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Hydration effects on the vibrational properties of carboxylates: From continuum models to QM/MM simulations

The presence of carboxyl groups in a molecule delivers an affinity to metal cations and a sensitivity to the chemical environment, especially for an environment that can give rise to intermolecular hydrogen bonds. Carboxylate groups can also induce intramolecular interactions, such as the formation of hydrogen bonds with donor groups, leading to an impact on the conformational space of biomolecules. In the latter case, the protonation state of the amino groups plays an important role. In order to provide an accurate description of the modifications induced in a carboxylated molecule by the formation of hydrogen bonds, one needs a compromise between a quantum chemical description of the system and the necessity to take into account explicit solvent molecules. In this work, we propose a bottom-up approach to study the conformational space and the carboxylate stretching band of (bio)organic anions. Starting from the anions in a continuum solvent, we then move to calculations using a microsolvation approach including one explicit water molecule per polar group, immersed in a con-Abbreviations: LDH, layered double hydroxides; S symmetric and AS antisymmetric strech, IR, infrared; DFT, Density functional theory; QM/MM, quantum mechanics/molecular mechanics; PES, potential energy surface; SMD, solvation model density; PCM, polarizable continuum model; H-bond, hydrogen bond; PMF, potential of mean force. 1 and M II cations, coordinated by six oxygen atoms belonging to hydroxyl groups, packing into layers. The surface charge is positive, so that the interlamellar space that hosts an aqueous environment intercalates anions of various nature, which leads to versatile and biocompatible materials. (21)[START_REF] Evans | Layered double hydroxides[END_REF][START_REF] Mohapatra | [END_REF](24)(25)(26) LDH intercalating molecules with a negative charge born by carboxylate groups, such as deprotonated carboxylic acids, have been systematically synthesized since the 1970's, (27) and it has been suggested that they can provide stabilization, transport and release of drugs, such as for instance ibuprofen, containing such groups. (28) Among the possible intercalates containing carboxylate groups, amino acids have attracted increasing attention for the production of bioinorganic materials. (29)(30)(31) Natural anionic clays might have played a role in concentrating amino acid units, providing a propitious environment for the polymerization leading to polypeptides, the first step towards the origin of life in abiotic conditions. (32) Aspartate, the deprotonated form of aspartic acid, has a deprotonated side chain at neutral and basic pH and it was present in the first naturally synthetized proteins. [START_REF] Meister | Biochemistry of the amino acids[END_REF] In our group, we recently became interested in the mechanism of the anion-surface interaction, mediated by intercalated water molecules, and in the role played by the amino group of aspartate in anchoring the surface, [START_REF] Erastova | [END_REF] compared with anions lacking such unit, such as organic carboxylates. If we compare, for instance, the structure of succinate and aspartate, the only structural difference is the absence/presence of an amino group (see Scheme 1).

F I G U R E 1 Structure of the aspartate anions (which will be named ASP -and ASP 2-, depending on the protonation state) compared with the structure of the succinate anion (SUC 2-).

As the carboxylate group, the amino group has a polar character and can be involved in the formation of hydrogen bonds with water as well with the surface hydroxyl groups of LDH. Although remarkable insights were provided by applying molecular simulations on LDH intercalating carboxylates and amino acids, [START_REF] Erastova | [END_REF](35)(36)(37)(38) we are not aware of previous theoretical work explicitly examining how these different molecular structures can induce differences in the adsorption mechanism inside the material.

Experimentally, the carboxylate stretch band may be exploited to investigate the local structure surrounding the intercalates, as it is very sensitive to inter(intra)molecular interactions and provides a probe of the local environment. (17,39,40) Computational work has been carried out to elucidate hydration (41) , coordination (42) and both hydration and coordination (43) effects on this infrared (IR) band for carboxylates. However, extensive computational studies on model systems are very rare in the literature. To our knowledge, a systematic study on how structural differences (e.g. succinate vs, aspartate), the protonation state of the amino group, the formation of intermolecular hydrogen bonds affects the carboxylate stretch band is still lacking, especially with respect to a comparison between different computational methods. As matter of fact, a fine description of the band position and shape requires sophisticated theoretical approaches (see for instance recent work by Vieira Pinto et al. 44 and references therein). On the other hand, a reasonable compromise can be achieved through normal mode analysis from quantum chemistry calculations.

However, a validation of such an approach, possibly including a limited number of explicit water molecules, has to be provided on each considered system. (41) As a first step in our study of molecules containing carboxylate groups, we focused on succinate (SUC 2-), zwite-rionic aspartate (ASP -), the most stable form in a neutral water solution, and aspartate with a deprotonated amino group (ASP 2-), the most stable form in basic solution and in the interlamellar space of LDH. (37) In this work, we concentrated our attention on applying different models to describe hydration effects and on comparing the results obtained with different quantum chemistry methods. In a bottom-up approach, firstly we performed electronic structure calculations using a continuum representation of the water solvent. We then included a number of water molecules corresponding to the number of polar groups (two for succinate, three for aspartate), (41,45) in a continuum and finally, once the PM6 (46) semiempirical level was validated through comparison with density functional theory (DFT) calculations, we ran hybrid quantum mechanics-molecular mechanics (QM/MM) molecular dynamics (MD). Such an approach allowed us to investigate the local water network and the conformational space of the solute (by umbrella sampling (47) along the C-C-C-C dihedral) in the presence of an explicit solvent. An evaluation of the IR spectrum in the carboxyl stretch region was also provided by computing the power spectrum of the (QM) molecular dipole. We would like to point out that the choice of including only a very limited number of water molecules in the quantum calculations, instead of developing a more systematic microsolvation approach (for bioorganic molecules, see for instance Refs. 48-55), was supported by the work of Sutton et al. on carboxylates (41) and by Hernández et al. on aspartate, (45) which provide an excellent framework for validation. This paper is organized as follows. After a description of the computational procedures in Section 2, we describe the results obtained based on electronic structure calculations (Section 3.1) and those based on QM/MM molecular dynamics (Section 3.2). Conclusions are drawn in Section 4, where some perspectives for future work are also presented.

