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A topological insight on the 1/1 : Diacetyl/Water complex through a new methodological approach

The 1/1 : Diacetyl/Water complex is of atmospheric relevance. Previous experimental and theoretical studies were focused on two isomeric forms, and geometry optimizations were carried out.

Herein we propose a six-steps methodological approach based on topological properties for the search and the characterization of all the isomeric forms of a 1/1 noncovalent complex: 1-a molecular electrostatic potential (MESP) study for an overview of the V min and V max regions on the molecular surfaces of the separated molecules; 2-a topological (QTAIM and ELF) study for a thorough characterization of the electron densities (QTAIM) and irreducible ELF basins of the separated molecules; 3-a fully optimization of guess structures based on the interaction between complementary reaction sites; 4-an energetic characterization based on a symmetry-adapted perturbation theory (SAPT) analysis; 5-a topological characterization of the optimized complexes; and 6-an analysis of the complexes in terms of orbital overlaps (natural bond orbitals, NBO analysis).

This approach was applied to the study of the 1/1 : Diacetyl/Water complex. In addition with the topological characterization of two already-reported isomeric forms, a third possible isomer was identified and characterized.

Introduction

Non-covalent interactions in general, and hydrogen bonding interactions in particular, are of fundamental importance in many fields such as biochemistry, catalysis and atmospheric chemistry [START_REF] Werner | [END_REF]. This is probably one of the reasons why an effort was made since the first mention of hydrogen bondings, in the 1920's, to better characterize such interactions [2].

From a theoretical point of view, many efforts were made to improve the description of these interactions. These studies were not at all limited to a geometrical study of complexes. Rather, thorough investigations were carried out to describe these systems that are particularly challenging for the theoretical chemistry. Indeed, as (generally) non-covalent, weak, and largely electrostatic interactions, an accurate theoretical description of (classical) hydrogen bondings is far from obvious. A four-fold approach is now often applied to accurately describe hydrogen bondings: geometric, energetic, vibrational and topological parameters taken altogether allow a suitable description of the interactions [3,4]. Indeed, from a geometric point of view, the distances X-H, H...Y as well as the direct angle X -H . . . Y ̂ are needed to characterize a hydrogen bonding between an X donor atom and an Y acceptor atom [5]. In the case of intermolecular interactions, the energy associated to the hydrogen bonding(s) can be calculated as the energetic difference between the complex and isolated isomers [START_REF]For a discussion on the estimation of hydrogen bonding energies in the case of intramolecular interactions, see for example[END_REF]. A decomposition of this interaction energy in terms of electrostatic interaction energy, exchange repulsion energy, delocalization and correlation energies, as given by a Symmetry-adapted perturbation theory (SAPT) analysis provides some insight on the nature of the interaction [7,8]. This method was widely applied in combination with Density Functional Theory (DFT) calculations (SAPT-DFT) [9] to characterize hydrogen bondings or, in a more classical way, in combination with ab initio (post Hartree-Fock) calculations.

Obviously, many studies focused on the electrostatic nature of the hydrogen-bond interaction. To that extend, hydrogen bondings have some common points with halogen bondings, chalcogen bondings and pnicogen bondings [10][11][12][13]. The prevalence of the electrostatic nature of these interaction motivated Politzer [14,15], Clark [16], and Grabowski [17,18] to develop an approach based on the molecular electrostatic potential. They introduced the concept of σ-holes to rationalize the directionality of these interactions: "σholes are regions of positive molecular electrostatic potential collinear with and opposite to covalent bonds to atoms of Groups IV-VII" [16]. Since electrostatic attractions are a pivotal force in all these interactions, the electron density ρ(r) can be used to characterize and predict these non-covalent interactions [19]. The molecular electrostatic potential can be calculated from the electron density ρ(r) and the nucleic potential V N (Equation 1):

𝑉(𝑟) = 𝑉 𝑁 -∫ 𝜌(𝑟 ′ )𝑑𝑟′ 𝑟 ′ -𝑟 Equation 1
In this equation, the expression the nucleic potential is given by :

𝑉 𝑁 = ∑ 𝑍 𝑖 |𝑅 𝑖 -𝑟| 𝑁 𝑖=1 Equation 2
where 𝑍 𝑖 represents the charges of each of the 𝑖 nucleus located at the 𝑅 𝑖 position.

