and platinum complexes of folic acid as new drug delivery systems for treatment of breast cancer cells[END_REF][START_REF] Castillo | Silver-capped silicon nanopillar platforms for adsorption studies of folic acid using surface enhanced Raman spectroscopy and density functional theory[END_REF][START_REF] Castillo | Adsorption and Vibrational Study of Folic Acid on Gold Nanopillar Structures Using Surface-Enhanced Raman Scattering Spectroscopy[END_REF][START_REF]T k g h interactions of folic acid on gold surface by SERS spectroscopy[END_REF][START_REF] Baibarac | Optical properties of folic acid in phosphate buffer solutions: the influence of pH and UV irradiation on the UV-VIS absorption spectra and photoluminescence[END_REF]; and (iii) the supramolecules assembled by FA are pH-responsiveness [START_REF] Bonazzi | Self-Assembly and Liquid Crystal Formation of Folic Acid Salts[END_REF][START_REF] Xing | Supramolecular gel from folic acid with multiple responsiveness, rapid self-recovery and orthogonal self-Assemblies[END_REF][START_REF] Wang | Folic acid self-assembly synthesis of ultrathin N-doped carbon nanosheets with single-atom metal catalysts[END_REF]. Braga et al. [START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF] prepared dianionic folates salts (Li, Na and Ca) and showed their higher dissolution rate as well as higher thermal stability than FA. However, the experimental and theoretical spectroscopic analyses of folate salt are not accomplished yet. Gocheva et al. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF] studied the tautomerism of dianion folate (HFol 2-) in water by 1 H-and 13 C-NMR and interpreted the results based on DFT calculations with the Polarizable Continuum Model (PCM). Experimental and calculated IR spectra of palladium and platinum folate complexes were reported by He et al. [START_REF] He | Palladium and platinum complexes of folic acid as new drug delivery systems for treatment of breast cancer cells[END_REF], but the theoretical (DFT) values and the correlated attribution were not presented.

The knowledge of physical-chemical features of FA and its salts in the solid state by usual laboratory techniques is essential and useful because contribute to the development of new products, combined to a more assertive characterization of their properties. Our group has performed the thermal and spectroscopic characterizations of bioactive molecules and their respective sodium salts [START_REF] Cunha | Raman spectroscopy and DFT calculations of para-coumaric acid and its deprotonated species[END_REF][START_REF] Cunha | Mefenamic acid anti-inflammatory drug: Probing its polymorphs by vibrational (IR and Raman) and solid-state NMR spectroscopies[END_REF][START_REF] Cunha | Structural, spectroscopic (NMR, IR, and Raman), and DFT investigation of the self-assembled nanostructure of pravastatin-LDH (layered double hydroxides) systems[END_REF]. In this study, the spectroscopy profile (IR, Raman, and solid state 13 C-NMR) of solid FA (commercial) is compared to its synthesized sodium salts used as a model of dianion (Na 2 HFol) and trianion (Na 3 Fol) forms of FA. The main signatures of each species are tracked as well as the influence of the protonation level in their physicochemical properties. The spectroscopic analyses are supported by theoretical calculations using DFT. The samples are also characterized by UV-VIS diffuse-reflectance spectroscopy, thermal analysis (TG/DTG-DSC-MS), and X-ray diffractometry. To the best of our knowledge, this is the first study comparing consistently the physical-chemical features of FA and its sodium salts in their solid-state. In addition, this work gives us the opportunity to compare data already published on FA. in the range of 3500-100 cm -1 with 4 cm -1 of spectral resolution and 1024 scans, using 150 mW power on the samples.

Materials and Methods

Preparation of folate sodium salts

Physical Measurements

13

C (I = 1/2) solid state nuclear magnetic resonance (NMR) analysis was performed on Bruker Advance 300 MHz using magic angle spinning (MAS) at 10 kHz and a 4 mm diameter size zirconia rotor. 13 C spectra were obtained by 1 H enhanced cross-polarization method (CP, contact time of 1 ms, recycling time of 5 s). Calibration was made using carbonyl group of glycine as reference (176.03 ppm) and 2,000 to 10,000 scans were needed to obtain a proper signal for samples.

Theoretical Methods

Calculations in the Kohn-Sham (KS) scheme of the Density Functional Theory (DFT) were performed to obtain geometry optimizations, vibrational (IR and Raman) and NMR chemical shifts, for FA and sodium folates (Na 2 HFol and Na 3 Fol). All geometries presented in this paper were obtained in a gas phase environment simulation and the B3LYP hybrid functional with the 6-311++G(d,p) Gaussian basis sets were employed [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF][START_REF] Becke | Density-functional thermochemistry. IV. A new dynamical correlation functional and implications for exact-exchange mixing[END_REF]. The Gaussian09 software package was used for geometry optimizations, vibrational spectra acquisition, and NMR calculations [47]. Structural optimizations were performed considering the X-ray diffraction data of FA single crystal as reference [START_REF] Mastropaolo | Folic acid: crystal structure and implications for enzyme binding[END_REF]. The theoretical infrared and Raman spectra (wavenumbers and intensities/activities) were acquired at the same level of theory as the geometry optimizations. The spectra were shown with a resolution of 1 cm -1 and applying a 0.975 scaling factor from 4000 to 1000 cm -1 to correct the anharmonicity effects on the vibrational spectra [START_REF] Andersson | New Scale Factors for Harmonic Vibrational Frequencies Using the B3LYP Density Functional Method with the Triple-ζ B 6-311+G(d,p)[END_REF].

Results and Discussion

The neutral PT moiety exists in different tautomeric forms while the anion form has different mesomers [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF][START_REF] Reibnegger | QT-AIM analysis of neutral pterin and its anionic and cationic forms[END_REF], as reviewed in Appendix A-Supplementary Material (SM). The neutral PT (as in FA and HFol 2-ion) exhibits a keto-enol (lactam-lactim) equilibrium between C4=O and N3-H groups (see 

X-ray diffractometry and UV-VIS spectroscopy

The XRD patterns of powdered compounds are presented in Figure 2.

Commercial FA presents XRD profile typical of a crystalline compound with some intense diffraction peaks observed 2θ values of 5.51°, 10.97º and 13.18°. From Vesta software [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF] and using the CIF from Ref. [START_REF] Kaduk | Crystal structure of folic acid dihydrate, C 29 H 29 N 2 O 6 (H 2 O) 2[END_REF] (CCDC N 1489544), such peaks are assigned to the diffraction plans (002), ( 004) and (013), respectively. These results are in agreement with those reported for the dihydrate FA (primitive orthorhombic unit cell and space group P2 1 2 1 2 1 ) [START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF][START_REF] Mastropaolo | Folic acid: crystal structure and implications for enzyme binding[END_REF][START_REF] Kaduk | Crystal structure of folic acid dihydrate, C 29 H 29 N 2 O 6 (H 2 O) 2[END_REF]. Kaduk, Crowder and Zhong [START_REF] Kaduk | Crystal structure of folic acid dihydrate, C 29 H 29 N 2 O 6 (H 2 O) 2[END_REF] re-determined the structure of dihydrate FA using synchrotron X-ray diffraction analysis, Rietveld The XRD patterns of the powdered salts are characteristic of non-crystalline materials (Figure 2), possibly due to the used isolation method (see Section 2.1).

