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Abstract
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 non-
covalent complex: 1- a molecular electrostatic potential (MESP) study for an overview of the
Vmin and Vmax 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.
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1. 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 [1]. 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 [6]. 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 [10-13]. 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 c-holes to rationalize the directionality of these interactions: "o-
holes 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 p(r) can be used to characterize and predict
these non-covalent interactions [19]. The molecular electrostatic potential can be calculated

from the electron density p(r) and the nucleic potential Vy (Equation 1):



p(r)dr’ _
V(r)=Vy — f - Equation 1
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In this equation, the expression the nucleic potential is given by :
N
Vy = Z d i
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where Z; represents the charges of each of the i nucleus located at the R; position.

This concept was further extended to the study of crystals [20]. A o-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 "n-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 [23]. According to the QTAIM, “the quantum
mechanics of proper open systems yields the physics that governs the local behavior of the
electron density, p(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” [24]. The charge density, p(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, p(r), allows one to define bond paths and critical points (where Vp = 0).
The Laplacian of p, V?p, at the critical point measures to what extent the electron density is
locally depleted if V?p >0 (associated with closed-shell interactions, such as ionic bonds,
hydrogen bonds, and van-der-Waals molecules, etc.), or concentrated if V?p < 0 (associated
with shared interactions, such as dative or covalent bonds) [23].

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 [26-29]. 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(Qi) 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 ELF-
localization 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, n(r).
The ELF partition was further applied to the study of hydrogen bondings [32-34].

Diacetyl (DAC) is formed in the atmosphere as a result of degradation of
hydrocarbons released in the atmosphere in urban and industrial areas [35,36]. Hydrated
diacetyl-water clusters may be subsequently formed and affect the complex atmospheric
chemistry [37,38], involving HOy and other radicals [39-41]. The 1/1 : DAC/H,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
Mgller-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,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,0), should be possible.

The 1/1 : brunoDAC/H,0O 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,0 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.

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.

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

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

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

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,0
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.

2. Previous results and outstanding issues

In 2012, Schaeffer 111 et al.[47] reported the study of 1/1 complexes between water
molecule and three different isovalent diatomic species: CO/H,0[48], CS/H,0 and SiO/H,0.
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 m-hole bonding concept
[12,21].

In the case of the CO/H,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 n-hole bonding.

As aforementioned, two main experimental and theoretical studies were carried out on
the 1/1 : DAC/H,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, Ila and I1b, respectively.

Additionally, another isomer may be expected for the DAC/H,O complex, based on
comparisons with the CO/H,O isomers. Indeed, the carbonyl group present in the DAC
molecule may lead to the formation of a m-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,O interacts with one of the two OC bonds of
DAC.
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Table 1: Structures proposed in the literature for the 1/1 : CO/H,0 [48] and 1/1 : DAC/H,0 [42]
complexes. The comparison between the isomers proposed in the literature for these two
complexes suggests the existence of another 1/1 : DAC/H,0.

3. 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 o-hole concept: the formation of a o-
bond 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 1VV-VII [50,51].

Additionally, the concept of m-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 ©-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 c- and -
holes[51] are characterized by a positive electrostatic potential (color code: blue region)
where the potential value is maximum, Vpa. It is also interesting to note that the outer
portions colored in red, where the potential value is minimum Vy,,, are indicative of the

presence of the charge concentration (lone pair, etc) [52].



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

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 m-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 (Vnin) and electron-poor (Vmax) 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.



Furthermore, The contour maps of the Laplacian of the electron density Vp clearly shows
that the four carbon atoms are electron depleted, thus suggesting that they may have
electrophilic properties. Orthogonally to this plane (Figure 2B), 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 m-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 n-
holes (see part 3A) are indeed present in the DAC molecule, on each of the carbon atom of the

carbonyl group.

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

Additionally, Table 2 presents the basins of the ELF function. In addition with
hydrogen basins plotted in cyan, the figures allows the identification of reducible domains in
which the probability of finding an electron with a given spin in the vicinity of another
electron with the same spin is high (in green), medium (in blue) or particularly low. It is
important to underline that several figures are needed to totally describe the ELF function on
the surface of the DAC molecule. Indeed, when the cutoff value of the ELF function is low,
domains lacking paired electrons can be identified on carbon carbonyl atoms.
Complementarily, plots with high ELF cutoff values are helpful in the precise location of

paired electron rich domains on oxygen carbonyl atoms.



