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I. Abstract 

The presence of a carbonyl group in a molecule usually leads to the identification of a π -hole in the 

molecular electrostatic potential (MESP) of the species. How does this electrophilic region influence 

the formation of micro-hydrated complexes? To address this point, we chose a panel of molecules 

with various MESPs, and we focused on several possible isomers for complexes containing one, two, 

three and six water molecules. Geometry optimizations and frequency calculations were carried out 

at the LC-ωPBE/6-311++G(d,p) level, with the empirical correction GD3BJ for dispersion. The minima 

on the potential energy surfaces of the microhydrated complexes thus identified demonstrate that 

the MESP strongly modifies the geometry and stability of the isomers formed.  

More precisely, the π -hole of carbonyl plays a decisive role in the formation of three-dimensional 

microhydrated isomers: whereas water-solutes interactions of the hydrogen bonding type mainly 

lead to structures in which the oxygen atoms of the water molecules are coplanar to the solute, this 

is not the case for n→π* interactions involving one of the π -hole located near the carbon atom of 

the carbonyl. We show in this work that a MESP analysis complemented by an analysis of the 

contour maps of the Laplacian of the electron density ∇2ρ of isolated solutes constitutes a good 

starting point to guide the chemist towards the identification of the most stable microhydrated 

isomers. This study also provides an interpretation of the most stable complex structures obtained 

after geometry optimization. We therefore suggest the introduction of electrophilicity and 

nucleophilicity scales as a first preliminary step in the search for geometries that would maximize 

interactions between complementary sites. 

Key-words: π-hole, π-protrusion, microhydration, carbonyle, MESP, QTAIM, electrophilicity, 

nucleophilicity. 

II. Introduction 

The description, understanding, and prediction of non-covalent interactions between two partners 

constitutes a major issue for theoretical chemistry today.1 Many studies have shown the relevance of 

quantum chemistry interpretative tools such as to topology of the electron density ρ (Quantum 

Theory of Atoms in Molecule, QTAIM),2,3 the Electron Localization Function (ELF),
4,5,6,7

 the molecular 

electrostatic potential (MESP)8,9,10 or the Natural Bond Orbital (NBO)11 analysis for characterizing and 

understanding these interactions.12,13,14,15,16,17,18,19,20  In addition to orbital considerations , these 
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studies have made it possible to better describe the electrostatic origin of interactions, which is at 

the origin of the geometry of the complexes obtained.  

A precise understanding of the micro-hydration of small organic solute would allow shed some light 

on processes as important and as various as reactivity of atmospheric compounds, activation of 

small organic compounds in the interstellar media and biochemical recognition, amongst others.21 

To predict the formation of small non-covalent complexes, a particularly simple methodological 

approach was proposed in line with the research carried out by Politzer, Murray and 

Clark.22,23,24,25,26,27,28 This methodology is based on the identification of electrophilic and nucleophilic 

sites using the molecular electrostatic potential (MESP) plotted on an isosurface of electron density, 

prior to geometry optimization calculations.  

One of the aspects of microhydration that remains poorly understood for small simple organic 

solutes is microhydration around pi-holes. In an analysis based on the MESPs, a pi-hole is a region 

orthogonal to a chemical bond where the electrostatic potential reaches a local (positive) maximum. 

Such regions are often observed in the surrounding of unsaturated chemical bonds such as C=C and 

C=O. These unsaturated bonds are crucial in the reactivity of molecules of biological, atmospheric or 

astrochemical interest, among others. A description of their micro-hydration in order to study the 

understanding of possible activation (or inhibition) by water is thus crucial. In this work, we wanted 

to see for some simple cases, how a local variation of the MESP around a C=O bond affects the 

formation of (H2O)1-3,6:(R2CO) complexes. The R substituents were chosen for the effect they caused 

on the pi-hole. 

As pointed out by Politzer and Murray,29 the variation of the MESPs with the substituents "can be 

attributed in part to the electron-withdrawing or -donating tendency of the substituent, but more 

generally, VS(r) reflects not only the electronic density at r but rather the total charge distributions of 

the electrons and nuclei in the molecule, including those of the substituent".30  

Following the Hellman-Feynman theorem, the MESP can be used as a rule of thumb to look for non-

covalent interactions, beyond the so-called "electrostatic interactions".22,31,32 Interactions as various 

as n→π* and Burgi-Dunitz interactions,33,34,35 C-H → π interactions,36 and the so-called 

"unconventional H-bonds" and virtually all the non-covalent interaction can be predicted and 

recovered using the MESP analysis.37 However, it should be noted that some care should be taken, 

especially for highly polarizable systems. In these cases, it is the MESP deformed by polarization that 

must be taken into account.38 In addition, in some cases, the choice of electronic isodensity on which 

the MESP is calculated should be adjusted. Indeed, the MESP is generally computed on an isosurface 

with an electron density of 0.001e.bohr-3. This isosurface is considered to encompass more than 95% 

of the charge of the system, and to fit with the surface of the molecule.39 As a consequence, this 

isosurface can be assimilated to the surface of the molecule.39 Thus, the MESP plotted on this 

surface would correspond to the electrostatic potential experienced by the surrounding species. In 

some cases, however, we have shown that choosing a larger value, i.e. choosing an isosurface closer 

to the nucleus, makes it possible to better predict certain isomers involving weak non-covalent 

interactions.23 
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We will therefore use here the MESP analysis of carbonyls and small aggregates (H2O)1-3,6 to identify 

the electrophilic and nucleophilic sites of isolated partners, predict the preferred directions of 

partners' approaches, optimize the structures of the complexes obtained, and characterize the non-

covalent interactions of the complexes obtained via topological tools. 

III. Methodological approach 

1. Computational details 

Herein, a three-step approach will be used to identify and characterize non-covalent interactions in 

the (R2CO)(H2O)1-3 complexes: 

 To begin with, a MESP analysis of the isolated partners makes it possible to identify qualitatively 

and quantitatively the electrophilic and nucleophilic zones of each partner. For this purpose, the 

total electrostatic potential is calculated on an electronic isodensity surface of 0.001e.bohr-3. 