Na 2 HFol exhibits a diffraction peak at 2θ = 27.10° (ca. 0.33 nm) attributed to the distance among two disk-like structures π-stacked in a columnar array, formed by the self-assembly of HFol 2-anions in water [START_REF] Bonazzi | Self-Assembly and Liquid Crystal Formation of Folic Acid Salts[END_REF][START_REF] Wang | Folic acid self-assembly synthesis of ultrathin N-doped carbon nanosheets with single-atom metal catalysts[END_REF][START_REF] Atluri | Self-Assembly Mechanism of Folate-Templated Mesoporous Silica[END_REF], as discussed in Section 3 of SM.

Hence, the only coherence length detected by XRD is the ordered structure arising from the periodicity of π-π intermolecular stacking [START_REF] Atluri | Self-Assembly Mechanism of Folate-Templated Mesoporous Silica[END_REF]. On the other hand, XRD pattern of UV-VIS electronic spectrum of commercial FA in solid state exhibits bands centered at 296 nm and 365 nm (Figure 3). The position of the higher-energy band is not affected by the deprotonation degree of the species, since it is also observed for Na 2 HFol and Na 3 Fol. Considering that the band around 280 nm in water solution is b h π-π* PT and p-ABA moieties in FA and Na 2 HFol, and to h π-π* p-ABA [START_REF] Baibarac | Optical properties of folic acid in phosphate buffer solutions: the influence of pH and UV irradiation on the UV-VIS absorption spectra and photoluminescence[END_REF][START_REF] Li | Photoinduced electron transfer in folic acid investigated by ultrafast infrared spectroscopy[END_REF] in Na 3 Fol sample, the same assignment seems plausible for the solid state samples. The band at about 365 nm is tentatively correlated to the band at 346 nm present in the spectra recorded in solution, which is attributed to the π-π*/ -π* PT ring [START_REF] Baibarac | Optical properties of folic acid in phosphate buffer solutions: the influence of pH and UV irradiation on the UV-VIS absorption spectra and photoluminescence[END_REF][START_REF] Li | Photoinduced electron transfer in folic acid investigated by ultrafast infrared spectroscopy[END_REF]. The spectrum of FA in solid state presents additionally a shoulder in the 430 nm region that can be attributed to an intermolecular charge-transfer (CT) transition from the benzene to the pyrazine rings of aggregated molecules [START_REF]z ł w k B b h acid/titanium dioxide system[END_REF][START_REF] Tyagi | Fluorescence spectroscopic behaviour of folic acid[END_REF] because of their proximity in the crystal

(Figure A.2).
The electronic spectrum of powdered Na 2 HFol presents a very broad band in the region of 350-420 nm with an intense shoulder around 450-550 nm, that is not observed in water solution, as noticed to FA in solid state (Figure 3). As discussed previously, Na 2 HFol assembles in a supramolecular structure, in which H-bonded folate tetramers are tightly packed in a π-stacking array (Figure A.3). Consequently, the spectral profile of the dianion salt in the 400-550 nm region could be attributed mainly to an CT transition favored by some intermolecular interactions, based on study of concentrated solution of FA [START_REF] Tyagi | Fluorescence spectroscopic behaviour of folic acid[END_REF] and nanoparticles of pyrazoline derivate [START_REF] Fu | Size effects on the optical properties of organic nanoparticles[END_REF]. On the other hand, Na 3 Fol shows a distinct spectral profile, in which a broad band arising in the 400 nm region is more intense than that at 296 nm. The hyperchromic shift should be attributed to the deprotonation of PT ring, which changes the energy of -*/n-* transitions, as observed for Fol 3-in aqueous solution. Besides, a tail extended up to about 500 nm is observed in the solid state Na 3 Fol spectrum, also suggesting a charge transfer transition, but less intense than for Na 2 HFol.

The UV-VIS diffuse reflectance results are in line with the XRD data interpretation regarding the structural arrangement of FA and folate species in the samples and their aggregation degree; these techniques can be used to differentiate disodium and trisodium folate compounds.

Thermal Analysis (TG/DTG-DSC) coupled to mass spectrometry (MS)

The DSC curves in N 2 atmosphere and the data from melting point analysis (Figure A.5) of FA, Na 2 HFol and Na 3 Fol pointed out that the samples decompose at about 210 °C, 280°C and 300°C, respectively, as discussed in Section 5 in SM.

The results of thermal analysis in air atmosphere are displayed in Figure 4, [START_REF] El-Wahed | Synthesis, spectroscopic and thermal characterization of some transition metal complexes of folic acid[END_REF][START_REF] Dametto | Synthesis, characterization and thermal behaviour of solid-state compounds of folates with some bivalent transition metals ions[END_REF] and alkaline salts [START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF]. The decomposition temperature values of FA and its salts are practically the same in inert (N 2 ; Section 5 of the SM) or oxidant (Figure 4) atmospheres, which indicate a process driven by thermolysis [START_REF] Tiwari | Reactions and Mechanisms in Thermal Analysis of Advanced Materials[END_REF]. A change in the thermal behavior of sodium folate salts is observed comparing with FA. The steps of the thermal oxidation of sodium salts are not easy to separate.

summarized
Unlike FA, the TG curves of salts after dehydration present abrupt weight loss events (Figure 4). For Na 2 HFol, the decomposition of anhydrous sample occurs mainly in three events (six steps). In the range of 264-323 °C, the event is accompanied by the release of H Additionally, the thermal analysis results indicate that the decomposition of Glu seems to be delayed in the salts while the end of oxidative decomposition of PT ring appears to be advanced. The DFT simulated FA structure achieved in this work was compared to the crystal structure of dihydrate FA resolved by the Rietveld refinement of powder X-ray diffraction data [START_REF] Kaduk | Crystal structure of folic acid dihydrate, C 29 H 29 N 2 O 6 (H 2 O) 2[END_REF] the PT and p-ABA acid units are not co-planar (Figure 5); and (ii) the bent of Glu moiety is not in the same three-dimensional conformation. In addition, such conformational structure significantly contrast from that of FA and folate 2-predicted by molecular simulation in liquid solution [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF][START_REF] Bonechi | Solution structure of folic acid: Molecular mechanics and NMR investigation[END_REF], and of folate 2-complexed to enzymes, as for instance the dihydrofolate reductase (DHFR) [START_REF] Singh | Optimized peptide based inhibitors targeting the dihydrofolate reductase pathway in cancer[END_REF] or the folate receptor alpha (FR.

A particularly good agreement between the calculated and experimental bond lengths and angles values is here obtained although the simulations considered the isolated molecule, i.e., intermolecular interactions are disregarded. It is worth to note that the calculated C4=O bond distance of 1.211 Å is close to the experimental value of 1.208 ± 0.004 Å [START_REF] Kaduk | Crystal structure of folic acid dihydrate, C 29 H 29 N 2 O 6 (H 2 O) 2[END_REF] and it evidences the keto form PT moiety in FA. To the best of our knowledge, the crystal structure of dianion or trianion folate salts has not been reported so far, precluding any possible comparison.

Comparing the DFT results for FA in relation to Na 2 HFol (Table A 

IR and Raman vibrational spectroscopies

The experimental IR and Raman spectra of FA and sodium folate salts in the 1800-800 cm -1 region are presented in Figure 6. Outside this spectral range, the information is limited; the bands in the region of 4000 and 2900 cm -1 are associated to the stretching modes of OH, NH, CH and CH 2 groups [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF]. Figures A.6-A.8 (full experimental spectra) show a strong band broadening in folate salts spectra, mainly due to intermolecular hydrogen bonds interactions between water molecules and/or folate anions groups such as -NH, >C=O and -COO - [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF]. The region below 800 cm -1 shows very weak bands similar for all samples.

