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Abstract

Hydrogen bonds (HB) are arguably the most important non-covalent interactions in chemistry.
We study herein how differences in connectivity alter the strength of HBs within water clusters of
different sizes. We used for this purpose the interacting quantum atoms (IQA) topological energy
partition, a methodology that allows for the quantification of the interaction energy among
molecules within a molecular cluster. We classified monomers within H,O clusters according
to their connectivity and we could expand our previously reported hierarchy of HB strength
in these systems (Phys. Chem. Chem. Phys., 2016, 18, 19557) to include tetracoordinated
monomers. Our results show that the formation energies of HBs between tetracoordinated
water molecules are slightly lower than specific arrangements of tricoordinated H,O monomers.
Nonetheless, HB tetracoordination is preferred because (i) it strengthen HBs associated with
the occurrence of double HB donors and acceptors and (ii) it allows for the occurrence of a
larger number of favourable interactions in the system. Although tetracoordination increases
total number of contacts, it may also weaken or strengthen other HBs. Moreover, we found
that the strongest and weakest HBs are formed by tricoordinated monomers with favorable
and unfavorable connectivity, respectively, while the contacts between tetracoordinated water

molecules are on the middle of this scale Overall, we expect that this investigation will provide

*To whom correspondence should be addressed: al.fedza@gmail.com, trocha@iquimica.com.mx

Preprint submitted to ChemPhysChem April 27, 2020



valuable insights on the subtle interplay of tri- and tetracoordination and acceptors and the
resulting interaction energies within H,O clusters.

Keywords:

Water clusters, IQA, Hydrogen bonding, Coordination number

Introduction

Hydrogen bonds (HB) are critical in a wide variety of fields, such as molecular recognition [1]
and catalysis. [2] Hence, the understanding of the nature of HBs is an active research avenue
in constant development. The correct characterisation of HB is a complicated endeavour whose
principal difficulties lie in the description of the non-additive contributions to this interaction.
In other words, the proper account of HBs entails the understanding of how HBs affect each
other increasing (cooperativity) or decreasing (anticooperativity) their formation energies. [3, 4]

Water clusters are valuable archetypes for the study of HB non-additivity. [5-7] The coop-
erative and anticooperative behaviour of HBs in H,O clusters depends on the connectivity of
the monomers involved in the interaction, i.e., whether they are single or double proton donor
or acceptors. For example, homodromic networks of HBs (Figure 1(a)), particularly in small
water clusters, are related with strong HB cooperative effects. The dependency of HB formation
energies on connectivity motivated some of us to propose a scale of HB strength based on the
single/double and acceptor/donor character of water molecules in H,O clusters. [4] This hier-
archy of HB strength illustrates important features of hydrogen bonding within water clusters,
for instance, the fact that double donors or acceptors are related not only with HB anticooper-
ativity (Figure 1(b)), as previously suggested, [8] but also with HB cooperative effects. Despite
its correct account of relative HB formation energies within small water clusters, this scale of
HB strength in H,O adducts is incomplete because it does not include tetracoordinated water
molecules, which is an important arrangement of H,O molecules in large water clusters as well
as liquid and solid water.

We intend to contribute further in this direction by examining formation energies within wa-

ter clusters with tetracoordinated monomers using Quantum Chemical Topology (QCT) tools.



Figure 1: Homodromic (a) and antidromic (b) cycles formed by water molecules. The double HB donor and

acceptor species in (b) are highlighted in red and blue, respectively.