| COMPUTATIONAL DETAILS

We performed electronic structure calculations using Gaussian16, [START_REF] Frisch | Gaussian~16 Revision C.01[END_REF] and Gaussview6 [START_REF] Dennington | GaussView Version[END_REF] for some analysis and for creating images of the molecular structures. For each anion (SUC 2-, ASP -and ASP 2-in Scheme 1), and for each of the quantum chemistry methods that will be discussed in the following, we first performed a relaxed scan along the C-C-C-C dihedral. We then performed a full optimization on the minima found along the constrained potential energy surface (PES) and characterized them through an analysis of the frequencies of the normal modes (at 298 K and 1 bar).

The stationary points would be considered as minima only if no imaginary frequency was found. The normal mode frequencies and intensities from the quantum calculations were processed by means of a convolution of Gaussian functions having a full width at half maximum of 20 cm -1 , to obtain infrared bands.

The choice of the methods was based on recent work that has already been published in the literature: density functional theory using the M05-2X [START_REF] Zhao | [END_REF] functional and the cc-pVDZ basis set, (59) used by Sutton et al. for carboxylates among which succinate, (41) ; DFT with the B3LYP (60) functional and the 6-311++G(d,p) basis set, (61,62) used by Hernández et al. for aspartate. (45) Results obtained with these methods have been compared with PM6 (46) semiempirical calculations. Two different continuum models of solvation were used, namely the solvation model density (SMD) (63) and the polarizable continuum model (PCM). (64) For each minimum along the PES of the three molecules, we added one water molecule sitting next to the polar groups (i.e. 2 water molecules around succinate -one per carboxylate group-and 3 water molecules around aspartate -one per carboxylate groups and one for the amino group). The structures thus obtained were optimized and normal modes analysis based on the harmonic approximation was performed to confirm the obtention of minima using the same choice of methods already described for the anions, in the presence of water as a continuum medium. This procedure follows the ideas in Refs. 41,45, in which such microsolvation approach was applied to analyze the formation of a solute-solvent hydrogen bond. In aspartate, such band is sensitive to couplings with the amino group, (65) and it is therefore important to assess the effect of the interaction of explicit water molecules with this group.

Having found a picture that is qualitatively the same for the different levels of theory, we proceeded to use PM6 based QM/MM molecular dynamics with the AMBER16 [START_REF] Case | AMBER 2016[END_REF] suite of programs. After minimization using the steepest descent algorithm, we performed a 10 ps equilibration in the NPT ensemble using Andersen's thermostat [START_REF] Andersen | [END_REF] (velocity rescaling every 1 ps) and Berendsen's barostat (68) in a cubic box containing one solute molecule and about 4000 water molecules, using periodic boundary conditions and a modified Ewald scheme for treating long range electrostatics in QM/MM based dynamics. (69) The force field used for water is TIP3P, (70) widely employed to describe water next to biological systems. The time step used in the simulations was 1 fs. After equilibration, each trajectory was propagated in NPT (1 bar, 300 K) for 500 ps and used for data analysis by employing post processing tools built in the AMBER16 package as well as in-house codes.

In order to have a qualitative description of the configurational space of the three anions in solutions, umbrella sampling (47) simulations were performed along the C-C-C-C dihedral (see Scheme 1) with the QM/MM scheme. The potential of mean force (PMF) was then built by applying the weighted histogram analysis method (WHAM). (71) Umbrella potentials were placed along the sampling coordinate varying from -180 • to 180 • (20 windows). The restraining potential was set to 35 kcal/mol/rad -1 and the simulations were run in the NPT ensemble, using the same conditions as described above for the equilibrium trajectory.

| RESULTS AND DISCUSSION

For each of the anion considered, quantum chemistry calculations using two continuum models of solvation will be presented, followed by the calculations on clusters including explicit water molecules (Section 3.1). In Section 3.2, we shall describe the solvation properties that we investigated for the anions in bulk water by using a QM/MM scheme, providing a qualitative comparison with the picture stemming from static calculations.

| Results obtained using electronic structure calculations

| Succinate: SUC 2- We shall start the presentation of the results by providing a comparison with similar studies in the literature. In line with the work in Ref. 41, we found three conformers of succinate, the structure of which is reported in the top panel of Figure 2 along with some useful definitions. The conformers will be named SUC A comparison of the minima sampled by this methodology using M05-2X/cc-pVDZ and SMD with the published structures. (41) SUC 2- 1 corresponds to a gauche conformation of the two carboxylates with respect to the bond formed by the two methylene carbons, whereas SUC 2- 2 and SUC 2- 3 correspond to an anti conformation and differ because of the relative orientation of the planes containing the COO -groups.