As highlighted in gray in Figure 6, experimental IR and Raman spectra of FA, Na 2 HFol and Na 3 Fol show distinct profiles. The detailed assignment of FA and folates bands is not straightforward due to the structural complexity of the molecule/anions and because many vibrational modes are combined. Hence, a tentative attribution of vibration modes presented in Table 2 is proposed considering the changes observed according to the protonation degree of the compound, in the light of DFT calculations for the species in vacuum, as well as from data in the literature [START_REF] K K Á T H Š Á O | čák ějk adsorbed on various metal substrates: does the type of substrate play an essential role in temperature dependence of spectral features?[END_REF][START_REF]T k g h interactions of folic acid on gold surface by SERS spectroscopy[END_REF][START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF][START_REF] Cunha | Raman spectroscopy and DFT calculations of para-coumaric acid and its deprotonated species[END_REF][START_REF] Cunha | Mefenamic acid anti-inflammatory drug: Probing its polymorphs by vibrational (IR and Raman) and solid-state NMR spectroscopies[END_REF][START_REF] Cunha | Structural, spectroscopic (NMR, IR, and Raman), and DFT investigation of the self-assembled nanostructure of pravastatin-LDH (layered double hydroxides) systems[END_REF][START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF][START_REF] Profantová | g h factor: A combined optical spectroscopy, molecular dynamics, and density functional theory calculation study[END_REF][START_REF] B B Ć J G B K Z K W H K J Wój K T N K J Y Oz K Ir | Spectra of Crystalline Nucleobases: Combination of Periodic Harmonic Calculations with Anharmonic Corrections Based on Finite Models[END_REF][START_REF] Barth | Infrared spectroscopy of proteins[END_REF][START_REF] Sjöberg | An experimental and theoretical study of the amino acid side chain Raman bands in proteins[END_REF][START_REF] Li | Study on molecular structure, spectroscopic investigation (IR, Raman and NMR), vibrational assignments and HOMO-LUMO analysis of L-sodium folinate using DFT: A combined experimental and quantum chemical approach[END_REF][START_REF] Nandi | Vibrational coupling in carboxylic acid dimers[END_REF][START_REF] Lopes | Guanine: A Combined Study Using Vibrational Spectroscopy and Theoretical Methods[END_REF][START_REF] Castillo | Orientation of Pterin-6-Carboxylic Acid on Gold Capped Silicon Nanopillars Platforms: Surface Enhanced Raman Spectroscopy and Density Functional Theory Studies[END_REF][START_REF]Molecular structure of 4aminobenzoic acid salts with alkali metals[END_REF][START_REF] Ilich | Molecular Vibrations of Solvated Uracil. Ab Initio Reaction Field Calculations and Experiment[END_REF][START_REF] Andrejeva | Consistent assignment of the vibrations of symmetric and asymmetric para-disubstituted benzene molecules[END_REF][START_REF] Hernández | All characteristic Raman markers of tyrosine and tyrosinate originate from phenol ring fundamental vibrations[END_REF]. to a red shift and a broadening of the related bands [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF]. The three compounds possess hydration water, as observed in thermal analysis data, which bands observed around 1650-1620 cm -1 in the infrared spectra are assigned to angular deformation [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF].

The comparison between experimental and theoretical spectra is shown in

The (C=O) vibrational modes of Glu moiety, attributed to the carboxylic groups identified as ' ' Figure 1, are predicted by DFT to be coupled. However, as noticed in Figure A.13, the energy of (C=O) vibration is higher than that of (C=O), as expected considering that the first bonging is shorter than the second one (Table A.2). Experimentally, it is observed as a shoulder at around 1712 cm -1 in the infrared and as weak bands in the FA Raman spectrum, in agreement with Braga et al. For the three species, the (C11=O) of amide (Amide I) is predicted by DFT at 1650 cm -1 region. The experimental band is observed at 1662 cm -1 as a shoulder in infrared and a weak band in Raman spectra of FA, in line with results reported for peptides (peptide bonds) [START_REF] Barth | Infrared spectroscopy of proteins[END_REF]. However, it is proposed here that this band is red shifted to 1630 cm -1 due to intramolecular hydrogen bonds between N12-H and ' OO - groups, as suggested by Gocheva et al. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF] for Fol 2-in aqueous solution and by similar values observed for polypeptides [START_REF] Barth | Infrared spectroscopy of proteins[END_REF].

According to DFT, in the FA spectrum, the band at 1637 cm -1 (calc. 1634 cm -1 ) can be attributed to antisymmetric stretching (as) of guanidyl group (C2 bonded to N1, 1610-1520 cm -1 range. Regardless of the sample, a strong band at about 1600 cm -1 is observed in the infrared and Raman spectra (Figure 6), indicating a vibration from a group not involved in the deprotonation process. Based on DFT and in agreement with Kokaislová et al. [START_REF] K K Á T H Š Á O | čák ějk adsorbed on various metal substrates: does the type of substrate play an essential role in temperature dependence of spectral features?[END_REF] and Braga et al. [START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF], it is assigned to the C-C stretching of phenylene ring of p-ABA group. For FA and Na 2 HFol, the bands in the 1570 cm -1 region of infrared and Raman spectra are attributed to vibrations from pteroic acid unit (Table 2), consistent with experimental and theoretical results reported for guanine [START_REF] B B Ć J G B K Z K W H K J Wój K T N K J Y Oz K Ir | Spectra of Crystalline Nucleobases: Combination of Periodic Harmonic Calculations with Anharmonic Corrections Based on Finite Models[END_REF][START_REF] Lopes | Guanine: A Combined Study Using Vibrational Spectroscopy and Theoretical Methods[END_REF], p-ABA [START_REF]Molecular structure of 4aminobenzoic acid salts with alkali metals[END_REF], PT [START_REF] Castillo | Orientation of Pterin-6-Carboxylic Acid on Gold Capped Silicon Nanopillars Platforms: Surface Enhanced Raman Spectroscopy and Density Functional Theory Studies[END_REF], and FA [START_REF] Braga | Folic Acid in the Solid State: A Synergistic Computational, Spectroscopic, and Structural Approach[END_REF]. A broadening of bands is observed from FA to Na 2 HFol, possibly due to the H-bonds and - interactions, as discussed previously.

Comparing the spectra of Na 2 HFol and Na 3 Fol, notable changes in the spectral profile are observed. According to DFT calculations, such changes are attributed to the deprotonation of N3-H group, which promotes a redshift ( = 36 cm -1 ) of the band assigned to PT vibrational modes from 1634 cm -1 (in FA; previously discussed) to 1598 cm -1 in theoretical spectra (Table 2 and Figure A.14). As theoretically predicted by Reibnegger [START_REF] Reibnegger | QT-AIM analysis of neutral pterin and its anionic and cationic forms[END_REF] the N3-H deprotonation leads to the improvement of aromatic character of pyrimidine ring in anionic pterin. Considering that fused aromatic rings have almost the same vibrational energy as benzene derivatives [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF], the shift of the band toward C-C stretching phenylene rings is in line with theoretical calculation [START_REF] Reibnegger | QT-AIM analysis of neutral pterin and its anionic and cationic forms[END_REF] and with the statement of enolate mesomer form in Fol 3-(Figure A.1).

DFT calculations indicate a pronounced band redshift ( = 193 cm -1 ) from 1737 cm -1 to 1544 cm -1 of (C4=O) due to the formation of C4-O -(enolate, Fol 3-), as noticed in Table 2 and Figure A.15. Theoretical and experimental vibrational studies performed with uracil (pyrimidine-2,4(1H,3H)-dione) also indicated a similar band shift [START_REF] Ilich | Molecular Vibrations of Solvated Uracil. Ab Initio Reaction Field Calculations and Experiment[END_REF]. In addition, band at around 1550 cm -1 for Na 3 Fol has also the contribution of  as C'OO -) and (C11N12)/(N12-H) vibrations.