More precisely, a plot of the ELF value that corresponds to the electron gas (0.50)
allows a characterization of (tiny) domains lacking paired electrons on carbon atoms of the
carbonyl groups. When the cutoff value of the ELF function is slightly increasing, up to 0.55,
the presence of such reduced domains lacking paired electrons on carbon atoms of the
carbonyl groups is confirmed. For such low values of the ELF function, each oxygen atom of
the carbonyl groups is characterized by a unique paired electron rich basin. When the cutoff
value of the ELF function is still increasing, up to 0.75, the shape of the basins around the
oxygen atoms of the carbonyl groups change, but this value is not sufficient to characterize
the pairs of free electrons as would be expected from the Lewis structure. On the other hand,
when the cutoff value of the ELF function is set at 0.89, two isolated irreducible basins are
characterized on each oxygen atom of the carbonyl groups, thus suggesting that an
electrostatic interaction involving these oxygen atoms will be highly directional. Similar

basins are characterized with a cutoff value of the ELF function set at 0.90.

Visualization of the core/valence basins for the:

ELF cutoff value DAC molecule water molecule

£

0.50
Characterization of a domain lacking paired
electrons on the carbon atoms of the
carbonyl groups
0.55

H

J)
0.75 o 4

Characterization of paired electron rich domains on oxygen
atom

o
ﬁJ«J
0.89 *.3!. f‘

)

Isolation of the two paired electron rich domains on each
oXxygen atom

. 9
0.90 93‘(‘
ase S A

J

o

e
a
e

-

10



Table 2: Characterization of irreducible ELF basins on the DAC and water molecules.
Depending on the cutoff value of the ELF function, electrophillic or nucleophillic domains can
be identified. (See text) (MP2/AVTZ)

For a sake of comparison, basins of the water molecule were determined at the same
values of the ELF function. A unique basin corresponding to the lone pairs of the oxygen
atom, apperas for a cutoff value of the ELF function of 0.89. This basin begins to split into
two irreducible basins for a cutoff value of 0.90.

Finally, Scheme 1 presents the localization domain reduction tree diagrams [29] for
the DAC (Scheme 1A) and water (Scheme 1B) [53] molecules.

—— core— C(C) — V1(0)
— V»(0)

o _ —— core — C(O
carbonyl —_\/(c. 0) (©)

—— valence — — V(C,C) — — V(O, Hy)
[ V(C1 H1)

L valence 7{ Vi(0)
— methyl —— V(C, H,) V,(0)

—— V(C, H,) ——V(O, Hy)

—— core — C(O)

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

molecules.
4. Characterization of different isomers for the 1/1 : DAC/H,0 complex

A. Proposition of guess structures

This thorough topological characterization allows a precise location of Vi, and Vmax
regions. Thus, guess structures form the 1/1 : DAC/H,O complex can be built up based on
possible interactions between Vi, regions from one molecule and Vmax 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.

11



H-acceptor S5

p n-hole %%
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™ H-acceptor S,

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

Thus, complementary to the results already published, an additional isomer (S3) may
be expected for the 1/1 : DAC/H,0 complex, involving an interaction between a Vi, region
from the water molecule (lone pair basin) and a Vmax region from the carbonyl group of the

DAC molecule (-hole).

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 [54,55] (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) [56].

- },{‘ ‘ LH k “7‘*
(S “\ &t‘&

Figure 4: Three different isomers for the 1/1 : DAC/H,O complex optimized at the CCSD(T)-
F12/AVDZ level of theory.

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.
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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.

CCSD(T)-F12/AVDZz MP2/AVTZ
Species E De E E(ZPE) D. Do
(au) (kJ/mol) (au) (a.u.) (kd/mol) (kJ/mol)
DAC |-306.052837 -305.937863 -305.844044
H,O | -76.352163 -76.328992 -76.307582

S1  |-382.414365 -24.6 |-382.276258 -382.158303 -24.7 -17.5
S, |-382.414400 -24.7 |-382.276301 -382.158281 -24.8 -17.5
S;  |-382.413240 -21.6 |-382.275166 -382.157805 -21.8 -16.2

Table 3: Total energies (E), binding energies (D,) and ZPE corrected binding energies (Do)

associated to the studied isomers S;, S, and S;, calculated at two different levels of theory.