The values of the C 1 -C 2 -C 3 -C 4 dihedral as well as the relative energies with respect to SUC 2- 1 are shown in Table 1. Three quantum chemistry levels were used as well as two different continuum models of solvation. The overall agreement among the different methods used in describing the most relevant features of the three conformers is satisfying. In the case of SUC 2- 1 , the value of the dihedral is slightly different in the case of PM6 calculations, and this methods describes a SUC 2- 3 conformer that is practically isoenergetic to SUC 2- 2 . In addition, PM6+SMD predicts a higher energy for SUC 2- 2 and SUC 2- 3 than PM6+PCM. However, considering how close in energy such conformers are overall, the observed differences between two different quantum energy methods are of the same order of magnitude of the differences observed when the same QM method is used with two different solvation models. Notably, using M05-2X/cc-pVDZ+PCM predicts a lower energy SUC 2- 3 conformers whereas the opposite is found when using M05-2X/cc-pVDZ+SMD.

F I G U R E 2
TA B L E 1 Summary of structural properties and relative energies for the SUC 2- 1 , SUC 2- 2 , SUC 2- 3 conformers: the χ dihedral is defined in Figure 2. The relative energy is computed with respect to the energy of the SUC 2- 1 conformer. We turn now to the discussion of the carboxyl stretch band in the infrared spectrum of succinate. A digitized Fourier Transform Infrared (FTIR) spectrum from Ref. 72 is shown in black in Figure 3, together with the results that we obtained from normal mode analysis based on quantum chemistry calculations. The Engauge Digitizer [START_REF]Engauge Digitizer[END_REF] was used to obtain the experimental spectrum. We compared unscaled results with those obtained using the following scaling factors for the IR frequencies: 0.9495 for M05-2X/cc-pVDZ [START_REF] Laury | [END_REF] , 0.98 for PM6 (we adapted the scaling factor proposed in Ref. 75) and 0.978 for B3LYP/6-311++G(d,p) (76) . Intensities were rescaled to make them comparable and were thus expressed in arbitrary units.

SUC 2- 1 Method χ ∆E (kJ/mol) B3LYP/6-311++G(d,p), PCM -69°0.0 B3LYP/6-311++G(d,p), SMD -66°0.0 M05-2X/cc-pVDZ, PCM -69°0.0 M05-2X/cc-pVDZ, SMD -63°0.0 PM6, PCM -59°0.0 PM6, SMD -42°0.0 SUC 2- 2 Method χ ∆E (kJ/mol) B3LYP/6-311++G(d,
When looking at the different spectra for the anions in a continuum solvent, one basic observation is that the computed spectra from conformers SUC 2- 2 and SUC 2- 3 display negligible differences. This is to be expected, since the two structures are extremely similar. Two bands are observed in the computed spectra with one exception, namely the PM6+SMD, for which the two bands merge. The analysis of normal modes allows to attribute the two bands to symmetric (S, lower frequency) and antisymmetric (AS, higher frequency) stretch. In the comparison with experiment, the B3LYP/6-311++G(d,p)+PCM spectra in water provide the best agreement, both for the position of the two peaks, the frequency gap between them and the relative height of the peaks. Without using scaling factors, the two bands are predicted with a red shift smaller than ≃ 5 cm -1 ), whereas a slightly larger shift is observed when scaling is applied.

When using B3LYP/6-311++G(d,p)+SMD the gap between the peaks is too small, since the AS peak is strongly red shifted, and this is particularly true for SUC 2- 1 . Spectra obtained with M05-2X/cc-pVDZ+SMD were already discussed in Ref. 41. They provide a reasonably good agreement with experiments when a scaling factor is applied but the band gap is overestimated, a feature that is better reproduced with M05-2X/cc-pVDZ+PCM. Finally, the unscaled results obtained with PM6+PCM are quite reasonable, though slightly blue shifted. In this case, scaling by using a 0.98 scaling factor provides a much nicer agreement agreement with experiments.

The next step in our methodology was to include in our quantum chemistry calculations explicit water molecules interacting directly with the charged groups. We then optimized one cluster containing two water molecules, one by each carboxylate, for the three conformers considered. In all cases, starting from a cluster with SUC Moving to the infrared spectra for the microsolvation model, the S and AS peaks obtained for the two conformers are reasonably similar in all cases. The result obtained with PM6+SMD is improved compared with the case in which no explicit water molecule was taken into account with respect to the band position. The analysis of normal modes

shows that this is due to the water bend mode strongly coupling to the S stretch. On the other hand, in the case of the M05-2X/cc-pVDZ+PCM results, the water bend absorbs between 1700 cm -1 and 1750 cm -1 , thus strongly affecting the band shape for the AS stretch. Overall, the agreement with the experimental band is fairly good but F I G U R E 3 Infrared spectra obtained using different implicit solvation models (top panel) and incorporating two interacting water molecules (bottom panel). A comparison is provided with an experimental FTIR spectrum of succinate in water solution (72) . Intensities are expressed in arbitrary units.

caution should be taken in discussing a direct comparison with the experiment, in which a difference spectrum was recorded. In principle, explicit contributions from the vibrational motions of water molecules (e.g. bending) is thus not present in experimental measurements.

| Aspartate: ASP - Considering the anions from the aspartic acid amino acid, in the case of ASP -, recent work by Hernández et al. (45) provided a deep analysis of the potential energy surface (PES) of the anion in a continuum solvent (water). By using the same DFT functional (B3LYP) and the same basis set (6-311++d(d,p)), we reproduced the same results using our approach, based on a relaxed scan along the C-C α -C β -C γ dihedral and reoptimizing the minima thus found. The structure of the two conformers along with the atom numbering and the definition of some relevant geometrical coordinate are displayed in the top panel of Figure 4.