This concept was further extended to the study of crystals [20]. A σ-hole refers to a region of low electronic density that is collinear to a chemical bond or to a portion of a molecule. When such a region of low electronic density is perpendicular to portions of a molecular framework, the term "π-hole" is used [12,21].

Toward the electrostatic contribution on the hydrogen bondings, it was shown that dispersion interactions also play a prominent role in the formation of hydrogen-bonded complexes. More specifically, a symmetry-adapted perturbation theory (SAPT) study has shown that the size and the shape of substituants also strongly influence the stabilization of hydrogen-bonded complexes [22].

In addition, the Quantum Theory of Atoms in Molecules (QTAIM) approach allows a precise characterization of these interactions [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF]. According to the QTAIM, "the quantum mechanics of proper open systems yields the physics that governs the local behavior of the electron density, (r). All bond paths, lines of maximum density linking neighboring nuclei in a system in stable electrostatic equilibrium, have a common physical origin. The presence of a bond path and its associated virial path provide a universal indicator of bonding between the atoms so linked" [START_REF] Bader | [END_REF]. The charge density, (r), is a well-defined physical quantity that has a defined value at each point of the three-dimensional direct space. Moreover, the topology of the charge density, (r), allows one to define bond paths and critical points (where  = 0). The Laplacian of ,  2 , at the critical point measures to what extent the electron density is locally depleted if  2 0 (associated with closed-shell interactions, such as ionic bonds, hydrogen bonds, and van-der-Waals molecules, etc.), or concentrated if  2  0 (associated with shared interactions, such as dative or covalent bonds) [START_REF] Bader | Atoms in Molecules: A Quantum Theory[END_REF].

A systematic study on complexes representing different types of hydrogen bonds allowed to characterize the covalent or non-covalent nature of these interactions. Three families of hydrogen bondings were defined based on the energetic decomposition of the theory of the intermolecular interaction in combination with the QTAIM approach [17,25]:

 covalent interactions, in systems such as [FHF] -,
 partially covalent interactions, for instance in the case of the HCOOH dimer,  and non-covalent interactions as they exist in the water dimer.

Complementarily, the Electron Localization Function (ELF) also proved to be a powerful approach to investigate hydrogen bondings [26][27][START_REF] Fuentealba | Understanding and using the electron localization function[END_REF][START_REF] Savin | [END_REF]. This topological approach is based on the probability of finding an electron with a given spin in the vicinity of another electron with the same spin. This probabilistic approach leads to the definition of basins and attractors.

The topology of the ELF gradient field evidences two types of basins: the core basins around nuclei with Z > 2 and the valence basins in the remaining space [30]. These basins closely match the electronic domains defined by Gillespie in the VSEPR model, and therefore the ELF gradient field topology provides a reliable mathematical model for Lewis valence theory as well as for VSEPR. The core basins are denoted by C(A) where A stands for the atomic symbol of the atom to which it belongs whereas V(A,B) denotes a valence basin shared by the A and B atomic centers. Moreover, the valence basins are characterized by their synaptic order defined as the number of core basins with which a given valence basin shares boundaries. By integrating the one-electron density over any of the core or valence basin volumes we calculate their populations, N(i) which can be alternatively defined as the expectation values of the basin population operators. The closure relation of the basin population operators enables statistical analysis of the basins populations to be carried out through the definition of a covariance matrix [31]. A valence basin is a reducible ELFlocalization domain when it contains more than one attractor. Irreducible basins, surrounding one attractor, can be identified upon the increase of the value of the ELF function, η(r).

The ELF partition was further applied to the study of hydrogen bondings [32][33][34].