These calculations are performed using AIMStudio software, from.wfn files obtained after 

geometry optimization.40 The electrophilic (local maximum of MESPs) and nucleophilic (local 

minimum of MESPs) areas are then qualitatively and quantitatively identified. 
 

 At long distances, molecules orient themselves in a manner that maximizes interactions between 

complementary sites. This is why, based on the identification of the electrophilic sites and the 

nucleophilic sites of the isolated partners, one should try to orient both partners in such a way as 

to make the most electrophilic site of one partner interact with the most nucleophilic site of the 

other partner and vice-versa. It is also wise to look for approaches to create multiple interactions. 

All these structures are built and used as a starting point for a total optimization of geometry 

and frequency calculation. Thus, unlike other approaches, MESP analysis is only used as a guide 

to build complexes before total geometry optimization and frequency calculation. All 

calculations were performed with Gaussian09 software.41 The functional LC-ωPBE42 was chosen 

because it proved to reproduce experimental data well for micro-hydrated complexes, in 

combination with the 6-311++G(d,p) base and the GD3BJ Grimme empirical correction.43,23,44,45 

The convergence options scf=Tight and Int=UltraFine were also used. The.wfn files needed for 

topological characterization were generated during this step. To complement this approach, and 

to confirm its relevance in this case, all the minima obtained for a microhydrated complex with a 

carbonyl A and not with a carbonyl B were used as a starting point, after modification of the 

substituents, for the corresponding microhydrated complex with carbonyl B. It is interesting to 

note that none of these calculations led to new minima (except for ketoenolic isoremizations, 

which will be discussed in the section on di-hydrated complexes). Thus, any structure that did 

not correspond to the pooling of complementary sites on the partners' MESP proved to be 

unfavourable in terms of energy, at the chosen calculation level. 
 

 For all the optimized structures corresponding to local minima, a topological characterization 

based on the QTAIM approach was performed using the AIMStudio software.40 
 

To compare complexes involving a different solute, and water molecules interacting separately or as 

a cluster, an interaction energy Eint was calculated, with respect to all isolated partners for each 

(H2O)n:(R2CO) complex as follows: 
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Eint(H2O)n:(R2CO)  = E(H2O)n:(R2CO)  - (E(R2CO)  + n × E(H2O)) 

For the sake of clarity, the different complexes will be named as follows:   
   , where x is the 

number of water molecules in the complex, y is the order by decreasing interaction energy (in 

absolute value) and λ = H, F, Cl, NC or H2C, correspond to the H2CO, Cl2CO, F2CO, (NC)2CO, H2C=CO 

solutes. Thus, the notation   
      corresponds to the monohydrated complex characterized by the 

highest water-solute interaction energy (in absolute value), it is the most stable isomer of the 

(H2O):(NC)2CO complex.  

All the Cartesian Coordinates of the optimized complexes herein discussed are presented in 

Supporting Information. 

2. Characterization of the electrophilic and nucleophilic features of isolated partners 

It was previously suggested that a quantitative comparison of electrophilic and nucleophilic sites on 

a solute with those available on water clusters seems to provide interesting clues regarding how 

water / solute interactions can occur: the presence of a more electrophilic or nucleophilic site on the 

solute compared to water clusters could lead to their dissociation; otherwise, a segregation of water 

molecules seems more favourable. This is why we propose here to introduce a nucleophilicity scale 

and an electrophilicity scale to compare microhydration around the molecules H2CO, Cl2CO, F2CO, 

(NC)2CO and H2C=CO.  

None of the selected solute contains a more nucleophilic site than the oxygen atoms of the water 

molecules (Figure 1).  

 

H2CO Cl2CO F2CO 

 
  

(NC)2CO H2C=CO  

  

 

H2O (H2O)2 (H2O)3 

   
(H2O)6 prism (H2O)6 book (H2O)6 cyclic 

 
 

 

Figure 1: MESP analysis of the nucleophilic sites available in the different partners considered for this study. Left: 

proposed nucleophilicity scale by comparing the values of the different nucleophilic sites identified by the MESP 

analysis. Right: identification of nucleophilic sites according to the MESP values represented on an isodensity 

surface ρ = 0.001e.bohr
-3

; the values are in a.u., 1a.u. = 627.5 kcal/mol.   

Nucleophilicity ↑
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In the H2CO, H2CCO, Cl2CO and F2CO molecules, the most nucleophilic site of the solute is located 

around the oxygen atom, in the axis of the C=O bond. It is the only nucleophilic site available on 

H2CO, Cl2CO and F2CO solutes. In the case of the H2CCO molecule, two other secondary nucleophilic 

sites are located near the sp2 hybrid carbon, perpendicular to the C=C bond, on either side of the 

plane of the molecule. In the case of the molecule (NC)2CO, the main nucleophilic sites are carried 

by the nitrogen atoms, and are located in the axis of the CN bonds. For this molecule, the oxygen 

atom is only a secondary nucleophilic site.   

The next step is to consider electrophilic sites (Figure 2). The (NC)2CO, F2CO and Cl2CO molecules 

have a pi-hole located in the vicinity of the carbon sp2 hybridised. For the (NC)2CO and F2CO 

molecules, the electrophilicity of this pi-hole is comparable to that of the H atoms of the water 

molecule, but remains lower than that of the most electrophilic sites of the water dimer. In the case 

of the Cl2CO molecule, in addition to this pi-hole, two sigma-holes are also present, at the level of 

the chlorine atoms, in the axis of the C-Cl bonds.  