1520-1460 cm -1 range. The infrared spectra of folate salts show a strong and broad band at about 1500 cm -1 attributed to the as(C'OO -). The broadening is probably due to some interactions by hydrogen bonds in the salts. DFT calculations indicate that the frequencies of the band of carboxylate groups are distinct for both folates: around 1543 cm -1 for  as C'OO -) and 1515 cm -1 for  as C'OO -), as displayed in Figure A.12. Li et al. [START_REF] Li | Study on molecular structure, spectroscopic investigation (IR, Raman and NMR), vibrational assignments and HOMO-LUMO analysis of L-sodium folinate using DFT: A combined experimental and quantum chemical approach[END_REF] observed the same result applying a DFT approach to disodium salt of folinate (both folinic and folic acids have a Glu and p-ABA groups)

and suggested that the proximity of C'OO -and N12-H groups can be the main reason for this frequency to be higher compared to C'OO -group.

The band at 1504 cm -1 is the most intense in the experimental infrared spectra of Na 3 Fol (Figure A.8), while for Na 2 HFol, the intensity of the bands at 1502 cm -1 and 1600 cm -1 is similar. Hence, Fol 2-and Fol 3-species can be discriminated by infrared spectroscopy merely by the analysis of the relative intensities of such bands. This change in the relative intensities can be attributed to the contribution of the band assigned mainly to (PT rings) and (C4-O -), as can be noticed by the shoulder at 1513 cm -1 in the Na 3 Fol experimental spectra (Figure 6 and Table 2). According to DFT calculations, such band is redshifted from 1530 cm -1 in FA to 1518 cm -1 in Na 3 Fol theoretical spectra (Table 2). As seen in Figure A.15, the deprotonation of N3 increases PT stretching vectors, thus as well increasing the aromaticity of PT ring in Na 3 Fol.

1460-1380 cm -1 range. All samples present two mainly bands around 1450 cm -1 and 1410 cm -1 in experimental infrared spectra. As the profile and relative intensity of these two main bands change according to the species (Figure 6), helpful to differentiate FA from folate salts. For FA and Na Hfol, the bands centered at around 1450 cm -1 (calc. around 1460 cm -1 ) can be assigned to CH 2 and NH bending modes with contribution of PT rings stretching (Table 2 andFigure The broad and intense band observed at about 1400 cm -1 , in both infrared spectra of folate salts, can be mainly attributed to s(COO -), as listed in Table 2. For Na 3 Fol, the band around 1450 cm -1 is observed as a shoulder in experimental spectrum and the cm -1 while Na 3 Fol presents a broad band only at 1327 cm -1 (with a shoulder in 1313 cm - 1 ). In the Raman spectra, two resolved bands at 1341 cm -1 and 1309 cm -1 are observed for Na 2 HFol, while for Na 3 Fol such bands are overlapped and centered at 1332 cm -1

(with a shoulder at 1315 cm -1 ). The bands in this spectral region are related to the C-C/C-N stretching and N3-H deformation mode, the last being absent in the trisodium.

According to DFT, after deprotonation of PT group, the C-C/C-N stretching is red shift from 1523 to 1508 cm -1 as well as blue shift from 1286 to 1301 cm -1 , both with a  value of about 15 cm -1 , as displayed in Figure A.17. The observations are consistent with theoretical and experimental results (but in a minor shift extension) reported to uracil, which present such spectral features when its neutral pyrimidine ring is deprotonated in water [START_REF] Ilich | Molecular Vibrations of Solvated Uracil. Ab Initio Reaction Field Calculations and Experiment[END_REF]. The spectral profile in this region differentiates the dianionic from the trianionic folate. The resolution of the bands is higher in Raman than in infrared spectra. In addition, the shift observed for bands related to C-C/C-N stretching of PT unity after deprotonation occurs in a region around 1330 cm -1 attributed to C-C stretching of phenylene ring (Table 2). The results once again suggest an improvement of aromaticity of PT ring and of the enolate mesomer form (Figure

A.1)
in Na 3 Fol.

The observed difference of 15-20 cm -1 between theoretical and experimental results attribution of bands around 1360-1300 cm -1 in the Raman spectra (Table 2) is related to - interaction of aromatic rings between species. As discussed in the UV-VIS spectra and XRD data analysis, such interactions change the vibronic band structure [START_REF] Hestand | Expanded Theory of H-and J-Molecular Aggregates: The Effects of Vibronic Coupling and Intermolecular Charge Transfer[END_REF] which is not taking into account in DFT calculations of single molecule in vacuum. In fact, a set of broad bands and shoulder overlapped in this region is observed in the Raman spectrum of Na 2 HFol.

1100 cm -1 range. The band in the 1100 cm -1 region of FA and folates can be attributed mainly to in-plane C-H bending of phenylene ring coupled to C9-N10, in agreement to studies with tyrosine/tyrosinate [START_REF] Profantová | g h factor: A combined optical spectroscopy, molecular dynamics, and density functional theory calculation study[END_REF] and as expected for amine linkage [START_REF] Colthup | Introduction to Infrared and Raman Spectroscopy[END_REF]. Vibrations attributed to (C-OH) of carboxylic groups and (PT rings) also have contribution in this region (Table 2 and Section 8 of SM). The striking changes from FA to Na 2 Hfol are attributed to the deprotonation of Glu and the spectral changes from Na 2 HFol to Na 3 Fol are attributed to the deprotonation of N3-H. The band at 1100 cm -1 could be pointed as a marker of deprotonation degree since its relative intensity compared with other bands around 1130 cm -1 and 840 cm -1 regions change according to the species.

950-800 cm -1 region. Calculated DFT fits better with experimental spectra if the correction factor is not applied. This spectral range presents weak bands concerning outof-plane (COO -) and (COOH) vibrations. The most remarkable change in infrared spectra from FA to folate salts is the disappearance of the band in the region of 912 cm -1 attributed to out-of-plane (OH) group. DFT prediction for such vibration is not accurate if H-bonds are not considered [START_REF] Nandi | Vibrational coupling in carboxylic acid dimers[END_REF]. For calculations of single molecule, the band is predicted to be located in the region of 600 cm -1 , while for dimers it is predicted and experimentally observed at 960-900 cm -1 region, as in the case of dimers of benzoic acid [START_REF] Nandi | Vibrational coupling in carboxylic acid dimers[END_REF] and mefenamic acid [START_REF] Cunha | Mefenamic acid anti-inflammatory drug: Probing its polymorphs by vibrational (IR and Raman) and solid-state NMR spectroscopies[END_REF]. In this work, the calculated values are 652 cm -1 ('OH)and 596 cm -1 ('OH) in agreement with the calculated values for benzoic acid [START_REF] Nandi | Vibrational coupling in carboxylic acid dimers[END_REF]. The spectra of folate samples show bands at about 910 and 830 cm -1 assigned to the C-COO -stretching, as observed for coumarate [START_REF] Cunha | Raman spectroscopy and DFT calculations of para-coumaric acid and its deprotonated species[END_REF], pravastatin [START_REF] Cunha | Structural, spectroscopic (NMR, IR, and Raman), and DFT investigation of the self-assembled nanostructure of pravastatin-LDH (layered double hydroxides) systems[END_REF], or tyrosinate 

Solid state 13 C-NMR spectroscopy

To the best of our knowledge, the 13 C-NMR data of di-and trianion folate species in solid state are not yet reported in the literature. Solid state 13 C and 15 N CP-MAS NMR of FA were reported by Ghosh, Gayen, and Dey [START_REF] Ghosh | An atomic resolution description of folic acid using solid state NMR measurements[END_REF]. Experimental results reported for FA in deuterated DMSO by Bonechi et al. [START_REF] Bonechi | Solution structure of folic acid: Molecular mechanics and NMR investigation[END_REF] indicated that the molecular conformation is different from that observed in the crystal because intermolecular interactions in solution are not as important as in the crystal due to the intramolecular interactions involving the Glu group. Experimental and simulated 13 C-NMR results for Fol 2-in water and for FA in DMSO were reported by Gocheva et al. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF] The authors also noticed the distinct conformation of FA in solution, in relation to the crystal, and predict that the molecules shape in "U" or "V" conformation because of the bending of Glu with p-ABA as well as the p-ABA with PT moiety.