Diacetyl (DAC) is formed in the atmosphere as a result of degradation of hydrocarbons released in the atmosphere in urban and industrial areas [35,[START_REF] Calvert | The mechanisms of atmospheric oxidation of the oxygenates[END_REF]. Hydrated diacetyl-water clusters may be subsequently formed and affect the complex atmospheric chemistry [START_REF] Vaida | [END_REF]38], involving HO x and other radicals [39][40][41]. The 1/1 : DAC/H 2 O complex was experimentally studied in the context of an atmospherically-relevant study, by Mucha and Mielke [42]. Their work also included a theoretical investigation by means of ab initio Møller-Plesset calculations, and three different isomers were proposed for this complex. This pioneering study was subsequently completed by a rotational investigation [43]. These two studies almost resulted in the characterization of two distinct isomers, in terms of geometric and energetic parameters and rotational constants.

Following our interest in hydrated complexes atmospherically-relevant [44], we realized that a global methodological approach for the determination of all the isomeric forms of a non-covalent complex was missing. Herein we would like to propose such an approach for the identification and the characterization of non-covalent complexes. To exemplify our approach, we were looking for a simple hydrated dimer H 2 O-A fulfilling the following criteria:

 experimental data should be available in the literature,  different hydrogen-bond donor and acceptor sites should be available on the molecule A,

 the A partner should be a small, well characterized molecule, that may be present in the atmosphere,  the formation of larger complexes A(H 2 O) 2 should be possible.

The 1/1 : brunoDAC/H 2 O complex fulfills all these criteria. Furthermore, even if a theoretical study was reported on this complex, a topological characterization was missing.

To further theoretically characterize the different isomeric forms of the 1/1 : DAC/H 2 O complex, our investigation was as follows:

1. First of all, a molecular electrostatic potential analysis was carried out on the isolated molecules. This approach allows to locate the different interaction sites and to specify their chemical nature.

2. The QTAIM and ELF allow the characterization of domains that are rich or poor i) in term of electron density, and ii) in term of paired electron density, respectively. These results enable us to rationalize the chemist's concepts of electrophilic and nucleophilic sites.

3. From these initial studies, guess structures for the 1/1 : DAC/H 2 O complexes were constructed and fully optimized with a reference level of theory, CCSD(T)-F12/AVDZ. Additionally, MP2/AVTZ calculations were carried out.

4. The QTAIM approach was used to characterize the interactions by means of bond critical points and ring critical points.

5. SAPT analysis were carried out to characterize the nature of the non-covalent interaction in terms of electrostatic, exchange, induction and dispersion energies.

6. The complexes were also characterized in term of orbital overlaps by means of the Natural Bond Orbital (NBO) approach.

The steps 1, 3, 4, 5 and 6 constitute a now well-established procedure for the location and characterization of the interaction sites [45,46]. On the other hand, in the present case, the addition of the step 2 was helpful prior to the construction of guess structures.

First, a brief comparison between previous investigations on the 1/1 : DAC/H 2 O complex, and on smaller hydrated complexes of diatomic species, is proposed. The motivation of the present investigation is then presented. The results are further presented following the above-mentioned steps.

Previous results and outstanding issues

In 2012, Schaeffer III et al. [47] reported the study of 1/1 complexes between water molecule and three different isovalent diatomic species: CO/H 2 O [48], CS/H 2 O and SiO/H 2 O.

Isomers in which the O-H bond of the water molecule is almost parallel with the diatomic molecule were found. Such structures cannot be attributed to the formation of an hydrogen bonding. Indeed, hydrogen bondings are known to be directional, and an angle close to 180° is expected between the hydrogen donor bond, the hydrogen atom, and the hydrogen acceptor atom. On the other hand, structures in which the O-H bond of the water molecule is almost parallel with the diatomic molecule may be connected with the π-hole bonding concept [12,21].

In the case of the CO/H 2 O complex, three stable isomers were theoretically characterized by Wheathley and Harvey (Table 1). On the other hand, to the best of our knowledge, no topological characterization of these complexes was reported, and such a study would be necessary to confirm the presence of a π-hole bonding.

As aforementioned, two main experimental and theoretical studies were carried out on the 1/1 : DAC/H 2 O complex. Three structures in which the water molecule acts simultaneously as an hydrogen-bonding donor (toward the oxygen atom of the carbonyl group) and as an hydrogen-bonding acceptor for methyl hydrogen atoms, were proposed (Table 1). These isomers will be denoted I, IIa and IIb, respectively.