 

H2CO Cl2CO F2CO 

 
 

 

(NC)2CO H2C=CO  

  

 

H2O (H2O)2 (H2O)3 

 
 

 

(H2O)6 prism (H2O)6 book (H2O)6 cyclic 

 
  

Figure 2: MESP analysis of the electrophilic sites available in the different partners considered for this study. Left: 

proposed electrophilicity scale by comparing the values of the different electrophilic sites identified by the MESP 

analysis. Right: identification of electrophilic sites according to the MESP values represented on an isodensity 

surface ρ = 0.001e.bohr
-3

; the values are in a.u., 1a.u. = 627.5 kcal/mol.   

The H2CO molecule does not strictly speaking contain pi-hole at the level of the sp2 hybrid carbon, 

but rather a kind of "electrophilic belt" in the axis of the C=O bond, in the direction opposite to the 

oxygen atom. However, the contour maps of the Laplacian of the electron density ∇2ρ shows a 

region of low electron density near the carbonyl carbon atom, in a plane orthogonal to the molecule 

(Figure 2). This feature is qualitatively comparable to the contour maps in the vicinity of the carbon 

atom in the molecule (NC)2CO. Such features of the electron density ∇2ρ are considered to be 

complementary to the MESP analysis for the identification of π-holes . Thus: 
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 the MESP analysis leads to the identification of a π-hole located in the vicinity of the carbon 

sp2 hybridised, in the case of the (NC)2CO, F2CO and Cl2CO molecules, 

 the contour maps of the Laplacian of the electron density ∇2ρ also suggests the presence of a pi-

hole located in the vicinity of the carbon sp2 hybridised, in the case of the H2CO molecule. 

H2CO Cl2CO F2CO 

  
 

(NC)2CO H2C=CO 

  
 

 

Figure 3: Contour map of the Laplacian of the electron density ∇
2
ρ orthogonally to the plane of the molecule 

(H2CO, Cl2CO, F2CO, (NC)2CO and H2C=CO left) and in the plane of the molecule (H2C=CO, right). The blue lines 

correspond to negative values of ∇
2
ρ whereas red lines correspond to positive values of ∇

2
ρ. The dark lines and the 

small green spheres are the bond paths and the bond critical points (BCP), respectively.  

Furthermore, the MESP analysis of the H2CCO molecule leads to the identification of two π-holes, 

symmetrical and perpendicular to the C=O bond; it is worth underlying that these π-holes are 

located in the plane of the molecule, and not perpendicular to it as is the case in the other carbonyls 

herein considered. This is confirmed by the contour maps of the Laplacian of the electron density 

∇2
ρ (Figure 3): the region of low electron density is located perpendicular to the axis of the C=O link. 

The contour maps of the Laplacian of the electron density ∇2
ρ of the H2CCO molecule also leads to 

the identification of a egion of highest electron density in the vicinity of the C=C bond, above and 

below the plane of the molecule. 

Thus, these five molecules containing a carbonyl function C=O and 2 to 4 other atoms are 

associated to a diversity of MESPs. We will therefore investigate how one, two, three or six water 

molecules can interact with these solutes. 

IV. Results 

1. 1-1 isomers 

Based on the MESPs, our approach led to the identification of 11 monohydrate complexes. The 

interaction energies of the various complexes obtained are presented in Figure 4. More precisely, all 

the structures obtained, together with their QTAIM topological characterization of non-covalent 

interactions, are presented in Table 1, as well as in Supporting Information. 
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Figure 4: Comparison of the water-solute interaction energies in the most stable (H2O):S isomers obtained after 

geometry optimization (including ZPE). 

  

-30

-25

-20

-15

-10

-5

0

Hydrogen bonding

n→π*

Halogen bonding

Interaction with a π protrusion

CN F H Cl H2C

Eint (kJ/mol)



 

8 

 

 H2CO Cl2CO F2CO 

Hydrogen 

bonding 

   

  
     Eint=-15.30 kJ/mol   

            Eint = - 8.42 kJ/mol   
           Eint = - 7.02 kJ/mol 

n→π 

interactions 

 

  

   
            Eint = - 12.93 kJ/mol   

           Eint = - 15.52 kJ/mol 

Other 

interactions 

 

 

 

   
            Eint = - 7.00 kJ/mol  

 

 (NC)2CO H2C=CO 

Hydrogen bonding 

   
  

           Eint = - 7.53 kJ/mol   
              Eint = - 6.81 kJ/mol 

n→π interactions 

  

  
           Eint = - 26.34 kJ/mol   

             Eint = - 8.66 kJ/mol 

Other interactions 
 

 
   

              Eint = - 6.10 kJ/mol 

Table 1: Characterization of non-covalent interactions in the different types of monohydrated complexes obtained 

after geometry optimization at the LC-ωPBE/6-311++G(d,p) level, with GD3BJ correction. The dark lines and the 

small green spheres are the bond paths and the bond critical points (BCP), respectively. For the intermolecular 

BCPs, the electron density ρ, the Laplacian of the electron density ∇
2
ρ  and the ellipticity ε are given.  
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Complexes in which one of the hydrogen atoms of the water molecule acts as a hydrogen bond 

donor to the oxygen atom of the carbonyl function are obtained, with four of the five solutes 

investigated here: H2CO, Cl2CO, H2C=CO and F2CO. It is interesting to examine how nucleophilicity 

around the oxygen atom of the carbonyl group of the isolated solute influences the energy of 

water-solute interaction in these complexes (Table 2). 

 Minimum value of the MESP (in a.u.) around the 

oxygen atom of the carbonyl group in the 

isolated solute 

Eint (in kJ/mol) in the hydrogen 

bonded type complex 

H2CO -0.051 -15.30 

Cl2CO -0.031 -8.42 

H2CCO -0.031 -7.02 

F2CO -0.031 -6.81 

Table 2: Comparison of the nucleophilicity of the oxygen atom of the carbonyl group of the isolated solute with 

the energy of water-solute interaction in complexes involving hydrogen bond interaction. 