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 PBEO 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; and S,
are almost identical: their stabilization energy are similar, and the SAPT analysis leads to a
very close energetic decomposition. The Sz 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.
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S; S, S3 (H20)2
Eeist (kJ/mol) -39.8 -36.8 -28.8 -352
Eexch (kJ/mol) +47.0 +43.6 +33.6 375
Eina (kJ/mol) -69 -63 -34 -5.6
Edisp (kJ/mol) -135 -13.7 -141 -84
Esaptr = ZEi(kJ/mol)  -13.2 -13.3 -126 -11.6
Corrected De (kJ/mol) -17.6 -17.2 -145 -155
Edisp / Eelst 34% 37% 49% 24%
1/1 DAC/H,O isomers at the PBEO/6-

Table 4: SAPT-DFT analysis of the

311++G(2d,2p)//IMP2/AVTZ level of theory. Both Eijq and Egisp, are corrected with their

exchange counterpart, Eeycn ing @Nd Eexcn_gisp respectively

360 =

B%E_elst O%E exch B%E_ind E%E_(elst+texch+ind) W% E_disp
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Figure 5: Absolute values of the percentage contributions to the total stabilization energies of the

dimers.

C. Topological characterization of the isomers for the 1/1 : DAC/H>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; 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
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characterization of this isomer indeed leads to the identification of two BCP and one ring
critical point (RCP).

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

level.

As would be expected from the geometry of the three considered isomers, the
topological characterization of S; 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
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carried out on the hydrated diatomic complexes CO/H,O (not shown) and SiO/H,O
investigated by Schaeffer et al.[47] Results are presented in Figure 7 in the case of the most
stable 1/1 : SiO/H,0 isomer. A topological characterization similar to the one obtained for the
Ss 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 c-orbital of the water molecule

(o lone-pair of oxygen) to an unoccupied n* (CO) orbital (Figure 7B).

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

Thus, the oxygen - oxygen BCP is not an artifact due to the geometry of the Sz 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.

Critical Points S1 S2 S3
P(Huater - Ocarbonyl); V2p; € | 0.023; 0.08; 0.0 | 0.022; 0.09; 0.0 | Non BCP
BCP | 0% (Owster - Ocarvonyl); V2p; € |  Non BCP Non BCP | 0.011; 0.05; 2.0
P(Ouater - Hmetnl); V2P; € 0.009; 0.04; 0.2 | 0.006; 0.03; 1.6 | 0.007; 0.03; 0.3
RCP | p(1% cycle); Vp 0.007; 0.04 0.005; 0.03 0.006; 0.02
p(2™ cycle); V2p Non RCP 0.006; 0.03 Non RCP
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Table 5: The QTAIM parameters in the 1/1 : DAC/H,O isomers. Star indicates that there is no
critical point.

The topological and geometrical parameters characterizing the interactions between water and
DAC molecules in the S; and S, isomers clearly suggests that two non-covalent hydrogen
bondings are formed in both cases [17, 58]. However, the interactions involved in the S;
isomer are of different nature: in addition with a "classical™ non-covalent hydrogen bonding
(Hwater - Ocarbony1), another electrostatically-driven interaction (Owater - Ocarbonyi) als0 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 [59-61]. 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; and S, isomers (Figure 8A and 8B,
respectively), similar orbital overlaps are involved in the interaction: the stabilization is due to
a charge transfer between ¢ 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; and S,
respectively), are fully consistent with classical description of hydrogen bondings.

The interaction involved in the Sz 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 = molecular orbital involving the carbon atom of the carbonyl group and a o
molecular orbital of the water oxygen atom (Figure 8C;). The molecular orbital overlapping is
similar to the one that was calculated for the case of the most stable SiO/H,O isomer (Figure
7B), from a o(O) orbital of the water molecule, to a * (CO) orbital. Additionally, Figure 8C,
presents the NBO overlapping involved in the interaction between the water oxygen atom and

a methyl hydrogen atom.
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DAC: LP (70) — H,0: 6*(OH) DAC: LP (20) — H,0: 6*(OH) H,0: 6(OH) — DAC: 6*(CH)

Figure 8: Schematic representation of the HOMO and LUMO molecular orbitals involved in the
stabilization of the three 1/1 : DAC/H,O isomers. Constructive overlap between the water
molecules and the oxygen atom of the carbonyl group for the A: S;; B: S, and C: S; isomers. The

orbitals involved are mentioned under each pictures (Donor — Acceptor).

5. Conclusion
Geometries of the 1/1 : DAC/H,O isomers were re-investigated. To this end, a
systematic topological analysis using complementary approaches - MESP, QTAIM and ELF -
was 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,0 and 1/1 : SiO/H,0.
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Each of the 1/1 : DAC/H,0 isomer has a cyclic structure in which two complementary
interactions are involved. We would like to underline that the three isomers are almost
isoenergetic.