Additionally, another isomer may be expected for the DAC/H 2 O complex, based on comparisons with the CO/H 2 O isomers. Indeed, the carbonyl group present in the DAC molecule may lead to the formation of a π-hole centered on the carbon atom of the carbonyl group. An analysis based on the molecular electrostatic potential is needed to further characterize such an electronic deficient region. If its existence is confirmed, another structure may be proposed in which one O-H bond of H 2 O interacts with one of the two OC bonds of DAC. An analogue 1/1 : DAC/ H 2 O complex may be considered. The formation of such a complex may be due to the existence of a πhole (see the text) Table 1: 

Characterizations of the isolated monomers

A. Electrostatic potential

The molecular electrostatic potential (MESP) allows to describe the molecular surface.

It is now well established that the net atomic charge model cannot account for the formation of non-covalent interactions such as halogen bondings and pnicogen bondings, because an atom is not always uniformly charged. This charge distribution can lead to a topological description of the molecular space. It was shown that such a description is particularly suitable in the case of hydrogen bondings since it allows to rationalize the directionality of this interaction. This was achieved by introducing the σ-hole concept: the formation of a σbond can lead to a depletion of electrons in the opposite direction. Such an anisotropy in the molecular electrostatic potential may favor interactions with a lone pair of a Lewis base or an anion. This phenomenon was first pointed out in the case of halogen bondings [49]. The concept was the extended to covalently-bonded atoms of groups IV-VII [50,51].

Additionally, the concept of π-hole was introduced more recently, to describe situations in which a local depletion of electrons is perpendicular to a chemical bond [12,21].

Even if such situations are less often reported, the formation of chalcogen bondings may be explained by means of π-holes.

Accordingly, the MESP analysis allows to distinguish the axial and facial electronic deficient regions around an atom on the molecular surface. These outer portions appointed as and holes [51] are characterized by a positive electrostatic potential (color code: blue region) where the potential value is maximum, V max . It is also interesting to note that the outer portions colored in red, where the potential value is minimum V min , are indicative of the presence of the charge concentration (lone pair, etc) [52]. The overall electrostatic potential of the DAC molecule was computed on the 0.001electron/bohr [13] molecular surface (Figure 1). This study allows the characterization of regions that may act as electron acceptors and electron donors, respectively. More specifically, and as would be anticipated, the most negative electrostatic potential on the DAC and on the water surfaces are associated with oxygen atoms. On the DAC surface, the carbon atoms of the carbonyl groups are characterized by a positive electrostatic potential. On the water surface, a very strongly positive electrostatic potential on the hydrogen atoms indicates their propensity toward the formation of hydrogen bondings.

This simple characterization suggests that electrostatic-driven non-covalent interaction between DAC and water may lead to the formation of complexes. In addition with the formation of "classical" hydrogen bondings, a complex due to the formation of a π-hole bonding may be expected. On the other hand, a further accurate description is needed in order to propose guess geometries for a 1/1 complex.

B. Further topological characterization of the isolated monomers

We would like to point out that, for simpler systems, the determination of the MESP of each isolated monomer may be sufficient to propose geometries for 1/1 complexes.

On the other hand, in the present case, the MESP approach was sufficient for a global identification of electron-rich (V min ) and electron-poor (V max ) regions, but not for a precise location of the interaction sites. A combined QTAIM/ELF topological characterization unambiguously leads to guess structures for the 1/1 complex. The contour maps of the Laplacian of the electron density distributions for the DAC are shown in Figure 2. In the plane defined by the oxygen and carbon atoms (Figure 2A), two electron-rich domains appear on the oxygen atoms of each carbonyl group, corresponding to the Chemist's intuition based on the Lewis structures, with the two lone pairs of electrons located on these oxygen atoms. Finally, Scheme 1 presents the localization domain reduction tree diagrams [START_REF] Savin | [END_REF] for the DAC (Scheme 1A) and water (Scheme 1B) [START_REF] Fuster | Caractérisation des sites réactifs à partir de l'analyse topologique de fonctions locales[END_REF] molecules. 