Solid state 13 C-NMR spectra of AF, Na 2 HFol and Na 3 Fol samples are displayed in Figure 7. The peak assignments, based on DFT calculations and from data in the literature [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF][START_REF] Bonechi | Solution structure of folic acid: Molecular mechanics and NMR investigation[END_REF][START_REF] Ghosh | An atomic resolution description of folic acid using solid state NMR measurements[END_REF][START_REF] Cheung | Carbon-13 NMR determination of the tautomeric and ionization states of folate in its complexes with Lactobacillus casei dihydrofolate reductase[END_REF], are presented in Table 3. The attribution of 13 C NMR spectra peaks does not fully agree with previous studies [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF][START_REF] Bonechi | Solution structure of folic acid: Molecular mechanics and NMR investigation[END_REF][START_REF] Ghosh | An atomic resolution description of folic acid using solid state NMR measurements[END_REF][START_REF] Cheung | Carbon-13 NMR determination of the tautomeric and ionization states of folate in its complexes with Lactobacillus casei dihydrofolate reductase[END_REF] when the chemical shifts are too close from each other (for instance, C2 and C8a) . The experimental and calculated 13 C-NMR spectra of samples are compared in The deprotonation of both carboxylic groups has weak influence on the 13 C chemical shifts of C, C, C, C' ' (Figure 7; Table 3), consistently with what was observed by Gocheva et al. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF] in DMSO. In addition, based on the DFT calculations, after the deprotonation, the chemical shift of C' g h '

(Figure 7; Table 3). Experimentally, both contributions merge at an average chemical shift value significantly smaller than that theoretically predicted, but partially correlated

(Figure A.20). Another important spectral change experimentally observed is the h h ( 6 6 ) 
' (from 116.9 to around 120.0) related to the amide group after Glu deprotonation. Such chemical shifts are also in agreement with Gocheva et al. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF]. C11 is the carbonyl group that links p-ABA to Glu moiety and, k ' the chemical shift seems to be overestimated by calculation in the three organic forms. It can be related to hydrogen bonds between N12-H and C'OO -groups in anionic species [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF], as discussed previously. For both salts h ' and C11 relative peak intensities of the sodic salts are weaker than for FA. In addition, The most remarkable chemical shift in the spectra of Na 3 Fol compared with FA and Na 2 HFol is associated to C4 and C2. Indeed, a pH superior to pK a4 induces a change from HN3 to NaN3 strongly impacting the neighboring carbon atoms, C2 and solid state 13 C CP-MAS NMR from ref. [START_REF] Ghosh | An atomic resolution description of folic acid using solid state NMR measurements[END_REF]; b) FA in DMSO-d6 solution from ref. [START_REF] Bonechi | Solution structure of folic acid: Molecular mechanics and NMR investigation[END_REF]; c) FA in deuterated DMSO solution from ref. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF]; d) Fol 2-in water-d6 solution (pH 7) from ref. [START_REF] Gocheva | Tautomerism in folic acid: Combined molecular modelling and NMR study[END_REF]; e) Fol 2-in deuterated water (pH 5.5) from ref. [START_REF] Cheung | Carbon-13 NMR determination of the tautomeric and ionization states of folate in its complexes with Lactobacillus casei dihydrofolate reductase[END_REF]; f) Fol 3-in deuterated water (pH 10) from ref. [START_REF] Cheung | Carbon-13 NMR determination of the tautomeric and ionization states of folate in its complexes with Lactobacillus casei dihydrofolate reductase[END_REF].

Conclusion

In this work, di-(Na 2 HFol) and trisodium (Na 3 Fol) folates isolated in their solid state are compared to FA, commercially available and applied in several fields. To highlight their respective characteristics, the three samples were characterized by spectroscopic (IR, Raman, and 13 Thermal stabilities of the samples are independent of the atmosphere (i.e., air or N 2 ) and follows the order: Na 3 Fol (300 ºC) > Na 2 HFol (267 ºC) > FA (198 ºC). XRD pattern of Na 2 HFol exhibits a broad diffraction peak that is attributed to the distance between two disk-like structures π-stacked in a columnar array, as already identified in water, thus underlining such organization in solid state.

Figure 1 .

 1 Figure 1. a) Molecular structure of FA and its apparent dissociation constants (pK a ' ), as determined by Szakács and Noszál [2]; b) Chemical speciation of FA in the range of pH values from 0 to 14, obtained by CurTiPot software.

FA

  and standard aqueous sodium hydroxide 0.1 mol•L -1 solution from Merck were used as received. Na 2 HFol and Na 3 Fol samples were prepared by the stoichiometric reaction between 0.7 g of FA and the standard 0.1 mol L -1 NaOH aqueous solution and further isolated by lyophilization process using Thermo Savant ModulyoD equipment (200 mPa and -50 ºC).

X

  -ray diffraction (XRD) patterns of powdered samples were recorded on a Bruker diffractometer model D8 DISCOVER, equipped with Nickel-Kα (0.15418 nm), operating at 40 kV and 30 mA, sample rotating at 30 rpm, and collected h (2 θ) -70 ° range, with steps of 0.05 °/2θ °/ Diffuse reflectance spectra (Kubelka-Munk) of solid samples in the UV-VIS region were recorded in a Shimadzu model UV-2401PC spectrophotometer, equipped with an integration sphere. BaSO 4 (Waco Pure Chem.) was used to dilute the samples. FA titration was carried out in aqueous media (0.024 mmol•L -1 ) using NaOH aqueous solution (0.10 mol•L -1 ) and the UV-VIS electronic spectra of the resulting solutions were registered in a Shimadzu UV-1650PC spectrophotometer. Thermal Analysis (TG/DTG-DSC-MS) were conducted on a Netzsch thermoanalyzer, model TGA/DSC 490 PC Luxx, coupled to Aeolos® 403 C Quadro mass spectrometer, from room temperature to 1000 o C, under compressed air flow (50 mL•min -1 ), using heating rate of 10

Figure A. 1 1 .

 11 in SM), and the keto form has two tautomers, comprising the hydrogen atom bonded to N3 or N1 atoms. Anionic PT (as in Folate 3-) presents mesomer resonance structures as amidate ( -N3-C4=O) and enolate (N3=C4-O -), as also shown in Figure A.In this work, the 3lactam tautomer (Figure 1a) for FA and Na 2 HFol samples, as well as the enolate mesomer form for Na 3 Fol sample, were considered the main forms of PT based on stability data reviewed in Section 1 of SM.

  refinement techniques and DFT calculations. In the crystal (Figure A.2), the Glu chain exists in a bent conformation while p-ABA and PT moieties are slightly tilted relative to each other. The molecules in the crystal are networking by intermolecular H-bonds and the pyrimidine and benzene rings of adjacent molecules are stacked at around 0.34 nm (Figure A.2).