In the case of (NC)2CO solute, the hydrogen bond interaction is not with the oxygen atom of the 

solute, but with one of the nitrogen atoms. This result is consistent with the MESP of the isolated 

solute: the nucleophilicity of the nitrogen atoms is higher than that of the oxygen atom, for this 

solute. 

Monohydrated isomers involving the formation of interactions n→π are also observed with four of 

the five isomers selected for this study: (NC)2CO, F2CO, Cl2CO, and H2C=CO. Again, it is interesting to 

compare the properties of isolated solutes, and in particular the value of MESP in the vicinity of the 

π-hole, with the interaction energy in these complexes (Table 3) 

 Maximum value of the MESP (in a.u.) around the 

π-hole for the isolated solute 

Eint (in kJ/mol) in the n→π type 

complex 

(NC)2CO 0.076 -26.34 

F2CO 0.071 -15.52 

Cl2CO 0.040 -12.93 

H2CCO 0.039 -8.66 

H2CO Pas de vrai π-hole  

Table 3: Comparison of the electrophilicity of the π-hole for the isolated solute with the energy of water-solute 

interaction in complexes involving n→π type interaction. 

The use of the MESP of the isolated partners makes it possible to better guide the chemist in the 

initial structures to be built before optimization. In order to determine the qualitative or quantitative 

nature of the relationship between the MESP of the solute and the resulting monohydrate complex 

(geometry and structure), we plotted variations in intermolecular interaction energy as a function of 

the MESP value at the electrophilic or nucleophile site of the isolated solute involved in the 

interaction. To take into account the electrophilic or nucleophilic nature of the olute, and therefore 

the sign of MESP, we multiplied the interaction energy by 1 for interactions with electrophilic sites of 

the solute, and by (-1) for interactions with nucleophilic sites of the solute. The graph presented in 

Figure 5 suggests a quantitative linear relationship between the MESP of the isolated solute and the 

interaction energy of a water molecule with this solute site. 
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Figure 5: Variations of water-solute interaction energy in (H2O):S complexes as a function of the MESP value (in 

a.u.) of the solute site involved in the interaction. a: To account for the electrophilic or nucleophilic nature of the 

solute, the values of the interaction energy have been multiplied by (-1) for interactions with a nucleophilic site of 

the solute. 

2. 1-2 isomers 

In the search for dihydrate complexes, the starting structures were obtained by seeking to maximize 

interactions between a monohydrate complex and a water molecule, or between an isolated 

carbonyl and a water dimer. Finally, after geometry optimization, 11 dihydrate complexes were 

obtained. These complexes can be classified according to the nature of carbonyl, the nature of the 

main water-solute interaction (hydrogen bond versus n→π* interaction), and the interaction energy, 

as shown in Figure 6.  

 

Figure 6: Comparison of the water-solute interaction energies in the most stable (H2O)2:S isomers obtained after 

geometry optimization (including ZPE). The water-solute interaction energy is calculated with respect to the sum 

of twice the energy of an isolated water molecule and the energy of the isolated solute. 
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It is interesting to look in more detail into the nature of the water-solute interactions in these 

complexes, and to try to link it to the MESPs of isolated carbonyls. To this end, we will detail the 

results presented in Figure 6 and Table 2, using the electrophilicity and nucleophilicity scales of the 

isolated partners presented in Figures 1 and 2. 

Among all the (H2O)2:Scomplexes, the three with the highest energy of complexation involve a n→π* 

interaction between the π-hole of (NC)2CO and at least one oxygen atom of a water molecule 

(complexes   
    , Eint =-58.44 kJ/mol,   

    , Eint = -53.32 kJ/mol et   
    , Eint = -48.84 kJ/mol). 

The two most stable isomers involve the water dimer interacting with the solute, while in the  
     

isomer, the two water molecules are located symmetrically with respect to the solute plane, each 

interacting with one of the two π-holes.  

The fourth dihydrated complex in order of interaction energy is the   
    complex (Eint =-46.54 

kJ/mol.) : it is a complex formed between the water dimer and H2CO. The QTAIM analysis shows that 

this isomer involves the formation of two hydrogen bond interactions between water and solute: 

two hydrogen bond interactions. The strongest of these interactions is characterized by an electron 

density comparable to that between the two water molecules. This complex involves one of the 

most nucleophilic sites among all the carbonyls considered in this study. Moreover, in the absence 

of a real π-hole on the isolated solute, obtaining a flat structure for the dihydrate complex is not 

surprising.



 

12 

 

 H2CO Cl2CO F2CO 

n→π interactions  

  

 
  

            Eint = - 40.53 kJ/mol   
        Eint=-43.80 kJ/mol              

          Eint=-26.45 kJ/mol 

Hydrogen bondings 

 
  

                 Eint = - 46.54 kJ/mol 

 

 

 

  
            Eint = - 30.65 kJ/mol   

            Eint = - 32.56 kJ/mol 
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 (NC)2CO H2C=CO 

n→π interactions and 

interaction with a 

π protrusiona 

 
  

            Eint = - 58.44 kJ/mol 

 

                               

 
  

             Eint = - 35.75 kJ/mol 

 

 

  
             Eint = - 53.32 kJ/mol                                

         Eint = - 48.84 kJ/mol   
             Eint = - 32.02 kJ/mol

a 

Hydrogen bondings 

 

 

  
                    Eint = - 14.68 kJ/mol 

Table 4: Characterization of non-covalent interactions in the different types of dihydrated complexes obtained after geometry optimization at the LC-ωPBE/6-311++G(d,p) level, 

with GD3BJ correction. The dark lines and the small green spheres are the bond paths and the bond critical points (BCP), respectively. For the intermolecular BCPs, the electron 

density ρ, the Laplacian of the electron density ∇
2
ρ  and the ellipticity ε are given. The complexation energy is calculated with respect to the isolated species (Esolute + 2 × EH2O). 

a
: In

 

this complex, a water molecule interacts with the solute via the π protrusion located above the carbon hybridised sp
2
. 
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Two other dihydrated complexes with a complexing energy very close to   
    are obtained in the 

order of decreasing complexation energy:   
    (Eint =-43.80 kJ/mol.), and   

     (Eint =-40.53 

kJ/mol.). For these two complexes, the water dimer is placed perpendicular to the carbonyl F2CO and 

Cl2CO, respectively, and the QTAIM analysis shows that the water dimer forms two interactions with 

the solute: a hydrogen bond interaction and a n→π* interaction with the solute π-hole. The QTAIM 

analysis also shows that the interaction with the π-hole of the solute is slightly more pronounced in 

the case of F2CO solute than in the case of Cl2CO. Again, these results are quite consistent with the 

MESP analyses of the isolated partners: π-hole of the isolated F2CO solute is more electrophilic than 

π-hole of the Cl2CO solute. 