QCT comprises a set of methodologies that use the language of dynamical systems to partition
and to characterise molecules and molecular complexes via the topological analysis of several
scalar fields derived from the electronic wave function. [9, 10] The methods in QCT have the
attractive feature of being invariant to orbital transformations and they are robust against the
change of the level of approximation in electronic structure theory. [11] QCT analyses have been
used to investigate a variety of non-covalent interactions such as 7—m [12] and o—0o stacking, [13],
chalcogen contacts [14], or pnicogen bonds. [15-17] Two of the methods within QCT that has
been very successful in this regard are (i) the Quantum Theory of Atoms in Molecules (QTAIM)
based on the topology of the electron density and (ii) the Interacting Quantum Atoms (IQA)
approach, a rigorous partition of the electronic energy based solely on the vector state of the
system. [18] Different workers have exploited QTAIM and IQA to study halogen [19-22], beryl-
lium, [23, 24] and tetrel bonding [25] to name a few. Most importantly for this work, the use of
QTAIM and IQA has provided valuable insights in the understanding of HBs. [3, 4, 26-28]

Given the main aim of this investigation, this paper is organised as follow. First, we present



the theoretical framework of the methods exploited in this investigation and the associated
computational details of our calculations. Later on, we summarise and discuss our principal
results. Finally, we enumerate our main conclusions. Briefly, we were able to expand our
previously reported scale for the strength of HBs with the inclusion of tetracoordinated water
molecules. We found that the HB formation energies involving tetracoordinated water monomers
do no correspond to the strongest HB arrangement as it could have been anticipated given
the predominance of these motifs of water molecules for example in ice I,. Despite its smaller
formation energy, tetracoordination is favoured in large H,O clusters and in the bulk because (i)
it reduces HB anticooperativity due to double HB donors or acceptors (ii) it increases the number
of attractive interactions in these molecular adducts. Overall, we expect that this contribution
provides important insights about the complex relationship between the connectivity of H,O

monomers within a cluster and the energies associated to the resulting interactions.

Theoretical framework

The foundations of QCT were laid out by the development of the QTAIM by Bader and
coworkers. [29] The QTAIM is built on the topological examination of the electron density
which leads us to recover key chemical concepts, such as atoms, functional groups and chemical
bonding from quantum chemical calculations. Additionally, the QTAIM defines a division of
the 3D space in atomic basins, i.e., proper quantum subsystems for which we can compute
average values of Dirac observables, such as the atomic energy and different atomic multipole
moments. [30] Moreover, the QTAIM also defines the delocalisation of the electrons of a basin
A into another atom B, an indicator of the degree of covalency between these atoms. [31]

Based on the topological division of the 3D defined by QTAIM, the IQA methodology [18, 32]
performs a division of the electronic energy of a molecule or molecular cluster using the first and
second order density matrices of the investigated system. The IQA methodology can be also
employed within the formalism of Kohn-Sham theory, [33, 34] despite the lack of second order
densities in DF'T. More specifically, the IQA analysis conduces to a separation of the electronic

and interatomic, FAB, components, [18, 32]
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wherein A, B, ... are the atomic basins defined by the QTAIM. The intra and interatomic

contributions can be further decomposed as
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net ee

and
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with T being the kinetic energy of atom A, while VAB and VA represent (i) the attraction of
the nucleus of atom A with the electrons of the basin B and (ii) the repulsion of the electrons
of the same atoms. Finally, V2B denotes the repulsion between the nuclei of atoms A and B.

We can also divide the IQA interaction energy between two atoms into classical (VC‘fB) and
exchange-correlation (VAB) contributions,

M = VAP 1 VAP, ()

int

The terms V3B and VAP are commonly identified with ionic and covalent components of the
interaction energy between atoms A and B, respectively. The conceptual framework of IQA
enables us to regroup the terms of equation (1) to express the corresponding values of the
net and interaction energies for groups of atoms, G, H, Z, within an electronic system, e.g.

monomers forming a molecular cluster,

E:%:Efet+%z ESH, (5)

G G#H

in which



1
Eget = Z Er/?et + ) Z Eﬁ?- (6)
Aeg Aeg Beg
B#A

and

B =2 B (7)

AecG BeH

Finally, it is possible to represent the changes in energy associated with the formation of a

molecular cluster, G+ H+G — G---H---G, as the sum:

AE=) B+, ) B, (8)
g

G G>H

wherein Egef, denotes the deformation energy of group G, namely the difference in energy
between G within the molecular cluster (computed with Eq. (6)) and isolated in its equilibrium

geometry. [18]. We can rewrite equation (8) as a pairwise sum of interacting monomers [4]
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in which E9* includes F97 and a fraction of ES, and E},. Finally, it is also possible to

int int

partition the energy arising from equation (9), ng/ into classical and exchange-correlation

components,
1 1
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Computational details

We optimised the structures of sixteen water clusters (H,O), n = 6---17, shown in Figure
2. The starting geometries of the examined systems were taken from the literature [35-37] and
recomputed with the M06-2x/6-311++4G(d,p) approximation. [38, 39] Later on, single point
calculations were performed at the M06-2x/aug-cc-pVTZ [40, 41] level of theory. All these
calculations were carried out using the package GAUSSIANO9 [42]. We decided to employ this
methodology because the combination of this exchange-correlation functional with basis sets
of triple-zeta quality reproduces adequately the cooperative and anticooperative behaviour de-
scribed by correlated wavefunctions at a moderate computational cost. [43] Later on, using the
electronic densities computed via DFT we proceeded to analyse the QTAIM topological prop-
erties of the electron density and to carry out the IQA energy partition. [33, 34] We used the
AIMALL program for these purposes. [44]. The visualisation of our results were carried out

with the help of the GAUSVIEW program [42] and the MATPLOTLIB [45] library.

Results and discussions

As stated in the Introduction, we had previously suggested a scale for the strength of HBs
between water molecules based on the single and double character of the involved hydrogen
bond donors and acceptors. [4] This scale is incomplete, however, because it does not include
tetracoordinated water monomers. By considering the systems show in Figure 2, we were able
to ameliorate this omission. Table 1 gives a description of the ten categories in which we
separated the different types of HBs within water clusters. This new scale includes the six types
of HB considered before [4] as well as four new categories which entail tetracoordinated water
molecules. The types of HB in Table 1 are ordered from less energetic (1) to more energetic
(10). The averages of the formation energies between water molecules for the different types
of HB are presented in Figure 3. These values span from 4.9 + 0.8 to 8.0 £ 0.5 kcal/mol. We
recall at this point the binding energy computed with the M06-2x/aug-cc-pVTZ approximation
is —5.2 kcal mol~!. Thus hydrogen bond formation energies within water clusters can be reduced

by & 25% (anticooperativity) or increased by ~ 65% (cooperativity). Figure 3 also presents the
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Figure 2: Water clusters considered in this work. The oxygen atoms corresponding to tetracoordinated molecules

are highlighted in purple.

fomerly suggested scale in reference [4] in red. We point out the good agreement between the
old and new data, in particular considering that the previous work relied on MP2/aug-cc-pVTZ
electronic structure calculations. We note an inversion for the order of the hydrogen bond types
(4) and (5) of the previous scale. But we also point out that the formation energies of these HBs
in the previous scale are very similar —7.01 and —6.96 kcal/mol. This observation is consistent
with previous reports wich state that the description of HB cooperativity and anticooperativity
is robust with respect to changes in different approximations in electronic structure theory. [43]

Figure 3 shows that the interaction between two tetracoordinated molecules, type number



(6), lies in the middle of the scale. Thus, we can say that tetracoordinated molecules are close
to what can be considered close to the average of the hydrogen bond formation within water
clusters. The arithmetic mean of the computed formation energies is —6.0 kcal/mol and it
corresponds to HB (5) (—6.0+0.6) while that for two tetracoordinated molecules is (—6.340.4)

kcal/mol. Other categories that include tetracoordinated molecules are (2), (3), and (7).
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Figure 3: Distribution of IQA formation energies, EH20-H O (eqn (9)) between hydrogen-bonded water

int

molecules for the types of hydrogen bonds described in in Table 1.