Characterization of different isomers for the 1/1 : DAC/H 2 O complex

A. Proposition of guess structures

This thorough topological characterization allows a precise location of V min and V max regions. Thus, guess structures form the 1/1 : DAC/H 2 O complex can be built up based on possible interactions between V min regions from one molecule and V max regions from the other one. The more stabilizing interactions, the more the isomers should be stable. Accordingly, one can suggest three different available sites for an hydration process of the DAC molecule, namely S1, S2 and S3, presented in Figure 3. Thus, complementary to the results already published, an additional isomer (S3) may be expected for the 1/1 : DAC/H 2 O complex, involving an interaction between a V min region from the water molecule (lone pair basin) and a V max region from the carbonyl group of the DAC molecule (π-hole).

core C(C) valence methyl carbonyl core C(O) V 1 (O) V 2 (O) V(C, O) V(C, C) V(C, H 1 ) V(C, H 2 ) V(C, H 3 ) core C(O) valence V(O, H 2 ) V(O, H 1 ) V 1 (O) V 2 (O) A B

B. Geometry optimization and energetic characterization of the different isomers

The three different isomers were built up and fully optimized at the CCSD(T)-F12/AVDZ level of theory [START_REF] Adler | [END_REF]55] (Figure 4). This level of theory was chosen as reference calculations for energetic and geometric characterization. Geometry optimizations were also carried out at the MP2/AVTZ level of theory for a sake of comparison. Similar results were obtained at both levels of calculations (Table 3). Optimized structures for both monomers and 1/1 : DAC/Water isomers are reported in the supplementary material (SM1) [START_REF]monomers and S1, S2 and S3 isomers of the 1/1 : DAC/Water complex optimized at both MP2/AVTZ and CCSD(T)-F12/AVDZ level of theory[END_REF]. The binding energies calculated at MP2 level is almost the same as those obtained at the reference level of theory. We also reported the zero-point-vibrational-energy corrected binding energy with the MP2/AVTZ method. It is noteworthy that the three isomers are actually isoenergetic. They could be considered as the non-covalent species with medium strength. Globally, the stabilization energy associated to the formation of the 1/1 complex is in the (20 ± 5) kJ/mol range, for the three considered isomers. Further energetic characterization in terms of electrostatic interaction energy, exchange repulsion energy, delocalization and correlation energies, (SAPT analysis) was carried out at the (SAPT-DFT) [9] level of theory, as implemented in the Molpro package, using the PBE0 density functional. The different contributions to the total stabilization energy of the dimers are presented in Table 4. For a sake of comparison, the values corresponding to the water dimer are also given [22]. The percentage contributions of the different energetic components to the total stabilization energy of these species are shown in Figure 5. The electrostatic, exchange, induction and dispersion contributions are globally similar for the three isomers. More precisely, the electrostatic energy is always predominant toward the dispersion energy. However, we note in passing from an energetic point of view that S 1 and S 2 are almost identical: their stabilization energy are similar, and the SAPT analysis leads to a very close energetic decomposition. The S 3 isomer appears to be slightly different from these criteria: its stabilization energy is slightly lower, and the electrostatic and exchange contribution on the stabilization of the complex are slightly smaller in absolute values. 

C. Topological characterization of the isomers for the 1/1 : DAC/H 2 O complex

To further characterize the interactions between the water and the DAC molecules in each of the considered isomers, a QTAIM topological investigation was carried out (Figure 6).

In the S 1 isomer, the optimized geometry suggests that the water and the DAC molecules simultaneously act as hydrogen bond donor and hydrogen acceptor, thus leading to a cyclic structure. This is confirmed by the QTAIM study (Figure 6A): the topological characterization of this isomer indeed leads to the identification of two BCP and one ring critical point (RCP).

As far as the S 2 isomer is concerned, the situation is a little bit more complex: from the optimized geometry, the interaction between water and DAC molecules may appear to be globally similar to what was calculated for the S 1 isomer. Nevertheless, this isomer is topologically characterized by three BCP and two RCP. Indeed, the oxygen atom of the water molecule is simultaneously in interaction with two methyl hydrogen atoms of the DAC molecules, whereas one of the oxygen atom of the carbonyl group of the DAC molecule forms an hydrogen bonding with one of the hydrogen atom of the water molecule. Thus, the difference between S 1 and S 2 rely on the formation of one or two hydrogen bondings between the methyl hydrogen atoms of the DAC molecules and the water oxygen atom, respectively.