Two complexes close in energy are obtained with the H2CCO solute:   
       (Eint =-35.75 kJ/mol.) 

and   
       (Eint =-32.02 kJ/mol.) These two complexes involve a water dimer interacting with the 

solute. The QTAIM analysis shows that, in the   
      complex, the water dimer interacts with the π-

hole of the solute, which is located in the plane of the molecule, unlike most of the π-holes. Two 

other water-solute interactions, of the hydrogen bond type, are also identified in this complex. In the 

  
      complex, the water dimer interacts with the solute via the π-protrusion and one of the 

hydrogen atoms of the CH2 group. 

The other dihydrated complex that have been obtained after geometry optimization are 

energetically less favourable: 

 In the   
     complex (Eint =-32.56 kJ/mol.), the water dimer does not interact with the π-

hole of the solute, but with the oxygen atom via a hydrogen bond, and one of the chlorine 

atoms via a halogen interaction. 

 In the   
      (Eint =-30.72 kJ/mol.),   

     (Eint =-26.45 kJ/mol.) and   
     (Eint =-14.68 

kJ/mol.) complexes, the two water molecules interact separately with one of the most 

nucleophilic sites of the solution. 

With the (NC)2CO, Cl2CO and F2CO solutes, the most stable isomers of dihydrate complexes have a 

three-dimensional structure. This is not the case with the H2CO and H2C=CO solutes. 

These results also indicate that isomers in which the water dimer interacts with the solute are 

systematically more stable than those in which the two water molecules interact separately with the 

solute. This means that when trying to maximize the interactions between solute and water dimer, 

the structures obtained after geometry optimization are more stable than when the starting point is 

a monohydrated complex and a water molecule. This result is consistent with other work suggesting 

that solutes with more electrophilic or nucleophilic sites. 
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A additional point was observed during these studies: geometry optimizations showed that for four 

of the five solutes investigated herein, diol isomers are calculated as being significantly more stable 

than ketone shapes (See Table 5). This point could be of interest to experimenters who would use 

conditions favourable to the tuning of hydrogen atoms. 

H2CO Cl2CO 

  
       

           Eint = - 68.45 kJ/mol        
            Eint = - 44.18 kJ/mol 

F2CO H2C=CO 

 

 
       

           Eint = - 77.70 kJ/mol        
               Eint = - 62.51 kJ/mol 

Table 5: Characterization of non-covalent interactions in the different types of diols isomers of the dihydrated 

complexes obtained after geometry optimization at the LC-ωPBE/6-311++G(d,p) level, with GD3BJ correction. The 

dark lines and the small green spheres are the bond paths and the bond critical points (BCP), respectively. For the 

intermolecular BCPs, the electron density ρ, the Laplacian of the electron density ∇
2
ρ  and the ellipticity ε are given. 

The complexation energy is calculated with respect to the isolated species (Esolute + 2 × EH2O). 

  

3. 1-3 isomers 

In the case of trihydrated complexes, 16 structures were obtained after geometry optimization. With 

respect to interactions between water molecules, two families of trihydrated complexes are 

obtained:  

 a family in which the water trimer interacts with the solute, 

 a family in which one of the three water-water interactions is broken. 

Moreover, as far as water-solute interactions are concerned, two main families of trihydrated 

complexes are also obtained: 

0.25
-0.49
0.15

ρ =

∇2ρ =

ε =

0.29
0.024
0.13

ρ =

∇2ρ =

ε =

0.36
-2.54
0.02

ρ =

∇2ρ =

ε =

0.02
0.09
0.07

ρ =

∇2ρ =

ε =

0.35
-2.51
0.02

ρ =

∇2ρ =

ε =

0.025
0.09
0.02

ρ =

∇2ρ =

ε =

0.30
-0.74
0.04

ρ =

∇2ρ =

ε =

0.33
-0.85
0.06

ρ =

∇2ρ =

ε =

0.04
0.13
0.06

ρ =

∇2ρ =

ε =

0.36
-2.58
0.02

ρ =

∇2ρ =

ε =

0.012
0.05
0.3

ρ =

∇2ρ =

ε =

0.34
-2.58
0.02

ρ =

∇2ρ =

ε =

0.30
-0.81
0.02

ρ =

∇2ρ =

ε =

0.34
-0.92
0.05

ρ =

∇2ρ =

ε =

0.33
-2.40
0.02

ρ =

∇2ρ =

ε =

0.04
0.13
0.06

ρ =

∇2ρ =

ε =

0.36
-2.58
0.02

ρ =

∇2ρ =

ε =

0.012
-0.05
0.3

ρ =

∇2ρ =

ε =

Ecplexe = -77.70 kJ/mol

0.016
0.06
0.10

ρ =

∇2ρ =

ε =

0.035
0.12
0.05

ρ =

∇2ρ =

ε =

0.32
-0.53
0.11

ρ =

∇2ρ =

ε =

0.28
-0.43
0.05

ρ =

∇2ρ =

ε =

0.34
-2.46
0.02

ρ =

∇2ρ =

ε =

0.36
-2.57
0.02

ρ =

∇2ρ =

ε =



 

16 

 

 complexes involving both hydrogen bonding interactions and interaction with the solute's 

π-hole, 

 complexes involving only hydrogen bonding interactions.  