These two minima correspond roughly to an anti (ASP - 1 ) and a gauche (ASP - 2 ) conformation, considering the orientation of the carboxylate groups with respect to the C α -C β bond. The two conformers correspond to g-g+ and g+g-in Ref. 45, respectively. To describe the molecular structures, two more dihedrals were used in that work, named χ 1 and χ 2 . The values of the dihedral characterizing the conformers as well as the relative energies with respect to ASP - 1 are reported in Table 2. A comparison is provided between the PCM and SMD solvation models, and between the DFT level and the semiempirical PM6 results. Computations using M05-2X/cc-pVDZ led to un unphysical proton transfer from the charged amino group to one of the carboxylate oxygen atoms.

TA B L E 2 Summary of structural properties and relative energies for the ASP - 1 and ASP - 2 conformers: the χ i dihedrals are defined in Figure 4 and the relative energy is computed with respect to the energy of ASP - 1 . In both conformers, the stabilization of the optimized structures in water is linked with the formation of an intramolecular hydrogen bond between the acidic hydrogen atoms and the negatively charged carboxylate oxygen. DFT calculations predict ASP - 2 to be more stable than ASP - 1 while the opposite trend is predicted by PM6. As in the previous case, the differences in energies are very small. The structures predicted by the two methods are very similar with both solvation models, the only exception being the structure of ASP - 2 with SMD, for which the χ dihedral is In the top panel of Figure 5 we present a comparison of the computed carboxylate stretch bands using normal mode analysis. A recorded spectrum of aspartic acid in water (ASP -being the protonation state that is stable at neutral pH) with a clear band assignment is not available in the literature and the difficulties in measuring such spectra in water have been discussed in Ref. 77. Pearson and Slifkin (65) measured the IR difference spectra of amino acids in solutions at different pH values but they mentioned that the peak positions and assignment might be affected by the strong absorption of water in this region. At neutral pH, they assign a band at about 1400 cm -1 to S stretch and 1575 cm -1 to asymmetric stretch. The S deformation of NH + 3 occurs at about 1500 cm -1 , though it has been mentioned to occur at 1474 cm -1 in another experimental work. (78) Using band deconvolution techniques, the authors of the latter study assign two AS stretch vibrations, one for C α -C-O (1601 cm -1 ) and the other one for C β -C-O (1576 cm -1 ). A recent recorded spectrum for a 0.01 m solution of aspartic acid in water, appearing in Ref. 79, displays a strong band at 1600 cm -1 , a shoulder around 1510 cm -1 and another peak at 1350 cm -1 . However, band assignment is not provided in the latter work. The PM6+SMD computed spectra display merged bands. All spectra tend to be blue shifted but using scaling factors allows corrected spectra in a generally good agreement with experiments, the exception being the spectrum predicted by using B3LYP/6-311++G(d,p)+SMD, which is red shifted. Normal modes analysis shows that the NH + 3 deformation couples strongly to the AS stretch and that, in addition, the lower energy tail of the band is associated with a contribution form the C-H deformation. The position of the NH + 3 does not seem to be well predicted.

ASP

F I G U R E 4
Considering the general poorer agreement provided by SMD, to discuss the results obtained for the calculations including explicit water molecules (structures displayed in the bottom panel of Figure 4), we shall focus on the results obtained with PCM. For the ASP - The results obtained with PM6 are very similar and will not be discussed in detail. The only relevant difference appears for ASP - 1 , where both oxygen atoms of C γ form H-bonds with one water molecule (H-bond distances: 1.90 and 1.88 Å). In addition, for both conformers, the H 2 O...HN distance is shorter (1.80 Å) than the one computed with DFT.

To conclude our discussion on the ASP -conformers surrounded by explicit water molecules, we present computed absorption spectra from normal mode analysis in the bottom panel of Figure 5. In the B3LYP/6-311G++(d,p)+PCM spectrum, water bend is mostly coupling with AS stretch, whereas NH + 3 deformation is coupling with the S stretch band. As for the succinate spectra, the water bend vibration couples with AS stretches. In the PM6+PCM result, the AS band is split and the normal mode analysis shows that this is due to the two carboxylate groups oscillating at different frequencies. The NH + 3 deformation couples with S stretches, giving rise to complex features on this band for the B3LYP/6-311G++(d,p)+PCM result, but it appears as a distinct band in the PM6+PCM spectrum at about 1525 cm -1 (1494 cm -1 in the scaled spectrum). The C-H deformation at C α and coupling with water band vibrations play a role below 1400 cm -1 .