Figure 2 .

 2 Figure 2. XRD patterns of dihydrate FA (commercial sample), and the Na 2 HFol and Na 3 Fol salts prepared in this work.

Na 3

 3 Folate presents only a broad peak centered around 2θ of 25°, indicating that the deprotonation of N(3)-H group precludes the formation of the disk-like tetramer arrays, and their stacking, probably because of the repulsive forces between negatively-charged PT units. Samples present distinct colors (not shown): while powdered commercial FA is yellow orange, Na 2 HFol is orange and Na 3 Fol is yellow. The intermolecular interactions as H-b π-π k g modify the electronic and vibrational spectra of the molecular and anionic organic aggregates in comparison with their respective monomeric species [54,55]. To complement the XRD results, the UV-VIS diffuse reflectance spectra of FA and sodium salts were recorded. The electronic absorption spectra in the solid state (aggregated form) are compared with the spectra of compounds in aqueous solution (monomeric form), as displayed in Figure 3.

Figure 3 .

 3 Figure 3. a) UV-VIS diffuse reflectance spectra of FA, Na 2 HFol and Na 3 Fol samples compared with b) electronic spectra of FA titrated in water; pHi is the initial pH value after FA dissolution in water.

Figure 4 .

 4 Figure 4. a) TG-DSC and b) DTG-MS curves of commercial FA, and synthesized Na 2 HFol and Na 3 Fol samples, under air atmosphere.

3. 3 .

 3 Structural simulation of FA, Na 2 Fol and Na 3 Fol by DFT The conformations calculated for FA, Na 2 HFol and Na 3 Fol, using the B3LYP/6-311++G(d,p) gaussian basis sets in the DFT framework, are shown in Figure 5. The obtained structures (simulated in gas phase) exhibit essentially the same extended conformation for the three species, independently of the protonation level: a planar pteroic acid unit (PT and p-ABA structures), a trans amide bond and a bent conformation of the Glu moiety.

Figure 5 .

 5 Figure 5. Theoretically (DFT) optimized structures (in vacuum) of FA, Na 2 HFol and Na 3 Fol. Color conventions: carbon (grey), hydrogen (white), oxygen (red), nitrogen (blue) and sodium (purple).

. 2 )

 2 , the main modifications are: (i) the length of C-O bonds of both carboxylic groups, indicating their deprotonation; (ii) the elongation of C-C' and C-C' bonds; and (iii) the decreasing of C-C'-O' and C-C'-Oangles. According to theoretical calculations (and as expected), deprotonation of FA into the dianion promotes changes in the glutamic unit while the pteroic acid moiety is insensitive. On the other hand, comparing the structural parameters calculated for Na 2 HFol and Na 3 Fol (Table A.2), the main differences are: (i) the C4-O distance increases from 1.211 Å in the simulated FA and Na 2 HFol to 1.258 Å in Na 3 Fol, thus indicating that the bond order decreases and that the enolate turns to be the predominant mesomer form (Figure A.1).In the pyrimidine ring, the C4-N3 and C2-N3 lengths decrease, respectively, from 1.408 Å to 1.367 Å and from 1.377 Å to 1.357 Å. The N3-C4-C4a and N1-C2-N3 angles increase while the O-C4-C4a and C2-N3-C4 angles are reduced. Although there are no experimental data to compare with the DFT in the case of Na 3 Fol, the experimental crystallographic results obtained for PT anion coordinated to rhenium(I)[START_REF] Ragone | Water-Soluble (Pterin)rhenium(I) Complex: Synthesis, Structural Characterization, and Two Reversible Protonation-Deprotonation Behavior in Aqueous Solutions[END_REF] by O4 and N5 atoms show similar modifications (TableA.2). In the metal complex, the deprotonation of N3 promotes the shortening of C4-N3 (1.326(6) Å ) and the elongation of the C4-O (1.283(5) Å ), characteristic of enolate mesomer form[START_REF] Ragone | Water-Soluble (Pterin)rhenium(I) Complex: Synthesis, Structural Characterization, and Two Reversible Protonation-Deprotonation Behavior in Aqueous Solutions[END_REF].

Figures A. 9 -A. 11 .

 911 As displayed inFigure A.12, a good linear correlation (R 2 > 0.998) is observed between the experimental and calculated energy (in wavenumber). In the following, the main distinct regions of vibrational spectra of FA, Na 2 HFol and Na 3 Fol are discussed while some less relevant bands are considered in SM (Figures A.9-A.11).

Figure 6 .

 6 Figure 6. Experimental infrared (top) and Raman (down) spectra of FA, Na 2 HFol and Na 3 Fol samples.

( a )

 a Selected values in wavenumbers (cm -1 ) obtained using the functional/basis set B3LYP/6-311++G(d,p). Wavenumbers were multiplied by the 0.975 scaling factor (* indicates unscaled values); # are very weak and/or not resolved band; (b) Attributions were made in the light of DFT and works from the literature [30,33,41-44,62-74]; ( ) plane, sc = scissoring (ip bending),  = wagging (oop bending),  = k g ( b g) τ = twisting (oop bending), b = broad, sh = should, w = weak, (GLU) ch = carbonic chain of Glu /glutamate; (d) The numbers and letters are related to the carbon indexation

[ 41 ]

 41 These bands are not present in the spectra of the sodium salts indicating the deprotonation of Glu A band assigned to C4=O stretching of PT ring is observed at around 1688 cm -1 , both in FA and Na 2 HFol experimental infrared spectra, though less intense in the last compound. The band position is in agreement with the value for guanine (pyrimidine ring fused to imidazole) at 1697 cm -1 [69]. This band is absent in the Na 3 Fol spectrum, indicating the deprotonation of N3 atom of PT and the formation of the enolate group (Figure A.1).

  N2 and N3; C2N 3 ), coupled to NH 2 scissoring (sc) and N3-H bending (), as presented in Figure A.14.

  A.[START_REF] Farran | Folate-conjugated nanovehicles: Strategies for cancer therapy[END_REF]). The broad band around 1412 cm -1 in experimental infrared spectra of FA is assigned to CH 2 vibrations with contribution of in-plane (OH).

  contribution of PT vibration is no longer predicted by DFT (Figure A.16). Differently from Na 2 HFol, a band centered at 1439 cm -1 is observed in experimental spectrum of Na 3 Fol and with almost the same intensity as the above-mentioned band at 1400 cm -1 . Based on DFT calculations, it is correlated to the band at 1423 cm -1 , observed only in the simulated spectrum of Na 3 Fol (Figure A.9-A.11) and attributed mainly to (PT rings), as displayed in

[ 74 ]

 74 , for instance. As predicted by DFT calculations, the distance of C-C' -C' increases about 0.016 Å when FA is deprotonated (Table A.1), indicating that the chemical bond is weakened.Another important change observed in IR spectrum of FA and folates occurs in the region of 840-816 cm -1 . FA and Na 2 HFol present two bands in this region: (i) one at 839-836 cm -1 attributed mainly to out-of-plane C-H deformation of phenylene ring of p-ABA[START_REF] Profantová | g h factor: A combined optical spectroscopy, molecular dynamics, and density functional theory calculation study[END_REF] and (ii) the other one at around 817-822 cm -1 attributed mainly to out-ofplane deformation of C-C/C-N and out-of-plane C-H deformation[START_REF] Profantová | g h factor: A combined optical spectroscopy, molecular dynamics, and density functional theory calculation study[END_REF] from PT and p-ABA moieties, respectively. Otherwise, only one band at 834 cm -1 is observed for Na 3 Fol. According to DFT calculations, the deprotonation of PT unit leads to a blue shift ( about 15 cm -1 ) of C-C/C-N bending from 815 cm -1 to 832 cm -1 (Figure A.18).