As in the case of complexes involving a smaller number of water molecules, in addition to these two 

main families of complexes, two solutes lead to specific water-solute interactions in the trihydrated 

complexes: Cl2CO (halogen bond interactions) and H2C=CO (interaction with the π-protrusion of the 

solute). All these families are summarized in Table 6. 

  Cyclic form of water 

trimer 

Open form of water 

trimer 

Interactions with the π-hole and 

hydrogen bonding interactions 

(NC)2CO   
    ,        

       
      

H2CO   
       

    

F2CO   
      

   ,        
    

Cl2CO   
        

      

H2C=CO    
      ,         

       

Hydrogen bonding interactions (NC)2CO   

H2CO    
    

F2CO   

Cl2CO   

H H2C=CO   
        

Hydrogen bonding and halogen 

bonding interactions 

Cl2CO    
      

Interactions with the π-hole, 

hydrogen bonding and halogen 

bonding interactions 

Cl2CO   
    ,        

       

Interactions with the π-protrusion 

and hydrogen bonding interactions 

H2C=CO   
        

Table 6: Classification of the different ((H2O)3:S complexes obtained after geometry optimization, according to the 

cyclic- or open- shape of the water trimer, and to the nature of the water-solute interactions. 

As in the case of mono- and dihydrated complexes, the complexes formed with solute (NC)2CO are 

characterized by the highest interaction energies in absolute values (Figure 7 and Table 7). 
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Figure 7: Comparison of the water-solute interaction energies in the most stable (H2O)3:S isomers obtained after 

geometry optimization (including ZPE). The water-solute interaction energy is calculated with respect to the sum 

of three times the energy of an isolated water molecule and the energy of the isolated solute. 

Three trihydrated complexes close in energy were obtained after geometry optimization with solute 

(NC)2CO:   
     (Eint =-95.03 kJ/mol.),   

      (Eint =-89.97 kJ/mol.), and   
      (Eint =-88.80 

kJ/mol.). The QTAIM topological analysis indicates that the dominant water-solute interaction in 

these three complexes is an interaction involving the π-hole of the solute. The strong π-hole present 

on the isolated (NC)2CO solute is therefore consistent with the fact that these complexes are 

associated with high interaction energies. 

A: Interaction with the π-hole of the solute 

 
 

  
       

    

  

  
      

     

B: No interaction with the π-hole of the solute 

 
 

 

  
      

         
       

Figure 8: A: Contour map of the Laplacian of the electron density ∇
2
ρ orthogonally to the plane of the solute for 

the most stable isomers of trihydrated complexes involving an interaction with the π-hole of the solute   

B: Contour map of the Laplacian of the electron density ∇
2
ρ in the plane of the solute for the most stable isomers 

of  trihydrated complexes that do not involve an interaction with the π-hole of the solute. The blue lines 

correspond to negative values of ∇
2
ρ whereas red lines correspond to positive values of ∇

2
ρ. The dark lines and the 

small green spheres are the bond paths and the bond critical points (BCP), respectively.  
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The most stable structure obtained with H2CO (  
   , Eint = -80.50 kJ/mol.) appears to be 

geometrically quite similar to that of the   
      complex: an open form of the water trimer 

apparently interacts with a "π-hole" on the solute, and forms a hydrogen bond with the oxygen 

atom in the solute. In the absence of a true π-hole in the vicinity of the carbon atom of the H2CO 

solute, we decided to further investigate the origin of this interaction. The contour maps of the 

Laplacian of the electron density ∇2ρ shows that one of the oxygen atoms of the water trimer 

interacts with the electrophilic zone of the solute, as in the case of the   
     complex (Figure 8 A). 

The water-solute interaction in the   
     and   

    complexes can therefore be considered to be 

of the same nature. The QTAIM analysis also shows that a similar interaction is found in the most 

stable trihydrated complexes with F2CO (  
   , Eint =-78.23 kJ/mol.) and Cl2CO (  

    , Eint = -74.93 

kJ/mol.) (Figure 8A and Table 7). 

For the trihydrated H2CO complex, an isomer isoenergetic with the   
    one was obtained:   

   . 

(Eint =-80.42 kJ/mol.) The QTAIM analysis reveals that this structure leads to the formation of two 

hydrogen bonds between the water molecules and the solute (Figure 8B and Table 7). It is 

interesting to note that for this solute, both forms with and without interaction with the carbonyl π-

hole (  
     and   

   , respectively) are isoenergetic. 

With the H2C=CO solute, three quasi-isoenergetic isomers were obtained:   
       (Eint = -68.26 

kJ/mol),   
       (Eint = -68.24 kJ/mol) and   

       (Eint = -67.95 kJ/mol). The QTAIM analysis 

(Figure 8B and Table 7) provides an interpretation of the interactions involved in these complexes: 

 for the   
       isomer, the water trimer is located in the same plane as the solute with 

which it interacts via the formation of an interaction with the specific π-hole of this solute, 

and via two hydrogen bond type interactions, 

 in the case of the   
       isomer, the water trimer interacts with the solute via the 

formation of an interaction with the specific π-protrusion of this solute, and via two 

hydrogen bond interactions. 

 and in the case of the   
        isomer, only hydrogen bond interactions are identified. 

Among the most stable isomers shown in Table 7, 5 have a global three-dimensional 

structure:   
  

 
,   

 
 
,   

 
 
,   

  
 
 and   

      . Thus, with each of the solutes considered for this 

study, a trihydrated isomer with  a three-dimensional structure is found among the most stable 

isomers. Only the   
    and   

        isomers have a globally planar arrangement of the main 

atoms. 