Moreover, the descriptions of the BCP's and RCP's in these two isomers are very similar in terms of electron densities, Laplacian and bond ellipticities values (Table 5).

Furthermore, we would like to emphasize the need of the "Density = Current" keyword in the route instruction of input file for QTAIM analysis from Gaussian09 calculations. Indeed, without this keyword, the analysis is carried out with the SCF density. Whereas this often only leads to slightly changes in the characterization of BCP and RCP, in the present work, the use of the SCF density leads to the identification of only two BCP and one RCP for both S 1 and S 2 isomers. This calculation artifact is due to a lack of accuracy of the electron density calculated at the Hartree-Fock level, even from an accurately determined geometry. As would be expected from the geometry of the three considered isomers, the topological characterization of S 3 is clearly different than the one of the two previous isomers: one BCP is found between a methyl hydrogen atom of the DAC molecule and the water oxygen atom, and another one between the oxygen atom of the carbonyl group of the DAC molecule and the water oxygen atom. Thus the water oxygen atom is involved simultaneously in each of the two BCP's that characterize this isomer. The resulting cyclic structure leads to the definition of an unique RCP. Whereas the identification of a BCP between a methyl hydrogen atom of the DAC molecule and the water oxygen atom was expected from the geometry of the isomer, the location of the second BCP, between two oxygen atoms, is rather surprising. To the best of our knowledge of the literature, no BCP has been reported between two oxygen atoms in the context of non-covalent interactions of hydrated complexes.

To further ascertain that this BCP is not an artifact that would be due to the geometry of the complex between the water and the DAC molecule, topological calculation were investigated by Schaeffer et al. [47] Results are presented in Figure 7 in the case of the most stable 1/1 : SiO/H 2 O isomer. A topological characterization similar to the one obtained for the S 3 isomer, with a BCP located between two oxygen atoms, is calculated (Figure 7A). In terms of molecular orbitals, the electron transfer takes place from a σ-orbital of the water molecule ( lone-pair of oxygen) to an unoccupied π* (CO) orbital (Figure 7B). Thus, the oxygen -oxygen BCP is not an artifact due to the geometry of the S 3 isomer

[57]. Furthermore, the interactions involved in this hydrated isomer are clearly different in their natures than the ones involved in the two other isomers. Moreover, the topological characterization of the BCP's and RCP in terms of electron densities, Laplacian and bond ellipticities values are clearly different to what was calculated for the two other isomers (Table 5). It is interesting to note that the bond ellipticity associated to the oxygen-oxygen BCP is particularly high, thus underlying the non-linearity of the interaction. The topological and geometrical parameters characterizing the interactions between water and DAC molecules in the S 1 and S 2 isomers clearly suggests that two non-covalent hydrogen bondings are formed in both cases [17,58]. However, the interactions involved in the S 3

isomer are of different nature: in addition with a "classical" non-covalent hydrogen bonding (H water -O carbonyl ), another electrostatically-driven interaction (O water -O carbonyl ) also stabilizes the complex.

D. Characterization of the isomers in terms of orbital overlapping

To further characterize the interactions between the DAC and the water molecules in each of the three isomers, an NBO study was carried out [START_REF] Glendening | Natural bond orbital methods[END_REF][60][61]. The HOMO and LUMO orbitals leading to a constructive overlap between the water molecules and the oxygen atom of the carbonyl group are presented in Figure 8. For the S 1 and S 2 isomers (Figure 8A and 8B, respectively), similar orbital overlaps are involved in the interaction: the stabilization is due to a charge transfer between σ molecular orbitals from an oxygen carbonyl atom and an hydrogen atom of the water molecule. In addition with this overlapping, the interaction between the water oxygen atom and one or two carbonyl hydrogen atoms (for S 1 and S 2 , respectively), are fully consistent with classical description of hydrogen bondings.