F I G U R E 5 Infrared spectra for the two minima ASP - 1 and ASP - 2 . Top panel: results for the anions in a continuum solvent. Bottom panel: results for the anions surrounded by three water molecules next to the polar groups in PCM. Intensities are expressed in arbitrary units.

| Aspartate: ASP 2- Moving from ASP -to ASP 2-, we find some similarities as well as some interesting differences. Two minima are found along the PES, named ASP 2- 1 and ASP 2- 2 , the structure of which is shown in the top panel of Figure 6. Following the same steps as for the previous anion, we provide results for DFT and PM6 calculations in SMD and in PCM water. Some of the relevant parameters to describe ASP 2- 1 and ASP 2- 2 are collected in Table 3. ASP 2- 1 is predicted to be the most stable conformer with all methods but one exception, namely DFT+SMD. This might be related with a slightly different geometry predicted by this method for ASP 2- 2 , displaying a somewhat different orientation of the carboxylates compared to the other methods. The same effect is observed with PM6+SMD and it also leads to a less stable ASP 2- 1 compared to what is predicted by PM6+PCM. As for the other two anions, the energy differences are small. As a general remark, the carboxylate moieties are more free to reorient compared ASP - 1 and ASP - 2 because the formation an intramolecular H-bond is not as favorable as in those cases (the H atoms belonging to the amino site being less acidic).

F I G U R E 6 Top panel: structure of the two conformers of aspartate having a deprotonated amino group (ASP 2- 1 , ASP 2- 2 ) and definition of the relevant dihedrals used in the analysis. Bottom panel: structure of the optimized clusters formed by ASP 2- 1 and ASP 2- 2 and three water molecules sitting next to the charged groups. Green dotted lines: intermolecular H-bonds, water is the donor. Yellow dotted line: intramolecular H-bond.

Wolpert and Helwig (77) have attributed the following frequencies, based on FTIR measurements of aqueous solutions of aspartic acid at pH = 10: the AS stretch band peaks at 1570 cm -1 and the S stretch at 1395 cm -1 . They also mention that each band presents a shoulder, a feature that they attribute to the different vibrations of each of the two carboxylates. Slightly different estimates were provided in Ref. 65: the S stretch band of the carboxylate group TA B L E 3 Summary of structural properties and relative energies for the ASP 2- 1 and ASP 2- 2 conformers: the χ i dihedrals are defined in Figure 6 and the relative energy is computed with respect to the energy of the ASP was predicted at 1405 cm -1 , the AS stretch at 1575 cm -1 , the C-H bend and CH 2 wagging at about 1350 cm -1 , and no explicit band resulting from the N-H bend is expected in a basic environment in this frequency region. In qualitative agreement with experiments, in all the computed absorption spectra the contribution from the NH deformation is much smaller than in the ASP -case. With PM6+SMD, the S and AS bands are very close (1450 and 1490 cm -1 ) and the C-H deformation/wagging couple to both modes. With B3LYP/6-311++G(d,p)+SMD, the position of the bands is red shifted and the band gap is about 20 cm -1 too small. The scaled B3LYP/6-311++G(d,p)+PCM results for ASP -

1
provide the best agreement with the frequencies estimated from experiments (but the band gap is about 15 cm -1 larger, and it becomes too large when considering ASP - 2 ). Coupling with the C-H deformation/wagging contributes to a large and intense AS stretch band. With PM6+SMD, the S and AS bands are very close, practically merging, and the C-H deformation/wagging couple to both modes. In the case of PM6+PCM, the band gap is larger and the mixing with N-H bend replaces the contribution from the methylene group. The scaled results provide a better agreement with experiments in this case. Considering the lack of a recorded spectrum and of a band assignment taking into account the band shape, and the small discrepancy between the available experimental results, it is not possible to push the comparison further. However, it is worth noting that mode dependent scaling factors have been proposed to achieve a quantitative agreement for the stretching band of the carboxylate groups of amino acids and peptides, though they were provided for different levels of theory. (80) In the clusters including three explicit water molecules (bottom panel of Figure 6), in the case of ASP 

F I G U R E 7
Infrared spectra for the two minima ASP 2- 1 and ASP 2- 2 . Top panel: results for the anions in a continuum solvent. Bottom panel: results for the anions surrounded by three water molecules next to the polar groups in PCM. Intensities are expressed in arbitrary units. of explicit water.

Minor differences are observed in the IR spectra computed for the clusters to describe the carboxylate stretch band (bottom panel of Figure 7). Using B3LYP/6-311++G(d,p), we observe that the S stretch band is mostly affected by the the modes of the methylene group, whereas the AS stretch contains the coupling with the bend of the different water molecules. The higher frequency tail is due to the interaction with the N-H bend. Using PM6, the coupling of the water bend mode with the carboxylate stretch is possible for the S and the AS band, involving different water molecules. The contribution from the modes involving the methylene and amino groups are limited, compared with the results in a continuum.

| Results obtained using QM/MM molecular dynamics

We now move to a more realistic solvation model and consider a QM/MM simulation combining PM6 for the anions with TIP3P for the water molecules. We first focus on the conformational space and analyze the umbrella sampling profiles obtained by constraining the χ dihedral. Results are shown in Figure 8. For succinate, the global minimum is located at about 80 • , corresponding to a distorted gauche conformations. Other, more shallow minima are present: one at -90 • and the other corresponding to the anti conformation observed in SUC 2- 2 and SUC 2- 3 . The barriers to move from one basin to the other are quite small (of the order of 20-30 kJ/mol or smaller), we should therefore expect that the molecules explore different conformations along an MD trajectory. This is also true for aspartate, for both ASP - and ASP 2-. However, the global minimum for ASP -is located at -60 • (corresponding to ASP - 2 ), whereas the one for ASP 2-is located at about 55 • (corresponding to ASP 2- 2 ). Given the limited sampling, we shall keep our analysis of the potential of mean force (PMF) to a qualitative description.