Espinosa et. al. suggested to estimate the formation energy corresponding to an HB by

using the expression [46]

Eug = O.5V(I’bcp), (11)

where 1y, is the position of the bond critical point associated to the HB, and V' the potential

energy density at that critical point. Figure 4 shows the values corresponding to this estimation



Table 1: Scale of hydrogen bond formation energies within water clusters put forward in this investigation. The
hierarchy is presented in an increasing order of magnitude of the H-bond formation energies.

Type of HB || Description

(1) (i) the H atom involved in the hydrogen bond belongs to a molecule
which is a double HB donor and (i) the oxygen that participates in the

interaction is a double HB acceptor.

(2) a tetracordinated water molecule either (7) donates an HB to a double

HB acceptor or (i1) accepts an HB from a double HB donor.

(3) a tetracoordinated water molecule interacts with a monomer which is a

single HB donor and a single HB aceptor.

(4) a hydrogen bond is formed between two double HB donors or two double
HB acceptors.

(5) (i) a hydrogen of a double HB donor is bonded to the oxygen of a single
HB acceptor or (7i) the oxygen of a double HB acceptor interacts with
a hydrogen of a single HB donor.

(6) Both water molecules are tetracoordinated.

(7) a tetracoordinated H,O molecule either (i) donates an HB to a double

HB donor or (i) accepts an HB from a double HB aceptor.

(8) a hydrogen of a single HB donor interacts with the oxygen of a single
HB acceptor.

(9) (i) a hydrogen of a double HB acceptor is in contact with the oxygen
of a single HB donor or (ii) the O atom of a double HB donor interacts
with a hydrogen of a single HB acceptor.

(10) the oxygen atom of a double HB donor interacts with a hydrogen atom

of a double HB acceptor.
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Figure 4: Formation energies of the different types of hydrogen bonds specified in Table 1. The values are

reported in kcalmol~!.

: : H,0--H,0’ .
as well as those of the interaction between water molecules, F._ 2~ 2~ . As we can appreciate

here, in all cases the estimated energy is larger than that computed by IQA. These differences
become more pronounced as the HB type becomes more energetic. However, both ways to
calculate the hydrogen bond formation energy agree in the order of the different categories
given in Table 1.

Interaction energies and distances between molecules tend to follow similar trends. Figure 5
shows the average distances between oxygen atoms for the different types of HBs in the hierarchy
put forward in Table 1. We note that O---O distances follow a similar tendency to those shown
in Figures 3 and 4. That is to say, longer distances are associated with weaker interactions,
while shorter ones are related with stronger contacts as expected.

Figure 5 shows the experimental distance in ice I, [47] marked with a red line. This value is
very similar to the average distance of the of HBs in the middle of the scale i.e., those of the (3)-

(6) types. Importantly, type (6) corresponds to the interaction between two tetracoordinated

11
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Figure 5: Average distances between oxygen atoms for the different H-bond in Table 1. The values are reported

in A.

molecules, which is the bonding situation observed in this phase of H,O.

The scale of HB strength suggested herein and that put forward in reference [4] can be
rationalized in terms of the charge transfer which occurs in the formation of a hydrogen bond.
Because the HBs which take place within water clusters can be considered as incipient Brgnsted-
Lowry acid-base reactions, [8] there is an electron transfer from the HB acceptor to the HB donor
(Figure 6(a)). Such charge transfer strengthen the (i) HB donor capacity of molecule A in Figure
6(a), because it has a small positive charge and (ii) the HB acceptor ability of monomer D in the
same figure, since its oxygen atom is more electron-rich than that in an isolated water molecule.
These effects result in hydrogen bond cooperativity, for example within the water trimer shown
in Figure 6(b). The charge flow which results from the formation of a hydrogen bond may be also
related to hydrogen bond anticooperativity. [8] For example, Figure 6(c) shows a tricoordinated
double HB donor for which the electron charge transfer have a twofold effect. First, the two

schematised hydrogen bonds in the right of Figure 6(c) weaken each other, i.e., they present HB