Figure A. 19 .

 19 A good linear correlation (R 2 > 0.994) between experimental and the calculated 13 C chemical shift can be noticed in Figure A.20.
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 62 peaks are overlapped in the spectra. DFT calculations are in close agreement with the experimental results for the two salts. ppm), explained by the fact that the -interactionsFigure A.3) are not considered in the calculations.

Figure 7 .

 7 Figure 7. Experimental solid state 13 C-NMR spectra of commercial FA, and Na 2 HFol and Na 3 Fol samples prepared in this work. The peak marked with asterisk (*) indicates the possible presence of Na 2 HFol.

  C-NMR) and thermal techniques. The spectroscopic characterization, in combination with DFT theoretical calculations, allowed a complete spectral fingerprint of each compound. The main difference in the IR spectra between FA and Na 2 HFol concerns the vibrational bands attributed to Glu /glutamate moiety while the most significant change between Na 2 HFol and Na 3 Fol is the absence of bands in the region of C=O stretching (1720-1660 cm -1 ) and the relative intensity of bands at 1500 cm -1 and 1600 cm -1 (C-C stretching of the phenylene ring). Prominent modifications in the 1360-1290 cm -1 region of Raman spectra are associated to vibrational modes of PT rings. Solid-state13 C-NMR results show the successive deprotonation as a function of pH value. The carbon atoms of Glu moiety are not highly sensitive to the deprotonation , from FA to Na 2 HFol, and of C2 and C4 (PT moiety), from Na 2 HFol to Na 3 Fol. Singular thermal oxidative profiles are observed for FA, Na 2 HFol and Na 3 Fol.

  

  to 380 o C, using a heating rate of 10 °C•min -1 . The sample modifications that occur during heating were also evaluated in a Melting point apparatus from Microquimica, model MQAPF -302, operating in a heating rate of 10 °C•min -1 ; the powdered sample was sandwiched between cover glasses and placed on the heating block. During the analysis, the sample was illuminated by a lamp and transformations could be visualized by magnifying lens.

	The Fourier transform infrared (FTIR) spectra were recorded in a Bruker Alpha
	spectrophotometer (DTGS detector and KBr optics), using a single bounce Attenuated
	Total Reflectance (ATR) accessory equipped with a diamond crystal, in the 4000-400
	cm -1 range with spectral resolution of 4 cm -1 and 512 scans. Data were collected on the
	absorbance mode and manually converted to transmittance. Raman spectra were
	recorded in a Bruker FT-Raman instrument, model MultiRam, equipped with Ge
	detector (cooled by liquid nitrogen) and Nd 3+ /YAG laser (1064 nm exciting radiation),

°C•min -1 and an alumina crucible. Differential Scanning Calorimetry (DSC) data under N 2 flow (50 mL•min -1 ) were obtained from room temperature

  in Table 1, and detailed reported in Table A.1 of the SM. The first thermal event for all samples is attributed to the dehydration step (endothermic processes), as indicated by the release of the fragment m/z =18 (H 2 O). Considering the beginning of the release of fragment attributed to CO

2 (m/z = 44 in MS curve; Figure

4b

), the thermal stability of FA is significantly increased in salt forms: from 198 ºC (FA) to 267 ºC (Na 2 HFol) and to 300 ºC (Na 3 Fol), in line with reported data for some folate metal complexes

Table 1

 1 Thermal analysis data of FA, Na 2 HFol and Na 3 Fol samples under air atmosphere. After dehydration, the TG curve of FA presents a slow weight loss profile. The oxidative decomposition of FA takes place in five consecutives events of mass loss, divided at least in nine overlapped steps (TG-DTG; Table A.1). The two overlapped events in 190-391°C range may be mainly attributed to the Glu moiety decomposition (calc. 27.7%; exp. 27.5%). The former event is accompanied by the release of H 2 O and CO 2 (190-391 °C) as well as by the release of a fragment with m/z = 43, assigned to HNCO (292-391°C). In the region between 391-528 °C, the events can be mainly attributed to the oxidative decomposition

	Proposed Formula b

Sample H 2 O (%) a Organic matter (%)

As previously recorded by Vora et al.

[START_REF] Vora | Processes to Identify the Degradation Mechanism of a Solid which Appears to Undergo a Complex Reaction: Folic Acid[END_REF]

, crystalline FA presents a complex thermal decomposition mechanism in N 2 atmosphere. Indeed, it was also observed in air atmosphere, as displayed in Figure

4

, Table A.1 and in SM. of p-ABA group (calc. 25.4%; exp. 25.6%). The event is accompanied mainly by the release of H 2 O, CO 2 , and HNCO. Since the higher amounts of released m/z = 30 (NO) and m/z = 44 (CO 2 ) are observed between 528-707 °C, the event occurring in this temperature region is predominantly associated to the PT rings decomposition (calc. 39.4%; exp. 38.6%), which is the moiety with the highest nitrogen content.

  [START_REF] Szakács | Determination of dissociation constants of folic acid, methotrexate, and other photolabile pteridines by pressure-assisted capillary electrophoresis[END_REF] O and CO 2 and can be related to the decomposition of carbon chain (C 3 H 4 ) It is accompanied by the release of H 2 O, CO 2 , NO and NO 2 . The next event (394-547 °C) is followed by the same gaseous product, and it may be mostly attributed to the final decomposition of p-ABA and PT.The events of small weight loss for salts above 530 °C are associated to the release of different gaseous products (detected by MS, as detailed discussed in Section 6 of SM). For Na 2 HFol, the event is associated only to the release of CO 2 , while for Na 3 Fol, it is accompanied by the release of NO, NO 2 and CO 2 . Residual mass at 800 °C are consistent with the formation of Na 2 CO 3 residue: 22.6% (calc. 20.0%) for Na 2 Hfol and 30.0% (calc. 28.3%) for Na 3 Fol.

	of glutamate moiety (calc. 7.7%; exp. 7.8%). The following events are accompanied by
	the release of H 2 O, CO 2 , NO and fragment of m/z =46 (NO 2 ) and are related to the
	decomposition of p-ABA (323-528°C; two steps) and PT (383-528 °C) groups.
	Dehydrated Na 3 Fol presents only two overlapped events attributed to folate

decomposition. In the region between 292-394 °C, the event is associated to the decomposition of glutamate and the initial decomposition of p-ABA.

Regardless of the atmosphere (i.e., air or N 2 ), the thermal stability ranks as Na 3 Fol > Na 2 HFol > FA. The sodium salts are an alternative to improve the thermal stability of FA, especially in the case of Na 3 Fol salt with a gain of stability of about 100 ºC.

Table 2 .