F I G U R E 8 Potential of mean force obtained by umbrella sampling along the χ dihedral for the three molecules considered in this work: succinate (SUC 2-, blue curve), deprotonated aspartate (ASP -, black curve), deprotonated aspartate in a basic environment (ASP 2-, red curve).

To show that our MD trajectory results are consistent with the PMF, we computed the distribution of the χ dihedrals measured along the dynamics. Results are reported as supporting information (Figure S1) and show that our analysis of the conformational space corresponds to basins explored along equilibrium MD.

The analysis of the solvation shell of the anions reveals interesting similarities with what has been obtained from electronic structure calculations. We shall start by describing the solute-solvent radial pair distribution functions (RDFs) that characterize the polar groups, displayed in Figure 9. For succinate, the interaction between all O atoms from the carboxylate groups with the H atoms of water is remarkably similar, which illustrate that our trajectory is long enough to sample the different solvation structures. The first peak, corresponding to the H-bond distance, is located at 1.83 Å. Two more, quite well defined, peaks are present, corresponding to the second and third hydration shell, hinting at a strong interaction, which is reasonable due to the charge on the carboxylate groups. Similar results are obtained for the two aspartate anions, for which a slightly less structured third peak is observed. However, in the case of ASP -, we note a slight difference: one of the O...H RDFs curves displays a lower peak height for the first and second peaks. This behavior is related with one of the oxygen atoms of the carboxylate (belonging to C γ ) forming an intramolecular H-bond with one (two) of the H atoms amino group. One or two HN atoms being involved is related with the rotational motion of the NH + 3 moiety along the dynamics. A distribution of intramolecular O...HN distances is reported as supporting information (Figure S2). This observation is in accord with what was found for ASP - 2 using electronic structure calculations.

When considering the interactions of the amino group with water, major differences are observed between the two aspartate anions. When the amino group is protonated (i.e. ASP -), the H atoms are weakly donating a H-bond (the first peak is located at 2 Å), while the N atom does not interact directly with the H atoms of water. On the other hand, no interaction is observed between the HN atoms and water for the aspartate bearing a deprotonated amino group (ASP 2-), whereas the N atom behaves as an acceptor of H-bond. Again, this result is very well consistent with what was described for the quantum chemistry calculations including explicit water molecules.

The integration of the first peak of the RDFs up to the distance corresponding to the position of the first minimum r mi n , according to the definition of coordination number n r mi n , can provide some insight on the number of water molecules surrounding the polar sites:

n r mi n = 4πρ ∫ r mi n 0 d r g (r )r 2 (1) 
For each O atom of the carboxylate groups in succinate we obtain 7 water hydrogen atoms. We also computed the distribution of angles formed between the direction of the water dipole moment and the C-O axis. We found an average angle of 60 • for the maximum of the orientational correlation. This calculations, the results of which are reported as Supporting Information (Figure S3) is based on the normalized function (82) G

1 (r ) = h 110 (r ) 3g 000 (r ) =< cos (θ ) 12 >, (2) 
where h 110 (r ) is based on the orientational correlation function defined as

h 110 (r ) = ∫ h (12)Φ 110 (12)d Ω 1 Ω 2 ∫ Φ 110 (12) 2 d Ω 1 Ω 2 , (3) 
with

Φ 110 (12) = û1 • û2 . (4) 
h (12) = g (12) -1 is the total pair correlation function between molecules 1 and 2, Φ 110 is the rotational invariant

F I G U R E 9
Relevant solute-water pair distribution functions. Top panel: interaction between oxygen atoms belonging to carboxylates in succinate (black, red, green, blue curves). Middle panel, from left to right: interaction between oxygen atoms belonging to carboxylates in ASP -(black, red, green, blue curves); interaction with hydrogen atoms belonging to the amino group; interaction with the nitrogen atom belonging to the amino group. Bottom panel: same as for the middle panel, in the case of ASP 2-. For each panels, images illustrating the structure of the solvation shell created by extracting snapshots along the simulated trajectories are displayed. The software used to create the images is VMD. (81) function related with orientations, and Ω i are the angular variables. We thus considered û1 as a unitary vector along one C-O axis and û2 as a unitary vector along the direction of the instantaneous molecular dipole of one solvent molecule.

This finding underlines that each O atom in one carboxyl group interacts with different water molecules, instead of interacting with the same water molecule, as in the optimized structures for the clusters involving SUC 2- 1 and SUC 2-
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(for which the value of the angle is 45-50 • ). More importantly, in the latter cases one would expect a population of Hbonded water molecules at shorter distances (namely about 1.7 Å) and a sharper peak in the orientational correlations.