Topological characterization
of isolated monomers:

Step 1: MESP: global location of the V,;, and V. 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
(Vmin(Monomerl) / V. (Monomer2)),

Step 3b: fully optimization of the structures.

!

Characterization of the
different isomers obtained:

Step 4: energetic characterization of the interaction (D, 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).

Figure 9: Schematic representation of the methodology herein proposed for the study of 1/1
hydrated complexes.

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 [62]. Second order Mgller-Plesset (MP2) calculations have
been performed using the Gaussian09 package [63]. 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.[64,65] All geometry optimizations were
performed with « tight » convergence criteria.

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

AIMAII software was used for the quantitative study of the topological QTAIM
data.[67] The ELF calculations have been done using TopMod software [68]. All the
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necessary wfn files for the topological investigations have been obtained using Gaussian09
with "Density = Current” option at MP2/AVTZ level of theory for monomers and
CCSD/AVTZ with CCSD(T)-F12/AVDZ geometry (CCSD/AVTZ//ICCSD(T)-F12/AVDZ)
for 1/1 : DAC/Water isomers.

NBO [69] analysis has been performed using NBO5.0 program at the SCF function
obtained at CCSD/AVTZ//CCSD(T)-F12/AVDZ level of theory.
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Supplementary material SM1.:

Optimized monomers structures

DAC
12 12
CCSD(T)-F12/AUG-CC-PVDZ ENERGY=-306.05283722 | MP2/AUG-CC-PVTZ ENERGY=-305.9378634
C 0.4010618695 1.9301261667 ©.0000000000 C ©.399391 1.923495 ©.000000
C -0.4000282118 0.6594522700 ©.0000000000 C -0.399391 ©.656990 ©.000000
C ©.4000282118 -0.6594522700 ©.0000000000 C ©.399391 -0.656990 ©.000000
C -0.4010618695 -1.9301261667 ©.0000000000 C -0.399391 -1.923495 ©.000000
0 -1.6117017565 ©.6147507238 ©.0000000000 0 -1.618897 0.612169 ©.000000
0 1.6117017565 -0.6147507238 ©.0000000000 O 1.618897 -0.612169 ©.000000
H ©.2742071885 -2.7836393412 ©.0000000000 H ©.271933 -2.776316 ©.000000
H -1.0543989075 -1.9538264048 ©.8755289261 H -1.051512 -1.945921 ©.872717
H -1.0543989075 -1.9538264048 -0.8755289261 H -1.051512 -1.945921 -0.872717
H -0.2742071885 2.7836393412 ©.0000000000 H -0.271933 2.776316 ©.000000
H 1.0543989075 1.9538264048 -0.8755289261 H 1.051512 1.945921 -0.872717
H 1.0543989075 1.9538264048 ©.8755289261 H 1.051512 1.945921 0.872717
Water
3 3
CCSD(T)-F12/AUG-CC-PVDZ ENERGY=-76.35216345 | MP2/AUG-CC-PVTZ ENERGY=-76.3289923
0O ©.0351281721 -0.1943793552 ©.0000000000 O ©.000000 0.000000 0.118232
H ©.9614837732 0.0537847939 ©.0000000000 H ©.000000 ©0.758133 -0.472926
H -0.4366119453 0.6405945613 ©.0000000000 H ©.000000 -0.758133 -0.472926
Optimized 1/1 complex structures
DAC_Water 1 _1 complex : S1
15 15
CCSD(T)-F12/AUG-CC-PVDZ ENERGY= -382.41436484 MP2/AUG-CC-PVTZ ENERGY= -382.2762575
C -2.1185808624 -1.3384910390 ©.0000000000 C 1.866255 -1.655020 ©.000000
C -1.5210924345 ©.0396154665 ©.0000000000 C 1.501659 -0.202751 ©.000000
C 0.0194787424 ©.1247549995 ©.0000000000 C ©0.000000 ©0.129240 ©.000000
C 0.6226965681 1.4962957318 ©.0000000000 C -0.371364 1.575575 ©.000000
0 -2.1656885488 1.0656691360 ©.0000000000 0 2.309640 ©.710830 ©.000000
0 ©0.6566129056 -0.9120091727 ©.0000000000 0 -0.801931 -0.796075 ©.000000
0 3.4672136488 -0.2502824026 ©.0000000000 0 -3.458811 0.300932 ©.000000
H 1.7089104589 1.4296705967 ©.0000000000 H -1.450896 1.689585 ©.000000
H ©.2654833839 2.0460241752 -0.8745881131 H 0.070712 2.058395 ©.871615
H ©.2654833839 2.0460241752 ©.8745881131 H ©.070712 2.058395 -0.871615
H -3.2040853083 -1.2608869984 ©.0000000000 H 2.946783 -1.756643 ©.000000
H -1.7713341047 -1.8916573366 ©.8760198670 H 1.433884 -2.142815 -0.873239
H -1.7713341047 -1.8916573366 -0.8760198670 H 1.433884 -2.142815 ©.873239
H 2.6131509023 -0.7013222409 ©.0000000000 H -2.672234 -0.265734 ©.000000
H 4.1238313693 -0.9482277538 0.0000000000 H -4.203328 -0.306123 0.000000
DAC_Water 1 1 complex : S2