 2 Experimental and calculated IR and Raman wavenumber values (cm -1 ) for FA, Na 2 HFol and Na 3 Fol

		Folic Acid			Na 2 HFol			Na 3 Fol
	calc. a	IR	exp. Raman	calc. a	exp. Raman	calc. a	IR	exp. Raman	Tentative attribution of main groups involved in the vibration b,c,d,e
	1766 1758	1712 sh	1718 w 1705 w							(C'=O) (C'=O)
	1737	1688		1688 sh	1737	1687	1686				(C4=O) + (N3H) + sc(NH 2 )
	1656 1662 sh 1634 1637	1662 1637	1654 1630 sh 1628 sh 1634	1652 1630 sh 1630 sh	(C11=O) + (N12H) + [8b]/D23 as(N2C2N1) + sc(NH 2 ) + (N3H)
	1607	1603		1607	1608	1602	1605	1609 1604 sh	1601	[8a]/D3
								1598	1585		#	sc(NH 2 ) + (PT rings) + (C4-O -)
								1577 1575 sh	#	(PT rings) + sc(NH 2 ) + (C4-O -)
	1563	1569		1571	1565	1566	1570				(PT rings) + sc(NH 2 ) + (N3H); [8b]/D23 + (N10H) +(C11=O)
								1562	1567		1565 sh	[8b]/D23 + (N10H) +(C11=O)
					1543	#	#	1544 1550 br 1541	#	(C4-O -) + (PT rings) +sc(NH 2 ) as(C'OO -) + C/
	1530	1546		1538	1528	#	1536 sh				(PT rings) + (N3H) + (C4=O); [19a]/D4 +(N10-)/(N10H) +(C11-) + (N12H)
	1524	1519		1519 sh	1519	#	1514 sh				[19a]/D4 +(N10-)/(N10H) +(C11-) +(C11N12)/(N12H); (PT rings) + (N3H)
								1518 1513 sh	1510	(PT rings) + sc(NH 2 ) + (C4-O -); [19a]/D4 +(N10-)/(N10H) +(C11-) +(C11N12)/(N12H);
					1515 1502 br		1514 1504 br	as(C'OO -)
	1480	1482			1475 1479 sh					(C11N12)/(N12H); sc(CH 2 ); (PT rings) + (N3H) + sc(C9H 2 ); 
								1468 1473 sh	(C11N12)/(N12H); sc(CH 2 ); sc(C9H  (PT rings); 
	1465	1452		1456	1460	1447	1452				sc(C9H 2 ) +(PT ring); sc(CH 2 )/(CH 2 ); (C11N12)/(N12H); 
								1459 1452 sh 1448 br	sc(CH 2 )/(CH 2 ); (C11N12)/(N12H)
								1423	1439		(PT rings) +(C2N2)
	1412	1412		#	1407	#	1410	1408	#		1410	[19b]/D4; (C9H 2 )
					1396 1400 br 1386		1396 1401 br 1386	s(C'OO -)/(C-C') + (CH 2 )/(CH 2 ); s(C'OO -)/(C-C') + (CH2)
	1385 1389 sh	1388							(OH) + CH  CH  
	1365	1359									(OH) + (CH) + (CH 2 )/(CH 2 ) + (C11N12)/(N12H);  C9H   +(N10H)/(N10-) + (PT rings) + (N3H) +(C7H)
								1355 1346	#		1356 sh	C9H   +(N10H)/(N10-) +  (PT rings) + (C2N2) + (C7H)

Table 2 .

 2 Continued…

Table 2 and

 2 Figure A.16.

	1360-1280 cm -1 region. Infrared and Raman spectra of FA present mainly four
	bands in this spectral range: two overlapped at about 1360-1340 cm -1 region and other
	two at 1300-1290 cm -1 . As proposed in

Table 2 ,

 2 based on DFT, such bands are mainly associated to OH, CH and CH 2 bending of Glu unity and CC/CN stretching of aromatic rings. Comparing FA and Na 2 HFol spectra, modifications in the IR spectral profile are observed while the position of the bands is not changed significantly in Raman.Based on DFT calculation and experimental results (Figure6and Table2), it is proposed that the bands at 1359 and 1338 cm -1 in IR spectra of FA are not from the same vibration of those respectively observed at 1357 and 1339 cm -1 in Raman. The change observed in IR spectra from FA to folate salts, is mainly due to Glu deprotonation. Bands attributed to CH and CH 2 bending of Glu moiety are shifted from 1338 cm -1 in FA to 1328/1327 cm -1 in folate salts. On the other hand, from Na 2 HFol to Na 3 Fol, both Raman and infrared spectra present significant modifications in this region. The infrared spectrum of Na 2 HFol shows two bands centered at 1328 and 1303

Table 3

 3 Experimental and calculated solid state13 C-NMR chemical shifts (ppm) of FA, Na 2 HFol and Na 3 Fol samples.

	Assignment	calcd.	exp.	Folic Acid exp. a) exp. b) exp. c)	Na 2 HFol calcd. exp. exp. d)	exp. e)	calcd.	Na 3 Fol exp.	exp. f)
	'	180.4	181.8	182.1 173.7 173.7	191.4 181.8	182.0		191.6	181.8	
	'	178.4	177.4	186.4 173.9 173.9	192.1 181.8	185.1		192.1	181.8	
	C11	168.5	164.9 sh 168.9 166.4 166.3	167.0 168.6	172.2		167.3	167.7	
	C4	162.5	164.4	157.1 161.2 160.8	163.2 163.5	169.3	165.8	181.1	172.3	174.2
	8a	161.7	164.0 sh 152.8 153.8 153.6	162.6 163.5	156.5	154.8	164.1	163.9	156.7
	C2	154.2	151.2 sh 155.9 156.2 156.5	154.1 154.4	159.4	155.6	166.2	167.7	165.1
	'	154.8	150.3	155.2 150.8 150.7	153.7 148.6	153.5		154.5	149.3	
	C7	153.5	148.9 sh 153.2 148.6 148.6	153.6 148.6	151.4	150.1	152.8	149.3	148.5
	C6	151.1	148.4	154.0 148.6 148.4	153.2 148.6	151.7	151.3	148.5	147.1 sh	148.9
	6'	137.5	131.6	136.4			137.0 128.7			137.1	127.7	
	4a	133.4	124.3	128.9 127.9 127.8	133.1 128.7	130.2	128.5	131.5	128.7	129.2
	2'	130.8	124.3	136.4			131.0 128.7			130.7	128.7	
	'	126.6	116.9	121.1 121.3 121.1	131.3 121.2	124.5		130.0	120.5	
	'	116.5	111.9	116.5 111.2		116.1 114.2			115.6	114.2	
	'	111.2	109.1	113.3 111.2 111.1	111.0 108.4	115.1		111.0	108.4	
	C	54.3	54.2	58.1	51.8	51.6	57.7	55.8	58.8		57.8	55.8	
	C9	46.2	45.1	49.2	45.9	45.7	47.0	44.4	48.5	47.0	46.7	45.7	47.2
	C	33.5	30.1	30.8	26.1	25.9	37.5	34.3	31.4		37.6	34.3	
	C	31.6	27.1	33.9	30.4	30.3	37.3	29.1	37.1		37.2	28.9	
	a)												
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C4, with a pronounced low-field shift. The results predicted by DFT are consistent with experimental chemical shift reported by Cheung et al. [START_REF] Cheung | Carbon-13 NMR determination of the tautomeric and ionization states of folate in its complexes with Lactobacillus casei dihydrofolate reductase[END_REF] for folate in water solution when the pH value is increased from 5.5 (Fol 2-) to 10 (Fol 3-). The same effect is predicted for DFT calculations but less pronounced for C4a and C8a (both engaged in the pyrazine resonant ring), but it is not experimentally observed because of the peaks broadening.

UV-VIS electronic spectra of the species in water solution compared to those ones of the powdered samples are clearly distinguishable. In solid state, the spectra of all the three compounds show a shoulder in the low energy region, that can be associated to intermolecular charge-transfer (CT) transitions of packed FA molecules in the crystal, and, in the case of sodium salts, be related to CT transitions in aggregated and/or supramolecular structures.

It is our belief that this work provides comprehensive comparison between FA and its anionic folate species, helping to better understand and design new products based on them. 
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