The interaction involved in the S 3 isomer (Figure 8C) is clearly different: in this case, an oxygen carbonyl atom and the water oxygen atom interact through a charge transfer between a π molecular orbital involving the carbon atom of the carbonyl group and a σ molecular orbital of the water oxygen atom (Figure 8C 1 ). The molecular orbital overlapping is similar to the one that was calculated for the case of the most stable SiO/H 2 O isomer (Figure 7B), from a σ(O) orbital of the water molecule, to a π* (CO) orbital. Additionally, Figure 8C 2 presents the NBO overlapping involved in the interaction between the water oxygen atom and a methyl hydrogen atom. 

Conclusion

Geometries of the 1/1 : DAC/H 2 O isomers were re-investigated. To this end, a systematic topological analysis using complementary approaches -MESP, QTAIM and ELFwas proposed. To begin with, a thorough characterization of isolated monomers allowed an accurate identification of complementary reaction sites in the two partners. From this preliminary step, it was possible to consider an isomeric form not yet reported in the literature for this complex.

Finally, three different isomers were optimized. A further geometric, energetic and topologic characterization of each of the isomers shows that:

 in the first two cases (S1 and S2), the formation of the complex involves traditional non-covalent hydrogen bondings,  in the third case (S3), in addition with a traditional non-covalent hydrogen bonding, another non-covalent interaction is involved in the formation of the complex. This additional non-covalent interaction is of similar nature than the one involved in isomeric forms of 1/1 : CO/H 2 O and 1/1 : SiO/H 2 O. The methodological study herein proposed is summed up in the Figure 9. We are convinced that the use of such an approach may help in characterizing all the possible isomers for non-covalent 1/1 complexes, in the case of hydrated species and beyond.

Computational details

Explicitly correlated coupled clusters calculations (CCSD(T)-F12) were carried out using the Molpro2010.1 package [START_REF] Molpro | version[END_REF]. Second order Møller-Plesset (MP2) calculations have been performed using the Gaussian09 package [START_REF] Frisch | Gaussian 09, Revision D.01[END_REF]. Dunning and coworkers augmented correlation consistent basis set aug-cc-pVDZ (labeled as AVDZ in our text) and aug-cc-pVTZ (labeled as AVTZ in our text) have been used. [START_REF] Dunning | [END_REF]65] All geometry optimizations were performed with « tight » convergence criteria.

SAPT-DFT analysis were performed with Molpro at PBE0 level of theory with 6-311++G(2d,2p) basis set [66].

AIMAll software was used for the quantitative study of the topological QTAIM data. [START_REF] Keith | AIMAll (Version 14.10.27[END_REF] The ELF calculations have been done using TopMod software [START_REF] Noury | [END_REF]. All the Topological characterization of isolated monomers:

Step 1: MESP: global location of the V min and V max regions,

Step 2: QTAIM and ELF: precise location of basins and interaction sites.

Identification of specific interaction sites on each of the monomer

Determination of possible isomers for the 1/1 complex:

Step 3a: guessed structures proposed by combination of complementary interaction sites (V min (Monomer1) / V max (Monomer2)),

Step 3b: fully optimization of the structures.

Characterization of the different isomers obtained:

Step 4: energetic characterization of the interaction (D e and SAPT analysis),

Step 5: topological characterization of the interactions in terms of BCP's and RCP's (QTAIM),

Step 6: characterization of the orbital overlappings involved in the stabilization of the complexes (NBO analysis).

necessary wfn files for the topological investigations have been obtained using Gaussian09 

  Structures proposed in the literature for the 1/1 : CO/H 2 O [48] and 1/1 : DAC/H 2 O [42] complexes. The comparison between the isomers proposed in the literature for these two complexes suggests the existence of another 1/1 : DAC/H 2 O.

Figure 1 :

 1 Figure 1: Molecular electrostatic potential mapped on the molecular surfaces for the DAC (A) and water (B) molecules. (MP2/AVTZ)

Furthermore,

  The contour maps of the Laplacian of the electron density  2 clearly shows that the four carbon atoms are electron depleted, thus suggesting that they may have electrophilic properties. Orthogonally to this plane (Figure2B), the carbon atom of the carbonyl group are characterized by a particularly electron-poor region, as shown for one of the carbonyl group. This could be considered as the QTAIM image of the π-hole. Thus, complementarily to the MESP analysis, the QTAIM characterization of the DAC monomer allows a precise location of electron-rich and electron-poor regions. Furthermore, expected πholes (see part 3A) are indeed present in the DAC molecule, on each of the carbon atom of the carbonyl group.