As a matter of fact, this finding is no surprising, since the configuration adopted in bulk water leads to a smaller perturbation of the local H-bond network in water compared with the one found for the clusters, and is compatible with the action of molecular motions that are active when including temperature effects.

The orientation of water molecules with respect to the C-O axes of the carboxylate groups is only slightly different between succinate and the two aspartate anions considered, since we obtained a value of 66 • associated with the first peak of the G 1 function. From the RDFs, the number of water H atoms surrounding these groups is about 7, as in the case of succinate, with the exception of the C-O bond that is involved in an intramolecular hydrogen bond (in ASP -), for which only two H atoms were found. The H-bond donor NH + 3 moiety in ASP -is surrounded by 5 H atoms.

The infrared absorption spectrum of a molecule can be evaluated based on MD trajectories by using a formulation stemming from Kubo's relationship [START_REF] Mcquarrie | Statistical Mechanics[END_REF] . According to this development, the infrared intensity can be expressed in terms of the Fourier transform of the molecular dipole time correlation function as:

I (ω ) = 1 2π Q (ω ) ∫ +∞ -∞ d t ex p (-i ωt ) < µ(0) • µ(t ) > (5) 
in which Q (ω) is a prefactor taking into account the quantum nature of the time correlation function. [START_REF] Egorov | [END_REF]85) An explicit treatment of this factor is not included in our calculation since this goes beyond the purposes of our analysis. We used two methods to compute numerically the infrared spectrum by using the instantaneous molecular dipole provided by the QM output in the QM/MM setup: a method based on the Wiener-Khinchin theorem and the maximum entropy method, implemented by using the routines provided in Ref. 86. The power spectra thus obtained are displayed in Figure 10.

The carboxylate AS stretch band peaks at 1670 cm -1 , compared with 1560 cm -1 in experiments. The intensity of the S band is quite low and the band seems very broad, compared with experiments (72) (for which the peak is located at 1400 cm -1 ). From our electronic structure PM6 calculations, we may notice that the AS stretch band is more sensitive to the solvation model used, whereas the S stretch band is located at about 1400 cm -1 in all cases.

Peaks at lower frequencies than 1400 cm -1 are due to C-H bend motions, so that we can safely assume that the peak on the lower frequency side of the top panel in Figure 10 is due to this mode.

In the case of the computed band for ASP -, the AS stretch band is larger but still peaking at 1670 cm -1 . As it was already discussed, the experiments suggest that the AS stretch can couple with the bend modes of the NH + 3 group, and also in this case its position is strongly dependent on the solvation model used. The lower frequency portion of the S stretch band that is observed in the spectrum is most likely due to the CH 2 modes. The results are very similar in the case of ASP 2-but the AS band appears narrower, which is consistent with the experimental interpretation based on a lower coupling with the NH bend. (65) To conclude with, it is worth noting that, in the case of aspartate, the QM/MM MD based results display band shapes and positions that are very similar to the results obtained on the anions with PM6+PCM. 

| CONCLUSION

In this work, we provided a bottom-up computational approach to study the conformational space and the vibrational properties of three anions containing carboxylate groups: succinate, zwitterionc aspartate and aspartate having a deprotonated amino group. More specifically, we focused on the carboxyl stretch band, which is sensitive to the environment and therefore can be used as a probe of local structure and of solvation, and on an exploration of the conformational space of the molecules interacting with water. In the case of succinate and zwitterionic aspartate, some previous computational work in the literature provided important results to compare with. (41,45) Similarly to what had been done in those studies, we started from the anions in a continuum solvent, then we moved to a (simplified) microsolvation approach, in which we included one water molecule sitting next to each polar group and immersed the cluster thus obtained in a continuum solvent. In addition, we performed hybrid QM/MM MD simulations of the anions in bulk water, thus including finite temperature effects.

In the electronic structure calculations, two DFT methods (M05-2X/ccpVDZ and B3LYP/6-311++G(d,p)) and one semiempirical method (PM6) were employed, and for each method we assessed the performance of two solvation models (SMD, PCM). The results on the predicted geometries, both for the anions and the clusters, were remarkably similar. This might result surprising in the case of the clusters, considering the artifacts stemming from applying semiempirical Hamiltonians to describe non-covalent interactions. [START_REF] Marion | [END_REF] However, we can hypothesize that the strong electrostatic interactions between negative charged anions (possessing polar groups) and water can be more easily modeled than the interaction between neutral systems, since the limitations of semiempirical methods are more apparent when weak non-covalent interactions are present.

When comparing the results obtained for the carboxyl stretch band based on normal mode analysis, we found that the overall agreement with experimental measurements is promising. However, for the considered anions the PCM outperforms SMD in the prediction of both the position and the AS/S stretch band gap. Using PCM, in the comparison between scaled and unscaled frequencies, we showed that the results obtained with PM6 are systematically improved, leading to an excellent agreement with the available experimental results. Remarkably good results are obtained with B3LYP/6-311++G(d,p)+PCM but the use of a scaling factor in this case does not necessarily lead to an improvement, since non-scaled frequencies can be within 5 cm -1 with respect to experiments, as in the case of succinate (the only anion for which a recorded spectrum in water was available in the literature). We can thus conclude that the PCM solvation model with B3LYP/6-311++G(d,p) can provide quantitative agreement with experimental measurements of the carboxylate stretch band and that, notwithstanding the lower level of quantum chemistry, scaled PM6+PCM spectra can lead to a very close performance. One additional, interesting conclusion that we can draw is that one observes larger differences when comparing results obtained with the same quantum chemistry method but a different continuum solvation model, than when comparing two different quantum chemistry methods. Such finding should warn about carrying out calculations of such properties without careful benchmarking. In addition, it has been pointed out (80) that scaling factors might depend on the vibrational motion in floppy biomolecules, which would need some additional work.