The other isomers obtained are less favorable in terms of energy; they are presented in Table 7 and 

in Supporting Information.  
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 H2CO Cl2CO F2CO 

Hydrogen 

bonding 

  

 

  
     

Eint = - 80.42 kJ/mol 

  
         Eint = - 66.31 kJ/mol  

n→π 

interactions 

   
  

      

Eint = - 71.38 kJ/mol 

  
         Eint = - 73.19 kJ/mol   

    Eint = - 75.94 kJ/mol 

  
 

  
       Eint = - 80.50 kJ/mol   

            Eint = - 74.93 kJ/mol   
     Eint = - 77.97 kJ/mol 

 

  
   

            Eint = - 74.41 kJ/mol   
     Eint = - 78.23 kJ/mol 

 

 

 

   
            Eint = - 74.18 kJ/mol  
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 (NC)2CO H2C=CO 

Hydrogen 

bonding 

 

 
   

                  Eint = - 67.95 kJ/mol 

n→π 

interactions 

and 

interaction 

with a π 

protrusiona 

 

 
  

                Eint = - 95.03 kJ/mol   
                  Eint = - 68.24 kJ/mol 

 
 

  
                Eint = - 89.97 kJ/mol   

                  Eint = - 68.26 kJ/mol 

 
 

  
                   Eint = - 88.80 kJ/mol   

                  Eint = - 51.95 kJ/mol
a 

Table 7: Characterization of non-covalent interactions in the different types of trihydrated complexes obtained 

after geometry optimization at the LC-ωPBE/6-311++G(d,p) level, with GD3BJ correction. The dark lines and the 

small green spheres are the bond paths and the bond critical points (BCP), respectively. For the intermolecular 

BCPs, the electron density ρ, the Laplacian of the electron density ∇
2
ρ  and the ellipticity ε are given. The 

complexation energy is calculated with respect to the isolated species (Esolute + 3 × EH2O).
 a

: In
 
this complex, a water 

molecule interacts with the solute via the π protrusion located above the carbon hybridised sp
2
. 

It can therefore be seen that the structures of the most stable trihydrated isomers can be partially 

predicted from the topological analysis of isolated solutes. It should be noted however that the 

QTAIM topological analysis, including the contour maps of the Laplacian of the electron density ∇2ρ, 

is a good complement to an MESP analysis of isolated carbonyls, particularly for predicting 

interactions with the H2CO solute's π-hole-like.   
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Some of the water-solute interactions involved in these complexes are similar to those involved in 

mono- and di-hydrate complexes.  

4. 1-6 isomers 

After having characterized the smallest microhydrated complexes, we were interested in studying 

hexahydrated complexes. Indeed, there are different stable isomers energetically close to each other 

for the (H2O)6 complexe: these isomers are often referred to as "prism", "book", "cage" and "cyclic", 

in reference to their overall shape. Due to its structure, the cage isomer is not the most suitable for 

the formation of water-solute interactions, and it will not be particularly discussed here. The MESPs 

of the prism, book and cyclic isomers are presented in Figures 1 and 2, and we systematically looked 

for hexahydrated isomers formed by interaction of these three complexes with the five solutes 

herein studied. For comparison, we also looked for isomers obtained by the interaction of two water 

trimers with the solute. Figure 9 allows to compare the energies of the isomers thus obtained for the 

different solutes. To identify possible cooperative effects, we have also included in this figure twice 

the interaction energy of a water trimer with each solute in the most stable trihydrated complexes 

previously obtained.   

 

Figure 9: Comparison of the water-solute interaction energies in the most stable (H2O)6:S and  (H2O)3:S:(H2O)3 

isomers obtained after geometry optimization (including ZPE). The water-solute interaction energy is calculated 

with respect to the sum of six times the energy of an isolated water molecule and the energy of the isolated solute. 

Figure 9 clearly shows that the most stable isomers are those in which a water hexamer interacts 

with the solute, rather than those in which two water trimers interact with the solute. In this second 

case, there is no overall cooperative effect or anticooperative effect identified with respect to the 

interaction of a single water trimer with the solute: the interaction energies in the (H2O)3:S:(H2O)3 

complexes are broadly similar to twice the interaction energy calculated in the corresponding 

(H2O)3:S complexes. Figure 9 also shows that, once again, it is with the (NC)2CO solute that the 

complexes associated with the highest interaction energies in absolute value are found. Similarly, it 

is once again with the H2C=CO solute that the complexes associated with the lowest interaction 

energies are obtained. 

Eint (kJ/mol)

CN H Cl F H2C

-225

-175

-125

(H2O)6:S complexes
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 H2CO Cl2CO F2CO 

Interaction with a 

water hexamer 

 

  

  
           Eint = -199.78kJ/mol   

            Eint = - 190.93 kJ/mol   
           Eint = - 187.37 kJ/mol 

Interaction with 

two water trimers 

 

 

 

  
           Eint = - 159.79 kJ/mol   

             Eint = - 145.74 kJ/mol   
           Eint = -150.92 kJ/mol 
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 (NC)2CO H2C=CO 

Interaction with a 

water hexamer 

 
 

 
  

            Eint = - 207.26 kJ/mol    
            Eint = - 203.03 kJ/mol   

             Eint = -184.16 kJ/mol 

Interaction with 

two water trimers 

  
  

           Eint = - 174.52 kJ/mol   
              Eint = - 135.26 kJ/mol 

Table 8: Characterization of non-covalent interactions in the different types of hexahydrated complexes obtained after geometry optimization at the LC-ωPBE/6-311++G(d,p) level, 

with GD3BJ correction. The dark lines and the small green spheres are the bond paths and the bond critical points (BCP), respectively. For the water-solute intermolecular BCPs, the 

electron density ρ, the Laplacian of the electron density ∇
2
ρ  and the ellipticity ε are given. The complexation energy is calculated with respect to the isolated species (Esolute + 6 × 

EH2O). 
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The most stable isomers in which a water hexamer interacts with the solute are overall 30 to 50 

kJ/mol more stable than isomers in which two water trimers interact with the solute. This 

phenomenon is often referred to as "water molecule segregation" in the literature: a single water 

cluster, in a geometry similar to the most stable isolated water clusters, interacts preferentially with 

the solute.  