12
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Figure 6: (a) Charge transfer within the water dimer: the molecule A donates electron density to the monomer
D (b) Water trimer. A parent water dimer is highlighted within the inset. The charge transfer described in
(a) results in hydrogen bond cooperativity, i.e., the hydrogen bonds within (H5O)3 are stronger than those in
(H20)2 (¢) Double hydrogen bond donor. The hydrogen bonds shown in the right of monomer DD weaken one
another, but their associated charge transfer makes the oxygen of this molecule richer in electrons and strengthen
the hydrogen bond in the left of DD. (d) Double hydrogen bond acceptor. The hydrogen bonds displayed in
the right of molecule A A exert anticooperative effects on each other, but the schematised charge transfer makes

the protons of AA more acidic and therefore more susceptible to form strong hydrogen bonds.
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anticooperativity. Second, both charge transfers contribute to make the oxygen atom a better
HB acceptor, in a similar fashion to monomer D in Figure 6(a). This effect fortifies the HB
in the left of Figure 6(c). One may consider that double HB donors are relatively poor HB
donors but good HB acceptors. Similar arguments based on charge transfers related to HBs
lead to the conclusion that the HBs of the right of Figure 6(d) present anticooperative effects
and that the hydrogens of double HB acceptors are more acidic than those of an isolated water
monomer and therefore should form stronger HBs than that in (HyO)s. In other words, double
HB donors are comparably poor HB donors but good HB acceptors. Therefore, the weakest
type of H-bond in the hierarchy suggested herein involves a double HB donor acting as the HB
donor and a double HB acceptor functioning as the HB acceptor in the interaction as displayed
in Figure 7(a). On the other hand, the strongest HB on the scale entails a double HB donor
operating as the HB acceptor and a double HB acceptor being the corresponding HB donor
(Figure 7(f)). Because tetracoordinated water molecules are double HB donors and double
HB acceptors, simultaneously, it is difficult to classify them as comparatively good or poor
HB donors or acceptors. A similar situation occurs for two-coordinated water molecules which
are single HB donors and single HB acceptors. Notwithstanding, Figure 7(b) shows that the
weakest type of HB for tetracoordinated water molecules involves poor HB donors. Conversely,
the strongest HBs formed by tetracoordinated molecules result from their interactions with the
best HB donors (bi- or tricoordinated double HB acceptors) and acceptors (bi- or tricoordinated
double HB donors) as shown in Figure 7(e). Figures 7 (¢) and (d) represent situations that are
intermediates between these two extremes.

The transition from the HB in Figure 7(f), i.e., the strongest of the interactions considered in
this investigation, to the HB between two tetracoordinated molecules as schematised in Figure
8 gives valuable inghts of the effects of the formation of tetracoordinated water molecules in
H,0O clusters. First, when the HB donor D in the left of Figure 8 becomes a tetracoordinated
molecule, it turns into (i) a worse HB donor and (ii) a better HB acceptor. The first effect
weakens the HB indicated in red in Figure 8, but the second consequence strengthen the two

HB labelled with the letter w (left and middle part of Figure 8). The fortified HBs in Figure

14



Increase of HB acceptor and donor abilities and hence of HB strength.

Figure 7: Selected hydrogen bonds described in Table 1. (a) and (f) represent the weakest and the strongest types

DA

-
-
-
-
-
-
-
-
-

of these interactions in the hierarchy of HB strength put forward in this article. The entries (b)—(e) represent

hydrogen bonds which involve at least one tetracordinated monomer. All the interactions are arranged in an

increasing order of H-bond acceptor and donor abilities and therefore of corresponding formation energies. The

“SD=Single Acceptor”, “SD=Single Donor”.

labels used in the Figure are “DA=Double Acceptor”, “DD=Double Donor”, “TM=Tetracoordinated Monomer”,
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Figure 8: Transition from the strongest type of hydrogen bond in Table 1, namely, HB type (1o) (indicated)
in red to the interaction between two tetracoordinated molecules (HB type (6)). The HB type (7) represents
an intermediate stage. While the hydrogen bonding indicated in red is weakened by the formation of the two
hydrogen bonds those labelled with w (from “weak”) become stronger as indicated with the letter m (from

“medium force”).