26




15 15

CCSD(T)-F12/AUG-CC-PVDZ ENERGY=-382.41439971 MP2/AUG-CC-PVTZ ENERGY=-382.2763011
C 0.0018572145 0.0000000000 -0.0060469431 C ©0.691760 -1.557766 ©.000000
C -0.0002714311 ©.0000000000 1.4931373893 C 1.114969 -0.124791 ©.000000
C 1.3720337237 0.0000000000 2.2017711032 C ©0.000000 0.936355 ©.000000
C 1.3514037447 0.0000000000 3.7013003464 C ©0.438409 2.365475 ©.000000
0 -0.9990723581 ©.0000000000 2.1807764578 0 2.274559 ©.256214 ©.000000
0 2.3934247129 ©.0000000000 1.5432912425 0 -1.172148 ©.588093 ©.000000
H 2.8872068900 ©.0000000000 -0.3567329747 H -2.170633 -1.079667 ©.000000
0 2.9424444767 ©.0000000000 -1.3199835853 0 -2.507644 -1.987204 ©.000000
H 3.8811170161 ©.0000000000 -1.5139939606 H -3.463653 -1.891014 ©.000000
H ©.5409967171 ©.8724261312 -0.3837388464 H ©.068685 -1.766868 ©.869645
H ©.8040915136 ©.8749769193 4.0600382566 H 1.063554 2.554956 ©.872189
H 2.3718216437 ©.0000000000 4.0793149862 H -0.431282 3.014571 ©.000000
H -1.0255200944 ©.0000000000 -0.3650818820 H 1.572124 -2.192531 ©.000000
H ©.5409967171 -0.8724261312 -0.3837388464 H ©.068685 -1.766868 -0.869645
H ©.8040915136 -0.8749769193 4.0600382566 H 1.063554 2.554956 -0.872189

DAC_Water 1 1 complex : S3

15 15

CCSD(T)-F12/AUG-CC-PVDZ ENERGY=-382.41323957 MP2/AUG-CC-PVTZ ENERGY= -382.2751655
C 1.0328197678 -0.1011371508 -0.0903128496 C -0.618236 -0.825255 -0.340688
C -0.1759026278 ©.6757948613 ©.4701338436 C  0.733146 -0.379281 0.240984
0 1.7144586217 0.4170946721 -0.9487850780 0 -0.645478 -1.318659 -1.456424
0 -0.7697559252 ©.2405566031 1.4360753970 0 ©.798041 -0.025081 1.409078
C 1.2863204990 -1.4629357269 0.4872630729 C -1.821643 -0.619919 0.523775
C -0.5376598682 1.9467836620 -0.2393877709 C  1.900272 -0.409929 -0.692773
H 2.2086434481 -1.8651799603 0.0720112698 H -2.691512 -1.056642 ©.043203
H ©.4411774504 -2.1096468937 0.2387564041 H -1.963750 ©.451465 ©.667572
H 1.3402538690 -1.4045796855 1.5763591825 H -1.656534 -1.057931 1.506864
H -0.8188172098 1.7051987735 -1.2677666485 H 1.710452 ©0.285901 -1.510473
H ©.3310207014 2.6059364717 -08.2942972324 H 1.996453 -1.399255 -1.137330
H -1.3640818304 2.4306994071 ©.2781599068 H 2.803510 -0.131568 -0.158891
0 -1.8185177699 -1.2565153866 -0.8512142578 0 -0.237998 2.335733 0.071392
H -2.5275703817 -1.6727809405 -1.3452571192 H -0.254247 3.294542 -0.002322
H -2.1695057443 -1.1213367065 ©.0335998796 H 0.188235 2.157127 0.917677
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