Figure 2 :Table 2 :

 22 Figure 2: Contour map of the Laplacian of the electron density  2  A: in the plane of the carbon and oxygen atoms; B: orthogonally to this plane around one of the carbonyl group. (MP2/AVTZ)

Scheme 1 :

 1 Scheme 1: localization domain reduction tree diagram for the A: DAC and B: Water [53] molecules.

Figure 3 :

 3 Figure 3: The different sites available for an hydration process of the DAC molecule.

Figure 4 :

 4 Figure 4: Three different isomers for the 1/1 : DAC/H 2 O complex optimized at the CCSD(T)-F12/AVDZ level of theory.
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 5 Figure 5: Absolute values of the percentage contributions to the total stabilization energies of the dimers.

Figure 6 :

 6 Figure 6: Topological QTAIM characterization of three isomers for the 1/1 : DAC/H 2 O complex. BCP's and RCP's are indicated in green and in red circles, respectively, for the A: S 1 , B: S 2 and C: S 3 isomers. The wfn function has been calculated at the CCSD/AVTZ//CCSD(T)-F12/AVDZ level.
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 8 Figure 8: S3

Figure 7 :

 7 Figure 7: Characterization of the most stable isomer for the 1/1 : SiO/H 2 O complex. A: QTAIM topological characterization, the BCP's are indicated in green; B: NBO molecular orbitals overlap. (CCSD/AVTZ//CCSD(T)-F12/AVDZ)

Figure 8 :

 8 Figure 8: Schematic representation of the HOMO and LUMO molecular orbitals involved in the stabilization of the three 1/1 : DAC/H 2 O isomers. Constructive overlap between the water molecules and the oxygen atom of the carbonyl group for the A: S 1 ; B: S 2 and C: S 3 isomers. The orbitals involved are mentioned under each pictures (Donor → Acceptor).

  (σO) → H 2 O: σ*(OH) DAC: LP (πO) → H 2 O: σ*(OH) DAC: LP (σO) → H 2 O: σ*(OH) DAC: LP (πO) → H 2 O: σ*(OH) H 2 O: σ(OH) → DAC: π *(CO) H 2 O: σ(OH) → DAC: σ*(CH)Each of the 1/1 : DAC/H 2 O isomer has a cyclic structure in which two complementary interactions are involved. We would like to underline that the three isomers are almost isoenergetic.
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 9 Figure 9: Schematic representation of the methodology herein proposed for the study of 1/1 hydrated complexes.

Table 3 : Total energies (E), binding energies (D e ) and ZPE corrected binding energies (D 0 ) associated to the studied isomers S 1 , S 2 and S 3 , calculated at two different levels of theory.
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		CCSD(T)-F12/AVDZ		MP2/AVTZ	
	Species	E	De	E	E(ZPE)	D e	D 0
		(a.u.)	(kJ/mol)	(a.u.)	(a.u.)	(kJ/mol)	(kJ/mol)
	DAC -306.052837		-305.937863 -305.844044		
	H 2 O	-76.352163		-76.328992 -76.307582		
	S 1	-382.414365 -24.6 -382.276258 -382.158303 -24.7	-17.5
	S 2	-382.414400 -24.7 -382.276301 -382.158281 -24.8	-17.5
	S 3	-382.413240 -21.6 -382.275166 -382.157805 -21.8	-16.2

Table 4 : SAPT-DFT analysis of the 1/1 : DAC/H 2 O isomers at the PBE0/6- 311++G(2d,2p)//MP2/AVTZ level of theory. Both E ind and E disp are corrected with their exchange counterpart, E exch_ind and E exch_disp respectively
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Table 5 : The QTAIM parameters in the 1/1 : DAC/H 2 O isomers. Star indicates that there is no critical point.
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