8 are indicated with the letter m. Likewise, when the fourth HB is formed around molecule A,
this monomer becomes (i) a worse HB acceptor and (ii) a better HB donor. These conditions
have similar effects than those just mentioned, i.e., the HB indicated in red in Figure 8 is further
weakened and the other HBs of D become fortified. Overall, tetracoordination allows to increase
the number of attractive hydrogen bonds within a system while it might weaken or strengthen
other previously formed HBs.

Now, we discuss briefly how the formation energy of the hydrogen bond among tetracoordi-

nated molecules (HB type (6)) can be associated with the sublimation energy of ice:

The formation energy of HB type (6) is —6.3kcalmol™'. Hence, the break of all HBs in ice
(composed of tetracoordinated molecules) would equal twice this quantity, i.e., —12.6 kcal mol~?,
by ignoring three and many-body effects. The sublimation of ice at 0K is 11.4kcal mol™! [48§]
which is in a reasonably good agreement with the estimated value based on the HB formation

energies of tetracoordinated molecules.
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Finallly, the IQA energy partition is able to divide the HB formation energy in classical
(ionic) and exchange-correlation (covalent) parts. Figure 9 shows the values for these contri-

butions to the interaction energy between water molecules for the different types of hydrogen
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bonds in the scale of Table 1. The values for the classical term,

all types of HBs in this hierarchy. On the contrary, the differences for the exchange-correlation
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term, E , are larger. Thus, we can say that the variations in the total interaction energy

come almost completely from the exchange-correlation part.
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Figure 9: Average values for the classical (blue) and exchange-correlation (red) contributions to the interaction

energy (green) for the different types of hydrogen bond put forward in Table 1.

Figure 10 shows the average values of for the DIs between water molecules for the different
types of HBs addressed in this paper. Similar to the exchange-correlation term, the DI is a

meassure of the number of electrons shared between water molecules. The hydrogen bonds with
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Figure 10: Delocalisation indices between hydrogen-bonded water molecules for different HBs show in Table 1.

The values are displayed in atomic units

the largest formation energies have the most sizable number of shared pairs of electrons and
therefore of covalency as reflected in the compared value of DIH20+Hz20 and EHL0H0" o
is indeed a strong correlation between these last two mentioned quantities (Figure 11). Such
correlation can be exploited by considering that the computational cost of the computation of

DIs represents only a fraction of that corresponding to Fr20-H0",

Concluding remarks

We have used the IQA energy partition to determine the hydrogen bond formation energies
in water clusters which encompass tetracoordinated H,O monomers. This endeavour allowed
us to expand our previously reported classification of hydogen bonds based on HB connectivity
within water hexamenrs to include tetracoordinated water molecules. Our results show that
the strongest and weakest HBs are formed by tricoordinated monomers while contacts between

tetracoordinated water molecules are on the middle of this scale. The number of available water
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Figure 11: Correlation between exchange-correlation contribution to the hydrogen bond formation energy,

Efczo'"HzO , and the delocalisation indices between hydrogen-bonded water molecules for different HBs show

in Table 1.

molecules in small water clusters is limited and the system form fewer but stronger HBs. On
the other hand, large water clusters contain tetracoordinated water monomers. This possibility
(i) reduces HB anticooperative effects which occur due to tricoordinated molecules acting as
poor HB donors or acceptors, and (ii) it increases the number of attractive interactions within
the system. Altogether, we expect that the analysis presented herein will prove useful to the

understanding of the structure and nature of hydrogen-bonded (e.g. water) clusters.
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