The hexahydrated complex leading to the highest interaction energy is   
     (Eint=-207.26 kJ/mol). 

In this isomer, the (NC)2CO solute interacts with a water hexamer with the "prism" shape via the 

formation of an interaction with the π-hole of the solute (main interaction), and two secondary 

interactions of the hydrogen bond type, with the N atoms of the solute. Other isomers of similar 

energy are obtained with this solute (See Supporting Information), and in particular an isomer in 

which a "cyclic" water hexamer interacts with the solute: it is the complex   
     (Eint=-203.03 

kJ/mol). This isomer involves the same water-solute interactions as the   
      isomer: a main 

interaction with the π-hole of the solute and two secondary interactions of the hydrogen bond type 

with the nitrogen atoms of the solute. 

In order of decreasing interaction energy in absolute value, the complex   
    is then obtained 

(Eint=-199.78kJ/mol). It is a complex in which the H2CO solute interacts with a water hexamer with 

"book" shape via the formation of four water-solute interactions: two hydrogen bond interactions 

with the solute oxygen atom and one hydrogen bond interaction with one of the solute hydrogen 

atoms. There is also a secondary interaction with the "π-hole-like" of the solute. This structure can 

be considered as an analogue of the water octamer, in which the solute would play the role of two 

water molecules, as has already been reported in the literature for other solute.46 

Hexahydrated complexes characterized by similar interaction energies and structures have been 

obtained with Cl2CO and F2CO solutes:   
      (Eint=-190.93 kJ/mol) and   

     (Eint=-187.37 kJ/mol). 

In these structures, it is neither really a "book" shape of the water hexamer, nor really a "cyclic" 

shape, that is interacting with the solute, but an "intermediate" shape: five water molecules interact 

with the solute, and the sixth whose nucleophilic properties are not adapted to interact with the 

solute, is "diverted" from the solute. This phenomenon has already been reported with other solutes, 

such as β-propiolactone. 

The most stable hexahydrate complex obtained with H2C=CO solute is   
      (Eint=-184.16 kJ/mol). 

It involves an interaction with the π-protrusion of the solute, and hydrogen bond interactions with a 

water hexamer in the form of a "book". As in the case of the   
     isomer, this isomer can be 

interpreted as an analogue of the water octamer, in which the solute would play the role of two 

water molecules. 

V. Conclusion 

The structures and energies of the (H2O)1,2,2,3,6:S complexes with the solutes H2CO, F2CO , Cl2CO , 

(NC)2CO and H2C=CO were identified and characterized from the MESP and QTAIM features of the 

isolated partners. This preliminary study of isolated solutes allowed to identify a π-hole at the 

carbon atom of the carbonyl group for the F2CO , Cl2CO and (NC)2CO solutes. In the case of 

H2COmolecule, a "π-hole-like" has been identified: although the MESP does not reach a local 

maximum perpendicular to the C=O bond, the study of the contour maps of the Laplacian of the 
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electron density ∇2ρ leads to the identification of an area of low electron density at the carbon 

atom, which plays an important role for some isomers containing three or six water molecules. The 

MESP of the H2C=CO solute is significantly different from that of the other four solute solutes 

considered in this study, with a π-hole perpedicular to the C=O bond but located in the plane of the 

solute, and a nucleophilic zone located perpendicular to the C=C bond, and which we have referred 

to as "π-protrusion".  

These differences in MESP lead to structurally and energetically very diverse (H2O)1,2,2,3,6:S isomers:  

 the (NC)2CO solute seems to systematically lead to stronger water-solute interactions than 

other solute, with a systematic implication of an interaction with the carbonyl π-hole, 

 in the case of Cl2CO and F2CO solute, the most stable isomers of microhydrated complexes 

also seem to systematically involve interaction with the carbonyl π-hole, 

 the H2CO solute, which does not have a "true" π-hole, leads instead to isomers involving 

interactions of the hydrogen bond type in complexes with one or two water molecules. The 

complex with three water molecules seems to be the size limit above which interactions with 

the "π-hole-like" become energetically competitive, 

 the H2C=CO solute systematically seems to lead to complexes characterized by the lowest 

Eint values (in absolute value). 

In conclusion, a precise analysis of the electrophilic and nucleophilic sites of isolated partners seems 

to be a good starting point for predicting and explaining interactions in water-solute complexes. π-

hole at the carbonyl level strongly affects the structures of the most favourable isomers: 

 if this π-hole is highly electrophilic, it will constitute a privileged interaction site, and will be 

dominant compared to interactions of the hydrogen or other bonds type that can be formed 

with water molecules, 

 if this π-hole is weakly marked (π-hole-like), there will be an efficient competition between 

interactions with this site and interactions of the hydrogen bond type.   

The most energetically favorable structures depend on all the interaction sites available on the 

molecule. The most energetically favorable isomers are the ones leading to an overall maximization 

of interactions between complementary sites with the water clusters.  

For all the solute studied here, the most electrophilic and nucleophilic sites available are less reactive 

than those on the considered water aggregates. This is probably the reason why water molecules 

preferentially interact with solute as clusters, rather than as isolated water molecules or smaller 

aggregates: water-water interactions are dominant over water-solute interactions. As soon as three 

water molecules interact with the solute, three-dimensional structures are the most stable obtained 

with all solute except H2C=CO. The presence of a π-hole perpendicular to the solute plane seems to 

be decisive in the formation of these three-dimensional structures. In the case of H2C=CO, three-

dimensional isomers are calculated as being the most stables isomers only in the case of th 

hexahydrated complex. This (H2O)6:(H2C=CO) isomer is an analogue of one of the most stable (H2O)8 

isomers. 
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