A description of the local structuring of water molecules around the anions was achieved though the analysis of simulated trajectories in the PM6/MM hybrid scheme. In all treated systems, each carboxylate group interacts with different water molecules, a configuration that leads to a limited perturbation of the H-bond network in water. The H atoms belonging to the charged amino group in the zwitterionic aspartate act as H-bond donors and an intramolecular H-bond, already characterized through QM calculations, is also present. On the other hand, the amino group acts as an H-bond acceptor when it is deprotonated. An exploration of the conformational space of the anions by umbrella sampling along the C-C-C-C dihedral yielded a very similar description compared with the results from electronic structure calculation and it was consistent with the distribution of the dihedral along an equilibrium trajectory. The IR band simulated by computing the power spectrum of the QM dipole delivers the same picture as the IR band from QM calculations. Further improvement on the band shape and (sub)band position would require a specific treatment of quantum effects [START_REF] Egorov | [END_REF]85) and/or more advanced techniques, (44) which is beyond the scope of the present work.

In future and undergoing work, we are interested in moving to anions containing carboxylates intercalated into LDH. The questions that we would like to answer involve a molecular understanding of the balance between 1) anionsurface, 2) anion-water, 3) water-surface interactions and 4) of nanoconfinement effects. The present study has brought a detailed knowledge on how to treat the effect of H-bonds formed by carboxylate units, which can be exploited in the analysis of LDH, since anchoring of the anion on the inorganic surface is mediated by the formation of hydrogen bonds with the hydroxyl groups. Competition between different systems capable of forming H-bonds (surface, anions, water) is therefore expected to play an important role and is likely to be sensitive to the hydration content. 

  , S2, S3 conformers obtained by Sutton et al. The results obtained by those authors were confirmed by performing a relaxed scan along the χ dihedral and reoptimizing the minima found along the constrained surface.

  Top panel: structure of the three conformers of succinate and definition of the dihedral used in the analysis. SUC 2- 1 , SUC 2- 2 , SUC 2- 3 correspond to the S1, S2, S3 conformers in Ref. 41, respectively. Bottom panel: structure of the optimized clusters formed by SUC 2- 1 and SUC 2- 2 and two water molecules next to the charged groups. Green dotted lines are shown as a guide for the eye along the succinate-water hydrogen bond directions.

  Top panel: structure of the two conformers of deprotonated aspartate and definition of the relevant dihedrals used in the analysis. Bottom panel: structure of the optimized clusters formed by ASP - 1 and ASP - 2 and three water molecules next to the charged groups. Relevant H-bond directions are displayed as a guide for the eye. Green dotted lines: intermolecular H-bonds, water is the donor. Blue dotted lines: intermolecular H-bond, water is the acceptor. Yellow dotted line: intramolecular H-bond. different (about 10 • ).
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 2 conformer and for B3YLP/6-311++G(d,p), there is no significant effect on the O-C-O angles (125-128 • ) upon formation of solute-water hydrogen bonds compared with the result obtained on the solute in the continuum. In the absence of explicit water molecules, the two C γ -O bonds are different: the two distances are equal to 1.24 and 1.26 Å. The longer distance is associated with the O atom involved in an intramolecular H-bond with with one of the amino hydrogen atoms (bond displayed in yellow in the Figure, N...H distance: 1.61 Å). Once the complex is formed, the N...H distance increases slightly (to 1.80 Å). Each of the carboxyl groups forms one H-bond with one water, a situation that is different with respect to what was described for succinate. The C-O distances are all equivalent and very little affected by the formation of H-bonds (1.25 Å). The O..H distances in the presence of explicit water are equal to 1.73 Å. For the ASP - 1 conformer, the general trend is very similar to what was discussed for ASP - 2 . The intramolecular hydrogen bond involving one amino H atoms is formed with one oxygen atom bonded to the C carbon (instead of C γ ) and moves from 1.60 to 1.70 Å after interaction with explicit water molecules.

F I G U R E 1 0

 1 Infrared absorption spectra of the three anions considered. Magenta line: result based on the maximum entropy method. Blue line: result based on the Wiener-Khinchin theorem. Intensities are expressed in arbitrary units.

F

  I G U R E S 2 Normalized distribution of the C γ OO -...HNH + 2 distances corresponding to the formation of an intramolecular hydrogen bond in aspartate (ASP -). F I G U R E S 3 Orientational correlations based on the calculation of the G 1 (r ) ) normalized function. The different colors refer to the four different O atoms of the carboxylate groups.
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GRAPHICAL ABSTRACT

Structural and vibrational properties of carboxylates are modeled by using a bottomup approach. Larger differences are found using different continnum solvation models and the same level of quantum chemistry compared with what is found using two different levels and the same solvation scheme.
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F I G U R E S 1 Normalized distribution of two relevant dihedral characterizing the conformations of the three anions considered in water.